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Résumé

Le massif forestier guyanais présente a la fois une grande originalité en termes de
biodiversité, un bon état de conservation, une forte contribution au stock de carbone
amazonien et une dynamique socio-économique tres rapide. Les connaissances sur
la diversité des écosystemes forestiers de Guyane frangaise restent cependant
insuffisantes pour asseoir une gestion optimale des différents services
écosystémiques a I’échelle du territoire. Les travaux réalisés dans le cadre de cette
theése, visent prioritairement a étudier la diversité des écosystemes forestiers de
Guyane, les facteurs déterminant leur variabilité et les conséquences de cette
variabilité en termes de services écosystémiques et de gestion.

La premiere partie de la these met en évidence les différentes échelles de
structuration spatiale de la diversité forestiere et les patrons de composition qui en
résultent a I'échelle régionale. Elle s’appuie sur une récente campagne d’inventaires
forestiers (2006-2013) couvrant '’ensemble du département et rassemblant 3 132
placettes de 0.2ha implantées selon un plan d’échantillonnage emboité et
pluristratifié. Les résultats obtenus vérifient I'hypothese d’une forte influence de la
géomorphologie, a I'échelle des paysages, sur la béta -diversité des foréts guyanaises
en termes d’especes dominantes (métrique de Simpson). Cette premiere étape a
nécessité plusieurs développements méthodologiques préalables notamment
I’évaluation de lincertitude taxonomique des inventaires forestiers et sa
propagation dans les analyses de diversité, ainsi que I’élaboration de modeles
cartographiques permettant de caractériser précisément I'environnement
géomorphologique a diverses échelles d’études.

La deuxiéme partie de la thése vise a expliquer I'influence exercée par les paysages
géomorphologiques sur la végétation forestiéere a travers I’'étude des relations entre
géomorphologie et sols. Elle s’appuie sur l'analyse de plus de 400 sondages
pédologiques couplés a la campagne d’inventaires forestiers. Les résultats obtenus
démontrent une forte dépendance de la nature et des propriétés des sols vis-a-vis
des paysages géomorphologiques et du dénivelé régional. Ils suggerent I'existence
d’'un effet de filtre édaphique sous-jacent au déterminisme géomorphologique sur la
diversité forestiere. Une part importante de l'influence géomorphologique reste
cependant indépendante du filtre édaphique et est interprétée comme un effet
conjugué de deux autres mécanismes sur deux échelles de temps distinctes : le
controle du turn-over forestier par la dynamique géomorphologique au cours du
quaternaire récent et I'intégration des effets biogéographiques sous l'influence des
changements globaux plus anciens.

La troisieme partie de la thése s’intéresse aux conséquences de la diversité biotique
et abiotique décrite sur la variabilité des services écosystémiques rendus par la



forét, notamment en termes de stockage du carbone dans la biomasse et dans les
sols. La quantité de carbone stockée, tres variable a l'échelle locale, se révele
significativement influencée par la diversité écosystémique a I'échelle régionale. Ce
service de régulation est mis en relation avec la richesse spécifique locale (service de
support) et la quantité de bois exploitable (service d’approvisionnement). Des
relations complexes de corrélation et de compromis sont mises en évidence entre
ces différents services. Elles illustrent la variabilit¢é des réponses des services
écosystémiques a la diversité des écosystémes forestieres.

La mise en perspective de ces différents volets permet de proposer une typologie
précise des habitats forestiers de Guyane et de fournir des pistes de prise en compte
de cette diversité écosystémique pour 'aménagement du territoire et la gestion
forestiere.

Mots-clefs : Ecologie des communautés, Forét tropicale humide, Guyane francaise,
Gestion forestiere, Habitats naturels



Abstract:

Diversity of ecosystems in French Guiana rainforest: spatial
distribution, drivers and implications for ecosystems services and
forest management

French Guiana forest presents a high originality in terms of biodiversity, a good state
of preservation, a strong contribution to the overall Amazonian carbon stocks and a
very fast socio-economic dynamic. However, our knowledge about forest ecosystems
diversity remains insufficient to ensure an optimal management of the various
ecosystems and of the services they may provide across the territory. This thesis
aims to answer this central issue by studying the diversity of forest ecosystems at
the scale of the entire forested area of French Guiana. Specifically we targeted
highlighting the factors that determine ecosystems variability and evaluating the
consequences of this variability in terms of ecosystem services and management.

Firstly, we bring out complex patterns of diversity at different scales including
strong floristic variation at the regional scale, using a recent forest inventories
campaign (2006-2013) that has been conducted according to a stratified sampling
design which includes 3,132 0.2ha-plots covering the whole territory. Our results
verify the hypothesis of a strong control of forest beta and alpha diversity by
geomorphology, especially at the landscape scale and for dominant species (Simpson
metric). This first step required several preliminary methodological developments
including an assessment of the taxonomic uncertainty in forest inventories, and
spatial models to accurately characterize the geomorphological context at various
scales.

Secondly, we aimed at interpreting the influence of geomorphological landscapes on
the composition of forest vegetation by exploring the relationship between
geomorphology and soils. Using more than 400 soil sampling locations coupled with
the forest inventory plots, we demonstrated that nature and properties of soils are
dependent on geomorphological landscapes and locally distributed along regional
elevation gradients. A significant soil filtering effect was found underlying the
geomorphological influence on forest composition and diversity. However, a major
part of this influence proved to be independent of soil filtering and is interpreted as
a combination of two mechanisms at two different time-scales: (i) the control of
forest turn-over by the geomorphological dynamics during the Late Quaternary and
(ii) the integration of biogeographic effects under the influence of tectonic evolution
and ancient climate changes.

Last of all, we addressed the consequences of these biotic and abiotic variations,
which combine into habitats diversity, on forest management and on the variability



of ecosystem services provided by forests, particularly for carbon storage in biomass
and soils. The amount of carbon stored is highly variable at local scale but proves to
be significantly influenced by habitats diversity at the landscape level. This
regulation service is related with the local species richness (pertaining to the
category of support services) and the amount of usable wood (pertaining to the
category of supply services). Complex relationships, including correlations and
compromises, are evidenced between these different services. This illustrates the
variability of the responses of ecosystem services to the habitats diversity.

Finally our work allowed us to provide a new typology of natural habitats present in
French Guiana forest and to propose suggestions in order to improve land uses and
multifunctional forest management in French Guiana.

Key-words : Community ecology, tropical rainforest, French Guiana, Forest
management, Natural habitat
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INTRODUCTION

Chapitre Introductif

I Introduction générale

.1 La gestion des foréts tropicales humides, cadre
thématique de la these

I.1.a Les foréts tropicales humides au cceur des grands enjeux
sociétaux : alimentation, biodiversité, climat,
développement

De par leur vaste étendue, la diversité biologique qu’elles renferment, la
concentration de biomasse qu’elles représentent et la place qu’elles occupent dans
les cycles biogéochimiques globaux, les foréts tropicales humides (FTH) sont au
ceeur d'importants enjeux écologiques qui conditionnent le devenir de notre planéte
et 'avenir de nos sociétés (Figure 1).

Le premier enjeu concernant les FTH est celui de I'alimentation des 9 milliards
d’étres humains qui peupleront demain la planete [1,2]. Cet impératif se traduit
aujourd’hui par la conversion depuis une vingtaine d’année de plus de 6 millions
d’hectares de FTH par an, soit en plantations de palmiers a huile (pres de 8 millions
d’hectares aujourd’hui en Indonésie et Malaisie [3]), en paturages ou en cultures de
soja (plus de 56 millions d’hectares en Amazonie [4]). Cette déforestation rapide
évaluée a -0.39% par an [5] répondant a l'approvisionnement du marché agro-
alimentaire mondial constitue une véritable menace pour la biodiversité abritée par
ces écosystemes qui représenterait 50 a 60% de toutes les especes vivantes
actuelles [6].

Bien que seulement 3 des 25 hot-spots de biodiversité [7] concernent les grands
bassins forestiers tropicaux, ceux-ci regroupent plus de 40% des especes végétales
menaceées [8], 29 des 200 écorégions de conservation prioritaires reconnues pour
leur valeur représentative ou leur taux d’endémisme [9] et 3 des 5 grandes régions
sauvages a forte biodiversité [10].

La pression qui s’exerce sur les FTH ne menace pas seulement la richesse du
patrimoine naturel mondial mais plus largement les conditions de son existence. La
destruction des FTH est en effet la source de profondes modifications climatiques
régionales par 'augmentation des températures et la réduction des précipitations
locales [4]. Mais elle participe également aux déreglements des grands cycles
biogéochimiques qui conditionnent les changements climatiques en cours, en étant

11



INTRODUCTION

responsable de 15 a 20% de I'émission mondiale des gaz a effets de serre et en
premier lieu du relargage net annuel d’environ 1 milliard de tonnes de carbone
jusque-la immobilisé dans la biomasse forestiére [11]. Ce faisant, la déforestation
contribue aussi a réduire 'important effet puits de carbone produit par l'activité
photosynthétique de ce capital forestier (grossierement estimée a 1.2 GtC.an?
[12,13]) ce qui amplifie 'accumulation du CO2 dans I'atmosphere.

Autres espéces menacées (2014)
Espéces végétales menacées (2014)

Volumes de bois exploités (2009)

Production de bois (2010)
Biomasse terrestre (2010)
Déforestation (1990-2010)
Population mondiale (2008)
Surface forestiere (2010)

Surface continentale (2010)

T

0% 20% 40% 60% 80%  100%

FIGURE 1: CONTRIBUTION RELATIVE DES FTH AUX PRINCIPAUX ENJEUX SOCIETAUX ET
ENVIRONNEMENTAUX

Les chiffres sont tirés des statistiques nationales des 30 pays appartenant aux trois
grands bassins forestiers tropicaux définis par la FAO [5] couverts par la FTH pour les

deux tiers de leur surface. Les chiffres concernant les espéces menacées ont été calculés
a partir des RedList de I'lUCN [8]

Parallelement, les bassins forestiers tropicaux, longtemps peu peuplés, suivent une
dynamique démographique rapide (+1.4% par an) et abritent aujourd’hui une
population forte de plus d’'un milliard d’étres humains [5]. De fait, I'exploitation des
ressources forestieres (provenant du bois, des sols, ou du sous-sol) ne cesse de
s’accélérer.

Concilier le développement économique, et notamment I'activité agricole vitale pour
les populations locales, et la préservation de l'intégrité de ces écosystemes,
essentielle a I'échelle planétaire, est par conséquent un des principaux défis qui
s'imposent aujourd’hui aux instances politiques, citoyennes et scientifiques en
charge d’orienter les décisions relatives a 'aménagement de ces territoires.
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I.1.b La gestion durable multifonctionnelle : une réponse a la
multiplicité des enjeux ?

Comment concilier ces enjeux apparemment antagonistes dans des écosystemes
aussi complexes que les foréts tropicales humides ? Les solutions proposées pour
relever ce défi font appel a deux notions fondamentales qui ont émergées il y a une
vingtaine d’année de cela : la notion de « gestion et développement durable » (GD) et
celles de « services écosystémiques » (SE).

Le concept de GD, mis en avant en 1992 lors de la désormais célebre conférence de
la CNUED (Conférence des Nations Unies sur I'Environnement et le Développement)
a Rio, définit comme objectif la valorisation des écosystémes de maniere a maintenir
leur fonctionnement biologique (productivité, vitalité, capacité de régénération,
diversité) et leur capacité a fournir les mémes niveaux de biens et services aux
générations a venir [14]. La notion de SE, qui émerge a la méme période [15] mais
ne sera massivement développée que 10 ans plus tard [16], vient préciser et
renforcer la notion de durabilité en pointant le réle essentiel des fonctions de
supports des écosystéemes (biodiversité, sols, production primaire...) dans la
fourniture des biens et services attendus par la société. Le concept de gestion
durable et multifonctionnelle (c’est-a-dire garantissant 1’équilibre entre les
différents SE) qui s’en dégage est loin d’étre nouveau dans le monde forestier
tempéré ou les notions de planification et de long terme sont déja répandues depuis
plusieurs siecles, notamment en Europe [17]. La nouveauté réside dans sa
généralisation a la forét tropicale et dans l'élargissement de cette notion de
durabilité a une sphére beaucoup plus large que la seule gestion forestiére : celle du
développement dans son ensemble et de 'aménagement du territoire.

Cependant la transposition de ce concept aux FTH se heurte a une double difficulté :
celle relative a la complexité de ces écosystemes hyper-diversifiés et celle relative a
la multiplication des échelles concernées. Si la régulation des grands cycles
biogéochimiques nécessite en effet une approche globale aussi bien pour la
compréhension des mécanismes que pour les prises de décisions internationales, les
stratégies de conservation de la biodiversité doivent quant a elles plutdt étre
étudiées et optimisées a I'échelle d’écorégions [9]. Mais pour la plupart des SE
(comme la gestion des eaux de surface, la maitrise de I'érosion, I'approvisionnement
en ressources) c’est aux échelles intermédiaires (paysage, écosysteme, parcelle -
Figure 2) qu'opérent les mécanismes [18]. L’acquisition de connaissances sur les
fonctionnements écosystémiques aux échelles intermédiaires est donc
essentielle. Elle est d’autant plus nécessaire que les mécanismes écologiques et
économiques régissant ces systéemes complexes sont tres dépendants des
effets d’échelles [19], qu'ils peuvent fortement interagir entre eux aux différentes
échelles [20] et ne fonctionnent pas nécessairement de facon homogene dans
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I'espace et dans le temps [21]. L’hyper-diversité locale des FTH, qui peuvent abriter
plus de 300 especes d’arbres par hectare dans les cas les plus extrémes, se traduit
aussi par une diversité fonctionnelle tres importante, mal connue dont les
conséquences en termes de SE ne sont pas clairement évaluées [22]. Décrire la
variabilité spatiale des écosystemes et de leur fonctionnement aux échelles
intermédiaires, en comprendre les déterminants et partager ces informations avec
les acteurs sont donc autant d’étapes a franchir si I'on souhaite réussir la gestion
durable des FTH sans en rester aux invocations ou aux principes généraux [18].

ECHELLES  ECOLOGIQUES

(N Y Y Y Y Y

globale biome éco-region aysage écosystéeme parcelle individu
séquestration du—

carbone

régulation du c"mat—

reproduction des

espéces
gestion des eaux de

—
surface
protection des sols )

production primaire
(bois)
pollinisation

maintien de la fertilité
des sols

international national province région communauté famille individu

VU U U U VU

ECHELLES INSTITUTIONNELLES

FIGURE 2: REPRESENTATION DES INTERACTIONS ENTRE LES ECHELLES ECOLOGIQUES ET
INSTITUTIONNELLES POUR DIFFERENTS SERVICES ECOSYSTEMIQUES

Inspiré des figures 1 et 2 de [23]. Les échelles opérationnelles (i.e. celles auxquelles s’operent la
majorité des fonctions et s’effectuent la majorité des actions) sont surlignées.
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I.1.c La caractérisation des écosystéemes: une démarche
essentielle pour réussir la gestion durable des FTH

D’'importants investissements ont été engagés ces dernieres années pour mieux
comprendre les processus écologiques en ceuvre dans les FTH et leur conséquences
en termes de SE a I’échelle globale. L’établissement et I'instrumentation de plusieurs
centaines de placettes permanentes de 1 a 50 ha réparties sur toute la ceinture
tropicale ont permis de mieux comprendre le fonctionnement des FTH a I’échelle
locale. La mise en réseaux de ces placettes (CTFS [24], RAINFOR [25], ATDN [26])
apporte une vision de plus en plus claire sur les tendances globales des FTH a des
échelles continentales et leur roéle dans les grands cycles biogéochimiques.
Cependant au-dela des processus écologiques élémentaires, la diversité des
structures forestiéres et des compositions des communautés biotiques jouent aussi
un grand réle dans le fonctionnement des écosystemes et la variabilité spatiale des
SE [18]. De fait, quelques sites de référence faisant lI'objet d'un suivi fin ne peuvent
suffire. Les connaissances scientifiques concernant I'hétérogénéité et le
fonctionnement des FTH aux échelles opérationnelles intermédiaires font encore
aujourd’hui défaut. C'est pourtant aux niveaux des écorégions, des paysages et des
écosystemes que les principales décisions d’aménagement du territoire qui
orientent les stratégies de gestion se prennent et c’est au niveau des paysages, des
écosystemes et des parcelles que les actions de gestion operent le plus généralement
[27].

Y

Deux facteurs peuvent expliquer les difficultés a acquérir les connaissances
scientifiques a ces échelles stratégiques pour la réussite de la mise en ceuvre de la
gestion durable des FTH : premierement le colt et la difficulté d’acces au terrain qui
limite fortement la collecte des données a ces échelles ; deuxiémement la difficulté a
définir les échelles d’étude les plus pertinentes dans cet écosysteme complexe ou la
structuration spatiale et I'interdépendance entre les échelles est particulierement
difficile a appréhender [20].

Le concept d’habitat naturel qui est une des pierres angulaires de la mise en ceuvre
de la gestion durable des écosystéemes en milieu tempéré peut permettre quant a lui
de dépasser la complexité inhérente aux effets d’échelles et de mieux appréhender la
variabilité spatiale des FTH , de leur fonctionnement et des conséquences sur les SE
[18]. Définit comme « une portion de l'espace au sein de laquelle les conditions de
milieu et les ressources satisfont aux besoins de plusieurs espéces» [28], le concept
d’habitat naturel s’adapte a I'ensemble des échelles du biome (macro-habitats) a la
parcelle (micro-habitats) [29]. Il est centré prioritairement sur I'étude des relations
entre les différentes composantes de I’écosysteme (assemblage des especes au sein
des communautés, influence de 'environnement sur les populations,...) et définit
ainsi un cadre d’étude adaptable aux différentes fonctions étudiées. Intégrant les
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conditions environnementales mais aussi la structure et la composition des
communautés qui s’y reproduisent et s’y maintiennent [30], il permet de
caractériser les principaux SE de support dépendant de la biodiversité ou du
contexte abiotique [31]. Il permet de développer des indicateurs synthétiques sur
I'intégrité des SE aux différentes échelles opérationnelles a travers la définition
d’espéce-parapluies, d’habitats clefs, etc... [32].

Pour surseoir aux limitations de moyens et collecter une masse de données
suffisante a une telle approche écosystémique, de nouvelles démarches scientifiques
sont aujourd’hui engagées. De plus en plus, la communauté scientifique mobilise de
nouveaux acteurs de la recherche tels les para-taxonomistes (e.g. [33]) ou les
communautés rurales locales détentrices de savoirs traditionnels (e.g. [34,35]). Elle
utilise des sources de données alternatives telles les inventaires forestiers (e.g. [36])
ou des méthodes dites de « Rapid Assessment» (e.g. [37]). Ce changement de
paradigme ouvre de nouvelles possibilités mais nécessite aussi une adaptation des
outils d’analyse a ces nouveaux types de données.

Le développement de la télédétection en général et de son volet satellitaire en
particulier, offre aussi de nouvelles facilités pour appréhender la dimension spatiale
de la diversité des écosystemes [38]. En offrant une nouvelle perception de
I'environnement sur de larges emprises (i.e. > centaines de km?), elle fournit les
moyens d’aborder objectivement les effets d’échelles et la notion d’interaction entre
ces échelles.

La caractérisation multi-échelle des habitats naturels s’appuyant sur ces méthodes
d’'inventaires rapides est a méme de fournir des éléments essentiels a la
compréhension du fonctionnement des FTH aux échelles intermédiaires. Leur
cartographie a travers des modeles prédictifs ou des approches basées sur la
télédétection peut apporter une meilleure appréhension de la variation des SE aux
échelles opérationnelles. Au-dela de son intérét pour la gestion des SE, cette
approche descriptive des assemblages au sein des communautés et des relations
avec les facteurs environnementaux peut permettre d’apporter des éléments de
compréhension sur I'écologie forestiere et I'importance relative des mécanismes a
'origine de la répartition des especes. C’'est le travail que j’ai mené au cours de cette
these, a I'échelle de la Guyane francaise, en m’appuyant sur les données de deux
récents projets de recherche essentiellement focalisés sur les arbres forestiers, les
plantes des sous-bois, les sols et la grande faune (projet ECOTROP « Paysages et
Biodiversité » [39], projet PO-FEDER « Habitats » [40]).
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.2 La Guyane frangaise et son cadre régional
I.2.a Le Bouclier guyanais sous-région amazonienne

Situé sur la céte Nord-Est de I’Amérique du Sud, le Bouclier guyanais constitue un
vaste ensemble de 2.3 millions de km?, assis sur un craton Précambrien de plus de
1.7 milliard d’années. Il couvre la totalité du Guyana, du Suriname, de la Guyane
francaise ainsi qu'une partie du Venezuela, du Brésil (Etats d’Amapa et du Para) et
de la Colombie [41]. La forét tropicale humide recouvre pres de 70% de sa surface et
constitue, avec le reste du massif Amazonien auquel il est contigu, le plus grand
massif forestier tropical naturel au monde avec encore aujourd’hui plus de
6 millions de km? non artificialisé [5]. Malgré sa position périphérique et sa moindre
contribution en termes de surface, le massif des Guyanes présente un tres grand
intérét dans ce vaste ensemble du fait de nombreuses particularités en termes de
composition floristique et faunistique, de structure forestiere et de fonctionnement
écosystémique.

TABLEAU 1: LE CONTEXTE FORESTIER GUYANAIS ET AMAZONIEN EN QUELQUES-CHIFFRES

. " ] Plateau des Guyane
Caractéristiques des foréts Amazonie . Sources
Guyanes frangaise
Surface de forét tropicale . .
) 6 millions 1,6 million 80000 [5]
humide (en km?)
Nombre estimé d’espéces
15970 4581 >1800 [42] + [43]
d’arbres (DBH>10cm)
Diversité locale (a-Fisher sur
# 68 33 84 [44]

1ha et DBH>10cm)
Biomasse épigée (en t.ha™ avec

s 287 387 (393) [45]
DBH>10cm)

# valeurs moyennes calculées a partir du tableau de I'annexe 1 de [44] - $ valeurs moyennes
calculées a partir des informations supplémentaires de [45] avec seulement 3 localités pour la
Guyane frangaise (valeur entre parentheéses)

Avec un nombre d’especes d’arbres estimé a pres de 4 600 [42], une alpha-diversité
modeste par rapport a d’autres régions amazoniennes [44], la région n’est pas
considérée comme un hot-spot [7] ni une aire de conservation prioritaire pour sa
flore [46,47] malgré un endémisme assez marqué [48]. Cependant elle receéle une
grande richesse faunistique, notamment en mammiferes [49]. Elle fait partie des 200
écorégions d’intérét représentative de la biodiversité mondiale [9] du fait de sa
composition spécifique tres originale a I'échelle amazonienne avec une dominance
de Fabaceae, de Lecythidaceae et de nombreuses especes de fin de succession a bois
tres denses et graines lourdes [50] indicatrices d'un degré de maturité
sylvigénétique avancé. La stature des foréts guyanaises est elle aussi remarquable
avec une hauteur de canopée dépassant fréquemment les 45m, bien supérieure a
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celle des autres foréts amazoniennes [51], et une treés forte concentration de
biomasse sur pied estimée a plus de 380 t.hal en moyenne [45]. De fait, le Plateau
des Guyanes abrite une grande partie des espéces les plus contributrices au stock de
carbone amazonien [52], notamment plusieurs espeéces hyper-dominantes dont
'aire de répartition est concentrée sur cette région et sont fréquemment exploitées
pour leur bois telles Eperua falcata, Dicorynia guianensis, Qualea rosea,
Chlorocardium rodiei ou Vouacapoua americana [42,53].

1.2.b La diversité forestiére de la sous-région guyanaise

Au-dela de ces traits généraux tirés des principales méta-analyses réalisées a
I’échelle globale ou amazonienne, la variabilité intrinseque des foréts guyanaises
reste largement méconnue. La flore des Guyanes, est certes l'une des mieux
documentées de la région [54] grace a l'intensification constante des campagnes de
prospection depuis plus de deux siecles et grace a un effort d’identification tres élevé
[55,56] cependant la distribution des especes et la variabilité de leur assemblage en
communauté est encore peu documentée a ’exception notable du Guyana (GY) qui a
été remarquablement bien couvert par des inventaires forestiers dans les années
1960-1970 et intensément étudié d’'un point de vue scientifique [57-59]. Les foréts
de la moitié sud de la région couvrant ’Amapa (AM) et les 34 de la Guyane francaise
(GF) et du Suriname (SR), sont cependant moins documentées et restent aujourd’hui
décrites sous le terme générique de forét de la « Pénéplaine du Sud »[60] ou « forét
des terres hautes » [61]. Ce secteur forestier apparemment homogene (Figure 3)
présenterait cependant une tres forte diversité spécifique comparé aux foréts de la
plaine cétiere et aux foréts sur sable blancs qui, a I'inverse, présentent une faible
diversité locale mais des formations contrastées liées a des phénomenes
d’endémisme, de dominance locale (concernant plusieurs especes de
Caesalpinoideae) et de forts filtres édaphiques [60].

L’observation des canopées forestieres par télédétection met aussi en évidence une
certaine hétérogénéité de la structure forestiere au sein de la région [62] avec des
foréts plus hautes et plus réguliéres sur le nord de la Guyane francaise, 'Amapa et
les plateaux centraux du Guyana, contre des foréts aux canopées plus ouvertes et
irrégulieres sur le Suriname, le Sud de la Guyane francaise et I'est du Guyana (Figure
4).
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I.2.c Contexte socio-économique en Guyane francaise

Avec ses 85 000 km? la Guyane est le plus petit territoire de la région Amazonienne,
mais son massif forestier représente plus d’un tiers de la surface forestiere sous
administration francaise (16,5 millions d’hectares en métropole). Quasi-
intégralement domaine privé de I'Etat francais, elle représente prés des deux tiers
des foréts publiques (4,7 millions d’hectares) et est la seule FTH sous la
responsabilité d'un état membre de 'Union Européenne.

Pour répondre aux déclarations de I'accord de Rio, la France s’est engagée des 1992
a mettre en ceuvre une gestion durable et multifonctionnelle sur ce
territoire d’exception : une mission qu’elle a confiée a 'Office National des Foréts
(ONF) et aux services ministériels en charge de I'écologie (DEAL ex DIREN)[63]. Cet
engagement s’est concrétisé par trois actions importantes : (i) 'abandon des permis
d’exploitation forestiere des 1994 au profit de la mise en place d’aménagements
forestiers, premiere étape d’'une démarche aboutissant a la certification de la gestion
forestiere en novembre 2012 ; (ii) la création le 27 février 2007 du plus grand Parc
National frangais au terme d’'une démarche engagée des 1993 ; (iii) I'adoption le 28
juillet 2005 d’un Code Forestier adapté a la Guyane renforcé par la délimitation d’'un
Domaine Forestier Permanent (DFP) en 2008. Aujourd’hui le massif forestier
guyanais bénéficie d'un statut réglementaire et de vocation stable sur plus de la
moitié de sa surface (Figure 5) comprenant 20 300 km? de protection forte et
intégrale (zone cceur du Parc Amazonien de Guyane - PAG), 24 000 km? 4 vocation
multiple intégrant une part importante de production (Domaine Forestier
Permanent géré par I'ONF), 13600 km? a vocation multiple devant concilier
développement et protection (zone d’adhésion du PAG).

Ce cadre général, n’exclut cependant pas les questionnements concernant
I'aménagement du territoire et les conflits d'usage, notamment face aux activités
miniéres, et aux besoins de développement agricole et énergétique. En effet,
'activité aurifere, en plein essor en Guyane depuis une quinzaine d’années comme
sur le reste du Bouclier Guyanais [64], n’est pas exclue du DFP ni de la zone de libre
adhésion du PAG ce qui améne fréquemment les gestionnaires de ces domaines a
devoir défendre ou justifier la vocation forestiere de secteurs a potentiel minier. Par
ailleurs, les choix d’aménagement du territoire restent ouverts dans la zone de libre
adhésion du PAG ou le développement de secteurs d’exploitation forestiere ou
agricole n’est pas exclu. Le DFP de I'ONF doit aussi a terme étre intégralement
aménagé ce qui implique d’effectuer des choix de vocations prioritaires et des
compromis entre les différents SE.

Force est de constater que les connaissances nécessaires a 'optimisation de ces
choix sont encore minces, la variabilité du massif forestier guyanais vis-a-vis des

20



INTRODUCTION

différents SE étant encore treés mal connue a I'échelle du territoire. Ces lacunes ont
été particulierement criantes lors de la réalisation du Schéma Départemental
d’Orientation Miniere (SDOM) en 2007 qui a nécessité la proposition de zones
prioritaires de protection pour lesquelles peu d’éléments de diagnostic étaient alors
disponibles, si ce n’est de simples listes d’espéces et les zonages réglementaires déja
existants [65]. L’acquisition d’'informations scientifiques précises sur la diversité des
écosystemes forestiers et de leur fonctionnement est encore a ce jour une étape
essentielle pour asseoir une gestion durable raisonnée et efficace sur ce massif.

——— .
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FIGURE 5 : CARTOGRAPHIE DES ZONES FORESTIERES REGLEMENTAIRES EN VIGUEUR EN GUYANE
En vert le Parc Amazonien de Guyane et en gris le Domaine Forestier Permanent géré par
I'Office National des Foréts
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.3 Cadre scientifique et structure de la these
I.3.a Objectifs et questions de recherche

Les travaux réalisés dans le cadre de cette theése visent a étudier la diversité des
écosystemes forestiers de Guyane, les facteurs déterminant leur variabilité et les
conséquences de cette variabilité en termes de services écosystémiques. Ils ont pour
finalité de fournir aux gestionnaires et aménagistes locaux de nouveaux outils
permettant d’appréhender la diversité écologique des foréts. Mon approche se base
sur la définition et la caractérisation d’habitats forestiers a partir de télédétection et
de I'analyse de données d’inventaires multidisciplinaires rapides recueillies entre
2006 et 2013 dans le cadre du projet de recherche HABITATS piloté par I'Office
National des Foréts (ONF) et I'Office Nationale de la Chasse et de la Faune Sauvage
(ONCFS). Au cours de ces travaux j’ai poursuivi trois objectifs principaux déclinés en
autant de question de recherche.

b

Le premier objectif vise a combler ce que l'on appelle le « Wallacean shortfall »
(d’apres Lomolino in [66]), c’est-a-dire le déficit de connaissance en termes de
distribution régionale des espéces et de variation de composition des communautés
(ci-apres désigné par le terme de béta-diversité dans son acceptation la plus large
[67]). La béta-diversité forestiére présente-t-elle des organisations spatiales
détectables et a quelles échelles ? Telle sera la question de recherche relative a ce
premier volet. Pour répondre a cette question je me suis inscrit dans un cadre
statistique de décomposition de béta-diversité combinant mesure de la diversité et
analyses spatiales [68].

Le deuxiéme objectif vise a rechercher les mécanismes écologiques a l'origine de
I'organisation spatiale de la béta-diversité observée. Il s’agira principalement de
faire la part entre l'influence des processus déterministes (ou effets de niches)
liés aux filtres environnementaux et les processus de stochasticité
démographique liés a la dispersion des especes (ou effets neutre).

Ces deux premiers objectifs permettront de déterminer a quelles échelles et selon
quelles clefs d’entrée il est possible de définir des habitats forestiers représentatifs
de cette béta-diversité.

Enfin le troisieme objectif vise a évaluer les conséquences de cette diversité sur les
principaux SE pris en compte par les gestionnaires forestiers guyanais, notamment
le stockage du carbone (service de régulation) et I'approvisionnement en bois
(service de production). « Quelle influence la biodiversité des foréts guyanaises
exerce-t-elle sur les fonctions de production de bois et de régulation du
carbone? » sera la derniére question de recherche abordée.
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I.3.b Cadre méthodologique
L.3.b.1 Partitionner la béta-diversité dans un cadre statistique robuste

La béta-diversité spécifique des communautés d’arbres forestiers présente-t-
elle des organisations spatiales détectables et a quelles échelles ? Dans quelle
mesure des facteurs écologiques facilement cartographiables a grande échelle,
peuvent-ils rendre compte de ces variations ? Pour répondre a ces questions je me
suis inscrit dans un cadre statistique combinant décomposition de la diversité et
analyses spatiales [68].

La diversité peut en effet se décomposer en une composante alpha (ou diversité
locale) et une composante béta (relatif aux changements de composition entre
localités) [69]. La différence de nature entre béta et alpha (la premiere mesurant
une variation et la seconde une quantité) est a I'origine de nombreuses polémiques
quant a la facon de définir la béta-diversité (diversité inter-localité, taux de
remplacement le long d’un gradient, etc.) et de modéliser sa relation avec la fraction
alpha (décomposition additive ou multiplicative) [67,70]. La profusion des indices
permettant de mesurer la diversité (basé sur le nombre d’especes présentes ou en
tenant compte de leur abondance, ...) et la nature éminemment incompléte des
échantillonnages spécifiques dans des milieux aussi diversifiés que les foréts
tropicales humides complexifient encore le probleme [71]. Ces questions relatives a
la définition et a la mesure de la béta-diversité sont loin d’étre tranchées et font
encore I'objet d'une littérature foisonnante.

Parmi les différentes approches proposées pour mesurer la béta-diversité, j'ai
adopté celle basée sur la mesure de variance de tables d’occurrences (i.e. somme des
carrées = TSS), qui découlent des tables de relevés classiques (relevés d’abondances
d’espéces par localités). Ce cadre proposé par Pélissier et collegues [72] définit la
béta-diversité comme l'inertie inter-relevés de la table (ou part de variance «
expliquée » par les relevés = MSS) qui, moyennant différentes pondérations, permet
d’obtenir les équivalents de différentes mesures de béta-diversité. C'est un strict
équivalent a toutes les étapes de la décomposition en ce qui concerne Simpson (ou
entropie d’ordre 2) et une équivalence formelle au niveau de la table des relevés,
pour ce qui est de la Richesse (entropie d’ordre 0) et de Shannon (entropie d’ordre
1). Le systeme des pondérations entre especes permet donc de définir plusieurs
schémas de décompositions accordant une importance décroissante aux espéeces
rares selon que la variance totale de la liste des occurrences déplace la référence de
I'entropie d’ordre zéro vers I'entropie d’ordre 2 [73].

Au-dela de cette propriété, cette approche possede plusieurs avantages.
Premieérement, elle permet une décomposition additive de la diversité (telle que
proposée par Lande [74]) et s’adapte ainsi aux tests classiques de comparaison de
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variance (ANOVA), le ratio béta-diversité sur diversité totale pouvant étre
considérée comme une mesure de R? [75]. Deuxiémement, la béta-diversité peut
faire I'objet d’'une décomposition multifactorielle, les relevés pouvant étre regroupés
par facteurs environnementaux ou en fonction de leur relation spatiale a partir de
matrices de voisinages ou de classes de distances entre relevés [73]. De plus, au-dela
de la seule décomposition de la variance totale de la liste d’occurrences et de la table
des relevés, le cadre définit de fagon cohérente des familles d’analyses multivariées
(i.e. AFC et ANSC) qui permettent la réalisation de typologies duales especes-
relevées, accordant plus ou moins de poids aux especes rares (AFC ou Analyse
Factorielle des Correspondances) ou aux especes abondantes (ANSC ou Analyse
Non-symétrique des Correspondances). Les analyses de covariance, de méme nature
mais introduisant des tables de variables externes (l’Analyse Canonique des
Correspondances ou CCA équivalent de I’AFC et une forme d’Analyse de Redondance
RDA appelée ANSC a variable instrumentale) entrent aussi dans ce cadre (table2).

TABLEAU 2: CORRESPONDANCE ENTRE LES METHODES D’ORDINATION ET LA DECOMPOSITION DE LA
DIVERSITE A PARTIR DES TABLES D’OCCURRENCES TRANSFORMEES

Méthodes | Mesures  de | Transformation de la table | Indice
d’ordina- | diversité et | d’occurence (ya) et pondération des | correspondant
tion partition- relevés (0.) et des especes (wi) a

nement partir des fréquences (pai)
AFC TSS/n=S-1 Yai=Pai/ Pa+ ; Oa=Pa+ ; Wi=1/ pui S = Richesse
CCA R?*=MSS/TSS
ANSC TSS/n=E Vai=Pai/ Pa+ ; a=Pa+ ; Wi=1 E = Simpson-
ANSCIV R?*=MSS/TSS Gini
(RDA)

pai correspond a la fréquence relative de l'espéce i sur le relevé a -p . a la somme des
fréquences sur le relevé a et p.; a la somme des fréquences de l'espece i — TSS est la somme des
variance de chaque espéce (i.e. ZwiZ.(Vai-y.;)? avec y.; la fréquence moyenne de 'espéce i) et
MSS la variance expliquée par la variable instrumentale (ie. ZwiZ(Va-y.i)? avec Ja la
fréquence estimée de I'espece i sur le relevé a en fonction de la variable instrumentale)

Si cette approche peut soulever certains problémes conceptuels vis-a-vis de
certaines propriétés attendues des indices de mesure de la diversité [76] ou de
I'indépendance de calcul exigée, par certains, entre alpha et béta-diversité [70], son
utilisation avec des métriques de Simpson est reconnue comme robuste, et
cohérente avec d’autres types d’approches, par exemple celle basée sur 'entropie
ou, plus directement, avec les fonctions de similarité. Ces dernieres sont centrales
dans les approches classiques de génétique des populations et sont tres facilement
connectables avec les parametres fondamentaux de la théorie neutre (voir plus loin)
[77]. Outre que cette approche possede le grand avantage de pouvoir s’insérer dans
le cadre des analyses multivariées classiques (analyses de types AFC, ANSC, avec ou
sans contraintes - voir ci-dessus), elles peuvent aussi se décliner dans le cadre des
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analyses spatiales classiques de types variogrammes [78]. La combinaison de ces
deux cadres statistiques dégage aujourd’hui de puissants outils de décomposition de
la diversité dans un cadre spatialement explicite et connecté a son environnement
[68].

L.3.b.2 Expliquer les patrons de diversité par les effets de niche et effets neutres

Quelle est la part relative de diversité expliquée par les effets de niches liés
aux filtres environnementaux et par les effets neutre ? Cette problématique est
récurrente en écologie, notamment des écosystémes tropicaux dont on cherche a
comprendre l'origine de la tres forte diversité. Deux théories majeures définissent le
cadre conceptuel dans lequel sont abordées les questions relatives aux patrons de
diversité (abondances relatives des especes, diversité phylogénétique, distributions
dans I'espace et dans le temps, etc.) : la théorie des niches et la théorie neutre. Elles
ont été maintes fois exposées, testées et longtemps opposées mais sont actuellement
plus souvent per¢ues comme complémentaires [79].

Tres succinctement, la théorie des niches écologiques, proposée par Hutchinson [80]
explique la diversité des communautés par la diversification des « niches », c’est-a-
dire des conditions d’acces aux ressources et a I'énergie nécessaire au maintien des
populations. Comme aucune espéce ne peut étre la meilleure compétitrice dans tous
les domaines mais doit se plier a des compromis fonctionnels [81], la survie de leur
population va donc dépendre de leur plus ou moins bonne adaptation au milieu,
c’est-a-dire la plus ou moins bonne adéquation de leur niche théorique (ou
fondamentale) avec I'habitat en place. La niche de chaque espece serait la résultante
de son évolution. Théoriquement, deux especes occupant la méme niche se
retrouvent en compétition ce qui doit aboutir inéluctablement a la disparition d’'une
des deux especes (exclusion compétitive [82]). De ce point de vue, seule une forte
diversification des niches (diversité des traits de vie, variabilité des besoins au cours
de l'ontogénie, ..mais aussi incluant les interactions biotiques) peut expliquer la
coexistence d'un grand nombre d’especes. La théorie de la perturbation
intermédiaire [83], s’inscrit aussi dans ce cadre puisqu’elle prévoit un maximum de
diversité dans des conditions de perturbation modérées (en intensité et en
fréquence) permettant ainsi le maintien d’'une variabilité spatiale et temporelle de
I'environnement et des stades successionnels [84].

A l'inverse, la théorie neutre tente d’expliquer la diversification des communautés
sans avoir a faire appel une spécialisation des espéces, ni méme a toute forme de
variance entre individus. Elle démontre que méme dans une situation de compléte
équivalence écologique des especes, les phénomenes stochastiques de recrutement,
dispersion et de mortalité, en présence d’'un nombre fini d’individus, sont suffisants
pour expliquer une dérive écologique entre communautés. Plus précisément chaque
mortalité d'un individu au sein de la communauté a une probabilité (1-m) de laisser
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place a la naissance d’'un nouvel individu d’'une espece déja présente au sein de la
communauté (recrutement). Cependant, il y existe aussi une probabilité m pour que
ce nouvel individu provienne d'une espece extérieure (immigration) provenant de la
méta-communauté. Cette probabilité m dépend de la capacité de dispersion des
especes (dispersal limitation). Au sein de la méta-communauté, I'apparition d’'une
nouvelle espece (spéciation) participe aussi a cet équilibre avec une probabilité 6. La
calibration de ces deux seuls parametres m et 0 suffit a générer des distributions
d’abondances d’especes non-triviales et trés souvent non-différentiables des patrons
observés en FTH concernant, aux niveaux local et régional, les distributions
d’abondances d’especes, les relations aires-especes et certaines mesures de béta-
diversité [85].

Il n’est guere discutable que des mécanismes relevant du concept général de niche
existent dans les écosystemes considérés et il n’est pas non plus discutable que la
dispersion limitée et la stochasticité démographiques faconnent, dans une certaine
mesure, la dynamique des populations des différentes especes [86,87]. La question
concernant I'importance relative de ces deux mécanismes potentiels non exclusifs a
déja plusieurs fois été posée en Guyane mais toujours a des échelles locales
difficilement généralisables et la question reste donc encore aujourd’hui ouverte.

La ligne de force sur laquelle je vais m’appuyer au cours de cette these pour aborder
cette question est tirée des travaux précurseurs de Paget [88]. Elle suppose une
relation forte entre le contexte géomorphologique et la composition forestiere, liée a
différents mécanismes, probablement interdépendants, et relevant chacun du
concept global de niche. La variabilit¢ des formes de reliefs, que l'on peut
caractériser a différentes échelles, refleterait la diversité des conditions
environnementales abiotiques (géologique, pédologique, topographique) a diverses
échelles et permettrait donc d’expliquer celle des habitats forestiers. Les typologies
et cartographies géomorphologiques auraient donc une valeur prédictive sur la
distribution des sols et les compositions floristiques [88]. Cette hypothese a
rapidement été adoptée par les forestiers qui ont alors utilisé la géomorphologie
comme clef de stratification pour I'analyse écologique des foréts a aménager [89]. La
question se pose donc aujourd’hui de la réelle efficacité de cette séduisante
approche dont il est impératif de tester formellement la performance en termes de
pouvoir explicatif (au sens de la décomposition de la variance floristique des
communautés).

L.3.b.3 Analyser les relations entre biodiversité et SE a I'échelle du territoire

Quelle influence la biodiversité exerce-t-elle sur les autres SE notamment ceux
relatifs a la production et a la régulation ? Les capacités de production et de
stockage des écosystemes sont-elles fonctions de leur diversité ? Peut-on optimiser
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conjointement les SE de production et la biodiversité ou doit-on rechercher un
nécessaire compromis ?

Face a la perte de biodiversité observée dans les écosystéemes perturbés ou
transformés par '’homme, ces questions relatives au lien biodiversité-SE s’imposent
comme une problématique complexe mais incontournable [90]. De nombreuses
expérimentations ont été menées pour tenter de répondre a celles-ci et suggerent
une corrélation positive entre biodiversité et autres SE [91] avec cependant des
effets de seuils [92]. L’optimisation des SE nécessiterait donc un certain niveau de
diversité, notamment fonctionnelle, permettant de garantir une utilisation maximale
des ressources fournies par I'environnement, et une stabilité de la productivité dans
le temps [93]. Cependant, la plupart de ces essais ont été menés a des échelles
locales, sur des écosystemes artificialisés et simplifiés a 'extréme (généralement des
expérimentations aux champs sur culture agricoles). La généralisation des résultats
de ces expérimentations au « monde réel» est donc parfois critiquée voire
controversée [94].

Qu’en est-il effectivement pour des écosystemes naturels et hyper-diversifiés, telle
que les écosystemes forestiers guyanais, et sur des échelles opérationnelles plus
larges ? Dans notre contexte la question des relations biodiversité-SE se pose plutot
en termes de stratégie de conservation et de gestion globale des SE a I'échelle du
territoire [95] plutdt que d’optimisation des multiples SE a I’échelle locale. La nature
des relations entre biodiversité et SE dans les écosystemes forestiers naturels est
aussi a méme de nous renseigner sur les conséquences des processus de
perturbation ou de secondarisation des foréts sur les SE (e.g. .[96]) mais cet aspect
ne sera pas aborder dans cette these. L’analyse qui sera menée ne releve pas de la
recherche de corrélations a valeur déterministe inhérentes a des mécanismes reliant
diversité et SE mais releve d’'une analyse de congruence entre services a différentes
échelles [97]. Si une corrélation positive entre la biodiversité et les autres SE se
confirme dans notre contexte (ce qui est loin d’étre évident compte-tenu des effets
de saturation observés sur des écosystéemes simplifiés), les stratégies de
conservation de la biodiversité peuvent aussi indirectement servir d’autres objectifs
comme la séquestration du carbone par exemple (e.g. [98]). La nature de la relation
biodiversité-SE peut aussi accentuer ou au contraire détendre les contraintes
imposées pour la gestion multifonctionnelle des foréts et des territoires [99]. Cette
problématique sera abordée a I'aide d’analyses de covariance (telles que proposées
par Kremen [27]) et sera mise en ceuvre a 'aide d’analyses multivariées (tel que
Grimaldi [100]), permettant d’appréhender les relations entre biodiversité et SE en
tenant compte des interactions possibles entre services.
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I.3.c Structure du document

Cette these est organisée en trois chapitres qui s’appuient essentiellement sur des
articles publiés, soumis ou en cours de rédaction. Chaque chapitre est structuré en
quatre parties: une introduction, deux parties de développement prenant
généralement la forme d’articles et une conclusion spécifique.

Le premier chapitre est intitulé « Diversité et Distribution ». [l débute par une
synthese rapide de I’état des connaissances concernant la diversité des écosystémes
forestiers guyanais et expose les hypotheses dont je me suis inspiré pour organiser
ce travail de recherche, notamment celle d’'une structuration de la diversité
forestiere par la forme des reliefs (ci-apres désigné sous le terme de
géomorphologie). La premiere partie présente les méthodes que j’ai préalablement
développées afin de pouvoir tester explicitement cette hypothese a partir
d’'inventaires forestiers rapides. La deuxieme partie présente la démarche d’analyse
multi-échelle qui m’a permis de tester explicitement les relations entre
géomorphologie et composition forestiere et de mettre en évidence une forte
structuration de la béta-diversité a I'échelle des paysages.

Le deuxiéme chapitre est intitulé «Déterminants et Mécanismes ». Il expose les
différents mécanismes pouvant expliquer les liens entre forme des reliefs et
diversité forestiere, et focalise particulierement sur I'étude des relations entre
géomorphologie, sols et végétation. La premiere partie décrit I'organisation des
systémes-sols en relation avec la forme des reliefs suggérant 'influence d'un effet de
filtre édaphique sous-jacent au déterminisme géomorphologique de la diversité
forestiere. La deuxieme partie évalue formellement la contribution de cet effet de
filtre édaphique dans le déterminisme de la béta-diversité et confirme que les effets
de niches sont insuffisants pour expliquer a eux seuls la diversité actuelle des foréts
guyanaises. Ces résultats sont mis en perspectives avec la bibliographie afin de
replacer la diversité observée dans un cadre historique et biogéographique.

Le troisieme chapitre est intitulé « Diversité et Services Ecosystémiques». Il
vise a appréhender les conséquences sur les SE de la diversité écosystémique
précédemment mise en évidence a la lumiere des deux précédents chapitres. La
premiére partie, focalise spécifiquement sur I’évaluation et la cartographie du stock
de biomasse forestiere a partir des inventaires forestiers, comme indicateur du
service de régulation du cycle du carbone rendu par la forét. Dans la deuxieme
partie, les mesures de biodiversité développés dans le premier chapitre sont mises
en perspectives avec cet indicateur biomasse, les stock de carbone du sol évalué
dans le deuxieme chapitre et de nouveaux indicateurs d’approvisionnement en bois
afin de mettre en évidence les compromis entre biodiversité et principaux SE.
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Cartes géomorphologiques régionales
(approche multi-scalaire basée sur le SRTM 30m)

Inventaire forestier
HABITATS Rarcelles
; 3132 parcelles botaniques
In.ventalre (0,2ha) 33 sites 29 parcel!es
forestier PAPETIER (1ha) 10 sites

1172 parcelles
(0,5ha) 10 sites
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FIGURE 6 : SCHEMA D’ARTICULATION DE LA THESE.

Les principales données d’entrée sont indiquées dans les rectangles - les différentes étapes
d’analyse sont figurées par les cercles - chaque chapitre est indiqué par une couleur différente
- les lettres encadrées indiquent les sections ou articles (en annexes) correspondants a l'étape
d’analyse - Les italiques précisent les principales méthodes employées

29



CHAPITRE 2 : DIVERSITE ET DISTRIBUTION

Chapitre 2

Il Diversité et distribution

1.1 Introduction au chapitre

II.1.a Etat des connaissances sur la diversité forestiere
guyanaise

L’'inventaire de la flore de la Guyane a débuté dés le 18e siécle notamment avec les
travaux de Fusée-Aublet, mais c’est essentiellement depuis la création de I’'Herbier
ORSTOM/IRD de Guyane, par Oldeman dans les années 1980, que les efforts de
collecte et d’'inventaire se sont accélérés [55]. Aujourd’hui avec environ 4250
especes d’Angiospermes répertoriées, on estime connaitre plus de 85% des plantes
a fleurs présentes sur le département. Cependant l'analyse macro-écologique des
patrons de distribution d'abondances laisse entrevoir un large déficit de
connaissance des espéces d’arbres les plus rares [42]. De plus, si la flore guyanaise
est aujourd’hui globalement parmi les mieux connues, une large partie du territoire
est encore sous-échantillonnée [65]. La distribution des espeéces, leurs préférences
stationnelles, leurs modalités d’assemblage en communauté restent encore
largement méconnues - c’est ce que I'on appelle le déficit « Wallacéen »[66].

b

Les especes d’arbres représentent a elles seules pres de 40% de ce cortege
floristique forestier (1600 especes recensées en Guyane [43]) et concentrent
I'essentiel de la biomasse forestiere [101]. De nombreuses études ont déja été
menées depuis les années 1970 pour tenter de comprendre comment s’assemblent
ces nombreuses especes au sein des communautés hyper-diversifiées et comment
ces assemblages réagissent a leur environnement. Cependant I'essentiel de ces
études se sont jusqu’a présent focalisées sur I'échelle locale au sein de dispositifs
expérimentaux trés instrumentalisés, dont la valeur représentative est encore mal
cernée compte-tenu de leur concentration dans la partie nord du territoire (Figure.7
- Paracou, Piste de St Elie, Nouragues).

I.1.a.1 Un effet de niche marqué a I’échelle locale

La diversité de la forét guyanaise a souvent été abordée sous le prisme des relations
sol-végétation a I'échelle locale (i.e. celle de placettes de quelques hectares)
[28,88,102-106]. Ces études ont mis en évidence l'influence significative des effets
de niche (c’est-a-dire I'influence des conditions environnementales sur la capacité
de survie des especes via la modification des conditions d’accés aux ressources
[80]). L’influence de la qualité du drainage interne des sols sur I'abondance des
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especes a été plusieurs fois démontrée sur les différents dispositifs guyanais avec
cependant des résultats variables voire parfois contradictoires en terme
d’autécologie des espéces (voir tableau 3). Le contraste entre le cortege floristique
des bas-fonds sur sols hydromorphes et celui des foréts de terre ferme est
relativement bien marqué et relativement stable entre les sites, avec quelques
especes indicatrices évidentes. Les fortes contraintes édaphiques induites par
I'engorgement permanent des sols entrainent non seulement une sélection des
especes les mieux adaptées a 'anoxie mais favorisent aussi le cortege des especes
pionniéres et/ou héliophiles du fait d'une dynamique de perturbation
autoentretenue [28,107]: l'engorgement du sol limite l’enracinement ce qui
maintient une ouverture permanente de la canopée du fait de la fréquence des
chablis ; le fort éclairement favorise les especes pionniéres héliophiles a courte
durée de vie ce qui entretient par ailleurs la mortalité a un taux élevé ; la chute des
arbres depuis les pentes dominantes vers les bas-fonds en aval participent aussi a
cette dynamique.

Echelle

locale

Piste de st Elie  (dispositif de
Paracou)

Counami

Paracou
Crique Plomb

Nouragues

Echelle
médiane
(dispositif de
Counami)

Echelle
régionale
(placettes
Guyadiv)

~~~~~~~~

Echelle {:( - . 3km :
régionale RS
(layons

Habitats) | \

A

FIGURE 7 : CARTOGRAPHIE DES SITES D’ETUDES DE LA DIVERSITE FORESTIERE MIS EN PLACE EN
GUYANE DEPUIS LES ANNEES 1970
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TABLEAU 3: SYNTHESE DES ANALYSES DES PREFERENCES STATIONNELLES MISES EN EVIDENCE SUR LES
PRINCIPAUX SITES D’ETUDES GUYANAIS

Taxons PAR | STE Ccou PLB Taxons PAR | STE Ccou PLB
Anacardiaceae Dichapetalaceae
Thyrsodium guianense P P Tapura sp. M
Annonaceae Euphorbiaceae
Duguetia calycina Chaetocarpus PeM | M| (PeM) | (M)
schomburgkianus
Oxandra asbeckii P M M+P (P) &
Conceveiba guianensis H (H)
Unonobpsis rufescens P
Hieronima oblonga H 0
Apocynaceae
pocy Mabea piriri H+M
C j i M+H
ouma guianensis Pausandra fordii M+P
Geisospermum laevis P Pogonophora
. M (P) M+P
Lacmellea floribunda (M) schomburkiana
Sagotia racemosa P
Arecaceae
. Sandwithia guianensis P
Astrocaryum sciophilum P P
Euterpe oleracea H H H Goupiaceae
Oenocarpus bataua H H H Goupia glabra H 0
Attalea maripa H Lauraceae
Oenocarpus bacaba P P Licaria chrysophylla P
Bignoniaceae Licania irwinii M
Jacaranda copaia H+M | (H) 0 Ocotea ceanothifolia P
Burseraceae Lecythidaceae
Protium sagotiana P (P) Couratari calycina M
Protium sp1 p p Eschweilera alata M
Protium subserratum p Eschweilera congestifolia M
Tetragastris panamaensis p Eschweilera coriaceae H+M
Eschweilera chartaceifolia H
Caryocaraceae
Eschweilera decolorans (P) P
Caryocar glabrum P 0 0
Eschweilera micrantha P P
Chrysobalanaceae
Eschweilera parviflora P P
Licania alba M+H M (M) ) )
Eschweilera sagotiana P+M H
Licania canescens P P ) .
Eschweilera wachenheimii (P)
Licania heteromorpha P 0 (M) .
Lecythis idatimon M 0
Licania laxifolia M - -
Lecythis persistens H+M | H+M 0
Licania membranacea P 0 (P) . -
Lecythis poiteaui P
Parinari campestris H X
Lecythis praeclara P
Clusiaceae Leguminosae-
Moronobea coccinea M M P M Caesalpinioideae
Symphonia globulifera H H (M) Bocoa prouacensis P (P) P P+M
Symphonia sp1 M (H) P Crudia bractea M 0 P
Tovomita spp. (P) M Dicorynia guianensis P (M) | (P+M) P
Eperua falcata H+M | H+M (P) M+P
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Taxons PAR | STE | COU PLB Taxons PAR | STE | COU PLB
Eperua grandiflora M+P | (M) H 0 Chimarris turbinata M
Macrolobium bifolium H Duroia genipoides M
Monopteryx inpae P Posoqueria latifolia P
Peltogyne venosa P P (M+P) Rutaceae
Recordoxylon speciosum H+M Esenbeckia cowanii M
Swartzia polyphylla (P) N
Salicaceae
Tachigali melinonii H
Laetia procera H
Vouacapoua americana P 0 P+M
Sapotaceae
Leguminosae-Faboideae
Ecclinusa guianensis P
Andira coriaceae M
Manilkara bidentata M
Pterocarpus officinalis H
Micropholis obscura P
Taralea oppositifolia M
Pouteria grongrijpii H
Vatairea erythrocarpa H ; ;
Pouteria grandis M
Leguminosae-Mimosoideae Pouteria sp21 P
Balizia pedicellaris H+M 0 Pouteria torta p
Calliandra hymenaeoides M Pradosia cochleraria P M P
Loganiaceae )
Simaroubaceae
Antoni t H M
ntonia ovata (M) Simaba cendron M+H 0
Malvaceae Simarouba amara H
Pachira dolichocalyx H .
Siparunaceae
Melastomataceae Siparuna decipiens P
Miconi ini: M
iconia affinis (M) Violaceae
Mouriri crassifolia (M+P) , )
Rinorea amapensis M
Meliaceae )
Vochysiaceae
Carapa procera H H H
Qualea rosea P
Myristicaceae PAR = Paracou [28], STE = St Elie [102],
Iryanthera hostmanii H+M | H PLB = Montagne Plomb [88], COU =
Iryanthera sagotiana P P | M+P P Counami (analyses reprises d’apres les
Virola michelii Pl e | M| P données [108]- nature des sols approchée
ar la topographie).
Virola surinamensis H p pograp ]
Myrtaceae (H=préférence pour les sols hydromorphes,
Myreia decorticans H P:pgur les c{ramag/es'p.rofonds, M:_ pour les
drainages intermédiaires superficiels ou
Nyctaginaceae bloqués, 0 = sans préférence marquée -
Neea floribunda P entre parenthése les préférences peu
marqué
Ochnaceae queeS)
Ouratea melinonii H Les especes ou groupes d’especes montrant
Polygonaceae des p.refgrenfces concprdantes entre les sites
sont indiquées en gris.
Coccoloba mollis H

Rubiaceae
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L’'influence de la qualité du drainage au sein des foréts de terre ferme, sur un
gradient plus subtil, est moins évidente et a été plus rarement étudiée [102,105]. Un
effet de filtre reste cependant sensiblement perceptible : le cortege floristique est de
plus en plus réduit au fur et a mesure de 'intensification des contraintes, certaines
especes communes intolérantes a un engorgement méme temporaire étant
rapidement exclues de la compétition intracommunautaire [105]. L’étude d’autres
contextes stationnels tres contraignants (et marginaux en termes de fréquences et
d’extension spatiale) comme les foréts sur «cuirasses affleurantes» ou sur
« saprolites superficielles » suggere aussi une situation ou I’équilibre entre espéces
habituellement fréquentes et espéces plus rares est rompu sous l'effet du filtre
édaphique : certaines espéces rares trés particulieres deviendraient nettement plus
compétitives dans ces contextes environnementaux hors normes [88]. La richesse
floristique locale est alors manifestement réduite et la structure du peuplement
fortement modifiée (augmentation de la densité des tiges, réduction du diametre
moyen et de la hauteur de canopée, abondance des lianes ...). Cependant, aucune
généralisation d’espéces originales indicatrices strictement inféodées a ces milieux
n’a vu le jour jusqu’a présent, certaines expertises suggérant méme que le cortege
floristique de ces habitats particuliers (souvent de petite taille) est globalement tres
peu différencié et que les seules différences avec les foréts sur sols profonds voisines
résident dans la structure forestiere [109]. Les effets de filtres sont par contre
poussés a leur paroxysme dans les foréts sur sables blancs ou la diversité floristique
chute au profit d'un petit pool d’especes endémiques et tres spécialisées [61].
Cependant ces foréts qui ne couvrent que quelques kilometres carré en Guyane
(essentiellement dans le Nord-Ouest), ont été peu étudiées sur notre territoire au
contraire du Guyana et de I’Amazonie centrale ou elles sont beaucoup plus
fréquentes [110].

I.1.a.2 Agrégation et autocorrélation spatiale : dispersion ou effets de niche ?

La diversité des écosystémes guyanais a rarement été étudiée a une échelle
régionale [111] ou bien le plus souvent a travers de simples comparaisons de couple
de sites peu nombreux dont la représentativité reste indéterminée [88,112,113]. Les
comparaisons des corteges floristiques de sites rapprochés (i.e. Paracou, St Elie et
Crique Plomb éloignés de quelques dizaines de kilometres dans le secteur du Bas-
Sinnamary) laissent apparaitre des effets de « site » sensibles - de méme que I'étude
des variations de composition au sein du massif expérimental de Counami situé dans
un secteur proche (Bas-Iracoubo). Cette évolution de la dissimilarité de composition
avec la distance est apparemment indépendante des effets sols [88,108] et
interprétée comme une conséquence des effets neutres relatifs a la limitation de la
dispersion des especes et a la dérive écologique qu’elle induit [85]. Les variations de
composition et de richesse observées entre sites peuvent en effet simplement étre
liées a des évenements aléatoires au cours des processus de régénération [85] sans
forcément impliquer des effets de filtre environnemental. A I'échelle locale, I'effet de
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la dispersion limitée sur la composition des communautés d’arbres forestiers est
trés marqué au regard de la répartition agrégative de nombreuses especes [53,114-
117]. La dissémination zoochore, dominante en Guyane, engendre elle aussi tres
souvent des répartitions hétérogenes dans l'espace qui contribuent a ce processus
de limitation de la dispersion [118-121]. Cet effet peut logiquement étre encore plus
marqué a l'échelle régionale compte-tenu des faibles vitesses de migration des
especes d’arbres tropicaux [122].

Une récente étude sur un réseau de neuf placettes forestieres sur sol profond de
terre ferme tend a démontrer lexistence d'un sensible conservatisme
phylogénétique et fonctionnel au sein des communautés forestieres guyanaises
[123]. Cependant, si ce conservatisme est interprété comme un effet de niche
environnementale, rien ne permet explicitement de valider cette hypothese, aucune
caractérisation précise du milieu n’étant introduite dans cette analyse. Ce
conservatisme pourrait donc tout aussi bien provenir de la persistance d'un fort
effet de filtre plus ancien, voire d’une simple agrégation spécifique fortement
marquée sur certaines parcelles.

L’existence de processus spatiaux liés a la dispersion, a I'origine de phénomenes
d’autocorrélation, complique fortement I'analyse statistique des effets de niches
[28,124]. De plus, il est difficile de généraliser les tests des effets de niche sur divers
sites présentant des corteges floristiques a la base tres différents. Par ailleurs,
compte-tenu du faible nombre de sites étudiés, rien ne permet d’affirmer a ce jour
que les variations floristiques observées entre sites ne soient pas contrélées par des
facteurs environnementaux a large empreinte mal appréhendés (de type climatique
ou géologique) plutdt que par des effets de dispersion. De fait, la description des
différentes échelles de structuration de la diversité reste encore tres fragmentaire.
Seul un échantillonnage multi-échelle ad-hoc parait a méme d’évaluer I'importance
relative de ces structures et de tester de fagon robuste leur lien avec de possibles
effets de niche [68].

I.1.b La géomorphologie indicatrice de la diversité forestiere ?

La seule tentative d’analyse multi-échelle des structures de diversité a été effectuée
dans le cadre du programme de recherche DIME (DIversité Multi-Echelle) entre
2003 et 2006 en s’appuyant sur une mise en réseau de quatre sites d’études
précédemment cités (Paracou, St Elie, Counami et Crique Plomb-Montagne Plomb).
La encore, I'étendue spatiale de 'approche reste limitée a une petite région naturelle
ne dépassant pas quelques centaines de kilometres-carré (Figure 6) mais les
hypotheéses qui s’en dégagent et les méthodes qui en découlent ont largement
inspirés les travaux de cette theése [111].
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Ces travaux confirment tout d’abord la stabilité des effets de niche liés a
I’hydromorphie, et aux modalités de drainage en lien avec le degré d’amincissement
du profil pédologique sur les sols de terre ferme. Ils proposent par ailleurs une
méthode statistique robuste permettant de tester les effets environnementaux aux
différentes échelles dans un cadre cohérent de décomposition spatiale de la
diversité [73,78]. Enfin, ils semblent confirmer I'’hypothése émise par Paget [88]
d’'un lien entre composition floristique et systémes géomorpho-pédologiques. En
clair la nature et les propriétés des sols seraient fortement liées a la géomorphologie
locale (i.e. la forme des reliefs). L’analyse des formes de modelé permettrait donc
d’approcher efficacement les conditions édaphiques locales en I'absence de mesure
directe de la qualité des sols [111]. C’est une des hypotheses structurantes testées
dans cette these.

II.1.c Travaux préalables a une étude régionale de la diversité

La généralisation de ces résultats a 1'échelle de la Guyane entiére apparait alors
comme la suite évidente a ce programme d’avant-garde mais nécessite alors deux
conditions absolument nécessaires pour sa réalisation.

La premiére condition consiste en une analyse homogéne, multi-échelle et compléte
de la forme des reliefs a I'échelle du département, qui vise a dépasser les approches
interprétatives développées jusque-la [125]. C'est ce a quoi j'ai contribué, avec
plusieurs collaborateurs et stagiaires, lors de travaux préparatoires s’appuyant sur
une analyse géostatistique de données radar SRTM a résolution de 30m (Shuttle
Radar Topography Mission - http://srtm.usgs.gov/index.php). Les méthodes
adoptées et les produits obtenus sont présentés en annexe A. La carte des paysages
géomorphologiques qui en découle est représentée sur la figure 8.

La deuxiéme condition consiste en la mise en place d’'un échantillonnage emboité qui
puisse s’adapter au cadre méthodologique proposé et embrasser la totalité des
gradients environnementaux régionaux. Compte-tenu de la variabilité régionale
observée cela implique l'inventaire floristique d’'un grand nombre de placettes (i.e. >
1000) difficile a envisager a des colits raisonnables avec des méthodes de relevés
botaniques standard. L’utilisation d’inventaires forestiers rapides et facilement
répétables, s’est donc imposée donc comme une alternative a condition de contréler
rigoureusement la qualité taxonomique des informations fournies. C’est dans cet
optique que j'ai expérimenté et mis en ceuvre un plan d’échantillonnage ambitieux
dans le cadre de deux programmes de recherche, que j'ai copiloté entre 2006 et
2013, en collaboration avec I'Office National de la Chasse et de la Faune Sauvage
(ONCFS), I'Herbier de Cayenne et I'Institut de Recherche pour le Développement
(IRD), le Parc Amazonien de Guyane (PAG) et d’autres partenaires. C’est 'ensemble
de ces données, récoltées au cours de 7 années de travaux de terrain, qui est utilisé
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comme principale source de données dans ma these (inventaires HABITATS). Ces
données sont présentées dans les deux articles qui composent ce chapitre (Annexes
B et C) et sont localisées sur la figure 9.
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FIGURE 8 : CARTE DES PAYSAGES GEOMORPHOLOGIQUES TIREE DE [126] ISSUE D'UNE ANALYSE DU
MODELE D’ELEVATION DU SRTM-30M

Les imagettes a droite illustrent les grandes catégories de paysages par des extraits du SRTM
de 20km x 20km
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FIGURE 9 : DISPOSITIF D’ECHANTILLONNAGE DE L'INVENTAIRE HABITATS EXPLOITE DANS LE CADRE
DE LA THESE.

3132 placettes de 20m x 100m installées au long de 111 transects de 2,5 a 3 km sur 33 sites
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I1.2 Mesure de la diversité régionale a partir d’'inventaires
forestiers (Article 1)

Annexe B : Guitet S, Sabatier D, Brunaux O, Hérault B, Aubry-Kientz M, Molino JF,
Baraloto C (2014). Estimating tropical tree diversity indices from forestry

surveys: A method to integrate taxonomic uncertainty. Forest Ecology and
Management 328:270-281

Ce premier article préparatoire paru en 2014 évalue le potentiel des données
d’inventaires forestiers pour aborder les questions de diversité dans un écosysteme
aussi diversifié que la forét tropicale humide guyanaise. L'information taxonomique
des inventaires forestiers relevée dans une nomenclature vernaculaire est
confrontée a celle fournie par des déterminations botaniques précises a diverses
échelles (placettes de 1lha et sites représentatif d'un paysage). Cette premiere
analyse permet de confirmer que les données de composition fournies par les
inventaires forestiers sont suffisamment précises pour fournir des mesures fiables
dans certaines métriques (i.e. métrique de Simpson, diversité d'ordre 2). Une
méthodologie est développée pour corriger I'information dans les autres métriques.
Les inventaires forestiers sont en effet beaucoup plus performants pour les espéces
abondantes (structurantes) que pour de nombreuses especes rares ou pour des
genres riches en especes. Ces résultats sont illustrés par une premiére comparaison
des valeurs de béta et alpha diversité en fonction des grands types de paysages. Elle
met en évidence une plus forte alpha-diversité dans les communautés forestieres
des massifs montagneux et a I'opposé, une plus grande béta-diversité des formations

de la plaine cotiere et des reliefs multi-concaves du Sud.
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I.3 Etude des patrons de béta-diversité dans un cadre
multi-échelle (Article 2)

Annexe C: Guitet S, Pélissier R, Brunaux O, Jaouen G, Sabatier D (2015)
Geomorphological landscape features explain floristic patterns in French
Guiana rainforest. Biodiversity and Conservation 24:1215-1237

Ce deuxieme article paru en 2015 analyse la structuration spatiale de la béta-
diversité guyanaise a partir du réseau d’inventaires forestiers emboités rassemblant
3132 placettes de 0.2 ha sur 33 sites répartis sur l'ensemble du territoire
(inventaires HABITATS). Ce dispositif multi-scalaire permet de tester formellement
et sans apriori I'hypothése d'un controle de la diversité forestiere par la
géomorphologie tant aux échelles locales que régionales. En combinant des
techniques d’ordination de types ANSC (Analyse Non-symétrique des
Correspondances) avec des analyses spatiales (variogrammes) et des méthodes de
partitionnement de variance (ANSC a variable instrumentale) des patrons de
composition floristique sont mis en évidence a large échelle et expliqués par la
variabilité des paysages géomorphologiques (i.e. formes de reliefs a 1'échelle de
grandes unités sub-régionales). La métrique de Simpson, mise en ceuvre dans
I'ANSC, donnant du poids aux especes abondantes, elle s'avere particulierement
adaptée aux données des inventaires forestiers et a la mise en évidence des
variations de compositions dominantes. A 1'échelle locale, la topographie démontre
aussi une forte influence par 'opposition des foréts en positions basses (bas-fonds et
bas de versant) avec celles des positions hautes (sommets, haut de versant) -
généralisant ainsi un effet déja démontré sur plusieurs sites d’étude locale. Une
fraction importante de la diversité spatialement organisée reste cependant non
expliquée par les variables environnementales ce qui marque l'importance des
processus purement spatiaux dans le turn-over spatial des especes. Des premieres
pistes d’interprétation du pouvoir explicatif des paysages géomorphologiques sont

proposées.
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1.4 Synthese du chapitre

Le schéma général de décomposition spatiale de la variance qui a été
statistiquement développé au cours des dix dernieres années [68,75,127] a été
appliqué ici a un jeu de données original et représentatif permettant d’avoir
aujourd’hui une vision plus précise de la béta-diversité des communautés
forestieres guyanaises et de sa distribution spatiale. Trois conclusions importantes
peuvent en étre tirées a ce stade.

Premierement, la part de béta-diversité (définie ici comme la variance inter-
placettes), bien que tres significative, est largement inférieure a l'alpha-diversité
(variance intra-placette) ce qui signifie qu'un faible nombre de placettes (100 a
200) échantillonnant bien la variabilité spatiale et environnementale est
théoriquement suffisant pour capter la plus grande partie de la diversité
totale. Ce résultat est robuste selon les métriques de Simpson qui donne un poids
plus important aux especes fréquentes (qui sont aussi les especes les mieux
déterminées par les forestiers et, plus largement, les moins coliteuses a déterminer
dans des inventaires botaniques). Il doit étre considéré avec plus de précaution dans
les autres métriques (Shannon ou Richesse) compte-tenu d’'une moindre fiabilité des
inventaires forestiers a ces ordres, méme si des résultats similaires et significatifs
ont aussi pu étre obtenus dans ces métriques (tableau 4). Par ailleurs notre
échantillonnage n’intégre pas les tiges de moins de 20cm de diametre alors que prés
de 680 especes du sous-bois dépassent rarement cette taille [43]. Cependant, une
étude effectuée a 1'échelle amazonienne [56] tend a démontrer que la prise en
compte des especes rares ne change pas fondamentalement les patrons pergu par les
analyses de diversité.

TABLEAU 4: RESULTATS DES TESTS DE DECOMPOSITION DE LA VARIANCE AUX DIFFERENTES
METRIQUES DE DIVERSITE

Metriques Richesse Shannon Simpson
Fractions ddl Variance | F-value |Variance |F-value |Variance |F-value
Total 221 4.09 0.965

paysage 9 0.601 4.11** ]0.0326 |6.14*** |0.00913 |6.46%**
Llayon 107 1.74 4.41** 10.0632 |6.08*** |0.0168 |6.31%**
Ltopographie 440 1.62 1.38*** |0.0427 1.56** 10.0109 1.63%***
Lplot 2575 |6.88 7.59%*  10.16 9.77** 10.0392 10.2%**
Lintraplot 597395 |210 3.79 0.889

La significativité de chaque fraction est testée a l'aide de tests pseudo-f (type Anova) calculés a
partir de 999 randomisations emboitées respectant les différents compartiments définis par les
facteurs étudiés (e.g. randomisation de la position topographique entre placettes d’'un méme
layon)

Deuxiemement, la composition floristique des foréts présente une organisation
spatiale tres marquée a large échelle et peu structurée a I’échelle locale (Figure 10).
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Les distributions spatiales d'un nombre important d’espéces ou groupe d’espéces
peuvent donc étre assez efficacement modélisées a moyenne résolution (i.e. dizaine
de kilometre) mais ces modeles sont difficilement améliorables a haute résolution
(i.e. <1km). Des modeles spatiaux d’interpolation faisant intervenir les seules
positions géographiques (latitude, longitude) sont déja facilement développables a
partir de nos données (ex figures 11). Si les paysages géomorphologiques
fournissent un bon indicateur des grandes variations de composition a I’échelle
régionale, ils sont cependant insuffisants pour expliquer la totalité des phénomenes
d’autocorrélation (voir Figure 6 dans le deuxieme article) et leur influence ne
s’exerce que sur une partie du cortege floristique (i.e. les abondances de plus de 120
essences qui comptent pour 45% des individus ne sont pas influencées par ce
facteur). Nos résultats fournissent cependant des pistes pour l'élaboration de
modeles de distribution des principales espéces d’arbres forestiers guyanais : travail
d'importance qui n’est pas traité ici mais pourrait faire 'objet d’'un développement
ultérieur par la prise en compte des différentes variables géomorphologiques dans
des modeles de type MaxEnt [128] ou par le développement de modeles mixtes
intégrant effets spatiaux et effets environnementaux (voir une application au
chapitre [V-2 - annexe G).
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FIGURE 10 : FORTE STRUCTURATION DE LA DIVERSITE A LARGE ECHELLE ET ABSENCE
D’ORGANISATION NETTE AUX ECHELLES INFERIEURES DEMONTREES PAR SCALOGRAMMES SELON LES

METHODES PROPOSEES PAR [68].

Les scalogrammes testent la corrélation entre les coordonnées des placettes sur les axes de
I'ANSC (ici 2 premiers axes de 'ANSC au rang des espéces et groupes d’espéeces) et leurs
coordonnées sur des matrices de voisinage composées par des vecteurs de Moran (MEM)
rassemblés par échelle (de 1 la plus large - >10km - a 5 la plus locale - <200m)

Par ailleurs, si la diversité spécifique totale peut étre efficacement décrite par un
faible nombre de placettes, la représentation de la diversité des communautés et de
leur assemblage spécifique nécessite quant a elle une bonne répartition
géographique. Une stratégie de conservation des especes d’arbres basée sur un
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réseau de petits massifs géographiquement bien répartis (de type « several small » a

I'opposé du « single large » [129]) semble donc la plus efficace d’'un point de vue
purement forestier.
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FIGURE 11 : MODELE DE DISTRIBUTION D’ABONDANCE POUR DEUX ESPECES D’ARBRES GUYANAIS
UTILISANT UNE FONCTION LOESS DU SECOND DEGRE SELON LA METHODE PROPOSEE PAR [42] BASEE
SUR LES POSITIONS GEOGRAPHIQUES A RESOLUTION DE 0,125° (ENVIRON 14KM)

En Haut le Wacapou (Vouacapoua americana) (span=0.35 -78% de variance expliquée) — en
bas le Wapa (Eperua falcata) (span=0.40 - 56% de variance expliquée).
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Chapitre 3

III Déterminants et mécanismes

II1.1 Introduction au chapitre

Quels sont les mécanismes a l'origine de ce déterminisme relatif de la diversité
forestiere par les paysages géomorphologiques ? La réponse a cette question n’est
pas sans conséquences quant aux objectifs pratiques de gestion et de conservation.
Les questionnements s’intéressant aux processus qui contrdlent la diversité des
écosystemes hyper-diversifiés tels que la forét guyanaise, font aussi partie des
themes centraux en écologie [79] et sont a l'origine de nombreux débats et
développements théoriques.
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FIGURE 12 (TIREE DE [130]): REPRESENTATION DES QUATRE GRANDS PROCESSUS IMPLIQUES DANS
LES MECANISMES DE DIVERSIFICATION DES ECOSYSTEMES COMPLEXES

A et B correspondent a deux espéces en compétition - la taille du symbole figure la taille des
populations - la forme des cadres indique I'adaptation de I'espéce au milieu (performance en
termes de compétition) - les fleches indiquent la performance en terme de colonisation. A)
processus de colonisation : l'espéce A bien que meilleure compétitrice est supplantée par
I’espece B meilleure colonisatrice - B) processus de niche : I'espéce A meilleure compétitrice
s’installe sur un milieu favorisant ses performances - C) effet de masse : la proximité d’une
forte population de 'espéce B facilite sa dispersion dans le milieu- d) effet neutre : les deux
especes ont les mémes capacités de dispersion, d’installation et de survie dans le milieu et ne
doivent leur présence qu’a l'effet du hasard.

Un schéma conceptuel introduisant la notion de méta-communauté proposé par
Leibold et collegues [130] permet de résumer d’'un point de vue théorique les
différents mécanismes qui expliquent cette diversité (Figure 12). Ce schéma integre
les effets neutres de dispersion limitée théorisés par Hubbel [85], les effets de
diversification des niches définis par Hutchinson [80], les effets de perturbation-
colonisation introduits par Connel [83], les effets de masse ou effets source-puits
proposés par Shmida et Wilson [131]. C'est sur ce cadre que s’appuient les trois
hypothéses proposées pour expliquer l'influence des formes de reliefs sur la
diversité qui sont développées ci-apres.
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III.1.a Hypotheses relatives a l'influence de la géomorphologie
sur la diversité :

Ill.1.a.1 Les paysages géomorphologiques proxy des effets de filtre édaphiques ?
L’hypothese la plus intuitive qui a amené certains écologues a supposer 'existence
d’une relation entre géomorphologie et biodiversité (e.g. [132-135]), se rattache aux
effets de niches (Figure 11b). Elle suppose que la forme des reliefs déterminent dans
une large mesure I'organisation de la couverture pédologique [136], et que de fait la
géomorphologie doit étre appréciée comme un proxy efficace des effets de filtres
édaphiques [137]. C’est ensuite en Afrique que les approches dites géomorpho-
pédologiques visant a étudier les relations entre formes de reliefs et organisation
des sols, ont été pour la premiere fois développées sur des milieux tropicaux [138]
puis mises en relation avec les formations végétales observées (e.g. [139]).

Ces approches ont été largement reprises en Guyane, dans plusieurs études de cas
effectuées dans la région de Sinnamary [88,111,140]. Ces études mettent
essentiellement en avant I'influence structurante de quatre niveaux de cuirassement
d’age et de nature différentes : des cuirasses bauxitiques >10Ma entre 300 et 200m
d’altitude relative; des cuirasses ferrugineuses de 5 a 10 Ma a 100m d’altitude
relative ; des cuirasses ferrugineuses démantelées plus récentes a 50m d’altitude
[141]. Ces cuirasses anciennes déterminent aujourd’hui différentes surfaces
d’aplanissement correspondant a des types de modelés (reliefs tabulaires plus ou
moins massifs, reliefs résiduels sous forme de collines plus ou moins hautes, etc)
ainsi que des séquences de sols caractéristiques en fonction des positions sur les
topo-séquences : sols superficiels et cuirassés sur les sommets tabulaires, sols
profonds sur les versants peu accusés, sols amincis sur les versants accentués sujet a
I'érosion, etc. Ces variations de profondeur des sols conditionnent la structure
forestiere [88]. L’apparition de la saprolite en surface sur les versants les plus
érodés modifie localement le cortege floristique en place [88]. En dehors de ces
reliefs résiduels protégés par les cuirasses, sur les collines les plus rabaissées, c’est
principalement la pente, I'exposition et la position topographique qui détermine la
variabilité des sols et de leur fonctionnement hydrique [142]. Les pentes douces
présentent un drainage libre et profond alors que sur les versants les plus abrupts
modelés par I'érosion régressive le drainage devient superficiel. A I'opposé sur les
sommets totalement aplatis le drainage se dégrade également avec des phénomenes
d’hydromorphie de surface (accentué parfois par la présence d'une cuirasse a faible
profondeur). L'enfoncement local du réseau hydrographique qui est le moteur de
I’érosion transforme peu a peu la couverture pédologique et I'équilibre entre ces
différents types de drainage [143]. L’élévation maximale du modelé constituerait
alors un indicateur efficace des différents stades d’érosion, d’évolution de la
couverture pédologique et de la qualité du drainage qui exerce une influence
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significative sur la composition floristique des foréts guyanaises [102]. La forme et
I'amplitude des reliefs seraient des indicateurs de sols en place. C’est donc un effet
de filtre édaphique que la géomorphologie exprimerait indirectement sur la
composition floristique.

Ill.1.a.2 Les paysages géomorphologiques marqueurs du turn-over forestier ?
Outre sa relation avec les propriétés des sols en place, la gé¢omorphologie peut aussi
étre le marqueur d’'une dynamique générale de I'écosysteme qui contrélerait la
composition des communautés d’arbres forestiers en influengant les régimes de
perturbations sur le court terme et les rythmes de spéciation sur le long terme. Cette
hypothése d'un «contréle géomorphique » de la dynamique forestiere a été
proposée par Hammond [144] qui décrit deux types de systémes opposés (Figure
13).

d*w Y
dr’

Ramping_ecosystem Dampening ecosystem

Characierized by: Characterized by:

High energy system

More molsture from arography-recycling
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. Endemics with small local populations
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1 1
2. Active teclonic margins 2, Passive lectonic margins
3. Phanerozoic geclogy 3, Precambrian geclogy
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5. Fastar and more mechanical weathering 5, Slower and more chemical weathering
6. Soil ablation 6. Soll accumulation E
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FIGURE 13 (TIREE DE [144]): SCHEMA REPRESENTATIF DES DIVERGENCES DE DYNAMIQUE ENTRE LES
ECOSYSTEMES AMORTIS { DAMPENING SYSTEM ) ET ECOSYSTEMES AGRESSIFS {RAMPING SYSTEM ) ET
LEUR PRINCIPALES CARACTERISTIQUES BIOTIQUES ET ABIOTIQUES

Les systémes amortis ou « dampening systems» correspondent aux contextes
géomorphologiques stables. Les forces morphogénétiques, dynamiques érosives et
mouvements tectoniques, sont faibles. Sous un climat tropical humide, cette stabilité
implique le développement de reliefs émoussés, peu incisés, couverts de sols vieillis
et approfondis par l'altération qui est favorisée par I'humidité et la chaleur
permanente. Ces conditions favoriseraient I'établissement d’'un certain équilibre
entre sol et végétation et une évolution graduelle de la dynamique forestiere vers
des cycles longs favorables aux especes de fins de succession a forte densité de bois
et aux graines lourdes. Les populations de ces espéces pourraient alors peu a peu
s'imposer au-dela de leur niche habituelle et saturer les communautés par des effets
de masse (Figure 11c). Dans le cas opposé, les systemes aggressifs « ramping
systems » correspondent a une morphogéneése énergique provoquée par
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d'importantes transformations géologiques (diastrophisme), une baisse importante
du niveau marin ou tout autre évenement favorisant une érosion active. Les formes
du relief sont alors profondément entaillées, incisées, et les sols fortement rajeunis
par ablation des horizons superficiels ou par la mise en place de substrats jeunes.
Ces modifications rapides de I’écosysteme imposent a la végétation forestiere de
fortes perturbations favorables aux especes colonisatrices a croissance rapide et a
graines légeres (Figure 11a) et une accélération du turn-over au détriment des
stades sylvigénétiques les plus matures. Dans le méme temps, ces modifications
profondes de I'environnement peuvent étre un puissant moteur de divergence entre
sous-population et d’évolution des espéces forcées de s’adapter a de nouvelles
niches.

Ces deux poéles théoriques décrivent particulierement bien I'opposition entre les
jeunes foréts amazoniennes du piedmont andin et les vieilles foréts du bouclier
précambrien des Guyanes[50]. Entre ces deux extrémes et au-dela de cette vision a
’échelle continentale, des états de transition peuvent théoriquement se rencontrer
en fonction de l'intensité des dynamiques d’érosion (pdle ramping) ou d’altération
chimique (pb6le dampening). La géomorphologie, résultante de la dynamique
morphogénétique récente exercerait donc un effet direct sur la dynamique
sylvigénétique et sur la dynamique génétique et phylogénétique des taxa qui
composent les communautés forestieres.

Ill.1.a.3 Les paysages géomorphologiques intégrateurs de Ihistoire de la
dispersion ?

Une derniére hypothese peut aussi étre avancée au regard des mécanismes en jeu au
sein des méta-communautés. Les paysages géomorphologiques seraient les
indicateurs de trajectoires environnementales locales et d'une histoire écologique
partagée avec les communautés ; histoire ayant peu a peu fagonné les reliefs comme
elle a faconné les foréts d’aujourd’hui sous l'effet des mécanismes de dispersion
limité (Figure 11d).

En effet, les processus a l'origine de la morphogénese, tels les modifications du
niveau des océans, les événements tectoniques majeurs, les changements
climatiques globaux et régionaux [145,146] sont aussi des facteurs
biogéographiques importants impliqués dans la dispersion des especes[147]. Au
cours des transgressions marines majeures du pré-Pléistocéne, la montée du niveau
océanique comprise entre 100 et 150m a effectivement isolé les nombreux massifs
du Nord Guyanais [148], formant un archipel favorable a une spéciation allopatrique
[20] et a un enrichissement floristique du Nord de la Guyane au cours de la mise en
contact des nouvelles populations lors de la régression marine qui lui a succédée.
Les plus récentes régressions marines a l'origine de la plaine cétiere guyanaise
actuelle délimitent quant a elle un milieu qui n’a pu étre que trés récemment
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colonisé par la forét tropicale humide sur des sols foncierement différents de ceux
couvrant le reste du massif, ce qui a probablement limité la diversité du cortege
floristique colonisateur. Enfin, les phases climatiques les plus séches induites par les
changements globaux du Tertiaire (a l'origine des différentes surfaces cuirassées
décrites précédemment) et celles relatives aux oscillations climatiques du
Quaternaire ont aussi été a I'origine d’'une dégradation voire d'une fragmentation du
couvert forestier remplacé par la savane dans certaines régions, ce qui a fortement
modifié les conditions de dispersion des espéces forestieres [149,150]. Des traces
évidentes de ces changements de végétation au cours du dernier maximum glaciaire
ont été relevées en Afrique et en Amazonie Centrale [151,152] mais il est fort
probable que seule une partie de la Guyane ait réellement subit une telle
dégradation forestiere. Le Nord du territoire semble en effet avoir été épargné,
aucun indice net de « savanisation » marquée des paysages n’ayant été jusqu’a
présent détecté dans les analyses de dCi3 de la matiere organique du sol ou les
analyses polliniques [153]. Le passage d’une forét tropicale humide dense vers une
forét claire parsemée de savane n’est évidemment pas sans conséquence sur la
dispersion des especes mais aussi sur la dynamique érosive (plus rapide en
I'absence du manteau forestier protecteur [154]) et sur Il’évolution des sols
(remontée de nappe, ralentissement de I'altération, etc...).

III.1.b Faire la part des effets de niche

Les différents mécanismes avancés pour expliquer le déterminisme de la diversité
forestiere par les paysages géomorphologique sont résumés dans la figure 14 ci-
dessous. La distinction entre effets de niches et autres mécanismes n’est pas sans
conséquence pour une gestion forestiere durable qui cherche a « imiter la nature et
hater son ceuvre » (selon la célebre maxime du forestier francais Parade, 1802-
1864). Les effets de niche supposent un équilibre effectif entre les foréts en place et
leur environnement actuel alors que les autres effets impliquent un déséquilibre
dynamique entre forét et couverture pédologique et une plus grande influence de
I'héritage (environnemental, floristique, écologique). Dans le premier cas,
I'adaptation de la forét a son environnement implique qu'un retour a un état
« d’équilibre » (résilience) est possible apres perturbation, notamment apres
exploitation. En termes de conservation, cela implique par ailleurs que la diversité
spécifique et écosystémique peut étre appréhendée a travers la variabilité du milieu
et efficacement préserver en s’appuyant sur un réseau assit sur un échantillon
représentatif de cette variabilité. Cest la vision actuelle adoptée par les
gestionnaires forestiers guyanais pour leurs aménagements [155]. Dans le deuxieme
cas, l'écosysteme forestier s’appréhende comme un systéme en constante
adaptation, essentiellement contr6lé par des événements stochastiques. La
dynamique temporelle et les phénomenes de dépendance spatiale liés a la
dispersion limitée occupent un réle beaucoup plus important dans I'évolution de la
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diversité forestiere. Dans ce cadre, I'exploitation peut alors étre vue comme un
déséquilibre supplémentaire qui vient accélérer ou modifier la dynamique d'un
écosysteme par nature instable. Le maintien d’'une continuité spatio-temporelle
entre les espaces de conservation, indispensable a la pleine expression de la
dynamique apparait alors comme primordial pour assurer la conservation des
especes et des écosystemes.

Les articles suivant (Annexes D et E) visent a faire la distinction entre mécanismes
de niche (principalement effet du filtre édaphique) et autres mécanismes. Ils sont
complétés par une approche des interactions sol-climat dans la partie conclusive qui
les prolonge.

Forest
Limited dispersion composition Soil filtering
(refugia, corridor, barriers, (niche effect, edaphic
fragmentation, neutral, and physical filter)
History : tectonic,
climate, marine Soil-systems
events

Dynamic— Turn-over
(ramping /dampening system)

Morphogenesis
(erosion, sedimentation,
weathering)

Pedogenesis
(soil evolution and

Geomorphological transformation)

landscapes

FIGURE 14 : SCHEMA DES RELATIONS SUPPOSEES ENTRE PAYSAGES GEOMORPHOLOGIQUES ET
DIVERSITE FORESTIERE DANS LE CONTEXTE GUYANAIS.
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II.2 Test des effets de niche liés au filtre édaphique
(Article3)

Annexe D : Guitet S, Freycon V, Brunaux O, Pelissier R, Sabatier D, Couteron P (in
prep). Geomorphic control on rainforest floristic composition: more than a soil
filtering effect? Article en cours de soumission a Journal of Tropical Ecology

Dans ce troisieme article en cours de soumission je m’appuie sur la collecte de plus
de 400 profils de sols réalisés sur un sous-échantillon de placettes d’inventaires
forestiers pour étudier directement les relations sol-végétation et distinguer la part
d’effet sol contenu dans l'effet des paysages géomorphologiques sur la diversité
forestiere. Apres avoir groupés les profils a 'aide d’'une analyse par Classification
Ascendante Hiérarchique, les différents types de sols sont caractérisés grace a des
analyses en laboratoire. Leur comparaison avec des fosses de référence sur la base
de leurs principales propriétés physico-chimiques permet de les classer selon la
nomenclature de la World Reference Base (WRB). Les observations de terrain
permettent de diagnostiquer la qualité du drainage pointé comme un facteur
important vis-a-vis de la composition forestiére. En introduisant ces deux variables
de caractérisation des sols (WRB et drainage) dans le méme modele statistique de
décomposition de la variance que celui précédemment utilisé dans le deuxiéme
article, on démontre que le filtre édaphique a un effet significatif sur la diversité

forestiére mais n’est que partiellement redondant avec I'effet paysage.

Si la distribution des sols se révele trés dépendante des types de paysages
géomorphologiques, les courts gradients observés sont au final insuffisants pour

expliquer la majeure partie des effets des paysages sur la composition floristique.
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II.3 Modéliser la distribution des sols par Ila
géomorphologie (Article 4)

Annexe E : Guitet S, Freycon V, Ferry B, Brunaux O, Sabatier D, Couteron P (in
prep). Using geomorphological descriptors at the regional scale improves
precision of soil distribution models under tropical rainforest. Revue visée
Geoderma

Dans ce quatrieme article en cours de préparation j’utilise les mémes données qu’a
I'article précédent pour étudier précisément la distribution des types de sols en
fonction des variables géomorphologiques afin de mieux comprendre les relations
entre sol et formes du relief a différentes échelles. J'utilise pour cela des modeles
statistiques robustes de type Forét Aléatoires et Arbres Conditionnels capables de
représenter des interactions complexes et non linéaires. La distribution des sols se
révele trés organisée spatialement. Les variations pédologiques répondent en
premier lieu aux types de paysages géomorphologiques et en second lieu au dénivelé
local (élévation relative au niveau de base régional). Cette analyse met en évidence
trois grandes unités de sol qui répondent aux descriptions de systémes-sol
précédemment décrits en Guyane et en Amazonie. Comparée aux modeles globaux
tels que le SoilGridlkm notre approche révele I'importance de l'introduction de
variables géomorphologiques régionales pour améliorer les modeles prédictifs de
sol. Elle aboutit a la réalisation d’'un modele de sol probabiliste et a une premiere
carte des stocks de carbone organique des sols guyanais qui fournit une estimation

de la teneur moyenne deux fois inférieure a celle prédite par le SoilGrid1km.
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II1.4 Synthese du chapitre

Ill.4.a Un effet niche limité par des gradients
environnementaux courts

La modélisation de la distribution spatiale des types de sols, définis selon la
classification WRB (voir III- 3), montre qu'une forte dépendance existe entre
I'organisation de la couverture pédologique et les paysages géomorphologiques. La
méme constatation peut étre faite si I'on s’intéresse aux classes de drainage suivant
la nomenclature de Boulet [102] : les sols a drainages profonds (DVL) ou ralentis
(Alt) sont ultra-dominants sur les plateaux et montagnes et limités aux seules
positions hautes dans les autres paysages (i.e. dénivelé régional >15m - modeles
réalisés mais non présenté dans ce document). Malgré cela, le filtre édaphique
n’explique qu’'une fraction minoritaire de I'effet paysage.

pi2o Gley '

4\ | Eigenvalues
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FIGURE 15: ANALYSE DES COMPOSANTES PRINCIPALES SUR LES FACTEURS PEDOLOGIQUES ET
CLIMATIQUES

Classes WRB en noir et type de drainage en violet (voir annexe D pour le détail des codes).
Classes de pluviométrie en bleu (ex: pl20 = 2000mm.an-1) et durée de saison seche en rouge
(ex: SS3m = 3 mois).L’histogramme des valeurs propres (au centre) sans axe trés dominant
montre que les variables sont assez peu corrélées entre elles. Le cercle des corrélations (a
gauche) vérifie que les corrélations entre variables climatiques et pédologiques sont trés
limitées alors que des colinéarités sont évidentes entre certaines variables de méme nature
(e.g. DVL et Ferr, pl25 et ss3m). La projection des groupes de placettes par type de paysages
sur les deux premiers axes (a droite) montre la forte variabilité des situations pédoclimatiques
au sein de méme paysage excepté pour les types D, F et C.

Les effets de niches ne se résument cependant pas au simple filtre édaphique. Les
conditions climatiques et leur interaction avec les sols sont eux aussi susceptibles
d’influencer la diversité floristique en diversifiant les pédoclimats locaux (niche
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stationnelle). De fait, facteurs climatiques et pédologiques apparaissent relativement
peu corrélés dans notre jeu de données (Figure 15). L’introduction des facteurs
pluviométrie annuelle (Météo-France) et durée de saison séche (données TRMM
[156]) dans les tests de partitionnement de variance, tels que ceux présentés dans le
premier article de ce chapitre, modifient en effet quelques peu les résultats obtenus.
Le climat participe pour une part beaucoup plus importante a 'effet paysage (pour
13 environ) mais une fraction majoritaire de celui-ci reste cependant totalement
orthogonale aux facteurs climatiques et pédologiques (Figure 16). Par conséquent, le
mécanisme de niche bien que significatif et fortement lié aux paysages
géomorphologiques n’apparait pas comme le mécanisme principal. Il est certes
possible que la variabilité de certains parametres physico-chimiques importants soit
incompleétement prise en compte par notre classification des sols (e.g. ECEC,
Phosphore, Aluminium) ou que les variables climatiques soient trop imprécises
compte-tenu du faible nombre de stations de suivi actives en Guyane. Cependant
compte-tenu des courts gradients pédologiques observés (en termes de fertilité
chimique et de toxicité) et de la relative homogénéité du climat guyanais actuel
(franchement dans le domaine équatorial), il est peu probable que ces limites
techniques soient réellement impactantes.

RN

Soil 0.02
(df=12, F=2.13, p<0,001)

Landscape 0.06
(df=9, F=4.68, p<0,001)

Climate 0.02
(df=3, F=2.66, p<0,001)

Residuals = 0.85

FIGURE 16 : PARTITIONNEMENT DE LA VARIANCE DE LA TABLE D’ABONDANCE DES ESPECES,
TRANSFORMEE EN METRIQUE SIMPSON, EN FONCTION DES TYPES DE PAYSAGE, DE LA QUALITE DES
SOLS ET DU CLIMAT.

Les fractions indiquées sont ici basées sur des R? ajustés - les résultats des tests de
permutations (n=200) sont indiqués entre parenthése pour les principales fractions. Les effets
sols incluent type de drainage et classe WRB. Les effets climatiques incluent pluviométrie
annuelle et durée de saison séche.
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I11.4.b Une lecture dynamique des paysages
géomorphologiques

Au-dela de la simple caractérisation des conditions écologiques, I'analyse des sols et
de leur distribution spatiale fournit aussi de précieux enseignements sur l'histoire
environnementale Quaternaire des différentes régions guyanaises. Les trois grandes
unités de sol qui se dégagent du modele développé dans le quatrieme article
renforcent I'idée d’une influence directe de la dynamique géomorphique sur la
diversité des foréts (figure 17 - méthode détaillée en III-3). En effet, les associations
de sol auxquelles elles renvoient, indiquent pour deux d’entre eux des systémes en
cours de transformation et pour le troisieéme, un systeme tres stable. Elles vont aussi
dans le sens d’une forte valeur indicatrice des paysages géomorphologiques vis-a-vis
de l'histoire de la dispersion des espéces au cours des dernieres périodes
géologiques.
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FIGURE 17 : REPRESENTATION SIMPLIFIEE DU MODELE DE DISTRIBUTION DES TYPES DE SOLS WRB
Modele de type « Arbre Conditionnel » développé dans le chapitre 11I-3. Le type de paysages
géomorphologiques (notée LSC) est la variable la plus importante qui intervient aux premiers
neeuds du modele et détermine 3 grands types d’unités de sol caractérisés par différents types
de sols dominants (W3 = Acrisols, W1= Plinthosols/Cambisols, W5= Haplic Ferralsols, W6=
Geric Ferralsol Clayic - voir annexe D pour les autres codes et descriptions).

I11.4.b.1 Le « Dampening system » des plateaux du Sud et de I'Est

La tres grande dominance de Ferralsols profonds ainsi que la présence de Geric
Ferralsols sur les plateaux et reliefs montagneux (branche EFGH sur la Figure 17),
témoigne d’'une trés grande stabilité des processus pédogénétiques sur le temps
long. En effet I'altération des granites sous climat tropical humide reste relativement
lente [146,157]. D’apres les analyses de demi-vie des éléments radioactifs contenu
dans ces types de sols, on estime qu’ils s’approfondissent de 10 a 20m/Ma [158]. Le
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développement de ces sols trés épais nécessite donc plusieurs centaines de milliers
d’années d'un climat tres favorable a l'altération combiné a une faible érosion de
surface. Il est donc trés probable que ces régions aient conservé un couvert de forét
tropicale humide au cours du récent Pléistocene. On retrouve ici les conditions d'un
« dampening system »[144] trés ancien.

111.4.b.2 Le « Ramping system » du Nord-Ouest

A l'opposé, I'étagement des Plinthosols(w1)-Ferralsols(w5)-Acrisols(w3) décrit par
nos modeles dans les paysages de plaines, de vallées et les reliefs multiconvexes
irréguliers (noté A, C et B sur la figure 16) n’est pas sans rappeler la séquence
décrite par Boulet dans la région de Sinnamary [143] résultatnt d’'un systeme
transformant lié a un déséquilibre tectonique. L’organisation de ce systéme-sol a été
expliqué par un enfoncement du réseau hydrographique [159] consécutif a des
mouvements de surrection datant du Quaternaire récent [160]. Ces soulévements
ont été mis en évidence par de multiples indices le long de la cote guyanaise (entre
Kourou et St Laurent) et le long du bassin du Maroni. La surrection s’explique par un
enfoncement du plateau continental au large de la Guyane sous le poids des
sédiments Amazoniens [161] et par le bombement consécutive du socle Guyanais
ayant entrainé un mouvement vertical positif de pres 40m en 330 000 ans [160].
C’est donc un « ramping system » contr6lé par une reprise de I’érosion de surface
qui serait en place sur I'Ouest et le Nord du département et qui découperait les
paysages multiconvexes dominants a l'arriere des plaines et vallées cétieres depuis
Apatou jusqu’a Cayenne [126].

Il1.4.b.3 Les plaines du Sud: témoins des changements climatiques de
I'Holocéne ?

Sur les paysages multi-concaves du Sud guyanais et les reliefs multiconvexes les plus
réguliers du Nord-Ouest (noté D, |, ] sur la figure 17), la dominance des Acrisols (w3
et w4) ne rappelle aucun systéme-sol précédemment décrit en Guyane. Pour mieux
comprendre ces types de paysage j'ai réalisé une étude approfondie d’une topo-
séquence sur le site de la plaine centrale de la Waki, (dans un paysage multi-
concave) apres l'ouverture de quatre fosses pédologiques (figure 18). Ce travail de
terrain complémentaire m’a permis de réunir plusieurs éléments concordants qui
suggerent l'existence d’'un autre type de systéme transformant, contrélé par des
modifications climatiques et des changements récents de la dynamique de I'eau dans
les sols. Les éléments complets de description sont fournis dans le compte-rendu
réalisé pour le compte du Parc Amazonien en annexe F.
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FIGURE 18 : POSITIONNEMENT DES FOSSES PEDOLOGIQUES OUVERTES SUR LE SITE DE LA WAKI LE
LONG D’UNE TOPO SEQUENCE.

Plusieurs indices témoignent en effet de modifications récentes du climat local et des
conditions de drainage dans cette région :

- Elément le plus marquant, on détecte au sein d’'un des profils, a 50cm de
profondeur, de la matiere organique issue de plantes en C4 signalant une
ancienne ouverture du couvert forestier ayant permis le développement
d’une végétation graminée au cours de I'Holocene (Figure 19);

- Deuxiéme indice, la présence d'une stone-line autochtone a faible profondeur,
(avec un niveau a nodules ferrugineux dans les parties supérieures des
modelés qui se différencie en un niveau a quartz dans les parties inférieures
des modelés) témoigne d’apres Lucas et collegues [162] de la progression
d'un front d’érosion-dissolution réactivé par un pédo-climat actuel plus
humide ;

- Troisieme élément, I'étagement des reliefs selon trois terrasses superposées
de 10m de dénivelé environ supporte I'hypothese d’une réactivation cyclique
de I'érosion qui pourrait étre liée aux effets des changements climatiques et
des mouvements tectoniques, sur des sols globalement trés sableux et
sensibles a I’érosion de surface (Figure 18) ;

- Dernier indice, la présence de djougoung-pété (voir annexe F) sur la terrasse
supérieure a la surface d’'un Ferralsol (loamic), habituellement profond et
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bien drainé, témoigne d’'un systéeme de transformation amont aujourd’hui
désactivé marqueur d’'une modification ancienne des conditions de drainages.
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FIGURE 19 : EVOLUTION DU RAPPORT ISOTOPIQUE DU Cj3 SUR LE PROFIL F1 DE LA WAKI ET

COMPARAISON AVEC LE PROFIL DE PARACOU (TYPIQUE D’UN COUVERT FORESTIER PERMANENT).

Tous ces éléments font écho a un autre type de systeme transformant décrit par

Fritsch et collegues sur des bas plateaux de la plaine centrale Amazonienne sur
sédiment Tertiaire [163]. Ce systéme associe comme ici Acrisols-Plinthosols-Gleyic
Acrisols et Gleysols. La formation de Plinthosols hérités des Acrisols y est expliquée
par des phénomeénes de modification du niveau de la nappe dans les sols en lien avec
les changements climatiques du dernier maximum glaciaire ayant entrainé un
remplacement de la végétation forestiere par la savane. L’alternance de phases
humides (favorables a la mobilisation des oxydes de Fer) et de phases séches
(favorables a leur précipitation et concentration) a permis la formation des
plinthites dans les horizons sub-superficiels transformant les Acrisols (en haut de
modelé) en Plinthosols (sur les versants peu accusés). En bas de versant, la plinthite
est actuellement redissoute du fait du climat plus humide et les Plinthosols se
transforment en Gleysols. Dans le cas présent, les modifications de niveau de nappe
pourraient étre relié au léger mouvement tectonique de surrection du socle
guyanais mis en évidence par Palvadeau [160], qui a pu accentué les effets des
changements climatiques du début de I'Holocene par ailleurs particulierement
marqués dans le Sud de la Guyane [164].
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Ce cas d’étude illustre particulierement bien la valeur indicatrice des paysages
géomorphologiques en tant qu’'intégrateurs des événements influant sur la
dispersion des especes forestieres. Dans le cas présent, le remplacement de la forét
tropicale humide par une formation seche et ouverte a non seulement impacté la
dispersion des especes de forét humide au cours des derniers millénaires mais a
aussi fagonné un paysage géomorphologique multiconcave totalement original. Le
plus faible niveau de richesse spécifique constaté sur ce paysage (i.e. alpha-diversité
a l'échelle du site - Figure 20), la forte dominance d’especes généralement
cantonnées a la plaine cotiere (notamment Parinari campestris) et I'absence de
I’Astrocaryum sciophilum, palmier de sous-bois marqueur de forét ancienne,
s’expliqueraient donc tout autant par une reconquéte récente de la forét que par
I'originalité des sols en place.
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FIGURE 20 : COMPARAISON DES VALEURS DE FISHER-ALPHA ESTIMEES A L’ECHELLE DES SITES A

PARTIR DES INVENTAIRES FORESTIERS [165].

Les lettres minuscules indiquent les groupes de site significativement différents selon un test
non-paramétrique de Wilcoxon (p<0.01)- les sites de la WAKI et de YAROupi (paysage
multiconcave de type D) montrent une diversité plus faible que la moyenne au méme titre que
de nombreux sites de la bande cétiére, récemment colonisés par la forét (SABL,CAIM,GRIL,
REGI) - Ies sites des paysages multiconvexes de type [ (TRIN, BEIM) et | (AIMA,EAUB)
présentent une diversité proche de la moyenne.
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Chapitre 4

IV Diversité et Services écosystémiques

IV.1 Introduction au chapitre

Les études précédentes ont permis d’appréhender toute la diversité des
écosystemes forestiers a I'échelle régionale du point de vue floristique et
pédologique. Elles ont permis de démontrer la forte valeur indicatrice de la
géomorphologie aussi bien vis-a-vis de la diversité spécifique des communautés
forestieres, que vis-a-vis des propriétés des sols. Cette influence des paysages
géomorphologiques se prolonge par un effet significatif sur les corteges de grande
faune comme I'a démontré Cécile Richard-Hansen de 'ONCFS avec qui j’ai collaboré
(voir annexe G). Cette diversité écosystémique entraine-t-elle des variations de
services écosystémiques (SE) significatives nécessitant des adaptations de gestion ?

IV.1.a Définition des services écosystémiques

La notion de services écosystémiques (SE) renferme une grande complexité qui
prend racine dans I'histoire méme de son émergence. Cette notion prend sa source
dans 'idée que I'économie est fortement dépendante du contexte écologique et que
le «capital naturel » fournit des services a la société dont la qualité dépend du
fonctionnement, de la structure et de la diversité des écosystemes [15].

Le Millenium Ecosystem Assesment (MEA) lancé en 2000 par les Nations Unis et
publié en 2005 a fortement médiatisé cette notion de services écosystémiques et a
permis de fixer des périmetres consensuels permettant aux différents univers
écologiques, économiques, politiques de trouver des définitions communes [16].

On distingue ainsi 4 types de SE : les services d’approvisionnement qui fournissent
des biens, les services de régulation qui interferent sur I’environnement global et les
grands cycles biogéochimiques, les services culturels du domaine de l'affectif et du
spirituel, et les services de support qui participent au bon fonctionnement des
services précités mais qui ne fournissent pas directement un bien ou un service a la
société.

IV.1.a.1 Liens entre biodiversité et SE

De fait, la notion de SE englobe a la fois des produits (biens) et des fonctions
(processus). L'intégration des fonctions de support lié a la diversité spécifique,
fonctionnelle ou génétique n’est pas anodine et participe a la complexité de la notion
de SE. Elle puisse sa source dans la formidable ascension de la thématique
Biodiversité, qui émerge dans la méme période que les SE et suit la méme trajectoire
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politico-médiatique. La conférence de Rio (1992), le Global Biodiversity Assesment
(1995), puis 'IMoSEB a Paris (2005) sensibilisent la société aux risques liés a la
perte de biodiversité et ameénent la notion de biodiversité au coeur des
problématiques de SE. Ce mouvement se base entre autre sur I'hypothése d'une
corrélation positive entre biodiversité et productivité et de son influence sur la
stabilité des écosystemes et de leur fonctionnement. [166] Cependant, la nécessaire
simplicité des expérimentations scientifiques tentant d’analyser les liens entre
biodiversité et productivité rend leurs conclusions difficilement généralisables a
large échelle sur des écosystéemes extrémement plus complexe (e.g. [167]). La
relation entre biodiversité et SE est donc tres équivoque.

IV.1.a.2 La notion de SE en pratique

De la complexité de la notion de SE découle de nombreuses difficultés quant a son
utilisation lorsqu’il s’agit de I'évaluer. Doit-on mesurer le bénéfice (ex: volume de
bois produit, carbone stocké) ou le processus (ex: productivité a I'hectare, carbone
fixé annuellement) ? Ou s’arréte le bénéfice et qui sont les bénéficiaires (ex: quel
périmetre pour la protection des sols ou la qualité des eaux) ? Comment comparer
différents services, avec quels équivalents monétaires ?

La déclinaison des réflexions politico-scientifiques a 1'échelle de 'UE dans le cadre
du MAES [168], ou du G8+5 dans le cadre du TEEB [169] a permis de recadrer la
praticité de la notion en distinguant les processus écologiques des bénéfices qu'ils
fournissent et en caractérisant plus finement les relations entre processus
écologiques et bien-étre humain [18,170,171].

Dans ce cadre, les anciens services de support ne sont plus considérés comme SE en
tant que tels mais bien comme les cadres de processus qui fournissent in fine des SE.
Ainsi la biodiversité est considérée non comme un service a évaluer mais comme un
facteur permettant de prévoir ou de modéliser la production de SE spécifique. C’est
en ce sens que j'ai tenté de travailler en gardant comme focale deux services
écosystémiques particulierement important pour le gestionnaire forestier guyanais,
la production de bois d’ceuvre et le stockage de carbone, en relation avec les
fonctions de support lié a la diversité des communautés.

IV.1.b Régulation du cycle du carbone et approvisionnement
en bois : deux SE au centre des attentes locales

Je me suis dans un premier temps intéressé a l'estimation des stocks de carbone
dans la biomasse forestiere. La régulation du cycle du Carbone s’'impose en effet
comme un SE parmi les plus essentiels face aux menaces que font peser les
changements climatiques actuels, et la FTH joue un roéle primordial dans ce cycle
(voir chapitre I). En forét tropicale humide, les rotations d’exploitation sont longues
(30 ans en regle générale, 65 ans en Guyane), et les coupes sont sélectives laissant
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toujours derriere elles un fort capital sur pied lorsqu’elles sont réalisées dans un
cadre de gestion durable [172-174]. Le service de régulation du cycle du carbone est
donc essentiellement rendu par le stock de carbone sur pied qui est bien plus
conséquent que le stock de carbone immobilisé par les bois transformés [175,176].
Dans ce contexte, la capacité de stockage du carbone dans la biomasse forestiere est
un parametre de régulation tout aussi important que les flux de production primaire
nette [177]. En Guyane, les flux de carbone lié aux changements d’affectation des
sols et principalement a la conversion forét-agriculture pesent lourd dans le bilan
régional [178]. Apprécier les variations de biomasse a I'échelle régionale est donc
une donnée essentielle aux réflexions d’'aménagement du territoire et de gestion de
ce SE.

Pour évaluer la variabilité des quantités de carbone stockées dans la biomasse
forestiere, j'ai utilisé plusieurs grandes campagnes d’inventaires forestiers
standardisés (HABITATS et PAPETIERS) et développé des méthodes d’estimation de
biomasse adaptées a ce type de données en collaboration avec Quentin Molto
(CIRAD). Ces travaux m’ont permis d’analyser la variabilité des stocks de carbone a
diverses échelles ainsi que la distribution spatiale de ces stocks en relation avec les
facteurs environnementaux. Cette étude fait I'objet du premier article de ce chapitre.

Dans un deuxiéme temps, j’ai élargi cette étude au service d’approvisionnement en
bois. La production de matériau bois est une des priorités du gestionnaire forestier
en Guyane, le marché local de la construction étant trés demandeur et en pleine
expansion [155]. Cette production reste modeste a 1l’échelle du massif avec
seulement 70 000 m3.an"1 exploité en moyenne depuis une dizaine d’années. Mais les
projections socio-économiques qui prévoient un doublement des besoins en
construction dans les vingt ans, et la forte volonté politique de développement de la
filiere font de ce service une pierre angulaire de la gestion forestiére guyanaise. Au
sein des 300 essences d’arbres atteignant des tailles intéressantes pour l'industrie
de transformation, environ 90 revétent des qualités technologiques suffisantes pour
la transformation, 44 sont considérées comme des essences commerciales majeures
(ECM) [155] mais seulement 8 essences font réellement 'objet d’'une exploitation
réguliere (ECMp : Essences Commerciales Majeures Principales hors bois précieux)
et 3 essences principales (EP) concentrent plus de 75% de la production
(Angélique Dicorynia guianensis, le Gonfolo Qualea Rosea et Ruitzerania albiflora, le
Grignon franc Sextonia rubra). La encore, les rotations d’exploitation étant tres
longue en Guyane, c’est a la quantité de bois disponible pour ces différentes
ressources que je vais m’intéresser et non a la productivité qui reste pour le moment
tres mal appréciée faute de données suffisantes. Les analyses et résultats de cette
derniere étape sont développés dans la deuxieme partie de ce chapitre mais ne sont
pas présentés sous forme d’article.
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IV.2 Modele de distribution spatiale de la biomasse
forestiere a I'échelle régionale (Article 5)

Annexe H: Guitet S, Hérault B, Molto Q, Brunaux O, Couteron P (submitted).
Spatial structure of above-ground biomass at the landscape scale limits the
accuracy of carbon mapping in rainforests. Plos ONE - in revision

Dans cet article, j'étudie la variabilité spatiale de la biomasse forestiere aérienne en
m’appuyant sur les inventaires forestiers précédemment présentés mais aussi sur
une campagne d’inventaires forestiers plus anciens (les inventaires PAPETIERS
1974-1976) fournissant des mesures sur plus de 2500 placettes de 0.4 a 0.5ha.
Apres avoir adapté les modeles de prédiction de biomasse a ces types de données, et
apres avoir évalué la précision des estimations obtenues, janalyse la structure
spatiale de la biomasse et sa variation en relation avec les variables
environnementales dans une approche de Krigeage-Régression. Cette analyse met
en évidence une faible auto-corrélation locale (sur des distances inférieures a 10km)
ainsi qu'une faible influence des variables environnementales. Les facteurs
environnementaux ayant le plus d’effet sur ces variations de biomasse aériennes
sont le type de paysages géomorphologiques (a large échelle) et lintensité
d’hydromorphie (a petite échelle). Ce travail débouche sur I'élaboration d’une carte
de prédiction de la biomasse forestiere a 2km de résolution pour une précision
estimée de 50 thal. Cette étude met en exergue l'importance de la variation
stochastique locale de la biomasse au regard de la variabilité régionale en forét
tropicale humide, ce qui explique le faible pouvoir prédictif constaté des modeles de

spatiaux de biomasse.
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IV.3 Variabilité régionale des SE et relations entre services
L’objectif de cette derniere partie est d’analyser la variabilité des principaux services
écosystémiques forestiers a I'échelle régionale. Pour cela, j'ai sélectionné onze
indicateurs synthétiques permettant d’appréhender la variabilité des principaux
services écosystémiques sur lesquels se focalise actuellement la gestion forestiere
guyanaise (tableau 4).

IV.3.a Matériels & méthodes

Les indicateurs moyens ont été calculés par layons, par sites et par types de
paysages géomorphologiques, pour pouvoir tester les relations et compromis entre
biodiversité et services a ces différentes échelles. Certains indicateurs n’étant pas
disponibles ou présentant une forte incertitude a I’échelle des placettes (i.e. stock de
carbone du sol et estimation de la richesse floristique locale), je n’ai pas pu mener
ces analyses a cette résolution plus fine. Les indicateurs sont détaillés dans le
tableau 5.

Concernant la biodiversité, 5 indicateurs fiables parmi les 11 développés dans mon
premier article (annexe B), ont été retenus : 3 indicateurs d’alpha-diversité relatifs
aux especes rares (AlphaF), aux especes communes (Alphal) ou aux dominantes
(Alpha2) - chaque groupes d’especes pouvant avoir son importance dans les
services/processus de support [179,180] - et 2 indicateurs permettant d’apprécier
I'originalité des compositions en especes abondantes (Betal) ou dominantes
(Beta2). La précision de ces indicateurs est estimée par la moyenne des coefficients
de variations moyens des estimations calculées pour chaque relevé a partir des 99
simulations de composition floristique (voir annexe B). D’autres indicateurs ont été
éliminés du fait de leur manque de précision (Entropie d’ordre 0) ou de leur manque
de variabilité (Fréquence en espéces déterminantes selon la liste du CSRPN). On
note une diminution nette de l'incertitude des estimateurs d’alpha-diversité en
fonction de l'ordre (au sens de Hill). Ces évolutions franches signifient que les
estimations de diversité locale sont moins robustes si 'on donne un poids plus
important aux espéces rares (ce qui est logique compte-tenu de la plus grande
difficulté de reconnaissance taxonomique). Les plus faibles différences
d’incertitudes entre béta-diversité d’ordre 2 (11%) et d’'ordre 1 (3%) sont quant a
elles difficilement interprétables compte-tenu des fortes hétérogénéités et des
distributions tres différentes que cachent ces moyennes: les incertitudes les plus
fortes (i.e. 36%) sont rencontrées pour les faibles valeurs de béta a 'ordre 2 alors
qu’elles sont rencontrées pour les fortes valeurs de béta a 'ordre 1 (i.e. 5%).
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TABLEAU 5: INDICATEURS DE SERVICES ECOSYSTEMIQUES ETUDIES ET LEUR DEFINITION

Indica-
teurs

Définition

Amplitude
sur layon

Incertitude
estimée *

ECM55

Potentiel de production maximal : densité
des tiges d’essences commerciales majeures
(44 essences#) de plus de 55cm de DBH
(tiges.ha'1)

1,5-21

4%

ECMP55

Potentiel de production a court terme:
densité des tiges d'essences commerciales

majeures principales (8 essences#) de plus de
55cm de DBH (tiges.ha'l)

0-18,3

1%

EP55

Potentiel de production effective a court
terme: densité des tiges d’essences
commerciales principales (4 espéces#) de
plus de 55cm de DBH (tiges.ha'1)

0-144

2%

EP

Potentiel de production a long terme:
Densité de tiges d'essences commerciales
principales de plus de 20cm de DBH (tiges.ha-

)

0,2-34,3

6%

AlphaF

Richesse spécifique : Indice de Fisher estimé
a partir de la méthode développée dans le
chapitre I1-2 annexe B

99 - 199

9%

Alphal

a-Diversité locale de Shannon : estimée par
I'entropie d’ordre 1 dans le chapitre II-2
annexe B

44-55

0.7%

Alpha2

a-Diversité locale de Simpson : estimée par
I'entropie d’ordre 2 - méthode développée
dans le chapitre II-2 annexe B

0.96 - 0.99

0.08%

Betal

[-Diversité de Shannon : estimée a partir de
I'entropie d’ordre 1 dans le chapitre I1

0.35-1.80

3%

Beta2

B-Diversité de Simpson: Alpha diversité
estimée a partir de l'entropie d’ordre 2 -
méthode développée dans le chapitre II-2
annexe B

0-0.023

11%

CBiom

Carbone stocké dans la biomasse estimée a
partir de la méthode développée dans le
chapitre IV-2 (annexe G) en considérant un
ratio C sur matiere séche de 0.5 (tC.ha'1)

84 -253

11%

CSol

Carbone organique stocké dans le sol
estimé a partir de la carte prédictive

développée dans le chapitre III-3 annexe E
(tC.hal)

74 -121

(25%)

# voir liste des Directives Régionales d’Aménagement [155]] - les 4 especes principales sont
I’Angélique (Dicorynia guianensis) le Gonfolo rose (Qualea rosea), le Gonfolo gris (Ruitzerania
albiflora) et le Grignon franc (Sextonia rubra).* incertitude moyenne a l'échelle des layons
estimée a partir du coefficient de variation des simulations
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Les quatre indicateurs relatifs aux services d’approvisionnement en bois (ECM55,
ECMP55, EP55, EP) ont été calculés a partir des données brutes des inventaires
forestiers. Leur précision est estimée a partir de l'analyse de lincertitude
taxonomique propre aux différents groupes d’essences et catégories de diametre
considérées et se révele excellente du fait de la grande fiabilité de reconnaissance
des principales essences commerciales par les forestiers, notamment dans les gros

bois (tableau 6).

TABLEAU 6: FIABILITE DE DETERMINATION TAXONOMIQUE POUR LES ESSENCES COMMERCIALES
FONCTION DES CLASSES DE DIAMETRE

Taux de détermination | Gros bois (DBH 55cm et +) Tous diamétres
exacte (taxon théorique = Taux de bonne Taux de bonne
taxon effectif) N tiges | détermination | Ntiges | détermination
Toute essence exploitable | 242 92% 1044 84%
ECM (dont ECMP) 135 96% 480 88%
ECMP (dont EP) 78 99% 187 96%
EP 50 98% 108 94%

Calculé sur les 9 placettes de références avec double détermination présentées a I'annexe B.

Les deux indicateurs relatifs a la régulation du stock de carbone ont été tirés des
analyses détaillées dans le quatrieme et cinquieéme article de la these. Le carbone du
sol est estimé par extraction des estimations du modele spatial a résolution d’'un
kilometre (voir annexe E). L’'incertitude de cet indicateur correspond a l'erreur
résiduelle relative du modele de régression. Le carbone stocké dans la biomasse est
calculé non pas a partir du modele de prédiction spatiale mais directement a partir
des estimations sur données d’inventaires (voir annexe G).

L’incertitude associée a ces différents indicateurs est généralement inférieure a 10%
excepté pour la Béta-diversité d’ordre 2 (11%), le Carbone stocké dans la biomasse
(11%) et les stocks de Carbone du sol (erreur relative du modele de I'ordre de 25%).

Les indicateurs, calculés par layons d’inventaires sur les données HABITATS, sont
analysés en Analyse des Composantes Principales centrée et réduite (ACP) suivant la
méthode proposée par Grimaldi et collegues [100]. Cette analyse multivariée permet
de mettre en évidence les covariances et corrélations entre indicateurs et de
regrouper les relevés en fonction de leur proximité vis-a-vis de ces critéres[181].
Nos relevés couvrent dans 80% des cas des surfaces de 5.5 a 6.5ha et plus rarement
des surfaces plus petites allant jusqu’a 3 ha (fonction de la taille du paysage - les
layons tres incomplets ont été écartés). Ces variations de surface entrainent de
légers biais dans les estimations de diversité et de stock de carbone du sol.
Cependant ces biais restent minimes et les résultats détaillés ci-aprés sont tres
proches que I'on intégre ou non la covariable surface dans les analyses.
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Les relations entre indicateurs sont ensuite analysées deux-a-deux a I’échelle des
layons comme a celle des sites ou des paysages par des tests de corrélation et de
régression linéaire classique afin d’interpréter les relations observées. L’efficience
des types de paysages pour capter les variations de SE est testée par
partitionnement de variance between-within (i.e. variance intra-groupe vs variance
inter-groupe) [181].

IV.3.b Résultats

1V.3.b.1 Analyse multivariée et tests inter-intra

L’ACP fait apparaitre deux axes principaux remarquablement prééminents
représentant 76% de la variance totale (Figure 21). Le premier axe oppose les
relevés présentant un fort indice de béta-diversité d’ordre 2, c’est-a-dire une forte
originalité de composition en especes dominantes (+0.86), avec les relevés ayant
une forte alpha-diversité (-0.73 a -0.78 pour les trois indicateurs). Le stock du
carbone du sol est lui aussi bien corrélé a cet axe (-0.66). Le deuxiéme axe est corrélé
a trois indicateurs relatifs a la densité en essences commerciales (-0.84 a -0.83). On
observe une dispersion tres variables des relevés par site, les layons de certains sites
étant tres rapprochés (YAROupi, KOURouaie, GRILlon, BASTien) alors que d’autres
montrent une grande variabilité (Les NOURagues, SAUT Parasol, AIMAra, REGIna).
Les layons les plus contributeurs au premier axe sont ceux sur Sable Blanc (SABL) le
layon D de CriquePlomb (CPLB) ou ceux de BASTien et de la WAKI, tous couverts par
une dominance de sols tres contraignants de type Arenosols, Cambisols, Plinthosols,
ou Stagnic Acrisols(voir annexe D). Les relevés contribuant le plus a I'axe 2 coté
négatif sont les layons du Piton de 'ARMontabo, de la ROChe Koutou situés I'un a
I'extréme Est I'autre a I'extréme Ouest. Les layons de YAROupi a I'extréme Sud-Est et
ceux sur SABLe blanc a I'extréme Nord-Ouest contribuent aussi a cet axe du coté
positif.

Le facteur paysage géomorphologique explique 48% de la variance représentée par
ces deux axes, mais laisse subsister une large variabilité intra-paysage (52%). Par
ailleurs, on observe un regroupement des paysages par grandes catégories qui
respecte la logique des reliefs : les reliefs de plateaux (E, F, G) présentent de forts
indicateurs d’approvisionnement ; les reliefs aplanis (A=plaine, D=multiconcave) ont
de forts indices de Béta-diversité et de faibles indices de stock de carbone ; les reliefs
montagneux au contraire ont de forts indices d’Alpha-diversité et les reliefs
multiconvexes (B, I, ]) avec les vallées (C) sont en position intermédiaire. La variance
inter-groupes de ces 4 grandes catégories représente 37% de la variance de I'’ACP.
La projection des coordonnées géographiques (X, Y en UTM) et de la surface des
layons en variables supplémentaires confirment la faible corrélation de ces facteurs
avec les axes de I'’ACP (coordonnées respectives des trois variables supplémentaires
pour l'axe 1:-0.35,0.17,-0.30 ; pour I'axe 2: 0.10, -0.03, 0.02).
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FIGURE 21 (CI-APRES) : PROJECTION DES COORDONNEES DES LAYONS SUR LES 2 PREMIERS AXES DE
L’ANALYSE EN COMPOSANTE PRINCIPALE DES 10 INDICATEURS DE SE

En haut, les relevés sont regroupés par site (code de quatre lettres) et les projections des
variables constitutives des axes sont figurées par des fleches - En bas, les relevés sont groupés
par types de paysage (couleur) et par grandes catégories de reliefs (4 ellipses: Montagnes,
Plateaux, Plaines et dépressions = PInDep, Multiconvexe et Vallées = McxVIl)
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1V.3.b.2 Relation entre Diversité et Carbone

Des corrélations positives significatives s’expriment entre le Fisher-Alpha et les
stocks de Carbone, aussi bien au niveau des layons, qu’a 'échelle des sites (Figure
22). Al'échelle des sites, les variations du stock total sont importantes : de 186 tC.ha-
1 (Yaroupi) a 320 tC.ha'l (Haute-Matarony). Les corrélations avec le stock de carbone
du sol sont relativement fortes (R®*=0.24 pour les layons, R?=0.31 pour les sites,
p<0.001), mais plus limités concernant la biomasse (R*=0.05 pour les layons et 0.17
pour les sites, p<0.05). Les stocks de carbone du sol et de la biomasse co-varient
significativement avec cependant des niveaux de corrélation faible (R*=0.08 et
p<0.005 pour les layons, R*=0.14, p<0.05 pour les sites). Les écosystémes stockant le
plus de carbone aussi bien dans les sols que dans la biomasse forestiere
correspondent donc aux écosystemes présentant de forte diversité locale et une
moindre singularité (faible béta-diversité). La relation la plus forte entre ces deux
catégories d’indicateurs est établie entre le stock de carbone total et '’Alpha de
Fisher (exprimé en log-log a I'échelle des layons - R?=0.13, F=17, dl1=107, p<0.001 -
sans transformation a ’échelle des sites - R?=0.30, F=13, dll=3 1,p<0.001).

1V.3.b.3 Relation entre Production et Carbone

Stock de carbone dans la biomasse (CBiom) et densité en tiges exploitables
d’essences commerciales majeures (ECM55) sont tres proches dans le plan de ’ACP.
De fait, les deux indicateurs sont fortement corrélés (R*=0.40 pour une régression
log-log - p<0.001 - Figure 23). La relation avec le stock de carbone total est encore
plus forte a I'échelle des layons (R*=0.46 - p<0.001) comme a celle des sites
(R?=0.40 - p<0.001). De fait, de forts indices de production impliquent une forte
concentration de gros bois (composants majeurs de la biomasse locale) parmi des
especes a bois généralement lourd, ce qui peut expliquer la relation entre biomasse
et indicateur de production. Les écosystemes les plus attractifs du point de vue des
services d’approvisionnement correspondent donc généralement aux plus forts
stocks de carbone forestier.
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FIGURE 22 : RELATION ENTRE STOCKS DE CARBONE ET DIVERSITE ALPHA DE FISHER PAR SITES ET
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FIGURE 23 : STOCK DE CARBONE (BIOMASSE AERIENNE ET SOL) EN FONCTION DE LA DENSITE DES
TIGES EXPLOITABLES D’ESSENCES COMMERCIALES PAR LAYONS ET FONCTION DE REGRESSION

ASSOCIEE EN LOG-LOG.

La taille des bulles est proportionnelle a la densité des tiges exploitables d’essences principales
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1V.3.b.4 Relation entre Production et Diversité

Les indicateurs de diversité et ceux de production, trés orthogonaux sur le plan de
I’ACP, paraissent relativement indépendant au premier abord. Cependant la densité
en especes principales (EP) se révele négativement corrélée au Fisher-Alpha de
facon significative (Figure 24). Des interactions entre ces deux indicateurs font
apparaitre des effets de seuil : les relevés présentant les plus fortes densités en
especes principales ont des niveaux de diversité limitée ; parallelement, les relevés
présentant une faible diversité locale et une forte originalité floristique ont une
densité d’especes principales limitée. Ces patrons de limitation se retrouvent
quelques soient les indices de production et d’Alpha-diversité observés. Ils
perdurent aussi a I'échelle des sites (Figure 25).

Les interactions entre production et diversité d’ordre 2 peuvent s’expliquer
physiquement : la plupart des especes commerciales majeures principales (ECMP)
présentant une distribution spatiale agrégative [53,114,117] ; elles contribuent donc
fréquemment au cortege des especes dominantes (voir Tableau 6) et de fait leur
concentration locale réduit la diversité a cet ordre. Le maintien de ce mécanisme a
des ordres de diversité inférieurs et en élargissant la gamme des espéces
commerciales (ECM55) est plus étonnant. En effet, le cortege des ECM pris en
compte n’inclut pas les principales especes dites hyper-dominantes [42]
(notamment, les Wapa Eperua falcata, Maho noir Eschweilera spp. et Moni Protium
spp. sont exclus car tres rarement exploités) et sont donc relativement moins
dominantes que les autres especes (Tableau 7).

TABLEAU 7: CONTRIBUTION DES DIFFERENTES CATEGORIES D’ESSENCES AUX EFFECTIFS DES

DIFFERENTES CLASSES D’ABONDANCE/DOMINANCE DEFINIES A PARTIR DES DONNEES DE [43]

.. Abondance max. 0 <1 1-5 5-15 >15
Catégories -
Nombre de tiges 1288 | 20919 | 35431 | 16817 | 5807
ECMP (dont EP) N =2947 0% 0% 7% 3% 0%
ECM (dont ECMP) N=8034 2% 8% 16% 8% 0%
autres N =69 281 98% 92% 84% 92% | 100%

Les especes présentant des abondances locales maximales supérieures a 15 tiges/ha sont
considérées comme hyper-dominantes alors que celles rarement rencontrées sur les placettes
de relevé, notées en 0, sont les plus rares.

Cet effet pourrait étre donc étre lié a un phénomene d’exclusion compétitive plus
subtil : dans les stations favorables, le développement d’une plus forte densité de
quelques especes commerciales se ferait au détriment de toute une gamme
d’espéces moins performantes et souvent plus rares. La structure diametrique ne
semble pas étre en cause par ailleurs puisque la limitation s’exerce aussi bien pour
les indicateurs centrés sur les gros bois (avec DBH>55cm) que pour l'indicateur EP
(avec DBH>20cm). La réduction de diversité n’est donc pas due a un biais ou artefact
entrainé par une réduction de la densité locale du fait de '|abondance de gros bois
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commerciaux. De fait, les écosystémes les plus attractifs du point de vue des services
de production sont bien exclus des zones de tres forte diversité ou a forte originalité
floristique.
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FIGURE 24 : RELATION ENTRE DIVERSITE LOCALE ET DENSITE DES ESSENCES COMMERCIALES
PRINCIPALES (DBH>20CM) PAR LAYONS ET FONCTION DE REGRESSION ASSOCIEE
La taille des bulles est proportionnelle a la béta-diversité d’ordre 1
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FIGURE 25 : RELATION ENTRE L'INDICE DE DIVERSITE ALPHA BASE SUR L’ENTROPIE D'ORDRE 2

(SIMPSON) ET LA DENSITE EN TIGES EXPLOITABLES D’ESSENCES COMMERCIALES MAJEURES
(DBH>55CM) PAR SITES.

La taille des bulles est proportionnelle a la béta-diversité d’ordre 2
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IV.4 Synthese du chapitre

Les écosystemes forestiers guyanais font preuve d’'une remarquable variabilité en
termes de services: a 'échelle des sites (échantillonnant des massifs de plusieurs
milliers d’ha), la quantité de carbone stockée varie d’un facteur 1.6 pour le sol, et
d’'un facteur 2 dans la biomasse, la richesse spécifique locale peut elle aussi varier
d’'un facteur 2 et la ressource en bois exploitable est quant a elle encore plus variable
(facteur de 8 a 50 selon les indicateurs,) ce qui tranche avec la vision fréquente
d’écosystemes forestiers peu différentiés.

Les grandes catégories de paysages basés sur des descripteurs géomorphologiques
se révelent étre de remarquables indicateurs des niveaux de services avec quatre
grands cas de figure : des foréts de montagne tres diversifiées avec de forts stocks de
carbone dans les sols ; des foréts de plateaux avec de forts stocks de carbone total et
d'importantes ressources en bois; des foréts de plaines (cotieres et intérieures) a
forte originalité mais faible diversité floristique, faible ressources en bois et faible
stock de carbone du sol; des situations intermédiaires sur les reliefs hétérogenes
des collines et vallées. La mise en évidence de telles relations entre types de paysage
et services environnementaux dans une forét tropicale humide non perturbée est
tout a fait originale et vient compléter les études comparatives entre les milieux
forestiers amazoniens perturbés et non perturbés [100].

Les niveaux de services apparaissent aussi nettement liés a la diversité spécifique
des écosystemes forestiers: services d’approvisionnement en bois limité par les
fortes diversités (alpha comme béta) et stock de carbone positivement corrélé a la
richesse locale. 1l serait hasardeux d’interpréter la relation entre carbone et alpha-
diversité comme une généralisation de l'influence bénéfique de la diversité sur la
productivité primaire des écosystémes, qui reste a prouver a I’échelle des paysages
[91,182]. De nombreux auteurs suggerent en effet qu'une forte diversité est garante
d’'une résilience et d’'une stabilité favorables aux SE [90]. Dans le cas présent, les
relations entre diversité et carbone sont a mon avis moins directes et plus
probablement dues a une dynamique d’accumulation conjointe sur le long terme
dans des contextes écosystémiques stables qu’a un véritable effet positif de la
diversité sur le stockage de carbone. La stabilité climatique et géomorphique qu’a
connu une partie de la Guyane au cours du Quaternaire a en effet permis le
développement de Ferralsols profonds et trés argileux que 'on sait favorables a
I'accumulation de carbone [183]. Ces conditions édaphiques sont aussi favorables au
développement de fortes biomasses aériennes [184]. Dans le méme temps ces zones
a grande stabilité climatique semblent étre parmi les plus favorables au maintien
d’'un grand nombre d’especes [185,186]. Il est donc fort possible que la production
primaire de ces zones relativement peu fertiles soit modeste mais que leur stabilité
pédoclimatique sur le tres long terme soit favorable a la fois 'accumulation de
carbone [187] et a 'accumulation d’espeéces dans I'écosysteme [188].
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V Conclusion générale

V.1 Une nouvelle classification des habitats forestiers de

Guyane

Les travaux réalisés dans le cadre de cette these ont fait la démonstration d'un fort
pouvoir explicatif des paysages géomorphologiques sur la diversité forestiere - voir
Chapitre 2. Ce «déterminisme» s’explique par la capacité des paysages
géomorphologiques a intégrer a la fois les effets de filtres édaphiques, les effets de
dispersion sur le long terme (i.e. million d’années) et les effets de dynamique
écosystémique sur le moyen terme (i.e milliers d’années) - voir Chapitre 3. Ces
paysages permettent ainsi de définir un cadre écosystémique relativement
homogeéne dans lequel des relations fortes entre sols, végétation et faune sont
établies.

Cette covariance forte entre les différentes composantes de I’écosysteme a I’échelle
des unités de paysage nous permet de définir des types d’habitats forestiers, basés
sur la stratification géomorphologique et facilitant la représentation et
I'appréhension d’une diversité forestiere complexe (habitats principaux).

Ces différents habitats peuvent étre hiérarchiquement regroupés par grandes
catégories de reliefs qui définissent des habitats génériques partageant les mémes
origines géomorphiques, les mémes systemes-sols et de fortes convergences
floristiques (voir tableau 8) - voir Chapitres 2 et 3. Ces habitats génériques
s’affirment par ailleurs comme des marqueurs efficaces des principaux enjeux en
termes de services écosystémiques - voir Chapitre 4. Au sein des habitats principaux,
les contextes édaphiques les plus extrémes induisent des modifications floristiques
locales qui permettent de distinguer des habitats particuliers généralement de faible
étendue mais qui contribuent significativement a l'originalité régionale - voir
Chapitre 3.

Sur le plan pratique, la mise en perspective de ces résultats a permis de déboucher
sur I'élaboration d'un catalogue des habitats forestiers de Guyane que j'ai rédigé en
collaboration avec Olivier Brunaux (ONF - pour la partie forestiere), Cécile Richard-
Hansen (ONCFS - pour la partie faune), Jean-Jacques de Granville et Sophie Gonzalez
(IRD - pour la partie végétation du sous-bois) et Vincent Freycon (CIRAD - pour la
partie pédologie).

TABLEAU 8 (CI-APRES): CLASSIFICATION HIERARCHIQUE DES DIFFERENTS HABITATS FORESTIERS

DETAILLEE DANS LE CATALOGUE DES HABITATS DE GUYANE [189]
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V.2 Implications en termes de gestion forestiere

A la lumiere de ces nouveaux éléments, plusieurs conseils peuvent étre formulés a
I'attention des gestionnaires de I’environnement en Guyane a la fois en termes de
stratégie d’acquisition des connaissances, de politique de conservation et
d’orientation d’'aménagement.

V.2.a Une stratégie d’acquisition des connaissances affinée :

Les foréts guyanaises sont loin d’avoir révélé toute leur diversité et leur complexité.
Les efforts d’acquisition de connaissances doivent donc étre poursuivis si I'on
souhaite mener un inventaire exhaustif et représentatif de cette diversité. Les
paysages géomorphologiques ayant fait la preuve d’un fort pouvoir explicatif sur la
distribution spatiale des especes forestieres et l'assemblage des corteges
faunistiques, ils devraient étre utilisés comme clef d’entrée pour optimiser
'efficacité des prochains efforts de prospection. Les premieres campagnes
d’'inventaires ZNIEFF (Zone d’Intérét Ecologique Floristique et Faunistique) se sont
essentiellement portées sur les haut-reliefs guyanais, zones refuges supposées
[190], (17% de la surface couverte par des ZNIEFF de type 1), et sur la zone littorale,
plus accessible et anthropisée (14% de la surface couverte par des ZNIEFF de type
1). Cette stratégie se révele payante les foréts de montagne abritant effectivement
les plus fortes richesses spécifiques estimées et les foréts de plaines présentant une
forte originalité floristique (béta-diversité). En contrepartie, les paysages
multiconvexes, multiconcaves et les reliefs de vallées ou de plateaux ont été
largement sous-échantillonnés. Les prochaines campagnes d’inventaires ZNIEFF
devraient particulierement focaliser sur ces strates notamment sur celles subissant
actuellement les plus fortes pressions anthropiques : paysages des basses-vallées du
Nord de la Guyane (C) gagnées par les terres agricoles, paysages des collines
régulieres élevées (J) envahis par I'activité miniere, les plateaux élevés (G) gagnés
par I'expansion de 'exploitation forestiere.

Parallelement, les dispositifs scientifiques de type placettes permanentes (réseau
GUYAFOR http://www.ecofog.gf/spip.php?article364 ) mis en place ces derniéres

années pour étudier le fonctionnement des foréts guyanaises ont été implantées sur
la base d’une stratification géologique et climatique. Le réseau qui en découle sous-
échantillonne gravement les foréts sur plateaux et sur reliefs multiconvexes,
pourtant majoritaire en termes de surface, et il sur-échantillonne les foréts de
plaine. Ce déséquilibre pose probleme quant a la représentativité des données
récoltées qui doivent alimenter les modeéles de dynamique forestiere apres
exploitation. Le traitement statistique de ces données devra impérativement tenir
compte de ce déséquilibre si 'on souhaite aboutir a des modeles utilisables pour la
gamme des foréts actuellement exploitées.
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V.2.b Une stratégie de conservation axée vers Ila
représentativité:

La méme question de la représentativité se pose en termes de politique de
conservation. La encore, les réseaux d’espaces protégés sont loin de couvrir de facon
équivalente les différents types de paysages. S’ajoute par ailleurs a cette question la
notion de répartition spatiale des espaces protégés, la diversité forestiere étant tres
fortement organisée par des structures spatiales a large échelle (i.e. gradients de
composition Nord-Ouest / Sud-Est sur une portée de plus de 200 kilometres,
variations sub-régionales sur des portées de 50 a 150 kilometres).

M Réserves Naturelles [ Coeur de Parc [] Foréts de protection

100%
90% -
80% -

70%

60% -

50% -

40% -

30% -

20%

D E F G H | J

FIGURE 26 : EFFORT DE PROTECTION PAR TYPE DE PAYSAGE

Pourcentages de la surface totale du paysage calculés a partir d’un croisement des couches SIG
de la DEAL (http://www.guyane.developpement-durable.gouv.fr/geoguyane-a745.html) avec
la carte des paysages géomorphologiques.

De fait, si la zone cceur du Parc Amazonien permet une bonne conservation de la
majorité des types de foréts du Sud Guyanais, ce dispositif central doit é&tre complété
par un réseau secondaire permettant de mieux intégrer la diversité des foréts
propre au Nord (Figure 26) qui sont par ailleurs les plus riches en espéces
endémiques (D. Sabatier com. pers). Les écosystemes des basses vallées cotieres (C)
et des paysages multiconvexes irréguliers (B) devraient notamment faire I'objet
d’'une attention particuliere du fait de manque de statut de protection fort pour la
conservation de ces foréts. Les « several small » doivent venir compléter le « single
large ». La mise en communication de ces espaces parait étre une condition
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essentielle a I'efficacité de la politique de conservation eut égard a I'importance des
processus de dispersion en forét guyanaise. Les réflexions autour de la mise en place
d’'une trame verte et bleue en Guyane devraient intégrer cet aspect. Les séries de
protection générale mise en place par I'ONF au sein des foréts aménagées devraient
s’affirmer comme un élément essentiel de cette stratégie de mise en continuité des
zones de protection.

V.2.c Une aide a l'aménagement du Domaine Forestier
Permanent (DFP):

L’aménagement forestier fonde son action sur l'analyse des enjeux et des
potentialités de chaque massif dans le but de fixer des objectifs prioritaires sur le
long terme qui soient en adéquation avec le contexte régional et qui permettent
d’assurer la durabilité de la gestion [89]. La variabilité spatiale des niveaux de
services écosystémiques mise en évidence au cours de ces travaux fournit des
éléments de diagnostics importants pour guider ces choix d’objectifs. La Figure 20
du chapitre précédent résume particulierement bien les trois poles d’écosystémes
diagnostiqués: un pole forestier a haute valeur patrimoniale pour sa richesse
floristique et sa capacité de stockage de carbone (foréts de montagne), un pdle a
haute valeur patrimoniale pour son originalité floristique (foréts des plaines et
reliefs multi-concaves), un pole a forte ressource en bois et forte biomasse (foréts
des plateaux).

Les objectifs d’approvisionnement en bois devraient donc s’orienter
préférentiellement vers les foréts de plateaux qui présentent des niveaux de
ressources bien supérieurs aux autres types forestiers et une relative homogénéité
stationnelle favorable a la principale espéce exploitée. A l'inverse, ces objectifs
devraient généralement étre évités sur les foréts de montagne a forte valeur
patrimoniale, fort pouvoir de stockage de carbone et ressource en bois extrémement
variable. Les difficultés d’acceés a la ressource et les forts impacts de I'exploitation
dans ces contextes a forte pente fournissent aussi des arguments dans ce sens[174].
Les massifs forestiers les plus septentrionaux (tels que la Montagne de Kaw, les
Monts de I'Observatoires ou les Monts de la Kourouaie) qui combinent une forte
richesse floristique avec une influence cotiére devraient étre exclus de toute
exploitation préjudiciable. De méme les foréts des plaines paraissent en moyenne
peu attractives en termes de ressources en bois. Certes, leur proximité vis-a-vis des
centres de transformation et de consommation augmente fortement leur attractivité
et les secteurs les plus favorables ont souvent déja été aménagés et exploités
(Organabo, Région de St Laurent...). Cependant, le faible potentiel de reconstitution
et de régénération des populations exploitées, naturellement peu abondantes sur
ces paysages, rend incertain la durabilité de la production forestiere dans ce
contexte. Les premieres projections des modeles de dynamique issue du suivi de ces
foréts de plaine fournissent des arguments dans ce sens [191-193]. Les foréts des
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collines et des vallées, tres médianes en termes de services nécessitent quant a elles
des diagnostics plus approfondis afin de mieux appréhender la variabilité locale,
notamment vis-a-vis de la ressource en bois. La carte des sols et les cartes de
distribution d’espéces produites dans le cadre de ces travaux sont a méme de fournir
une partie des éléments de réponses.

V.3 Limites et perspectives de ces travaux

Au début de cette these, trois questions de recherche ont été posées relatives aux
échelles d’organisation de la diversité forestiére, a la recherche de facteurs prédictifs
liés aux mécanismes agissant sur cette diversité et a I'impact de la diversité sur les
services écosystémiques.

Grace a la collecte d'un jeu de données multi-échelle ad-hoc nous avons pu mettre en
évidence une organisation spatiale de la composition forestiere trés marquée a large
échelle. Nous avons pu faire la preuve du lien entre biodiversité (diversité floristique
et faunistique) et géodiversité (diversité des formes du relief), ce lien s’établissant
non seulement a I'échelle des unités de modelés comme précédemment supposé
[88] mais surtout a I’échelle des paysages. Nous avons aussi pu démontrer que cette
structuration de la diversité a large échelle exprimait pour partie des effets de
niches relatifs a la variabilité climatique régionale et aux propriétés des sols mais
qu’elle intégrait aussi d’autres influences: celles des processus liés aux effets de
dispersion limitée et de colonisation.

Des hypotheses ont pu étre avancées quant a la valeur indicatrice et intégratrice des
paysages géomorphologiques vis-a-vis des processus a l'origine de la diversité
forestiere : les paysages géomorphologiques refleteraient I'histoire écologique sur le
temps long, clef de compréhension primordiale de I'écologie des foréts
amazoniennes [185,188] ,ainsi que la dynamique évolutive actuellement en cours
dans I'écosysteme, tel que supposé par Hammond [144]. En ce sens, les paysages
géomorphologiques nous permettent de franchir la frontiére trop souvent dressée
entre écologie et biogéographie et entre processus locaux et régionaux [194]. Un
faisceau d’indices recueilli tout au long de ces travaux permettent de replacer les
paysages géomorphologiques et les communautés afférentes dans des trajectoires et
des héritages écologiques particuliers (voir III-4). Cette approche «historique »
nécessiterait cependant des approfondissements a travers le développement de
modeles pédogénétiques [195], permettant de considérer les vitesses d’évolution et
de transformation des sols et des paysages, et leur mise en perspectives avec des
approches phylogénétiques [196]. Cette étude a été rendue possible par l'adoption
de procédures d'inventaire rapide, basées sur la connaissance des prospecteurs
forestiers, avec une précision taxonomique est limitée, comme montré au chapitre
[I-2. Les inventaires botaniques permettent de capter plus finement la diversité des
communautés végétales étudiées, et permettraient d’approfondir nos résultats
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notamment en développant une approche phylogénétique susceptible de tester cette
hypothése d’'une divergence ancienne entre les paysages. Répéter a terme les
approches développées ici sur des données botaniques, issues des réseaux GUYADIV,
GUYAFOR et DIADEMA, en cours de développement par les équipes des UMR AMAP
et ECOFOG, constituerait une poursuite logique a ces travaux.

Enfin, I'approche écosystémique originale, rendue possible grace a la collaboration
de forestiers, botanistes, éthologues et pédologues a permis d’aborder la question de
la diversité forestiere, non pas dans sa globalité, mais dans sa dimension
relationnelle : relations entre les différentes composantes des écosystemes (sol-
végétation, sol-relief, relief-faune...) ; relations entre les différents services rendus
par les écosystemes. Cette approche a notamment permis de confirmer a I’échelle
des paysages la stabilité de la corrélation positive entre la diversité spécifique et les
capacités de stockage du carbone des écosystéemes déja mise en évidence aux
échelles locales ou globales [197,198]. L’analyse des relations faune-flore
actuellement en cours d’étude dans le cadre d'une these ONCFS (Thomas Denis)
permettra d’enrichir cette vision écosystémique. Un prolongement de ce travail
consisterait a introduire la dimension faunistique dans le cadre d’analyse des SE
(biomasse de la grande faune, diversité, richesse en especes protégées).
L’intégration d’autres groupes faunistiques (herpétologie, ornithologie, ...) est aussi
souhaitable, méme si ceux-ci sont susceptibles de répondre a d’autres échelles
spatio-temporelles que la végétation forestiére ou les reliefs. Leur prise en compte
dans une approche écosystémique globale et dans une description plus complete des
habitats forestiers constituerait une nouvelle avancée trés importante.

V.4 Le mot de la fin

Ces travaux de recherche refletent I'image d’'un écosystéme forestier guyanais aux
multiples facettes qui rassemble une grande diversité d’habitats au sein d'un
continuum forestier remarquable. Des habitats peu a peu fagonnés par des histoires
écologiques divergentes, qui poursuivent encore aujourd’hui des dynamiques
contrastées, mais qui restent fortement interdépendants. Des habitats qui
communiquent et ne cessent d’échanger especes et populations : parfois source,
parfois puits selon les dynamiques en cours.

Plus qu'une mosaique, le massif guyanais se dévoile comme une aquarelle, tout en
nuances, juxtaposition de taches aux contours flous ou les couleurs diffusent, se
mélangent et se teintent tout en laissant paraitre les contours d'un grand et
impressionnant tableau.
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In this paper two geomorphologic maps (landform level and landscape level) are presented covering
the French Guianan rainforest (84,000 km?) using full-resolution Shuttle Radar Topography Mission
(SRTM) data. The entire country was segmented into 224,000 landform units on the basis of an
original object-oriented approach using a modified counting box algorithm. A Principal
Components Analysis (PCA) followed by k-means clustering (Ward’s method) identified 12
different landform types corresponding to theoretical elementary landforms. The landscape map
was generated by analyzing the spatial distribution of the different landform types. The different
maps and models were compared with topographic field data collected on 92 transects totaling
260 km in length. The object-focused approach is a very efficient method that preserves
geomorphologic consistency and discriminates between landforms using simple descriptors that
are easily understood by non-geomorphologists. Despite major noise in the data, the landform
map proved to be reliable and provided a strong spatial structure for the definition of landscape
units. We recommend using the landform map at scales 1: 100,000—1: 250,000. Landscape map,
used on a 1:1,000,000—1:2,000,000 scale, enabled us to draw bio-geographical limits in this
region and provides exhaustive relief information that usefully supplements the geological map.

Keywords: geomorphology; geodiversity; rainforest; remote-sensing; SRTM; Guiana shield

1. Introduction

Geodiversity, defined by Gray (2004) as ‘the natural range of geological, geomorphological and soil
features, (. . .) including their assemblages, relationships, properties, interpretations and systems’ is
one of the key components that explain biodiversity at different scales in both temperate and tropical
areas (Nichols, Killingbeck, & August, 1998; Parks & Mulligan, 2010). Geomorphodiversity, which
is part of this geodiversity, and was defined by Panizza (2009) as ‘the critical and specific assessment
of the geomorphological features of a territory’ can therefore be used as a biodiversity indicator for
the management of natural areas or for regional planning, in addition to geological data. Geomor-
phology remains underused in tropical countries, mainly because geomorphologic maps are difficult
to produce at a regional scale due to the extended forest cover, insufficiently accurate geological and
topographical data, cloud cover on satellite images, and poor field accessibility for data collection
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and validation. This is particularly true in vast forest areas that consist of gently undulating relief
such as the Guiana shield and the Amazon and Congo basins where local and continental geomor-
phologic information is lacking (Sombroek, 2000).

At the request of the French Guiana public forest manager (ONF: Office National des Foréts)
we produced two geomorphologic maps covering the entire country (84,000 km?) using full-res-
olution Shuttle Radar Topography Mission (SRTM 1 arc sec ~ 30 m) data (see Main Map). The
first, a landform map, considers relief forms at the mesoscale using the Dikau taxonomical hier-
archy (Dikau, 1990), i.e. mesoforms of about 10® m”. The second, a landscape map, considers
relief-form associations at the macrorelief scale in the same taxonomy, i.e macroforms of about
10° m?. The purpose of generating these maps is to evaluate the geodiversity of natural areas
that are potentially threatened by mining activities and require protection by law.

2. Study area

French Guiana is located in the eastern Guiana Shield between the Oiapoque and Maroni rivers. The
soils on this ancient, heavily eroded Precambrian shield (more than 1.9 Gyr old) are highly evolved,
thick and chemically poor (Ferry, Freycon, & Paget, 2004). They have developed on volcanic, plu-
tonic and metamorphic materials of the Paleoproterozoic age that are spatially organized in succes-
sive belts parallel to the Atlantic coast and to the rear of younger coastal sedimentary formations
(Delor et al., 2003). The country’s relief may be described as fairly flat, rarely exceeding 200 m,
slightly tilted to the north-east, and dissected by an extremely dense network of rivers (Filleron,
Le Fol, & Freycon, 2004). This monotonous area nevertheless features some isolated hills and
inselbergs, with both tabular and linear relief. Most of these feature in three mountain chains
that are parallel to the coast and frame three planer areas (see Paget, 1999 in Figure 3): (I) in the
southern Tumuc Humac massif, inselbergs such as Mitaraka Mount reach an altitude of more
than 650 m — detailed accounts of the geomorphology and geology of rock outcrops in this area
are provided by Hurault (1963); (II) in the southern peneplain, rivers flow from the south
through typical ‘demi-orange’ relief (Gruau, Martin, Leveque, Capdevilla, & Marot, 1985;
Teixeira, Taasinari, Cordani, & Kawashita, 1989); (III) the Inini-Camopi Massif corresponds to
the highest (up to 830 m) and is associated with river network deflexion to the east and west;
(IV) the Central Massif (also called the central peneplain) runs from north of the fourth parallel
to the Northern chain (V) and is associated with volcano-sedimentary rock often covered by lateritic
duricrust that protect the highest relief of about 500 m (Choubert, 1957); and finally (V1), the coastal
area which is a 15- to 20-km strip of lowland characterized by enlarged flat wetlands between
lowered multiconvex reliefs. Inland areas are covered by almost continuous tropical rainforest
that is one of the last of its kind to be almost undisturbed by recent human activity (Hammond,
2005). Natural habitats show slight variability and high species diversity, including 1600 tree
species according to most recent estimates (Molino et al., 2009). The tree community is conse-
quently complex, often with more than 150—200 species per hectare (Sabatier et al., 1997).

Previous studies of the geomorphology of French Guiana mainly considered the local scale
(Filleron et al., 2004; Paget, 1999). The only regional study (Boy¢, Brasseur, Réaud, Cabaussel,
& Menault, 1979) was based on an expert approach and the corresponding report does not provide
any methodological details on the geomorphologic classification employed.

3. Material and methods
3.1. Landform mapping

The landform map was computed from full-resolution SRTM data produced by NASA (Farr et al.,
2007). As forest canopy height shows only small natural variations compared to the vertical
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accuracy of the data (Bourgine & Baghdadi, 2005), we used this derived digital elevation model
(DEM) as a digital terrain model (DTM).

The entire country was segmented into 224,000 landform units using a novel object-focused
approach based upon a modified counting box algorithm. The landform is the central object in
our geomorphologic characterization and is defined as an interfluve bounded by relatively low-
lying areas (thalwegs, passes and saddles) and organized around a more or less salient ridge-
line. These high and low structuring lines are identified by computing local fractal dimensions
(Shen, Zhou, Li, Shen, & Yang, 2001). By applying an appropriate multiplication factor to the
DEM, this method tends to represent a theoretical convex relief as linear patterns in a cube-
liked window, corresponding to a fractal dimension of less than 2, whereas theoretical
concave relief tends toward a fractal value of 3 (Taud & Parraut, 2005). A threshold value
is then calibrated to delineate landform unit boundaries. This calibration is based on previous
manual segmentation (2007—2008) for purposes of a forest management plan. This huge train-
ing area (27,135 km?) enabled us to calibrate the multiplication factor (100) and the fractal
value threshold (2.75) using a map-curve test (Hargrove et al., 2006), a ROC-curve test
(Sing, Sander, Beerenwinkel, & Lengauer, 2005) and a visual comparison. Seventeen topo-
graphic descriptors are computed for each landform unit. These include classical descriptors
such as size, elevation [minimum, maximum, range], slope [mean and standard deviation]
and a wetness index [hydromorphic area rate], but also novel descriptors describing landform
per percentile slices and detailing shape complexity [gravilus coefficient for highest and lowest
slices], vertical shape [elevation between different slices], flattening [ratio of flat area (slope <
5%) for highest slice], plan shape [area ratio between different slices]. A Principal Components
Analysis (PCA) was performed on the landforms and PCA scores were subjected to k-means
clustering (Ward’s method) to identify 12 different landform types corresponding to the theor-
etical elementary landforms.

3.2. Landscape mapping

The landscape map was generated by analyzing the spatial distribution of the different landform
types. This analysis was conducted in five steps. First, the territory was manually segmented by
an expert, based on the landforms’ spatial distribution, i.e. boundaries were drawn around
regions considered to be homogenous based on repeated patterns or dominant types, and
thus defining relief units, also called regions. In a second step, 3 local indices were computed
from the landforms map on 1.5 x 1.5 km sliding windows: (i) the Shannon-Weaver index indi-
cating local diversity of the landform types; (ii) the contagion index indicating the aggregation
level of the landform types (McGarigal, Cushman, Neel, & Ene, 2002); and (iii) the majority
index indicating the local dominant landform type (O’Neill et al., 1988). Thirdly, each bound-
ary in the manual segmentation was compared with spatial distributions of the 3 indices for
validation. If an inconsistency was noted, the regions’ segmentation was canceled or modified
in accordance with the spatial variability of the indices. Then, another Principal Components
Analysis was performed with 14 variables computed for each region (average Shannon-
Weaver index, average contagion index and relative proportions of the 12 different types).
Based on these results, a Hierarchical Cluster Analysis was used to assign a natural landscape
type to each unit. Finally, permutation tests were used to compare landform type frequencies in
the different landscapes with a neutral hypothesis and considering the relative proportions of all
types in order to highlight significant relations between landscape categories and landform
types.

The entire process has been summarized in a work chart (Figure 1) and an extract of the result-
ing landforms map is shown (Figure 2 and Main Map).
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Figure 1. Work chart.

3.3. Validation

The different maps and models were compared with topographic field data collected on 92 transects
totaling 260 km in length. These data, including natural habitat descriptions, topographic profiles, and
soil types, were collected at 24 sites across French Guiana and thus reflect its geographic and ecologi-
cal variability (Figure 3). Habitat descriptions were used to validate the hydromorphy index. Slope,
elevation and topographic position occurrence measured on the transects were used to interpret land-
forms and landscape classes. A Garmin global positioning system receiver (60CSX) was used to geo-
locate the data. Slope angles and distances were measured using a Vertex laser rangefinder.

4. The geomorphologic map

The object-focused approach is a very efficient method that preserves geomorphologic consist-
ency and discriminates between landforms using simple descriptors that are easily understandable



Downloaded by [stephane guitet] at 13:32 23 March 2013

Figure 2.

Figure 3.

The three steps in landform mapping (current map).

Journal of Maps

Validation sites

*

Main natural regions
(Paget,1999)

Altitude-SRTM (m)

. High: 831

Low:0

0

Field-site location and main geographic regions from Paget (1999).

30 60 Kilometers

| I



S. Guitet et al.

6

[[IY Papunox pue zIs-o31e] SOL €¢ o> 0or> ST-SI 0ST—09 06—09 §0< SI
mo:vu
1oMm pue paudpey ozis-ogIe| YTy ¥ 001-0S 00109 $—0 001-0 0r—01 §0< 1
([oAd1-08Bq YSIY) YOO[(IY IOM €L9 81 09-0¢ 09-0¢ L 002—00T 0€-07 S0> €l
(1oAd[-0SBQ MOT) JOOT[IY JOM 8L0 ¥1 08—0t 09-0¢ 6-§ 0010 0€-07 S0> 4l
(¢ 03 JeqruIs
AIoA) PUB[IOM JBY PUE dZIS-[[BWIS 96 T 001-0S 001-09 0 001—0 0> S'0> 1
(feord4y) a3ueio-jrey S61 9¢ 05—0T 0Z-01 SI-01 001-0t ov—ST S0> 6
E.ﬁﬁ:o&
0} 1Y Y31y pue a31e] AIOA 101 1 or> 01> 0z< 002—0L 0SI< < 8
[11q Y31y pue oz1s-d81e ] 85t 9 o> 01> 0z< 00T—0L 0ST—00T I< L
o3ueIO-J[eY PIIOMO] L8S 81 0S-0¢ Sh—61 SI-L 0L1-06 SE-07 S0> 9
[[1Y paudyiey dZIs-[[ewSg 0€€ S€ o> 0€-01 0721 002001 09-0t S'0> S
[[1Y pOpuNOI ZIS-[[BWS €TT €€ o> or> TSI 001—0 09-0% S'0> 12
(17 03 xeruurs
A10A) pue[jom Jel pue dZIs-[[ews LLLS 001-0S 00109 0 001—0 0> S0> €
JoI[a1 pauayey oz1s-05Ie ] 618 €T o> 0€-01 S1-01 0S1-09 09-0% §0< I
2d£y yo uonduosoq SwIoJpue| (ea1e 9) (eare o) (%) () () (;uny)  odAL
Jo JpqunN xapu] o1ydiowoIpAH Suruopey [ydn  odoys opIs|I  oseq opmn|y d3uel opminy  dZIS

‘uonejRidioyur pue (uorjeIAdp piepuels F uedwn) s10)duosap urew odA) wojpuey ([ 9[qeL

€1 1e 1933 oueydels] £q papeojumo(

10T Y2IeN €T €



Downloaded by [stephane guitet] at 13:32 23 March 2013

Journal of Maps 7

by non-geomorphologists: horizontal and vertical dimensions (size and range), landform position
relative to the regional base level (base altitude), vertical profile (mean hillside slope and uphill
flattening) and drainage density (hydromorphic rate).

The main descriptors used for landform interpretation are given in Table 1 and Figure 4.

Despite substantial noise in the data due to the small size of the landform units, discretization
of variables in percentiles and relatively poor accuracy of the DEM, the landforms map obtained
is consistent with previous expert-based descriptions (Boyé¢ et al., 1979; Choubert, 1957). Its
strong spatial structure (Moran index: z-score 123.47 — p-value <0.001) provided a solid
basis for the definition of landscape units (called regions).

The landform type distribution analysis resulted in the identification of 82 regions. The Hier-
archical Cluster Analysis then classified these into 12 landscape types that were subsequently
grouped into five main categories based on Migon (2009) typology as they predominantly devel-
oped on crystalline rock: plain landscapes (AA, AB, AC); typical multi-convex landscapes (B, I,
J); multi-concave and joint-valley landscapes (C,D); more or less dissected plateaus (E,F,G) and
all-slopes topography (H).

Landform types 7 and 8, which were spatially correlated and frequently associated with type
15, corresponded to the highest relief (>100 m) and fit with landscape type H. These ‘small
mountains’, found on ultra-basic to alkaline vulcanite in the northern part of French Guiana,
are usually capped by lateritic soils on their summits, protecting them from erosion. They also
include the highest chain of inselbergs that runs toward the southern boundary and prolongs
the backbone of the Tumuc-Humac region. Table 2

Very flat landforms (types 11, 14, 3 and 12) are mostly found in the coastal region and along
the main rivers. They include large marshy or swampy areas, and seasonal-flood terraces. They fit
with the old coastal plain landscapes (type AA, AB, AC).
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Landform type 13, which is slightly undulating, was found to be located inland, especially in
the “Waki’ basin, a major network of rivers surrounded by very high relief. It forms a novel region
(type D) corresponding to a rare, multi-concave landscape that has not been described in the past
in French Guiana, and which could indicate the presence of a large eluvial system (i.e. residual
deposit after fine weathering products have been washed away).

Landform types 1 and 15 are fairly common and appear to correspond with large and complex
forms similar to plateaus and large hills, whereas types 4, 5, 6 and 9 are associated with simple and
smaller forms similar to the typical half-orange and resembling a hill shape. Regarding the relative
proportions of these types, different landscape types were distinguished in Guiana’s large central
massif: (a) more or less elevated and dissected plateaus [E, F, G] in the eastern and southern part —
(b) smaller and very dissected multi-convex landscapes [B, I, J] in the western and northern part —
(c) and occasionally joint-valley landscapes [C] corresponding to an intermediate form in contact
with the coastal plain. Spatial and temporal variability in weathering dynamics appears to be a key
factor in explaining this landform grading (Thomas, 2006), but this hypothesis needs validation.

5. Conclusions

Thanks to their special design, these two maps are understandable on different scales by non-geo-
morphologist users, particularly foresters, managers, and other planning stakeholders who need
simple indicators in their efforts to take account of geodiversity. These GIS data can also be
used as an efficient explanatory factor in ecological research, as demonstrated in a companion
study using floristic and faunal data collected on the same field transects (Richard-Hansen
et al., 2010).

Given the noise in the original data (that represent the canopy, not the ground), and given the
additional noise introduced in the various stages of the analysis, we recommend using these land-
form maps at scales in excess of 1: 100,000—1: 250,000, not for local studies (i.c. at scales of 1:
50,000 or less). The landscape map based on the landforms analysis should be used on a
1:1,000,000—1:2,000,000 scale. This has enabled us to draw biogeographic limits in this
region and provide exhaustive relief information that usefully supplements the geological map.
These new data are of considerable value in evaluating the efficiency of the current network of
protected areas in French Guiana, and may also serve to guide ongoing ecological surveys
(ZNIEFF inventories).

Software

Landforms were computed using Esri ArcGIS. The landscape analysis was performed using Frag-
stat v2 (McGarigal et al., 2002) and all statistical analyses were performed using R1.9 (http:/
WWW.r-project.org/).
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ABSTRACT

Analyses of tree diversity and community composition in tropical rain forests are usually based either on
general herbarium data or on a restricted number of botanical plots. Despite their high taxonomic accu-
racy, both types of data are difficult to extrapolate to landscape scales. Meanwhile, forestry surveys pro-
vide quantitative occurrence data on large areas, and are thus increasingly used for landscape-scale
analyses of tree diversity. However, the reliability of these approaches has been challenged because of
the ambiguity of the common (vernacular) names used by foresters and the complexity of tree taxonomy
in those hyper-diverse communities.

We developed and tested a novel approach to evaluate taxonomic reliability of forestry surveys and to
propagate the resulting uncertainty in the estimates of several diversity indicators (alpha and beta
entropy, Fisher-alpha and Serensen similarity). Our approach is based on Monte-Carlo processes that
simulate communities by taking into account the expected accuracy and reliability of common names.
We tested this method in French Guiana, on 9 one-hectare plots (4279 trees - DBH > 10 cm) for which
both common names and standardized taxonomic determinations were available. We then applied our
method of community simulation on large forestry inventories (560 ha) at the landscape scale and
compared the diversity indices obtained for 10 sites with those computed from precise botanical
determination situated at the same localities.

We found that taxonomic reliability of forestry inventories varied from 22% (species level) to 83%
(family level) in this Amazonian region. Indices computed directly with raw forestry data resulted in
incorrect values, except for Gini-Simpson beta-diversity. On the contrary, our correction method pro-
vides more accurate diversity estimates, highly correlated with botanical measurements, for almost all
diversity indices at both regional and local scales. We obtained a robust ranking of sites consistent with
those shown by botanical inventories.

These results show that (i) forestry inventories represent a significant part of taxonomic information,
(ii) the relative diversity of regional sites can be successfully ranked using forestry inventory data using
our method and (iii) forestry inventories can valuably contribute to the detection of large-scale diversity
patterns when biases are well-controlled and corrected.

The tools we developed as R-functions are available in supplementary material and can be adapted
with local parameters to be used for forest management and conservation issues in other regional
contexts.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

The conservation of biodiversity is one of the major challenges

* Corresponding author at: INRA, UMR Amap, TA A51/PS2, 34398 Montpellier in tropical rainforests (Koh and Sodhi, 2010). To progress in this
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direction, policy makers and forest managers need practical tools
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to highlight future protected-areas where conservation issues
should have priority. Even though genetic diversity represents a
fundamental component of biodiversity (Moritz and Faith, 1998),
estimating species diversity, i.e., detecting richest or very original
(i.e., dissimilar) communities, remains the most tractable method
to achieve this objective (Myers et al., 2000).

Clearly, a complete census of biodiversity, including different
plants and animals groups, is usually impossible for almost any
operational project especially in mega-diverse regions (Landeiro
et al.,, 2012). Instead, practical biodiversity indicators have often
been proposed, based on a single group or on a reduced subset of
surrogate study groups (Kessler et al., 2011) or on a simplified
para-taxonomic assessment (Basset et al., 2004). Among these
indicator-groups, tree composition data are widely collected in
tropical forests and as a consequence are frequently used for large
scale diagnostics (e.g., ter Steege et al., 2006, 2013; Stropp et al.,
2009). Moreover, even if tree species communities probably do
not provide the most efficient surrogate for overall biodiversity
(Kessler et al., 2011), most of assessments about biodiversity in
tropical forest are already made with tree species communities,
given their clear linkages with at least some other taxonomic
groups and with important ecosystem functions such as primary
production. . .. Nevertheless, even for tree communities, installing
botanical plots and collecting vouchers in tropical forest requires
fastidious and expensive fieldwork, in addition to the contributions
of a limited number of taxonomists (Baraloto et al., 2013). There-
fore, as well as for the other biological groups, tree communities
data are mostly limited to forest sites intensively monitored for
research purposes and rarely replicated or applied on operational
scales for forest management, i.e., hundreds or thousands of
hectares (Kessler et al., 2011). As a result, practitioners and manag-
ers have to find alternative methods like “rapid assessments”
(Higgins and Ruokolainen, 2004), to evaluate tree diversity and
changes in community composition at larger scales.

Large scale forestry surveys based on common names from ver-
nacular sources represent a promising source of data to estimate
trees’ diversity because of their large coverage and low cost (ter
Steege et al., 2000). Forestry surveys have already been used in var-
ious contexts to investigate community originality (beta-diversity)
and local diversity patterns (alpha-diversity) at both continental
and regional scales (e.g., ter Steege, 1998; ter Steege et al., 2006;
Rejou-Mechain et al., 2008; Emilio et al., 2010; Fayolle et al.,
2012; Moscoso et al., 2013). However, the reliability of these
approaches is rarely evaluated, despite the ambiguity of the com-
mon names used by foresters and the complexity of tree taxonomy
in tropical forests (Lacerda and Nimmo, 2010; Gomes et al., 2013).
For example, in Central Africa, the reliability of commercial inven-
tories was estimated to be lower than 62% for species rank and 76%
for family rank (Rejou-Mechain et al., 2011). In Amazonia, to eval-
uate tree diversity and distribution patterns, some authors have
assumed that more than 95% of trees in forestry surveys are
correctly identified to genus rank (ter Steege, 1998; ter Steege
et al., 2006), whereas other authors measured that less than 80%
of trees can correctly be identified at this rank (Hawes et al., 2012).

Throughout the tropics, common names used in forestry sur-
veys mix different local languages and dialects. Whatever their ori-
gin, these vernacular names are generally related to traditional
uses and to physiognomy but rarely to taxonomical criteria
(Oldeman, 1968; Rollet, 1980; Kvist et al., 1995; Wilkie and
Saridan, 1999). Despite this intrinsic heterogeneity, the common
nomenclatures have been empirically and gradually normalized
by local forest services to refine commercial inventories and espe-
cially for national scale surveys facilitated by FAO since the 1970s
(Clément, 1978). Modern forestry surveys therefore include valu-
able taxonomic information to address production issues (com-
mercial volumes, biomass) and to examine floristic composition

(Couteron et al., 2003; Rejou-Mechain et al., 2011). Nevertheless,
errors and biases need to be better understood in order to control
uncertainties associated with these kinds of data. This is especially
true in Amazonia where species are often lumped or, on the con-
trary, split in parataxonomic nomenclatures used by communities
and foresters. For example in Acre only 50% of the common names
are unique to a single taxonomic species (Baraloto et al., 2008). A
simple method that could correct these errors and these biases
would be very useful to improve biodiversity measurement by
integrating forestry inventory data with true taxonomic surveys.

French Guiana is a particularly favorable context to study this
issue for Amazonia and to develop this kind of approach (e.g.,
Aubry-Kientz et al., 2013). The tree flora is quite well-known due
to a high collecting effort (Haripersaud et al., 2010; ter Steege
et al., 2013). Despite this effort, the geographical coverage of exist-
ing botanical plots network remains insufficient to perform a clear
practical mapping of floristic composition. On the other hand,
several broad scale forestry surveys are available to complete this
network (Brunaux and Demenois, 2003). Moreover, forest nomen-
clature in French Guiana shares part of its origins with other
Amazonian nomenclatures (Hammond et al., 1996) and its study
can therefore provide a basis for a larger regional standardization
effort.

Here we integrate large scale forestry and botanical inventory
data with a novel modeling approach to address three questions:
(1) what is the taxonomic reliability of the information contained
in the common nomenclature used by foresters in this Amazonian
region, (2) what are the resulting uncertainty and bias in the
estimates of several diversity indicators using forestry surveys at
different scales and (3) can we correct estimates of tree alpha and
beta diversity from forestry surveys using appropriate statistical
methods?

2. Material and method
2.1. Study area

French Guiana covers 85,000 km? in the East of the Guiana
Shield, between the Brazilian state of Amapa and Suriname. Alti-
tude generally ranges between 0 and 200 m a.s.] (mean 140 m)
with few mountainous peaks exceeding 800 m. Climate is equato-
rial with annual rainfall ranging from 4000 mm in the Northeast to
2000 mm in South and West, and a mean annual temperature of
about 26 °C. The number of consecutive months with less than
100 mm precipitation (dry season) varies from 2 in the North to
3 in the South with high inter-annual variations. Evergreen rainfor-
est covers more than 90% of the country. The last checklist of trees
species (including palms) of French Guiana reports 1581 species
from 391 genus and 80 families (Molino et al., 2009). Alpha-diver-
sity of tree communities in northern French Guiana is reputed to be
among the highest of the Amazonian region with 10% of all Amazo-
nian species occurring in the 1.3% of surface area represented, and
a Fisher’s alpha value about 180, far above other eastern Amazo-
nian regions (ter Steege et al., 2003; Saatchi et al., 2008).

2.2. Floristic data

We used four floristic datasets: (i) 30 forestry surveys with floris-
tic determination according to common names localized on the
whole French Guiana as shown in Fig. 1 and detailed in supplemen-
tary information (Table SI1), (ii) a taxa-abundances table provided
with the checklist of tree species (Molino et al., 2009) and derived
from a large phyto-ecological network scattered over French Guiana,
(iii) a subset of 29 one-hectare botanical plots (100 m x 100 m)with
taxonomic determination localized close to our forestry surveys



272

S. Guitet et al./Forest Ecology and Management 328 (2014) 270-281

Inventories

*

® » @

Forest surveys

Botanical plots
(used for validation)

References plots
(used for setting)

References plots
(used both for setting
and validation)

Geomorphologic

landscape types

- Multiconcaves
[: Multiconvexes
- Coastal plains
\:| Plateaus
E Mountains
- Joint-valleys

Brazil

0 15 30 60 Kilometers

) Y (O O |

Fig. 1. Forestry surveys and botanical plots location in the main Guianese landscapes.




S. Guitet et al./Forest Ecology and Management 328 (2014) 270-281 273

(Fig. 1) and (iv) a subset of 9 one-hectare reference plots
(100 m x 100 m) with both common names and taxonomic deter-
mination for all trees (Fig. 1).

1. Forestry surveys have been collected during 2006-2012 by
ONF’s (French National Agency) fieldworkers whose main activ-
ities are pre-harvesting commercial inventories. Ninety-eight
line-transects (2.5-3 km long per 20 m large) were inventoried
in 30 sites which are homogeneous from a landscape point of
view (Guitet et al., 2013) and representative of environmental
gradients and vegetation diversity, from low-statured white-
sand forests to high-statured terra Firme forests. All trees
(including palms) with diameter at breast height (1.3 m; here-
after DBH) above 17.5 cm have been measured and floristic
determinations have been assigned using common names
(detailed in Supplementary Information - Table SI2). The data-
set encompasses 108,650 trees from a total area of 560 ha and is
used to estimate diversity indicators at a regional scale (i.e., one
site represents about 30 km?). The common nomenclature used
by foresters in French Guiana gathers more than 500 different
vernacular names that derived from two main languages:
“Nengue tongo” and “Créole” vernacular (Oldeman, 1968).
The correspondences between names and taxonomy were first
studied fifty years ago, and revealed many synonyms (Bena,
1960). During the 1970s, nomenclature has been simplified
and normalized to analyze large-scale commercial inventories
that required homogeneous data for analyses (Valeix and
Mauperin, 1989). As a result, many rarely used names were
lumped into more generic and common names. Since this time,
common nomenclature continues to change with empirical
practices and botanical observations, sometimes adding new
names relating to species that are deemed easy to recognize,
or pointing out fuzzy and inconsistent relationship especially
in very large and complex families (e.g., Lauraceae, Sapotaceae
and Annonaceae). The current list contains 243 common names.

2. The taxa-abundances table was derived from a phyto-ecological
plot network gathering 75,000 inventoried trees, partly included
in the Amazon Tree Diversity Network (Molino et al., 2009). As it
proved to be one of the most intensive botanical network in the
region and spread over almost the whole territory (ter Steege
et al., 2013), we assumed this abundance table is representative
of our regional meta-community. However, as 493 very rare spe-
cies of the checklist had no record (N=0, i.e., species known
from French Guiana but not recorded in the phyto-ecological
plots), we added them a residual weight (w < 1).

3. The 29 one-hectare dataset was obtained by selecting among
botanical plots (100 m x 100 m and DBH > 10 cm) included in
ATDN for French Guiana, those situated close to our forestry sur-
veys (i.e., <12 km) and on the same landscape type (Supplemen-
tary Information - Table SI1). This subset provided true diversity
measurements to compare with the diversity estimates from
forestry surveys at operational scales on 10 of our study sites.

4. The 9 reference plots dataset come from one-hectare plots
(100 m x 100 m) on seven sites laying in the main forest land-
scapes (Supplementary Information - Table SI1) but localized
in the more accessible Northern region of French Guiana. This
dataset gathers both common and botanical names for 4279
trees with DBH > 10 cm in 100 m x 100 m plots, determined
independently during two separate field-missions, except in
one case (plot PARM). It is used to test the taxonomic reliability
of common names. Five of these plots are located close to large
forestry surveys and are also included in the 29 botanical plots
dataset.

The family and genus classification follows the Angiosperm
Phylogeny Group III findings (APG III, 2009).

2.3. Process to estimate diversity with forestry surveys

Our method is based on the simulation of species occurrence
tables. Using a Monte-Carlo scheme we simulate different types
of determination errors in forestry surveys, taking into account
the taxonomic accuracy of common names. Fig. 2 summarizes
the computation process in four steps: (1) formatting nomencla-
ture used in forestry surveys to define the expected taxonomic
accuracy of common names, (2) computing taxonomic reliability
of the common names taking into account the expected taxonomic
accuracy, (3) propagating uncertainty in diversity estimates
through simulated communities and (4) computing different diver-
sity indices (i.e., alpha and beta entropy, Fisher-alpha and Serensen
index) and validating the estimates with botanical data.

Step one: formatting nomenclature used in forestry surveys

We based our approach on the most recent reference list (ONF,
2004) updated with recent observations (see Supplementary Infor-
mation - Table SI2). This list contained 243 common names corre-
sponding to one or several botanical species in the French Guiana
checklist. Then we classified common names into four groups (g)
of accuracy, according to their correspondence to botanical taxa
of the French Guiana checklist: 138 names (g=1) corresponding
to one species, 92 (g = 2) corresponding to multiple species within
a single genus, 12 (g =3) corresponding to multiple species from
different genus in the same family. Other names without any
precise taxonomic determination (g=4) are considered as
“unknown”.

Step two: computing the taxonomic reliability of common
names

We used the 4279 trees sampled on the 9 reference plots data-
set to compute the taxonomic reliability of the common names, i.e.,
the probabilities that the species, genus and family expected from
the common name given by foresters are the ones indicated by the
botanists. We noticed P,(g) the probabilities of a determination error
at a given taxonomic rank ¢ (1: for species, 2: genus and 3: family)
for each group of common names g and approximated these
probabilities by the corresponding frequencies of each event in
our dataset. This yielded four triplets (P1(g), P>(g), P3(g)) for species,
genus and family ranks respectively, with P;>P,>P;. The
taxonomic reliability can then be defined as 1-P/g) according to
taxonomic ranks and accuracy groups.

To highlight factors that could influence the error values, P{g)
has also been calculated for different sub-categories of trees
considering their accuracy (groups), their location (plots) and their
DBH class. Differences between sub-categories were investigated
using linear regression models and ANOVA after verifying assump-
tions of normality using Bartlett test.

Step three: propagating uncertainty in diversity estimates
through simulated communities

At this stage, we simulated community samples using the for-
estry surveys as input and applied a Monte-Carlo process taking
into account the expected accuracy and reliability of common
names (P/g)). First, for each tree i of the forestry survey, with a
common name included a group g;, we sample p; in a uniform
law U [0, 1] and compare it to the P(g;) triplet to simulate a deter-
mination error. Then, once the type of error was determined, we
sampled a random species within the corresponding subset of
the taxa-abundances table, using the relative abundance of each
species (i.e., Npecie/ ZNsubser N taxa-abundances table) as species
probability-sampling, as follows:
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Fig. 2. Methodological framework used to estimate diversity indices by simulating species occurrence tables from forestry surveys: grey rectangular boxes indicate original
tables and white rounded boxes indicate deduced parameters used for Monte-Carlo method. Numbers indicate the different steps detailed in the text.

- If p;<Ps(g;) (i.e., error extra-family), we sampled in the
restricted list of species from a different family from what
was expected for the common name of tree i; obviously, in
the particular case when name of tree i was included in group
4 (“unknown”), we sampled in all the checklist.

- If P3(g;) < pi < Pa(g;) (i.e., true family but false genus), we sam-
pled in the restricted list of species from the same family but
a different genus from what was expected for the common
name of tree i.

- If Py(g;) < pi < P1(g;) (i.e., true genus but false species), we sam-
pled in the restricted list of species that were different from
what was expected for the common name of tree i but in the
same genus.

- If P1(g;) < p; (i.e., true species) then we used the expected species
for the common name of tree i.

In some particular cases, intra-genus error and intra-family
error were actually not computable (species alone in its genus or
genus alone in its family). To simplify the model we decided in
these cases to sample the correct species or the correct genus with
some risk of underestimating the species diversity. We also tested
other more sophisticated models that introduced different types of
extra-family errors (confusion with common and well-known
species vs. confusion with rare and unknown species), but as final
results were highly correlated with previous ones we chose to
apply the simplest one presented here (Supplementary Informa-
tion Table SI3 and Fig. SI2).

2.4. Validation phase: test of robustness and accuracy at different
scales

This process, yielding the taxa abundances table of a simulated
sample, was iterated 999 times to estimate the diversity indicators
and their uncertainty. We computed for each simulated table sev-
eral diversity indices (Table 2) including Fisher’s alpha and the
Serensen similarity, respectively noted oo and B, which are long
and widely-used indices for practical measurements of diversity
(Chao et al., 2005). We also calculated the entropy noted "H; (with
the order n=0, 1 or 2 and the part s = alpha or beta) which provide
unbiased diversity measures and allow partitioning diversity in a
coherent framework (Marcon et al., 2014). The R script we used
for all the process is available in supplementary material (Supple-
mentary Information SI5).

We first simulated 999 values and verified that means and vari-
ances were stabilized after 99 simulations using bootstrapping in
the 999 simulations. Then we set the number of iterations to 99
in the final script (Supplementary Information - Fig. SIT).

We also tested the robustness of our method by degrading the
quality of the two sets of parameters used in the Monte-Carlo
method: the table of errors P{g) and the taxa-abundance table.
First, instead of computing the mean errors probabilities table
(Pmean) With the nine reference-plots, we computed P(g) with only
one plot (with the worst error probabilities - noted Pp.y).
Secondly, instead of basing our species probability-sampling
on the precise abundances table of the species checklist
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Table 1

Proportion of each groups regarding levels of taxonomic accuracy in each dataset: in the list of common names (number of names and percentage in bracket), in the reference

plots and forestry surveys (number of trees and percentage in bracket).

Taxonomic accuracy Species Genus Family Unknown
Reference list (common names) 138 (57%) 92 (38%) 12 (5%) 1% (0%)
Reference plots (trees) 1293 (30%) 2557 (60%) 385 (9%) 44 (1%)
Large forestry surveys (trees) 31755 (29%) 69372 (64%) 6801 (6%) 725 (1%)

¢ All names without any well-known taxonomic determination are gathered into “unknown”(see also Table SI2).

Table 2
Diversity indicators tested in this study - order indicate the type of metrics used in this indices (0 = based on presence, 1 = based on abundance, 2 = based on concentration).
Diversity Type of Interpretation and characteristics References
indices diversity
Fisher’s alpha (o) Alpha Rarefaction indice widely used and theoretically corrected from Fisher et al. (1943)
sampling bias
Serensen (B) Beta Similarity indice widely used but sensible to sampling bias Serensen (1948)

Entropy ("Hs) Alpha or beta Order 0 = species richness

Order 1 = equivalent Shannon diversity

Marcon et al. (2012, 2014), Marcon and Hérault
(2013)

Order 2 = equivalent Gini-Simpson diversity

(i.e., Nspecie/ ZNsubset in taxa-abundances table noted Npyec), we used
rough abundances classes (i.e., N[w, 5% 5', 52, 53, 54] noted Njass) to
simulate the case where species abundances are not available and
have to be estimated by an expert (i.e., Nspecie = 625 for the very
abundant species, Ngpecie = 125 for abundant ones, Ngpecie = 25 for
common ones, Nspecie =5 for uncommon ones, Ngpecie = 1 for rare
ones and Ngpecie =W for very rare). Last of all, we tested different
values for w, the residual weight of the very rare species, to simu-
late different degrees of completeness of the botanical data: a low
w value, close to 0, assumes a very complete and representative
database while a high value, close to 1, assumes a quite uncom-
pleted database where scarce species are under-sampled.

Then, we compared the different estimates obtained with com-
mon names on the 9 reference plots (o, B, "H;) with actual indices
computed with botanical data (o, B, "H;) in order to test the effi-
ciency of our approach for ranking and estimating. Finally, we
applied the tool on 10 validation sites with large forestry invento-
ries to evaluate the method at the operational scale. In order to
compare results (rank and estimates) with actual measures and
considering the low effective of our reference plots that did not
allow testing the normality, we used Spearman rank tests to statis-
tically compare the ranking and regression analysis only to evalu-
ate bias and error of estimates. All analyses were performed in the
R environment (R Development Core Team, 2009) and used pack-
ages vegan (Oksanen et al., 2013) and entropart (Marcon and
Hérault, 2013).

Table 3

3. Results

3.1. Reliability of the taxonomic information contained in forestry
surveys

Table 3 shows the reliability and determination errors com-
puted on the nine reference plots for groups of common names,
considering expected accuracy; and for taxonomic ranks, for all
trees and for trees with DBH > 17.5 cm (minimum DBH in our for-
estry surveys). Reliabilities per site and per DBH class are shown in
Fig. 3.

The reliability at the most precise taxonomic rank (1—P(g) with
t = g) varies between 65% and 84% for all DBH classes and between
72% and 87% for DBH > 17.5 cm (Table 2). In fact, the reliability
gradually increases with DBH (Fig. 3): from 55% for DBH < 20 cm
to 85% for DBH > 50 cm at the most precise taxonomic rank (taxon
level) and, in the same way, from 74% to 93% at the family level.

We tested the DBH class effect with ANOVA using mean proba-
bility per groups and considering plots as replicates. We selected
data with more than 20 trees to assure the normality of the
observed probabilities and verifying the normality of residues. At
the taxon level and for trees with DBH > 17.5 cm, the results of
ANOVA tests show strong influence of the DBH (df =3, F=21.951,
P <0.001) no groups effect (df =2, F= 0.694, P=0.507) but a signif-
icant plot-effect (df = 8, F=3.985, P = 0.002) mainly due to the plot
where foresters and botanists collected the information at the

Probabilities of determination error P{g) and taxonomic reliability (1—P{g)) computed for the three taxonomic ranks (t) per group of common names’ expected taxonomic

accuracy (g).

Selected trees Taxonomic accuracy N Pi1(g) (error of P(g) (error of P5(g) (error of 1-P{g =t) (reliability at the most
group (g) trees  species) genus) family) precise rank)
All Species (1) 1293 035 0.25 0.14 0.65
Genus (2) 2557 1 0.34 0.23 0.66
Family (3) 385 1 1 0.16 0.84
None (4) 44 1 1 1 0
>17.5cm Species (1) 762 0.24 0.14 0.08 0.76
Genus (2) 1235 1 0.28 0.18 0.72
Family (3) 209 1 1 0.13 0.87
None (4) 19 1 1 1 0
>17.5 cm Without plot Species (1) 662  0.26 0.15 0.08 0.74
PARM Genus (2) 1072 1 0.30 0.20 0.70
Family (3) 184 1 1 0.14 0.86
None (4) 18 1 1 1 0




276 S. Guitet et al./Forest Ecology and Management 328 (2014) 270-281

e ] e i
£ ’ i - -
8 3 B i i
> \ -

% @ . i

2°1 |

£ PR

® <

2 o7

E

[

o o

o o7

[o%

. (a)
T T T T T
10-20 20-30 30-40 40-50 50+
DBH class

£ 24

o —_—

© i

8 o — ' -

5] o T

g . -

e HE ~

g

S T o

g o -

g1 .

®

z 3-

3

o

g 31 (b)
T T T T T
1020 2030 3040 4050 50+

DBH class

Fig. 3. Taxonomic reliability of forestry surveys using common names (a) at the family rank (reliability is defined as 1—P5(g)) and (b) at the most precise taxonomic level

(reliability is defined as 1—P(g) with g =t) per DBH class and for the 9 reference plots.

?=0.9826

140
1

0%

Fisher alpha estimated with degraded settings
120
1

8 (a)

T T T T T T
80 100 120 140 160 180

Fisher alpha estimated with precise settings

o

[

o o

£ 2=0.9729 °

T 3

g o

b o

T o o

8 3 0

2 3

° 9 Lo

T K o

Q 92 o_o

“'6 o %o

£ %o

= ©

® 2 o © o

? O oo

S o

o & 8o

S o

=

S o~

3 g (b)
o

T T T T T T T T
032 034 036 038 040 042 044 046

Sorrensen estimated with precise settings

Fig. 4. Correlation between estimates obtained with precise settings (w=0.0001, P =Ppean and N=Npc) and with degraded settings (w=0.5, P=Ppax and N = Njass)
- examples for Fisher-alpha (a) and for Serensen per pairs of plots (b). Solid line indicate 1:1 relation.

same time (plot PARM - df = 7, F=2.928, P =0.0221 when this plot
is excluded). The same tests performed at the family rank show
significant effects for all factors (respectively df=2, F=8.79,
P<0.001 for groups, df=3, F=9.195, P<0.001 for DBH and
df=8, F=5.121, P<0.001 for plots) with still lower plot-effect
when PARM is excluded from analysis (df=7, F=4.257,
P=0.0032).

Thereafter, we applied the probabilities computed without the
site PARM (Table 2 - last rows), when applying to the large forestry
surveys. As a result, the mean reliability estimated for forestry sur-
veys taking into account the relative abundances of the groups of
accuracy (Table 1 last row) and computed with these statistics is
estimated at 83% for family level; 70% for genus level; 22% at the spe-
cies level; and 74% at the most precise expected taxonomic level.

3.2. Test at the local scale on the one-hectare reference plots

The estimated diversity values obtained with the different set-
tings (Pmean/Pmax, Nprec/Nclass, W) showed high and significant corre-
lation in all cases (r*>0.90 - p<0.001 for all possible pair of
results). Estimated ranks are thus well-conserved whatever the
parameters we used. However, the most degraded settings (Pmax,
Ngass, W = 0.5) led to increased estimated values (i.e., a higher alpha
diversity for all plots and a higher similarity between plots - Fig. 4).

Accordingly, we used in all further analyses the parameters
w=0.00001, P = Ppean and N = Npre.. The correlation tests between
the simulated estimates and actual values are detailed in Table 4.

The table also shows the results that would have been obtained
without our correction method (i.e., directly with the common
names).

In all cases, the correlation tests with unadjusted estimates
were weak (p < 0.05) or not significant except for 2Hg (p < 0.001).
Most of the correlation tests were greatly improved after using
the correction method:

- Spearman rank-test was still not significant for 'Hg, weakly sig-
nificant (p <0.05) for o and OHB, but highly significant for all
other indices (p <0.001) such that ranks are well estimated
for a majority of diversity measures after correction.

- R? are high (>0.80) and highly significant (p < 0.001 or p < 0.01)
for all Hy and *Hp whereas they are lower (<0.60) and less
significant (p < 0.05 or p < 0.01) for °Hy, o, p.

However, the absolute values for H,, o, B are still over-
estimated (i.e., positive biases) whereas they are under-estimated
for all H (i.e., negative biases). The relative mean errors are partic-
ularly important for o, B (respectively 55% and 48%). They show
opposite patterns between Hg and Hy: higher but decreasing with
the order for Hg (from 38% at order 2 to 15% at order 0), and lower
but increasing with the order for Hy, (from 1% at order 2 to 21% at
order 0). The error is particularly strong for one plot (TORT1 - see
Fig. 5), for which the common names are the least accurate (we
have only family information for 17% of the trees vs. less than
10% on all other plots). The correlations are largely improved for
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Table 4

Correlation tests between diversity values estimated from common names and measured from botanical data in the one-hectare reference plots, using Spearman’s rank-tests for
ranking and linear regression tests for predictions. The first two columns give results for unadjusted estimates (directly with inventory tables) and the last ones give result after

using our correction method:

Indice DF Without correction After correction
Spearman’s rank-test Adjusted R? with F test Spearman’s rank-test Adjusted R? with F test Bias Mean absolute% error

OH,, 7 S=24" 0.44" §=23" 0.86"" 22.668 21
"H,, 7 S=24" 0.55" $=14"" 0.88"" 0.269 6
’H,, 7 §=22" 0.65"" S=4"" 0.85"" 0.007 1
OHB 7 S=62" 0.13™ §=32" 0.49° —53.611 15
H, 7 5=70" 0.28" S=56" 0.817" -0.301 26
’Hy 7 s=8"" 079" §=2"" 0.82""" -0.007 38
o 7 S=70" 0.32"™ 5=28" 0.55 41.325 55
B 34 $=4741" 017" $=3321" 024" 0.111 48

*p<0.05, " p<0.01, ™ p<0.001, "™ Not significant.

OHB and o when this outsider is removed (respectively: adjusted
R?>=0.77-p < 0.01; adjusted R? = 0.92—p < 0.001).

3.3. Validation at the operational scale on 10 sites with large forestry
surveys and multiple botanical plots

Because botanical and forestry surveys have different extent
and sampling effort at this scale, we only considered the
correlation tests and did not pay attention to biases and absolute
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high (>0.75) and significant (p < 0.001) for all Hy and H; at order 1
and 2 whereas they were lower for o (R*=0.63, p<0.01) and B
(R?=0.66, p <0.001).

Finally, when the method was applied across the whole forestry
surveys dataset (Fig. 5), significant differences among sites were
detected, especially for alpha and beta entropies of order 2 which
had smaller uncertainty (Fig. 6b) than for classical Fisher-alpha
and Sgrensen indices (Fig. 6a). In both cases, we observed similar
patterns relatively to the landscapes classes: all mountainous sites
(noted M), exhibited high alpha and low beta diversities, whereas
flat lowland sites (noted F) exhibited a higher beta-diversity than
other landscapes and a relatively lower alpha-diversity.

4. Discussion

Even if the concept of habitat complementarity has replaced the
sole richness-rankings in the current literature on conservation
planning, this long-history approach is still widely used in practice
to prioritize areas for conservation (e.g., Gotelli and Colwell 2001;
Martini et al., 2007). In this paper, we propose a rigorous way to
deal with taxonomic problems inherent to the use of forest inven-
tory data for conservation planning. The script developed in the R
environment, which is free and widely used in ecological analyses,
is provided in supplementary information and contains all neces-
sary functions to apply the correction method to improve the
diversity estimates. This method proved to give relevant results
compared with botanical data and has the potential to greatly
improve the diversity mapping in tropical forest.

4.1. Forestry surveys of tropical forests provide relevant taxonomic
information

In French Guiana, common names provide genus-level informa-
tion with taxonomic reliability of about 70%, which is quite compa-
rable to other published studies. In Central Africa, Rejou-Mechain
et al. (2011) found that agreement between forestry surveys and
1107 0.5-ha botanical plots varies between 32% and 67% at the
genus level according to the DBH and site conditions. Using 17
0.1-ha plots in central Amazonia, Hawes et al. (2012) reported a
similar expected taxonomic resolution as ours for local nomencla-
ture (i.e., 18.4% for species and 59.8% for genus, to be compared to
29% and 64% respectively in our study), but obtained a better reli-
ability for this small sample (i.e., 78.1% for genus level and 97.6%
for family vs. 70% and 83% respectively in our study). At the species
level, these performances can be compared to the morpho-species
classification, commonly employed by botanists with sterile
vouchers, whose reliability is evaluated between 52% and 67%
(Gomes et al.,, 2013). Considering these results obtained with
well-trained field-workers and precedent references (Baraloto
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et al. 2008), we think that the high reliability attributed to some
Amazonian forestry surveys, i.e., 95% at the genus level and about
100% for family level (ter Steege, 1998; ter Steege et al., 2006), are
overestimated and should be more precisely tested with several
reference plots as in our study.

4.2. Alpha and beta diversity can be accurately estimated from forestry
surveys using our correction method

As common names often represent multiple species, diversity
indices computed directly from forestry surveys are obviously

Correlation tests between diversity values estimated from common names on large forestry surveys using our correction method and actual values measured on multiple

botanical plots at the same sites, using Spearman’s rank-tests and adjusted R2.

Indice DF Without correction After correction
Spearman’s rank-test Adjusted R? with F test Spearman’s rank-test Adjusted R? with F test

OH,, 8 S=102" 0.39 S=62" 0.31™
'H,, 8 S=92™ 0.31™ $=28" 077"
2H,, 8 S$=98™ 0.06"™ S=24" 075"
°Hp 8 S=212" 0.12™ S=162" 0.08™
"Hg 8 S=48 0.78"" S$=60" 075"
h 8 S=74" 0.62" S=16" 084
o 8 S=128" 0.23™ $=28 0.63"
B 44 $=3376" 0.69 S=4020" 0.66

" p<0.05.

" p<0.01.

" p<0.001.

™ Not significant.
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poorly correlated with actual diversity measures as shown by the
correlation tests at the one-hectare plot scale (Table 4). However,
raw forestry surveys data can directly provide quite correct esti-
mates of Gini-Simpson beta-diversity at both local and regional
scales. In fact abundant species, which have more weight in this
order 2 metric (Pelissier and Couteron, 2007; Marcon et al,
2012), are also well-known by foresters. However using the pro-
posed model to simulate communities improves the reliability at
this order and allows for better estimates of alpha-diversities and
a complete partitioning of diversity with a correct approach.

The proposed model also provides better diversity estimates
and a robust ranking of sites, highly consistent with botanical mea-
surements for almost all diversity indices at regional scale. Despite
the mismatch between botanical plots and forestry surveys in
extent and location (up to 12 km), we obtained strong correlations
between true measures and estimated diversity values after cor-
rection (Table 5). The mean values obtained for o at this scale
(between 130 and 180) are in accordance with the previous refer-
ences for French Guiana, i.e., o about180 for DBH > 10 cm at the
species rank (ter Steege et al., 2003; Saatchi et al., 2008) and about
80 at the genus rank for DBH > 30 cm (Stropp et al., 2009). Interest-
ingly, corrected forestry survey estimates showed variation in
diversity among sites, congruent with those shown by botanical
inventories. For example the highest alpha-diversity values were
found in sites situated on low mountains (up to 450 m) in accor-
dance with the “mid-altitude bulge” effect suggested by several
authors for rainforests (Eisenlohr et al., 2013; Sanchez et al,
2013). At the opposite, sites on lowlands present lower alpha-
diversity values and higher dissimilarity values (beta-diversity).
This is especially true for the SABL site on white sands. These
highly resources-constrained soils constitute a strong environmen-
tal filter, resulting in low diversity and high endemism levels (Fine
et al., 2010; Stropp et al., 2011).

Our results confirm that large forestry surveys are best suited to
detect large-scale patterns of floristic variation, using metrics that
give more weight to abundant species, i.e., Gini-Simpson and all
other order 2 metrics (Rejou-Mechain et al., 2011). We also dem-
onstrate that these data can provide valuable estimates, after cor-
rection, for other diversity indices which are widely used by
ecologists and practitioners (Fig. 5). The same method could also
be coupled with functional-traits databases (Ollivier et al., 2007)
or with phylogenetic trees (Baraloto et al.,, 2012) available for
French Guiana in order to get an initial estimate of the regional
variability from a functional or phylogenetic perspective (ter
Steege et al., 2006).

4.3. Model implementation improvement and terms of use

The simple method presented here allows estimating forest tree
community diversity on operational scales (i.e., areas of thousands
hectares) using forestry surveys with reduced bias. Whereas 1 ha-
plots require about 25 person days to be established and invento-
ried (Baraloto et al., 2013), considerably greater areas can be sur-
veyed during the same duration with forestry workers. As a
result, this rapid assessment method may be efficient for prioritiz-
ing conservation areas within which more comprehensive botani-
cal sampling could be scheduled.

As common forestry nomenclatures share quite similar struc-
tures all over the tropics, we propose that this method could be
used in other contexts. Scripts available in the supplementary
information can be adapted with local parameters but should be
used with caution as several conditions have to be controlled to
assure the consistency of the results: (i) biogeographic conditions
have to be relatively homogeneous and the fragmentation of the
study area has to be limited, to ensure working on the same
meta-community, (ii) a sufficiently complete checklist and

quantitative botanical inventories of the local flora should be avail-
able to determine the relative frequency of the most common spe-
cies (at least with coarse abundance classes), (iii) foresters and
botanists should have sufficient exchanges in the field to get a clear
view on the usual relationship between common names and tax-
onomy and (iv) common reference plots must be surveyed inde-
pendently by foresters and botanists in order to quantify the
reliability of the forestry surveys regarding taxonomic information.
We believe that these conditions exist in many areas, especially in
Amazonia where RADAMBrasil surveys provide abundant and
precise data that could complete the geographic coverage of tree
diversity plots (ter Steege et al., 2006, 2013; Emilio et al., 2010;
Moscoso et al., 2013). Such data also exist in forestry concessions
adopting certification processes for reduced impact logging (RIL)
that require the establishment of permanent monitoring plots
(Pokorny et al., 2005). A notable example occurs in Central Africa
where large forestry surveys are frequent in certified private
concessions (Fayolle et al., 2012).

Our results confirm that forestry surveys can provide tremen-
dous and valuable datasets for improving regional forest manage-
ment plans and conservation priorities. Moreover it also underlines
the complementary nature of forestry surveys and precise botani-
cal sampling. Nevertheless, the absolute values of diversity esti-
mated from forestry surveys are clearly biased, even when using
our corrections, especially at the plot scale (i.e., over-estimation
for alpha-diversity and under-estimation for beta-diversity
indices). Indeed, we did not take into account the spatial auto-
correlation due to limited dispersion which causes a local similar-
ity in composition (Condit et al., 2000) at both tree neighborhood
and local scales.

Therefore, we believe further improvements could be achieved
in several ways. First, additional botanical inventories would not
only augment species abundance data, but more interestingly
would permit the definition of regional communities, instead of a
single meta-community, to adapt the sampling process to each
locality. Second, this increase in botanical effort could also provide
aggregation indicators in order to reduce biases introduced by
spatial auto-correlation. For example, the Monte-Carlo process
could be modified using a maximum density indicator for each
species, such that random species sampling depends on the
precedent samplings. Third, additional reference plots could allow
reliability estimates for each common name instead of groups of
common names as we were restricted to implement. Continued
sampling of tropical forest diversity remains an urgent priority
(Feeley and Silman, 2011), and we call for continued collaboration
between forestry professionals, botanists and ecologists in this
endeavor.
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Table SI1: Characteristics of the different inventories used in the study : N is the number of trees for
the indicated DBH class and S is the number of species (for botanical plots) or number of groups of

species corresponding to the usual names (for forest inventories). Botanical data mainly provide
from GUYADIV (%), BRIDGE-GUYAFOR (1), and AMALIN (#) projects and are included in the ATDN

network. Reference-plots noted with S are also used as botanical plots used for validation and
included in the corresponding columns. The three last columns give the Fisher-alpha estimates for
the different sites using forest inventories without any correction (), forest inventories with the
simulation model (a,,) and using botanical inventories ().

L Forest inventories Reference-plots with Botanical plots used a-Fisher
site | LAndsca- Localisation used for simulation double determination for validation
pes® X Y N>17.5 | $>17.5 | Nplot | N>10cm | S>10cm | Nplot | N>17.5 | $>17.5 | a;, | a,, | o
BAFGT Plain 169000 | 608000 - - 1 560 147 - - - - - -
STELf | Valleys | 272000 | 586000 - - 1 457 148 - - - - - -
SRV# Hills 372000 | 464000 - - 1 567 189 - - - - - -
PARM$ | Plateau | 353000 | 413000 4054 107 1 463 163 - - - 20 | 149 | -
TREST Mount. | 365000 | 503000 2168 125 N 276 121 2 465 186 29 | 159 | 115
MANATt | Plateau | 371000 | 450000 3401 136 1 550 202 2 360 152 28 | 165 | 99
TORTt Mount. | 343000 | 467000 1900 117 Py 1021 295 4 408 161 28 | 174 | 98
REGI$ Valleys | 381000 | 466000 1958 119 1 385 136 2 430 150 28 | 153 | 82
BEIM# Hills 153000 | 494000 5207 149 - - 2 445 159 29 | 164 | 88
NOUR% | Mount. | 314000 | 450000 4450 155 - - 4 735 221 31| 167 | 118
PBAP} Plateau | 268000 | 361000 2105 134 - - 3 616 154 32 | 162 | 66
CPLB% Hills 285000 | 556000 3998 134 - - 4 1091 152 27 | 136 | 48
SABL# Plains 211000 | 606000 1627 69 - - 2 488 78 15 | 126 | 26
TRIN# Hills 232000 | 509000 5365 160 - - 4 1311 231 31162 | 81
ITOU Mount. | 267000 | 335000 5516 141 - - - - 26 (191 -
QUAR Hills 362000 | 478000 2638 112 - - - - - 24 | 154 | -
AIMA Hills 247000 | 516000 4568 139 - - - - - 27 | 157 | -
CAIM Hills 363000 | 501000 1850 109 - - - - - 25 | 134 | -
CARM Plateau | 373000 | 405000 5183 151 - - - - - 29 | 173 | -
CROI Plateau | 354000 | 388000 3986 131 - - - - - 26 | 149 | -
EAUB Hills 226000 | 584000 4905 158 - - - - - 31162 | -
GALI Valleys | 313000 | 484000 2861 127 - - - - - 27 | 165 | -
GRIL Plains 337000 | 476000 1959 126 - - - - - 30 | 141 -
HMAT Plateau | 368000 | 434000 5463 150 - - - - - 29 | 158 | -
INER Hills 369000 | 482000 1869 115 - - - - - 27 | 158 | -
KOUR Mount. | 382000 | 463000 3419 149 - - - - - 321180 | -
PBAM Mount. | 269000 | 358000 1964 132 - - - - - 32180 | -
ROCK Plateau | 160000 | 324000 4411 121 - - - - - 23 | 152 | -
SPAR Plateau | 279000 | 462000 4423 128 - - - - - 25160 | -
STMI Mount. | 300000 | 540000 3731 131 - - - - - 26 | 162 | -
TOPO Mount. | 310000 | 337000 4603 137 - - - - - 27 | 162 | -
WAKI Plains 233000 | 341000 5106 126 - - - - - 23 | 152 | -
YARO Plains 293000 | 274000 3965 117 - - - - - 23 | 147 | -

* Based on Guitet et al., 2013
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Figure Si1: Values of a depending of the number of simulations — we did 999 simulations and use
independent randomized subsamples to compute means and standard deviation with 2 to 200
simulations — we present result for fisher-alpha values - the figure on the top shows that the
standard deviation is reduced after 100 simulations - the figure on the bottom shows the stability
of the estimates for the different plots (in colour) after 50 simulations — same patterns are obtained
for others indicators and sites scale.
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Table SI3: Probabilities of errors (Pij) considering two others sub-groups of accuracy (in grey in the
table), one for the names corresponding to one species alone in its genus (orphan species) and the
other one for the names corresponding to several species in one genus which is alone in its family

(orphan genus). This approach allowed testing a more rigorous but complex model (see Fig. SI2).

N taxonomic reliability
S?Irected Taxonomic trees P1i P2i P3i 1-Pij with i
ees .
accuracy (group i) (error of | (error of | (error of (correct
species)| genus) | family) | determination)
>17.5cm | species(1) 483 0.33 0.15 0.08 0.77
orphan species (1’ 279 0.13 0.13 0.06 0.87
genus (2) 1206 1 0.30 0.18 0.70
orphan genus (2') | 29 1 0.21 0.21 0.79
family (3) 209 1 1 0.13 0.87
none (4) 19 1 1 1 0

Table SI4: Probabilities of errors (Pij) considering two cases of extra-family error, one for the
confusion with unknown species (species in rare genus correlated with no usual names - i.e. 370
species — error probability is noted P4i) and another one for the confusion with a well-known
species (corresponding to another usual name : P3i’=P3i-P4i). This approach allowed testing a
more rigorous but complex model (see Fig. SI3).

taxonomic reliability
. P3i’ P4i
Selected Taxonomic N P1li P2i (error of family | (error with
trees accuracy K
(group ) trees (error of | (error of | but well-known | unknown
species)| genus) species) Species)
>17.5cm | species(1) 762 0.24 0.14 0.06 0.02
genus (2) 1235 1 0.28 0.14 0.04
family (3) 209 1 1 0.11 0.04
none (4) 19 1 1 1 0.47




Figure SI2: Correlation between a computed with our simple model and computed with the more
complex model including the two new sub-groups (1’ and 2’) described in the table SI3 below.
Figure shows results at the site scale. The two simulated values are highly correlated and lead to
the same ranking (maximum difference = 2 points).
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Figure SI3: Correlation between am computed with our simple model and computed with the more
complex model including the two new error types (P4i and P’3i) described in the table Si4 below.
Figure shows results at the site scale. The two simulated values are highly correlated and lead to
the same ranking (maximum difference = 2 points)
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SI5 : R-Script to perform the diversity estimation from forest inventories

HUHHH R R R R ]

#

library(vegan)

library(entropart)

#

HUHHH R R R ]

#

# estim.divfor compute the entropy, using the vernacular name or variety of trees. This is done for

different site simultaneously.

# The method used is described in Guitet et al. 2014

#

# Input datasets are required : ###HHEHHHHH

#

inv: inventory dataset that contains the number of trees for each vernacular name and each site

rows: site (1st col=ID)
columns: vernacular name

#
#
#
#
# vern: table of correspondence between vernacular names and taxa,

# rows: vernacular name (1st col=ID) — with the same order and codes than in table inv
# 2" column: expected family (number - 0 if unkown)

# 3" column : expected genus (number - 0 if several)

# 4™ column : expected species (number - 0 if spp.)

# 5™ column that gives the expected taxonomic accuracy

# 1 if the vernacular name is used for only one species

# 2 if the vernacular name may be used for several species of the same genus
# 3 if the vernacular name may be used for several species of the same family
# 4 if there is no taxonomic correspondences.

#

#

#

#

#

#

#

#

#

taxons: table of species with abundances,
rows: species (1st col=ID)
2" column: family (used the same ID than in table vern)
3" column : genus (used the same ID than in table vern)
4™ column : species (used the same ID than in table vern and order with no missing number)
5" column that gives the relative abundance (no 0 allowed) — it can be

proba: table of reliability that contains the probabilities to make an identification error depending
on the expected taxonomic accuracy groups (deduced from table 3 in the article)
# rows: type of error
H 1% row: groups of accuracy as specified in table vern (i.e. 1, 2, 3, 4)
# 2" row: probability of intra-genus error, i.e. P2i-P1i (here 0.11, 0, 0, 0)
# 3" row: probability of intra-family error, i.e. P3i-P2i (here 0.07, 0.10, 0, 0)
# 4" row: probability of extra-family error, i.e. 1-P3i (here 0.08, 0.20, 0.14, 1)
#

HEH HHHHEHE

#

# The estimation procedure works as follows:

# You have to choose the indice : type (alpha or beta) and order (0,1,2)

# The following steps are executed nb_it times :

# 1) each tree has a vernacular name with the corresponding category, and an expected species
(table vern)



# 2) we sample a value for each tree, uniformly distributed between 0 and 1.

# 3) this value is compared to the error probabilities of the category of the tree to determine the
type of error. (table proba)

# 4)-if thereis an error, a species is attributed depending of the error type and the abundance.
(table taxons)

# - if there is no error, the species is the expected species for this vernacular name.

# 5)the entropy is computed for each site, using the total simulated species table using the divpart
function.

# The result is a table containing the diversity indexes for each site (row) and each iteration
(column)

#

# Warnings:

# The vernacular names in the table inv (columns) and in the table vern (rows) has to be similarly
ordered.

HEHHEH A

#

# Function:

estim.divfor = function (inv,vern,taxons,proba,type,order,nb_it)

{

HEH

#

# Re-definition of the sample function
#

resample <- function(x, ...) x[sample.int(length(x), ...)]

HHH R
#

# Dimensions of the tables

#

dim(inv) -> nb
dim(vern) -> nv
dim(taxons) -> nl
nb[1] * nb[2] -> nbcas

HHHHEHEHEHEHE

#

# The vernacular names in the table inv (columns) and in the table vern (rows) has to be strictly the
same.

#

if (any(colnames(inv) I=vern[,1]))

{

print("Error: Arguments vern and inv dont have the same list of vernacular name.")

}



HEHHEEH

#

# Attribute a species for each tree of each vernacular name
#

final <- matrix(data=0,nr=nb[1],nc=nb_it)

result <- array(0,dim = list(nb[1],nI[1],nb_it))

dimnames(result)[1] <- list(rownames(inv))

for (jin 1:nb[2])
{

sites <- rep(rownames(inv),inv[,j])
sites <- rep(sites,nb_it)

eff <- sum(invl[,j])

it <-c()

for (kin 1:nb_it)
{

it <- c(it,rep(k,eff))
}

F <- vern[j,2]

G <-vern[j,3]

S <-vern[j,4]

T <- vern[j,5]

W <- proba[1,as.numeric(T)]

B <- probal[2,as.numeric(T)]

M <- proba[3,as.numeric(T)]

tirage <- runif(eff*nb_it,min=0,max=1)
esp <- matrix(NA,nrow=eff,ncol=nb_it)

esp[ tirage < M | F+G+S == 0] <- resample( taxons[taxons[,1] != F,3], length(which(tirage <M |
F+G+S == 0)) , replace=T, taxons[taxons[,1] != F ,4])

if (length(which(is.na(esp) & (T == 3 | tirage < M+B))) !=0)
{
if (length(which(taxons[,1] == F & taxons[,2] |= G)) == 0)
{



esp[ is.na(esp) & (T == 3 | tirage < M+B) ] <- resample( taxons[taxons[,1] == F ,3],
length(which(is.na(esp) & (T == 3 | tirage < M+B))) , replace=T, taxons[taxons[,1] == F ,4])
}

else

{
esp[ is.na(esp) & (T == 3 | tirage < M+B) ] <- resample( taxons[taxons[,1] == F & taxons[,2] |=G

,3] ,length(which(is.na(esp) & (T == 3 | tirage < M+B))), replace=T, taxons[taxons[,1] == F &
taxons[,2] =G ,4])

}
}
if (length(which(is.na(esp) & (T == 2 | tirage < M+B+W))) |=0)
{

if (length(which(taxons[,2] == G & taxons[,3] |=S)) == 0)

{

esp[ is.na(esp) & (T ==2 | tirage < M+B+W) ] <- resample( taxons[taxons[,2] == G,3],
length(which(is.na(esp) & (T == 2 | tirage < M+B+W))), replace=T, taxons[taxons[,2] == G ,4])
}

else

{
esp[ is.na(esp) & (T == 2 | tirage < M+B+W) ] <- resample( taxons[taxons[,2] == G & taxons][,3] !=

S,3], length(which(is.na(esp) & (T == 2 | tirage < M+B+W))) , replace=T , taxons[taxons[,2] == G &
taxons[,3] =S ,4])
}

esp[is.na(esp)] <- S
if(length(sites)>0)
{
for (i in 1:length(sites))
{
result[sites[i],espli],it[i]] <- 1+result[sites[i],espl[i],it[i]]
}

HEHHEHH
#

# Compute the divPart

#

for (i in 1:nb_it)
{



MetaCommunity(t(as.matrix(result[,,i])),rep(1,nb[1]))->meta
DivPart(q=ordre,meta)->estim

if (type=="alpha")

{

final[,i] <- as.matrix(estim$CommunityAlphaEntropies)

}

else

{

final[,i] <- as.matrix(estim$CommunityBetaEntropies)

}

HEHHHHHHE R

#

# Return result: final is a table containing the indice for each site (row) and each iteration (column)
#

row.names(final) <- row.names(invent)
return(final)

}
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Guitet S, Pélissier R, Brunaux O, Jaouen G, Sabatier D (2015) Geomorphological
landscape features explain floristic patterns in French Guiana rainforest. Biodiversity
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Abstract Geomorphic landscape features have been suggested as indicators of forest
diversity. However, their explanatory power has not yet been explicitly tested at a regional
scale in tropical rainforest. We used forest inventories conducted according to a stratified
sampling design (3,132 plots in 111 transects at 33 sites) and holistic multi-scale geo-
morphological mapping derived from a Shuttle Radar Topography Mission digital eleva-
tion model to describe and explain spatial patterns in floristic composition across French
Guiana (80,000 kmz). We measured and identified 123,906 trees with DBH >20 cm and
used constrained and unconstrained ordinations to analyze variations in the abundance of
221 taxa and 51 families. Variance partitioning and variograms were used to detect spatial
patterns in species composition, compare the explanatory power of spatial and environ-
mental factors, and select the variables that best explain forest composition. Strong floristic
patterns corresponded to a major latitudinal gradient and significant sub-regional floristic
structure. Geomorphological landscapes shaped by historic climate fluctuations and major
geological events successfully captured these patterns and explained the variation in
abundance of 80 taxa, corresponding to 65 % of the inventoried trees. Our findings suggest
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that long-term forest dynamics are under substantial “geomorphographic control”. A
geomorphological perspective on landscapes that incorporates current and past environ-
mental filters and historical biogeographical processes could thus be used more system-
atically in tropical regions for regional planning and forest conservation.

Keywords Tree community - Landscapes - Geodiversity - Species distribution -
Geomorphology

Introduction

Despite recent progress in the analysis and modeling of species diversity (Elith et al. 2011;
Pavoine and Bonsall 2010; Rosindell et al. 2011), spatial patterns in the tree community
composition of hyper-diverse rainforests are still poorly understood. Spatio-temporal
processes that are supposed to explain them are partly theorized in niche (species habitat
preferences) and neutral (population dispersal dynamics) models (Leibold et al. 2004). To
disentangle these mechanisms, empirical ecological studies often infer ecological pro-
cesses from an analysis of spatial patterns (Mclntire and Fajardo 2009). One can, for
instance, relate the spatial variation in species diversity to that in environmental deter-
minants (e.g. soil, climate), while some spatial descriptors (e.g. geographical position,
distance) can be used as surrogates for uncovering the scales of action of unmeasured or
unmeasurable ecological processes (Dray et al. 2012). Among the environmental deter-
minants, geodiversity (or geomorphodiversity) has often been mentioned (Thomas 2012;
Tricart 1965) because the variations in background material directly influence soil prop-
erties and thus habitat suitability (Gray 2004; Parks and Mulligan 2010). It is also
hypothesized that geomorphodiversity arise from paleo-environmental transformations that
have potentially influenced migration routes by creating barriers and corridors (Santucci
2005). Geomorphodiversity, which results from interactions between many environmental
processes over geological ages (climate change, erosion dynamics, tectonic movements,
etc.), can thus shed light on biogeographical processes (Thomas 2011).

Several studies support the notion that modern Amazonian forest communities are
marked by the imprint of major global environmental changes that occurred in pre-
Pleistocene times (Ribas et al. 2012; Silva and Oren 1996). Paleo-climatic stability
(inferred from latitude) and bedrock age are useful in explaining current alpha-diversity,
whereas current climatic conditions are not (Stropp et al. 2009). The role of history
suggests that new variables, which could account for past environmental filters, may help
explain regional patterns of forest diversity. Landscape features shaped by diastrophic
geological activities, have already been suggested as possible indicators of Amazonian
beta-diversity (Hammond 2005; Sombroek 2000). However the explanatory power of this
“geomorphic control” (as defined by Hammond in Hammond 2005) has never been tested
explicitly.

French Guiana in Northeast Amazonia has fairly weak geological and altitudinal gra-
dients but shows substantial geomorphodiversity resulting from differences in the sus-
ceptibility to erosion of its granitic substrates (Filleron et al. 2004). This has led the
weathering mantle to diversify into contrasted landforms and soil covers (Sabatier et al.
1997), and these are thought to have influenced the long-term evolution of the forest.
French Guiana may thus be viewed as an ideal case study to test the extent to which
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geomorphodiversity can explain tree beta-diversity (i.e. variation in floristic composition).
Should geomorphodiversity prove to be a strong predictor of beta-diversity, multi-scale
geomorphological analyses could be an efficient tool for forest management planning.

The specific aims of our study are thus: (i) to identify spatial patterns in the floristic
composition of French Guiana forest at local and regional scales, and (ii) to identify the
relative and absolute contributions of geomorphological and other geographical factors in
explaining these spatial patterns (i.e. facets, landforms, landscapes). We use a holistic
geomorphological stratification (i.e. at facet, landform, landscape scales) and an extensive
forest inventory to assess multi-scale environmental variations across French Guiana. We
analyze the data using multivariate partitioning methods based on Simpson’s metric of
species diversity. Finally, we discuss the implication of our findings in terms of ecological
insights that could help forest managers and conservation practitioners to prioritize their
efforts both in French Guiana and throughout Amazonia.

Materials and methods
Study area

As part of the Guiana shield in Northern Amazonia, French Guiana (4°13'N, 52°59'W)
covers about 85,000 km? and has a mean altitude of about 140 m above sea level with few
mountainous peaks exceeding 800 m. Its climate is equatorial with a mean annual tem-
perature of about 26 °C and rainfall ranging from 4,000 mm/year in the northeast to
2,000 mm/year in the south and west. The number of consecutive months with less than
100 mm precipitation (dry season) varies from two in the north to three in the south, with
marked inter-annual variations. Fully 95 % of French Guiana is located on a
2.2-1.9 G year plutonic and volcanic basement. This substrate corresponds to the oldest
and most homogeneous part of the Guiana Shield (Delor et al. 2003) and mainly supports
ferralsols and acrisols (see Table 1). The few sedimentary rocks found in the country
correspond to Quaternary deposits in the coastal lowlands, rare Precambrian sandstone, and
conglomerates and quartzite formations in a narrow northern belt, supporting more varied
soil types (see Table 1). Savannas and mangroves are found only in the coastal sedi-
mentary plain, and rainforest covers more than 90 % of the territory. Timber harvesting
and agriculture are restricted to sub-coastal areas currently covering less than 500,000 ha,
close to the largest towns and main roads.

Collection of forest inventory data
Plot sampling design

We selected 33 sites to represent the country’s main geomorphological features and
geological substrates, and to cover the forest extending outside the most disturbed coastal
areas (see Fig. 1). Given the logistic constraints stemming from difficulties with accessi-
bility, we made special efforts to sample the less documented southern part of French
Guiana that is a National Park and is only reachable by river and helicopter after special
authorization. To sample local environmental variability, we established two to four
transects at each site, about 2.5-3 km long (total = 111 transects) in different directions.
Each 20-m wide transect was divided into 100-m segments such that our 3,132 basic
sampling units were 0.2-ha plots, nested within transects themselves nested within sites.
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Fig. 1 Study area and sampling design a location of the different sites (circles) on geomorphological
landscapes map (from Guitet et al. 2013—see table | for details); b example of sampling design within a
site (transects in black); ¢ elevation map from SRTM d geomorphological landforms (from Guitet et al.
2013); e expert-based biogeographic map (from Paget 1999); f vegetation types based on remote-sensing
approach (from Gond et al. 2011)

The field campaign was conducted from 2006 to 2013. This nested sampling design had the
advantage of allowing us to control scale-dependence effects by accounting for the
appropriate spatial instrumental variables (sampling units) in analyses and by selecting the
appropriate exchangeable units in Monte Carlo randomization tests of statistical signifi-
cance (see “Data analysis” section).

Topographic description and soil sampling

All the plots were georeferenced using a Garmin 76CSx GPS receiver (Garmin Ltd.,
Southampton, UK) and delineated in the field using a Vertex laser clinometer (Haglof
Sweden AB, Langsele, Sweden). Each plot was classified by field operators based on a nine
category toposequence position index (from riverside to hilltop). This classification was
used to supplement the geomorphological descriptors (see Table 1). We also measured plot
slope, length and elevation to correct surface areas and crosscheck the DEM-derived
variables. Soil samples were also collected from 490 plots selected to represent the dif-
ferent topographical positions along each transect. These samples were analyzed for their
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structure and chemical content (unpublished data) to assist with ecological interpretations,
but were not directly included in the study analyses.

Tree sampling

All trees (including palms) greater than 20 cm in diameter at breast height (DBH at 1.3 m
or above the buttresses) were identified by an experienced team of 13 “tree-plotters” who
employed a standardized vernacular nomenclature refined to correspond either to botanical
species, genera or families (Guitet et al. 2014). A total of 123,906 trees were sampled. Of
these, 29 % were identified to species, 64 % to genus and 6 % to family level. This
nomenclature proved to be 83 % accurate at the family level and 74 % accurate at the level
of the most precise botanical equivalent of our vernacular names (i.e. the species, genus or
family level) depending on the precision reached by the tree-plotters (Guitet et al. 2014).
Only 810 trees were unidentified and these were grouped into a single category. In the
following text, we use the generic term of taxa to refer to the most precise botanical
equivalents of the vernacular names. The sampled trees belonged to 221 taxa of 51 fam-
ilies. As the Leguminosae family accounted for 23.8 % of all the trees, it was split into
Mimosoideae, Papilionoideae and Caesalpinioideae sub-families (The Legume Phylogeny
Working Group 2013).

Geomorphological stratification

We used the 30-m spatial resolution digital elevation model (DEM) provided by NASA’s
Shuttle Radar Topography Mission (Farr et al. 2007) to produce a regional multi-scale
characterization of geomorphodiversity. We first selected four local parameters derived
from the DEM: elevation considered as a good proxy for altitude above sea level, mean
slope (over eight neighboring pixels), catchment area (log-transformed) considered as a
basic wetness index, and Height Above the Nearest Drainage [HAND; Renno et al. (2008)]
as a proxy for local soil water conditions.

We also included geomorphological landform and landscape classifications resulting
from a previous object-oriented analysis of medium-scale variations in micro-relief (Guitet
et al. 2013). This previous analysis defined 224,000 landform units (<1 km?) that we
further classified into 13 different types based on elevation, vertical profile, horizontal
shape, wetness, slope, and area parameters (Fig. SI1). As the landforms showed a spatially
structured distribution at the regional scale (Fig. 1d), a segmentation algorithm using
dominance, diversity and aggregation indices was used to delineate 82 homogeneous
geomorphological landscapes (100-5,000 km?), which we subsequently classified into ten
different landscape types (Table 1; Fig. 1c, Fig. SI2). This multi-scale analysis allowed us
to capture landforms and landscape diversity without defining the scale of perception a
priori. The geomorphological landform and landscape classifications were further cross-
validated based on topographical data collected at the study sites during field work.

Data analysis
Our general approach was based on multivariate multi-scale analyses (Dray et al. 2012) of
the forest inventory and environmental data described above. These analyses can be

summarized as four steps. First, we identified the most significant patterns of variation in
floristic composition (beta-diversity patterns) using Non-Symmetric Correspondence
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Table 2 Variables tested to explain diversity patterns and spatial patterns in floristic composition of French
Guiana forest at multiple scales

Variables Sources Modalities Scales

Geomorphological variables

Mean elevation SRTM validated by field 27-822 m 30 m
measurements (R2 = 0.98)

Mean slope SRTM validated by maximum slope 0-142 % 30 m
measured on field (R2 = 0.40)

Wetness SRTM—Ilog of catchment area 0-54 30 m

HAND SRTM—Height Above Nearest 0-241 30 m
Drainage from Renno et al. (2008)

Topographic position Field measurement 9 categories 100 m

Landform types SRTM—GQuitet et al. (2013) 13 categories >200 m

Landscape types SRTM—GQuitet et al. (2013) 10 categories >5 km

Other explanatory variables

Geology BRGM map—Delor et al. (2003) 8 categories >200 m

Rainfall TRMM—Huffman et al. (2007) 2,388-3,211 mm/year 8 km

Dry season length TRMM—Huffman et al. (2007) 1-3 months 8 km

Biogeographical domains  Expertise—Paget (1999) 5 categories >8 km

Vegetation type SPOT-vegetation—Gond et al. (2011) 5 categories 1 km

Analysis (NSCA, Gimaret Carpentier et al. 1998) of both the family-by-plot and taxa-by-
plot abundance tables, then attempted to explain these patterns by introducing the seven
geomorphological variables (Table 2) as explanatory variables in constraint NSCA. Sec-
ondly, we characterized and tested the spatial patterns displayed along the main con-
strained and unconstrained NSCA axes using a variogram-based approach (Couteron and
Ollier 2005). Thirdly, we used Moran’s Eigenvector Maps (MEM; Dray et al. 2012) to
explicitly introduce spatial components into the constrained model and to partition the
determinants of beta-diversity between environmental, instrumental (i.e. sampling) and
spatial effects (Borcard et al. 1992). We then built the most parsimonious ANOVA-like
model that accounted for the most significant environmental and spatial effects, and
designed Monte Carlo randomizations to test these effects while taking to account of scale-
dependent effects. Finally, this model was compared to alternative models routinely used
in French Guiana for operational planning and based on either more conventional envi-
ronmental variables (geology, rainfall, etc.) or expert-based, remote-sensing forest clas-
sifications (see Table 2).

All statistical analyses were performed using R software version 3.0 (R Development
Core Team 2009) and the add-on packages “ade4” (Dray and Dufour 2007), “vegan”
(Oksanen et al. 2007) and personal routines available at http://pelissier.free.fr/Diversity.html.

Step 1: Analysis of floristic composition using constraint and unconstraint ordinations
To detect beta-diversity patterns (i.e. patterns of variation in floristic composition), we first
analyzed our forest inventory data using NSCA, an analytical approach that relies on

Simpson’s metric of species diversity (Gimaret Carpentier et al. 1998) and is thus insen-
sitive to the low frequencies of rare species (Pelissier and Couteron 2007). NSCA therefore
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places emphasis on the most common species that are also the most accurately identified by
forest-plotters. It thus shows variations in main floristic background instead of highlighting
the most peculiar situations, as does for instance classical Correspondence Analysis
(Couteron et al. 2003; Rejou-Mechain et al. 2008). In fact, Simpson’s diversity computed
from forest inventory data shows very good correlations with precise botanical data from
the same sites (Guitet et al. 2014).

The effect of environmental variables on beta-diversity patterns was then investigated
by NSCA on Instrumental Variables (NSCAIV) and partial NSCAIV (pNSCAIV). These
analyses amount to applying to NSCA the classical principles of canonical and partial
canonical analyses sensu Legendre and Legendre (1998). NSCAIV and pNSCAIV can be
used to detect beta-diversity patterns that are (or are not) explained by environmental
variables. Comparing the variance of the floristic tables obtained by NSCA with that
obtained by NSCAIV (or pNSCAIV), partitions the diversity into fractions that are
explained (or unexplained) by the explanatory variables (Pelissier et al. 2003). The cor-
relation of the explanatory variables and their contribution to the main axes also helps to
quantify their relative influence on floristic variations.

We used as explanatory environmental variables the seven geomorphological variables
derived from the DEM and our geomorphological stratification (Table 2), introduced one
by one or all together.

Step 2: Detection and characterization of spatial patterns using variograms

Floristic spatial structures (i.e. spatial patterns) were characterized and tested against
spatial randomness using variogram-like functions that partition beta-diversity between
pairs of plots with respect to their inter-plot geographical distances. The method was
applied both to the complete abundance tables with beta-diversity measured in Simpson’s
metric or to the fraction of (Simpson’s) beta-diversity displayed along the NSCA axes in
the framework of the Multi-Scale Ordination (MSO; Couteron and Ollier 2005). MSO
applies to constrained (NSCAIV) and residual (pNSCAIV) ordination axes so that com-
paring the variogram-like functions derived from NSCA, NSCAIV and pNSCAIV can
indicate whether the explanatory variables account for the main spatial patterns observed in
the data. Monte Carlo randomization procedures were used to test the statistical signifi-
cance of the deviations of the variogram-like functions, with the null hypothesis being the
absence of any spatial structure. These procedures were used to determine whether the
floristic composition of two plots located a given distance apart was on average more or
less similar (i.e. had higher or lower Simpson’s beta-diversity values) than expected for
spatially independent plots.

Step 3: Partitioning the environmental and spatial effects in a global model

Environmental and spatial effects were disentangled by introduced MEM as explanatory
variables in NSCAIV and pNSCAIV (Dray et al. 2012). MEMs are orthogonal eigen-
vectors derived from a neighborhood matrix of the sampled locations that yield spatial
correlation templates ranked from large- to fine-scale spatial structures (i.e. from highest to
lowest Moran’s [ values, independently of the plots’ floristic composition). We applied a
forward selection procedure (Dray et al. 2012) in order to retain in the spatial matrix only
the most significant MEMs (i.e. with p < 0.05), and used these MEMs as explanatory
variables, in NSCAIV and pNSCAIV, to highlight spatially structured beta-diversity
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patterns. With reference to Borcard’s et al. (1992) variance partitioning procedure, we then
used the above spatial matrix and the environmental matrix to estimate:

(1) the fraction of beta-diversity explained by the environmental variables once the
effect of the spatial variables had been removed, i.e. the spatially unstructured
environmental component or “pure environmental effect” (fraction a in Borcard
et al. 1992);

(i)  the fraction explained by the spatial variables once the effect of the environmental
variables had been removed, i.e. the “pure spatial effect” (fraction ¢ in Borcard
et al. 1992);

(iii))  the fraction of the environmental effect that is spatially structured, called
hereinafter the “mixed effect” (fraction d in Borcard et al. 1992).

This framework allowed us to select the environmental variables accounting for the
largest proportion of the “pure environmental effect” (variable E) and the largest pro-
portion of the “mixed effect” (variable M). Introducing sampling compartments (transects
and sites) as instrumental variables in the same framework allowed us to determine the
most appropriate sampling level (S) accounting for the “pure spatial effect”.

In order to test to what extent geomorphological variables can explain beta-diversity
patterns while avoiding spatial dependence effects and pseudo-replication bias, we used
restricted randomization procedures based on ANOVA-like pseudo-F ratios (Pelissier and
Couteron 2007). We tested the effect of the environmental variable that showed the
greatest “mixed effect” (M) by randomizing the appropriated exchangeable sampling
compartments (S) between the categories of M. Likewise, we tested the effect of the
environmental variable that showed the greatest “pure environmental effect” (E) by ran-
domizing the elementary sampling units (i.e. the plots) between the categories of E
restricted within the sampling compartments (S). This meant that variable M, which
approximated the “mixed effect”, was tested while minimizing pseudo-replication bias due
to distance-dependence from the pure spatial effect, and variable E, which approximated
the “pure environmental effect”, was tested while taking the largest part of spatial
structures into account (see for instance Anderson and Braak 2003).

Step 4: Comparison with conventional approaches

In order to compare the efficiency of our geomorphology-based approach with that of
more conventional approaches we ran the same analyses with environmental explanatory
variables such as climate and geology that are generally considered as the main factors
influencing tropical beta-diversity (Higgins et al. 2011) and are often used to defined
ecoregions (Bailey 2004). Data on dry season length and annual rainfall were provided
by TRMM (Huffman et al. 2007) and geology data were extracted from the map in Delor
et al. (2003). We also introduced two layers commonly used as references for practical
forest management and conservation planning in French Guiana: Paget’s (1999) classi-
fication into five latitudinal biogeographical domains based on an expert-based approach
combining climate, geology and expert phytogeographical knowledge (Fig. 1e), and the
five forest types identified by Gond et al. (2011) from remote-sensing data derived from
SPOT-vegetation satellite images, and which showed a broad-scale north—south orga-
nization partly consistent with the main rainfall gradient and the biogeographical
domains (Fig. 1f).
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Results
Floristic analyses revealed marked broad-scale beta-diversity patterns

The NSCA at the family level showed three prominent axes accounting for 55 % of total
between-plot diversity and exhibiting significant spatial patterns (Fig. 2): (i) along axis 1
(24 % of total between-plot diversity), a decreasing abundance of Burseraceae and Mi-
mosoideae anti-correlated with an increasing abundance of Lecythidaceae and Caesalpi-
nioideae, resulting in a regular regional gradient from southeast to northwest French
Guiana; (i1) along axis 2 (17 % of total between-plot diversity), two anti-correlated gra-
dients in abundances of Lecythidaceae and Caesalpinioideae showing a marked spatial
pattern for inter-plot distances of less than 150 km resulting in sub-regional patches
dominated by Lecythidaceae mainly in the north-east and patches dominated by Cae-
salpinioideae in the east, south-west and north-west; (iii) along axis 3 (14 % of total
between-plot diversity), a gradient of increasing abundance of both Chrysobalanaceae and
Sapotaceae showing a marked local auto-correlation below 10 km resulting in sparse
clusters dominated by these two families.

The same NSCA at the taxa level (i.e. on the 221 most precise botanical equivalents)
showed two prominent axes accounting for 26 % of total between-plot diversity (Fig. 3).
This analysis appeared to be very consistent with the family-level NSCA and supported the
observations made at the family level: (i) axis 1 (15 % of total between-plot diversity) was
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Fig. 2 Central panel projection of plot (points) and family scores (circles) on the 3 main axes of the NSCA
with the family-by-plot abundance table—circle size is proportional to abundance and grey levels indicate
family position on axis 3—only the families with the greatest contributions are indicated. Left column MSO
variograms of axes 1-3 with dotted lines indicating 95 % confidence intervals of the null hypothesis
(significant points in white and non-significant in black). Right column mean per site of plot scores along
axes 1-3, projected on maps
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Fig. 3 Central panel projection of plot (grey points) and taxa (black circles) scores on the 2 main axes of
the NSCA on the taxa-by-plot abundance table—circle size is proportional to taxa abundance. Left panel
variograms of MSO on axes 1 and 2 with dotted lines indicating 95 % confidence intervals of the null
hypothesis (significant points in white and non-significant in black). Right panel mean per site of plot scores
along axes 1 and 2, projected on maps

dominated on its positive side by Protium spp. (the most abundant Burseraceae genus) and
Inga spp. (the most abundant Mimosoideae genus), while the negative side was dominated
by Eperua falcata (the most abundant Caesalpinioideae species) along with the two most
abundant Lecythidaceae genera (Lecythis spp. and Eschweilera spp.), and corresponded to
the marked north—south regional gradient also detected at the family level; (i1) axis 2 (11 %
of total between-plot diversity) was correlated on the positive side with Licania spp. (the
most abundant Chrysobalanaceae genus), Pouteria spp. (the most abundant Sapotaceae
genus) and Dicorynia guianensis, (the second most common Caesalpinioideae species),
whereas Inga spp. and the group including E. falcata, Lecythis spp. and Eschweilera spp.
were located on the negative side. This axis showed significant spatial dependence over
short distances (ca. 50 km) that featured two northern clusters (corresponding to high
abundances of Licania spp., Pouteria spp. and D. guianensis) separated by a central strip.

Beta-diversity and spatial patterns are clearly related to geomorphological variables

When the seven geomorphological variables were used to approximate the floristic table by
NSCAIV they explained 19 and 20 % of the family and taxa beta-diversity patterns,
respectively. At the family level (Fig. 4), the first NSCAIV axis (35 % of NSCAIV inertia)
was negatively correlated with the first NSCA axis and was mainly determined by
opposition between multi-concave landscapes (D) and multi-convex landscapes (B, I, J).
The second NSCAIV axis (17 % of NSCAIV inertia), which was closely correlated with
the second NSCA axis, was mainly formed by opposition between mountainous landscapes
(H) and plateaus with inselbergs (E, F). The other geomorphological variables appeared to
be less important except height above nearest drainage (HAND) and also elevation and
landform type 8 (very massive hills) which, as expected, were correlated with mountainous
landscapes (H). Landform 9 (half-orange) and slope were also associated with multi-
convex landscapes (B, J) on axis 1. Landform 12 (wet hillocks on low base-level) and
valley landscapes (C) were negatively correlated with axis 2.
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Consistent results were obtained at the taxa level. A strong correlation was observed
between NSCAIV and NSCA axes, and a prominent contribution was made by landscape
types (Fig. 5). Mountains (H) and multi-concave landscapes (D) were opposed to valleys
(C) and multi-convex landscapes (B, 1, J) on the first axis (52 % of NSCAIV inertia); and
type E plateaus were opposed to multi-concave landscapes (D) and valleys (C) on axis 2
(18 % of NSCAIV inertia). However, we noted that other variables made a greater con-
tribution at the taxon than the family level, especially topographical position on axis 2 that
shaped a gradient from the upper topographical positions on the positive side (flat hill-top,
upper-slope and ridge) to the lower topographical positions on the negative side (terrace,
large talweg and narrow talweg). As expected, these lower topographical positions were
also correlated with the smallest landform types 12, 13 (wet hillocks), with type 14 (large
flattened and wet relief) and with the wetness index.

In order to represent the spatially structured components of the floristic gradients, we
selected 124 and 113 significant MEMs (p < 0.05) for the family and taxa abundances
tables, respectively, and introduced these into the corresponding NSCAIV. Though slightly
different in the two cases, the selected MEMs represented only very broad-scale structures
(i.e. high Moran’s values). The MEMs explained 36 and 33 % of family and taxa between-
plot diversity, respectively, indicating that the beta-diversity patterns were strongly
structured on a broad scale.

We then used the geomorphological variables to approximate the fitted and residual
tables resulting from the NSCAIV constrained by the MEMs. This led us to partition
between-plot diversity into a pure environmental component, a pure spatial component and
a mixed component corresponding to the spatially structured environmental effect (Fig. 6).
The pure environmental component was weak at both family and taxa levels (1.3 and
2.6 %, respectively) whereas the mixed component and pure spatial component corre-
sponded to larger and fairly equivalent parts of between-plot diversity (respectively 17.5
and 17 % for “mixed effect” and 18.4 and 16 % for “pure space effect”). Regarding the
geomorphological variables, geomorphological landscapes explained the largest fraction of
the spatially structured between-plot diversity (“mixed effects”) at both family (13 %) and
taxa (12 %) levels, while the other geomorphological variables explained no more than
1-6 %. Topography was the geomorphological factor that showed the highest “pure
environmental effect”, accounting for 1.4 and 0.5 % of between-plot diversity at the family
and taxa levels, respectively.

The same partitioning procedure based on conventional environmental variables
(geology and climate) explained less than 10 % of between-plot diversity, while biogeo-
graphical domains and remotely-sensed vegetation types customarily used by managers to
approximate forest types led to even lower explanatory power (3—8 %) at both family and
taxa levels (Fig. 6).

Variance partitioning using the sampling compartments as explanatory variables
showed that the site effect accounted for more than two-thirds of the spatial effects,
explaining 27 and 26 % of between-plot diversity at family and taxa levels, respectively,
while the transect effect accounted for almost all the spatial effects, i.e. 33 and 30.5 % of
between-plot diversity at the family and taxa levels, respectively (Fig. 6).

Geomorphological landscapes are sufficient to account for the main broad-scale
variations in floristic composition

Based on the results presented above, we tested to what extent the geomorphological
landscapes effect could explain the main taxa abundances, using transects as exchangeable
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Fig. 7 Multi-Scale Ordination (MSO) performed on the family-by-transect table (on the left) and the taxa-
by-transect table (on the right). Full points correspond to the MSO on total tables. Empty points correspond
to the MSO after removal of the geomorphological landscape effect. Dotted lines represent the 95 %
bilateral intervals computed from 99 permutations between the sampling units

sampling units in our permutation tests (considering their efficiency to include almost all
the spatial dependence effects). This showed that geomorphological landscapes signifi-
cantly accounted for the abundance variations of 80 taxa and 20 families (p < 0.005),
corresponding to 65 and 77 % of the trees (see Supplementary Information Table SI3). In
contrast, the topography effect, locally tested by permuting the plots between topograph-
ical categories within each transect, accounted for the abundance variations of 21 taxa and
7 families (p < 0.005), corresponding to 37 and 43 % of the trees.

The geomorphological landscape effect also explained the main spatial structures seen
when introduced in MSO and applied to the total family-by-transect and taxa-by-transect
tables, though slight autocorrelation was still seen below 50 km (Fig. 7).The same analyses
using geology and climate as predictors showed significant scale-dependence effects below
100 km and above 150 km (not shown).

Discussion
Regional beta-diversity patterns nested in continental gradients

Our multivariate analyses demonstrated that the rainforest of French Guiana is subject to
complex, significant floristic variations, with regional patterns that include a marked
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latitudinal gradient. Variance partitioning showed that these broad-scale patterns are not
closely related to geology or climate, as is commonly assumed by previous hypotheses, but
are more comprehensively explained by geomorphological landscapes that express
regional geomorphodiversity. It was no surprise that these patterns on a regional scale fit
within the continental patterns previously described across Amazonia.

The Guiana shield differs from the Amazonia basin by its high level of endemism (Da
Silva et al. 2005; Lopez-Osorio and Miranda-Esquivel 2010) and an unusual species
composition (ter Steege et al. 2003). This particularity stems from a marked continental-
scale family gradient of increasing Leguminosae abundance from southwest to northeast
Amazonia (ter Steege et al. 2006) and secondary gradients of increasing Burseraceae at
both genus (Emilio et al. 2010) and family (ter Steege et al. 2006) levels from northwest to
southeast. On our regional scale, the most prominent pattern was also a marked latitudinal
northwest to southeast gradient closely related to an increasing abundance of Burseraceae
and a decreasing abundance of Lecythidaceae. This gradient also partly correlated with
variations in the abundances of the principal Leguminosae sub-families corresponding to a
shift between Caesalpinioideae and Mimosoideae from north to south. The same pattern
has previously been detected in nearby Guyana with far more Lecythidaceae and E. falcata
(the most abundant Caesalpinioideae) in the central and northern parts of the country (ter
Steege 1998). These matches between regional and more continental gradients suggest that
the regional broad-scale patterns detected at both family and taxa levels are partly nested
within a larger continental framework and could be explained by similar large-scale
structuring processes.

Rainfall, dry season intensity and geology were the main factors proposed in recent
studies to explain these forest diversity patterns in Amazonia (Albernaz et al. 2012; Emilio
et al. 2010; Stropp et al. 2009). These factors do indeed vary greatly on the continental
scale (Sombroek 2000): from 1,200 mm/y to 6,400 mm/y for rainfall, from O to 6 months
for dry season length and, for geology, from old crystalline bedrock from the Proterozoic
(>2500 Ma) to recent sediments originating from Andean orogeny during the Cenozoic
(<66 Ma) resulting in very different soil fertilities. They are consequently proposed as
surrogates in the selection of reserve areas and for sampling Amazonian species diversity
(Schulman et al. 2007). However, on our scale, these factors are more homogeneous and in
our study explained less than 10 % of the variations in floristic composition.

In fact, even though French Guiana has a significant rainfall gradient, the fairly sub-
stantial total rainfall it receives (far above the 1,500 mm/y threshold that marks the
transition between evergreen and semi-deciduous forest), and the short dry season
(1-3 months with temporally well distributed rains even in its driest area), combine to
reduce the impact of climate on vegetation in this region. Moreover, a series of ice-ages
and episodic ENSO events may also have drastically modified spatio-temporal rainfall
patterns over the past millennium in this region (Hammond 2005) such that present
meteorological data (over a fairly short period of a few decades) may not reflect the
average conditions that tree communities have experienced during their assembly. For all
these reasons, we assume that the weakness of the climatic effect is not due to a lack of
accuracy or precision of the tested data but rather to a lack of representativeness of the
short period available for the climatic data in comparison with the ecosystem’s life-time.

Because of its influence on soil, geology often has a significant impact on tropical forest
vegetation, particularly when geological substrates with very dissimilar ages or properties
are compared (Fayolle et al. 2012; Phillips et al. 2003). Beyond the direct effect of soil
chemical properties on species composition, geology is sometimes recognized as influ-
ential on long-term forest dynamics: forests are more dynamic on rich than on poor soils,
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such that speciation rates and evolutionary processes may differ (Stropp et al. 2009). The
conventional distinction between nutrient-rich floodplains on quaternary sediment (“var-
zea”) and less productive drained uplands on older terrains (“terra firme”) is a common
illustration of this effect on forest composition in the Amazonian basin (Clark et al. 1999;
Sollins 1998). A rather similar effect has been put forward in Guyana to explain variations
in composition between north and central Guyana on Berbice sedimentary formation and
southern forests on crystalline substrate (ter Steege 1998). However, this effect has little
relevance in French Guiana where (i) Precambrian crystalline rocks are very dominant over
sedimentary rock, (ii) the very old, deep soil cover seems to have masked potential dif-
ferences between soils developed from the alteration of various types of granites that are
nevertheless chemically different, and (iii) soil weathering sequences are organized more
locally along short catenas that vary according to geomorphological stages (Sabatier et al.
1997). As a result, even though similar patterns are detected in French Guiana, suggesting
that similar ecological mechanisms affect forest composition on continental and regional
scales, the same surrogates cannot be used to represent them. In particular, geology and
climate are not reliable factors when considering conservation issues on this regional scale,
as demonstrated herein.

Using geomorphological landscapes to approximate forest types

Our results demonstrate that a stratification based on regional geomorphodiversity,
expressed by geomorphological landscapes, significantly explains beta-diversity patterns in
French Guiana. We also show that a forest stratification based on this surrogate more
efficiently captures variations in composition than expert- or remote sensing-based
approaches as it explains a larger proportion of floristic variations and especially the
distribution of many important taxa.

Previous botanical studies identified two forest types in French Guiana, a Caesalpi-
nioideae-dominated forest assumed to be in the north, and a Burseraceae-dominated forest
assumed to cover the south (Sabatier and Prévost 1990). The new insight provided herein
by geomorphological landscapes expands on this distinction for taxa corresponding to
more than 65 % of all individuals, including well-distributed taxa (e.g. E. falcata, Licania
spp., Lauraceae—see Table SI4) and some rare and/or threatened species (e.g. Vouacapoua
americana—see Table SI4). Based on these results we were able to define at least five main
forest types defined by major landscape categories (i.e. plains & valleys, plateaus,
mountains, multi-concave relief, multiconvex relief—see Fig. 4) coupled with dominant
families (Tab. SI3): (i) forests dominated by Lecythidaceae covering the coastal plains and
large valleys; (i1) Lecythidaceae mixed with Caesalpinioideae, and especially E. falcata, in
multi-convex (hilly) landscapes that are common in the north; (iii) forests on plateaus,
more common in central Guiana, associating Caesalpinioideae and especially D. guian-
ensis that can be locally very abundant, with Burseraceae; (iv) Burseraceae becoming
significantly more dominant on multi-concave landscapes (locally called “peneplains™)
that are mainly situated in southern French Guiana, also including very abundant Vo-
chysiaceae, Simaroubaceae and Mimosoideae; (v) Mimosoideae reaching their maximum
abundance in the mountains that were seen to harbor greater local richness (Guitet et al.
2014) than other landscapes with far more diversified families and taxa including many
Lauraceae. More subtle forest sub-types can also be documented based on the 10 landscape
features identified in Fig. 1.

Our results, which underline the usefulness of geomorphological features as surrogates
of forest composition, are consistent with those of a recent study that used monocotyledons
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as subset taxa in central Amazonia and showed broad landform features as drivers of
floristic patterns (Figueiredo et al. 2014). Our results also support the hypothesis that long-
term forest dynamics are under “geomorphographic control”, as previously proposed for
the Guiana shield (Hammond 2005), but which had not been formally verified before our
study. Ecological conditions and geomorphological landscapes are of course closely
related, such that relations between geomorphodiversity and biodiversity can be partly
interpreted as a habitat filter (e.g. generally higher rainfall and lower temperatures with
altitude in mountain landscapes, more intense waterlogging in plains and valleys, etc.).
Moreover, soil type seems to be partly linked to landscape features, as observed with the
soil samples collected during the same field work (see Table 1) and as previously dem-
onstrated across Amazonia (Quesada et al. 2010). However, except in sporadic cases (such
as small white-sand patches or duricrust), the major soil types encountered in French
Guiana (i.e. ferralsols and acrisols) show few chemical or structural differences (Quesada
et al. 2009). Consequently, we assume that beyond this direct but weak niche effect,
geomorphological landscapes principally include the imprint of past environmental filters
and historical biogeographical processes that underlie differences in forest composition. In
fact, the process of landforms formation is driven by tectonic, climatic and marine events
that mark the geomorphological landscapes (Thomas 2011). These long-lasting events can
also modify floral and faunal dynamics (Haffer 2008; Stehli and Webb 2002) and influence
survival and migration processes, which seem to be relatively slow in tropical rainforests
(Malcolm et al. 2006). We therefore assume that geomorphological landscapes are relevant
proxies for forest long-term history. Geomorphological landscapes may therefore be
viewed as an integrative marker of an ecological trajectory leading to major divergences in
habitats and vegetation.

When geomorphology reveals divergent forest dynamics

Several factors point to regional tectonic background processes and recent climate changes
being linked to observed geomorphological landscapes and their specific forest composi-
tion. For instance, the accumulation of sediments carried by Amazonian waters along the
Guianan coasts has resulted in slight subsidence of the continental shelf (Warne et al.
2002) in front of the Guiana Shield. A consecutive 40-m upheaval over the last
300,000 years has also been detected in inland north-western French Guiana (Palvadeau
1998) due to crustal deformations. The sinking of the river network subsequent to this
uplifting probably enhanced superficial erosion, which would explain the dominance of
multiconvex landscapes and rejuvenated thin soils in this part of French Guiana (Beaudet
and Coque 1994; Boulet et al. 1979). In fact, the original plateaus and their deep weathered
ferralsols, which are still dominant in the stable south-eastern part of the territory, are
gradually being replaced by a more dissected topography, with thinner soils and more
superficial drainage that is shaping northwestern multi-convex landscapes. This long-
evolving process may in turn have modified tree population dynamics and the composition
equilibrium, especially for Eperua falacta which colonizes hillslopes in this northern
landscape whereas it preferably occupies downhill and hydromorphic soils in plateau
landscapes (Sabatier et al. 1997). Recent molecular phylogeographic analyses of E. falcata
corroborate a still ongoing colonization dynamic accompanied by genetic differentiation
(Audigeos et al. 2013). Thus, the multi-convex landscapes of French Guiana comprise
forest with rapid dynamics resulting from a recent environmental imbalance, whereas
plateau landscapes, on the contrary, indicate sustained stability which is conducive to
slower evolution.
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The case of mountainous landscapes (mainly between 300 and 500 m) also illustrates
the strong relationship between long-term forest dynamics and geomorphology. Indeed,
Guianan mountains show richer forest composition than lower elevations and therefore
support the “mid-altitude bulge” effect which has also been detected in other tropical
forests (Eisenlohr et al. 2013; Lomolino 2001). This effect is sometimes explained by the
optimal soil temperature and intermediate fertility found at mid-altitude (Sanchez et al.
2013), which are assumed to reduce both competition and environmental constraints on
vegetation. However, these zones could also have benefited from a “refugia” effect (Haffer
2008) that may explain the generally greater richness of the mountainous forests in both the
north and south of the country (Guitet et al. 2014). In fact, a large body of evidence from
palynology, sedimentology and anthracology suggests that regional forests were frag-
mented during Quaternary dry periods, corresponding to the series of ice ages and pre-
cession cycles (Duputie et al. 2009; Haffer 2008; van der Hammen and Absy 1994). But
the deep, ancient and well-drained ferralsols that cover these high reliefs prove that they
did not experience these recent dry phases because long periods of humidity are essential to
ferralsols that need deep weathering with slow superficial erosion (Ferry et al. 2003;
Sombroek 2000). In any case, this particular geomorphological landscape appears to be an
efficient indicator of a specific ecological trajectory that leads to high alpha-diversity.

Systematic geomorphological approach: an efficient tool for conservation planning

Several recent studies conducted on a continental scale have concluded that pre-quaternary
tectonic and climate modifications have had major effects on landscape and biodiversity
changes in Amazonia (Cheng et al. 2013; Hoorn et al. 2010). Modern forests have been
markedly influenced by climate fluctuations, fault reactivations and changes in the
dynamics of water flows in several Amazonian localities (Rossetti et al. 2012). Therefore,
an expansion of the geomorphological landscape mapping presented here for French
Guiana could be useful for modeling beta-diversity patterns across Amazonia.

Several studies have underlined that geodiversity should be taken into consideration
when drawing up global-scale biodiversity maps or identifying biodiversity hotspots as
guides to conservation strategies (Parks and Mulligan 2010; Sombroek 2000; Thomas
2012). However, the practical application of this idea generally reduces the approach to
local DEM variations or focuses on geological variability as the sole geodiversity approach
(e.g. Schulman et al. 2007). In fact, geomorphodiversity is rarely evaluated on a large scale
in tropical forests. But, thanks to recent remote-sensing products, particularly RADAR and
LiDAR, and dedicated software developed for GIS, it is now easier to create objective and
accurate geomorphological segmentations at all scales (e.g. Camargo et al. 2012). We
therefore suggest that geomorphodiversity should be used more systematically for con-
servation planning, in addition to conventional environmental factors or multi-spectral
remote-sensing images. The approach we describe in this study could be reproduced in
other hyper-diverse tropical forests where environmental gradients are fairly smooth (e.g.
Brazilian shield, west and central Africa or southern India) but also in more contrasted
ecological contexts where geomorphological landscape features could provide richer sur-
rogates of past environmental filters and long-term species migrations than the conven-
tional, unsophisticated descriptors commonly used (i.e. latitude, longitude or age of
geological substrate). Moreover, beyond their direct effects on flora, geomorphological
features also appear to influence faunal communities as demonstrated by concurrent ver-
tebrate inventories conducted along the same forest transects described in this study
(Richard-Hansen et al. submitted). As a consequence, new geomorphological maps
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provided by satellite imagery could be very widely used in tropical regions to direct
regional planning and forest conservation. Such approaches might more efficiently link
geomorphodiversity and biodiversity, and also provide new insights to guide future
surveys.
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Supplementary information:

Figure SI1: Classification of the landforms resulting from a k-means clustering based
on the four main axis of a Principal Component Analysis (PCA).

Figure SI2: Classification of the 82 regions in landscape types resulted from a
Hierarchical Clustering Analysis (HCA) based on the four main axis of a Principal
Component Analysis (PCA) using 14 geomorphological descriptors related to
distribution of the different types of landforms (frequency of the different landform
types, contagion value, Shannon diversity).

Table SI3: List of the families whose abundances are significantly influenced (p<0.005)
per geomorphological landscapes according to our nested additive model.

Table Sl4: List of the taxa whose abundances are significantly influenced (p<0.005) per
geomorphological landscapes according to our nested additive model.

Table SI5: List of the taxa and family with abundance and frequency

Figure SI1: Classification of the landforms resulting from a k-means clustering based on the
four main axis of a Principal Component Analysis (PCA).
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Coordinates of the 224 000 landforms units (in grey), clustered by landform types (ellipses),
on the 2 axes of the Principal Component Analysis (PCA) based on 17 geomorphometrical
descriptors derived from SRTM (30 meters). The histogram of eigenvalues is embedded on the
bottom right. The projections of the descriptors are superposed on the same graph (arrows)
and can be interpreted in four groups of variables (black rectangles) :

- parameters characterizing the vertical profil and amplitude of the landform: mean slope on
hillside (SlopeP2080), maximum slope (SlopeMax), standard deviation of slope (SlopeSTD),
maximum elevation (Zmax), total elevation range (Zrge), amplitude of the basement
(Zrge1020), elevation range without extrem (Zrge1090), amplitude of the top (Zrge8090) ;

- parameters characterizing the horizontal size and shape of the landform : extent (LogArea),
complexity (Grav), complexity of the top (GravP80), complexity of the basement (GravP10) ;

- parameters characterizing the flatness and wetness of the landforms : percentage of area
with slope less than 5% (%Flat), percentage of the summit area with slope less than 5%
(%FlatP90), percentage of wetness (hydro) ;

- the position of the landform in altitude (Zmin).

The first axis opposes flat and wet landforms (3,11,14,12) to high, elevated and slopy
landforms (8,7,15). Moderate landforms are in intermediate position (4,5,1,9,6,13). The
second axis opposed the landforms with large and complex shape (8,7,14,1) to smallest
landforms with simple horizontal shape (4,5,9,6,13) which are also mainly situated on low
altitudes. Axes 3 and 4 are not shown but also contribute to the classification.

This analysis leads to interpret the landforms as below :

type Number of Name
landforms
1 23 819 large-size flattened relief
3 5777 small-size and flat wetland (very similar to 11)
4 33223 small-size rounded hill
5 35330 small-size flattened hill
6 18 587 lowered half-orange
7 6 458 large-size and high hill
8 1101 very large and high hill to mountain
9 36 195 half-orange (typical)
11 2946 small-size and flat wetland (very similar to 3)
12 14 078 wet hillock (low base-level)
13 18 673 wet hillock (high base-level)
14 4424 large-size flattened and wet relief
15 23 705 large-size and rounded hill

NB: Types 2 and 10 included less than 20 landform units and have been gathered respectively with
type 5 and type 14.




Figure SI2: Classification of the 82 regions in landscape types resulted from a Hierarchical
Clustering Analysis (HCA) based on the four main axis of a Principal Component Analysis
(PCA) using 14 geomorphological descriptors related to distribution of the different types

of landforms (frequency of the different landform types, contagion value, Shannon

diversity).
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The figure shows the coordinates of the 82 regions on the 2 main axes. The projections of the
explaining variables (arrows) are superposed on the same figure. The histogram of
eigenvalues is embedded on the up-left. The regions are linked in landscape clusters (grey
lines and letters in boxes). The 10 landscapes types can be gathered in five main categories
(black rectangles) regarding their hierarchical relations in the HCA. Landscapes are logically
ordered on the layout : Plains [A] are dominated by flat and wet landforms (3,11,12,14) ;
Joint-valleys [C] are characterized by typical half-orange landforms (9) ; multi-convex [B,1,J]
and multi-concave [D] landscapes are characterized by a high diversity of landforms (Shannon
index) and distinguished by the frequency of lower landforms (types 6 and 13) in the multi-
concave reliefs ; the plateaus [E,F,G] are characterized by the association of flattened but
elevated landforms (types 5 and 15) ; the mountains are marked by the dominance of highest

landforms (types 7 and 8).




Geomorphological landscape types and categories
Relative PVL MCX PLA M MCV

Families abundance | pvalue<| A | C| B J I E F G H D
Lecythidaceae 14,3% 0.001 + |+ | ++ | + + - - - -
Leguminosae.Papilion_ 4,0% 0.001 R I T TP - - -
Leguminosae.Caesalp_ 13,2% 0.001 + ++ | ++ | + + ++ + - -

Burseraceae 8,3% 0.001 R T - - 4+ + + i
Leguminosae.Mimos_ 6,5% 0.001 - - + | ++ +
Vochysiaceae 1,9% 0.001 || - - - - +
Simaroubaceae 0,2% 0.003 - + - -- -- ++
Urticaceae 2,6% 0.005 + | -- + +
Nyctaginaceae 0,7% 0.002 - - - ++ -
Lauraceae 2,4% 0.003 - ++ -
Myristicaceae 3,1% 0.001 - - - - - e |t |- - +
Moraceae 1,3% 0.001 - -] - -- -- | o+ | - - -
Ebenaceae 0,4% 0.001 - - - 4+ ++ - -
Caryocaraceae 0,3% 0.001 ++ -
Arecaceae 2,3% 0.001 - -- - |+ | o+ - -- -
Annonaceae 0,8% 0.002 - - ] - - | - -

Melastomataceae 0,9% 0.001 ++ -- --

Clusiaceae 1,6% 0.001 ++ | -- - + - - - - -
Goupiaceae 0,7% 0.001 ++ | - - - - -

Table SI3: List of the families whose abundances are significantly influenced (p<0.005) per
geomorphological landscapes according to our nested additive model. Post-hoc tests based
on ranks (Tukey HSD) indicate the significant differences between landscape types (“++” is
significantly different from “-“ and “- - “,“- -“ is significantly different from “+”). Landscape
types are clustered by categories and consistent within-categories tendencies are indicated in
grey for the main families (PVL = plains and valleys, MCX = multi-convex reliefs, PLA =

plateaus, M = mountains, MCV = multi-concave reliefs).

Hereadfter - Table SI4: List of the taxa whose abundances are significantly influenced
(p<0.005) per geomorphological landscapes according to our nested additive model. Post-
hoc tests based on ranks (Tukey HSD) indicate the significant differences between landscape
types (“+++” is significantly different from “+”, “-“, ”- -“and “- - -“; “++” is significantly
different from “-“, “- - “ and “- - -“; “- -“s significantly different from “+”; “- - -“is
significantly different from “-“). Landscape types are clustered by categories and consistent
within-categories tendencies are indicated in grey for the main taxa (PVL = plains and valleys,

MCX = multi-convex reliefs, PLA = plateaus, M = mountains, MCV = multi-concave reliefs).
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Annexe D : Chapitre III-2

Guitet S, Freycon V, Brunaux O, Pelissier R, Sabatier D, Couteron P (in prep).
Geomorphic control on rainforest floristic composition: more than a soil filtering
effect ? Article en cours de soumission a Journal of Tropical Ecology
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Geomorphic control on rainforest floristic composition in French Guiana:

more than a soil filtering effect?
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Abstract

Influence of geomorphological features on rainforest diversity has been reported in different
Amazonian regions. Soil filtering is an important process supposed to underlie this geomorphic
control but others hypotheses relative to biogeography or divergence in forest dynamic are also

possible.

Alarge dataset of 3,132 0.2-ha plots and 421 soil cores combined with recent geomorphological
map were used to test relationships between geomorphology, soil properties and forest

composition in French Guiana rainforest.

Soil properties were characterized by field descriptions that indicated drainage capacity and by
laboratory analyses that allowed classifying soil regarding World Reference Base (WRB).
Influence of soils and geomorphology on beta-diversity was tested using variance partitioning

and anova-like tests.

The results corroborated the hypothesis of a strong relationship between geomorphological
landscapes and soils properties. Soil filtering effect significantly influenced more than 40 species

or groups of species. However the geomorphic control on forest composition integrate much
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more than soil effects that only explained a minor part of the broad-scale patterns of forest

diversity related to geomorphological landscapes.

These results reinforce the alternative interpretation that links geomorphological landscapes to

historical limited dispersion processes on the long-time.

Key-words: Edaphic filter, Floristic composition, Tropical forest, Geomorphology, Beta-diversity

1. Introduction

Understanding floristic patterns and explaining processes that control species distribution is an
important issue for both scientific and practical objectives, particularly in tropical forest. This
information is necessary for conservation and management of such complex ecosystem subject
to rapid anthropogenic development. But it is also an important scientific step in order to
develop realistic models of forest communities, essential to predict regional evolution scenarios
under global changes.

Among the different mechanisms supposed to explain rainforest diversity, soil filtering is an
important process often highlighted. In Amazonia, the influence of soil properties on vegetation
is frequently addressed at local scale through studies that focus on extreme soil conditions, such
as white-sands or varzea (Fine et al. 2010; Fortunel et al. 2014; Wittmann et al. 2013). More
subtle influences due to moderate variations in soil drainage or chemical composition have also
been demonstrated on terra firme forests (Haugaasen and Peres 2006; Pelissier et al. 2002;
Sabatier et al. 1997; ter Steege et al. 1993; Vleminckx et al. 2015).

However, the relative importance of soil filtering on the overall rainforest diversity is very
difficult to estimate due to scarcity of large-scale data on soil properties (Higgins et al. 2011;
Phillips et al. 2003; Sollins 1998). Some studies highlighted a major effect of environment (and
particularly soils) on forest composition (Tuomisto et al. 2003) but focused on few plant groups.
In fact, the soil filtering effect is rarely directly tested at large scale, primarily because accurate

soil maps are generally limited in area and soil samplings are sparse. It is usually approximated
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from old imprecise legacy maps, coarse soil maps (e.g. (Rejou-Mechain et al. 2011) or through
indirect co-variables as geologic substrate (e.g. (Fayolle et al. 2012) and topographic position
(e.g. (Couteron et al. 2003). Geomorphology is also put forward as an efficient proxy for soil
prediction (Sombroek 2000) because it integrates the effects of geology, climate and erosion
together on soil development. Influence of geomorphological features on rainforest diversity has
recently been reported in different Amazonian regions (Figueiredo et al. 2014; Higgins et al.
2011; Phillips et al. 2003) and related to variation in soil properties or in chemical composition
of parental material. However, geomorphological features can also be supposed to reflect the
history and dynamics of the ecosystems, and the varying sensitivity of regions to surface
processes and global changes (Thomas 2012). Then the influence of geomorphology on
rainforest composition could be mainly related to limited dispersion of species impacted by
recent quaternary history and divergence in forest dynamics (Hammond 2005) or more ancient
biogeographical effects.

In a previous paper, we demonstrated the significant influence of geomorphology on floristic
patterns at the regional and landscape scales in French Guiana (Guitet et al. 2015) but we didn’t
assess the specific impact of soil filtering in the general influence of geomorphology.

In this paper, we used a large dataset of 3,132 0.2-ha plots and a precise geomorphological map
combined to 421 soil cores spread over the geomorphological types to test relationships
between geomorphological features, soil properties and forest composition and to disentangle
current soil filtering effect and historical processes concurring to the influence of

geomorphology on French Guiana rainforest composition.

2. Material & Methods

2.1. Study area
French Guiana occupies 85 000 km? in the eastern part of the Guiana Shield, north of Brazil. The
climate is equatorial with a short dry season (< 3 months) and rainfall ranging from 4000 to

2000 mm.yr-L. Regional topography is usually described as a smooth plateau inclined from south
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to north with a mean altitude of about 140 m above sea level with few isolated mountains that
rarely exceed 800 m. It is developed on an old Precambrian plutonic and volcanic basement (2.2-
1.9 Gyr) with a northern coastal belt of sedimentary rocks (Quaternary deposits in the coastal
lowlands, rare Precambrian sandstones, conglomerates and quartzite formations). Intact and
managed rainforests cover more than 90% of the territory. Legacy soil maps are available only
for some restricted coastal areas, covering less than 10 000 km?. For the rest of the territory the
only available soil map is based on expert inference from old geological maps, i.e. without
precise field data (e.g. ferralitic soils on granites, schists or volcanic substrate - (Barret et al.

2001).

2.2 Floristic data

The data we used to characterize the floristic composition came from forest inventories
conducted by ONF (French Forest National Agency) between 2006 and 2013. These data have
been presented and analyzed in a previous paper (Guitet et al. 2015) that highlighted the
influence of geomorphological landscapes on floristic patterns. Here we used a sub-sample of the
forest plots for which we also have soil field data, in order to analyze relationship between soil,
geomorphology and forest diversity. All palm-trees and trees with stem diameter at breast
height (DBH, i.e. at 1.3 m from the ground or above the buttresses if any) greater than 20 cm
were inventoried on 3,132 0.2-ha plots (20 m x 100 m) in 111 2.5 to 3 km-long transects spread
over 33 different sites over French Guiana (Figure 1). Taxonomic consistency of these forest
inventory data has been crossed-checked based on botanical data and double-blind
determinations (Guitet et al. 2014). They provided correct estimates of Gini-Simpson beta-

diversity at both local and regional scales.

2.3 Soil dataset

Three types of soil data were collected over the region (Figure 1):
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- 25 soil pits (1.5 m to 2 m in depth) located at representative points with respect to
dominant geology, climate and topography, and providing local reference soil
characterizations;

- 421 soil cores (to a depth of 1.2 m) used to identify the soil types along the 111
transects;

- Ground ecological indicators, systematically documented in the 3,132 plots and used to

identify locally extreme soil conditions, such as swamps (see below).

0 25 50 100 Km £
IS TN T T N T T - |

lf‘} Location of soil pits
O  Location of soil cores (and number)
Location of ground indices
Geormorphological landscapes
Plains
Il ~~- Coastal plain with iow relief
AB- Plain with residual reliefs (back-coastal)
- AC- Coastal fiat plain
Joint-valleys
I c- Low hilly area and large valleys
Multiconvex reliefs
I & Complex hilly area
|- Peneplain with moderate hills
- J- Regular pattern hilly area
Multiconcave reliefs
[ D- Iniand plain
Plateaus (tableland)
E- Very moderate plateau with inselbergs
F- Hilly plateau with inselbergs
- G- High dissected plateau

All slope relief
- H- High hills and mountains

Figure 1: Map of geomorphologial units with locations of the study sites where floristic
composition was plotted and where soil samplings were collected with hand-auger. Number of
samples is indicated in the circle. Sites where pits were dug are indicated by a ‘+’ mark. Colors
correspond to the geomorphological units.

2.3.1. Ground ecological indicators

The 3,132 plots (20m x 100m) were georeferenced using GPS (Garmin 76CSx). On each plot we
recorded the presence of ecological indicators that surely indicated waterlogged soils (Gleysol
and Histosol) by the presence of typical species (e.g. Euterpe oleracea, Rapatea paludosa,

...Couteron et al. 2003), pneumatophores (i.e. respiratory roots) and peat; or very shallow soils
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(Leptosol, Petric/Petroplinthic Plinthosol) indicated by granitic outcrops or superficial duricrust
covered by typical low canopy forest (<15m) with very abundant lianas (Paget 1999). This
survey yielded 188 plots situated on waterlogged soils and supposed to be entirely covered by
Gleysol or Histosol, 39 plots mainly situated on shallow soils and supposed to be covered by
Leptosol or Petric/Petroplinthic Plinthosol, and 2905 plots on deep, well-drained terra firme

soils, including some heterogeneous situations.

2.3.2 Soil cores

We initially sampled 490 soil cores along the 111 transects. Locations were selected on the field
in order to represent the variability of topographic position and geological substrate on each
site. For practical reasons, we didn’t collect all soil cores especially those made to confirm or
infirm diagnosis of extreme soils on ecotones. A total of 421 soil cores were actually laboratory
processed and used in this study. All soil cores were georeferenced using GPS and attached to a
0.2-ha plot. For each soil core, 7 layers were described in the field (at 0-10 cm, 10-20 cm and
every 20 cm up to 1.20 m) using a standard protocol documenting: soil moisture, color, texture
(manual touching), roots abundance, nature and abundance of coarse elements, abundance of
redox features and concretions. We also assessed soil drainage capacity in the field using a
standard protocol adapted to local soil features (Boulet 1983; Sabatier et al. 1997) that allowed
us to classify soils with deep vertical drainage >1.2 m (DVD), slow drainage due to red alloterite
at depth <1.2 m (Alt), superficial lateral drainage (DLS) or blocked drainage with temporary
hydromorphy (UhS for UpHill system and DhS for Downhill system depending on the
topographic position) and soils with superficial permanent hydromorphy (HS). Samples have
been systematically collected in each soil core every 20 cm from the top surface to 120 cm depth,
dried as soon as possible and described again for color (using Munsell code) and for texture in
order to correct potential bias due humidity. For each class of texture that we assessed by
manual touching, we analyzed the distribution of particle sizes using specimens in order to refer

to the classes in ISSS textural triangle (supplementary information SI1).
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2.3.3 Soil pits

Soil pits were recently dug in the framework of a permanent plot network (GUYAFOR included
in TmFO network - (Sist et al. 2015)). They were located at representative points with respect to
geological substrates, topographic positions and local climate. We selected 19 pits from 11 sites
in order to represent the variability of soil types. We also completed the dataset by opening 6
additional soil pits in 3 new sites (see Table 1). Pit depths varied from 105 to 180 cm, with an
average about 150 cm. We described soil pits using a standard national protocol (Baize and

Jabiol 1995).
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2.2.4 Laboratory analyses

All soil samples were analyzed by CIRAD laboratory in Montpellier, France. Analyses were
consistently conducted on all soil pit profiles and a representative sub-sample of soil core
profiles (see below). For all these samples, we analyzed: particle size percentage in five classes
(clay, fine silt, coarse silt, fine sand, coarse sand); relative volume of coarse fragments; Carbon
and Nitrogen content. For all soil pit profiles and only for the most superficial soil core horizon,
we added pH (water), Total Phosphorus, Available Phosphorus (Bray2), CEC and Exchangeable
bases (by Metson method ph7). For all soil pit profiles we also completed the analyses with
Fe/Al/Si extraction by CBD, oxalate and pyrophosphate, Total elements (Si, Ca, Mg, K, Na, Fe, Al,
Ti, Mn), pH (KCI1N). We then computed several indices of soil properties using the WRB key:
C/N, ApH (pH KCI - pH water), B (Caexch + Mgexch + Naexch + Kexch), ECEC (S+Alexen), CEC and ECEC
for clay, Feox/FeCBD, XRB (CaO + MgO + Na20 + K20). We also computed Redness Rating (RR;
(Torrent et al. 1983)) and added to soil pit and soil core analyses, the water dispersible clay

determination when useful to discriminate between ferralic and argic horizons.

2.3. Statistical analyses

2.3.1 Soil classification

We used the last version of World Reference Base (WRB) to classify our soil profiles (IUSS
Working Group WRB, 2014). Soil pits were classified based on the properties of diagnostic
horizons detected with laboratory analyses and/or morphological criteria observed in the field.
We indicated for each soil the Reference Soil Group (RSG) and we associated qualifiers that
allowed distinguishing important variations in the characteristics of large RSG classes (see
(Quesada et al. 2011) that detailed the main useful qualifiers for Amazonian soils).

For soil cores classification, as diagnostic horizons couldn’t be directly assessed with the field
description, we used an indirect approach based on multivariate analyses. We computed twenty
synthetic ordinal indices, detailed in table 2, relative to physical constraints, water drainage,

chemical composition and texture variation (i.e. particles size distribution). Physical constraint
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was described by the soil depth and the abundance in very coarse fragments (mainly parental
material and ironstones). Water drainage and chemical composition was described using
abundance of redox-features but also soil color variations that indicate waterlogging (Blavet et
al. 2000), organic matter content (Wills et al. 2007) and hematite content (Torrent et al. 1983).
Texture was appreciated using six variables that were calibrated according to the laboratory
analyses made on soil pits and specimens (see supplementary information SI1).

Table 2: List of the 20 indicators used to describe and classify soil cores, with

definition — the first code is used in the following text and figures

Indicator | Definition ‘ Values
Physical constraints

dept Soil depth (= number of horizons described) 2to7
totE Mean abundance in ironstones, rocks, mica, quartz | 0to 4
maxN Maximum abundance in ironstones Oto3

Water dynamic

depH Depth of appearance for red-ox features 1to8
intH Maximum abundance for red-ox features 0to3
rrU Redness for the horizon 10-20cm -8to 6
colU Hue for the horizon 10-20cm 45 to 270°
valU Value for the horizon 10-20cm 25t08
chrU Chroma for the horizon 10-20cm 1to8
Soil texture

minS Minimum sand content from 0 to 120cm depth 3to8
meaS Mean sand content from 0 to 120cm depth 3to8
minC Minimum clay content from 0 to 120cm depth 1to6
rgeC Range of clay content from 0 to 120 cm depth Oto5
maxL Maximum silt content from 0 to 120 cm depth 1to6
meaL Mean silt content from 0 to 120 cm depth 1to4.2
Soil color

RRm Mean Redness from 0 to 120cm depth -3.2to 6
dRR Range of Redness from 0 to 120cm depth 0to 15
dF Diversity of Hue from 0 to 120cm depth 1to5
dv Diversity of Value from 0 to 120cm depth 1to5
dc Diversity of Chroma from 0 to 120cm depth 1to4

We normalized these twenty variables and applied a Principal Component Analysis (PCA) in
order to summarize information that structured the data in few synthetic axes. We then used the
scores obtained for the 421 soil cores on the PCA axes with eigenvalues >1 (following the Kaiser-
Guttman criterion in order to keep a maximum of significant variance - (Borcard et al. 2011)) to
classified them using a Hierarchical Classification (HC) with Ward algorithm. HC allowed us

aggregating soil samples with respect to their similarity and provided a complete classification
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tree that we cut in order to obtain the same number of clusters as the number of soil classes
identified from the soil pits dataset.

In order to classify these clusters regarding the WRB types, we used composite samples
obtained by mixing 2 to 5 samplings from the same depth, the same site and the same cluster.
We then checked for homogeneity of intra-classes properties and compared the classes using
non-parametric Kruskal-Wallis tests and Multiple HSD-Tukey tests for pairwise comparisons

(Hollander and Wolfe 1973).

2.4.2 Partitioning soil and geomorphology influence on forest composition

To assess the influence of soil properties on floristic composition and to compare the effects of
soil types and geomorphological landscapes on beta-diversity we used the same analytical
framework than Guitet et al (2015), based on a unified variance decomposition strategy
(Pelissier and Couteron 2007). We used Non-Symmetric Correspondence Analysis (NSCA) to
partition between-plot species diversity (or beta-diversity) along ordination axes in a metric
directly related to Simpson diversity (Pelissier et al. 2003). NSCA places emphasis on the most
common species thus revealing variations in the main floristic background of species
assemblages along the most prominent ordination axes. We then performed canonical and
partial analyses (Legendre and Legendre 1998) to quantify the part of diversity (sensu Simpson)
explained or not explained by external variables. Referring to the above-defined Simpson metric,
these analyses are known as NSCAIV (IV being "on Instrumental Variables") for the canonical
analyses, and pNSCAIV for the partial analyses (Couteron et al. 2003). They are specific versions
of the broader concept of Redundancy Analysis. Comparing the variance of the floristic tables
obtained by NSCA with that obtained by NSCAIV with respect to soil factors (instrumental
variables) indicates the proportion of diversity explained by the soil effect. Combining pNSCAIV
with soil factors as instrumental variables and NSCAIV with geomorphological landscapes
provided the proportion of diversity not explained by the soil effect but explained by

geomorphology.
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We also used anova-like pseudo-F ratios and restricted randomization procedures to test the
effect of soils and geomorphology on the abundance of each taxon (Couteron and Pélissier
2004). As we previously demonstrated that large-scale beta-diversity patterns were only partly
explained by geomorphology (from 1 km up to 100 km depending of the information; Guitet et
al. 2015), we tested the soil effect in a nested design, i.e. by randomizing the plots' floristic
composition between soil types within sites. All analyses were performed using R statistical
software version 3.0 (R Development Core Team 2009).

We applied this analytical framework at the family level (family-by-plot table) and at the most
precise taxonomic level (taxa-by-plot table). We tested the soil effect by considering
independently the soil types classification in reference to WRB and the drainage capacity classes.
We firstly applied these analyses on the only plots where soil cores were collected. Secondly we
also added plots where soil properties could be unambiguously inferred from field ecological
indicators: waterlogged soils were classified as hydromorphic soils (SH) based on drainage
capacity and as Gleysol on WRB (even if they were rare Histosols); shallow soils were classified
as superficial drainage (DLS) based on drainage capacity and as Petric/Petroplinthic Plinthosols
in WRB classes (even if they were rare Leptosols). However, as including all the 227 plots
corresponding to these extreme soils would led to over-estimate their frequency to the more
common deep drained soils, we introduced systematically only one plot in seven (i.e. 24 plots on

wetlands and 5 plots on shallow soils).

3. Results

3.1 Soils classification

3.1.1 Soil pits analyses
We identified seven soil types among our 25 soil pits. More than a half the profiles (13 out of 25)
were classified in the dominant group of Ferralsols. The second group was Acrisols with 7

profiles. The other profiles were classified in Plinthosol, Cambisol, Arenosol, Podzol and Gleysol
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corresponding to rare and constraint soils, physically or chemically. The most extreme and

original profiles corresponded to:

One Albic Arenosol (LAU1) and one Podzol (QUZ2) characterized by sandy or sandy loam

texture (S>80%) in all the layers with very low chemical fertility (CEC<0.2cmolc.kg! and

2Base <1.2 cmolc.kg1);

- One Cambisol (CPB7) which showed a poorly-weathered underlying horizon with high
silt content (> 50%) in depth and very contrasted colors ;

- Two Plinthosol (MPB1 and QUZ1) characterized by sub-surface Fe-rich layers that

contained more than 40% of indurated concretions or nodules ;

- One Gleysol (PAR7) with typical reductimorphic colors.

We observed very specific texture for each principal group (Figure 2). Among the dominant
group of Ferralsols, we distinguished two sub-groups: Geric Ferralsols (Clayic) and Haplic
Ferralsol. The Geric Ferralsols (Clayic) were characterized by a homogeneous high clay content
(i.e. >45%) for almost all layers above 1.20m. The Haplic Ferralsols exhibited lower clay content
with heavy clay texture only in the deepest horizons or very stable clay content from ground to
depth. They used to contain less than 15% silt in the first 1,20m. At the opposite Acrisols
exhibited lower clay content (<45%) in all layers, an important increase in clay content from
ground to depth (plus 15 to 20%) and significant variation in silt content (<30%). As a result,

these particle size criteria were used as key-indices for classification of soil core samples.
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Figure 2: Particles size distribution for the three main groups of soil diagnosed in the soil pits
dataset

3.1.2 Soil core classification

Principal Component Analysis (PCA) applied on the 421 soil cores exhibited seven notable axes
(Figure 3 a). The first axis explained 24% of total variance against 13 to 6% for the six others.
Variables that mainly contributed to the first axis were relative to texture (maxL, meanL, rgeC on
the positive side and minC on the negative side) and hydromorphy (intH on the positive side,
chrS and depH on the negative side). It sorted soils with high clay content and without
hydromorphic indices from less clayish and more loamy soils with markers of temporary water-
saturation (Figure 3b). Second axis was mainly structured by variables related to redness (RRm,
dRR, dF on the negative side). It opposed the yellowish and quite homogeneously colored soils
with goethite (hydrated iron oxide) to the most reddish, colored and contrasted soils with high
hematite content or iron concentrations (Figure 3c). Third axis opposed sandy and well-drained
soils (minS, meanS and depH on the positive side) to hydromorphic and less sandy soils (intH on
negative side). Variables relative to physical constraints (dept on the positive side maxN, totE on
the negative side) contributed to the fourth axis and opposed skeletic soils charged with lots of
coarse fragments to deep soils with fine texture. The three other axes were more difficult to

interpret and were mainly correlated with variables relative to the color and hydromorphy.
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Figure 3: PCA analysis with a) histogram of the eigenvalues on the upleft ; b) correlation circle for
the two first axes on the upright ; c) correlation circle of the third and fourth axes on the
bottomleft ; d) projection of the soils on the the first axes on the bottomright (numbers and colors
indicate the different clusters obtained by HC — and the histogram indicates the frequency of the
clusters)

The Hierarchical Classification (HC) was performed with the scores of the seven significant axes
using Ward method for clustering. The resulting tree was cut in order to obtain 6 clusters (see
supplementary information SI2) which corresponded to the number of groups observed on pits
(without Gleysol that were not represented in this dataset). The 6 clusters (W1 to W6) appeared
to be well separated on the two first axes of the PCA (Fig 3d), except cluster W4 that was better
segregated on the third axis (not shown). Results of laboratory analyses for the 12 composite
samples representing these 6 clusters are detailed in supplementary information SI2 and SI3

along with soil pits analyses.
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Cluster W6 and W5 were the dominant groups which gathered respectively 21 and 39% of our
samples. They corresponded to the most clayish soils (minC>5), more reddish for cluster W6
(RRm>2 and RRu>1) and yellowish for cluster W5 (RRm and RRu<0). The three composite
samples (HM, SP, TOP) that represented cluster W6 were very similar to soil pits classified as
Geric Ferralsols (particularly SLV1, NOU1) with an homogeneous high clay content (50-65%)
and a positive redness. Consequently we interpreted W6 as a group of Geric Ferralsols (Clayic)
and hereafter referred to as Ferralsol6. The four composite samples that represented the cluster
W5 were more heterogeneous. Two of them (i.e. PI, CA) showed high clay content (44-70%) but
a lower redness and were also similar to soil classified as Geric Ferralsols (particularly NOU2,
TIB2). The composite ITO showed also high clay content but a limited depth and lots of coarse
and hard concretions and appeared similar to soil pit MPB1 classified as Geric Humic
Petroplinthic Ferralsol. The last composite EB1 had lower but stable clay content (26-29%) and
was more similar to Haplic Ferralsol (especially BAF2). Consequently, this cluster was
interpreted as Haplic Ferralsol even if it gathered quite variable (Haplic/Petroplinthic/Geric)

Ferralsols. It is hereafter referred to as Ferralsol5.

Cluster W3 included 17% of the samples and corresponded to sandy soils (meaS>5) with
variable clay content (rgeC >2) that was confirmed by the three composite samples (i.e. TR, YA,
Al) which were very similar to soil pits classified as Acrisols (especially PAR5) with 45-75%
sand and 20-40% clay. Moreover, laboratory analyses detected Argic horizons on these three
composites. As a result, we interpreted cluster W3 as Haplic Acrisol and hereafter referred to as

Acrisol3.

Cluster W2 was very close to W3 and gathered only 6% of the samples. It corresponded to the
sandiest soils. This was confirmed by the composite sample WA that exhibited more than 80% of
sand in all the layers. It was quite similar to the soil pit LAU1 classified as Arenosol (except the
Albic property). However laboratory analyses detected an Argic horizon. As a result this cluster

W2 was interpreted as Arenosol to Arenic Acrisol and is hereafter referred to as Arenosol2.
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Cluster W1 gathered 11% of the samples and is characterized by high silt content (maxL>5) with
contrasted colors (dRR>5), high clay content variability (rgeC>3) and more nodules
concentration than other clusters (maxN>1). The composite sample CP was similar to soil pit
classified as Cambisol (CPB7) with a silt content exceeding 50% below 40 cm. We also observed
an important contrast of colors between layers 80-100 cm and 60-80 cm consistent with Cambic
diagnosis. All these characteristics were also encountered in the soil pit QUZ1 classified as
intergrade between Cambisol and Plinthosol (Loamic). As a result, cluster 1 was interpreted as

Cambisol and Plinthosol and hereafter referred to as Plinthosol1.

Cluster W4 contains only 6% of the samples and was characterized by very low redness (RRm
and RRu<0) and shallow hydromorphic mottles (depH<5, intH>2) indicating a Gleyic or Stagnic
horizon. Most these samples were collected downhill or on terraces near thalwegs or rivers. The
composite sample BE representing this cluster revealed an Argic horizon fulfilling Ferralic
propertie. This sample was quite similar to soil pits REG1 and WK2 classified as Acrisols with
Stagnic properties. As a result cluster W4 was interpreted as Stagnic or Gleyic Acrisol hereafter

referred to as Acrisol4.

3.2 Soil properties

We focused on Carbon, Nitrogen, CEC and extractable Phosphorus content (method Bray2) in
the upper horizon (0-20 cm) that characterize soil fertility (Laurance et al. 1999). We compared
chemical properties for the main soil classes, mixing soil pits and composite soil samples: soil
pits classified as Geric Ferralsols were gathered with Ferralsol6, Haplic Ferralsols gathered with
Ferralsol5 and Acrisols gathered with Acrisol3 and Acrisol4 (Figure 5). As the number of
samples per class was low, even for the main ones (N=11 for Acrisols, 9 for Geric Ferralsols and

9 for Haplic Ferralsols).
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349 Ferralsols, FERH=others Ferralsols, OTH= other soils) in the upper horizon (0-20cm).
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Carbon and Nitrogen were significantly higher in Ferralsols and especially in Geric Ferralsols
than in Acrisols (respectively X?=17 and 18, df=2 and P<0.001 for both). CEC was more variable
but still significantly higher in Geric Ferralsol than in Acrisol (X*=9, df=2, P<0.05). Phosphorus
showed no significant differences between soil classes and was particularly low (x*=5, df=2,

P=0.085).

We also compared drainage capacity on the six soil core classes (Figure 6) and observed
consistent and significant differences (X?=102, df=5 and P<0.001). On the one hand all Ferralsols
showed good drainage capacity whereas, on the other hand, Acrisol4 and Plinthosol1 exhibited

low drainage capacity (Multiple test of Tukey, P<0.001).
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Figure 5 : Variability of water capacity between soil clusters with 0=deep drainage (DVL), 1= slow
drainage (Alt), 2= superficial or blocked drainage (DhS+UhS+DLS), 3=permanent hydromorphy (HS).
Letters in the top right indicate the significant differences (P<0.05) based on Tukey multiple
comparison test.
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3.3 Relationship between soils and landscapes

Comparing the distribution of field ecological indicators on the 3,132 plots with Kurskal-Wallis
tests, showed significant differences in the spatial distribution of extreme soils and particularly
Gleysols (Figure 6 x> =131, df = 9, P < 0.001 for wetland). Gleysols were more frequent in plains
(18 to 32% in type A) and merely infrequent on irregular multiconvex relief (3 to 12% in type
B), moderate plateau (3 to 12% in type E) or mountainous relief (4 to 8% in type H). At the
opposite, shallow soils were generally rare (<1%) but more frequent on these three landscapes

(x* =62, df = 9, P < 0.001) especially on irregular multiconvex relief of type B (4 to 5%) and

G H J
T 1

mountainous relief of type H (2 to 3 %).

A B C D E
I—.-—

Figure 6: Frequency of Gleysol per landscapes indicated by ground indices on 3,132 plots:
“wetland” indicates plots entirely cover by Gleysol, “terra firme” indicates plots entirely covered
by other soils, “ecotone” indicates plots corresponding to transitional area

F

terra fimre

ecotone

wetland

Deep soil types were also not equally distributed between landscapes as demonstrated by the
distribution of soil types inferred from soil cores (Figure 7a - x* = 181, df = 9, P < 0.001).
Plinthosols and Cambisols were particularly abundant in irregular multiconvex landscapes (type
B) and plains but quite rare on high reliefs. Arenosols were mainly found in flat areas as plains

and multiconcave reliefs. Acrisols were also particularly abundant on multiconcave reliefs and
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regular multiconvex reliefs (I and J). In low and regular multiconvex reliefs (I) the frequency of
stagnic and gleyic acrisols was also high. At the opposite, geric ferralsols were particularly
abundant on all plateaus and high reliefs (type E to H) as well as haplic ferralsol, especially on

high relief and high plateau with inselbergs (type F).

Similarly, drainage was very variable between landscapes (Figure 7b - X = 24.,df = 9, P < 0.005).
High reliefs (type H) and moderate plateau (type E) exhibited the highest proportion of soils
with deep vertical drainage. At the opposite low reliefs exhibited worst drainage: plains and low
regular multiconvex reliefs (type I) showed significantly less deep drainage and high frequency
of hydromorphic soil (HS) or lateral superficial drainage (DLS); multiconcave reliefs (type D)
and jointed-valleys (type C) showed lots of superficial hydromorphy in Down-hill position (DhS);
type B (irregular multiconvex landscapes with high hills and large valleys) associated frequent

superficial drainage along with temporary hydromorphy on uphill position (UhS).
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Figure 7: Frequency of deep dry soil types per landscapes indicated by the 421 soil cores for WRB
classification (left) and for drainage classes. Dark colors indicate strong deviation from a Khi-square
distribution (p< 0.01) and light colors limited deviation from Khi-square distribution (p<0.05), white
is not significant.
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3.4 Significant effect of soils on forest composition

Landscape effects explained from 13 to 16% of the inter-plot variance at the family level and
from 10 to 14% at the most precise taxonomic rank and were quite comparable to the results
previously obtained with the complete dataset (i.e. 13 and 12% for family and taxa level
respectively - see Guitet et al 2015). Part of inter-plot variance explained by complete soil
effects varied from 5 to 6% at the family level and 5 to 7% at the most precise taxa rank (Table
3). Drainage and soil type effects were very complementary for deep drained soils (only 1% of
variance shared), but logically more redundant when we included the extreme soils (2% of
variance shared). After factoring out soil effects, landscape effects remained important, about

12% at the family level and from 9 to 10% at the most precise taxa level.

Table 3: Part of Simpson’s beta-diversity (%) explained by soil filtering effects and
geomorphological landscapes effect on composition at the family level and at the most precise
taxonomic rank

Data Deep terra firme soils (N=416) All soils (N=445)
Factors Taxa Family Taxa Family
landscape 14 16 13 16
landscape minus soil 10 12 9 12
soil minus landscape 2 2 4 3
total soil 5 5 7 6
drainage 3 4 4 3
WRB type 3 2 5 5

When soil effects were tested alone in the anova-like tests (i.e. models 1 and 2 in table 4), we
found 43 taxa which abundances were significantly explained by drainage (p<0.05) and 43
influenced by soil types, including 24 shared taxa (Figure 8a). The list of taxa influenced by
drainage was very consistent with previous studies performed at local scale (Sabatier et al 1997,
Morneau 2007) and included many taxa well-known to be restricted to hydromorphic soils (i.e.
Pterocarpus officinalis, Macrolobium bifolium, Virola surinamensis, Symphonia spp.) as well as
taxa intolerant to water soil saturation (e.g. Vouacapoua americana, Virola michellii,
Paramachaerium ormosioides). No similar studies were available to compare with the results

obtained for soil type effects.
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When landscape effects were tested jointly with soil effects, including sites as permutation
compartments to take into account spatial correlation (models 3 and 4 in table 4), all effects
remained significant (p<0.05). Landscape effect was almost similar when tested jointly with
drainage or with soil types (i.e. df=9, F=2.42 and p<0.008). The list of species significantly
influenced by landscapes remains quite similar with 17 taxa for both tests with 16 shared taxa
(p<0.05). In these models drainage significantly accounted for the abundance of only 22 taxa
(p<0.05) and soil type effect significantly accounted for the abundance of 14 taxa (p<0.05)
(Figure 8b).

Table 5: Results of anova-like test for different models testing soil effects independently (models 1
and 2) or testing landscape, site and soil effects in a nested framework (models 3 and 4) — all tests
used Simpson metrics - in all cases residuals diversity (i.e. intra plot variance) accounted for 0.89

| Df‘ Diversity | F-value ‘ Pr(>F) | N taxa P<0.05
Model 1 : soil types

Total 0.968

wrb type 7 | 0.00294 3.27 | 0.001 43

b plots 437 0.0745 16.8 | 0.001

Model 2 : drainage

Total 0.968

drainage 5| 0.00294 3.42 | 0.001 43

b plots 439 0.0754 | 16.09 | 0.001

Model 3 : landscape/site/soil_types/plot

Total 0.968

landscape 9 0.0103 242 | 0.014 17

L site 27 0.0127 3.07 | 0.001 55
Lwrb 91 0.014 1.18 | 0.003 14

Bplot 317 0.0414 12.8 | 0.001
Model 4 : landscape/site/drainage/plot

Total 0.968

landscape 9 0.0103 2.42 | 0.008 17

L site 27 0.0127 298 | 0.001 54
Ldrainage | 91 0.0144 1.22 | 0.002 22

Bplot 317 0.041 12.7 | 0.001
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4. Discussion

4.1 Soil properties and geomorphological landscapes are highly dependent
The analysis of our large soil dataset highlights a significant variability in soil properties across
French Guiana and corroborates the hypothesis of a strong relationship between

geomorphology and soils.

Well-drained ferralsols appear to be largely dominant in French Guiana with more than 50% of
total samples, especially on the main geomorphic surface, corresponding to plateaus, and on the
oldest surfaces, corresponding to mountainous landscapes (Figure 7). This situation is
consistent with the idea that Ferralsols are widespread on old stable pre-Cambrian basement
(Sanchez 1976) as generally acknowledged in Amazonia (Quesada et al 2011). However, we
observed a significant heterogeneity in this group due to variation in clay content (Figure 3).
Ferralsols with a very high clay content correspond to the Geric sub-group. They exhibit higher
CEC, C and N content in the upper horizon than other Ferralsols but have a slower drainage due
to the degradation of the micro-structure (Figure 4 and 5). Acrisols are the second common soil
in our samples as in the rest of Amazonia (Quesada et al 2011). They are mainly concentrated in
multiconvex reliefs locally called “demi-orange” that correspond to geomorphologic surface that
undergoes significant physical erosion shaping a succession of small hills (Migon 2009). Acrisols
are also frequent in the southern multiconcave reliefs. According to Fritsch et al. (1986) in
northern Guiana, Acrisols correspond to ancient Ferralsols transformed by erosion
(rejuvenation) or eluviation (clay impoverishment), in areas that were subjected to a recent
tectonic disequilibrium. They are sandier and their upper horizons contain less carbon and
nitrogen than in Ferralsols (Figure 4). They also show lowest CEC than Geric Ferralsols but little
more Phosphorus even if the absolute value remains low. Acrisols are also less drained than
Ferralsols with frequent superficial lateral drainage or Gleyic/Stagnic properties (Figure 5). All

these characteristics are consistent with Quesada (2011) observations for Amazonian basin.
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More constraining soils, like Gleysols, Cambisols, Plinthosols and Arenosols, are encountered in
the coastal plain, in joint-valleys but also in very irregular multiconvex reliefs (for Plinthosols on
type B) and inland multiconcave reliefs (for Arenosols on type D). Gleysols and Plinthosols may
result from the transformation of Acrisols related to groundwater oscillations as described by
Fritsch et al. (2007) on the older sediment of the upper Amazon basin. Stagnating water and/or
accumulation of iron concretions in superficial horizons lead to high constraints for roots
prospection. Arenosols and Cambisols correspond respectively to the oldest and youngest stages
of the weathering process undergone by Ferralsols (Quessada et al 2011). Arenosols result from
Ferralsols evolution after kaolinite weathering. Their coarse soil texture limits water holding
capacity during dry season and nutrient content available for the vegetation. Cambisols are
directly developed on fresh rock exposure after landslides. Their depth and soil structure is
generally limited by the presence of shallow saprolites (Ferry et al. 2003; Paget 1999). In both
cases, available Phosphorus is concentrated in the upper horizon and is significantly more

abundant than in Geric Ferralsols (Figure 4).

In conclusion, the WRB soil classes combined with drainage classes allow describing the
variability of the main soil types encountered in the region. Soil variability encountered here
represents only a part of the whole soil diversity described in Amazonian context (Quessada et
al 2011). Even if the chemical fertility gradient (especially Phosphorus, CEC) is quite limited in
our study, physical constraints, drainage quality and nutrient content of the upper horizons are
sufficiently contrasted to determine a floristic differentiation. The heterogeneous soil
distribution confirms that different assemblages of soil types correspond to the various

geomorphological landscapes.

4.2 Edaphic filter alone cannot explain the geomorphic control on forest composition
Even if the different geomorphological landscapes correspond to different assemblages of soil
types, our results highlight that the influence of geomorphological landscapes on forest

composition integrate much more than the only soil filtering effect.
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In fact, floristic variance partitioning (i.e. Simpson’s beta-diversity) shows that soil filtering
impacts significantly the forest composition at large scale, even if the environmental gradient is
quite limited in comparison with usual studies performed in Amazonia and that focuse on very
contrasted habitats, like white sands or varzeas versus terra firme (e.g. (Haugaasen and Peres
2006; Stropp et al. 2011)). The soil filtering effects that we detected are very consistent with
previous results demonstrating the relationship between topography and soil properties at local
scale in French Guiana (Couteron et al. 2003; Morneau 2007; Sabatier et al. 1997). Drainage
capacity confirms to be an influential factor with a strong opposition between waterlogged and
terra firme soils (Morneau 2007). Moreover it explains the significant evolution of the floristic
composition from terra firme soils with deep drainage to terra firme soils with temporary
water-saturation (Couteron et al. 2003; Sabatier et al. 1997). The species whose abundances are
significantly influenced by drainage confirmed some ecological preferences previously reported
on these few studies, but questions the generalization of other preferences that could therefore
be site-specific (see Supplementary information SI4). However our forest inventory data
probably underestimate intra-genus differences. This may preclude our analysis to show
radiation within large genus such as Eschweilera, Licania etc. Effect of WRB types is partly
redundant with drainage effect because drainage capacity is dependent of textural and
structural properties of soils that are included in the WRB diagnostic. However it also includes
the influence of chemical composition and fertility and drives the abundances of 16

supplementary species.

Finally, soil filtering effect is partly redundant with geomorphological landscape effect, in the
sense that a large share of this effect vanishes after factoring out landscape types (Table 4).
Moreover, it explains only about 25% of total geomorphological landscapes influence on forest
composition at the family level and about 30% at the most precise taxa level. Even if extreme
soils inferred from field ecological indicators are quite infrequent (<10% of total plots), their
influence significantly increases soil effect. However, even in this last case, the fraction of

variance explained by soils is not sufficient to explain the landscape effect. On the contrary we
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can conclude that geomorphological landscapes are quite efficient to approximate the main
variation in regional soil cover as they can capture 60% of the soil filtering effects due to deep
terra firme soils. However they are not sufficient to represent local extreme conditions as this

fraction decreases to 40-50% when very constraint soils are taken into account.

4.3 Limits and perspectives

Three factors may limit the power of our analysis. At first, the low number of available plots
(N=445) and trees (N=18,057) regarding the number of taxa (N=199). However, as the
proportion of variance explained by geomorphological landscapes is of the same order of
magnitude with this sub-sample than with the complete sample used in Guitet et al. (2015)
(Nplot=3,132), we can assume that this dataset is sufficient to correctly estimate environmental
effects. However, the actual power of anova-like tests applied species-by-species is probably
lower because of the lack of replicates within sites (i.e. max 29 plots by site). In fact, in this study
landscape effect significantly accounted for the abundance of only 16 taxa when site-effect is
taken into account, whereas it proved to explain the abundance of 80 taxa when tested with the

complete dataset (Guitet et al. 2015).

Secondly, the taxonomic resolution of our floristic data is often limited to genus level. However
phylogenetic niche conservatism (Wiens and Graham 2005) may reduce the noise due to mixing
different species in the same group. Moreover the soil filtering and landscapes effects that we
detected concern both species and groups of species at the genus or family level. As a result, we
can assume that if absolute fraction of floristic variability explained by environmental factors
may be underestimated because of coarse taxonomic resolution and possible limited statistical
power, the proportion of variance explained by both landscapes and soil effects are correctly

estimated.

The last limiting factor is linked to combination of mass-effects and local spatial auto-correlation
(Philipps et al 2003) that can result from the quite homogeneity of soils in several sites (i.e.

frequency of dominant class >50% in 14 sites for soil types and in 16 sites for drainage) and that
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may be the principal limit in this study. In fact, where sites are dominated by deep and well-
drained ferralsols, the effect of the short environmental gradients can be hidden by the
important seed sources for dominant species with quite large niche amplitude that used to
dominate this type of habitats (Pelissier et al. 2003). This can explain why soil effects impact the
distribution of 62 taxa over 199 when tested alone whereas they impact a more restricted and
quite different list of taxa when we controlled for spatial auto-correlation by means of site-effect

in the test (Table 4).

Nevertheless, the weak influence of soil filtering that we detected at large scale is consistent
with several previous studies. In fact, niche effect (including soil and climate) rarely exceed 10%
when studied at large scale (e.g. (Chust et al. 2006; Rejou-Mechain et al. 2008)). This
corroborates the hypothesis that only early successional stages of forest communities might be
strongly influence by niche effects and that mature forests are more neutral (Réjou-Méchain et
al. 2014). It also support the idea that soil filtering effect produces significant floristic variations
even if only a minority of taxa displays significant variation in abundance with soils properties

(Vleminckx et al. 2015).

Finally, the fact that geomorphology explains broad-scale patterns of forest diversity
independently of soil filtering effect reinforces an alternative interpretation that links
geomorphological landscapes to historical limited dispersion processes. In fact, regional drivers
that shaped geomorphological landscapes (local tectonic, global and regional climate changes,
marine transgressions) have direct effect on meta-community dynamics and species dispersion
by creating corridor, barrier, fragmentation or refuge effects (e.g. (Haffer 2008)) and by
modifying forest dynamics (Hammond 2005; ter Steege et al. 2010). Consequently, each
geomorphological landscape can be viewed as an indicator of a long ecological trajectory,
specific to the region, and that directly and indirectly shaped forest composition via neutral

effects, niche effects and complex interactions between the two processes over long time



569  (Leibold et al. 2004). Therefore, a precise and systematic analysis of geomorphological features

570  may be very relevant to go ahead in our understanding of diversity patterns in tropical forests.
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Supplementary information

Texture triangle: ISSS

CI% La/ SiClLo \<’

7 S
/ SiLo *“ \

\ \ \ \ \ \
2 % B B BB BB B
[%] Sand 20-2000 um

Figure Sl 1: Relation between texture manually appreciated on the field and particle-sizes
distribution analyzed on 20 specimens - Texture is coded using 3 letters corresponding to the
3 particle-sizes classes ordered in function of their dominance (A for Clay, L for Silt and S for
sand —in red). The 18 classes have been then clustered in 4 simplified classes and recoded for
each particle-sizes fraction using the mean position in the triangle (marked by the colored
points)
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Annexes

Annexe E : Chapitre III1-3

Guitet S, Freycon V, Ferry B, Brunaux O, Sabatier D, Couteron P (in prep). Using
geomorphological descriptors at the regional scale improves precision of soil
distribution models under tropical rainforest. Revue visée Geoderma
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Abstract

Modeling soils distribution is a key-issue in order to manage ecosystem services, however,
precision of global maps is uncertain particularly for important properties that drive soil organic
carbon stocks. We hypothesized that integrating richest multi-scale geomorphological

information may efficiently improve soil distribution models.

To test this hypothesis we used 37 complete soil profiles, 421 soil cores and 3,132 ground
indices spread over the French Guiana. Introducing various geomorphological variables derived
from SRTM-30m at three different scales, we developed soil distribution models based on
RandomForest and Conditionnal Trees, in order to highlight at which scales these variables were
the most relevant. We then evaluated the performance of global maps by comparison with our

models and field measurement using Kappa indices and regression tests.



22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

Geomorphological variables at the landscape scale provided good proxy for soil forming factors
in tropical context. They proved to be the most effective to model soil units and provided soil
type maps that were consistent with soil-systems previously described in the region. Global soil
maps showed very bad agreement with field measurements and the new soil maps. Especially,
soil organic carbon stock were half than estimated by SoilGrid1km on French Guiana.
Developing and integrating such new geomorphological variables would surely improve the

global model accuracy for tropical areas.

Key-words: Soil Distribution Modeling, Geomorphology, Rainforest, Conditionnal trees,

Random Forest, Soil Organic Carbon, Carbon stock

1. Introduction

Modeling soils distribution at the global scale is a key-issue in order to evaluate and manage
global ecosystem services depending on soils properties, like food production or climate
regulation (Sanchez et al. 2009). For example mapping soil organic carbon stock (SOC) provides
information to address issues related to carbon mitigation and global climate regulation. WRB
soil groups, and more generally soil taxonomic units, generally constitute the basis of these soil
maps because they can be used to estimate the soil properties in the absence of laboratory-
measured soil (Minasny and McBratney 2007). The recent SoilGrids1km project proposed major
advances in providing global scale information on various soil properties at 1km resolution
(Hengl et al. 2014). Unfortunately, this map is still imprecise, particularly for WRB soil groups
and for properties that drive SOC like Clay content, Soil organic carbon content (i.e. less than
30% of variance explained). Among the main limitations that cause the low performance of the
predictions, the authors cited « the poor relationship between covariates [environmental] and

dependant variables [soil] ».

To produce SoilGridslkm, Hengl et al. (2014) selected covariates to represent the CLORPT

model expressed as S=f(CL,0,R,P,T) where S stands for soil, CL for climate, O for organisms, R is
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relief, P is nature of parent material, and T is age of parental material (Jenny 1994). The
dominance of the relief in soil predictive models has been outlined in several studies (Thompson
(Bishop et al. 2006; McBratney et al. 2003; Thompson et al. 2001). For example, Mc Bratney et al.
(2003) found that relief was the key predicting factor in 80% of digital soil mapping studies. In
SoilGridlkm the relief is mainly described at the pixel scale from SRTM-DEM-derived
geomorphometric variables. Geomorphological variables are generally used to describe relief at
more various scales and are considered as effective predictors of soils because they allow
integrating together the effects of relief, parent material, time and past climate on soil genesis
(McFadden and Knuepfer 1990). In SoilGrid1km, the geomorphological approach is reduced to
one variable (i.e. L3POBI3 from (Dragut and Eisank 2012)) produced at the global scale which is
very simplistic (8 types for the entire globe). In geomorphology and pedology, the scale is a
central issue (Bishop et al. 2012; Cavazzi et al. 2013): depending on terrain complexity and
processes, predictive performance of geomorphological co-variables for soil modeling can be
better at fine scale, coarse scale or invariant. Since the distribution of soil is scale-dependent,
working better at different scales and producing landscape-scale soil information are assumed
to be the most effective ways to improve large scale mapping (Scull et al. 2003). In the case of
SoilGrid1km, adopting a richest geomorphological approach that integrates intermediate scale
information may be an efficient way to improve predictions. It may be an important step to
adapt soil prediction models to specific landscapes in a unify method that seems difficult to

reach nowadays (Grunwald 2009).

In tropical rainforest, the relationships between relief and soils are proved to be most important
than in other context because of quite limited gradients for other parameters relative to climate
(equatorial), organism (forest cover), time (quite old terrain) and often parental material (deep
soils). Geomorphology is also recognized as an efficient soil predictor in various regions (e.g.
(Betard and Bourgeon 2009; Thomas 1994). Consequently, SoilGrid1km performance may be

questioned in these contexts.
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French Guiana is covered by an intact tropical rainforest developed on an Precambrian plutonic
basement. Therefore, it seems to be well-suited to study the relationships between soils and
relief in a tropical context. A number of soil maps are available for this country but only on the
coastal area. However numerous landscape-scale soil observations have been already
synthesized (Boulet et al. 1989; Boulet et al. 1979; Fritsch et al. 1986; Grimaldi et al. 1990; Lucas
et al. 1986; Turenne 1975). Moreover several geomorphological maps have recently been
developed at the regional scale (Guitet et al. 2013) and many new soil samples have been
collected in the past years across the entire region (Guitet et al. 2015). Therefore, all conditions
are available to formally test the benefit of multi-scale geomorphological approach to predict

soils properties.

The purposes of this study are to develop spatial models of soil distribution over French Guiana
in order (i) to highlight at which scales geomorphological variables are the most relevant to
model soil in such a tropical context; (ii) to evaluate the performance of SoilGrid1km in this
tropical context in comparison with new soil maps that can be regionally produced using such
multi-scale geomorphological approach. In the same time, we provided 37 new complete soil

profiles that can usefully be added to the current global soil database used by SoilGrid 1km.

2. Material & Methods

2.1. Study area

French Guiana occupies 85 000 km? in the eastern part of the Guiana Shield, north of Brazil. The
climate is equatorial with a short dry season (<3 months) and rainfall ranging from 2000 mm.yr-
1 to 4000 mm.yr-l. The relief is usually described as a smooth plateau inclined from south to
north with a mean altitude about 140 m above sea level, with few isolated mountainous relief
rarely exceeding 800 m. It is developed on an Precambrian plutonic and volcanic basement (1.9-
2.2 Gyr) and few sedimentary rocks (Quaternary deposits in the coastal lowlands, rare
Precambrian sandstone, conglomerates and quartzite formations in a narrow northern belt).

Intact rainforest covers more than 90% of the territory. Legacy soil maps are available only for
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some restricted coastal areas, covering less than 10 000 km? (. They are largely inferred from

old geological map and insufficiently detailed to be related with usual WRB classification.

2.2 Field soil data
Field data that we used to model spatial soil distribution were collected on the whole territory

and provided from three dataset precisely described in a previous paper (Guitet et al. submitted)

(Figure 1).

OF  Sifes with profies
& Bdes with samplings (rumber)
Climata
f_'/}"’, afeigal raanfall > 3000 e
Geology
.
I =2
&3
G4
GE
R s
-
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Figure 1 : Distribution of field soil samples regarding geology and rainfall

To model soils of freshwater wetlands (as defined by (Infante Mata et al. 2011)) we used 3,132
ground indices observed on 111 transects implanted on 33 sites. The transects are 2.5 to 3km-
long and 20m-wide, and were divided into 3,132 100m-segments georeferenced using GPS. On

each segment we noted all ground indices that surely indicated wet soils : plants that are typical
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for wetlands (Euterpe oleracea, Rapatea paludosa,... ), or presence of pneumatophores (i.e.
respiratory roots) and peat. Soil cores were made with hand-auger when necessary to verify the
soil types, but were not described nor collected. We located 188 plots entirely covered by
wetland where soils were classified as Gleysols (with rare Histosols), 299 plots partly covered
by wetland and terra firme (ecotones), and 2,645 plots were classified as undetermined soils on
terra firme.

To model terra firme soils we used 421 soil cores (1.2m deep) collected on the same transects,
outside wetland areas, and selected in order to sample all topographic position and geological
variation on every 33 sites. These soil profiles were described on the field using a standard
protocol and classified in 6 types using a multivariate analysis detailed in a previous study
(Guitet et al. submitted). These classes were interpreted regarding World Reference Base (WRB,
2014) using the laboratory analyses of 12 composites samples.

They were compared with 25 local reference profiles (soil pits 1.5m to 2m deep previously dug
at representative locations for the dominant geology, climate and topography). Laboratory
analyses were done on the 25 soil pits and on the 12 composites samples. These analyses
included all measures necessary to determine diagnostic horizons as-well-as supplementary
measures useful to compute SOC with pedo-transfert functions (see after). All data are available
in the Supplementary Information and those of a previous paper (Guitet et al in prep).

Six main types of soils were determined on terra firme, more or less precisely depending of their
frequency and homogeneity. The six terra firme soil types and their main characteristics are
detailed in table 1 hereafter with the complementary Gleysol types on wetland.

Table 1 : Description of main soil types determined in French Guiana

Soil Interpretation Frequency Key-characteristics observed on our

types soil profiles

w1 Cambisols and | 11% of soil cores High silt content (>40%) in part of the
Plinthosols 3 soil pits profile and/or reddish color and/or

many concretions

w2 Albic  Arenosols | 6% of soil cores High sand fraction (>80%) in all the
(or Podzols) | 2 soil pits profile or in part of the profile (with
- Arenic Acrisols more clay at depth)

w3 Acrisols 17% of soils cores Low clay fraction on the upper
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5 soil pits horizons, increasing at depth but
always <45%
W4 Stagnic/Gleyic 6% of soil cores As precedents with oximorphic mottles
Acrisols 2 soil pits in the upper or the over horizon
,without reductimorphic colors
W5 Geric Ferralsols 2 | 39% of soil cores High clay content >45% in part of the
Haplic Ferralsols 5 soil pits profile
W6 Geric Ferralsols 21% of soil cores High clay content in all the profile
6 soil pits
WO Gleysols 6% of ground indices | Upper layer that has reductimorphic
(15% with ecotones) colors eventually with oximorphic
1 soil pit mottles

2.3. Geomorphologic variables used for soil modeling

Considering the different soil-systems previously described in French Guiana (Boulet 1983;

Ferry et al. 2003; Fritsch et al. 1986; Paget 1999) or in other similar contexts (Fritsch et al. 2007;

Nobre et al. 2011), we chose to pre-select 12 variables derived from SRTM DEM-30m at three

different thematic scales (facets, landforms, landscapes), that were supposed to be determining

factors of soil properties. The 12 variables are presented in the table 2 with their definition,

references and range. All variables were computed on ArcGIS10.2 or SAGA (Table 2).

Considering their importance for the pedogenetic processes, geology and annual rainfall were

added to the set of covariables. It will allow comparing their prediction value relatively to

geomorphology.

Table 2 : Variables used for soil modeling

Scale Variables | Definition and range or classes
Local ALT Absolute elevation on SRTM DEM-30m =0 - 831m
SLO Slope computed on a window of 3x3 cells : 0 - 315 %
EXP Exposure computed on a window of 3x3 cells : (-1 for flat ) 0 - 360°
LAD Log-transformed catchmentarea:0-17.6
Medium | FRM Landform types as defined in Guitet et al. 2013 : 13 types from flat and
wet reliefs to very large and high hills
HD1 Height above the nearest drainage as defined in (Renno et al. 2008) : O -
187
LEL Local elevation as absolute elevation of the pixel minus the lowest
elevation on the landform on which the pixel is located - adapted from
(McKenzie and Ryan 1999): 0 - 684
TOP Topographic indices from SAGA computed on a radius of 100m (based
on (Bocketal. 2008):71-111
Regional | LSC Landscape types as defined in Guitet et al. 2013 : 10 types from plains
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with residual reliefs (A) to mountains (H)

CAT Relief categories: Plains (landscapes A), Joint-valleys (C), Multiconvex
relief (B+I+]), Multiconcave (D), Tableland (E+F+G), all-slopes
topography (H)

HD2 Height above the nearest drainage applied on the stream network
without first order segments (Strahler classification) : 0 - 669

REL Regional elevation as absolute elevation of the pixel minus the lowest
elevation on a 1.2 km-radius (adapted from McKenzie & Ryan 1999) : 0 -
546

Other GOS Geological substrate in 8 categories based on BRGM 2001 : recent
regional sedimentary formation (G1), dykes (G2), granites (G3), gneiss (G4),
gabbros (G5), sandstone and quartzite (G6), volcanic sediments (G7) and
metapelites (G8)

RFC Annual rainfall based on Bioclim (Hijmans et al. 2005) : 5 classes from
2000 to 4000 mm.y!

2.4. Soil modeling

2.4.1 Soil units and soil types maps
We modeled spatial distribution of soil classes using Random Forest (RF) and Classification

Trees (CT) which belong to the Decision tree analysis (DTA) methods (Scull et al. 2003) et al
2003). DTA are widely used in soil mapping (Grunwald 2009), and proved to be as efficient as
multiple linear regressions or artificial networks to predict soils properties (de Carvalho Junior
et al. 2014; Scull et al. 2003). CT allows splitting data into homogeneous groups, using
combinations of various explanatory variables that accept non-linear relationships and complex
interactions (De'ath and Fabricius 2000). RF aims to combine numerous CT by using
bootstrapping (a sub-sample of observations is used for each tree and a sub-sample of predictive
variables is used for each nodes of the tree) and uses majority votes to provide importance value
(IV) for each predictive variable (Breiman 2001).

Therefore we used RF to select the most important predictive variables and introduced them in
a single CT that provided a sub-optimal but interpretable model. When it was possible, we
simplified the CT in order to use a single continuous prediction variable in a Roc-Curve approach
(Fawcett 2006). We then translated the results in GIS using the predictive variables and their
thresholds indicated at each node of the CT to stratify the territory and affect soil class

frequencies.
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We used Conditional Tree algorithm proposed by the R-package party (Hothorn et al. 2006)
instead of the classical classification trees based on CART algorithm (Classification And
Regression Trees) as defined by Breiman (2001). Indeed, CART proved to be biased when they
are applied on unbalanced data (Janitza et al. 2013) and heterogeneous predictive dataset that
mix categorical and numeric variables (Strobl et al. 2007). Conditional Trees avoid these biases
and assures the robustness of the model by using different boot-strap methods and different IV
indices during variable selection processes. Following the same principle, we also evaluated the
model reliability by using sensitivity (i.e. true positive rate) and sensibility (i.e. true negative
rate) as defined in ROC-curve approach in addition to the classical accuracy indicator (i.e. total
error rate) that is strongly influenced by dominance in the case of unbalanced classes (Janitza et
al. 2013).

We firstly applied our framework with all soil cores data and a sub-sample of ground
observations (i.e. one on seven to keep the balance between dryland and wetland) in order to
develop a conventional soil map that indicate major soils association on large areas. In a second
step, we applied the same process to map each soil classes independently using all soil cores (for
terra firme soils) or all ground indices (for wetland soils). Because of the rarity of the data, we
used all the samples to calibrate our model, and we computed reliability statistics using cross-
validation.

2.4.2 Organic Carbon Stocks map

We computed the SOC on our 25 soil pits and 12 composite samples from our laboratory
analyses using SOC content (ORC), bulk density (BLD) and percentage of coarse fragments (CRF)
as proposed by Hengl et al (2014). As we didn’t directly measure the bulk density on our soil
samples, we used pedo-transfert functions (Benites et al. 2007). We applied the simplest
function using clay content and SOC content as co-variables to predict bulk density (model 5 in
Benites et al 2007). We also verified that the results were consistent with the most complex
function using clay content, SOC content and the sum of exchangeable bases on the horizons for

which both methods were possible (model 6 in Benites et al 2007 - r®= 0.99). Because the
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horizons 20-40cm were not systematically analyzed in laboratory for our composites samples
but only for 3 profiles (i.e. when it was necessary for the diagnostic), we interpolated the missing
values using the underlying horizons (ORCz0-40 = 1,4682*0RCa0-60 -0,1564 , r?=0.9995 ; BLD20-40 =
1,0483*BLD4o-60 -0.0738 , r?=0.99 ; CRF20.40 = 0.5*CRF40.60 + 0.5*CRF.20). We then compared SOC
computed on our 37 locations with the SOC predicted by SoilGrid1km using classical pair-wise
correlation test.

2.4.3. Comparison with global soils maps

In order to compare the efficiency to predict soil classes of the SoilGrid1km (Hengl et al. 2014)
with our local soil map, we computed the kappa statistic that measures the agreement between
maps with a value close to 1 for perfect agreement and null or negative value if agreement is no
better than would be expected by chance (Monserud and Leemans 1992). We also aggregated
our model at 1km (the same resolution than SoilGrid1km) and randomly sampled 1000 points.
We then extracted WRB soil group frequency predicted by our model, and by SoilGrid1km maps

and made classical correlation tests.

In order to test the efficiency of SoilGrid1km to predict SOC that is an important soil property,
we extracted predicted organic carbon content (ORC), bulk density (BLD) and percentage of
coarse fragments (CRF) for all horizons up to 1m on each soil pits and soil cores location. We
then computed Organic Carbon Stock (SOC) as proposed by Hengl et al (2014) and we estimated
the ORC value for our 12 composite samples by computing the mean predicted value from the

corresponding locations.

3. Results

3.1. Soil units map

3.1.1 Regional model
Using RF with the complete soil dataset, we demonstrated that geomorphological landscapes

(LSC) and relief categories (CAT) were the most important variables to model soil distribution

(VI = 0.099 and 0.076 respectively). Landform types (FRM), regional elevation (REL) and
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altitude (ALT) appeared to be secondary but informative (respective VI = 0.010, 0.012, 0.015).
Annual rainfall (RFC) and geology (GOS) were even less informative (VI = 0.008 for both) and
other variables were negligible. Accuracy of RF prediction, that indicated the potential efficiency
of soil modelling, was 62% with very good accuracy for Haplic Ferralsols (W5=87%) and Haplic
Acrisols (W3=78%), lower accuracy for Gleysol (W0=56%), Plinthosols and Cambisols
(W1=52%), Geric Ferralsols (W6=36%), Stagnic and Gleyic Acrisols (W4=24%) and very bad

one for Arenosols (W2=0%) mainly confused with Acrisols.

The optimal CT using the seven most important variables led to a general accuracy of 52% with
much more confusion between W0 and W4 on one hand and W5 and W6 on the other hand. This
model delimited three main areas (inner nodes 2, 10 and 17 with respective weights 127, 113
and 214 in Figure 2) defined by geomorphological landscapes that proved to be the most
informative and significant variable at the three first nodes (P<0.001): (i) Plateaus and
Mountains (i.e. landscapes EFGH) dominated by Ferralsols (87%); (ii) Plains, Valleys and
Irregular multiconvex relief (i.e. landscapes ABC) mixing Cambisols and Plinthosols (27%) with
Haplic Ferralsols (27%) ; (iii) Multi-concave and regular multiconvex reliefs (i.e. landscapes DIJ)
dominated by Haplic Acrisols (43%) with few Haplic Ferralsols (16%). The model also indicated
variations inside each main areas mainly due to regional elevation with more frequent W4 (i.e.
Gleyic or Stagnic Acrisols) when located under 15m above regional basement on Plains,Valleys,
Multiconvex and Multiconcave relief (P<0.001 or P=0.014), and more frequent Ferralsol when
located between 15m and 27m above regional basement on Plains, Valleys and Irregular
Multiconvex reliefs (P<0.001). Geology, altitude and landforms interfered only for minor
variation with few weights. As a result we retained the first three nodes (based on
geomorphological landscapes) to define our soil units’ map in order to compare with global soil

maps that adopted a coarse resolution and a majority approach.

3.1.2 Soil types maps
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In order to catch more details on the spatial distribution of minor class of soils and improve the
soil units’ map, we applied RF for each soil class using all ground indices to model Gleysol in
wetland and all soil cores for all other soil classes on terra firme. Theoretical accuracy,
sensitivity, specificity and variables selected by each models are presented in the table 3. Details

are provided in SI1.
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3.1.2.1 Gleysol model

We used the 188 plots classified entirely in wetland and the 2645 plots classified entirely in
terra firme to produce the Gleysol model and we kept the 299 ecotones plots for validation. RF
selected six important variables including three with high IV (REL, HD1 and HD2 with 1V>0.01).
Theoretical accuracy of RF prediction was 88% with a sensitivity of 60% and a specificity of
99%. The optimal CT using the six significant variables confirmed the great importance of HD1
which was selected at the two first nodes (P<0.001), and led to a theoretical accuracy of 86%, a
sensibility of 42% and a specificity of 99%. Using the only variable HD1 allowed simplifying the
model while keeping a good accuracy 85% and a better sensibility 57% for a lower specificity of
85%. The optimal threshold that respected the prior frequency of this class was 2.5m. This value

perfectly separated the 299 ecotone plots into two equivalent sub-groups.

3.1.2.2 Ferralsol models

W5 was modeled with a good accuracy sensibility (76%) and specificity (87%) by RF that
selected seven variables including landscape and relief categories with very high IV (>0.07).
Using the seven variables in CT led to an acceptable model with 57% sensitivity and 82%
specificity that selected landscapes at the first node (P<0.001), regional elevation and rainfall at
the following two nodes (respectively P=0.016 and P<0.001). It highlighted: (i) a strong
dominance of Haplic Ferralsols (65%) on areas located 30m above regional level on particular
landscapes (i. e. valleys, mountains, moderate plateau and regular hilly area) versus a lower but
important frequency (45%) below this level; (ii) a very low frequency on other landscapes
especially when annual rainfall is lower than 2500 mm.y-1 (10%) and an intermediate frequency

(35%) under higher rainfall.

RF applied on W6 revealed more difficulties to get an acceptable model as sensitivity appeared
to be limited (30% only). The CT used two variables among the seven important variables

selected by RF: landscape at the two first nodes (P<0.001 and P=0.01) and slope at the last
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(P=0.029). This model showed a poor sensitivity (14%) but highlighted a low frequency of Geric
Ferralsol on plains, valleys, multiconvex and multiconcave relief (<5%) opposed to a high
frequency on the plateaus and mountains, especially on slopes (45%) and on the southern hilly

plateaus (F).

3.1.2.3 Acrisol models

For W3, RF indicated a high potential of modeling with sensitivity of 44% and specificity of 98%.
CT kept three variables among the selected ones with landscape at the first node (P<0.001),
reliefs categories at the second one (P=0.001) and catchment area (P=0.021) at the third one. It
showed the high frequency of Acrisols (55%) on multiconcave relief (D) and regular or
moderate multiconvex reliefs (IJ), especially on area with low flow accumulation (lad < 2.079).

Its frequency was moderate on plains (20%) and almost zero on other landscapes.

W2 was poorly modeled as RF and CT led to zero sensitivity. However, CT highlighted a higher
frequency of Arenosols and Arenic Acrisols on flat reliefs (i.e. 15% in plains and multiconcave
reliefs) and on sandstone and quartzite (25%). Even if the class was in minority in these

different cases, the effects of relief types and geology proved to be highly significant (P<0.001).

Even if W4 was a minority class, as W2, and showed a poor potential of modeling (i.e. zero
sensitivity for both RF and CT), the CT indicated a significant effect of HD1 (p<0.001) at the first
node. Using this variable alone led to a simple model with an acceptable sensitivity (53%) and
specificity (87%). Moreover, this simple model indicated the same optimal threshold value for

Gleyic/Stagnic Acrisols than for Gleysols (i.e. 2.5m).

3.1.2.4 Other soils model

RF indicated also a low modeling potential for W1 with sensitivity of only 18% and specificity of
91%. CT kept three variables among the selected ones: landscape at the first node (P<0.001),
geology at the second one (P<0.001) and altitude (P=0.015) at the third one. Cambisols and
Plinthosols appeared to always be in minority even in the most suitable areas (i.e. on plains,

valleys and multiconvex reliefs or below 154m elevation). Their frequency never exceeded 25%.
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3.2 Comparison with global soil maps

3.2.1 Soil units map
Our model (Figure 3) appeared to be quite consistent with the general pattern of HWSD (i.e.

Harmonized World Soil Databases v1.2 used as input data in the SoilGrid1km) regarding the
dominant types but showed lots of differences concerning the extension of the three main areas :
(i) area dominated by Acrisol in the North (in orange) showed a more southern boundary in our
model than on HWSD ; (ii) the location of area dominated by Acrisol in the South was mainly in
flat and low relief in our model whereas it was located on high relief in HWSD ; (iii) the coastal
area mixed Cambisol, Plinthosol and Ferralsol in our model whereas it was considered as
dominated by Gleysol (in blue), Arenosol (in pink) and Plinthosol (in green) in HWSD and had a
smaller extension . When we computed the kappa value for HWSD map on the location of our
421 soil cores, we obtained a very bad score (K=0.06). For comparison, the same test computed
on our soil units map led to a moderate score (K = 0.46) that could be considered as the

maximum score this kind of soil units map could reach.

SoilGrid1km seemed to show more consistency in the general pattern with the three main areas.
However we observed important differences in terms of dominant soil types. In the northern
area, Podzols (in green) are noticed as dominant on the SoilGrid (with few Alisols in yellow and
Plinthosols in gray) where we found dominance of Cambisols and Plinthosols (in green) with
Ferralsols. At the opposite in the southern part, the extension of Acrisols (pale orange in
SoilGrid1km and yellow on our map) seemed to be more consistent than on HSWD. However the

kappa score obtained for SoilGrid1km was also very bad (K=0.05).
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[ Ferralsols dominant

HWSD (FAO, 2012) this study

SoilGrid1km (Hengl et al 2014) this study

Figure 3 : Comparison of soil maps based on WRB classification system — On the top, map of soil
units proposed by HWSD (on the left) and by this study (on the right) — On the bottom, map of soil
types frequency proposed by SoilGridlkm (on the left) and by this study (on the right) — colour per
soil types differ between these two maps.
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3.2.2 Soil types map
We compiled our seven soil class maps and rescaled the probabilities that could be locally

different from 1, to build a single soil class map based on majority. The kappa values that we
obtained for this new map was close to the one computed for soil units map (K=0.42 when
computed with only terra firme samples - K=0.48 when including the 188 wetland plots). We
then aggregated the results at 1km (the same resolution than SoilGrid1km) and compared the
predicted values on the 1000 random points for the different RSG groups (i.e. W0 compared with
Gleysol+Histosols layers of SoilGRid1km, W6+W5 compared with Ferralsols layer, W1 with
Plinthosols and Cambisols, W2+W3+W4 compared with Acrisols). Probabilities of occurrence for
Ferralsol appeared to be twice lower for SoilGrid1km than for our map (25% in average versus
52%) but significantly correlated between the two maps (R=0.28 - P<0.001). Plinthosol and
Cambisol showed a similar result with significant correlation (R=0.15 - P<0.001) but lower
predictions (5% for SoilGrid and 9% for our map). Gleysol occurrence were better correlated
between the two maps (R=0.39 - P<0.001) but largely lower for GridSoil predictions (14% in
our model vs 2.5% in SoilGrid). On the contrary mean probabilities for Acrisols appeared to be
quite consistent between the two maps (20% versus 23%) but local predictions were negatively
correlated (R=-0.13), indicating an important spatial mismatching between the two maps. Same

results were obtained even if we added Arenosols to Acrisols prediction for SoilGrid1km.

3.2.3 Organic Carbon Stocks
The SOC estimated on our 37 profiles analyses varied from 80 t.ha! to 176 t.ha'l, and were about

twice lower than the predictions from SoilGrid1km that varied from 147 to 305 t.hal. We tested
the effect of the main soil types on our SOC prediction using anova (Figure 4). The differences
were highly significant between the main types and explain a major part of variance (F=15, df=3,
p<0.001 - R?=0.53). Moreover, variation of SOC value within the different main types was quite
reduced : coefficients of variation were equal to 12% for an average of 81t.ha! for Acrisols, 24%
for 128t.ha't for Geric Ferralsol, 23% for 127 t.ha! for Haplic Ferralsols, 31% for 71t.ha! for all
others soils). As a consequence, we applied these four mean values on our final soil classes map

aggregated at 1km in order to build an SOC map at the same resolution than SoilGrid1km. We
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extracted the new predicted values for our 37 profiles. Unsurprisingly the new averaged values
varied in a smallest range from 74t.ha1 to 118 tha! but were well-correlated with original value
(r=0.51, t= 3.6, df=36, P<0.01) but values predicted by SoilGridlkm were absolutely not

correlated with these new previsions (r=0.13, t=0.8,df=36, P=0.42).
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Figure 4 : Soil Organic Carbon Stock distribution at 1km resolution (map on the left) modelled from
soil types frequency and from means per soil types computed on our field samples (boxplot on the
bottom right). The accuracy of the predictions are compared with SoilGridlkm predictions
(regression line on the top right — blue line for our model, green line for SoilGridlkm and red line
for 1:1)

4., Discussion

4.1 Soil model based on geomorphology is consistent with previous soil-systems
descriptions
The soil distribution patterns drawn by our models are consistent with soil-systems previously

described at local scales in French Guiana and Amazonia.
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The dominance of Ferralsols is consistent with the usual hypothesis of a pedo-climatic stability
favourable to weathering in the major part of French Guiana combining with quite low-energy
erosion processes (Quesada et al. 2011). The frequency of Geric Ferralsols on plateaus and on
high reliefs confirms that the oldest geomorphological surfaces benefit from this stability for a
very long-time. Unlike SoilGrid1km prediction, the Albic Arenosols and Podzols cover very small
areas in French Guiana, and are limited here to the sandiest tertiary sediments (in the northern
west), or on sandstone and quartzites that is consistent with podzolisation processes described
on sandstones in Central Amazonia (Nascimento et al. 2004) or on Barreiras in North Manaus
(Chauvel et al. 1987). On other geological substrate, even on very large plateaus under very high
rainfalls, we never observed albic arenosol or podzol that could have been expected there as a
“terminal” stage of pedogenesis evolution in the region (Quesada et al. 2010). As a result, we
assumed that this terminal stage, resulting from deferralitization is rarely reached here even

under very humid and stable climate.

In the coastal plain and valleys, in the west-northern multiconvex reliefs and in the inland
multiconcave reliefs, Ferralsols are partly replaced by Acrisols. Mosaic of Ferralsols and Acrisols
has been described several times in northern French Guiana (Boulet...) and explained as a
transformation system (Fritsch et al. 1986) driven by regressive evolution. This situation may be
linked to the subtle quaternary tectonic movements that affect the North-western of French
Guiana and go more south along the Maroni river basin (Palvadeau 1998). These movements are
due to local deformation of the shield, consecutive to sediments accumulation on the continental
shelf, which causes the rivers network to cut downwards. As a result, Acrisols correspond here
to ancient Ferralsol transformed by erosion (rejuvenation) or eluviation (clay impoverishment),
in areas that are subject to a recent tectonic disequilibrium that modified the local water regime

(Boulet et al. 1979).

In the poorly documented southern multiconcave relief, previously called “southern Peneplain”

or “Southern wide Flat” (Barret et al. 2001; Paget 1999), and on the most smoothed multiconvex
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reliefs (I), the Acrisols dominated the only most marked reliefs that are situated at the highest
altitudes and 15m above the mean regional elevation. Elsewhere they are replaced by
Gleyic/Stagnic Acrisols and Arenosols in the lowest position that indicate poorly-drained soils
and significant sub-superficial erosion that may impoverish clay soils as described on similar

smoothed reliefs on the coastal area (Grimaldi et al. 1992).

The coastal plains, valleys and complex multiconvex landscape (B) exhibit a mosaic of soil cover
that mix Cambisol and Plinthosol with Ferralsol, Acrisol and more frequent Gleysols. In these
younger coastal landscapes, Ferralsols may be developed on the deposit of pre-weathered
sediments as in Amazonian sedimentary basin (Quesada et al. 2011). They do not exhibit full
Geric properties. They are also situated on the relictual reliefs of the coastal area (i.e. 15m above
regional basement). On the most marked relictual reliefs (i.e. 27m above regional basement),
Cambisols may progressively replace Ferralsols on landslides that erode residual reliefs in a
regressive soil development (Ferry et al. 2003; Gracheva 2011). On the highest positions (i.e.
39m above regional basement) Plinthosol correspond to the weathering of old and more or less
disaggregated duricrusts that resist to erosion and are frequently met on isolated hills around

50m above sea level (Theveniaut and Freyssinet 2002).

When they are associated with Acrisol, Gleyic Acrisol and Gleysols , Plinthosols may also result
of the transformation of Acrisols due to groundwater oscillation as described by Fritsch et al.
(2007). It may be the case in the regular multiconvex relief (type I,]) and multiconcave relief (D).
These fluctuations may be due to the tectonic movement previously described in the north-
western region and to climate changes during the late Pleistocen for the southern landscapes

(Thomas and Thorp 1995).

Obviously, geomorphological landscapes efficiently represent the different soil-systems and
pedogenesis processes that have been previously described in French Guiana and neighbouring
regions. They also provide many indicators about historical processes that lead to the current

soil cover.
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4.2 Geomorphological landscapes are efficient proxy for soil forming factors

Using unbiased selection methods based on RF, we demonstrated that regional
geomorphological variables are efficient predictors of soil distribution beneath tropical
rainforest (i.e. high importance values). Therefore, we confirm that geomorphological
descriptors at the regional (i.e. at the landscape scale) can be more efficient than usual local
descriptors at the pixel scale (Cavazzi et al. 2013) to model soil distributions especially in quite
homogeneous relief like old shield under tropical humid climates. We can explain this result by
the fact that soil formation is driven here by pedogenic processes that act at very large spatial or
temporal scales: slight tectonic deformation and long-term climate influence. In fact, the soil
evolutionary frame proposed by Quesada for Amazonian region describes a long sequence of soil
maturation from Leptosols to Ferralsols and Podzols. This sequence is mainly driven by climate,
with little influence of local factors except parental material for Arenosols and Podzols and local
drainage for Gleysols (Quesada et al. 2010). This frame also applies for Guianas but has to be
completed, in the light of soil-systems described herebefore, (Figure 5) with regressive
sequences linked with the present tectonic disequilibrium. In fact, even in areas deemed to be
stable, limited tectonic movement appeared to strongly influence landscapes (Rossetti 2014)
and so pedogenesis. These large-scale processes influence concomitantly soils and reliefs
evolution. As a result the broad geomorphological features (more or less dissected, eroded, or
preserved) are more effective to diagnose the local stages of soil development than geological
substrate or material age. Obviously, this result may be extended to all other regions where time,
climate and low in energy tectonic movement are the dominant soil forming factors (e.g.

Brazilian Shield, African Shield and Australian Shield).
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Figure 5 : Simplified scheme for soil development processes in French Guiana - solid lines indicate
evolution processes reported by Quesada (2010). Dotted lines indicate regressive or
transformation processes described by (1) Boulet (1978), (2) Fritsch et al 2007, (3) Lucas et al
(1986), (4) Gracheva (2011)

4.3 Soil Organic Carbon stock is half than estimated by SoilGrid1km.

Our study also demonstrated that soil classes and soil properties predicted by global soil map, as
the recent SoilGrid1km, are notably inaccurate for French Guiana (i.e. very low kappa values)
and may be also for other tropical countries. In fact, we observed marked divergences between
soil types predicted by our local model and the SoilGrid1km based on a global simulation. For
example, soils types that covered very small areas are largely overestimated by the global model,
as Podzols and Nitisols. The respective occurrences estimate by SoilGrid1km for these two types
are respectively 15% and 6% whereas they are marginal in French Guiana as in the rest of
Amazonia. This may be caused by the fact that these types have been widely studied for their
agronomic or ecologic interest (Quesada et al. 2011) and are oversampled in the available
databases used to develop global model (4% of the data compiled by ISRIC-WISE project for
Amazonia whereas they are assumed to cover less than 2% of this region). Consequently the

model is probably more sensible to these oversampled types than to others.

As a consequence some properties are consequently predicted with important biases even when
they are aggregated at the regional scale. It is the case for Soil Organic Carbon which is an

important secondary property that SoilGrid1km aims to predict and which is overestimated by a
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factor 2. Indeed, SOC of more than 200 t.ha! as predicted by SoilGrid1km, is rarely encountered
in tropical moist forest (table 4). Compiling 13 sources that provide 35 estimates in various
tropical evergreen rainforest, we obtain a mean value of 105 tC.ha! and standard deviation of 43
tC.ha'l. As a consequence, SoilGrid1km estimates are unlikely to be encountered on large areas
and the 130 t.hal measured in average on our soil sampling for Ferralsols (and 80 t.ha? for

Acrisols) are certainly more representative of the mean SOC stock for the region.

Table 4 : Review of SOC estimates for the first meter of soil in tropical moist rainforest

class(inthe SOC1m
Author article Study area corresponding article) t.C.ha™
Schwartz & Namri 2002Congo soil unit 4,1 122.1
Schwartz & Namri 2002Congo soil unit 4,2 98.2
Schwartz & Namri 2002Congo soil unit 5,1 136.4
Schwartz & Namri 2002Congo soil unit 7,1 97.1
Schwartz & Namri 2002Congo soil unit 7,2 118.5
Schwartz & Namri 2002Congo soil unit 7,3 107.2
Schwartz & Namri 2002Congo soil unit 7,7 93.3
Schwartz & Namri 2002Congo soil unit 7,8 69.3
Silver et al. 2000Tapajos Sandy soils 81
Silver et al. 2000Tapajos Clayic soils 80
Sommer et al. 199Para old growth forest 90
Koutika et al. 1997Para old growth forest 116
Ceddia et al. 201%Amazona MU1 60.3
Ceddia et al. 201%Amazona MuU2 78.2
Ceddia et al. 201%Amazona MU3 74
Ceddia et al. 201%Amazona MuU4 87.3
Ceddia et al. 201%Amazona MU5 79
Ceddia et al. 201%Amazona MUG6 80.2
Ceddia et al. 201%Amazona MU7 50.1
Batjes 2005in Ceddia tropical forest 82.5
Cerri 2000 in Ceddia tropical foret 78.6
Batjes &Dijkshoorn 1999in Grimm 2008 cambisol 95.3
Batjes &Dijkshoorn 1999in Grimm 2008 ferralsol 101.6
Post 1982in Grimm 2008 tropical moist forest 115
Batjes 1996in Grimm 2008 ferralsol 107
Batjes 1996in Grimm 2008 cambisol 96
Jabbagy & Jackson 200 Grimm 2008 evergreen forest 186
Brown et al 1993in Grimm 2008 tropical forest 148
Henry et al 2009RDC total stock / national area 101
Henry et al 2009Gabon total stock / national area 111
Henry et al 2009Cameroun total stock / national area 116

Henry et al 2009Congo total stock / national area 292
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4.4 How to improve global soil maps predictions in tropical forest areas?

Global soil maps are very important tools that are actually required to meet the challenges posed
by natural-resources management at large scale. They provide important inputs to model
vegetation responses to climate change and to estimate biophysical carbon sink (Hengl et al.
2014). Therefore, improving the accuracy of such tool, as proposed by the SoilGrid1km project,
is an essential issue. Increasing the density of field sampling must be the first objective
especially in tropical countries which are quite poorly documented regarding their complexity
(de Carvalho Junior et al. 2014). The ISRIC Harmonized Global Soil Profil Dataset which was used
to develop SoilGridlkm, is a unique database that is based on multiple selection criteria to
assure a strict homogeneity of the data (Batjes 2009). However it leads to an average density of
about 1 sample for 14 526 km? for the all land area (about 1 sample for 10 000 km? in Amazonia
and French Guiana vs 1 for 2 000 km? in our study), that is probably too low to correctly
extrapolate soil properties at regional scale and finest resolution. New source of data provided
by local soil mapping projects based on extensive field campaigns, as developed in our study, can
help to multiply the amount of field measurements. Especially, soil cores, that are less expensive
to collect, can provide sufficiently accurate physical and chemical measures to be used for soil
mapping. Another way to improve soil map consist to integrate efficient covariables to capture
soil forming factor (Hengl et al. 2014). Obviously, geomorphology is an important field to
develop such variables if we consider the relationship between pedogenesis process and relief
(e.g. (Gerrard 1993)). However, this approach is too often limited to local geomorphometric
indices whereas pedogenesis processes can be driven by (spatially and temporally) larger effects
that needed other point of views, as previously demonstrated. SoilGridlkm method already
integrates geomorphologic variables but only at fine resolution or at a very broad (continental)
scale that is poorly informative (Dragut and Eisank 2012). Geomorphologic variables and
classifications developed at the intermediate regional scale may be more efficient to predict

major soils distribution. The SOTER dataset, used as co-variable in SoilGrid1km (van Engelen



513  and Dijkshoorn 2012), aims to integrate such medium-scale approach but is quite inaccurate and
514  based on expertise much more than statistical geomorphic approach. Such variable can be easily
515  completed and improved for a global cover since SRTM data (full resolution) are now freely
516  available and several GIS automatic process have already been developed to delimitate
517 landforms on large areas and/or to characterize reliefs patterns at regional scales (e.g. (Cornu et
518 al. 2013; Couteron et al. 2006; Jasiewicz and Stepinski 2013; Romstad and Etzelmiiller 2012).
519  For example, textural ordination techniques based on Fourier transformation (FOTO method
520 that has already been automated and largely used to characterized landscape patterns and
521  vegetation structure e.g. (Barbier et al. 2010; Couteron et al. 2006) can very simply described
522 the amplitude and complexity/regularity of relief (see Appendix for an example on Guiana
523  Shield). Multi-scale digital geomorphological mapping is a promising way to provide
524  quantitative characterization of landscape morphology and to integrate varied information
525  (Bishop et al. 2012) and should be better exploited for global soil mapping. Developing and
526  testing intermediate-scales indicators based on precise geomorphic analyses would surely

527  improve the global model accuracy for tropical areas.
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Supplementary Information

SI1 Conditional Trees for each soil classes used for spatial prediction and
combined and aggregated to construct the soil types map at 1km resolution
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Figure SI1Aa : Conditionnal Tree obtained with the 6 main variables selected by RF, the
188 wetland observations and 2,645 dryland observations
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on ROC-curve
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724  using the 421 soil cores samples
725



Table SI 2: Soil Organic Carbon Stocks computed for the soil pits and composite soil cores
using pedo-transfert functions for bulk density (Benites et al. 2007 : BLD1 = model 5 using
%Clay, %C and 2 base ; BLD2 = model 6 using only %Clay and %C) —values for horizons 20-40
that have not been analyzed on soil cores composites were interpolate using the underlying
horizon (SOCsp.40= 1,4682*S0C40.60-0,1564 - calibrated on complete profiles).

Sample Horizon %Clay %C (qul?il(s)%g) (:i‘r]r)li) (:;l!)lg) CRF (%) (ti(;(_:l)
HM 0-20 55,20 2,57 0,89 1,03 1,06 - 54,56
HM 40-60 60,60 1,05 1,17 - 24,60
HM 60-80 62,80 0,80 1,18 - 18,92
HM 80-100 61,90 0,64 1,20 - 15,38
SP 0-20 50,20 2,70 0,68 1,04 1,07 - 58,04
SP 20-40 55,60 1,60 1,15 - 36,70
SP 40-60 59,50 1,19 1,16 - 27,71
SP 60-80 64,00 0,81 1,18 - 19,05
SP 80-100 61,60 0,64 1,20 - 15,40
PA 0-20 60,00 2,49 0,62 1,02 1,04 - 52,03
PA 40-60 63,40 1,07 1,16 - 24,73
PA 60-80 66,80 0,81 1,16 - 18,82
PA 80-100 69,00 0,76 1,16 - 17,56
CA 0-20 65,80 2,48 0,63 0,99 1,02 - 50,42
CA 40-60 64,60 1,17 1,14 - 26,69
CA 60-80 67,80 0,89 1,15 - 20,46
CA 80-100 65,70 0,77 1,17 - 18,03
ITO 0-20 52,60 3,93 1,45 0,91 0,95 - 74,84
ITO 40-60 58,20 1,47 1,15 9,50 30,48
ITO 60-80 44,40 1,19 1,24 4,50 28,18
TOP 0-20 58,70 2,68 1,89 1,01 1,03 9,10 50,38
TOP 40-60 65,10 0,69 1,18 17,20 13,50
TOP 60-80 60,90 0,64 1,21 12,80 13,47
TOP 80-100 61,80 0,55 1,21 6,80 12,41
TR 0-20 16,00 1,25 0,64 1,36 1,38 - 34,41
TR 20-40 24,44 0,48 1,40 10,10 12,11
TR 40-60 24,20 0,43 1,41 11,90 10,68
TR 60-80 28,20 0,33 1,40 - 9,23
TR 80-100 29,70 0,28 1,40 - 7,81
WA 0-20 8,20 0,92 0,46 1,43 1,45 - 26,59
WA 40-60 11,20 0,37 1,48 - 10,95
WA 60-80 15,50 0,24 1,47 - 7,05
WA 80-100 16,60 0,21 1,47 6,90 5,74
RE 0-20 34,20 1,92 0,68 1,20 1,23 14,10 40,41
RE 40-60 38,40 1,22 1,27 - 30,91
RE 60-80 44,50 0,86 1,27 11,30 19,36
RE 80-100 40,10 0,73 1,30 12,50 16,64
EB 0-20 25,52 2,51 0,39 1,18 1,22 - 61,01
EB 40-60 28,85 0,71 1,36 - 19,32
EB 60-80 28,12 0,51 1,38 - 14,10
EB 80-100 28,74 0,43 1,39 - 11,92
BE 0-20 31,85 1,53 0,43 1,25 1,27 - 38,92
BE 40-60 47,00 0,44 1,29 - 11,39
BE 60-80 44,26 0,39 1,31 - 10,24
BE 80-100 44,11 0,29 1,32 - 7,67
Al 0-20 22,68 1,45 0,40 1,30 1,32 - 38,42
Al 40-60 30,71 0,56 1,36 - 15,29
Al 60-80 29,10 0,43 1,38 - 11,91




Sample Horizon %Clay %C (mqu?;l(s)?)g) (:;]I)li) (:;23) CRF (%) (t.sh(;g)
Al 80-100 31,12 0,34 1,38 - 9,40
CP 0-20 48,37 3,53 0,61 0,97 1,01 29,30 50,38
CP 40-60 21,19 0,54 1,41 - 15,27
CP 60-80 15,84 0,43 1,45 - 12,48
CP 80-100 8,55 0,20 1,51 - 6,03
YA 0-20 25,88 1,48 0,48 1,29 1,31 - 38,66
YA 40-60 36,98 0,47 1,34 - 12,61
YA 60-80 40,19 0,38 1,33 8,50 9,27
YA 80-100 44,15 0,27 1,32 - 7,15

Acal 0-10 33,00 2,12 0,40 1,19 - 25,14
Acal 10-35 39,10 1,52 0,20 1,21 1,00 45,67
Acal 35-70 46,90 0,67 0,20 1,26 2,00 28,96
Acal 70-125 57,60 0,52 0,20 1,22 5,00 33,19
Acal 125-150 58,50 0,57 0,40 1,21 - 17,29
Aca3 0-10 31,00 2,44 0,60 1,17 5,00 27,02
Aca3 10-35 41,60 1,54 0,40 1,20 20,00 36,99
Aca3 35-85 57,80 0,66 0,40 1,21 20,00 31,89
Aca3 85-125 58,20 0,41 1,00 1,24 5,00 19,25
Aca3 125-145 57,70 0,35 1,30 1,25 2,00 8,55
Baf2 0-5 21,40 2,26 0,60 1,23 2,00 13,64
Baf2 5-22,5 24,60 1,03 0,20 1,34 - 24,07
Baf2 22,5-40 26,70 0,75 0,10 1,35 2,00 17,39
Baf2 40-60 33,80 0,68 0,20 1,32 10,00 16,21
Baf2 60-112,5 40,70 0,39 0,10 1,32 20,00 21,59
Baf2 112,5-170 34,50 0,20 0,10 1,37 5,00 14,95
Bafl 0-10 14,90 1,37 0,50 1,35 2,00 18,16
Bafl 10-30 19,90 0,89 0,20 1,37 2,00 23,95
Bafl 30-60 23,30 0,58 0,10 1,39 2,00 23,64
Bafl 60-107,5 26,40 0,33 0,20 1,40 2,00 21,45
Bafl 107,5-150 21,30 0,23 0,20 1,43 50,00 7,00
Bafl 150-170 17,70 0,11 0,20 1,46 10,00 2,89
Coul 0-8 32,80 2,77 0,50 1,12 - 24,88
Coul 8-20 40,60 1,58 0,30 1,20 - 22,78
Coul 20-50 45,00 1,22 0,40 1,22 - 44,51
Coul 50-90 48,70 0,71 0,30 1,25 - 35,44
Coul 90-120 53,40 0,55 0,20 1,24 - 20,45
Saue 0-5 29,50 2,14 0,40 1,20 3,00 12,47
Saue 5-10 33,10 1,50 0,30 1,25 3,00 9,07
Saue 10-35 41,10 1,09 0,30 1,25 3,00 32,98
Saue 35-60 48,50 0,78 0,20 1,24 3,00 23,47
Saue 60-85 46,10 0,41 0,20 1,29 3,00 12,83
Saue 85-140 14,10 0,17 0,20 1,47 5,00 13,09
Mgnl 0-7,5 62,00 4,73 0,60 0,78 20,00 22,18
Mgnl 7,5-32,5 84,30 2,59 0,30 0,88 5,00 54,24
Mgnl 32,5-90 79,30 0,95 0,10 1,07 5,00 55,49
Mgnl 90-130 58,50 0,90 0,10 1,18 10,00 38,18
Mgn1 130-180 31,30 0,66 0,10 1,34 10,00 39,75
Par2 0-5 30,50 6,78 1,70 0,74 - 25,16
Par2 5-17,5 35,90 2,58 0,40 1,13 40,00 21,78
Par2 17,5-77,5 46,90 1,20 0,20 1,21 20,00 69,52
Par2 77,5-100 59,60 0,69 0,30 1,20 40,00 11,13
Par2 100-170 55,00 0,18 0,20 1,27 35,00 10,39
Par2 170-200 46,10 0,11 0,10 1,32 10,00 3,92
Saua 0-5 62,20 3,71 0,50 0,88 - 16,36
Saua 5-17,5 68,60 2,14 0,20 1,00 - 26,87




Sample Horizon %Clay %C (mqu?;l(s)?)g) (:;]I)li) (:;23) CRF (%) (t.sh(;g)
Saua 17,5-35 72,10 1,31 0,10 1,07 - 24,51
Saua 35-60 76,00 0,87 0,10 1,09 - 23,79
Saua 60-80 80,70 0,52 0,20 1,11 - 11,50
Saua 80-105 80,20 0,45 0,20 1,12 - 12,55
Saua 105-130 82,50 0,46 0,20 1,10 - 12,68
Tib2 0-15 66,40 6,20 0,70 0,61 20,00 45,63
Tib2 15-40 78,70 3,16 0,30 0,85 20,00 53,89
Tib2 40-60 84,10 1,79 0,40 0,96 10,00 31,04
Tib2 60-100 84,70 1,14 0,20 1,02 20,00 37,36
Tib2 100-130 70,10 0,74 0,20 1,14 40,00 15,14
Tib2 130-180 66,10 0,60 0,10 1,17 40,00 21,06
NouP 0-5 65,50 3,75 2,30 0,87 10,00 14,76
NouP 5-17,5 52,50 2,16 0,60 1,09 20,00 23,46
NouP 17,5-40 78,90 1,02 0,50 1,07 20,00 19,59
NouP 40-120 82,30 0,45 0,40 1,11 30,00 27,88
NouP 120-160 77,20 0,25 0,50 1,15 20,00 9,22
NouP 0-5 56,10 4,16 0,60 0,87 2,00 17,69
NouP 5-10 59,80 2,40 0,30 1,02 2,00 12,03
NouP 10-45 66,30 0,81 0,20 1,15 2,00 31,92
NouP 45-125 79,50 1,29 0,10 1,03 50,00 53,37
NouP 125-150 82,40 0,61 0,10 1,09 60,00 6,64
Mgnl 0-10 68,60 3,19 0,10 0,90 40,00 17,20
Mgnl 10-30 66,40 2,15 - 1,01 40,00 26,14
Mgnl 30-55 80,40 1,81 - 0,98 25,00 33,16
Mgnl 55-75 81,60 1,92 - 0,96 10,00 33,18
Mgnl 75-115 77,20 1,93 - 0,98 50,00 37,87
Mgn] 0-10 72,70 2,10 0,10 0,99 10,00 18,66
Mgn] 10-20 76,10 1,64 0,10 1,02 10,00 15,00
Mgn] 20-40 79,50 1,60 0,10 1,00 30,00 22,47
Mgn] 40-80 79,30 1,60 0,10 1,00 60,00 25,71
Mgn] 80-100 78,40 1,65 - 1,00 80,00 6,62
Mgn] 100-150 70,20 1,53 - 1,06 80,00 16,16
Qual 0-10 12,50 2,30 0,70 1,27 - 29,27
Qual 10-32,5 12,40 0,57 0,20 1,44 20,00 14,80
Qual 32,5-87,5 15,40 0,42 0,20 1,44 5,00 31,66
Qual 87,5-137,5 3,90 0,05 0,20 1,54 5,00 3,65
Cou3 0-10 25,70 1,99 0,60 1,24 - 24,62
Cou3 10-25 28,10 1,17 0,50 1,31 - 22,92
Cou3 25-47,5 29,00 0,94 0,40 1,32 50,00 14,00
Cou3 47,5-60 36,90 0,65 0,30 1,31 - 10,67
Cou3 60-100 41,60 0,47 0,30 1,31 - 24,58
Cou3 100-160 27,20 0,23 0,50 1,40 - 19,39
Par5 0-5 14,70 2,44 0,60 1,25 - 15,21
Par5 5-12,5 13,20 1,87 0,60 1,31 - 18,39
Par5 12,5-32,5 20,90 0,80 0,20 1,38 40,00 13,22
Par5 32,5-52,5 27,30 0,41 0,10 1,38 7,00 10,55
Par5 52,5-100 31,90 0,25 0,10 1,38 2,00 16,02
Par5 100-150 17,30 0,11 0,10 1,46 2,00 7,89
Par6 0-7,5 12,60 0,79 0,10 1,42 - 8,41
Par6 7,5-17,5 11,70 0,40 - 1,46 - 5,85
Par6 17,5-35 17,00 0,40 - 1,44 12,00 8,84
Par6 35-65 31,30 0,69 - 1,33 25,00 20,72
Par6 65-90 28,60 0,79 - 1,34 35,00 17,18
Par6 90-125 16,20 0,73 - 1,41 35,00 23,35
Par6 125-150 19,90 0,75 - 1,39 35,00 16,89
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Sample Horizon %Clay %C (mqu?;l(s)?)g) (:;]I)li) (:;23) CRF (%) (t.sh(;g)
Régl 0-17,5 28,00 2,16 0,60 1,21 - 45,68
Régl 17,5-40 31,00 0,87 0,20 1,32 40,00 15,50
Régl 40-75 44,70 0,56 0,20 1,28 20,00 20,10
Régl 75-150 37,60 0,26 0,20 1,35 90,00 2,63
Rég2 0-10 14,90 2,78 0,80 1,21 2,00 33,06
Rég2 10-40 22,70 1,11 0,30 1,34 60,00 17,82
Rég2 40-115 31,50 0,46 0,20 1,36 40,00 28,11
Rég2 115-150 38,80 0,33 0,20 1,33 60,00 6,17
Cri7 0-5 56,90 521 1,10 0,76 - 19,87
Cri7 5-15 59,60 2,83 0,50 0,98 20,00 22,25
Cri7 15-50 37,70 0,52 0,10 1,32 30,00 16,82
Cri7 50-70 10,50 0,06 0,10 1,50 5,00 1,71
Cri7 70-150 7,40 0,02 0,10 1,52 30,00 1,70
Cri7 150-150 8,50 0,09 0,10 1,51 - -
Laul 0-10 6,10 8,94 3,20 0,66 - 58,96
Laul 10-22,5 2,40 1,58 0,30 1,39 - 27,50
Laul 22,5-50 2,10 0,23 0,10 1,53 - 9,66
Laul 50-80 1,90 0,02 0,10 1,55 - 0,93
Laul 80-150 2,10 0,01 0,10 1,55 - 1,08
Laul 150-150 - 0,01 0,10 1,56 - -
Par7 0-7,5 10,60 0,78 0,10 1,43 - 8,36
Par7 7,5-20 9,50 0,32 - 1,48 - 5,92
Par7 20-45 12,10 0,25 - 1,47 2,00 9,03
Par7 45-72,5 17,40 0,42 - 1,43 50,00 8,26
Par7 72,5-150 11,60 0,47 - 1,46 40,00 31,80
Qua2 0-10 4,80 1,72 0,60 1,37 - 23,54
Qua2 10-32,5 0,10 0,36 0,20 1,53 - 12,35
Qua2 32,5-70 0,10 0,02 0,10 1,56 50,00 0,58
Qua2 70-75 2,10 0,31 0,20 1,52 25,00 1,77
Qua2 75-100 1,50 0,15 0,20 1,54 90,00 0,58
Wak2 0-10 18,50 2,06 0,40 1,26 - 26,05
Wak2 10-45 15,70 1,15 0,30 1,37 - 55,09
Wak2 45-75 28,30 0,45 0,10 1,37 46,00 10,02
Wak2 75-95 34,00 0,25 0,20 1,37 - 6,83
Wak2 95-150 25,20 - - 1,43 - -
Wak4 0-20 10,70 1,17 0,30 1,39 - 32,57
Wak4 20-45 10,80 0,39 0,10 1,47 - 14,31
Wak4 45-60 16,70 0,19 0,20 1,46 - 4,16
Wak4 60-95 24,00 0,19 0,20 1,42 - 9,46
Wak4 95-130 27,60 0,12 0,30 1,41 - 5,93
Wak4 130-145 35,20 0,80 - 1,30 - 15,65
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SOTERLACV2
] Plain
3 Medium-gradient mountain
[ Medium-gradient hill
[ Dissected plain
[l High-gradient hill

paysages_forestiers
Il AA- Coastal plain with low relief
AB- Plain with residual reliefs (back-coastal)
Il AC- Coastal flat plain
I B- Complex hilly area
Bl C- Low hilly area and large valleys
I- Peneplain with moderate hills
Il )- Regular pattern hilly area
B D- Inland plain
E- Very moderate plateau with inselbergs
F- Hilly plateau with inselbergs
Il G- High dissected plateau
Il H- High hills and mountains

Figure SI 5: Geomorphological classifications for the French Guiana at the regional
scale as proposed by SOTERLAC 2.0 (up right), as obtained with FOTO
classification method (up left) and compared with the geomorphological
landscapes map used in this study (below).
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Compte-rendu définitif rédigé en novembre 2014 par S. Guitet (ONF-
INRA) en collaboration avec V. Freycon (CIRAD) suite a I'ouverture des
fosses pédologiques en avril 2014 sur le site de la Waki
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1 Contexte et objectifs

Au cours du programme HABITATS, un habitat particulier a été mis en évidence sur le bassin de
la Waki (mission d’octobre 2010 - annexe 1). Cet habitat se caractérise par la dominance des
quelques essences forestieres habituellement peu fréquentes (Ecclinusa spp. Parinari
campestris, Tachigali spp...), une canopée trés ouverte et un sol fréquemment couvert de
djougoung-pété, micro-dépressions d’'un metre de diametre sur 30 a 50 cm de profondeur,
parfois remplis d’eau en saison des pluies.

Ces djougoung-pété, déja décrits sur quelques sites tres localisés dans le Nord de la Guyane
comme sur crique Grégoire dans le bassin de la Sinnamary, seraient liés d’aprés Blancaneaux
(1973) a des sols tres limoneux et peu perméables et résulteraient d’anciens chablis dont les
traces seraient plus rémanentes dans ce milieu. Fritsch et collegues (1986) relient ces
djougoung-pété aux systemes amonts transformant - c'est-a-dire a des couvertures
pédologiques mal drainées en rapide évolution. Ils expliquent leur rémanence dans le sol par la
forte activité d’érosion chimique favorisée par I'engorgement temporaire des sols a I'origine de
fortes pertes de matiéres particulierement a 'aplomb des chablis.

Les djougoung-pété tres abondants dans le bassin de la Waki sont-ils le symptome d'une
couverture pédologique en déséquilibre, en cours d’appauvrissement et d’amincissement par
elluvionnement ou sont-ils les reliques d’'une dynamique passée ? Se développent-ils sur des sols
particuliers dont les caractéristiques pourraient expliquer les formations végétales
exceptionnelles rencontrées sur la Waki ou ce facies particuliers est-il la conséquence d’autres
influences (climatiques, perturbations, héritage biogéographique...) ? L’objectif poursuivi lors de
cette nouvelle mission est d’approfondir le diagnostic pédologique et les relations sol-végétation
sur ce site afin de tester ces différentes hypotheses.



2 Matériel et méthode

2.1 Choix de I'emplacement des fosses

Lors de la premiere mission HABITATS, 26 sondages avaient été effectués a la tariere le long des
quatre layons ouverts, mettant en évidence des sols de deux catégories (Figure 1) :

Majoritairement des arenosols (sols de type 1 d’aprés notre classification), caractérisés
par une importante phase sableuse (S>80%), une couleur claire, trés pauvre en base
échangeable et en phosphore (CEC<4meq, P<100mg/kg) et un drainage ralenti ou
latéral favorisé par la présence d'un horizon argique.

Minoritairement, des ferralsols a tendance sableuse (SC50%) de couleur jaune a faible
CEC (CEC 6-8meq), a drainage ralenti ou latéral.

Sur cette base, nous avons pré-positionné I'emplacement de trois fosses, associées a 3 placettes
botaniques installées par I'équipe IRD de D. Sabatier (Figure 2). Ces emplacements ont été
décidés en fonction (i) de la densité de djougoung-pété en surface ; (ii) du dénivelé par rapport
au niveau de base (écoulement des criques); (iii) du signal d’images satellites semblant
correspondre a 'abondance du Parinari campestris., essence dominante de 1'étage supérieur sur
le secteur. Nous avons donc visé :

Une fosse sur zone a forte densité de djougoung-pété en position sommitale a 2,7km sur
le layon B - fosse F1 a I'emplacement de la placette WAK-2 ;

Une fosse sur zone a faible densité de djougoung-pété en position sommitale et a
signature spectrale correspondant a une forte densité de Parinari campestris d’apres les
inventaires forestiers a 1km sur le layon C - fosse F4 a I'emplacement de la placette
WAK-1;

Une fosse sur zone de bas-fond, initialement prévue a I'’entrée du layon B et décalée a
1,6km sur le layon B dans un bas-fond plus large et plus marqué - fosse F3 a
I'emplacement de la placette WAK-3.

Une fosse supplémentaire a été ajoutée, dans une zone a forte densité de djougoun-pété
et a un dénivelé intermédiaire entre les positions sommitales et la position de bas-fond -
fosse F2 a 2.2km sur le layon B - afin de compléter la topo-séquence (Figure 3).
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Figure 1: emplacement des fosses ouvertes lors de la mission 2014 relativement aux
sondages effectués en 2010 et au modele de distribution du sol en cours de
développement
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Figure 2 : emplacement des placettes botaniques relativement a ’labondance des
djougoun-pété et de 'abondance des funguti koko relevés lors de la mission 2010.



2.2 Ouvertures des fosses

Les 4 fosses, nommées Waki-F1, Waki-F2, Waki-F3 et Wali-F4 ont été ouvertes par la méme
équipe constituée de Vincent Bezard, Olivier Brunaux et Stéphane Guitet. La description de
chaque fosse a été effectuée le méme jour que son ouverture. Les fosses ont été creusées jusqu’a
1,50 m de profondeur sauf Waki-F3, dont 'ouverture a été limitée a 1,20 m du fait de la
rencontre d’'une nappe.

Dans les zones a djougoung-pété, les fosses ont été ouvertes de facon a ce qu'une des faces
décrites recoupe un djougoun-pété et qu'une deuxiéme face décrite soit totalement en dehors
des djougoung-pétés.

Dans chaque fosse, nous avons prélevé un échantillon de 500g représentatif de chaque horizon
(deux échantillons sur les deux horizons les plus épais >50cm) pour analyses physico-chimiques
en laboratoire, afin de pouvoir raccrocher ces profils a la classification internationale WRB2014.
Des échantillons complémentaires de 250g ont été récoltés systématiquement a 5cm, 10-15cm,
20-25cm, 30-35cm, 40-45cm, 50-55cm, 60-65cm, 70-75cm, 80-85cm, 90-95cm, 100-110cm,
120-130cm, 140-150cm sur chaque fosse pour analyse de dC!3 afin de détecter une éventuelle
phase de savanisation du milieu au cours des 10 derniers millénaires.

Un sondage tariére a été réalisé sur la placette botanique supplémentaire (WAK-4 de 0.5ha),
déja caractérisée par les sondages WAK-L et WAK-M de 2010, afin de vérifier 'homogénéité de
sa couverture pédologique.

2.3 Description des fosses

Pour la description des fosses, nous avons suivi le guide d’aide a la description des sols rédigé
par V Freycon et F Brouwers (mars 2014). Des fiches de descriptions type ont été utilisées (voir
annexe 2). De nombreuses photographies ont été effectuées en compléments a différentes
échelles (profil total, horizon par horizon, sur échantillons) afin de permettre une validation des
diagnostics a posteriori par V Freycon sur la base des observations effectuées, des échantillons
secs rapportés, et des photographies in situ.

2.4 Analyses physico-chimiques
Les analyses physico-chimiques sont réalisées par le laboratoire du CIRAD a Montpellier et les

échantillons pour analyse du 8!3C sont envoyés au laboratoire INRA de Nancy suivant les mémes
protocoles que ceux utilisés par V. Freycon pour les sols du réseau GUYAFOR.

Les analyses granulométriques de la terre fine et les mesures de la matiere organique ont été
effectuées sur toutes les fosses. Les analyses de pH et autres analyses chimiques (complexe
d’échange, éléments totaux) ont été réalisées sur les fosses 2 et 4 seulement.

L’analyse 013C a été réalisée sur la fosse 1 uniquement.



3 Résultats et discussions

Les descriptions des 4 fosses réalisées sur le terrain sont disponibles annexe 1.
Les résultats des analyses physico-chimiques sont consultables en annexe 2.

3.1 Synthese des analyses descriptives
Les quatre solums décrits présentent plusieurs dénominateurs communs :

- Une matrice a tendance sableuse ;

- Unsol a structure faible a modérée polyédrique anguleuse ou sub-anguleuse ;

- Un horizon supérieur poreux sur des horizons inférieurs plus compacts de différentes
natures ;

- Destaches d’hydromorphies dans les horizons supérieurs et/ou inférieurs ;

- La présence de quartz et/ou de pisolithes - peu abondants dans les fosses 1 et 4 mais
trés abondants dans certains horizons des fosses 2 et 3 ;

Les fosses se distinguent par leur variation de couleur, la position, I'intensité et 'abondance des
taches d’hydromorphie dans le profil, la taille des sables constituant la matrice, la nature et la
profondeur des horizons compacts (peu poreux) dans le profil, 'épaisseur de ’horizon brun de
surface (voir Fig. 4 et 5 et annexe 1).

3.1.1 Hydromorphie et djougoun-pétés:

L’originalité de ces profils réside essentiellement en la présence de djougoun-pétés plus ou
moins denses et profonds et en I'observation d'une hydromorphie marquée malgré une texture a
dominante globalement sableuse (Figure 5).

* Dans le profil 1 situé au sommet des modelés, elle est peu marquée et limitée aux
horizons de surface [0-30cm]. Le reste du profil est exempt de taches. Cette
hydromorphie de surface se manifeste aussi par la présence de djougoun-pétés remplis
d’eau voisins de djougoun-pété secs sur le méme niveau, ce qui confirme le caractere peu
perméable de ce sol malgré une texture sableuse.

* Dans le profil 4 situé sur faible pente dans la moitié supérieur du modelé,
I'hydromorphie apparait au contraire en profondeur alors que I'horizon de surface [0-
30cm] en est exempt. Un horizon argileux a partir de 120 cm. Alors que I'eau s’évacue
facilement de la surface grace a la faible pente et a sa texture sableuse, elle semble moins
bien circuler dans la partie inférieure du profil de moins en moins colorée en
profondeur. Les nombreux résidus quartzeux y cotoient des taches de couleur rouge
indiquant une mobilisation du fer.

* Dans le profil 2 situé sur un replat dans la moitié inférieur du modelé, I'hydromorphie
est généralisée. L’altérite limoneuse comportant des filons de quartz et de lithoreliques
visibles, apparait a partir de 75cm limitant la pénétration de I’eau et favorisant la
stagnation de I'’eau dans les 75 premiers cm. La encore des djougoun-pétés secs cotoient
des djougoun-pétés inondés indiquant une forte compacité de I'horizon intermédiaire
[35-75cm] constitué de pisolithes centimétriques pour 50% de son volume.

* Enfin dans le profil 3 situé sur une terrasse quelques metres au-dessus d'une crique,
I'hydromorphie se manifeste par des taches de décoloration au-dessus de 75cm
auxquelles succedent des taches de précipitations dans un horizon totalement décoloré
en-dessous de 75cm. Une nappe d’eau claire est présente a 120cm (remontant par
capillarité jusqu’a moins d’1m lors de 'ouverture). A I'inverse, les djougoun-pétés sont
secs.
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Figure 3 : Toposéquence suivie par les 4 fosses ouvertes sur le site de la Waki - les
dénivelés ne dépassent pas 30m (190m a 160 m)

Figure 4 : Photographies des profils complets des quatre fosses (dans I'ordre de la
toposéquence)
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Figure 5 : Schéma des quatre profils positionnés sur la toposéquence - les étoiles de
couleur indiquent des tiches d’hydromorphie, les ronds noirs indiquent des pisolithes et
les triangles blancs des graviers de quartz.



L’intensité de 'hydromorphie et sa profondeur semblent donc suivre une gradation corrélée au
dénivelé. La densité des djougoun-pétés semble pour partie liée a I'intensité de I'hydromorphie
de surface aussi influencée par la pente :

* Dans la moitié inférieur du modelé (qui ne dépasse pas 30m de dénivelé),
I'hydromorphie est généralisée, y compris dans les horizons superficiels plus poreux.
Dans le cas du profil 2, du fait d’horizons tres peu poreux a partir de 30cm et d’absence
de pente, I'’écoulement de I'eau est réduite tant latéralement que verticalement. Les
djougoun-pétés sont nombreux et jouent le réle de collecteurs plus ou moins efficaces
selon I'importance de leur étanchéité. Dans le cas du profil 3, les horizons inférieurs sont
plus poreux mais c’est la présence d'une nappe peu profonde et fluctuante qui participe a
I'engorgement saisonnier des horizons de surface.

* Dans la moitié supérieure du modelé, 'hydromorphie de surface ne se manifeste qu’en
absence de pente et disparait des qu’'une faible pente (5-15%) est perceptible. Bien que
la compacité des horizons intermédiaires ne paraisse pas exceptionnelle, 'écoulement
vertical de I'eau semble insuffisant. En cas de légére pente, I'’écoulement latéral est
suffisant pour évacuer 'eau de surface mais n'empéche pas une stagnation progressive
de l'eau en profondeur (cas du profil 4). En l'absence de pente, I'eau s’écoule
préférentiellement dans les djougoun-pétés en circulant lentement dans I'horizon de
surface.

3.1.2 Eléments grossiers et line-stone :
Les profils présentent deux types d’éléments grossiers dont 'abondance relative est tres
variable entre et au sein des profils.

Les graviers de quartz sont absents du profil 1 en haut de modelé ; ils sont nombreux a partir de
60cm dans le profil 4 sur pente faible dans la moitié supérieur du modelé; ils sont peu
nombreux dans le profil 2 situé un peu plus bas et n’apparaissent qu’a partir de 90cm ; sur le
profil 3 proche de la crique, ils forment un lit concentré a 120cm de profondeur, correspondant a
un niveau de circulation d’eau libre. Sur quelques graviers, le quartz est encore accompagné
d’autres minéraux rose (feldspath?) et encore plus rarement accolé a une concrétion
ferrugineuse. De par leur position relative et leur forme anguleuse non émoussée, ils semblent
avoir une origine autochtone et ne pas provenir d'un dépét alluvionnaire mais plutot de la
désagrégation de la roche-mere de nature mal cernée (complexe Tonalite, Tronjhémites,
Granodioritique).

Les pisolithes sont peu nombreux et se mélangent a de la lithoreliques dans le profil 1 ; ils sont
absents du profil 4 sur pente faible et du profil 3 proche de la crique ; ils sont hyper-concentrés
entre 30cm et 75cm de profondeur dans le profil 2 en position intermédiaire. Leur forme est
ronde et tres réguliere. On trouve rarement des pisolithes accolés les uns aux autres y compris
dans I'horizon du profil 2 ou ils sont les plus concentrés.

Dans le profil 2 entre [30-70cm] et dans le profil 1 entre [110 -120cm], les éléments grossiers
constituent des «stone line» (horizons a forte concentration).
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Fig. 2. — Schéma de I'évolution de la couverture pédologique, les axes sont référés au sédiment A : enfoncement
de la couverture de sol; B : recul du versant, Fc : front de concentration des éléments grossiers; Fd : front
de dissolution des nodules. Le matériau repéré par 1'étoile se trouve au temps T dans la zone de croissance
des nedules, puis au temps T+ dans la zone d'instabilité des nodules.

Figure 6 : Schémas proposés par Lucas et collegues (1990) pour expliquer I'origine d’'une
stone line nodulaire : la stone line est coupée de ses origines par un enfoncement du front
de dissolution par apparition d'une hydromorphie modérée - on peut supposer qu’un tel
phénomene s’est déroulé au niveau du profil 2 (rectangle rouge).

La formation de «stone line» peut avoir différentes origines: des remontée biologiques, des
transports mécaniques, une formation autochtone (Lucas et al.,, 1990). La «stone line» du profil
2, situé en bas de topo-séquence, est constitué exclusivement de pisolithes (nodules ronds) telle
que celle décrite par Lucas et collégues (1990) a 5m de profondeur dans la région de Manaus sur
un bas-plateau (Figure 6). Dans ce cas, les auteurs décrivent une «stone line» en cours de
formation le long d'un front de concentration correspondant a la limite de la zone de
dissolution : les concrétions se forment en profondeur par transformation de I'altérite dans des
conditions favorables (alternance phases humides et seches) et s’accumulent a I'interface entre
horizons inférieurs compacts et horizon supérieur plus meuble, lors de l’enfoncement
géochimique du sol.

Dans notre cas, la «stone line» épaisse et moins profonde, est accompagnée de taches
(ponctuations rouges) mais aucun horizon sous-jacent de transition présentant des nodules
friables ou peu indurés n’est observé. La «stone line» repose directement sur un horizon jaune
tacheté et sans éléments grossiers. Cette «stone line» n’est pas retrouvée dans le profil 3 situé a
la base de la toposéquence. Il semble donc que l'on soit en présence d'une «stone line»
autochtone aujourd’hui coupée de ses origines, telle qu'observée par Lucas et collégues sur la
zone de versant : aprés une longue période de formation isolant des nodules indurés dans une
«stone line» épaisse a faible profondeur, une modification des conditions pédoclimatiques (+
humide) a fait s’enfoncer le front de dissolution. Les taches actuellement visibles ne semblent



pas liées a un processus de formation (pas de gradation entre pisolithes indurés et taches) mais
marqueraient l'activation d’'une nouvelle phase de dissolution s’attaquant petit a petit aux
pisolithes, situation cohérente avec I'hydromorphie de surface observée. La faible profondeur et
I'épaisseur de la «stone line» laisse penser que I'épisode de formation des pisolithes est soit
récent mais suffisamment long pour engendrer une quantité significative de pisolithes, soit plus
ancien et suivi d'une phase érosive suffisamment forte pour ramener cette ligne en surface.
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Figure 7 : carte topographique locale : les pentes >5% semblent se répartir
préférentiellement autour de 170m et autour de 180m, délimitant une sorte de terrasse
intermédiaire pouvant correspondre au niveau pisolithique

L’organisation des reliefs selon trois terrasses superposées semble supporter cette derniére
hypothese. En effet, la localisation des pentes modérées 5-15% semble marquer des ruptures
autour de 170m et autour de 180m. La terrasse intermédiaire entre 170 et 180m, située entre le
lit actuel des criques et le niveau supérieur des modelés, pourrait correspondre au niveau de
concentration des pisolithes (Figure 7).

La présence d’'une «stone line» quartzeuse observée plus profondément sur le profil 3 et d’'une
forte abondance de quartz dans le profil 4 supporte bien ces hypotheses. Dans le cas du profil 3
situé en base de modelé, une hydromorphie plus forte a pu totalement résorber les nodules ne
laissant plus que les particules de quartz les plus dures - une érosion physique assez importante
a entrainé leur concentration a l'interface des horizons supérieurs meubles et des horizons
inférieurs plus limoneux selon le méme processus de concentration que pour les pisolithes.
Dans le profil 4, il n’y a pas de « stone line » mais une concentration relativement forte de quartz
dans toute la partie inférieure du profil qui pourrait s’expliquer par I'érosion progressive du
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versant et une migration du haut du modelé vers le bas stoppé par I'horizon de pisolithes.
(Figure 8).

190m F1

Figure 8 : proposition de reconstitution de la toposéquence - I’horizon pisolithique est
indiqué en quadrillé brun et jaune, le quartz par des triangles, la saprolite par la couleur
rouge - les fleches bleu indique I'intensité et le sens du drainage.

3.1.3 Fonctionnement des sols a djougoun-pété :
Plusieurs interprétations fonctionnelles de la présence de djougoun-pété ont été proposées
précédemment :

- Blancaneaux en 1973 explique la présence des djougoun-pété dans le secteur de la
crique Grégoire (sur granito-gneiss porphyroide) par «la chute des arbres qui ont un
enracinement tres superficiel, dans un horizon bien structuré, mais limité dés 40 cm de
profondeur par un matériau nettement plus compact et imperméable. Cette limite a pour
conséquence une instabilité relative des arbres; des vents modérés sufisent a leur
déracinement. Déracinés, ils laissent des trous qui sont soit constamment nettoyés des
fractions fines du sol par ruissellement, soit le domaine de la stagnation temporaire de l'eau
et des débris végétaux. Ce biotope est défavorable a la régénération de la forét et une flore
herbacée pauvre s’établit la. Les arbres tombés disparaissent relativement plus rapidement
et les trous restent visibles. » ;

- Fritsch et al. en 1986 décrivent sur le site ECEREX de St Elie (sur schistes) un plateau a
forte densité de djougoun-pété et expliquent ce phénoméne par un systeme
transformant résultant de « modifications du comportement hydrique qui donnent de
nouvelles structures a la formation supergéne. Ces structures accentuent a leur tour les
modifications du comportement hydrique (...) les transformations minéralogiques qui se
réalisent dans la formation supergéne entrainent le plus souvent des pertes de matiere.
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Cette érosion chimique est plus active dans les systemes transformants. Elle I'est d’autant
plus que les transformations minéralogiques sont plus poussées. Dans le temps, elle
entraine un affaissement plus marqué de la surface topographique a l'aplomb de ces
systemes et donne ainsi de nouvelles formes au paysage ».
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Figure 9 : systémes transformants amonts supérieurs et inférieurs d’apres Fritsch
etal., 1986.

Enfin, lors d’'une précédente mission sur la Montagne aux Gouffres (mars 2013) suite a la
réalisation d'une fosse dans une zone a djougoun-pété (sur grés et conglomérats) et a
I'observation d’'une croflite d’oxydation interrompue au niveau de la dépression, nous
avons émis I'’hypothése que ce micro-relief « serait en lien avec la distribution d’une
cuirasse de faible épaisseur. Un djougoung-pété serait alors la résultante (i) dans les zones
ou la cuirasse n’est plus massive, d’un transfert de terre fine (argile) du haut vers le bas et
finalement d’une exportation de terre fine (dépression) (ii) d’'une stagnation de l'eau en
saison des pluies favorisée par la présence d’un horizon limoneux peu perméable a faible
profondeur, d’une crolite d’oxyde de fer juste au-dessus de I'horizon limoneux et d’une faible
pente. »

Ce nouveau site montre plusieurs originalités et plusieurs points de convergence avec les sites
précédemment décrits. On note les points communs suivant : (1) une hydromorphie de surface
liée a la présence d'un horizon peu perméable voire trés compact a faible profondeur; (2) la
présence d’horizons a concrétions ferrugineuses (pisolites) et/ou un enrichissement généralisé
en quartz; (3) comme sur ECEREX l'extension des djougoun-pété est limitée aux zones plates
des modelés (zones avales et amonts) ; (4) comme sur crique Grégoire, ce sol supporte une forét
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ouverte et de richesse réduite ou les chablis semblent plus fréquents ; (5) les éléments grossiers
sont tres nombreux au fond des cuvettes de djougoun-pété . En termes d’originalité on observe
(1) un horizon brun tres épais (30 a 60cm); (2) un horizon pisolitique tres épais mais
spatialement limité (sur un seul profil) et sans transition visible avec les horizons ponctués (pas
de zones a nodules peu indurés ou a nodules friables) ; (3) la présence de djougoun-pétés sur un
profil ou I'horizon ocre et non tacheté est épais ; (4) 'absence de djougoun-pété sur les pentes
faibles 5-10%, contrairement a I'observation faite sur Montagne aux gouffres sur une pente a
8%.

Globalement, les fosses ouvertes sur la Waki s’insérent assez bien dans le schéma de
fonctionnement décrit par Fritsch et collegues de systéme transformant, excepté pour la fosse
1 qui présente un drainage ralenti mais pas franchement superficiel, de rares concrétions, un
horizon ocre épais et sans taches, pas d’altérite visible avant 2m (sol tres profond). Au regard de
ces nouvelles observations il apparait :

(1) que les djougoun-pétés paraissent dans tous les cas liés a une hydromorphie de surface
provoquée par une baisse importante de la porosité des horizons inférieurs ;

(2) que ces cuvettes sont sans doute liées aux effets conjoints des chablis (qui emmenent des
loupes de terre et raménent les éléments grossiers en surface) et d’'une perte de matiére due
aux transformations chimiques poussées et a un drainage superficiel - avec sans doute des feed-
back positifs entre les deux mécanismes ;

(3) que ceux-ci peuvent se développer sur différents types de substrats (schisteux, gréseux,
granitoides) sur des modelés de forme variés mais préférentiellement sur des formes basses
et/ou des pentes réduites (sans doute d’autant plus réduite que la texture est sableuse donc
naturellement drainante).

3.2 Synthese des analyses physico-chimiques
Les analyses physico-chimiques confirment les descriptions morphologiques effectuées sur le
terrain a savoir :

- Dessols a texture sableuse dominante (Fig.. 10) ;

- Laprésence d’horizons argiques (accumulation d’argile en sub-surface par migration des
éléments les plus fins depuis les horizons supérieurs vers les horizons inférieurs)
symptéme d'un mauvais drainage interne au sein des profils et cause de I'hydromorphie
de surface observée sur les fosses 2-3 et 4 (Fig. 11) ;

- Des sols chimiquement appauvris avec de trés faibles CEC (2.9 a 3.7 cmolc.kg! pour les
horizons de surface).

Les résultats des analyses physico-chimiques des fosses F2 et F4 permettent de classer sans
équivoque ces profils au sein des acrisols et peuvent étre qualifiés de loamic. : acrisol (loamic).
La présence d’'un horizon trés riche en pisolithes et de taches d’hydromorphie en surface du
profil F2 en font un stagnic pisoplinthic acrisol (loamic) se transformant en stagnic pisoplinthic
argic plinthosol (loamic) a I'aplomb des djougoung-pété. Les analyses physiques de la fosse F3
mettent également en évidence un horizon argic permettant de classer le profil en tant qu’acrisol
avec tendance gleyic compte-tenu des symptomes d’hydromorphie visibles dans la partie
inférieure du profil. Aucun horizon diagnostic ne se dégage pour la fosse F1 sur la base des
seules analyses physiques. On peut supposer un classement dans les types ferralsols (ferralsol
loamic ?) ce qui reste a confirmer par une analyse chimique complémentaire.
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Figure 10 : Position des différents horizons des profils de la Waki dans le triangle des
textures USDA - aucune texture Clay - on passe généralement de SandyLoam en surface a

SandyClay ou ClayLoam ou Loam en profondeur.
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Figure 11 : Evolution des taux d’argiles sur les différents profils de la Waki - les profils 2,3
et 4 présentent de fortes augmentation en profondeur avec un ventre d’argile bien net sur
le profil 2 a moins de 1m - les (a) indiquent les horizons argic (facteur d’augmentation

>1,4 par rapport a I’horizon supérieur).
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3.3 Analyse isotopique du carbone organique

L’analyse qualitative du carbone organique contenu dans le sol, a travers les variations de
composition isotopique (613C), permet de caractériser les différents types de végétation, qui se
sont succédés sur le site au cours des derniers millénaires (Francisquini et al. 2014). En effet, au
cours de la photosyntheése, les végétaux assimilent des proportions de 13C et de 12C variables en
fonction de leur types biologiques (plantes en C3 vs plantes en C4) et de leur traits écologiques
(notamment les traits liés a I'utilisation de I’eau par la plante - Bonal et al. 2000). Ce signal
perdure dans la matiére organique contenue dans les sols. Les valeurs de 613C peuvent variées
de -35 a-20%o pour les végétaux forestiers (arbres, lianes et herbacées de sous-bois : plantes en
C3) etde -15 a -9%o pour les graminées de savanes (plantes en C4). Selon la position des
végétaux dans la canopée les valeurs de 613C peuvent aussi varier (Domingues et al. 2007) : les
espéces de sous-bois présentent les signatures les plus négatives alors que les espéeces de
canopée et les lianes présentent des valeurs plus proches de -20 car plus exposées a la pleine
lumiére et soumis a un plus grand stress hydrique.

Le profil analysé pour la Waki fait apparaitre une forte variation de 813C, de -29 en surface a -23
a 50cm de profondeur avec une stabilisation entre -25 et -26 entre 80cm et 140cm. Ce sont les
plus fortes variations jamais mesurées en Guyane frangaise pour ce genre d’étude (Freycon et al.
2010). Ces variations sont insuffisantes pour pouvoir conclure a I'existence anciennes de
savanes a graminées (telles que celles existant aujourd’hui dans la région). Par contre elles
peuvent étre le signe d'une forte ouverture de la forét liée a des épisodes plus secs, favorisant la
mortalité des especes les moins adaptées au stress hydriques, le développement des lianes et
I'inclusion de clairiéres a graminées.

513C (%)

30 28 28 24 22 20 18 16 14 12

Depth (cm)
3

8
-

g

N
3

- Paracou

Figure 12 : Evolution du rapport isotopique du carbone 13 sur le profil F1 de la Waki et
comparaison avec le profil de Paracou (typique d’un couvert forestier permanent).
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Aucune datation n’a été effectuée dans ce profil pour situer les différents horizons. Cependant
plusieurs mesures réalisées sur sols guyanais comparables (ferralsols et acrisols) évaluent I'dge
des horizons situé a 120-125 cm autour de -4 500 a -5 500 ans BP et les horizons situés a 60-
65cm entre -3 500 et -4 000 ans BP (en utilisant charbons ou 14C - Freycon et al. 2010). Le
changement de végétation détecté ici pourrait donc étre intervenu il y a moins de 4 000 ans.

4 Synthese

Le systeme-sol diagnostiqué sur le site de la Waki est particulierement original. On pourrait le
qualifier de systéme transformant réactivé. Entre 160 et 170m d’altitude, c’est-a-dire a
proximité des criques et du niveau de base local, nous sommes en effet en présence d'un systéme
aval transformant actif (Sav) caractérisé par des acrisols a tendance stagnic et gleyic avec
développement de djougoung-pétés. Entre 170 a 180m d’altitude, en haut des courts versants,
on est en présence d’'un systéme amont transformant (Sam) plus ou moins actif et caractérisé
par des acrisols a tendance stagnic accompagnés de djougoung-pétés plus ou moins
nombreux. Enfin en position sommitale, la présence de djougougn-pétés sur des sols
apparemment profonds et mieux drainés, a priori de type ferralsol (loamic), pourrait étre liée a
un fonctionnement ancien : on serait alors en présence de djougoun-pétés relictuels (systéme
transformant ancien), « fossilisés» par la texture limoneuse du sol. Plusieurs indices observés
sur le site permettent d’émettre de sérieuses hypotheses sur la genese de ce systéme :

- La présence d’'une stone line autochtone a faible profondeur met en évidence I'existence
en ce lieu d'un ancien pédo-climat différent de l'actuel, avec une saison seche plus
marquée permettant la formation d’'un horizon induré en sub-surface ;

- La différenciation de la nature de cette stone line, avec un niveau a nodules dans les
parties supérieures des modelés et un niveau a quartz dans les parties inférieures des
modelés, met en évidence la progression d’un front d’érosion combinée a une dissolution
de I'’horizon induré sous un pédo-climat actuellement plus humide ;

- L’ancien pédo-climat, plus sec, aurait permis le développement d’'une forét plus ouverte
favorable aux lianes, aux espéeces héliophiles et a I'apparition de clairieres ce qui aurait
permis une dynamique érosive rapide du fait d'un couvert limité ;

- La présence permanente d'une discontinuité dans le profil, sous la forme de I'horizon
induré, du niveau nodulaire ou quartzeux limiterait le drainage au sein du profil,
favorisant un drainage latéral superficiel et une hydromorphie temporaire de surface
particuliéerement favorable aux chablis et a la formation de djougoung-pétés ;

- La formation de djougoung-pété est auto-entretenue par la texture sablo-limoneuse des
sols qui freine le drainage vertical = favorise le drainage latéral - entraine le départ
des argiles fines et de la matiere organique = déstructure le sol et accentue le caractére
sablo-limoneux ;

- La forét tropicale humide actuelle, peu diversifiée sur la Waki et montrant des affinités
avec les foréts de la plaine cotiére, a toutes les caractéristiques d'une formation
relativement récente, confirmant I'existence antérieurement d'une formation végétale
différente ;
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Ce systéme-sol a djougoung-pétés serait donc lié a la combinaison d'une dynamique érosive
marquée, conjuguée a une modification récente du pédo-climat et a une texture sablo-limoneuse
pour partie héritée du substrat et pour partie auto-entretenue. Ce mécanisme serait
actuellement en jeu entre 180 et 160m d’altitude et a certainement été antérieurement actif
entre 190 et 180m d’altitude.

Sachant que le léger mouvement tectonique de surrection du socle guyanais mis en évidence par
Palvadeau (1999) a laissé des indices perceptibles le long du Maroni jusqu’a Antecum Pata, il est
tentant de rapprocher le fonctionnement décrit avec cet événement global : 'enfoncement du
réseau hydrologique suite aux mouvements tectoniques récents (330 000 - 6000 ans) combiné a
une modification récente du climat (plus humide au cours de derniers millénaires) aurait
relancé I’érosion physique sur la Waki et provoquer un enfoncement du front de dissolution au
sein des profils. Du fait du différentiel entre vitesse d’érosion et vitesse d’enfoncement de la
stone line, la dynamique érosive se serait heurtée a I'horizon a concrétions, créant une nouvelle
surface plane intermédiaire entre 180 et 170m. Cette nouvelle surface réunit toutes les
conditions favorables au développement d’'un systéme transformant (discontinuité texturale a
faible profondeur, drainage latéral superficiel, ...) alors que l'enfoncement du front de
dissolution sur l'ancienne terrasse au-dessus 180m, ferait disparaitre petit a petit cette
discontinuité et améliorerait le drainage vertical au sein des profils, provoquant I'extinction
graduelle du mécanisme transformant. Ce scénario implique cependant un «timing»
géomorphologique relativement court car la région du Haut-Maroni n’est concernée que tres
récemment par les mouvements tectoniques (maximum 120ka d’aprés Palvadeau 1998). Or les
vitesses d’érosion mesurées sous couvert forestier dans des contextes semblables a ceux de la
Waki, sont de l'ordre de 10m.Ma! seulement (Saldago et al, 2007) soit 1m sur 100ka.
Cependant, la dynamique érosive peut-étre fortement accélérée sous un couvert dégradé:
jusqu’a 70m.Ma-! (Stallard et al. 1991) soit 7m sur 100ka. Ce scénario n’est donc pas irréaliste
mais mériterait d’étre confronté a des avis d’experts.

5 Conclusions

Les formations forestiéres de la région de la Waki se révelent particuliérement intéressantes sur
deux plans :

- elles sont tres originales d'un point de vue composition et fonctionnement et possédent a
ce titre une forte valeur patrimoniale malgré une faible richesse spécifique ;

- elles apparaissent comme particuliérement sensibles aux changements climatiques du
fait de leur contexte géologique et pédoclimatique hors normes et peuvent a ce titre
servir de modele d’étude quant aux interactions forét-sol-climat.

Ce site a tous les atouts pour la mise en plage dispositif de suivi et d'analyse des impacts des
changements climatiques sur la forét. Son accekm paique facilite I'entretien des infrastructures

(DZ et carbet) et autorise I'organisation de missipeu colteuses (pour peu qu’on s’autorise um déla
de transport de 2 ou 3 jours). L'installation dageittes permanentes de suivi de la dynamique
forestiére peut donc s’envisager assez facilement.

Cette opportunité pourrait étre examinée par le Rarazonien si I'Etablissement confirme sa volonté
d’investir dans le monitoring environnemental efpdeticiper aux réseaux scientifiques forestiers
existants (GUYAFOR).
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7 Annexes
7.1 Description des fosses sur le terrain

7.1.1 Habitats - Waki - Fosse 1

Ouverture fosse : 04/04/2014 O Brunaux, V Bezard, S Guitet

Description de la fosse : 04/04/2014

Dimension de la fosse : 1m x 1,50m x prof 1,50m

Localisation :

Bassin de la Waki - Pk 2,7 sur le layon WAKI-B - entrée de la placette botanique de Daniel
Sabatier

Relevé GPS : x=230 968 - y=340 717 UTM 22N WGS84

Végétation : Forét tropicale humide a Parinari spp., Ecclinusa spp., Tachigali spp. sur djougoun-
pété (type 46.41W)

Géologie : Formations éo-transamazoniennes a plutons tonalitiques et granodioritiques sur
carte du BRGM (2001)

Antécédent climatique : Temps ensoleillé les jours précédents avec quelques petites averses de
faible intensité.

Hydrologie : saturé de maniere saisonniére ( 7), drainage imparfait, stagnation d’eau de surface
(visible dans plusieurs djougoun-pété sur ce secteur)

Géomorphologie : Paysage de reliefs multi-concaves (type D)

Morphologie locale : pente 0-5% sur un replat en position sommitale d'un modelé de faible
amplitude - présence de nombreux djougoun-pété de 30cm de profondeur en moyenne -
certains remplis d’eau, d’autres légerement humides et tapissés de pisolithes (ronds) et petites
concrétions de formes variées (quartz ferrugineux). Voir photo 1.

Fosse creusée de facon a couper un djougoun-pété d’environ 1m de diametre, légérement
humide en surface.

Profil, face Nord :

Nombre d’horizons : 4 indiqués sur le terrain (que 'on peut ramener a 3 apres analyse)

Le profil est tres homogene et les horizons sont tres peu distincts avec de 1égeres variations de
couleurs et apparition d’éléments grossiers peu abondants (Photo 2).

Un sondage tariére a été effectué entre 150 cm et 200 cm (en fond de fosse) pour vérifier
I'homogénéité des horizons sous-jacents.
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Photo 1-1 : Environnement immédiat de la fosse - succession de djougoun-pétés de 30 a 40
cm de profondeur

Photo 1-2 : Fosse n°1 avec djougoun-pété traversé par le coin NE de la fosse

20



Horizon 1 [0-10/30 cm] - décrit sur face Est (surface de la face Nord abimée)

Humide. Epaisseur constante de 10 cm mais limite décalée a 30cm de prof sous le djougoun-
pété. Brun 10YR4/3 (10YR4/4 a sec). Nombreuses taches (15 a 40%) fines (1-2mm) rouge
orange a rouge sombre 2.5YR 3/6 a 5/8 dans la matrice. Sables fins (limoneux). Structure
polyédrique anguleuse de 2 a 4cm avec sous-structure grenue a grumeleuse de 0 a 5 mm, trés
poreuse. Racines nombreuses et de toutes tailles. Photo 3. Transition avec H2 assez nette sur
2cm.

Horizon 2 [10 - 30/50cm]

Frais. Epaisseur constante de 20 cm mais limite décalée a 50cm de prof sous le djougoun-pété.
Brun clair 10YR4/6 (10YR6/6 a sec). Taches nombreuses (15-40%) qui deviennent trés
nombreuses a I'aplomb du djougoun-pété (>40%) de méme couleur que dans I’horizon
sus-jacent (rouge orange a rouge sombre 2.5YR 3/6 a 5/8 dans la matrice), mais plus
grosses (2-6mm). Sables fins (argileux). Structure polyédrique anguleuse de taille plus petite
(10-20mm) avec sous-structure grenue, peu poreuse. Racines moyennes et peu nombreuses.
Photo 4. Transition avec H3 peu nette et irréguliére sur 10cm.

Horizon 3 [30/50 - 75 cm]

Frais. Jaune brun 10YR5/8 (7.5YR5/8 a sec). Pas de tache. Sables fins (limono-argileux).
Structure polyédrique anguleuse de petite taille (10-20mm) avec sous-structure grenue, peu
poreuse. Racines moyennes et peu nombreuses. Apparition de quelques pisolithes et
lithoreliques ferrugineuses ou morceau de cuirasse (<1%) de petite taille (2 a 5mm) et
formes irréguliéres. Photo 5. Transition avec H4 graduelle sur plus de 12 cm.

NB : Cet horizon trés similaire a '’horizon 4 si ce n’est la densité d’éléments grossier et une
légére variation de couleur peut étre considéré comme une zone de transition entre I’horizon 2
et 4 et fusionné avec I'’horizon 4

Horizon 4 [75 - 150 cm]

Frais. Jaune brun 10YR5/8 dans sa partie supérieure passant progressivement au rouge
jaunatre 5YR5/8 dans sa partie inférieure (entre 7.5YR5/8 et 7.5YR7/8 a sec). Pas de tache.
Sables fins (limono-argileux). Structure polyédrique anguleuse de petite taille (10-20mm) avec
sous-structure grenue, peu poreuse. Racines fines dans la partie supérieures et moyenne dans la
partie inférieure, peu nombreuses. Pisolithes un peu plus nombreux dans la partie supérieure
(<5%) de petite taille (2 a 5mm) et formes irréguliéres, qui se raréfient en profondeur. Photo 6.

L’Horizon 4 se poursuit au moins jusqu’a 2m (vérification par sondage tariere). Voir photo 7.

Profondeur de prélevements :
- 5cm pour Hz 1 - prélevé face Est;
- 15-25cmpour Hz 2;
- 50-60 cm pour Hz 3 ;
- 80-90 cm pour partie supérieure de Hz 4 ;
- 120-130 cm pour partie inférieure de Hz 4.
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Photo 1-3 : horizon 1 avec tdches abondantes - autres photos 123 a 134
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Photo 1-4 : horizon 2 avec t&ches - autres I-Jhotos 92a95et108a122
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Photo 1-6 : partie inférieure de I'horizon 4 - autres photos 100 a 107
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Photo 1-7 : sondage tarieére entre 150 et 200 cm de profondeur - I'horizon 4 se poursuit -
couleur graduellement plus rouge en comparaison avec les horizons 2 (en bas a droite) et 3
(en haut a droite)

Tkl

Photo 1-8: fond de la fosse 1 le lendemain d’une pluie modérée d’environ 1 heure
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7.1.2 Habitats - Waki - Fosse 2

Ouverture fosse : 05/04/2014 O Brunaux, V Bezard, S Guitet
Description de la fosse : 05/04/2014

Dimension de la fosse : 1m x 1,50m x prof 1,50m

Localisation :
Bassin de la Waki - Pk 2,2 sur le layon WAKI-B - zone de djougoun-pétés inondés
Relevé GPS : x=231 362 - y=340 942 UTM 22N WGS84

Végétation : Forét tropicale humide a Parinari spp., Ecclinusa spp., Tachigali spp. sur djougoun-
pété (type 46.41W)

Géologie : Formations éo-transamazoniennes a plutons tonalitiques et granodioritiques sur
carte du BRGM (2001)

Antécédent climatique : Temps ensoleillé les jours précédents avec une averse modérée la
veille au soir.

Hydrologie : saturé de maniere saisonniere ( 7), drainage pauvre, stagnation d’eau de surface
(visible dans tous les djougoun-pétés de ce secteur)

Géomorphologie : Paysage de reliefs multi-concaves (type D)

Morphologie locale : pente 0-5% sur un replat en position sommitale d'un modelé de faible
amplitude - présence de nombreux djougoun-pété de 30cm de profondeur en moyenne tous
remplis d’eau et tapissés de pisolithes (ronds) et de cailloux de quartz. Voir photo 2.

Fosse creusée de facon a couper un djougoun-pété d’environ 1m de diameétre partiellement
rempli d’eau (Photo 1 : en début de creusement)

Profils :

Nombre d’horizons : 5

Le profil est totalement différent de la fosse précédente. Les couleurs sont bariolées. Les
horizons sont tres marqués.

On a d’abord creusé en dehors du djougoun-pété, puis on a fait progresser le front Nord pour
déborder sur le djougoun-pété.

La face Nord coté djougoun-pété fait 120cm et la face Est hors djougoun-pété fait 150cm de
profondeur.
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Photo 2-1 : Emplacement de | étés de 30-40cm en face et a droite

Photo 2-2 : fond du djougoun-pété apres vidage de I'’eau stagnante : un lit de pisolithes et de
cailloux de quartz
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Photo 2-3 : Face Nord de la fosse 2 avec djougoun-pété au fond

Horizon 1 [0/30-10/40 cm] - décrit sur face Est (hors djougoun-pété)

Humide. Epaisseur constante de 10 cm mais limite évidemment décalée sous le djougoun-pété.
Brun 10YR4/3. Assez nombreuses taches (5 a 15%) trés fines (1-2mm) peu nettes, brunes 7.5YR
4/6 dans la matrice. Sables moyen (argileux). Structure polyédrique sub-anguleuse de 1cm avec
sous-structure grenue de 0 a 2 mm, tres poreuse. Racines nombreuses et de toutes tailles. Photo
4. Transition avec H2 assez nette sur 2cm et réguliere.

Horizon 2 [10/40 - 35/50cm]

Humide. Epaisseur de 25 cm hors djougoun-pété et réduite a 10cm sous le djougoun-pété. Brun
gris 10YR5/2 (10YR5/4 a sec). Taches nombreuses (15-40%) de couleur rouge jaunatre 5YR
4/6 dans la matrice, fines (2-6mm) et nettes. Sables moyens (limono-argileux). Structure
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polyédrique sub-anguleuse de taille 10-20mm avec sous-structure grenue de 0-2mm, poreuse.
Racines moyennes et peu nombreuses. Photo 5. Transition avec H3 nette sur 2cm et ondulée.

Horizon 3 [35/50 - 75 cm]

Frais. Jaunatre 7.5YR5/8 (10YR6/6 a sec). Nombreuses taches fines et peu nettes et peu
contrastées de couleur gris rosé (7.5YR7/2). Sables grossiers (limoneux). Structure polyédrique
anguleuse de petite taille (10-20mm) avec sous-structure grenue (0-2mm), peu poreuse. Racines
fines et peu nombreuses. Pisolithes trés nombreux (50% du volume) de petite taille (2 a
5mm) et grains de quartz de formes irrégulieres et de méme taille. Photo 6. Transition avec H4
distincte sur 2-5 cm et réguliéere.

Horizon 4 [75 -90/100 cm]

Frais. Jaunatre 7.5YR5/8 (7.5YR6/8 a sec). Nombreuses tiaches fines et peu nettes mais
contrastées de couleur rouge (2.5YR5/8). Limons (et sables fins). Structure polyédrique
anguleuse de petite taille (5-15mm) avec sous-structure grenue faible, trés peu poreuse. Racines
fines et peu nombreuses. Pisolithes moins nombreux (5-15%) de petite taille (2 a 5mm) et
quartz de formes irrégulieres parfois assez gros (cailloux). Photo 7. Transition avec H4 distincte
sur 2-5 cm mais irréguliere. Sous le djougoun-pété ’'Hz 4 pénetre dans 'Hz 5 en langues de 15 a
20cm de long.

Horizon 5 [90/100 - 150 cm]

Sec au toucher. Rouge 2.5YR4/8 (2.5YR5/8 a sec). Taches moyennes nettes et contrastées de
couleur jaunatre (7.5YR5/8). Limons (et sables moyens). Structure polyédrique anguleuse
de petite taille (5-15mm) avec sous-structure grenue faible, trés peu poreuse. Racines absentes.
Eléments grossiers trés peu nombreux (<1%) mais de grande taille (cailloux) et allongés et
alignés en filons = quartz et reliques de cuirasse de couleur lie de vin. Photos 8 et 9.

Profondeur de prélevements :
- 5cm pour Hz 1 - prélevé face Est ;
- 25cmpourHz?2;
- 60 cm pour Hz 3;
- 85cmpourHz4;
- 130 cm pour Hz 5.
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Photo 2-4 : horizon 1 avec tdches peu nombreuses et peu nettes - structure polyédrique -
autres photos 215 a 223 et 255 a 263

Photo 2-5 : horizon 2 avec tdches - autres photos 224 a 231 et 264 a 273
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Photo 2-6 : horizon 3 avec nombreux pisolithes inclus dans la matrice - autres photos 232 a
238et274a283

Photo 2-7 : horizon 4 - autres photos 239 a 246 et 284 a 292
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Photo 2-9 : on observe (entourés de tirets blancs) des filons de quartz (a droite) et des restes
de cuirasse (a gauche) dans I'horizon 5
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7.1.3 Habitats - Waki - Fosse3

Ouverture fosse : 07/04/2014 O Brunaux, V Bezard, S Guitet
Description de la fosse : 07/04/2014

Dimension de la fosse : 1m x 1,50m x prof 1,20m

Localisation :
Bassin de la Waki - Pk 1,6 sur le layon WAKI-B - zone de djougoun-pétés anastomosés
Relevé GPS : x=231 812 - y=341 104 UTM 22N WGS84

Végétation : Forét tropicale humide marécageuse (type 4A.23)
Géologie : Formations éo-transamazoniennes a plutons tonalitiques et granodioritiques
Antécédent climatique : Averses modérées les deux jours précédents

Hydrologie : saturé de maniere saisonniére ( 7), drainage trés pauvre, nappe souterraine libre
(crique a moins de 100m et environ 1m sous le niveau de la terrasse)

Géomorphologie : Paysage de reliefs multi-concaves (type D)

Morphologie locale : pente 0% sur un replat en bas de versant d'un modelé de faible amplitude -
présence de nombreux djougoun-pété de 30cm de profondeur en moyenne la plupart vides et
anastomosés, tapissés de cailloux de quartz. Voir photos 1 et 2.

Fosse creusée de facon a couper un djougoun-pété d’environ 3m de long et 60cm de large en
communication avec un deuxiéme djougoun-pété de moins d’1m de diametre

Profils Nord et Est:

Nombre d’horizons : 5

Le profil est tres hydromorphe et se rempli d’eau assez rapidement a partir de 110cm (le niveau
monte de 5cm en une heure environ avec une eau claire).

Un sondage tariére complémentaire a été effectué entre 120cm et 150cm malgré I'ennoiement.
La face Nord c6té djougoun-pété fait 90cm et la face Est hors djougoun-pété fait 120cm de
profondeur.
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Photo 3-2 : fond du djougoun-pété: un lit de cailloux de quartz épais de 10cm environ
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Photo 3-3 : Face Nord et Est de la fosse 3 avec djougoun-pété a droite

Horizon 1 [0/30-10/40 cm] - décrit sur face Est (hors djougoun-pété)

Humide. Epaisseur constante de 10 cm mais limite décalée sous le djougoun-pété. Brun gris
sombre 10YR4/2 sans taches. Sables moyen (argileux). Structure polyédrique sub-anguleuse de
5 a 15mm avec sous-structure grenue de 0 a 2 mm, trés poreuse. Grosses racines tres
nombreuses et de toutes tailles. Photo 4. Transition avec H2 distincte sur 2-5cm et ondulée (sous
djougoun-pété). Nombreuses racines décomposées.
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Horizon 2 [10/40 - 35/50cm]

Humide. Epaisseur de 25 cm hors djougoun-pété et réduite a 10cm sous le djougoun-pété. Gris
10YR6/1 (10YR5/3 a sec). Taches peu nombreuses (2-5%) de couleur brun jaunatre 10YR 5/8
dans la matrice et le long des racines, trés fines (1-2mm) peu nettes mais trés contrastées. Sables
moyens a grossiers (argileux). Structure polyédrique sub-anguleuse de taille 10-20mm avec
sous-structure grenue de 0-2mm, poreuse. Grosses racines nombreuses et quelques racines
décomposées. Photo 5. Transition avec H3 distincte sur 2-5cm et ondulée sous djougoun-pété.

Horizon 3 [35/50 - 75 cm]

Humide. Brun jaunatre 10YR5/8 (7.5YR5/8 a sec). Nombreuses taches (15-40%) moyennes
et peu nettes et peu contrastées de couleur gris clair (10YR7/1) dans la matrice et autour
des racines moyennes (Photo 9). Sables moyens (argileux). Structure polyédrique anguleuse
de petite taille (10-20mm) avec sous-structure grenue (0-2mm), peu poreuse a poreuse. Racines

fines a moyennes nombreuses. Photo 6. Transition avec H4 peu distincte sur 5-12 cm et
réguliere.

Horizon 4 [75-110 cm]
Tres humide. Gris clair 2.5Y7/1 (2.5Y7/3 a sec). Nombreuses (15-40%) taches fines a

grosses nettes et contrastées de couleur jaune rougeatre (7.5YR6/8) dans la matrice et au
contact des racines moyennes (Photo 10). Sables moyens a grossiers et argile. Structure
polyédrique sub-anguleuse de grande taille (20-50mm) modérée avec sous-structure grenue,
peu poreuse a poreuse. Racines fines a moyennes peu nombreuses et quelques racines fines
décomposées. Photo 7. Transition avec H5 peu distincte sur 5-12 cm mais réguliere.

Horizon 5[110-120 cm]

Saturé d’eau. Idem Hz4 mais éléments grossiers tres nombreux (80% du volume) de petite
taille (graviers). Photos 8.

Profondeur de prélevements, tout sur face Est
- 0-10 cm pour Hz 1;
- 15-20cm pour Hz 2 ;
- 50cmpour Hz 3;
- 90 cm pour Hz 4;
- 110 cm pour Hz 5;
- Sondage tariéere supp avec prélévement 130-150cm.
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Photo 3-4 : horizon 1- structure polyédrique sub-anguleuse modérée - autres photos 399 a
407

o i

Photo 3-5 : horizon 2 avec tdches et structure polyédrique faible - autres photos 417 a 426
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Photo 3-6 : horizon 3 avec nombreuses tdches de décoloration - autres photos 427 a 436
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Photo 3-7 : horizon 4 décoloré avec quelques tdches résiduelles - autres photos 437 a 446

tdches de I'horizon 4 qui suivent les

racines




7.1.4 Habitats - Waki - Fosse 4

Ouverture fosse : 09/04/2014 O Brunaux, V Bezard, S Guitet
Description de la fosse : 09/04/2014

Dimension de la fosse : 1m x 1,50m x prof 1,50m

Localisation :
Bassin de la Waki - Pk 1 sur le layon WAKI-C- limite de la placette botanique de Daniel Sabatier
Relevé GPS : x=233 200 - y=340 780 UTM 22N WGS84

Végétation : Forét tropicale humide a Parinari spp., Ecclinusa spp., Tachigali spp. sur djougoun-
pété (type 46.41W)

Géologie : Formations éo-transamazoniennes a plutons tonalitiques et granodioritiques sur
carte du BRGM (2001)

Antécédent climatique : Temps légerement humide les jours précédents avec quelques petites
averses de faible intensité mais un beau soleil la veille.

Hydrologie : sec de maniere saisonniere, drainage imparfait, sans exces d’eau (peu de djougoun-
pété sur ce secteur)

Géomorphologie : Paysage de reliefs multi-concaves (type D)
Morphologie locale : pente 5-10% au tiers supérieur d'un léger versant ouest d’'un modelé de
faible amplitude. Pas de djougoun-pété sur ce secteur. Photo 1.

Profil, face Est :

Nombre d’horizons : 5

Le profil présente des horizons bien distincts (franches variations de couleurs - apparition
d’éléments grossiers). Photo 2.
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Horizon 1 [0-45 cm] - décrit sur face Est (surface de la face Nord abimée)
Frais. Brun sombre 10YR4/4 (10YR6/4 a 5/3 a sec). Sables moyens (1égerement limoneux).

Faible structure polyédrique sub-anguleuse de 1 a 2cm avec sous-structure grenue a
grumeleuse de 0 a 2 mm, poreuse. Racines nombreuses et de toutes tailles. Beaucoup d’activité
biologique (vers, racines mortes). Photo 3. Transition avec H2 graduelle sur 5-12cm.

Horizon 2 [45 - 50/60cm]

Frais. Brun sombre 10YR4/4 (10YR6/4 a sec). Taches assez nombreuses (5-15%) de taille
moyenne (6-20mm) nettes et contrastées de couleur brun jaunatre (10YR5/8 - 7.5YR5/8 a sec).
Sables moyens (légérement limoneux). Structure modérée polyédrique anguleuse de taille
moyenne (20-30mm) avec sous-structure grenue, poreuse. Racines fines et peu nombreuses.
Photo 4. Transition avec H3 nette et irréguliére. Une langue de I'Hz 2 traverse 'Hz 3 jusqu’au 4 a
la faveur d’une racine (voir Photo 5).

Horizon 3 [50/60 - 90/100cm]

Frais. Brun jaunatre 10YR5/8 (10YR6/6 a sec). Taches moyennes nettes peu nombreuses (2 a
5% x 2) de 2 couleurs (brun fort 7.5YR5/6 et brun sombre 10YR4/4 : couleur de I'horizon
précédent). Sables de toutes tailles (limoneux). Structure polyédrique sub-anguleuse de petite
taille (5-10mm) avec sous-structure grenue, peu poreuse. Racines trés fines et peu nombreuses.
Apparition de graviers de quartz (5-15%) de formes irrégulieres anguleuses. Photo 6. Transition
avec H4 graduelle sur 5-12 cm et ondulée.

Horizon 4 [90/100 - 120/140 cm)]

Sec. Brun jaunatre 10YR5/8 (10YR7/6 a sec). Taches de taille moyenne et assez nombreuses a
nombreuses (2 x 15%) de 2 couleurs (brun pale 10YR8/2 et rouge 2.5YR4/6 a 5/8) dans la
matrice et autour des éléments grossiers. Sables de toutes tailles (limoneux). Structure
polyédrique anguleuse modérée de grande taille (20-40mm) avec sous-structure grenue, peu
poreuse. Racines moyennes peu nombreuses. Quartz tres peu nombreux (<2%) de petite taille (2
a 5mm) et formes irrégulieres. Photo 7.

Horizon 5 [120/140 - 150 cm]

Sec. Jaune brunatre 10YR6/8 (10YR7/6 a sec). Taches de taille moyenne et nombreuses (2 x
15-40%) de 2 couleurs (brun tres pale 10YR8/3 et rouge 10R4/6) dans la matrice et autour des
éléments grossiers. Limons (et sables grossiers). Structure polyédrique anguleuse faible de
taille moyenne (10-20mm) avec sous-structure grenue, peu poreuse. Racines fines peu
nombreuses. Quartz nombreux (15-40%) de graviers et cailloux et formes irrégulieres. Photo 8.

Profondeur de prélevements :
- 10 cm pour Hz 1 supérieur;
- 30 cm pour Hz 1 inférieur ;
- 55cmpourHz?2;
- 85cmpourHz3;
- 110 cm pour Hz 4;
- 140 cm pour Hz 5.
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Photo 4-4 : horizon 2 avec tdches apparentes - autres photos 502 a 509
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Photo 4-5 : 'horizon 2 brun avec tdche pénétre I’horizon 3 (orange avec tdache) en suivant
une racine de baaka mapa verticale bien visible en haut de profil et qui réapparait en
profondeur avec son latex blanc
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Photo 4-7 : horizon 4 tacheté rouge et brun clair
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; &
Photo 4-8 : horizon 5 riche en quartz et tdches rouilles
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7.2 Analyses physico-chimiques et rattachement au WRB

7.2.1 Profil : Waki2

Rattachement au WRB (2014)

- Granulométrie : sandy- loam (75% sables, 15% argile) dans I’horizon de surface = loam (40%
sables ; 25% argile) dans 'horizon de profondeur = la texture peut étre qualifiée de loamic.

- Bonne correspondance entre la texture percue sur le terrain et la granulométrie.

- L’horizon 3 a les caractéristiques a la fois d'un horizon pisoplinthique (nodules > 40% du
volume) et d'un horizon argic (A(hz)/A(hz sup) >1,4).

- L’horizon 4 présente certains critéres d'un horizon ferric (tiches de couleur plus rouge que
7.5YR et chroma > 5 C = abondantes) mais la taille des taches ne dépasse pas 20mm.

- la présence de taches abondantes dans les horizons de surface et d’eau stagnante dans le
djougoun-pété confere des propriétés stagnic

Proposition : Stagnic pisolinthic acrisol (loamic) en-dehors des djougoun-pétés car I'horizon 3 se
situe alors en dessous de 50cm et stagnic pisoplinthic plinthosol (loamic) sous les djougoun-
pétés.
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Profil Waki2 Waki2 Waki2 Waki2 Waki2
N° échantillon_labo 15S057-6 15S057-7 15S057-8 15S057-9 15S057-10
Horizon 1 2 3 4 5
Prof. cm 5 25 60 85 130
Eléments grossiers gkg1 0 0 461 0 0
Granulométrie

A gkgl 185 157 283 340 252
LF gkgt 40 31 51 89 241
LG gkgl 23 42 24 28 83
SF gkgt 158 143 192 127 119
SG gkgl 594 628 450 416 304
pH

pH eau 4,4 4.5 4,3 5,0 NA
pH KCl 4,1 4,2 4,2 4,7 NA
ApH = KCl-eau -0,3 -0,3 -0,1 -0,3 NA
Matiéere organique

C g kg1 20,6 11,5 4,5 2,5 NA
N gkgt 1,4 0,9 0,4 0,2 NA
C:N 15 14 13 13 NA
Phosphore Olsen mg kg1 2,4 2,2 1,0 1,2 NA
Bases échangeables

Ca éch cmolc kg1 0,1 0,1 0,1 0,2 NA
Mg éch cmolc kg1 0,1 0,1 0,0 0,0 NA
K éch cmolc kg1 0,1 0,0 0,0 0,0 NA
Na éch cmolc kg1 0,1 0,0 0,0 0,0 NA
S cmolc kg1 0,4 0,3 0,1 0,2 NA
CEC cmolc kg1 3,7 6,5 6,9 3,8 NA
CEC / kg argile cmolc kg1 9,9 12,1 5,2 6,9 NA
TS % 10 12 5 7 NA
Acidité d'échange, KCl

Al éch cmolc kg1 0,7 0,6 0,4 0,1 NA
H éch cmolc kg1 0,3 0,2 0,2 0,0 NA
ECEC cmolc kg1 4,4 7,1 7,3 3,9 NA
ECEC / kg argile cmolc kg1 25,8 11,5 NA
Eléments totaux

Si02 gkgt 681 771 814 727 NA
Ca mg kg1 0 0 0 0 NA
Mg mg kg1 4,2 3,8 3,8 4,5 NA
K mg kg1 13,8 119 18,8 25,3 NA
Na mg kg1 0,88 0,66 0,67 0,83 NA
Ti mg kg1 166,1 137,2 2189 290,0 NA
Mn mg kg1 74,0 44,1 69,6 50,7 NA
Fe g kg1 0,5 0,4 2,1 1,9 NA
Al gkgt 1,8 1,6 2,7 3,6 NA
Recherche hz argic

S % 75 77 64 54 42
A % 18 16 28 34 25
A(hz) - A(hz sup) % -3 13 6 -9
A(hz):A(hz sup) 0,85 1,80 1,20 0,74
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7.2.2 Profil : Waki4

Rattachement au WRB (2014)

- Granulomeétrie : sandy- loam (80% sables, 10% argile) dans I’horizon de surface = sandy clay
loam (50% sables ; 35% argile) dans I'horizon de profondeur = la texture peut étre qualifiée de
loamic.

- Bonne correspondance entre la texture percue sur le terrain et la granulométrie.

- Les horizons 2 et 3 ont les caractéristiques d'un horizon argic (A(hz)/A(hz sup) >1,4).

- Pas d’autres horizons diagnostic (malgré I'épaisseur de I'horizon brun de surface - on ne
rencontre pas les propriétés d’horizon umbric ou pretic)

Proposition : acrisol (loamic).
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Profil Waki4 Waki4 Waki4 Waki4 Waki4 Waki4
N° 158057- | 155057- | 155057- | 155057- | 155057- | 155057-
échantillon_labo 16 17 18 19 20 21
Horizon 1 1bis 2 3 4 5
Prof. cm 10 30 55 85 110 140
Eléments grossiers | g kg1 0 0 0 0 0 0
Granulométrie

A gkgl 107 108 167 240 276 352
LF gkgt 24 25 21 20 34 116
LG gkgl 19 12 17 15 11 24
SF gkgt 172 134 154 114 89 48
SG gkgl 678 721 642 612 590 460
pH

pH eau 4,2 4,3 4,4 4,4 4,4 NA
pH KCl 3,9 4,2 4,2 4,1 4,2 NA
ApH = KCl-eau -0,3 -0,1 -0,2 -0,3 -0,2 NA
Matiéere organique

C gkgl 11,7 3,9 19 19 1,2 NA
N gkgt 0,8 0,3 0,2 0,2 0.1 NA
C:N 15 12 11 12 9 NA
Phosphore Olsen mg kg1 3,4 1,6 1,0 0,6 0,8 NA
Bases échangeables

Caéch cmolc kg1 0,1 0,1 0,1 0,1 0,2 NA
Mg éch cmolc kg1 0,1 0,0 0,1 0,0 0,0 NA
K éch cmolc kg1 0,0 0,0 0,0 0,0 0,0 NA
Na éch cmolc kg1 0,0 0,0 0,0 0,0 0,1 NA
S cmolc kg1 0,3 0,1 0,2 0,2 0,3 NA
CEC cmolc kg1 2,9 1,5 1,8 2,4 2,6 NA
CEC / kg argile cmolc kg1 27,1 13,4 10,8 10,0 9,4 NA
TS % 111 8,8 9,5 7,3 12,2 NA
Acidité d'échange, KCl

Al éch cmolc kg1 0,8 0,5 0,6 0,8 0,6 NA
H éch cmolc kg1 0,4 0,2 0,2 0,2 0,2 NA
ECEC cmolc kg1 3,7 2,0 2,4 3,2 3,2 NA
ECEC / kg argile cmolc kg1 18,5 14,4 13,3 11,6 NA
Eléments totaux

Si02 gkgt 839 854 836 808 761 NA
Ca mg kg1 0 0 0 0 0 NA
Mg mg kg1 4,1 3,7 5,6 7,0 89 NA
K mg kg1 8,1 8,4 14,4 24,3 41,1 NA
Na mg kg1 0,6 1,1 0,9 1,6 1,3 NA
Ti mg kg1 43,1 40,8 63,1 86,5 87,2 NA
Mn mg kg1 11,4 7,0 10,4 12,7 15,3 NA
Fe gkgl 0,3 0,3 0,5 0,7 1,1 NA
Al gkgt 0,7 0,8 1,4 2,0 2,6 NA
Recherche hz argic

S % 85 85 79 73 68 51
A % 11 11 17 24 28 35
A(hz) - A(hz sup) % 0 8 7 4 7
A(hz):A(hz sup) 1 1,55 1,44 1,15 1,27
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7.2.3 Analyses partielles : Wakil et 3

Profil Profon- Refusa 2 | Argiles Limons Limons Sables Sables
deur mm (%) | (%) fins (%) grossiers | fins (%) grossiers
(cm) (%) (%)
0-10 0,00 28,75 2,96 1,84 17,94 48,51
15-25 0,00 32,34 2,59 1,64 21,03 42,40
F1 50-60 0,00 36,32 1,62 0,63 16,99 44,44
80-90 0,00 38,95 1,05 1,11 15,20 43,70
120-130 0,00 41,90 1,26 1,68 15,93 39,23
0-10 0,00 11,39 3,38 1,93 21,36 61,95
15-20 0,00 11,00 4,42 1,68 17,40 65,51
F3 50 0,00 12,45 2,61 1,65 16,61 66,68
90 0,00 18,77 6,13 2,23 17,59 55,29
130-150 0,00 35,17 27,27 5,65 9,53 22,37
Profil Profondeur| Matiére Carbone | Azote total C/N
(cm) organique | organique (%0)
(%) (%)
0-10 3,01 1,74 1,30 13,37
15-25 1,29 0,75 0,65 11,48
F1 50-60 0,55 0,32 0,28 11,35
80-90 0,23 0,13 0,18 7,48
120-130 0,21 0,12 0,16 7,80
0-10 4,00 2,32 1,59 14,60
15-20 1,72 1,00 0,82 12,17
F3 50 0,27 0,16 0,19 8,39
90 0,14 0,08 0,11 6,99
130-150 0,33 0,19 0,00 0,00
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Landscape patterns influence communities of
medium- to large-bodied vertebrates in
undisturbed terra firme forests of French Guiana

Cécile Richard-Hansen **, Gagélle Jaouen?, Thomas Denis !, Olivier Brunaux 3, Eric
Marcon ? and Stéphane Guitet *

Abstract

Whereas broad-scale Amazonian forest types have been shown to influence the structure of the communities of medium-
to large-bodied vertebrates, their natural heterogeneity at smaller scale or within the terra firme forests remains poorly
described and understood. Diversity indices of such communities and the relative abundance of the 21 most commonly
observed species were compared from standardized line-transect data across 25 study sites distributed in undisturbed
forests in French Guiana. We first assessed the relevance of a forest typology based on geomorphological landscapes to
explain the observed heterogeneity. As previously found for tree beta-diversity patterns, this new typology proved to be a
non-negligible factor underlying the beta diversity of the communities of medium- to large bodied vertebrates in French
Guianan terra firme forests. Although the species studied are almost ubiquitous across the region, they exhibited habitat
preferences through significant variation in abundance and in their association index with the different landscape types. As
terra firme forests represent more than 90% of the Amazon basin, characterizing their heterogeneity — including faunal
communities — is a major challenge in neotropical forest ecology.
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the two major forest types: seasonally inundated forests

Contents ° ,
(varzea) and terra firme forests (Haugaasen & Peres

Introduction 1 i .
1 Methods 2 2005a, b, 2008). According to these studies, seasonally
1.1  Study area: French Guiana 2 inundated forests appeared to be less diverse but carry
1.2 Animal abundance 3 higher densities and biomass of primates compared to
1.2.1 Environmental characteristics of the study sites 3 the well-drained up|ands (terra firme)_ However, at finer
;-2'2 Eeaet:u?:salySIS Z geographical scale (i.e. within each category), the inher-
. L ent heterogeneity of these faunal communities remains
2.1 Structure of animal communities in various landscapes 6 . . .
2.1.1 Diversity of landscape communities 6 poorly documented, with the exception of some mainly
2.1.2 Characterization of landscape communities 7 descriptive studies focused on primate communities
3 Discussion 8 (Buchanan-Smith et al. 2000, Freese et al. 1982, Hey-
3.1 Landscape communities characteristics 9 mann et al. 2002, Sussman & Phillips-Conroy 1995),
3.2 Relevance of the landscape typology for communities of and a more recent and detailed analysis in western Ama-
ium-to | -bodi 1 . . . .
medium- to large-bodied vertebrates 0 zonia (Palminteri et al. 2011). According to these au-
Acknowledgements 10 th lthouah hunti d/or h . t
Literature Cited 10 ors, although hunting pressure and/or human impac

are often the best predictors of primate community struc-
ture, biogeographic and environmental factors also drive
community structure. The main descriptive parameter for
forest types was still flooded vs. unflooded areas, but this
parameter was refined as gradient. The same authors also
pointed out that the drivers may be more a combination
of environmental factors rather than any one factor.

Introduction

Although they are often iconic and well known to forest
dwellers, precise information is lacking on the distribu-

tion and ecological preferences of most vertebrate spe- In French Guiana, the whole territory was until re-

cies in neotropical forests. In central Amazonia, previous
studies revealed that the structure of communities of
medium- to large-bodied vertebrates varies according to

cently considered as apparently homogeneous terra firme
forest. However, recent research demonstrated the exist-
ence of several types of terra firme forest across Amazo-
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nia (Anderson et al. 2009) or within the Guiana Shield
(Fayad et al. 2014, Gond et al. 2011). Even in a regional
context where environmental gradients are quite weak,
as is the case of the Guiana Shield, the hyper-diversified
tropical rain forest shows a significant gradient of tree
composition and strong subregional patterns (Guitet et
al. 2015). The best factor identified to explain these
broad-scale patterns in the floristic and structural diversi-
ty of the terra firme rain forest was the geomorphologi-
cal landscape type (Guitet et al. 2013). In the Amazon
region, other studies have also linked geomorphological
landscape type with forest physiognomy (Anderson et al.
2009) and/or biological diversity or community structure
(Deichmann et al. 2011, Figueiredo et al. 2014, Som-
broek 2000). Such an integrative variable is thus a good
candidate to combine local ecological conditions and to
approximate forest structure and composition, but its
influence on vertebrate communities has never been
tested to date.

In French Guiana, abundance data on medium- to
large-bodied vertebrates revealed strong differences
across undisturbed forest sites (Richard-Hansen 2006).
This study scale is below that typically used for turnover
in most Amazonian large-vertebrate species, thereby
focusing the analysis of community heterogeneity on
niche differentiation and community structure (abun-
dances) rather than dispersal limitation and species re-
placement
(http://lwww.iucnredlist.org/mammals/data_types, , Pat-
terson et al. 2005). We therefore hypothesized that envi-
ronmental parameters and forest types can partially ex-
plain this heterogeneity in French Guiana, as document-
ed in other forested environments of Amazonia. The
influence of the landscape type on the forest structure
has been proved (Guitet et al. 2015), and the aim of the
present study was to assess the relevance of this classifi-
cation as an underlying driver of the distribution patterns
of the communities of medium- to large-bodied verte-
brates, with respect to its ability to describe the combina-
tion of local environmental factors.

1 Methods

1.1 Study area: French Guiana

French Guiana covers about 85000 km? in the east of the
Guiana shield between Suriname and the Brazilian state
of Amapa (4°N, 53°W). Altitude generally ranges be-
tween 0 and 200 m asl (mean 140 m asl) with few moun-
tain peaks exceeding 800 m. The climate is equatorial
with annual rainfall ranging from 3600 mm in the north-
east to 2000 mm in the south and the west, with a mean
annual temperature of about 26°C. The number of con-
secutive months with less than 100 mm precipitation
(dry season) ranges from two in the north to three in the
south with high interannual variation (Sombroek 2001).
Savannas and mangroves occur only in the coastal sedi-
mentary plain, while the evergreen rain forest covers
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more than 90% of French Guiana (http://www.fao.org,
Guitet et al. 2015). Natural habitats show slight variabil-
ity and high species diversity, with a complex tree com-
munity and often more than 150—200 species ha™* (Saba-
tier et al. 1997).

S Atantic Ocean

Suriname

]

Landscape

Bl cosstal Plain
A Nonh i I Mot Convex
jon hunted study site
50 25 0 50 km I 1ot Concave
¢ Vileges I Fratea
@ Main cities B soce

Figure 1: Location of 25 undisturbed study sites in French
Guiana, and their distribution within the five landscape types,
characterized from a geomorphological analysis based on a
digital elevation model.

Overall human density is below 3 inhab. km™, and
75% of the population is restricted to the five major
towns, with the remaining population living in a few
small villages and settlements (http://www.insee.fr)
mainly along the two main rivers that form the borders
with Suriname and Brazil (Figure 1). A National Park
covers 34 million ha, 20 million ha of which comprise
the core area where only the resident population is al-
lowed to hunt for subsistence. Roads are limited to a less
than 50 km-wide northern coastal strip, while the rest of
the country is accessible only by boat or by small air-
plane from Cayenne to a few main settlements. Timber
harvesting and agriculture are contained in subcoastal
areas, covering currently around 2 million ha, close to
the biggest towns and main roads. Consequently, most of
the hunting pressure is applied on the northern coastal
strip, along main rivers and streams and around the scat-
tered villages.
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1.2 Animal abundance

Standardized line transect surveys (Buckland et al. 1993)
were conducted at 25 different study sites across French
Guiana. The study sites are very isolated and most can
be accessed only by helicopter or several days walking,
so we consider that there was no strong or recent hunting
pressure, even by autochthonous populations. The same
field design was implemented at each site, consisting of
four 3-km-long trails radiating from a central place
(campsite). This design makes it possible to account for
small local variations in the environment, including
topographic features or scattered resources (fruiting
trees), within a single global abundance index, character-
izing a similar area for each site surveyed. Transects
were walked at less than 1 km h™ every morning (7h00-
11h00) and afternoon (14h30-18h00) by only one ob-
server per trail, systematically alternating transects on
consecutive days to avoid observer bias. All encounters
with focal species and their localization on the trail were
systematically recorded and the perpendicular distance
between the animal and the transect was measured to the
nearest metre with a laser range finder. Transects were
surveyed an average + SD of 13.7 £1.9 times each,
during an 8-d field session. Total survey effort per site
ranged from 140 to 210 km (average +SD =163
+ 17.7 km), with a cumulative survey effort of 4073 km
across 99 individual transects at 25 sites. The minimum
effort required for reliable estimates of abundance and
richness in this environment was estimated at 100 km
(de Thoisy et al. 2008). The surveys were all conducted
during the dry season (September-December) to avoid
interference with potential seasonal variation. Thirty-
seven species were recorded (mammals weighing
> 0.5 kg and large terrestrial birds), and diversity esti-
mates were based on this pool of species. For abundance
comparisons, we focused on the 21 most frequent spe-
cies, including primates, ungulates, caviomorph rodents,
large terrestrial birds (cracids, tinamous, trumpeters,
guans) and tortoises, for which reliable index of abun-
dance could be calculated. Tinamidae species (Cryp-
turellus spp. and Tinamus major) were grouped because
many observations lacked clear identification.

1.2.1 Environmental characteristics of the
study sites
The environment was characterized by the geomorpho-
logical landscape type defined by Guitet et al. (2013).
This typology was developed from a multi-scale geo-
morphological diversity analysis based on a digital ele-
vation model computed from a fine Shuttle Radar To-
pography Mission images (SRTM, 30 m resolution).
Variations in micro-relief defined 12 landform types
whose spatial distribution drew 82 different patches
classified in 10 landscape types that can be grouped
under five main categories: (1) coastal plain, (2) plateau,
(3) mountain, (4) multi-convex and (5) multi-concave
landscape. The joint-valleys are considered with the
multi-convex category (Guitet et al. 2013). Recent re-
sults showed that the structure and composition of the
forest is clearly influenced by these landscape types
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(Guitet et al. 2015). Coastal plains (N =2 sites in this
study), located in the northern part of French Guiana, are
lowland forests on Quaternary marine sediments. They
are characterized by a relatively low canopy (28 m in
height), high density of small trees, and relative high
abundance of Clusiaceae, Caesalpinioideae and Lecythi-
daceae. The plateau category (N = 8 sites) includes sev-
eral types of relatively flat relief of moderate elevation
dissected to a varying extent by rivers, exclusively cov-
ered by well-drained ferralsols with very localized hy-
dromorphic soils. Burseraceae, Mimosoideae and Caes-
alpinioideae are dominant tree families, but high abun-
dances of palms are also found. Small inselbergs are also
frequent. Sloping areas (N =9 sites), locally called
mountains despite their modest altitudes (< 840 m asl),
are characterized by higher relief with many slopes. The
dominant forest type is characterized by a high canopy
(35-40 m), high basal-area values and the abundance of
very large trees, with high diversity and much more
infrequent families such as Vochysiaceae, Malvaceae
and Annonaceae being more abundant compared to other
forest types. The multi-convex landscape (N = 3 sites) is
dominated by more or less regular hills with a dense
hydrographic network, and dominance of Lecythidaceae
and Caesalpinioideae. The soil cover is more diversified
mixing clayic ferralsols with more sandy or loamy soils
acrisols. The multi-concave landscape (N = 3 sites) cor-
responds to large peneplains in the south, characterized
by very flat relief, covered by leached and partially in-
undated soils during the wet season, although the water
levels never rise as high as in the Amazonian varzea
forests. The canopy is low (30 m high) and discontinu-
ous, and vegetation is characterized by the dominance of
Burseraceae, Mimosoideae and Myristicaceae with rela-
tively few large trees and dense understorey with few
palms. Finding undisturbed sites was harder in some
landscapes types because of proximity of human settle-
ments (coastal plain) or difficult access (multi-concave
landscape), thus explaining the unbalanced sampling.

Six other broad-scale environmental variables were
also tested: the biogeographical region (Paget 1999), the
vegetation type based on remotely sensed landscape
classes (RSLC) from the VEGETATION sensor of the
SPOT-4 satellite (Gond et al. 2011), annual rainfall
(Meteo France, unpubl. data), the proportion of hydro-
morphic soils, the mean slope and the mean differences
in altitude for the area. The last three variables were
extracted from a digital elevation model computed from
fine-resolution Shuttle Radar Topography Mission imag-
es (SRTM, 30 m resolution). All these data were com-
puted for a circle with a 4-km radius encompassing the
survey transects.

1.2.2 Data analysis

Index of abundance of groups encountered per 10 km
walked (elsewhere referred to as encounter rate, sensu
Buckland et al. 1993) were calculated to control for
overall differences in sampling effort (Peres 1997). Per-
pendicular distances (PD) were recorded, but not enough
observations of each species were made at each site to



correctly estimate the detection function for all of them
and hence to calculate densities. However, we assumed
that this index of abundance (hereafter, abundance) of
different species could be compared between sites be-
cause, except for agouti (Dasyprocta leporina), the dis-
tributions of the distances of observation were not statis-
tically different (ANOVA on log(PD), P > 0.5).

The dissimilarity between faunal communities in
different landscape types was first tested by permuta-
tional multivariate analysis of variance on the site
x species tables of raw counts of the 21 most common
species, using chi2 distance matrices. The Adonis test
was selected because it is more robust and less sensitive
to dispersion effects (within-group variation) than some
of its alternatives (ANOSIM, etc.) (Anderson 2001). We
also tested the pertinence of the landscape typology as an
potential explanatory variable in this variation using a
between-class correspondence analysis (BCA), which is
a particular case of correspondence analysis on instru-
mental variable (i.e. canonical correspondence analysis)
with only one categorical variable (Dolédec & Chessel
1989, Dray & Dufour 2007, Dray et al. 2012, Pélissier et
al. 2003). A correspondence analysis was first performed
on the site x species tables of raw counts of the 21 most
common species, and between-class analysis was then
performed on the results (site coordinates), with the
landscape type of each site as categorical variable. From
this analysis, the between-class inertia is the proportion
of total inertia of the table explained by the landscape
variable, while the within-class inertia is the proportion
of total inertia not explained by this variable. The statis-
tical significance of this portion of initial variance cap-
tured by this instrumental variable was tested with Mon-
te Carlo row permutation tests against the null hypothe-
sis of no relation between species assemblage and land-
scape type (Couteron et al. 2003). The same analysis
was made for the six other variables. These analyses
were performed with the ade4 (Dray & Dufour 2007)
and vegan-packages in R.

Diversity of communities and meta-communities —
Crude richness of a study site is the number of species
recorded during the survey, within the fixed maximum
of 37 focal species. We calculated the diversity profile
for each site community, and for each meta-community
created by pooling the sites belonging to the same land-
scape type. The diversity profile plots the value of Hill
numbers (Hill 1973) against the order of diversity g
(Kindt et al. 2006, Patil & Taillie 1982). Hill numbers
are the transformation of Tsallis entropy values into an
effective number of species, i.e. the number of species of
equal frequency that would yield the same diversity as
real data (Jost 2006). Tsallis entropy YH (Tsallis 1988)
generalizes the classical indices of diversity in a parame-
terized measure, where the choice of the parameter gives
more or less importance to rare species: °H is the num-
ber of species minus 1, *H is Shannon’s entropy (Shan-
non 1948) and ZH is Simpson’s index (Simpson 1949).
All values of diversity were corrected for estimation bias
(Marcon et al. 2014): the Chao & Shen (2003) estimator
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applies to small values of g, that of Grassberger (1988)
to high values.

We tested the relevance of landscape type as a di-
versity predictor. We first pooled sites within one land-
scape type, and then pooled all landscape types together,
allowing the measurement of g diversity across both
levels (Marcon et al. 2012). We tested the observed ratio
of B diversity between landscapes over § diversity with-
in landscapes against its distribution under the null hy-
pothesis of independence between sites and landscapes:
we shuffled sites among landscapes and calculated the
ratio of B diversity 1000 times. A result of the test was
considered significant if the actual ratio was in the last
five percentiles of the distribution of the simulated val-
ues, showing that g diversity between landscapes was
higher (relative to B diversity within landscapes) than
under the null hypothesis. An alternative, more intuitive
test would address the ratio of £ entropies. Although it is
more similar to a classical analysis of variance (since the
total § entropy is the sum of within and between land-
scape B entropies), it suffers from the drawbacks dis-
cussed by Jost (2008). B8 entropy is constrained by the
value of a entropy, thereby invalidating the test. Diversi-
ty estimates and comparison were made with R package
entropart (Marcon & Herault 2015).

Finally, we looked for species-landscape associa-
tions using the set of indices initially proposed by Du-
fréne & Legendre (1997) to study species assemblages
and habitat types. Our aim here focused on the relative
abundance of the 21 most common species occurring in
most sites rather than that of rare or indicative species.
Following De Caceres & Legendre (2009), we thus se-
lected the point-biserial correlation coefficient (rg),
which is the Pearson correlation computed between a
quantitative vector (i.e. the vector containing the species
abundance values at the various sites) and a binary vec-
tor (i.e. the vector of site membership values) rather than
the better known indicator value index (IndVal). To
account for the unequal number of sites in the different
landscape types, we used the corrected group-equalized
index (r%y), (De Caceres & Legendre 2009). The signifi-
cance of these associations was tested by Monte Carlo
permutation tests. We also tested the difference in spe-
cies abundance in sites belonging to one particular land-
scape compared to sites located in different landscapes
by permutation tests, after Sidak's correction for multiple
testing. We then considered whether combining basic
landscape types would better match species preferences
(De Caceres et al. 2010). It may also happen that a par-
ticular site group has no indicator or associated species
even if its sites have a community composition that is
clearly distinct from the sites of other site groups (De
Caceres et al. 2012). In these cases, the joint occurrence
of two or more species has a higher positive predictive
value for the site group than the two species taken inde-
pendently, so we also explored correlation values for
combinations of species (De Caceres et al. 2012). All
analyses mentioned in this section were computed with
the R package indicspecies.
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Table 1: Index of abundance (number of observations per 10 km) recorded for 21 species in 25 undisturbed sites in French
Guiana, and according to the different landscape types (MCV: multi-concave; MCX: multi-convex; PLA: plateau; PLN:
coastal plains; SLO: sloping areas). Abundance significantly higher or lower compared to all other sites: **: P < 0.05;
abundance significantly higher or lower compared to other landscapes: 1: P <0.05 (permutation test, corrected P-value
for multiple comparisons).

General mean Landscape

+SD MCV  MCX PLA PLN SLO
Primates
Alouatta macconnelli 0.56 £ 0.30 0.71 0.42 0.61 0.45 0.52
(Linnaeus, 1976)
Ateles paniscus 1.19£0.76 0.81 1.31 0.96 0.36 F11.66**
(Linnaeus, 1758)
Cebus apella 0.85+0.46 0.96 1.04 0.61 1.69** 0.79
(Linnaeus, 1758)
Cebus olivaceus 0.24+0.24 0.19 0.45 0.21 F70.00%* 0.25
(Schomburgk, 1848)
Pithecia pithecia 0.06 £ 0.08 0.16 0.00 0.06 0.07 0.04
(Linnaeus, 1766)
Saguinus midas 0.41+0.31 0.53 0.55 0.32 0.92 0.30
(Linnaeus, 1758)
Saimiri sciureus 0.04 £ 0.09 0.15 0.00 0.00 0.10 0.03
(Linnaeus, 1758)
Ungulates
Mazama americana 0.43+0.29 0.33 0.32 0.53 0.30 0.43
(Erxleben, 1777)
Mazama nemorivaga 0.44 +0.29 0.39 0.34 0.51 0.59 0.39
(F.Cuvier, 1817)
Pecari tajacu 0.29 £ 0.20 0.34 0.07 0.41 0.41 0.22
(Linné, 1758)
Tayassu pecari 0.03+0.06 0.02 0.00 0.02 0.00 0.05
(Link, 1795)
Tapirus terrestris 0.05 £ 0.07 0.00 0.06 0.04 0.07 0.06
(Linnaeus, 1758)
Rodents
Dasyprocta leporina 1.48 £0.75 1.66 2.26 1.27 2.50 1111
(Linné, 1758)
Myoprocta acouchy 0.57+£0.33 0.72 0.50 0.52 0.65 0.57
(Erxleben, 1777)
Birds
Crax alector 0.57 +0.33 0.33 0.48 0.60 0.49 0.66
(Linnaeus, 1776)
Odontophorus gujanensis 0.31+0.31 0.54 0.04 0.42 0.00 0.30
(J.F. Gmelin, 1789)
Ortalis motmot 0.02 £ 0.07 0.13 0.02 0.01 0.00 0.00
(Linnaeus, 1766)
Penelope marail 0.33+0.17 +10.59**  0.11**  0.32 0.42 0.31
(S. Miller, 1776)
Psophia crepitans 1.05+0.66 1.44 0.87 0.97 1.29 1.01
(Linnaeus, 1758)
Tinamidae 2.20£0.89 3.33** 211 2.12 2.29 1.92
Reptile
Chelonoidis denticulata 0.19 £ 0.17 0.45** 0.20 0.12 0.24 0.16

(Linnaeus, 1766)
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Table 2: Analysis of variance between the communities of medium- to large-bodied vertebrates in 25 study sites in French
Guiana, according to seven environmental variables. Partial R-square from permutational multivariate analysis of variance
(Adonis test), tested with permutation test with pseudo-F. Between-class inertia from of a principal component analysis
with respect to the instrumental variable (PCAIV) performed on the coordinates of a correspondence analysis, tested by
Monte Carlo test. *: P < 0.05; **: P < 0.01; ***: P < 0.001

Landscape Vegetation Biogeography % hydromorphic Mean Difference Annual
type soil Slope in altitude rainfall
Partial R? 0.24** 0.17 0.15** 0.16*** 0.14** 0.13* 0.12*
(Adonis test)
% between- 0.24** 0.20* 0.15*** 0.15** 0.14* 0.13* 0.13*
class inertia
exceptions, the highest richness values corresponded to
sites in multi-concave landscapes and the lowest richness
2 Results values to sites in multi-convex ones, with values for

Abundances of common species varied greatly across
French Guiana, even in areas with no strong or recent
human influence of hunting, logging or gold mining
(Table 1). Nine out of 21 species were present in each of
the 25 sites, 15 were present in at least 90% of sites
(more than 21) and 12 showed a null kilometric index
abundance at least once. These 12 species may be totally
absent from the site or present in densities that were too
low to be detected with our sampling protocol.

2.1 Structure of animal communities
in various landscapes

The permutational multivariate analysis of variance
(Adonis test) on animal communities according to the
various environmental variables showed that the propor-
tion of variance explained by the landscape variable was
the highest (R®> =0.24), and significant according to
permutation test (Table 2). The between-class analysis
also revealed that 24.3% of the total inertia of the data
was explained by the instrumental variable of landscape

typology.

The Monte-Carlo row permutation test for this
unique environmental variable was significant (P
=0.007). Moreover, the graphic representation of the
results of this between-class analysis showed that multi-
convex and multi-concave landscapes presented the most
distinct vertebrate assemblages, while plateau and moun-
tain communities were less clearly distinguished (Fig-
ure 2). The main structuring species are shown on the
graph, and their affinities with the various landscapes
were tested subsequently with the correlation index. All
the other environmental variables tested explained a
smaller proportion of total inertia with both analyses
(Table 2).

2.1.1 Diversity of landscape communities

For each individual site community, Simpson diversity
varied from eight to 16 effective species, and richness (q
=0) estimated with Chao and Shen’s bias correction
(approximately equal to the Jackknife 1 or Chao 1 esti-
mators) was between 18 and 31 (Table 3). With a few

plains and mountainous sites between the two. Consider-
ing Simpson diversity, however, mountain sites were
among the lowest values.

Figure 2: Between-class analysis of the communities of medi-
um- to large-bodied vertebrates in 25 study sites in five land-
scapes types in terra firme forests of French Guiana. The ellip-
ses graphically sum up each landscape type (MCX = multi-
convex; MCV = multi-concave; PLA = plateau; SLO = sloping
areas; PLN = coastal plain) by covering 67% of the sites be-
longing to the landscape type; the centre of each ellipse is the
centre of gravity of these sites. Main structuring species are
indicated (Omo: Ortalis motmot, Ssc: Saimiri sciureus, Ppi :
Pithecia pithecia, Pma: Penelope marail, Pta Pecari tajacu,
Mam: Mazama americana, Cal: Crax alector, Apa: Ateles
paniscus, Col: Cebus olivaceus, Smi: Saguinus midas, Dle:
Dasyprocta leporina).

The beta diversity between landscape meta-communities
was significantly different (P < 0.05) from the beta di-
versity between random meta-communities for g values
of between 0.2 and 1.9. Common species were more
evenly distributed in the various landscapes, and were



present everywhere: less common species made the
difference between landscapes; ignoring them (choosing
high values of q) made the test inconclusive. For small
values of g, a lack of power of the test was involved:
bias correction was more important, and so was the vari-
ance of the estimator of diversity.

Table 3: Main diversity indices, corresponding to three entropy
values (q), for the medium- to large-bodied vertebrate commu-
nities in 25 study sites in terra firme forests of French Guiana,
according to their landscape type. Values correspond to effec-
tive number of species. Landscape types: MCV = multi-
concave, 3 sites; MCX = multi-convex, 3 sites; PLA = plateau,
8 sites; PLN = coastal plains, 2 sites; SLO = sloping areas, 9
sites.

Diversity index

Site Richness Shannon Simpson
(@=0) (q=1) (@=2)
MCV.1 31.3 18.1 14.1
MCV.2 21.7 13.8 11.0
MCV.3 26.3 18.2 15.3
MCX.1 22.4 13.6 10.1
MCX.2 22.6 11.9 09.0
MCX.3 23.5 14.1 11.1
PLA.1 20.9 14.9 12.3
PLA.2 25.7 16.5 12.7
PLA.3 22.6 14.2 11.3
PLA.4 23.7 15.5 12.3
PLA.5 22.0 15.0 13.1
PLA.6 24.0 17.6 15.4
PLA.7 26.6 19.0 16.3
PLA.S 18.9 13.8 10.8
PLN.1 23.3 12.8 08.6
PLN.2 17.8 14.6 12.2
SLO.1 23.3 12.2 07.9
SLO.2 19.7 13.9 11.5
SLO.3 23.8 13.8 09.3
SLO.4 23.7 15.2 12.4
SLO.5 23.3 135 09.5
SLO.6 24.6 16.2 13.7
SLO.7 229 16.9 14.6
SLO.8 20.2 14.7 13.0
SLO.9 23.6 15.1 11.6

The diversity profiles of the five meta-communities
(y diversity) corresponding to the five landscape types
differed, whatever the order of entropy considered (0 < q
<2, i.e. from the number of species to Simpson diversi-
ty, Figure 3). The most diverse meta-community is en-
countered in the multi-concave landscape, despite the
small sample size in this category, and the least diverse
in the plain and multi-convex landscapes. Plateaux and
mountainous areas were intermediate in terms of diversi-
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ty, the steeper-sloped areas were more diverse than plat-
eaux when rare species were considered (q = 0), and the
reverse when only common species were considered (g
=2).

30

25

Diversity

0.0 0.5 1.0 1.5 2.0

Order of Diversity

Figure 3: Gamma diversity profiles of the communities of
medium- to large-bodied vertebrates in the five landscape types
(MCX = multi-convex; MCV = multi-concave; PLA = plateau;

SLO =sloping areas; PLN = coastal plain), as estimated by
diurnal line-transects conducted in 25 non-disturbed study sites
in terra firme forest in French Guiana.

2.1.2 Characterization of landscape communi-
ties

The multi-concave landscape was positively associated
with the largest number of species (Table 4). Six species
had a correlation coefficient r,, > 0.5 for this landscape
category. Penelope marail, Ortalis motmot, Tinamidae
and the tortoise Chelonoidis denticulata were the most
characteristic species, and Saimiri sciureus and Pithecia
pithecia were the most typically associated primates.
Moreover, despite lower scores and no statistical signifi-
cance, four more species had their maximum correlation
coefficient in multi-concave landscapes (Alouatta mac-
connelli, Psophia crepitans, Odontophorus guyanensis
and Myoprocta acouchi). These results on association
tendencies between species and landscapes are con-
firmed by comparisons of abundance. The abundance of
S. sciureus, O. guyanensis, O. motmot, P. marail, C.
denticulata and tinamidae were significantly higher in
multi-concave landscapes than in other landscapes
and/or other sites combined (Table 1). In contrast, two
species had negative r%;, in these areas: Tapirus ter-
restris and Crax alector (r%, =-0.4 and -0.3 respective-
ly) (Table 4). Finally, two of the three top-ranked sites in
terms of crude richness were also located in a multi-
concave landscape, and they also belonged to the three
top-ranked sites regarding total abundance (total abun-
dance, all species combined).



Table 4: Association of 21 medium- to large-bodied vertebrate
species with five landscape types in French Guianan pristine
rainforest, as estimated by point-biserial correlation coefficient,
corrected for unequal sampling in different landscapes (ry).
MCV: Multi-concave; MCX: Multi-convex; PLA: Plateau;
PLN: Coastal plains; SLO: sloping area. Monte Carlo Permuta-
tion test: **: P <0.05; ***: P<0.01

Landscape

MCV ~ MCX PLA PLN SLO

Primates
Alouatta macconnelli 0.3 -0.2 0.1 -0.2 0
Ateles paniscus -0.2 0.2 0 -0.5 0.5
Cebus apella -0.1 0 -04 07 -0.2
ok
Cebus olivaceus 0.1 05 0 -0.5 0.1
Pithecia pithecia 05 -0.3 0 0 -0.1
Saguinus midas 0 0 03 05 -0.3
Saimiri sciureus 05 -0.3  -03 0.2 -0.1
Ungulates
Mazama americana 01 -01 03 -0.2 01
Mazama nemorivaga 01 -02 01 03 01
Pecari tajacu 01 06 03 03 -02
Tayassu pecari 0 -0.2 0 -0.2 04
Tapirus terrestris -04 01 0 0.2 0.1
Rodents
Dasyprocta leporina -0.1 0.3 03 04 -0.4
Myoprocta acouchy 0.2 01  -01 0.1 0
Bird
Crax alector 03 01 0.2 -0.1 0.3
Odontophorus guyanensis 0.4 -0.3 0.2 -0.4 0.1
Ortalis motmot 0.6 01 -01 -02 -02
Penelope marail g.f 06 -01 02 -0.1
Psophia crepitans 0.3 02 -01 0.1 -0.1
Tinamidae 05 01 -01 0 -0.2
Reptiles
Chelonoidis denticulata 0.6 01  -03 0 -0.2

Cebus apella was clearly associated with coastal
plains (r%, = 0.7, P <0.05, Table 4). The abundance of
this species was significantly higher there than at all the
other sites combined, (Table1) (P <0.05). Saguinus
midas also reached its maximum levels in this plain
landscape. In contrast, Ateles paniscus and Cebus oliva-
ceus had their lowest and negative coefficient there (r%,
=-0.5), and the abundance of C. olivaceus was signifi-
cantly lower than in other landscape types.

The associations between all species and the multi-
convex, mountainous or plateau landscapes were all
weaker, (r%, <0.5), and none was statistically signifi-
cant. Cebus olivaceus was the only species showing
some association with multi-convex areas (r%; =0.5)
and a higher abundance than in other landscapes, while
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nine species showed a negative association with this
landscape, among which most conspicuously Pecari
tajacu and Penelope marail (1%, = -0.6) (Table 1). Ateles
paniscus tended to show a maximum association with
the mountainous landscape (r%, = 0.5; abundance signif-
icantly higher than in other landscapes and other sites (P
< 0.05)), whereas Dasyprocta leporina and the small
primate Saguinus midas showed their minimum and
negative values in this landscape type (Table 1). The
abundance of D. leporina was significantly lower in
mountainous landscapes than in other landscapes (P
<0.05) (Table 1). Mazama americana was the species
most associated with plateaux (r%, =0.3, and Cebus
apella the least (%, = - 0.4, Table 4).

Another analysis considered if combining land-
scapes matched species preferences better. Whereas
several species remained more strongly associated with a
single landscape type, some species turned out to be
more strongly associated with a combination of land-
scapes. Penelope marail and Saimiri sciureus appeared
to be associated with the combination of smoothed land-
scapes, i.e. multi-concave + plain (1%, =0.7, P <0.05
and r%, =0.6, P <0.1 respectively), Ateles paniscus
tended to be associated with the most hilly landscapes,
i.e. mountain + multi-convex (%, = 0.5) and Dasyprocta
leporina with the most northern landscapes, i.e. multi-
convex+ plain (r%, = 0.6, P = 0.1).

Finally, another analysis looked for associations
between combinations of two or more species and vari-
ous landscapes. Multi-concave landscape appeared to be
characterized by a large multi-species community, main-
ly comprising birds (Odontophorus guyanensis, Penelo-
pe marail, Ortalis motmot, Tinamidae), the small pri-
mate Saimiri sciureus and the tortoise Chelonoidis den-
ticulata; the plateau landscape by the simultaneous
abundance of Pecari tajacu and Mazama americana, and
the multi-convex landscape by the combined high abun-
dance of Cebus olivaceus and Dasyprocta leporina.

3 Discussion

We found that the geomorphological typology of land-
scapes is a non-negligible factor driving the structure and
the beta-diversity patterns of medium- to large-bodied
vertebrate communities in terra firme forests in French
Guiana. The geomorphological landscapes combine
effects of geology, climate, relief and history in one
descriptive variable. As previously found for tree beta-
diversity patterns, this integrated parameter better ex-
plains the differences between animal communities than
some simple environmental parameters separately.

Habitat preference results in the disproportionate
use of some resources and/or conditions over others.
Habitat selection can be considered at various scales,
previously defined as four selection orders (Johnson
1980). At small spatial and temporal scales, animals
select different local resources or conditions. As both



scales increase, these individual behavioural decisions
result in survival and reproductive performances at the
levels of individuals and populations. Over evolutionary
time, these habitat choices contribute to the species’
environmental niche or functional habitat (Gaillard et al.
2010). In the same way, De Caceres & Legendre (2009)
stated that the rgpb value, computed from relative abun-
dance, indicates the degree of preference of species for a
target landscape compared to the other landscapes, and
that ‘negative correlation values tell us when a species
“‘avoids’’ the target site group’ (also referred to as ‘neg-
ative fidelity” by phytosociologists). Following these
assumptions, we interpreted the higher abundance of
species in a particular habitat as a preference of this
species for this habitat, resulting in higher abundance.

Some species, as the howler monkey Alouatta ma-
connelli, appeared to be generalists or ubiquitous, and
were not associated with any particular landscapes. This
is consistent with other studies generally considering
howler monkey as a generalist plastic species, with a
varied diet (Julliot & Sabatier 1993, Simmen et al. 2001)
and few particular requirements (Lehman 2004,
Schwarzkopf & Rylands 1989). Some other species
appear to have more restricted distribution: Saimiri sciu-
reus were only detected in three study sites and Pithecia
pithecia in 12. This may be related to very special habi-
tat requirements leading to a true patchy distribution, or
to very low densities in the other sites, in both cases
denoting some habitat preferences although no signifi-
cant results were highlighted in this study. In contrast,
Cebus apella is a very common species encountered all
over the country, but our results showed a clear prefer-
ence for plain landscape type, in which they are particu-
larly abundant. Among birds, the smallest species are
characteristic of the low-altitude southern area, while
Penelope marail is more generally associated with all the
flat relief areas (northern plains and southern multi-
concave area). On the other hand, Crax alector appears
to favour steeper areas. In French Guiana, the distribu-
tion of Crax alector in various habitats and with respect
to environmental parameters has been analyzed more
precisely, showing a clear positive relationship between
C. alector densities and the mean slope of the prospected
site (Denis 2012).

Few species appeared really specialized, but alt-
hough most species taken separately do not demonstrat-
ed strong habitat preferences, their assemblages pro-
duced typical communities in the various landscapes

types.

3.1 Landscape communities charac-
teristics

The multi-concave forest type appears to be the preferred
habitat of a large set of species. These relatively low-
elevation forests also host higher diversities of both rare
and common species. We hypothesize that the lower and
fragmented canopy provides a better-lit environment,
with vertical strata and a greater diversity of niches. The
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flat environment at lower elevations can also be consid-
ered as less constraining. However one site appears to be
quite different from the others with respect to most of the
parameters considered, in particular for its much lower
diversity. However, this site (the Waki basin) is also
considered to be a very particular forest habitat type, and
should probably be considered and characterized sepa-
rately (Guitet et al. 2013, 2015).

In contrast, the other landscapes were the preferred
habitat of only one or two species, and the a diversities
of these sites were also lower. For example, the correla-
tion coefficients of all animal species with montane
environments were generally low, and very often nega-
tive, and only two species tended to be associated (Ateles
paniscus and Crax alector). The a richness (q = 0) of
each mountainous site was rather low (20-24), even if
the estimated richness of the meta-community of whole
mountainous landscape (y diversity) was among the
highest, and was similar to that of the multi-concave
meta-community (32.8). These two results may indicate
that our mountain sample is rather heterogeneous (great-
er turnover), or that many less abundant species are
present in these environments, but were difficult to de-
tect and hence only randomly detected by our sampling
method. However, the larger number of study sites in
this category may also explain this higher y diversity.
Cebus olivaceus and Dasyprocta leporina were the only
species to be positively associated with multi-convex
landscapes. These areas are generally characterized by
high abundance of the tree families Lecythidaceae and
Caesalpinioideae, and of several species of palm tree
(> 200 ha®), which could explain the high abundance of
this rodent (Cid et al. 2013). As for mountainous or
multi-convex areas, few animal species clearly showed
preference for plateaux, but the combined abundance of
red brocket deer Mazama americana and the collared
peccary Pecari tajacu is nevertheless characteristic of
these environments. Like for mountainous areas, the
mean « diversity was relatively low whereas the global y
diversity was higher (for g =0), which could also be
linked with the large sample size in this category. More-
over, the definition of ‘plateau’ used in this study was
probably too broad, and combined habitats that were too
dissimilar. A finer-scale landscape typology identified
three different types of plateaux (Guitet et al. 2013), but
we lacked sufficient replicates to analyze the potential
differences in the vertebrate community in these subcat-
egories. In the same way, the two study sites considered
in this study in the ‘plain’ category are in fact quite dif-
ferent and belonged to different types in the finer typol-
ogy (Guitet et al. 2013). The coastal plain is the most
extensively inhabited and consequently hunted area (de
Thoisy et al. 2010), so finding replicates in undisturbed
localities is challenging.

In all cases, it should be kept in mind that the di-
versity values estimated here depend on the methodolo-
gy used, which mainly concerns the large diurnal species
potentially detected during line transects. Some taxa may



be underrepresented by this method, particularly noctur-
nal species and felids.

3.2 Relevance of the landscape typol-
ogy for communities of medium-
to large-bodied vertebrates

Our results highlight the influence of broad habitat cate-
gories on medium- to large-sized vertebrate communities
in upland terra firme forests of French Guiana. An inte-
grative parameter, the geomorphological landscapes
proposed by Guitet et al. (2013), explains this heteroge-
neity better than most of the single parameters related to
it. This is congruent with the conclusions drawn by Pal-
minteri et al. (2011) that each environmental variable
examined appeared to contribute to some component of
the heterogeneity in primate communities in Peru, none
of them being an outstanding contributor. In some cases,
however, the geographical scale inherent to this classifi-
cation (and used in this study) may not match field reali-
ty. For example, a medium-sized valley within a larger
sloping environment was included in the mountain land-
scape category, whereas its faunal community was not
characteristic of this landscape type (low to medium
abundances of Ateles and Crax, for example). However,
the overall floristic composition of this particular site
matched the expected one better, according to the classi-
fication, than the faunal community (Guitet et al. 2015).
It is likely that the temporal and geographical scales of
these two biodiversity components differ. The vegetation
reflects long-term climatic and geomorphologic influ-
ences, whereas the large-fauna community should react
more rapidly to local conditions and present filter-
effects. On the other hand, some species presented affini-
ties with two different landscapes, which for them, prob-
ably share key environmental features. For example,
Penelope marail and Saimiri sciureus were associated
with both the multi-concave landscapes located in the
southern part of French Guiana and with the plains lo-
cated in the northern part. The common pertinent param-
eter may be flat relief and low elevations, independently
of other parameters. The landscape classification used
here permitted sufficient replicates within each type. A
finer classification exists, identifying 12 different land-
scape types instead of five (Guitet et al. 2013), including
three different forms of plateau, and three types of forest
in the coastal plains, but additional sampling is needed to
correctly analyze vertebrate assemblages at this finer
scale.

A priori classifications of structural habitats do not
focus on the meaning of the species distributions, with
respect to active habitat selection or to environmental
parameter selection by the different species. However, it
corresponds to the approach used when designing legis-
lation or policy to manage species in geographical space.
Although still rough, our results may help guide territo-
rial management of highly sensitive species, and help
analyze the impacts of hunting while accounting for
natural variation in abundance in various environments.
More generally, the geomorphological-based typology of
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landscapes could be used in other countries and/or re-
gions to characterize and predict animal community
distribution throughout their territory. Coblentz & Riiter
(2004) already pointed out that topography plays a pri-
mary role in regional to continental-scale biodiversity,
and the landscape level is becoming more and more
popular in analysis and/or resource management (Ar-
royo-Rodriguez & Fahrig 2014, Bonnot et al. 2013,
Clark & Clark 2000, Hawes et al. 2012, Melo et al.
2013, Mockrin et al. 2011, Priego-Santander et al.
2013). The terra firme forests are generally known as
oligotrophic forests typically sustaining low biomass
densities of primates and other medium-sized to large-
sized vertebrates (Emmons 1984, Haugaasen & Peres
20054, Palacios & Peres 2005). However, they represent
approximately 95%, of the Amazon basin (Palacios &
Peres 2005), so it is a major challenge to be able to char-
acterize their heterogeneity, including the faunal assem-
blages with which they are associated.
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Abstract

Precise mapping of above-ground biomass (AGBmgor challenge for the success of REDD+
processes in tropical rainforest. The usual mappiathods are based on two hypotheses: a large
spatial autocorrelation and a strong environmeftuence at the regional scale. However, there are n

studies of the spatial structure of AGB at the &aghes scale to support these assumptions.

We studied spatial variation in AGB at various sealsing two large forest inventories conducted in
French Guiana. The dataset comprised 2507 platsd®.5 ha) of undisturbed rainforest distributed
over the whole region. After checking the precisibestimates obtained from these data, we used a
calibration dataset to develop explicit predictmedels including spatial and environmental effects
and tested the accuracy of the resulting maps dicgpto their resolution using a large validation

dataset.
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Forest inventories provided accurate AGB estimai#san uncertainty of 6t.Haat the plot scale, for
a mean of 325t.ia They revealed high local variability combinediwét weak autocorrelation at a
distance of less than10 km. Environmental variabteounted for a minor part of spatial variation.
Adding a spatial component to the deterministic et®tby kriging reduced uncertainties but was not
sufficient to ensure accuracy at a fine resolut@oarse graining up to 2-km resolution was necgssar

to achieve accuracy lower than 50 tha

We assume that the intrinsic spatial structureamlss which limits the accuracy of maps on old-
growth rainforest is mainly due to short-term aoidg-term dynamics. We conclude that a trade-off
has to be found between spatial resolution anatfeeaccuracy until direct “wall-to-wall” AGB
measurements are available. Combining high-resmlugmote sensing data and large forest
inventories in an appropriate sampling scheme neagrbefficient way to increase the global coverage

of AGB maps with acceptable accuracy.

Introduction

Estimating carbon flux due to afforestation, de$tation, and forest degradation requires quantifyin
above-ground biomass (AGB), especially over extenareas of old-growth tropical forests which
have high but varied carbon stocks and are thredtby a rapidly changing land-use dynamics in
many countries [1]. Precise mapping of AGB in togpirainforest is a thus major challenge for the
success of REDD+ processes [2]. The objectivebysitternational organizations are very ambitious
but they are faced the inability of many tropicalintries to produce accurate maps of AGB [3]. In
fact, in most countries where land-use changedaedtry are major contributors to greenhouse
emissions, biomass pools are poorly reportedyse.thetier 1 default value proposed by IPCC -
Intergovernmental Panel on Climate Change), whgyesse estimates based on specific spatial data

are required (i.e. IPCC tier 2 and tier 3 meth@jk [

Many mapping methods based on forest inventoridfoanemote-sensing products have been
developed in recent decades [4]. The main techejgueose applications are not mutually exclusive

and are sometimes combined, are based on: (ippdgrpolation between forest plots, generally by
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inverse-distance weighting [5-7]; (ii) determintstnodels using stratification (vegetation maps) or
previously mapped predictive ecological variabldsclv are assumed to influence forest structure and
composition [8]; (iii) remote-sensing approachekiclhr make it possible to define more homogeneous
forest types and/or more efficiently describe tpatisl variation of ecological variables [9,10].€8e
methods imply heavy hypotheses in terms of biordasggbution, which need to be corroborated
posteriori Spatial interpolation implies that biomass i®sgly auto-correlated, and deterministic
modelling implies that biomass is influenced toytag degrees by the environment. Remote-sensing
approaches often rely on a different base, ancaaimore or less direct measurement. The most
recent methodological improvements involve remetesing data at very high spatial resolution
(VHRS), especially LIiDAR, which are able to providieect descriptors of forest structure including
tree height, crown size, and tree density, i.enthé parameters needed to predict biomass [11,12].
Stand level models analogous to forestry allomegi® then calibrated to directly convert the
physical signals into biomass or carbon estiméit8g f]. However, the coverage of these VHRS
images is usually limited by small swaths and thajh cost per hectare covered. Consequently, they
are frequently combined with medium to coarse tégmi data which make it possible to upscale

local estimates (based on field data, VHR remontsiag or both) over broader areas [15,16] through
the same ariori hypotheses (i.e. autocorrelation and dependentigecanvironment). Several
products have already been developed at contingraé#s using these latter methods. They have been

described as a robust basis for national carbagnitavies or regional REDD+ projects [15,16].

In spite of this progress, the reliability of ma$these mapping products has been shown to be
guestionable. The precision reported for recentswapied dramatically between 25 and 65 tC.ha
(i.e. 50 to 130 t.h&for AGB) depending on the resolution of the outmaip, the extent of the area,
and the type of vegetation cover (see Table 1)cbnoiparisons with independent validation data often
revealed larger bias than the originally reportecbeacy [7]. Several problems that limit the relliap

of the maps have already been identified: (i) sditoin phenomena with certain RS captors at more
than 150 t. Wa[17] (i) spatial mismatches between field datxéited with GPS) and geo-referenced

RS images [18]; (iii) problem of representativenesthe calibration data due to small plots, ususll
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0.25 ha [19,20]; (iv) « dilution bias » when up4{gog from plot areas to VHRS image footprints, due
to local heterogeneity and rugged relief [21]; lfupe uncertainties at the landscape scale lirkked t
poor interpolation of scarce field data [22]. Mo§these pitfalls and biases are linked to the
autocorrelation hypothesis and to the lack of repméativeness of field data, which are generally
undersized, mismatched, and above all too scatsa@itered, given the high variability of forest
structure at both local and landscape scales T2#§.spatial structure of biomass at varying nested
scales is key information when designing efficisantnpling to ensure the robustness of calibration.
This issue has been widely studied locally [21,B8},studies at the landscapes scale are lacki#ig [2

because they require the collection of numerous, aatich is costly.

Following the development of forestry in tropicalunitries, more and more forest management
inventories are being produced by public and peiaderators and cover large areas, especially when
results from concession-scale operations are lurtggether (e.g. [24-26]). However, the
measurements are often not sufficiently precisea{leernacular names are used instead of botanical
names, diameter at breast height is recorded 8g,cdad there is no measurement of total height).
Consequently the uncertainty due to inaccuracy sieetle more precisely assessed but the high
repetition rate of the data could compensate f@ddabk of precision and provide information on the

spatial structure of the biomass at landscape ,sgsiell as solve the problem of representativenes

For the present study, we used two large foregrntories conducted in French Guiana during the
periods 1974-1976 and 2006-2012 in 2,507 plotsshatpled 1,120 ha over the 8 M ha undisturbed
rainforest. Our aims were to (i) assess the pi@tisf biomass estimates obtained from this kind of
forest inventory data; (ii) test the structurelud spatial variation of biomass at various scalesder
to assess accuracy as a function of resolutioppiduce maps at different resolutions using
different predictive models and compare their aacymwith other products, for practical use in

REDD+ programmes.
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Materials and Methods
Field measurements

We used two different forest inventories producedriench public organizatiorfkig. 1). The first
inventory was done by CTFTéntre Technique Forestier Tropigddetween 1974 and 1976 on 14
blocks covering a total of 547,000 ha in the narifgart of the French Guiana [36]. It was based on
0.5-ha plots (250 m x 20 m) implanted on systengriits with different intervals with a samplingeat
that varied between 0.2 and 0.8%. Trees with DBblva 10, 15 or 40 cm were counted and
identified using vernacular names (i.e. local commames consistently used by tree spotters). DBH
was recorded by 10 cm class (i.e. [10; 20 cm [, 880cm [and so on). Data from 10 blocks were
scanned between 2006 and 2010 and positioned on<&i§ original maps and precise field
descriptions recorded in field notebooks (rivelsps, exposure, and distances). By comparing
theoretical positions (on old maps) with actualifass on GIS (deduced from field notes), we
estimated the spatial accuracy of 71% of the piotse less than 50 m, between 50 to 100 m for 20%
of the plots, and more than 100 m for 9%. Ploasmeere corrected using the slopes and lengths
noted in the field. Finally we omitted plots withepcensus DBH equal to 40 cm or belonging to
several forest types (i.e. mixingrra firmeandseasonally floodetbrest) and kept only trees with
DBH >20 cm. We also eliminated all plots located in araffected by forest harvesting or gold
mining between 1974 and 2007, using GIS informapimvided by forest managers (Fig.1). The final

dataset corresponded to 126,880 trees in 1,172 @lbtha in size.
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Figure 1. Spatial distribution of inventory blocksfrom CTFT (1974-1976) and ONF (2006-2013).
Inventory blocks from CTFT (1974-1976) in pale goefygons. Complementary inventory campaigns
from ONF (2006-2013) in white circles (size repragbe effective area covered by the transects).
Areas disturbed by harvesting or mining betweend1@¥d 2007 are in black and were removed from
the dataset.
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Between 2006 and 2013, we did a second inventotyebalf of ONF (Office National des Foréts

the French national forest agency) to completeoredicoverage and better sample environmental
variability [37]. Thirty three sites were selectmdstly in the south and east of French Guianaverco
the geological and climatic conditions poorly sagdpby the former CTFT inventories. Two to four
2.5 to 3-km long transects were established at siéelaccording to the different orientations to
optimally sample the local environmental variakilifs total of 111 transects were established. Each
20-m wide transect was divided into 100 m segmg@rrets0.2-ha plots) giving a total of 3,132 basic
sampling units. All the plots were geo-referencsithg a GPS receiver and delineated in the field
using a laser. We also measured slopes and letaytiosrect areas. DBH were denoted by 5 cm class
above 20 cm (i.e. [17.5; 22.5cm [, [22.5; 27.5cmr¢d so on). Inventoried trees were identified gisin
vernacular names. In order to homogenize plotfsizéhe two inventories, neighbouring plots with
the same environment (geology, geomorphology, atiged) and of the same forest type (i.e. entirely
terra firme or seasonally flooded forest) were lethpyvo-by-two, giving a total of 1,335 0.4-ha plots
and a total of 83,075 trees. All samples madeenNhtional Park protected areas had been approved
by the Scientific Committee of the Park and byAldministration council that include local

communities representation.

As a result, the two datasets covered 1,120 haniovied on 2,507 plots equal to an overall sargplin
rate of 0.014 % of the total area of French Guiarith local sampling rates which varied between 0.2
and 1%. These inventories did not include palmssanall trees. However, in previous studies, trees
with 10 cm<DBH <20 cm proved to represent minor and reasonsthlyle proportions of total AGB

from 10 to 14% (e.g. [38,39]).

Environmental data

For all plots, we computed UTM positions from GI83G84 UTM22N) and extracted all
environmental variables assumed to influence fayastith that were freely accessible on available

maps (Table 2). For continuous variables, we coetpttie mean values over the plot area, while for
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categorical variables, we selected the majoritgs;lgaking into account the fact that the most

heterogeneous plots had already been removed Fresedection. We used a simplified geological

map [40] for the substrate; SRTM from NASA [41]dmduce topographical indices including

altitude (ALT), slope (SLO), area of the hydrawasin in log-scale (LOG) and height above the

nearest drainage (i.e. HAND [42]); recent geomolpdical maps generated from SRTM [43]to

describe landforms and landscapes; a broad-scgétateon map based on SPOT-VEGETATION

remote sensing images [44]; dry season length (D&N)annual rainfall (RAIN) from TRMM data

resampled at 90 m with a bi-cubic method for climdescriptors [45].

Table 2: Environmental variables tested to prediceboveground biomass

dissected plateau [7%]; H: mountainous [16¢
I: moderate multiconvex [4%]; J: irregular
multiconvex [14%]

Theme Description of variables for selected plots dbirce Resolution
SLOpe : 0 — 142%
Topography
ALT itude:1-819m Raster
[41]
LOG arithm of basin area : 0 — 6.79 <100 m
Hydrography
HeightAboveNearesDrainage : 0 — 214 m
AnnualRAINfall : 2197 — 3211 mm/y Raster
Climate [45]
DRY season length : 1 — 3 months <100 m
5 VEGETation classes - V18: Low dense
forest [13%] ; V19: High forest with regular Raster
Vegetation | canopy [65%] ; 20: High forest with disrupted [44]
canopy [6%)] ; 21: Mixed high and open forest 1 km?
[16%)] ; 22: Open/palm forest [<1%]
10 LANDForms categories % large flat relief
[23%]; 3: small flat relief [1%] ; 4: small
rounded hill [12%] ; 5: small flattened hill
[2%] ; 6: low half-orange [2%] ; 7: large high
hill [10%] ; 8: mountain [8%] ; 9: typical half- Vecl;t[(')nr2<10
orange [14%)] ; 11: wetland [1%] ; 12: hillock
in lowland[9%] ; 13: hillock in highland [3%]
14: large flat relief [2%] ; 15: large rounded hill
Geomorphologyl [13%)] [43]
10 LANDScapes categoriesA: plains [13%)],
B: irregular multiconvex [13%] ; C: valleys
[18%]; D: multiconcave [4%]; E: regular
plateau [9%]; F: irregular plateau [2%]; G: Veclt<cr)T:2>10
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8 GEOLogicalsubstrates G1: Recent
sediments [9%]; G2: Dikes [2%]; G3: Various
granites [23%]; G4: granodiorites gneiss [21% [46] Vector >10
; G5: Gabbros [10%] ; G6: sandstone [2%)]; km?
G7: Volcanic sedimentary rock [25%)]; G8 :
Pelites [8%]

Geology

Biomass estimates

We computed above-ground tree biomass (agBising the generic pan-tropical allometry (equatio
1) from Chave et al. [47]. For each tree in a gildBH class, we simulated DBH valuesydcias)

using exponential distribution and excluded tregh WBH <20 cm from ONF inventories. Next we
sampled height value @ghcassipie) USINg a local allometry based on an asymptotideh(8] and
calibrated with the plot’s stand structure [48¢e also supplementary information S1For each

plot, we also used simulations to allocate trees fpoecise botanical species using a Monte-Carlo
process based on empirical relationships betweeragalar names and botanical species, which also
accounts for the expected precision of each vefaaname [49]. We then used the Global wood
density database [5@) compute simulations of mean wood gravity atploe scale (WSGy). Next,

for each plot area of,& ha, we computed the above-ground biomass perree@&B, ) using the

determinist model from equation 2.

AGB = 0.0673 x (WSG x DBH? x H)%°73 Equation 1

tree q

AGBplOt — ZDBHclassz:trees0'0673*(VV‘S‘GT)I;txDIZ)BHclassXHDBHr:lasS/Plot)Q973 (Equation 2)
plot

S1 Supporting information: Local models used for HD allometries.

Statistical analyses

Testing bias and uncertainties due to measurements

AGB estimations were repeated 1,000 times for @éuth including the simulation of species
composition, in order to compute mean AGB and astesincertitude due to the measurement
inaccuracy. We evaluate this incertitude by thdfement of variation (CV) over the 1,000

simulations, calculated with equation 3.
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g(AGBplot)

CVyior =100 X (AGBploD)

(Equation 3)

To detect a possible bias between the two invesgatue to the field measurement methods (i.e.
differences in the DBH class range, accuracy ov#raacular nomenclature, and variation in the size
of plots) we compared AGB and CV distributions betw the two inventories using a Kolmogorov-
Smirnov test. We did not take the uncertainty ohtmss estimates at the tree scale intrinsic to
equation 1 into account, because we considerhigtihcertainty was probably cancelled out at the

plot scale [51].

Testing spatial dependences and uncertainties due kocal variability

To detect spatial dependences in biomass distoibutve performed a variogram (semi-variance)
analysis (package geoR — [52]). Mean semi-variarazcomputed for 10 distance classes (i.e. limits
at500 m, 1 km, 2, 4, 8, 16, 32, 64, 120, and 24pand compared with the null hypothesis of an
absence of spatial structure simulated by 1,000a@uizations of AGB values between plots. At any
distance class L (between km and L, km), having the observed semi-variance under théaa
confidence interval indicated significant auto-etation, whereas semi-variance above this

confidence interval indicated significant over-agisgon.

We also assessed the implication of the spatiatttre for the computation of the theoretical
confidence interval of the local mean. We firstgeited systematic grids with different cell-sizes
(resolution R = 0.5 km — 1 km — 2 km — 4 km — 8 kan}l selected all cells including at least three
plots. We then computed the relative confidencerval of the local mean (%l4g) for all cells with N
plots (N>3) using equations 4 and 3, and we modelled tla¢ioaship between %ls N and R using

log-log regressions.

%ICys = ty o5 X 3—; (Equation 4)

Predicting biomass with GLM

We tested general linear models (GLM) of every fbsdirst-order combination of environmental

variables (package R glmulti - [53]) in order tptést to what extent environmental effects can
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explain biomass spatial variation; (ii) interpre¢ tmain significant effects; (iii) produce the most
efficient predictive map. We used the Akaike Infation Criterion (AIC) to select the best and most
parsimonious model and verifi@dpriori hypotheses: normality of the residues (Kolmogdbonirnov

test), heteroscedasticity (Breusch-Pagan testjrategpendence of the residues (variogram).

As pure environmental GLM failed to confirm thetlagpothesis (i.e. spatial correlation was detected
in the residues), we added a spatial componentd(be deterministic terms of the model (i.e.
estimated meap and environmental effects for each of the variableg)xWe modelled k(s) by
ordinary kriging as proposed by [8]. We postuladedcexponential form for the covariance model and
fitted the terms of the model £ nuggetgs? = sill, p = range) to the observed variogram of residues

using ordinary weighted least squares (packageoR g€52]).

As a result, our final model to predict AGB at theation s, noted y(s), is a kriging-regression glod

(KR) which took the following form:
Vi) = B+ Ne=1Ye X Xe (5) + k(s) (Equation 5)

With the covariance model of k following the expotial form:

y(d) =1+ (6% —1) X (1 — exp (— Z—)) (Equation 6)

We performed this calibration process with 50% wf dataset, systematically leaving out one plot out
of two to guarantee an extremely conservative aéibah step, and we computed the root mean square

error of prediction (RMSEP) on the other 50%.

Mapping and comparing our model with other models adifferent scales

We first applied the model at the finest possibkotution (30 m) by rasterizing all the GIS layers
which provided predictive variables. We then aggted the estimated values at different coarser
resolutions using local averaging (package raS&#).[We also aligned two recent reference maps

[15,16] at the same resolution, using the sameeggdiion and disaggregation processes.
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In order to compare the overall accuracy of théedgiht models, we overlaid the different maps with
the validation dataset. We selected cells featuringe than three validation plots and computed the
RMSEP using the mean field values as reference alé¢ecomputed the RMSEP between calibration
data and validation data on the same cells to stidige actual accuracy that we could attempt to
obtain from our field sampling. We also examinegl plnecision and trueness of the models using
respectively the correlation coefficient (R?) atmpe of linear regression between the models aad th

validation dataset.

Finally, to evaluate the practical relevance ofdifferent maps at operational scales (i.e. astiade

of a forest concession, between 10,000 and 100&006r at the scale of a local forest management
project, between 1,000 and 5,000 ha), we carriedheusamed hoccross-validation by computing
RMSEP on the mean AGB estimated with the differeaps on each CTFT inventory block and each

ONF inventory site.

Results

Forest inventories provide valuable AGB estimates ith no

methodological bias

We observed a wide range of variation in estim&é@ at the plot scale, with values between 0't.ha
(corresponding to large blowdowns) and 8761, heith an average of 325 thanterestingly, we did
not detect any significant difference (K-S testD.0299, p-value = 0.631) between the distribwion
of AGB estimates provided by the two inventory camgps(Fig. 2) despite the long-time interval
between the two and the different methods usedicpkarly differences in plot size. However, AGB
estimates at the plot scale appeared to be lessadeawising the oldest inventory, as CV distributio
showed a significantly higher mean and larger vaméafor CTFT inventories than for ONF
inventories (CV=7% for ONF and 12% for CTFT, D=M085p<0.001). The striking similarity of the
distributions allowed us to mix the two sets ofedaven if CTFT inventories, using wider DBH class

and less accurate vernacular nomenclature, dighbligher CV at the plot scale because of larger
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measurement uncertainties. However, at plot s€lejarely exceeded 17% for CTFT data (10% for
ONF) so in the worst case, the confidence inteotahean AGB estimates at 95% did not exceed

6t.ha'.
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Figure 2. Distribution of AGB means and CV for allplots of both inventories.
Distribution of mean aboveground biomass (AGB)met (on the top) and coefficient of variation of
AGB per plot (at the bottom) for the ONF inventsr{ieft) and CTFT inventories (right)

A high local variability and a weak spatial structue led to large

uncertainties in local biomass estimates

Variograms applied on the mixed datag€ig. 3) showed high and significant semi-variance at the

beginning of the curve (i.e. nugget of about 6,8q0ivalent to a difference of about 110 tha
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between neighbouring plots, located less than 5@pant). Semi-variance increased rapidly up to 20
km and remained a fairly stable from 20 km to 260(ke. sill of about 10,000 equivalent to a
difference of about 140 t.Hpapproximating the overall variance. Comparisotihi000
randomizations indicated a significant autocorietafor distances of less than 5 km and no other

significant effect for larger distances.
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Figure 3: Variogram of biomass estimates from 500 o 200 km according to distance classes.
The grey shape shows the confidence interval exgpéat each distance class under the null
hypothesis (1,000 randomizations). The red squiacdisate significant auto-correlation and the

black circles imply no significant structure..

We computed CV of mean AGB estimates on grids wéthsizes between 500 m and 8 km. We only
considered cells containing three or more plotss Vielded 142 to 316 cell values per grid. The
maximum number of plots per cell was 67 on the 8r&aolution grid, and respectively 42, 22, 10 and
5 plots for other resolutions on 4 km, 2 km, 1 kmd 8.5 km-cells. In accordance with the previous
variogram, CV had a quite high mean value (abo@b)2dn the 0.5 km resolution grid. It increased

very slowly, up to 27%, when we increased the sfaie grid cells from 1 km to 8 kifrig. 4). We

then computed %l (relative width of the confidenaeterval of predicted AGB) for all selected cells
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at all resolutions and used these data to build@efrto predict %lgs values at cell scale from the
number of field plots (N) and grid resolution (Rgglecting the low spatial dependence. After
checking that the interaction term was not sigaifii; we obtained a log-log model (r2=0.28,

DF=1151, p<0.001, AIC=-1431):

10g(%ICo5) = — 0.8155 — 0.54151 X log(N) + 0.08024 X log(R) (Equation 7)

We observed that %lgdecreased mainly with an increase in the numbealdfration points and
increased slowly with resolutidirig. 4). As a result, for the same sampling density, theettainty of
local biomass estimates was halved when the eellvgas doubled (e.g. %J6&24% for three plots on

average in 1 km-cells and %}513% for 12 plots in 2 km-cells).
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Figure 4: Estimation of coefficient of variation ard confidence interval of local mean according
to grid resolution.

Inset boxplot shows CV of local biomass estimatesraing to grid resolution. Main part shows the
fitted values confidence interval of the local meanording to the model log (%IC95) = -0.8155 —
0.54151 *log (N) + 0.08024 * log (R) from N=3 t@ And R = 0.5 km to 8 km.
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The environment accounts for a significant but mino part of

spatial variation in biomass

The best GLM selected to predict biomass variatitth environmental variables explained a small
but significant proportion of variance when fittewl calibration data (r>=0.09, DF=1228, p<0.001,
AIC=11 541 with intercept=0). Geomorphological l&mins, the dry season index and annual rainfall
were excluded from the mod@lig. 5). Geomorphological landscapes had the strongestteshn
biomass (F=6.0664, DF=10, p<0.001) and displayed®adcontrasts at large scales between (i) on
the one hand, regions dominated by mountains (efleaus (E,F,G), or smoothed multi-convex
landscapes (1) with high biomass; and (ii) on ttreeohand, plains (A), valleys (C), multi-concai (
and marked multi-convex landscapes (B,J) with ldewmiass. Low HAND (height above the nearest
drainage) and high LOG (logarithm of basin aredjictv mainly point to seasonally flooded forests,
were also highly influential at the local scalehwat significant negative effect (respectively
F=11.3495, p<0.001 and F=9.9309, p<0.01). GEOL [@&g® had a significant but limited effect
driven by the “dykes” category (G2), which corresged to an extremely hard localized substrate
with significantly lower biomass (F=2.5477, DF=%&0p05). Similarly, VEGET (vegetation type) had
only a slight effect mainly driven by type 22 whiekhibited very low biomass (F=2.8287, DF=5,
p<0.05) and corresponded to “open forests mixeld paim forests”, mainly located in the southern
part of French Guiana. Altitude and slope had thakest effects (respectively F=3.5036, p<0.1 and
F=2.5405, p=0.111). The environmental model (istedninistic model) satisfied the hypotheses of
normality (K-S test, D=0.0423, p=0.025) and heteedasticity (Breusch-Pagan test, BP=36.1135,

DF=25, p=0.0699).

However, the variogram computed on the residuateemodel still showed significant spatial
dependence for distances of less than Z/ign 6). We modelled this residual structure by kriging-
regression (KR) using an exponential covariancetfan (tau=6500, sigma=3205, phi=1991 - fixed

kappa=0.5).
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333  Figure 5: Coefficients of the selected GLM that prdict biomass from environmental variables.

334  Grey bars and brackets indicate groups of modalitedated to the different categorical variables.
335  For continuous topographical and hydrographical izdnles (HAND, LOG, SLOpe and ALTitude) the
336  coefficient value is multiplied by the mean of\thdable.

o
o
o —
N
o
8 - o
e :____——.- ----- ¥ - s Y 1
g
8 -
@ © ’
o (4
c ’
K b= 2
S 81
£
[}
2 o
o |
o
v L] auto-correlation
o ®  not -significant
s4 | fitted
o~N
o -
T T T T
0 5000 10000 15000

distance (m)

337
338  Figure 6: Variogram of GLM residuals from 500 m to200 km according to distance classes.

339  The grey shape indicates values expected undenthbypothesis of absence of spatial structure
340 (1,000 randomizations). The red squares indicagaiBtant auto-correlation and the black circles no
341  significant structure. The dashed line represenésfitted exponential model used to predict the

342  spatial error term.
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As a result, when we applied the GLM (determiniptict of the calibrated model) to the validation
data, we obtained a quite large RMSEP of 99t M&fitha poor adjustment (r2=0.04, DF=1251,
p<0.001, slope=0.063). When we used the completiehiR, we increased the accuracy of the
model (RMSEP = 90t MS/ha) with a better adjustn{erid.20, DF=1251, p<0.001, slope=0.208).
However, as the practical range of auto-correlati®ed in kriging is short, it did not enable residu
error to be predicted beyond a distance of 7 kmaraddhe sampling locations. Consequently, model
accuracy was only actually improved by the spatahponent in a small part of the territory located

near the sampling areas used for calibraffog. 7).

w
o
+ -
(V)
[(e}
AGBt ha"'
w
o
48 400
w
300
o 200
o
37 100
0
w
o
-
Y]
(a0}

1e+05 2e+05 3e+05 4e+05

Figure 7: Map of AGB (t.ha™) in French Guiana based on the complete model (KR)
Local darker or paler areas correspond to spatiabe terms that can be modelled only within a short
distance of the calibration plots and are null oveost of the area
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Coarse-graining improved the accuracy of maps

We aggregated our model results and our validataia at 1 km resolution to be able to compare
them with the pan-tropical maps produced by Baddisj and Saatchi [16]. We computed RMSEP,
R2 and the regression slope between the validdataset and the four maps (Baccini, Saatchi, GLM,
KED) at this scale, using only cells containing etran three validation plots (Table 3). The pan-
tropical maps correlated poorly with our validatieta even at their original resolution (RMSEP >
80, R2=0.02 and slop€0.1) whereas the accuracy of our complete modelKiR) was largely

improved by the coarse-graining process leadirigkm cells (RMSEP=63, R2=0.35 and slope=0.55).

Table 3: Evaluation of the accuracy of the differenmaps of biomass with different cell
resolutions

Resolution Map RMSEP R2 Slope
1km GLM 74 0.09** 0.21
GLM+KED 63 0.35*** 0.55
Baccini et al. 2012 85 0.02 0.08
Saatchi et al. 2011 91 062 0.10
2 km GLM 58 0.19*** 0.21
GLM+KED 47 0.48*** 0.49
Baccini et al. 2012 80 0.02 0.06
Saatchi et al. 2011 85 061 0.06
4 km GLM 59 0.15%** 0.14
GLM+KED 46 0.49*** 0.40
Baccini et al. 2012 85 0.02 0.04
Saatchi et al. 2011 94 <0.01 -0.02

The root mean square error of prediction (RMSER®)dates the overall accuracy, the R? indicates the
precision, and the slope indicates the truenesheofmodels. The significance of the adjusted-R? was
tested with a F test (*** p<0.001, ** p<0.01, * p<05, ns= non-significant)

The same results were obtained with 2-km resolutedis (Table 3 and Fig. 8) Thanks to coarse-
graining, our models were more accurate than diribst resolution (RMSEP was reduced by 25%
for GLM and 30% for KR compared with 1-km resolufipwith better precision (r2=0.19 and 0.48 for
GLM and KR respectively with p<0.001 in both casék)wever the regression slopes kept the same
value as at 1-km resolution (i.e. about 0.2 for GaMli about 0.5 for KR), indicating a dilution bias
effect that could not be reduced. As a result, Wias zero for mean values but systematically negati
for the highest values and positive for the lowedties (Fig. 8). At and above 4-km resolution, all
statistics of adjustment were degraded or satu@tieadl maps (RMSEP, R2 and the same or worse

slope than previously).
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Figure 8: Comparison of validation data with AGB vdues predicted by the different maps at 2-

km resolution .

Aboveground biomass (AGB) values at cell levettfervalidation set of plots are compared to the
values predicted by the different maps at 2-kmlugism : from the top left to the bottom right - KR
GLM, Baccini [15] and Saatchi [16]. The red linedicates the 1:1 relationship (expected slope). The
size of the circles indicates the number of valiaplots for each cell (from 3 for the smallestl®

for the biggest).

Satisfactory accuracy can be achieve for REDD+ opational

scales

Finally we compared our validation data and est®itom the different maps on larger areas
corresponding to REDD+ operational scales, i.e. ki®(see for instandettp://redd-

database.iges.or.jp/redd o this end, we tested the same accuracy, fwacsd trueness indicators

(RMSEP, r?, slope of regression) for the rangereds displayed by the CTFT inventory blocks (166
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to 800 km?) and for the ONF inventory sites (1@7okm?) in order to mimic forest concession and
large REDD project areas (>100 km2) or local REDDjgrt areas (10-50 km2). We also compared the
estimates obtained with calibration data and tludained with validation data to see the absolute

accuracy we could expect from forest inventorighase scales.

The comparison of validation and calibration dditavged that a forest inventory with a sampling rate
of between 0.1 and 0.5% estimated biomass witlrcamracy o#10% for all large CTFT blocks and
for a large majority of the smaller ONF sites (estjvely RMSE=10 and 26 t.Ha- Table 4). At

these operational scales, our complete KR modmhated total biomass with good accuracy
(RMSE=31 t.h& for ONF sites and 18 t.Hdor CTFT blocks), whereas simple GLM led to larger
errors (Table 4). AGB estimates obtained with papital maps were absolutely not correlated with

validation data, with the exception of Baccini’'sprfar areas between 10-50 km? (r2=0.15 — p<0.05).

Table 4: Evaluation of the accuracy of the differetmodels at operational scales

Scale Estimates RMSEP R2 Slope
Small project, calibration 26 0.67*** 0.868
production units GLM 40 0.32*%** 0.339
(10-50 km?) GLM + KED 31 0.64*** 0.551
Baccini et al 2012 61 0.15* 0.155
Saatchi et al 2011 70 <0.01 0.079
Large project, calibration 10 0.93*** 0.885
concessions (>100| GLM 40 0.59** 0.103
km?2) GLM + KED 18 0.90*** 0.390
Baccini et al 2012 74 <0.01 -0.037
Saatchi et al 2011 56 0.67 -0.118

The root mean square error of prediction (RMSEM®)jdates overall accuracy, the Rz indicates
precision, and the slope indicates the truenesbefmodels. The significance of the adjusted R2 is
tested with F test (*** p<0.001, ** p<0.01, * p<0® ns= non-significant)

Discussion
High local variability limits the accuracy of biomass maps

The spatial structure of aboveground biomass (A&ER)already been shown to be highly variable at
spatial resolutions less than 250 m when measurtaiest plots ranging from 6 to 50 ha in size
[19,21]. The high local heterogeneity can be exydiby gap-phase dynamics which create a mosaic

of eco-units [19,55]. This local variability imp$esignificant “dilution bias” will occur when small
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plots (i.e. substantially less than 0.5 ha) arel tisealibrate models to be applied over largeasire
Upscaling leads to underestimation of the spatisimce of AGB in the models [21]. Our study
proves that AGB variability is already very highsgatial resolutions of between 200 and 500 m and
increases even more at more than 5 km (Fig. 3)edseone might expect that this effect, which is
linked to forest dynamics, would be mitigated okeege areas (i.e. >1 km32). As a result, “dilution
bias” is likely to occur even when large foresttploe. ca. 1 ha, are used to calibrate models with
standard satellite remote-sensing data, as itdelwirecommended [21]. Dilution bias is also to be
expected when a few small footprints covering acédke same order of magnitude as field plots are
used as sampling units to calibrate larger footprie.g. airborne LiDAR transects or GLASS
footprints used to calibrate MODIS or LANDSAT piggl This helps explain why pan-tropical maps,
which are based on double upscaling (from fieltigh resolution RS and then to medium resolution

RS) fail to capture the forest spatial variabitifyAGB with acceptable accuracy [7].

The high local variability measured in our forasténtory plots (average standard deviation above
100 t.hd), cannot be the result of unexpected noise ifinentory data, because (i) the sizes of our
plots, between 0.4 and 0.5 ha, are sufficientnhit lin-and-out effects for large trees [20]; (i)
uncertainties due to forest inventory measuremanmtdimited (about 6 t.A3 and lower than
uncertainties due to allometric relationships [}8i); the local CV measured within 500 m-resolutio
cells was of the same order of magnitude as regphdote200 m in other studies based on permanent
plots in a tropical forest [21]. We therefore camt that this high local variance is not an artetaat

is likely due to the heterogeneous forest strudi2@¢ which in turn, could be explained by (i) &c
topographic and hydrologic effects (included in @uM with altitude, HAND and basin area); (ii)
the distribution of big trees which often exhibyigaegative patterns driven by population dynamics
and species dispersion in the long term [57]; i@iige-scale natural forest disturbances such as
landslides or blowdown, even if gaps of more thdra have been shown to be quite rare in northern

Amazonia [58].

Environmental factors are partly efficient to captthis structural variability, rather due to stastic

processes. In fact, the deterministic part of oadeh explained a modest part of the variance.
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However, our model was able to detect contrastsgaioe waterlogging gradient on the topographic
sequence [59,60] as well as large scale variatibtise landscape scale [61]. Nevertheless, asrshow
in previous studies, even in the case of stronfremwental contrasts monitored at fine scale (e.qg.
waterlogged vs. never flooded locations or whitedses. other terra firme forests) pure environmenta
effects only explain a small fraction of variatiansAGB and interact largely with more important

structural effects [62].

The important consequence of major variations irBAB short distance, as evidenced by the present
study, which corroborates another recent one j82hat any statistical interpolation between scare
field reference points will remain imprecise whatethe accuracy of the field measurements. The
only way to enhance precision is to combine getissitzal interpolation (e.g. kriging) with the most
relevant spatialized environmental informationegemplified in the present study. Reciprocally,
incorporating a spatial component in the biomasdehs an effective way to mitigate the problem of
weakly environmentally structured variation in A@Bd to substantially improve its efficiency [8,35].
However, we showed that this improvement is limited short distance around the reference points,

because of the short autocorrelation range (if@wekilometres).

Sampling design and spatial resolution have to bedapted to

capture AGB spatial structure

The most cost-effective way to capture and cortlrisllocal heterogeneity is to adapt the resolutibn
the output AGB map to average out local structuagiability. In other words, a trade-off needs & b
found between spatial resolution and effective emou On the one hand, reducing output resolution
minimizes local variance, but on the other hanthrgmg resolution helps calibrate the model with
more precision by multiplying the number of fielldys per calibration-cell, which is the most effiot
way to reduce the confidence interval of localreates(Fig. 4). In our case, a 2-km resolution (4
km?2) appears to be the optimal trade-off betwesriramum RMSEP and maximum adjustment (r2
and slope approaching 1 - 4&g. 8 and Table 2 for calibration. From a practical point of viethjs

means that AGB maps should not target a resol(tiotput cell size) of less than few kilometres



468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

otherwise there is a risk of very high uncertaetyndividual cell level that will result in a poor

calibration step.

Moreover, our results suggest that regular sysiersampling is not the best way to calibrate AGB
maps. For instance, to accurately calibrate a medelless than an average of 5% error at a 2-km
resolution, more than 75 plots are necessary piraton cell, 20 plots for 10% and 5 plots for920
which corresponds to a sampling rate of 8%, 2%0a&% respectively. Such very high sampling
rates, which are essential to obtain accurate loeans for calibration, are not economically
sustainable for very large areas [22]. A multi-ecgtratified sampling design appears to be a better
way of ensuring both a sufficient sampling ratelémal calibration and sufficient general coveréme

account for the broad-scale patterns of variatioAGB.

Achieving “wall-to-wall” LIDAR over large areas sreliable alternative way to address these
methodological limits in the medium term [63]. Hoxge, a significant gap still exists between the
complexity and cost of this method on the one hand,the actual capacity of developing countries to
implement it on large areas on the other handq8te, using large forest inventories even with isequ
low sampling rate (i.e. about 0.01% for the wheleitory and from 0.1 to 0.4% locally) we succeeded
in producing AGB maps with acceptable RMSEP rangiom 47 to 58 t.h&(22 to 28 tC.ha that to

say, a relative error of 15% to 20%) at a 2-km lkggm depending on the distance from the nearest
sampled area. As a matter of fact, for operatiomahagement of forest resources at local to national
scales (e.g. evaluation of biomass for a REDD+gatajr LULUCF national monitoring) rapid forest
inventories with suitable design may suffice todurce accurate estimates at the appropriate resoluti

for an output map.

Combining remote-sensing and large scale forest ientories can

Improve the accuracy of biomass maps

Our review of literature focusing on “biomass mangpin tropical forest”, shows that RMSE hardly
reach 75t.hain old-growth forests (i.e. a relative error obab20%), for a 1-km resolution or less

(Table 1). The performance obtained with our forest invaeetreven at 1-km resolution, is better



494  than the majority of biomass maps in the literafdr@5,16,31-33]. Most studies which report RMSE
495 lower than 75t.h4 include different vegetation types such as saahsnopened forest or young
496  plantation, thus mechanically reducing absolute EN&g. [28,29] ifiTable 1), or having to deduce
497  AGB from rough DBH-based allometries that do raaunt for variations in wood density and
498  height within the forest and hence artificially vee actual variance (e.g. [8,27,28]liable 1). The
499  most efficient AGB maps are based on the “wall-&liM.iDAR method, but remain very limited in
500 extent, i.e. to only a few km2 [28,34owever, a better performance was reported forrhaps

501  covering larger areas with RMSE down to 551.fie. 27 tC.hd) at 100-m resolution, using LiDAR
502 to calibrate AGB estimates for forest strata based ANDSAT and SRTM data [30,35]. These two
503  studies concluded that the final upscaling stagpiiial to ensure the efficiency of biomass magpin
504  and to better capture spatial autocorrelation iy fransform the potential display by LiDAR

505 altimetry into local AGB predictions at a broadlsca

506  Our results suggest two ways of improving this afiag process. First, holistic and multi-scale

507 geomorphological maps can provide an efficientdfsi preliminary forest stratification to guide
508 LiDAR acquisition as well as the sampling of fieldta. This preliminary stratification step is too
509 often limited toa priori expert-based stratification (e.g. altitude thredhohtchment basin

510 delimitation, etc.). A formalized geomorphologieaialysis based on full-resolution SRTM (as done
511  here) would help define precise and objective faligtification (e.g. a plateau vs. a multi-convex
512 landscape) while subjectivity can be controlledubyng image analysis techniques to characterize and
513  classify landforms (see for instance [43,64,65RisTwould also make it possible to delimit local

514  habitats (i.e. terra firme vs. seasonally floodae@$ts), thus reducing within-strata variabilitg].3

515 Second, our results demonstrate that field plofsr@st inventories are a reliable source of adeura
516 field measurements of AGB. Such field data can treussed to locally calibrate and validate LIDAR
517  allometry (leading from canopy altimetry metricsvtzds AGB) as well as any kind of biophysical
518 information derived from remote-sensing data ofisigint resolution that can contribute to AGB

519  mapping (e.g. canopy texture as exemplified ing8]), Future progress will indeed rely on smart

520 sampling and upscaling schemes from highly infoiveafregarding forest structure and biomass
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mapping) albeit costly data sources such as freldntories and small footprint LIDAR flight line,

satellite remote sensing information of higher ed&ility and replicability.

Given such strong local variations in AGB alonghwshort range autocorrelation, the upscaling
scheme is indeed critical, and understanding tla¢izaships between variations in above-ground
biomass and landscape patterns is a promisingavbgde the upscaling process on broad scale
drivers of AGB variations via variables which camceptually and statistically be derived from
worldwide databases and satellite remote sensiogubihing forest inventories along transects with
LiDAR flight lines could be an efficient way to impve the global coverage of AGB maps of tropical
forests while maximizing field datasets and capiyGryptic regional variations (e.g. patterns irodo
density, changes in allometry between forest tyges)are easily overlooked without an extensive

integrated sampling strategy.
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Résumé grand public

Les connaissances sur la diversité spatiale des foréts guyanaises sont insuffisantes pour garantir
une gestion durable de ces écosystémes. L’analyse d'une large campagne d’inventaires forestiers
révele d'importantes variations de composition floristique a l'échelle régionale et vérifie
I'hypothese d’une forte influence de la forme des reliefs sur la diversité spécifique des foréts, a
'échelle des paysages.

L’étude des relations entre forme des reliefs, sols et végétation démontre que cette influence ne
peut se résumer a un simple effet de filtre environnemental due a la variabilité des sols mais
intégre aussi l'empreinte de changements environnementaux passés et actuels qui
conditionnent la forme des reliefs et agissent directement sur la dispersion des espéces
forestiéres.

A cette diversité des habitats naturels forestiers correspond aussi une variabilité des services
écosystémiques, notamment en termes de stockage du carbone, dont la gestion
multifonctionnelle doit tenir compte.

Abstract

Diversity patterns in French Guiana rainforests are still insufficiently understood to ensure
sustainable management of these ecosystems. The analysis of an extensive forest inventories
campaign reveals significant variations in floristic composition at the regional level and verifies
the hypothesis of a strong influence of reliefs on the specific diversity of forests, at the
landscapes scale.

The study of the relationships between reliefs, soils and vegetation shows that this influence
cannot be reduced to a simple filtering effect due to the variability of soils. Indeed, reliefs
influence on forest also integrates the imprint of past and present environmental changes that
shaped the reliefs and directly act on the dispersion of forest species.

Important variations in ecosystem services result from the diversity of the natural habitats
identified in this study, especially in terms of carbon storage. This suggests improvements for a
better forest management and land use planning.



