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Abstract
Freshwater ecosystems are among the most endangered ecosystem in the world. 
Understanding how human activities affect these ecosystems requires disentan-
gling and quantifying the contribution of the factors driving community assembly. 
While it has been largely studied in temperate freshwaters, tropical ecosystems re-
main challenging to study due to the high species richness and the lack of knowledge 
on species distribution. Here, the use of eDNA- based fish inventories combined to a 
community- level modelling approach allowed depicting of assembly rules and quan-
tifying the relative contribution of geographic, environmental and anthropic factors 
to fish assembly. We then used the model predictions to map spatial biodiversity and 
assess the representativity of sites surveyed in French Guiana within the EU Water 
Framework Directive (WFD) and highlighted areas that should host unique freshwater 
fish assemblages. We demonstrated a mismatch between the taxonomic and func-
tional diversity. Taxonomic assemblages between but also within basins were mainly 
the results of dispersal limitation resulting from basin isolation and natural river barri-
ers. Contrastingly, functional assemblages were ruled by environmental and anthropic 
factors. The regional mapping of fish diversity indicated that the sites surveyed within 
the EU WFD had a better representativity of the regional functional diversity than 
taxonomic diversity. Importantly, we also showed that the assemblages expected to 
be the most altered by anthropic factors were the most poorly represented in terms 
of functional diversity in the surveyed sites. The predictions of unique functional and 
taxonomic assemblages could, therefore, guide the establishment of new survey sites 
to increase fish diversity representativity and improve this monitoring program.
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1  |  INTRODUC TION

While accounting for less than 1% of the earth's surface, fresh-
waters harbour more than 6% of the described species (Dudgeon 
et al., 2006). For instance, 17,000 fish species inhabit freshwaters and 
account for 25% of all vertebrates (van der Laan, 2020). Yet, freshwa-
ters are also among the most imperilled ecosystems on earth, with 
more than 50% of the world's rivers experiencing human- mediated 
biodiversity declines (Su et al., 2021), threatening more than 22% of 
the freshwater fish species across the globe (Albert et al., 2021).

Both local environmental factors (at the habitat scale) and large- 
scale variables (e.g. climate, land cover) are recognized as natural 
determinants of fish species assemblages (Benone et al., 2020; López- 
Delgado et al., 2020). At a large spatial scale, freshwater fish distribu-
tions are mostly determined by the historical connections among basins 
during the quaternary low- sea- level period, promoting the dispersal of 
species between basins (Carvajal- Quintero et al., 2019). Within basins, 
freshwater ecosystems are characterized by a dendritic network struc-
ture in which hydrologic connectivity dictates a dispersal pathway from 
upstream to downstream (Vannote et al., 1980). This dispersal pathway 
has been recognized as a major driver of freshwater fish distribution, 
generating a distribution pattern reported in the river continuum con-
cept, which predicts an increase in species richness from upstream to 
downstream (Harvey et al., 2018; Vannote et al., 1980). Freshwater fish 
distribution is thus mediated by multiple environmental factors oper-
ating at different spatial scales (Benone et al., 2020). This distribution 
pattern is determined by a combination of biotic and abiotic factors in-
cluding species dispersal capacities, physical characteristics of the river 
such as dispersal barriers (e.g. rapids or waterfalls) or habitat hosting ca-
pacity and diversity (e.g. upstream parts are smaller than downstream 
parts), which all vary longitudinally along the network (Carvajal- 
Quintero et al., 2019). Moreover, the two spatial major drivers that are 
positioned in the river network and historical connections between 
river basins suggest that connectivity is a crucial parameter of freshwa-
ter fish distribution (Carvajal- Quintero et al., 2019; Harvey et al., 2018). 
Besides natural determinants, anthropic activities can also determine 
fish biodiversity patterns, especially in highly connected ecosystems, 
where altering habitat connectivity and quality modify ecological pro-
cesses and patterns. For instance, Zeni et al. (2019) demonstrated that 
deforestation led to biotic homogenization of stream habitats, which 
was responsible for an increased functional redundancy in fish assem-
blages across tropical regions of the globe. Freshwaters are deeply 
impacted by global changes but often remain at the edge of the dis-
cussions (Albert et al., 2021). Yet, these ecosystems are strongly tied 
to human well- being as they provide multiple essential ecosystem 
services including the maintenance of hydro- climatic regimes, human 
food, energy production, transportation, recreation, as well as waste 
disposal and remediation (Albert et al., 2021; van Rees et al., 2021). 
Consequently, quantifying the relative role of natural (historical and 
environmental) and anthropogenic factors in structuring biodiversity 
distribution is pivotal to design adequate conservation strategies.

Measuring the contribution of historical, environmental and an-
thropic factors in freshwater fish assembly rules requires understanding 

how processes shaping diversity apply and vary from local to regional 
scales (Socolar et al., 2016). This question can be addressed by measur-
ing community dissimilarity between sites within a region (β- diversity), 
which can reveal the spatial structure of biodiversity (Whittaker, 1960) 
and predict changes in biodiversity over the entire region (γ- diversity) 
from local biodiversity changes (α- diversity) (Socolar et al., 2016). 
β- diversity approaches have frequently been conducted on the tax-
onomic facet of biodiversity, treating all the species as functionally 
equivalent (Roa- Fuentes et al., 2019). However, taxonomy alone is not 
sufficient to understand community assembly while multi- faceted as-
sessments of biodiversity provide complementary views on the differ-
ent processes acting on communities (Roa- Fuentes et al., 2019; Villéger 
et al., 2013). In fact, taxonomic and functional facets can disclose mis-
match patterns. For example, a pair of assemblages exhibiting taxo-
nomic differentiation can show a low relative functional β- diversity if 
the species from each assemblage are functionally equivalent (Villéger 
et al., 2013). This has significant conservation implications because 
biodiversity facets may respond differently to environmental pres-
sures and across scales (Devictor et al., 2010).

The environmental DNA (eDNA) metabarcoding method 
(Taberlet et al., 2012) enables rapid and efficient biodiversity inven-
tories at multiple sites. It has been proven particularly efficient for 
fast biodiversity assessments in species- rich tropical rivers, where 
traditional fish survey methods, be they observational or capture- 
based, are time- consuming, can be invasive and/or of limited effi-
ciency (Cantera et al., 2019; Dickie et al., 2018; Lear et al., 2018; 
Shu et al., 2020). To date, the use of eDNA- based inventories to 
map biodiversity at large scales (e.g. catchment scale for freshwater 
fish) remains scarce, probably because efforts have been so far di-
rected towards the development and optimization of robust eDNA 
metabarcoding protocols (Coutant et al., 2020). Recently, eDNA 
has nevertheless been proved efficient in delineating conservation 
areas within whole river catchments over a 200,000 km2 territory 
(Blackman et al., 2021). It has also been used to develop a hydrology- 
based modelling framework revealing the spatial patterns of aquatic 
insects over an entire river catchment (Carraro et al., 2020).

Here, using the information on fish distribution over three river 
basins of French Guiana, we investigated the structuration of fish 
taxonomic and functional diversity and questioned whether differ-
ent processes drive these two biodiversity facets. We hypothesized 
that (1) geographical processes mainly drive regional fish taxonomic 
facet while we expect that (2) fish functional facet is mostly gov-
erned by local environmental and anthropic factors. The regional 
taxonomic diversity should therefore root in the historical connec-
tions between basins while the functional diversity should be shaped 
by the regional variations of environmental and anthropic factors. 
To answer these research questions, we used eDNA- based invento-
ries from 85 sites located along three rivers (Maroni, Sinnamary and 
Oyapock). These rivers are considered among the most preserved 
areas worldwide (Su et al., 2021) but are facing an unprecedented 
rise of threats linked to deforestation and gold mining, altering water 
physicochemical properties and generating strong disturbances 
to aquatic biodiversity (Cantera, Coutant, et al., 2022; Castello 
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et al., 2013). In addition, as unravelling the assembly rules and spa-
tial patterns of taxonomic and functional diversity will constitute a 
benchmark for developing conservation strategies in such high bio-
diversity regions, we used generalized dissimilarity models (GDMs) 
to map and predict β- diversity over seven river basins from French 
Guiana, extending over 112,000 km (Maroni, Oyapock, Sinnamary, 
Mana, Comté, Kourou and Approuague rivers). We then asked the 
extent to which the sites surveyed in French Guiana within the EU 
Water Framework Directive (WFD) are representative of the biodi-
versity encountered in the entire region and highlighted areas that 
should host unique freshwater fish assemblages.

2  |  MATERIAL AND METHOD

2.1  |  Study area

Sampling was conducted on three river basins of the Guiana Shield, 
in the north- eastern Amazonian biome (Figure 1). Altogether, the 
three basins cover a surface of 101,365 km2. The Maroni River is 

612 km long from its source to its estuary, and its basin covers a sur-
face of ±68,000 km2 in Suriname and French Guiana. The Oyapock 
River (length, 404 km; area, 26,800 km2) is located in the state of 
Amapa in Brazil and French Guiana. The Sinnamary River (length, 
262 km; area, 6565 km2) is situated within the territory of French 
Guiana. The climate of the entire study area is relatively homogene-
ous and the region is covered by dense, uniform lowland primary 
rainforest. The altitude is in the range of 0– 860 m a.s.l. The regional 
climate is equatorial, and the annual rainfall ranges from 2000 mm 
in the south- west to 3600 mm in the northeast. These rivers face 
different levels of anthropogenic pressure, unevenly distributed 
along the watercourses. The Maroni river is the most inhabited with 
c. 83,000 habitants (INSEE, 2020) unevenly distributed from Saint- 
Laurent du Maroni to Pidima village, which constitutes the most up-
stream human settlement on the Maroni river (Figure 1). The Maroni 
river is also the most affected by human activities, mainly legal and 
illegal gold mining, which represented 8058 ha of deforestation 
(0.37% of the catchment area in 2014) spanning from Saint- Laurent 
du Maroni to upstream of Maripasoula (Gallay et al., 2018). Only 
the most upstream part of the Maroni River (upstream from Pidima, 

F I G U R E  1  Map of the study area 
and the 85 biodiversity sampling sites. 
The inset map on the right indicates 
the location of the study area in South 
America in grey.
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Figure 1) has not been impacted by human activities. The Oyapock 
River is more preserved, with only three villages and c. 6000 hab-
itants (INSEE, 2020). Gold mining is much less developed than in 
the Maroni basin and represented 1547 ha of deforestation in 2014 
(0.06% of the catchment area), mainly concentrated near the village 
of Camopi (Gallay et al., 2018). The Sinnamary River is not exploited 
for gold, but the building of a large hydroelectric dam (Petit Saut 
dam) in 1994– 1995 has severely modified the landscape: 365 km2 of 
primary rainforest were flooded, leaving hundreds of islands of vari-
ous sizes covering a total area of 105 km2 (Vié, 1999). Several human 
settlements are located downstream from the dam, while the up-
stream part of the river remains free from human settlements, with 
only occasional recreational fishing.

2.2  |  Fish sampling

2.2.1  |  Water sampling

Environmental DNA was collected from water samples at 85 loca-
tions (hereafter, sites) along the main channel and the large tribu-
taries of the Maroni, Oyapock and Sinnamary rivers (Figure 1). All 
the metadata associated with the samples are described in Murienne 
et al. (2019) and available on the CEBA geoportal (http://vmceb agn- 
dev.ird.fr) and in Table S1. At all sites, the river was wider than 20 m 
and deeper than 1 m (Strahler orders 4– 7; Figure S2). At all rivers, 
the sites were sequentially sampled from downstream to upstream. 
Following the protocol of Cantera et al. (2019), we collected the 
eDNA by filtering two replicates during 30 min and resulting ap-
proximately in 30 L of water per site. A peristaltic pump (Vampire 
Sampler; Buerkle GmbH) and single- use tubing were used to pump 
the water into a single- use filtration capsule (VigiDNA, 0.45 μm; 
SPYGEN). The tubing input was placed a few centimetres below the 
water surface in zones with high water flow, as recommended by 
Cilleros et al. (2019). Sampling was performed in turbulent areas to 
ensure optimal eDNA homogeneity throughout the water column. 
To avoid eDNA cross- contamination among sites, the operator re-
mained on emerging rocks downstream from the filtration area. 
At the end of filtration, the capsule was emptied, filled with 80 mL 
CL1 conservation buffer (SPYGEN) and stored in the dark for up to 
1 month before the DNA extraction.

2.2.2  |  eDNA laboratory and bioinformatics

For the DNA extraction, each filtration capsule was agitated on an 
S50 shaker (Ingenieurbüro CAT M. Zipperer GmbH) at 800 rpm for 
15 min, decanted into a 50 ml tube and centrifuged at 15,000 g and 
6°C for 15 min. The supernatant was removed with a sterile pipette, 
leaving 15 ml of liquid at the bottom of the tube. Subsequently, 
33 ml of ethanol and 1.5 ml of 3 M sodium acetate were added to 
each 50 ml tube and the mixtures were stored at −20°C for at least 
one night. The tubes were then centrifuged at 15,000×g and 6°C for 

15 min, and the supernatants were discarded. Then, 720 μl of ATL 
buffer from a DNeasy Blood & Tissue Extraction Kit (Qiagen) was 
added. The tubes were vortexed and the supernatants were trans-
ferred to 2 ml tubes containing 20 μl Proteinase K (Macherey- Nagel 
GmbH). The tubes were then incubated at 56°C for 2 h. DNA ex-
traction was performed using a NucleoSpin Soil kit (Macherey- Nagel 
GmbH) starting from step six of the manufacturer's instructions. 
Elution was performed by adding 100 μl of SE buffer twice. After the 
DNA extraction, the samples were tested for inhibition by qPCR fol-
lowing the protocol of Biggs et al. (2015). Briefly, quantitative PCRs 
were performed in duplicate for each sample. If at least one of the 
replicates showed a different Ct (Cycle threshold) than expected (at 
least 2 Cts), the sample was considered inhibited and diluted fivefold 
before the amplification.

We used the ‘teleo’ primer pair (Valentini et al., 2016) (forward: 
3′- ACACCGCCCGTCACTCT- 5′; reverse: 3′- CTTCCGGTACACTTACC  
ATG- 5′) which targets a 60 bp marker located at the 5′ end of the 
12S ribosomal gene, a region presenting a high variability across 
fish species. The performance of the ‘teleo’ primer pair has been 
investigated by Polanco et al. (2021), who showed that it can effi-
ciently discriminate fish species of the Maroni River, the river with 
the highest species richness in French Guiana. The ‘teleo’ primer has 
thus been used in previous studies focused on French Guianese fish 
fauna (Cantera, Coutant, et al., 2022; Cantera, Decotte, et al., 2022; 
Cantera et al., 2019; Cilleros et al., 2019). The DNA amplifications 
were performed in a final volume of 25 μl containing 1 U AmpliTaq 
Gold DNA Polymerase (Applied Biosystems), 0.2 μM of each primer, 
10 mM Tris- HCl, 50 mM KCl, 2.5 mM MgCl2, 0.2 mM of each dNTP 
and 3 μl DNA template. Human blocking primer was added to the 
mixture for the ‘teleo’ primers (Valentini et al., 2016) (5′- ACCCTC
CTCAAGTATACTTCAAAGGAC- C3- 3′) at final concentrations of 
4 μM and 0.2 μg/μl bovine serum albumin (BSA; Roche Diagnostics). 
Twelve PCR replicates were performed per field sample (85 sites × 2 
field replicates × 12 PCR replicates, 2040 PCR replicates in total). 
The forward and reverse primer tags were identical within each PCR 
replicate. The PCR mixture was denatured at 95°C for 10 min, fol-
lowed by 50 cycles of 30 s at 95°C, 30 s at 55°C and 1 min at 72°C 
and a final elongation step at 72°C for 7 min. This step was con-
ducted in a dedicated room for DNA amplification that is kept under 
negative air pressure. The success of the amplification was verified 
using capillary electrophoresis (QIAxcel; Qiagen GmbH) and the 
samples were purified using a MinElute PCR purification kit (Qiagen 
GmbH). Before sequencing, purified PCR products were quantified 
using capillary electrophoresis and then pooled in equal volumes to 
achieve an expected sequencing depth of 500,000 reads per sample 
before DNA library preparation.

For the fish analyses, 10 libraries were prepared using a PCR- free 
library protocol (https://www.faste ris.com/metafast) at Fasteris, 
Geneva, Switzerland. Four libraries were sequenced on an Illumina 
HiSeq 2500 (2 × 125 bp) (Illumina) with a HiSeq SBS Kit v4 (Illumina), 
three were sequenced on a MiSeq (2 × 125 bp) (Illumina) with a 
MiSeq Flow Cell Kit Version 3 (Illumina), and three libraries were 
sequenced on a NextSeq (2 × 150 bp + 8) (Illumina) with a NextSeq 

http://vmcebagn-dev.ird.fr
http://vmcebagn-dev.ird.fr
https://www.fasteris.com/metafast
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Mid kit (Illumina). The libraries run on the NextSeq were equally dis-
tributed in four lanes. Sequencing was performed according to the 
manufacturer's instructions at Fasteris.

The sequence reads were analyzed with the OBITools (Boyer 
et al., 2016) according to the protocol described by Valentini 
et al. (2016). Briefly, the forward and reverse reads were as-
sembled with the illuminapairedend programme. The ngs-
filter programme was then used to assign the sequences to 
each sample. A separate dataset was created for each sample by 
splitting the original dataset into several files with obisplit. 
Sequences shorter than 20 bp or occurring less than 10 times per 
sample were discarded. Sequences labelled by the obiclean 
programme as ‘internal’ and probably corresponding to PCR er-
rors were also discarded. The ecotag programme was used for 
taxonomic assignment of molecular operational taxonomic units 
(MOTUs). An updated version of the reference database from 
Cilleros et al. (2019) was used. This database is a local database 
of French Guianese freshwater fish referencing the 12S mtDNA 
fragments of 367 species, representing 92% of the 400 freshwater 
fish species described in French Guiana. Among these referenced 
species, 9 (2.5%) cannot be discriminated at the species level with 
the ‘teleo’ primer pair. For the 33 (8%) species missing in the data-
base, we were not able to collect DNA. The GenBank nucleotide 
database was consulted, but it contained little information on the 
Guianese fish species. Most of the sequences were derived from 
Cilleros et al. (2019). Species- level assignments were validated 
only for ≥98% sequence identity with the reference database. 
Sequences below this threshold were discarded. We discarded all 
MOTUs with a frequency of occurrence below 0.001 per library in 
each sample, considered as tag- jumps (Schnell et al., 2015). These 
thresholds were empirically determined to clear all reads from the 
extraction and PCR negative controls included in our global data 
production procedure as suggested by De Barba et al. (2014) and 
Taberlet et al. (2018). For the samples sequenced on a NextSeq 
platform, only species present in at least two lanes were kept. 
These bioinformatic analyses provided a species- by- site matrix 
with read number per species (Table S2).

2.3  |  Predictor variables

2.3.1  |  Environmental and anthropogenic variables

Satellite- based environmental variables (n = 41) were extracted 
from the Near Global Freshwater- specific Environmental variables 
for biodiversity analyses at 1 km resolution (Domisch et al., 2015). 
When there was no data available at the location of the sampling 
sites, the nearest pixel value was assigned. In addition, four water 
hydro- chemical parameters measured in the field for each site were 
used: conductivity, water temperature, pH and turbidity (Table S3).

For anthropogenic variables, we quantified deforestation using 
the Global Forest Change database (Hansen et al., 2013). This data-
set identifies areas deforested between 2001 and 2017 at a 30 m 

spatial scale. To incorporate deforested areas before 2000, tree can-
opy cover data for that year were also used. Except for river courses, 
all pixels with <25% canopy closure were regarded as deforested. 
Finally, surfaces deforested by gold mining activity in French Guiana, 
Suriname and Northern Brazil were also included (Rahm et al., 2017). 
We merged those datasets to create an integrative disturbance vari-
able that quantifies the deforestation around the sampling sites. 
Here, deforestation intensity around each eDNA sampling site is 
considered an integrative measure of human- mediated environ-
mental disturbances including gold mining, logging, agriculture and 
human settlements (Cantera, Coutant, et al., 2022).

We calculated the mean percentage of deforestation upstream 
(along the sub- basin drainage network) and upstream and down-
stream of the sampling sites (Table S3; Figure S1). Indeed, we pre-
viously showed that 30 km represented the most relevant upstream 
spatial extent to investigate biodiversity responses to deforestation 
in our system (Cantera, Coutant, et al., 2022). We considered the 
sites' upstream sub- basin drainage network areas to account for the 
hydrologic connectivity of rivers and the associated water- mediated 
downstream transfer of matters and pollutants. We also consid-
ered circular areas around sampling sites because it integrates the 
hydrologic connectivity of rivers but also the potential influence of 
downstream impacts on sampling sites (Figure S1). We delineated 
sub- basins by applying a Flow Accumulation algorithm to the SRTM 
Global 30 m Model Elevation (Becker et al., 2009). Then, for each 
sampling site, we quantified deforestation intensity by summing up-
stream or upstream and downstream deforested surfaces and divid-
ing this sum by the area of the delineated spatial extent to obtain 
percentages of deforestation (Figure S1).

2.3.2  |  Geographical effect

Three pairwise distance variables were computed: (i) the Euclidean 
distances; (ii) the site distances following the actual riverine den-
dritic network and (iii) the paleo- distances between sites, which are 
the distances following the river network from the last glacial maxi-
mum (−20,000 years) when the sea level was at −120 m. This allowed 
accounting for connections between basins that no longer exist.

For the actual and the paleo- distances, the distances between 
different basins were calculated following the coastline. Distances 
were calculated in ArcGIS, using the network analyst extension and 
the OD cost matrix function. The distance matrices were used as 
input in a non- metric multidimensional scaling (NMDS) analysis to 
transform the matrices into coordinates on a two- dimensional space. 
The coordinates obtained through NMDS were then used to calcu-
late Euclidean distances in GDMs (see Section 2.4.3).

2.3.3  |  Predictor spatialization

We spatialized the predictors using a 1 km spatial resolution to be 
consistent with the spatial scale of the inventories. We previously 
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demonstrated that eDNA does not represent an integrative measure of 
biodiversity across the whole upstream river basin, but provides a rel-
evant picture of local fish assemblages (Cantera, Decotte, et al., 2022). 
We first modelled the hydrographic network by applying a Flow 
Accumulation algorithm to the SRTM Global 1 km Model Elevation 
using the ArcHydro tools from ArcGis. Spatialization was conducted 
with different procedures depending on the variables: geographic dis-
tance, field variables, environmental variables or anthropic variables. 
For geographic distance, we calculated the pairwise paleo- distances 
between all pairs of pixels and implemented these distances in an 
NMDS to compute NMDS- based coordinates. For field variables, we 
interpolated the data along the hydrographic network using the inverse 
distance weighting method. The anthropic variable was spatialized 
using the same methods as for sampling sites. Considering each pixel 
of the SRTM Global 1 km Model Elevation as outlets, we delineated 
30- km upstream sub- basin areas by applying a Flow Accumulation al-
gorithm to the SRTM Global 1 km Model Elevation. We then calculated 
percentages of deforestation for each pixel within the delineated areas 
(upstream areas or upstream– downstream areas) (Table S3, Figure S1). 
Environmental data from the Near Global Freshwater Environmental 
variables were already provided at a 1- km resolution; therefore, we 
only modified the hydrographic network to consider the same network 
as the one used for anthropic and field variables (considering only the 
streams with Strahler order from 4 to 7, Figure S2).

2.4  |  Response variables

2.4.1  |  Taxonomic β- diversity

We calculated fish taxonomic β- diversity based on the Jaccard's dis-
similarity coefficient using the formatsitepair function of the GDM 
package (Fitzpatrick et al., 2022). Using the Baselga framework im-
plemented in the beta- part package (Baselga & Orme, 2012), we also 
computed the turnover (β jtu) and nestedness (β jne) contribution to 
taxonomic β- diversity (β jac) to understand if β- diversity is mostly 
the results of difference in species compositions between sites 
(Baselga, 2010; Carvalho et al., 2012). Disentangling the underly-
ing processes of β- diversity delivers fundamental insights into the 
mechanisms shaping communities. For instance, if β- diversity results 
from spatial turnover, it may signify that environmental sorting and/
or geographical constraints govern fish assembly (Qian et al., 2005).

2.4.2  |  Functional β- diversity

Morphological and ecological traits were used to functionally char-
acterize each fish species. For the morphological traits, 12 measure-
ments were made using side- view pictures of mature fish to compute 
10 unitless ratios (hereafter, traits) reflecting food acquisition and 
locomotion strategies (Villéger et al., 2017) (Table S4). The morpho-
logical traits were measured for as many individuals as possible (1– 28 
depending on the species), and the averages of all measurements per 

species were used. For the ecological traits, six qualitative traits re-
lated to trophy, behaviour and habitat preference were selected and 
collected from FishBase (http://www.fishb ase.org) and the literature 
(Table S4). Morphological and ecological traits were missing for 18 
species (6.7% of the considered fish). For these species, we assigned 
the average values of the morphological measures and the ecologi-
cal traits of the closest related species. Using these fish functional, 
morphological and ecological attributes, we calculated a species dis-
similarity matrix using the Gower's distance, which can handle mixed 
data of numeric and class variables while standardizing them. We then 
implemented the dissimilarity matrix into a multidimensional space 
using a principal coordinate analysis (PCoA) and applying the Cailliez 
correction (Cailliez, 1983) for negative eigenvalues to build a func-
tional space. This analysis provides coordinates for all the species in 
a global functional space (Table S5). We retained the four first PCoA 
axes, which was the best compromise to maximize functional space 
quality and minimize data loss (to compute site functional β- diversity, 
sites must possess a higher number of species than the number of se-
lected axes, Maire et al., 2015). Using species coordinates, we finally 
calculated a site functional β- diversity (β jac) matrix and partitioned it 
into turnover (β jtu) and nestedness (β jtu) matrices based on the Jaccard 
dissimilarity coefficient. These analyses were realized with the beta- 
part package, with the functions functional.beta.core to create a beta- 
part object and functional.beta.pair to compute the matrices.

2.4.3  |  Generalised dissimilarity modelling

GDM is a method that relates the dissimilarities of a response vari-
able with ecological distances (Ferrier et al., 2007). It is based on 
the regression of a dissimilarity matrix and accommodates nonlin-
earities often encountered in ecological datasets using I- spline co-
efficients (monotonic cubic splines function) for each explanatory 
variable. Higher coefficients indicate higher rates of change of the 
response variable along the gradient of a given explanatory vari-
able. Nonlinearities occur for two reasons: (i) there is a curvilinear 
relationship between ecological separation and compositional dis-
similarity because most dissimilarity metrics range from 0 to 1. 
Therefore, once no species are shared between sites, the dissimi-
larity value takes on an asymptotic value of 1 while the ecological 
separation keeps increasing. (ii) There is a variation in the rate of 
compositional changes along ecological gradients.

2.4.4  |  Variable selection

The GDMs implemented with the paleo- distances had the highest 
explanatory power. Thus, this distance measure was used as a geo-
graphic proxy in all the GDMs (see Table S6 for model comparisons 
with the three different geographic measures).

To obtain the most relevant predictors, we gathered many pre-
dictor variables from different databases (Table S3). Because they 
provided redundant information in certain cases, we conducted a 

http://www.fishbase.org
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preliminary analysis following a variable selection protocol using the 
collinearity diagnostic variance inflation factor. We used the vifstep 
function from the USDM package (Naimi, 2015), which excludes the 
highly correlated variables from the set through a stepwise proce-
dure. We built two sets of predictors, each including one of the two 
anthropic variables (30 km upstream deforested areas or 30- km up-
stream and downstream deforested areas). This step removed 27 
satellite- based environmental variables from the initial set. Fifteen 
satellite- based variables and five field variables were kept for further 
analyses. Table S7 shows the selected variables, and Table S8 contains 
the two different sets of used predictors. The two sets were not iden-
tical because correlation coefficients between anthropic and environ-
mental variables changed depending on the spatial extent considered.

2.4.5  |  Generalised dissimilarity model 
implementation

GDMs were fitted using the gdm package (Fitzpatrick et al., 2022). 
For each biodiversity facet (taxonomic and functional) and β- 
diversity and its turnover component, we first formatted the data 
using the formatsitepair function. We then ran GDMs using the gdm.
varImp function (one model for each set of predictors), including the 
site paleo- distances as the geographic variable (see Section 4). We 
did not run GDMs with the nestedness component because nested-
ness was too low and the models did not converge. We used the 
three I- spline basis function and the significance of each model 
was calculated by matrix permutation, by comparing the deviance 
explained by the original model with the distributions of the devi-
ance calculated to all permutations while conducting a backward 
elimination process to select the best predictors. The selection of 
the best set of predictors for each biodiversity facet was performed 
by choosing the model minimizing the deviance and maximizing the 
percentage of deviance explained (Table S8). Then, the best pre-
dictors within the selected set were retained only if they were sig-
nificant and explained more than 1% of the deviance (percentage 
of deviance explained by each variable is determined by summing 
the coefficients of the I- splines from the GDM). Table S9 shows the 
model results with the two sets of predictors for each biodiversity 
facet. Deviance partitioning was used to calculate the unique and 
shared contributions of the best- selected set of environmental, an-
thropic and geographic variables, using the function gdm.partition.
deviance of the gdm package.

2.5  |  Taxonomic and functional predictions of β - 
diversity

We predicted β- diversity and turnover over seven rivers (from west 
to east: Maroni, Mana, Approuague, Sinnamary, Kourou, Comte and 
Oyapock, see Figure 1) from the best GDMs. Predictions were only 
computed for the main tributaries as only fish communities sampled 
on stream orders of 4– 7 were considered (Figure S2). To generate 

spatially explicit GDM predictions, the gdm.transform function from 
the gdm package was first used to create layers embodying the pa-
rameters of the fitted models. More precisely, the spline functions 
computed for each predictor from the fitted GDMs were applied 
to spatialised predictors covering the seven rivers to create trans-
formed layers displaying how β- diversity varies in space according to 
historical, environmental and anthropic variables. Then, the GDM- 
transformed layers were used to assess the fish representativeness 
of sites currently surveyed since 2000 within the EU WFD (Water 
Framework Directive 2000, https://ec.europa.eu/envir onmen t/
water/ water - frame work/index_en.html). We calculated the pre-
dicted average similarity of each location (each 1 km raster pixel) to 
a set of 27 sites where fish communities are monitored every year 
as part of WFD. Additionally, we computed the uniqueness of each 
location (each 1 km raster pixel) by calculating the mean similarity 
between each location and all the locations across the region. These 
two analyses were conducted following Mokany et al. (2022).

3  |  RESULTS

3.1  |  Taxonomic and functional β - diversity 
between and within basins

In the 85 eDNA sampling sites, 235 fish species were detected with 
site species richness ranging from 20 to 134 species (median = 68). 
The fish species belonged to 13 orders, 42 families and 139 genera.

3.1.1  |  Inter- basin β- diversity

The mean functional β- diversity was significantly lower than that of 
taxonomic β- diversity (Mann– Whitney U- rank test, U = 4,994,284, 
p < .001, n = 2248, Figure 2a; Table 1) and the mean functional turn-
over was significantly lower than that of taxonomic turnover (Mann– 
Whitney U- rank test, U = 5,050,823, p < .001, n = 2248, Figure 2b; 
Table 1). Contrastingly, the mean functional nestedness was signifi-
cantly greater than that of taxonomic nestedness (Mann– Whitney 
U- rank test, U = 1,072,523, p < .001, n = 2248, Figure 2c; Table 1). 
On the one hand, the contribution of taxonomic nestedness to β- 
diversity was low and β- diversity was mainly driven by taxonomic 
turnover (Mann– Whitney U- rank test, U = 5,053,465, p < .001, 
n = 2248) (Figure 2a– c; Table 1). On the other hand, functional 
turnover contributed slightly more to functional β- diversity than 
functional nestedness (Mann– Whitney U- rank test, U = 3,011,049, 
p < .001, n = 2248), but both components jointly shaped functional 
β jac (Figure 2a– c; Table 1).

3.1.2  |  Intra- basin β- diversity

The mean functional β- diversity was significantly lower than that of 
taxonomic β- diversity (Mann– Whitney U- rank test, U = 1 389 066, 

https://ec.europa.eu/environment/water/water-framework/index_en.html
https://ec.europa.eu/environment/water/water-framework/index_en.html
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p < .001, n = 1322, Figure 2e; Table 1) and the mean functional 
turnover was significantly lower to that of taxonomic turnover 
(Mann– Whitney U- rank test, U = 1,475,102, p < .001, n = 1322, 
Figure 2f; Table 1). The mean taxonomic nestedness was slightly 
greater than that of the functional nestedness (Mann– Whitney 
U- rank test, U = 920,404, p < .02, n = 1322, Figure 2g; Table 1). 
Overall, taxonomic turnover contributed significantly more to taxo-
nomic β- diversity than taxonomic nestedness (Mann– Whitney U- 
rank test, U = 1,288,227, p < .001, n = 1322; Figure 2d– f; Table 1). 
Functional nestedness contributed significantly more to functional 
β- diversity than functional turnover (Mann– ++Whitney U- rank test, 
U = 723,161, p < .001, n = 1322; Figure 2d– f; Table 1).

3.2  |  Drivers of taxonomic and functional 
fish diversity

For all the GDMs, the paleo- distances between sites was the best 
geographic proxy. For the taxonomic β- diversity, the GDM with the 
highest explanatory power was the model considering deforestation 
over a 30 km upstream sub- basin area. This model explained 84.4% 
of the total deviance in β- diversity (Table S10). The most important 
predictor was the geographic distance; its sole effect explained 
54.4% of the deviance. The two environmental predictors (eleva-
tion range and water temperature) explained together 5.9% of the 
deviance, while the anthropic variable only accounted for 3.3% of 

F I G U R E  2  Relationships between taxonomic and functional β- diversity (β jac) and its turnover (β jtu) and nestedness (βne) components for 
pairwise comparisons of fish assemblages. (a– c) Inter- basin comparisons, (d– f) intra- basin comparisons.

TA B L E  1  Mean ± SD taxonomic and functional values for pairwise combinations of sites located in different basins (inter- basin β- diversity) 
and for pairwise combinations of sites located within the same basins (intra- basin β- diversity)

Taxonomic Functional

β- diversity Turnover Nestedness β- diversity Turnover Nestedness

Inter- basin 
β- diversity

0.81 ± 0.08 0.75 ± 0.11 0.06 ± 0.06 0.37 ± 0.11 0.19 ± 0.09 0.18 ± 0.16

Intra- basin 
β- diversity

0.48 ± 0.18 0.31 ± 0.18 0.17 ± 0.14 0.28 ± 0.15 0.11 ± 0.11 0.17 ± 0.16
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the deviance (Figure 3a). Taxonomic β- diversity increased with site 
paleo- distances and was maximal between the most distant sites 
(Figure 4a). It also steadily increased with site difference in water 
temperature and exhibited an abrupt increase with a site eleva-
tion range between 600 and 800 m (Figure 4b,c). Finally, taxonomic 

β- diversity consistently increased along the site deforestation gradi-
ent, with maximal values of β- diversity reached between the less 
and most deforested sites (Figure 4d).

For the taxonomic turnover, the GDM with the highest explan-
atory power was the model considering deforestation over a 30- km 

F I G U R E  3  Partitioning of generalized 
dissimilarity model deviance of fish 
taxonomic and functional β- diversity  
(β jac) and turnover (β jtu) into geographical 
(blue), environmental (green) and 
anthropic (pink) variables across  
the 85 sampling sites. GDM deviance 
partitioning for (a) taxonomic  
β- diversity, (b) functional β- diversity, 
(c) the turnover component of taxonomic 
β- diversity, (d) the turnover component  
of functional β- diversity. Values represent 
percentages of deviance explained. Venn 
diagrams represent the unique and shared 
contribution of each variable. R refers to 
the model residual deviance (unexplained 
deviance). Bold values display the 
variables with the highest contributions.

F I G U R E  4  I- splines generated for geographical (blue), environmental (green) and anthropic (pink) variables from the final generalized 
dissimilarity models (Table S10). I- splines from the final GDMs for (a– d) taxonomic β- diversity, (e– g) the turnover component of taxonomic  
β- diversity, (h– l) functional β- diversity, (m– o) the turnover component of functional β- diversity. The maximum height reached by each 
function indicates the total amount of β- diversity associated with the gradient of the variable concerned, holding all other variables 
constant. The slope of each function displays the rate of β- diversity and its variation along the gradient concerned. Up, upstream; up- down, 
upstream– downstream. The geographic distance unit comes from NMDS coordinates.
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upstream– downstream circular area. This model exhibited similar re-
sults to that of the taxonomic β- diversity and explained 74.9% of the 
total deviance in turnover (Table S10). The most important predictor 
remained geographic distance with a contribution of 55.3% of the 
total deviance. The environmental predictor (water temperature) ex-
plained 4.7% of the deviance, while the anthropic variable accounted 
for 4.6% of the deviance (Figure 3c). Taxonomic turnover displayed 
similar increases to taxonomic β- diversity along the site distance, 
water temperature and deforestation gradients (Figure 4e– g).

For the functional β- diversity, the GDM with the highest explan-
atory power was the model considering deforestation over a 30- km 
upstream sub- basin area. The functional GDM computed with paleo- 
distances explained 58% of the deviance in β- diversity (Table S10) 
and showed contrasting results to those revealed by the taxonomic 
β- diversity and turnover. The major contributors were environmen-
tal variables (elevation range, upstream precipitation seasonality and 
water temperature) accounting together for 21.2% of the deviance. 
The geographic and anthropic predictors had a low contribution, 
explaining 6.7% and 4.6% of the deviance, respectively. The shared 
contribution of environmental and anthropic predictors explained 
14.3% of the deviance (Figure 3b). The functional β- diversity did 
not increase along the entire range of site distances and stabilised 
between sites exhibiting geographic distances ranging from 50,000 
to 1,788,391 NMDS- based distance unit. Similarly, functional β- 
diversity did not increase along the 0– 420 m elevation range gra-
dient and the 25– 30°C water temperature gradient. Contrastingly, 
functional β- diversity steadily increased with upstream precipitation 
seasonality and deforestation rates (Figure 4h,j,k).

For the functional turnover, the GDM with the highest explana-
tory power was the model considering deforestation over a 30- km 
upstream– downstream circular. This model explained 31.6% of the 
total deviance (Table S10). The anthropic variable was the most im-
portant, with a contribution of 16.4% to the total deviance. The geo-
graphic predictor was the second most important with 11.8% of the 
deviance explained, while the most important environmental predic-
tor explained only 1.1% of the deviance (Figure 3d). The functional 
turnover exhibited the same patterns of variation as functional β- 
diversity along increasing geographic distances and the deforestation 
gradient. The pattern of variations along the water temperature gra-
dient was however different, with stabilisation of functional turnover 
from water temperature ranging from 27.5 to 35°C (Figure 4m– o).

3.3  |  Predicting taxonomic and functional 
fish diversity

The spatialised predictions of taxonomic and functional β- diversity 
and their turnover component based on geographical, environmen-
tal and anthropic variables show how β- diversity varies in space 
within and between basins in response to each factor (Figure 5).

Spatial predictions of taxonomic and functional β- diversity 
and turnover based on geography exhibited an east- west gradient 
(Figure 5a,d,g,j).

Spatial predictions of taxonomic β- diversity in response to en-
vironmental variables (elevation range and water temperature) 
showed that the main course of the Maroni and the Oyapock rivers 
as well as the Petit Saut Lake contained the fish communities with 
the highest rate of β- diversity (values approximately ranging from 
0.42 to 0.84 GDM- unit, Figure 5b). When only considering taxo-
nomic turnover predictions, similar communities between sections 
of the Mana, the Kourou, the Comté and the Approuague rivers and 
the Maroni, Oyapock and Sinnamary rivers are expected (Figure 5e).

Functional β- diversity predictions based on environmental vari-
ables (upstream precipitation seasonality, elevation range and water 
temperature) highlighted similarities not only between communi-
ties of the Oyapock and the Maroni courses but also between the 
inland rivers (Figure 5h). However, when only accounting for func-
tional turnover, almost the entire Maroni, Sinnamary and Oyapock 
drainages as well as middle sections of the Mana, the Comté and the 
Approuague rivers exhibited similar communities (Figure 5k).

Predictions of taxonomic β- diversity in response to anthropic ac-
tivities revealed that the downstream part of the Maroni as well as 
estuaries of the Comté and the Oyapock rivers displayed the high-
est rate of β- diversity (summed transformed predictor values were 
around 0.66, Figure 5c). In comparison, when considering taxonomic 
turnover predictions, only the middle and downstream course of 
the Maroni river exhibited the highest rate of β- diversity, (summed 
transformed predictor values around 0.07, Figure 5f). Spatial pre-
dictions of functional β- diversity and turnover were similar to that 
of taxonomic β- diversity and turnover, respectively (Figure 5c,f,i,l). 
See Figure S3 for overall predictions of taxonomic and functional 
β- diversity and its turnover component in response to geographical, 
environmental and anthropic variables together.

Comparing the similarity between predicted fish communi-
ties and WFD survey locations indicates how these survey sites 
are representative of the regional fish fauna. Overall, the WFD 
survey sites had a better representation of the fish regional func-
tional diversity (similarity values ranging from 0.48 to 0.76) than 
taxonomic diversity (similarity values ranging from 0.20 to 0.46) 
(Figure 6a,b). With fish community predictions based on taxonomic 
β- diversity, similarity to the WFD survey sites presented variations 
over the entire hydrographic network with the Kourou, sections 
of the Sinnamary and the Approuague and the downstream part 
of the Comté river exhibiting the highest similarities (0.40– 0.45). 
Conversely, upstream sections of the Maroni and the Mana as well 
as estuaries of the Comté and the Oyapock rivers were less well 
represented by the WFD survey sites (similarity values ranging 
between 0.20 and 0.25, Figure 6a). When only considering taxo-
nomic predictions of fish community based on turnover, the over-
all similarity between regional taxonomic fish diversity and WFD 
survey sites increased (similarity values ranging from 0.27 to 0.55). 
This was particularly noticeable in the downstream section of the 
Maroni and the estuaries of the Oyapock and the Comté rivers 
(Figure 6c). With fish community predictions based on functional 
β- diversity predictions, the similarity between regional taxonomic 
fish diversity and WFD survey sites were high, with similarities to 
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F I G U R E  5  Colour maps resulting from the transformed layers of biological relevance presenting the predictions of both overall 
community dissimilarity (β jac) and its turnover component (β jtu) for taxonomic and functional diversity. Colour maps based on (a,d,g,j) the 
geographical variable, (b,e,h,k) environmental variables, (c,f,i,l) anthropic variables. Predictions were computed from the best generalized 
dissimilarity models considering the effect of each factor separately (Table S10). Similar colours depict similarities in assemblages. The colour 
gradient displays the variation of β- diversity along the geographic, environmental and anthropic gradients. Maroni (MAR), Mana (MAN), 
Sinnamary (SIN), Kourou (Kou), Comté (COM), Approuague (APP) and Oyapock (OYA). Map lines delineate study areas and do not necessarily 
depict accepted national boundaries.
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the survey sites ranging between 0.70 and 0.76 for most of the 
hydrographic networks. Only small sections of the Maroni, the 
Approuague, the Comté and the Oyapock had low similarity to the 
WFD survey sites, not exceeding 0.6 (range: 0.48– 0.60; Figure 6b). 
When only considering fish community predictions based on func-
tional turnover, the similarity to WFD survey sites increased for the 
entire river network and exhibited little spatial variations (similarity 
values ranging from 0.84 to 0.90, Figure 6d).

The comparison of similarity between each location and the en-
tire region revealed unique fish assemblages. With fish community 
predictions based on taxonomic β- diversity, fish assemblages lo-
cated downstream in the Maroni and the Comté and Oyapock, estu-
aries were less similar to the regional taxonomic diversity (similarity 

values ranging between 0.17 and 0.27, Figure 7a). Contrastingly, 
considering taxonomic fish community predictions based on turn-
over, the most unique assemblages were located at the upstream 
section of the Mana, and on upstream Maroni, Mana, Oyapock and 
Approuague tributaries (similarity values ranging from 0.31 to 0.37, 
Figure 7c). Fish community pattern of uniqueness based on func-
tional β- diversity was similar to that of taxonomic β- diversity, while 
functional turnover exhibited no spatial variation of community 
uniqueness (Figure 7b,d). The index of uniqueness based on func-
tional diversity nevertheless exhibited a narrower range than that 
based on taxonomic diversity (similarity values ranging from 0.48 to 
0.75 for functional β- diversity and from 0.84 to 0.89 for functional 
turnover, Figure 7b,d).

F I G U R E  6  Generalized dissimilarity model predictions of β- diversity to assess the representativeness of survey locations. 
GDM predictions for (a) taxonomic β- diversity, (b) functional β- diversity, (c) the turnover component of taxonomic β- 
diversity, (d) the turnover component of functional β- diversity. The similarity gradient indicates the mean predicted community similarity 
of each location (each 1 km- pixel of the hydrographic network) to the 27 survey sites of the EU Water Framework Directive monitoring 
program (see Section 2). Maroni (MAR), Mana (MAN), Sinnamary (SIN), Kourou (Kou), Comté (COM), Approuague (APP) and Oyapock (OYA). 
Map lines delineate study areas and do not necessarily depict accepted national boundaries.
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4  |  DISCUSSION

As freshwater ecosystems are organised in network structures fol-
lowing hydrologic pathways (Pringle, 2001), the river connectivity is 
an important determinant of biodiversity patterns. Thus, manage-
ment strategies in those ecosystems need to be designed at the 
catchment scale (IPBES, 2019). However, conservation strategies 
are often insufficient because it requires knowledge on biodiversity 
distribution, as well as of their determinants and processes (assem-
bly rules) at the scale of entire basins. This is particularly challenging 
in Neotropical freshwater regions. These areas concentrate a vast 
number of species, many of which are rare, and present limited infor-
mation on species spatial distributions (Mokany et al., 2014). This re-
stricts the suitability of common species- level modelling approaches 

in depicting information on diversity distribution and its underlying 
mechanisms (Mokany et al., 2014; Pollock et al., 2020). Here we used 
community- level modelling, as an efficient alternative to classical 
species- centred approaches (Pollock et al., 2020) combined with a 
multifaceted biodiversity approach.

4.1  |  Fish assembly rules between and 
within basins

Multifaceted approaches to biodiversity provide complementary 
views on the processes that give rise to ecological patterns at dif-
ferent spatial scales (Loiseau et al., 2017). Here, taxonomic and 
functional β- diversity bring light onto the assembly rules driving 

F I G U R E  7  Generalized dissimilarity model predictions of β- diversity to assess the uniqueness of each location. GDM  
predictions for (a) taxonomic β- diversity, (b) functional β- diversity, (c) the turnover component of taxonomic β- diversity, (d) the 
turnover component of functional β- diversity. The similarity gradient indicates the mean predicted similarity of each location (each 
1- km pixel of the hydrographic network) in relation to the entire region. Maroni (MAR), Mana (MAN), Sinnamary (SIN), Kourou (Kou), 
Comté (COM), Approuague (APP), Oyapock (OYA). Map lines delineate study areas and do not necessarily depict accepted national 
boundaries.
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Neotropical fish communities at both regional and river basin scales. 
Between basins, our findings revealed mismatching patterns be-
tween both facets of fish diversity. The higher taxonomic β- diversity 
than functional β- diversity indicates that dispersal limitation acts at 
a higher degree than environmental filtering in shaping fish com-
munities between basins (Benone et al., 2020; Carvajal- Quintero 
et al., 2019). This is also supported by the taxonomic β- diversity 
mostly explained by turnover between basins, as species replace-
ment is expected to be higher between localities if species dispersal 
is limited (García- Navas et al., 2022; Peláez & Pavanelli, 2019). In 
addition, the high contribution of geographic distance to taxonomic 
β- diversity and turnover highlighted in the GDMs as well as the in-
crease of the explanatory power of the models when accounting 
for historical connectivity between basins indicate that dispersal 
limitation is the major driver of taxonomic fish distribution at the 
regional scale. It is primarily due to the isolation between river ba-
sins by land and seawater, strongly limiting inter- basin dispersal (Dias 
et al., 2014). Such fish species turnover between drainages gave rise 
to an East– West similarity gradient of the river drainages, reflecting 
the historical fluvial connections of the region and the related spe-
cies dispersal limitation.

Surprisingly, this pattern still holds at the intra- basin level, al-
though the mismatch between the taxonomic and functional β- 
diversity was less marked. Thus, dispersal limitation still occurs 
within basins. This process was already reported for fish faunas 
in small streams, where the main river stem and major tributar-
ies act as barriers against the dispersal of stream species (Cilleros 
et al., 2016), supporting the general prediction that upstream 
areas are isolated from each other (Brown & Swan, 2010; Schmera 
et al., 2018). Here, we show that dispersal limitation still holds 
for faunas inhabiting large rivers, which contradicts the gen-
eral theory specifying that large rivers are largely influenced by 
mass effects (the movement of animals through dispersal) and 
are, therefore, not constrained by dispersal limitation (Brown & 
Swan, 2010; Schmera et al., 2018). Such main river dispersal lim-
itation may be due to the natural discontinuities of the fluvial 
networks (Herrera- Pérez et al., 2019). In the particular case of 
Guianese fishes, the alternation of slow- flowing areas with rapids 
and waterfalls, probably explains the observed dispersal limitation 
within the upstream- downstream course of the rivers.

This has a particular significance for conservation, as faunistic 
recovery from anthropogenic disturbances may be hampered by 
dispersal limitation. For instance, dispersal played an important role 
during the recovery of impacted zooplankton communities (Gray & 
Arnott, 2011). Naturally discontinued river systems may be even 
more sensitive to anthropogenic fragmentation, as it can result in 
a cumulative effect increasing the limitation of species movements 
along the hydrographic network (Gauthier et al., 2021). It particularly 
concerns freshwaters ecosystems in the Amazonian region, where 
the continuous development of dams (Castello & Macedo, 2016) 
acts as dispersal barriers, disconnecting populations and limiting 
re- colonisation processes (Winemiller et al., 2016) and, therefore, 
reducing faunistic recovery in disturbed areas.

4.2  |  Anthropic disturbances shape fish diversity

While anthropic activities in this region were shown to drive dras-
tic paired declines of fish taxonomic and functional diversity at the 
local scale (Cantera, Coutant, et al., 2022), we predicted at the re-
gional scale that functional β- diversity would be more imprinted by 
anthropic activities than taxonomic β- diversity. We demonstrated 
that anthropic activities had a weaker contribution than historical 
and environmental determinants to the taxonomic distribution of 
fish at the regional scale. Nevertheless, anthropization was here a 
major determinant of functional β- diversity, resulting in species trait 
turnover between sites. This mismatch pattern justifies the impor-
tance of multifaceted approaches to assess the impact of anthropic 
activities on biodiversity (Cilleros et al., 2017; Devictor et al., 2010; 
Jiang et al., 2021; Loiseau et al., 2017). Interestingly, we report a 
marked shared effect between environmental and anthropic fac-
tors in explaining functional β- diversity. Anthropic activities may 
thus reinforce environmental sorting by modifying environmental 
parameters through land exploitation and transformation (Roa- 
Fuentes et al., 2019; Villéger et al., 2010). Although deforestation 
was used as a proxy for anthropogenic disturbances including gold 
mining, logging, agriculture and human settlements, gold mining re-
mains the main cause of deforestation in the Northern Amazonian 
region (Dezécache et al., 2017). Within the studied area, gold mining 
accounts for more than 40% of the deforested surfaces (Cantera, 
Coutant, et al., 2022). Gold mining generates both physical and eco-
toxicological impacts by releasing pollutants in the water (mercury 
or cyanide), degrading the riverbed and the banks and altering the 
water's physicochemistry (Gallay et al., 2018). We already reported 
that persistent impacts of gold mining throughout the study area 
drive fish assemblages towards the same local decline in functions, 
with a loss in small detritivores, invertivores and algae browser fish 
species (Cantera, Coutant, et al., 2022). Here, the congruent pat-
terns of fish taxonomic and functional β- diversity but also between 
taxonomic and functional turnover in response to anthropization re-
flects a biotic homogenization at the anthropized localities. At these 
localities, the compositional changes within communities result in an 
increase in similarity between anthropized sites and in a decrease 
in similarity between disturbed and undisturbed sites. Generally, 
functional homogenization is the result of the replacement of spe-
cies with unique functional attributes by functionally redundant 
species. The loss of functional strategies reflects the vulnerability of 
the studied ecosystems, altering functional diversity and ecosystem 
functioning (Clavel et al., 2011).

4.3  |  Regional predictions of French- Guianese 
fish diversity

In this study, using a community- level modelling approach, we 
illustrated how we can predict taxonomic and functional biodi-
versity distribution in species- rich environments and unexplored 
areas. The spatial GDM predictions provided a regional view of 
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the spatial variation of fish assemblages based on historical, envi-
ronmental and anthropic factors. For instance, we predicted the 
highest rate of β- diversity in response to anthropization in assem-
blages located in the downstream section of the Maroni river and 
on the Oyapock and Comté estuaries, as well as on some tributar-
ies of the inland rivers. Predictions based on environmental pa-
rameters exhibited contrasting patterns. Taxonomic assemblages 
of the Maroni and Oyapock rivers were similar but distinct from 
those of the inland basins. This is possibly due to the length of 
the two rivers, crossing the entire territory and therefore facing 
a wider and similar range of environmental variations, notably 
elevation and water temperature. The assemblage similarity no-
ticeably increased between all basins when only considering func-
tional turnover. This suggests that the inland basins may present 
differences in the number of functional strategies compared to 
the Maroni and Oyapock.

Reliable predictions of β- diversity, conditioned upon models' ex-
planatory power and quality, can constitute a basis for biodiversity 
conservation studies. Mokany et al. (2022) provide a summary of 
relevant analyses that can be implemented from GDM predictions 
of β- diversity within the framework of biodiversity conservation 
studies. For instance, combining the assessment of regional commu-
nity similarity to focal communities and determining the biodiversity 
uniqueness of each locality can help identify whether sites surveyed 
as part of the European WFD monitoring program well represent 
regional biodiversity.

In general, the predictions demonstrated that functional β- 
diversity was better represented than taxonomic β- diversity in the 
WFD survey sites. Interestingly, the communities that were the most 
poorly represented in terms of functional diversity corresponded to 
communities exhibiting the highest β- diversity in response to an-
thropogenic disturbances. These communities were also predicted 
to be the most unique in terms of functional diversity. Regional 
functional turnover was well captured in the WFD sites compared 
with regional taxonomic turnover where the most poorly repre-
sented communities were expected to present the most unique 
taxonomic composition. Our results demonstrate that anthropic 
disturbances generate assemblages with atypical functional diver-
sity that is poorly captured by the WFD survey sites. These results 
also indicate that achieving a meaningful taxonomic assessment of 
the diversity requires the survey of sites distributed all along the 
hydrographic network. The representativeness of the regional fish 
diversity in the WFD survey sites could therefore be improved by 
adding additional localities hosting the most unique assemblages 
identified here, differing depending on the biodiversity facet.

5  |  CONCLUSION

Establishing appropriate conservation strategies to protect freshwa-
ter ecosystems at the catchment scale first necessitates disentangling 
the assembly rules of freshwater communities. This is challenging 
in species- rich environment because of the lack of knowledge on 

species distribution. The recent advances in eDNA metabarcoding 
coupled with adequate biodiversity modelling tools allow the imple-
mentation of biodiversity distribution models with high explanatory 
power that can further be used to project biodiversity at a regional 
scale. Our study revealed a mismatch between the taxonomic and 
the functional facet of fish assemblages. While French- Guianese fish 
taxonomic diversity was mainly structured by dispersal limitation at 
both intra and inter- basin scales, functional diversity was rather in-
fluenced by environmental and anthropic determinants. Importantly, 
regional predictions of fish biodiversity indicated that survey sites of 
the EU WFD monitoring program failed to fully capture not only re-
gional taxonomic diversity but also assemblages presenting unique 
functional diversity in response to human disturbances. This study 
presents a promising approach to map spatial biodiversity, to design 
efficient networks of survey sites and to quantify the anthropogenic 
impact on species- rich environments.
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