
Functional diversity of
afrotropical fish communities
across river gradients in the
Republic of Congo, west central
Africa

Gina Walsh1,2,3*, Allison A. Pease4, Darragh J. Woodford1,5,
Melanie L.J. Stiassny3, Jérôme Y. Gaugris2,6 and Josie South5,7

1School of Animal Plant and Environmental Sciences, University of the Witwatersrand, Johannesburg,
South Africa, 2Flora Fauna & Man Ecological Services Ltd, Road Town, British Virgin Islands, 3Division of
Vertebrate Zoology, Department of Ichthyology, American Museum of Natural History, New York, NY,
United States, 4School of Natural Resources, University of Missouri, Columbia, MO, United States,
5South African Institute for Aquatic Biodiversity, Makhanda, South Africa, 6Centre for African Ecology,
School of Animal, Plant and Environmental Sciences, University of the Witwatersrand, Johannesburg,
South Africa, 7School of Biology, Faculty of Biological Sciences, University of Leeds, Leeds, United
Kingdom

Characterizing functional freshwater biodiversity patterns and understanding

community determinants can aid in predicting changes and prioritizing specific

conservation management actions. Afrotropical freshwater systems support

diverse ecological communities, including many taxonomically undescribed

species, yet few studies have been undertaken in this region and they remain

poorly understood. Here, we use functional trait-based approaches to describe

the functional diversity of fish assemblages in the Republic of Congo (west

Central Africa) from the headwaters of a large basin (upper basin) to the coastal

plains (lower basin). Functional traits were assessed using multivariate

ordination, and functional diversity was calculated using functional trait-

space occupation. We investigated if fish β diversity is nested regionally and

at a basin-scale to understand if species assemblages exhibit non-random or

environmental filtering patterns. Trait-environment relationships weremodeled

to determine the most significant drivers of trait diversity, and functional

richness (FRic) was calculated for communities in both basins to identify

whether Afrotropical systems conform to expected patterns of biodiversity

along a fluvial gradient. Moderate to weak community nestedness and various

traits associated with resistance and feeding were significantly correlated with

habitat variables in the upper and lower basins respectively. Whilst

environmental filtering is an important process of community assembly at

basin scale, non-random processes are evident in the upper basin, whereas

a high turnover was noted in the lower basin. Trophic traits in larger coastal plain

habitats of the lower basin suggest higher trophic diversity is associated with

higher spatial heterogeneity and nutrient concentrations. High functional

turnover between headwaters and coastal plains suggests different

functional strategies in fish assemblages between localities along the fluvial

gradient. In contrast to expectations derived from temperate lotic systems,

functional richness was comparable across both basinswhich suggests that

OPEN ACCESS

EDITED BY

Carla Simone Pavanelli,
State University of Maringá, Brazil

REVIEWED BY

Fabio Di Dario,
Federal University of Rio de Janeiro,
Brazil
Lucia Rapp Py-Daniel,
National Institute of Amazonian
Research (INPA), Brazil

*CORRESPONDENCE

Gina Walsh,
g.walsh@florafaunaman.com

SPECIALTY SECTION

This article was submitted to Freshwater
Science,
a section of the journal
Frontiers in Environmental Science

RECEIVED 29 June 2022
ACCEPTED 02 August 2022
PUBLISHED 06 September 2022

CITATION

Walsh G, Pease AA, Woodford DJ,
Stiassny MLJ, Gaugris JY and South J
(2022), Functional diversity of
afrotropical fish communities across
river gradients in the Republic of Congo,
west central Africa.
Front. Environ. Sci. 10:981960.
doi: 10.3389/fenvs.2022.981960

COPYRIGHT

© 2022 Walsh, Pease, Woodford,
Stiassny, Gaugris and South. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other
forums is permitted, provided the
original author(s) and the copyright
owner(s) are credited and that the
original publication in this journal is
cited, in accordance with accepted
academic practice. No use, distribution
or reproduction is permittedwhich does
not comply with these terms.

Frontiers in Environmental Science frontiersin.org01

TYPE Original Research
PUBLISHED 06 September 2022
DOI 10.3389/fenvs.2022.981960

https://www.frontiersin.org/articles/10.3389/fenvs.2022.981960/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.981960/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.981960/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.981960/full
https://www.frontiersin.org/articles/10.3389/fenvs.2022.981960/full
https://crossmark.crossref.org/dialog/?doi=10.3389/fenvs.2022.981960&domain=pdf&date_stamp=2022-09-06
mailto:g.walsh@florafaunaman.com
https://doi.org/10.3389/fenvs.2022.981960
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://www.frontiersin.org/journals/environmental-science#editorial-board
https://doi.org/10.3389/fenvs.2022.981960


headwater zones in the region harbor substantial functional diversity, especially

when considering upstream catchment size. Functional diversity and

environment patterns documented show unique patterns of functional

richness that may assist in improving understanding of responses,

vulnerabilities and conservation needs in Afrotropical systems.

KEYWORDS

functional traits, ecomorphology, freshwater, forest, environmental filtering, river
continuum, gradient

1 Introduction

General expectations for fish diversity patterns across large

river basins are based on documented relationships with

climate, physiography, flow conditions, and ecosystem size,

but unique biogeographical characteristics in some regions

may drive exceptions to predicted patterns (Heino et al., 2013).

The conceptual fundamentals of lotic ecology were mainly

derived from the study of small forested mesic streams in

Europe and North America, (Horwitz, 1978; Vannote et al.,

1980; Newbold et al., 1982), with studies in the tropics only

appearing more recently (Ward et al., 2002; Minshall, 2007;

Dudgeon, 2008). Lotic theory suggests that the environmental

continuum changes in predictable ways across the gradient of

larger basins, for example the River Continuum Concept

suggests that changes in resources along a river continuum

dictate the trophic structure of biotic assemblages (Vannote

et al., 1980). A central tenet of the concept is that species are

replaced along the continuum, and that aquatic biodiversity is

lower in the headwaters and is highest in the middle and lower

reaches where habitat, flow and riparian cover are optimal,

allowing maximum exploitation of resources. In contrast, the

Riverine Habitat Template (Townsend and Hildrew, 1994)

emphasizes the importance of spatial and temporal

heterogeneity for community structure, proposing that they

provide the template upon which evolution forges functional

species traits. Using this theory, one can predict that in the

upper reaches of rivers with steep gradients, high temporal

variability and homogenous habitat, a community would

show traits that infer resilience and resistance such as

firm attachment mechanisms, high mobility, streamlined

and flexible bodies and/or dorsoventrally flattened bodies.

Conversely, more stable habitats with more

habitat heterogeneity such as in the lower parts of river

basins will show species with a higher functional trait

diversity of less resilient traits (i.e., long lifespans, diverse

body forms).

Community ecology has increasingly incorporated the

functional trait framework to provide a mechanistic

understanding of the structure of communities, ecosystem

processes and general patterns shaping communities making it

a useful tool for exploring the adaptability and vulnerability of

communities to environmental stressors (McGill et al., 2006; Poff

et al., 2006; Villéger et al., 2008; Olden and Kennard, 2010; Pease

et al., 2012, Pease et al., 2015; Nock et al., 2016; Villéger et al.,

2017). In comparison to purely taxonomic studies, a functional

trait-based approach allows data to be compared without the

constraints of geography, climate or highly divergent taxa (Poff,

1997; Poff et al., 2006; Pease et al., 2012; Bower and Winemiller,

2019a; Bower and Winemiller, 2019b), can support

understanding of processes governing regional community

assembly (Mouillot et al., 2007; Pease et al., 2015) and guide

regionally specific management and conservation of aquatic

systems (Sternberg and Kennard, 2013).

The functional trait approach has been used to understand

community assemblages in tropical regions at different spatial

scales, including environmental filtering and limiting

similarity (Bower and Winemiller, 2019a; Bower and

Winemiller, 2019b), aquatic-terrestrial linkages (Teresa and

Casatti, 2012; Correa and Winemiller, 2014, 2018; Arantes

et al., 2019) and environmental gradients (Ibanez et al., 2007;

Pease et al., 2012; López-Delgado et al., 2019a, López-Delgado

et al., 2019b). Some studies found that gradients of biotic

richness and functional diversity in tropical systems

conformed with aspects of temperate gradient concepts

(Greathouse and Pringle, 2006; Ibanez et al., 2007; Pease

et al., 2012). In contrast, numerous other findings suggested

environmental filtering as the primary driver of community

assemblage (Mouillot et al., 2007; Mouchet et al., 2013; Troia

and Gido, 2015; Córdova-Tapia et al., 2018; Bower and

Winemiller, 2019b). Boulton et al. (2008) noted in a review

that published evidence for consistent differences in ecology

and response of tropical streams was generally lacking in

literature and argues that the term ‘tropical’ potentially has

little significance when applied to stream ecology.

Afrotropical freshwaters support diverse ecological

communities, with many species still unknown to science

(Darwall et al., 2011; Reid et al., 2018) yet they are

significantly under-represented in ecological literature

(Dudgeon, 2008; Kessler et al., 2011; di Marco et al., 2017;

Titley et al., 2017). Historically the rate of exploitation of

natural resources in Afrotropical forests of the Congo Basin

has been markedly slower than in other tropical regions

(Malhi et al., 2013; Rudel, 2013; van Rooyen et al., 2016;

van Rooyen et al., 2019), but over the past decade this

pattern has rapidly changed as many central African
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countries have stabilized politically, resulting in a sharp

increase in development, resource extraction, and a range

of associated environmental impacts (Abernethy et al.,

2013; Megevand et al., 2013; Petrozzi et al., 2016). The

rapidly increasing impacts felt in the region and the paucity

of freshwater research on Afrotropical biodiversity is a

growing obstacle for freshwater conservation (Grill et al.,

2019; Leclère et al., 2020; Tickner et al., 2020). In the

absence of a broad and data-rich understanding of

ecosystems, characterizing functional diversity patterns in

freshwater communities has aided in predicting changes,

pinpointing vulnerabilities, and prioritizing regional

conservation actions (Toussaint et al., 2016).

In this study, we characterize the functional trait-

environment and diversity relationships of fish assemblages

along an environmental gradient in the Republic of Congo. We

characterized functional trait-environment relationships in

the upper and lower sections of the basin to understand

what is likely driving community assemblage structure. We

assessed nestedness of species assemblages at site level to

understand if non-random or filtering process of species

assemblage underlie patterns of community structure.

Lastly, we calculated functional beta-diversity and the

volume of functional trait space per basin to understand

how functional diversity changes longitudinally. Based on

the River Continuum Concept and previous functional

studies of fish communities in large tropical basins (Ibanez

et al., 2007; Pease et al., 2012) we hypothesize that functional

trait diversity would increase along the longitudinal gradient

from the upper to lower basin and that feeding traits would

reveal the change of food resources along the continuum.

Based on the Riverine Habitat Template concept we

expected to see evidence of environmental filtering and

functional turnover where upper basin assemblages are

dominated by traits that are adapted to resistance and

hydrodynamics, with the lowland basin containing more

diverse feeding traits representative of the increased

resources as habitat becomes more heterogenous and stable.

FIGURE 1
Upper and lower basin study areas in the Kouilou, Loémé and Noumbi basins in the Republic of Congo showingmajor drainages and elevations.
The highest point regionally is approximately 750 m above sea level.
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2 Materials and methods

2.1 Study region

The study area is situated in the Republic of Congo over

two geographically diverse areas: the upper study area in the

Kouilou-Niari River (the Louessé and Mandoro rivers), and

the coastal plains of the Kouilou, Loémé and Noumbi basins

(Figure 1). The headwaters of the Kouilou-Niari River system

originate in the upper basin (Figure 1) and are situated on the

Chaillu Massif which consists of incised formations with

steep-sloped hills and mountains covered by rare forest

types (Mamonekene and Stiassny, 2012; van Rooyen et al.,

2019). The upper basin freshwater habitat comprises forest

streams on steep slopes, and rivers with varying degrees of

forest cover on moderately steep slopes. (Figure 2A–H). The

FIGURE 2
Major mesohabitat types sampled in the upper basin in the Louessé and Mandoro river drainages (A)–(B) Rivers; (C)–(G) forest streams, and (H)
swamp forests.
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lower basin landscape is crossed by a dense network of

drainage channels flowing into larger rivers and natural

lakes resulting in high freshwater habitat heterogeneity

(Walsh et al., 2014; van Rooyen et al., 2016; Walsh et al.,

2022) (Figures 3A–H). The lower basin is situated on gentle

slopes and is covered by a mosaic of forest and grassland-

savannah.

2.2 Field data collection

The study included a total of 90 sites (48 in the upper and

42 in the lower basin). Study sites included a range of stream

orders encompassing swamp forests, headwater tributaries, larger

tributaries, and main stem river channels (Figures 2, 3). Sites

were sampled under base flow conditions in August

FIGURE 3
Major mesohabitat types sampled in the lower basin coastal study area in the Kouilou, Loémé and Noumbi basins (A)–(B) Forest streams; (C)
coastal savannah stream; (D) rivers; (E) swamp forests; (F) savannah wetlands; (G) Mitragyne stipulosa swamp forest; and (H) tall swamp forest.
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TABLE 1 Landscape and local environmental and physical variables measured at sites in lower and upper basin of the Kouilou-Niari basin.

Category and variable Unit/Measure

Landscape scale

Latitude decimal degrees

Longitude decimal degrees

Elevation meters above sea level (m.a.s.l)

Precipitation Mm

Stream Order Strahler Order

Average Basin Slope %

Cumulative Upstream Basin Size Hectares (Ha)

Local scale

Site Slope Measured percentage slope in site reach

Canopy Cover Estimated percentage cover in site reach

Width Average width (meters)

Depth Average depth along Thalweg (meters)

Water quality

Calcium mg/l

Chloride mg/l

Conductivity µs/cm

P Alkalinity ppm

M Alkalinity ppm

Potassium mg/l

Magnesium mg/l

Sodium mg/l

Nitrate as NO3 mg/l

Nitrate as N mg/l

Bicarbonate mg/l

Carbonate mg/l

pH H1+ ions

Phosphate as PO4 mg/l

Sulphate as SO4 mg/l

Temperature °C

Turbidity NTU

Microhabitat

No. of Riffles Number of riffles in site reach

Leaf Litter Leaf litter in site reach (scored abundant, common, rare, absent)

Woody Debris Woody debris (scored abundant, common, rare, absent)

Overhanging Vegetation Overhanging bank vegetation (scored abundant, common, rare, absent)

Undercut Banks and Roots Undercut banks and roots (scored abundant, common, rare, absent)

Substrate Available substrate (scored abundant, common, rare, absent)

Aquatic Macrophytes Aquatic macrophytes (scored abundant, common, rare, absent)

Water Column Availability Water column for fish (scored abundant, common, rare, absent)

Substrate Diversity Bedrock, boulders, cobbles gravel, sand, mud

Velocity-Depth

Slow-Deep Percent of site velocity-depth class (slow = <0.3 m/s; deep = >0.5 m)

Slow Shallow Percent of site velocity-depth class (slow = <0.3 m/s; deep = <0.5 m)

Fast Deep Percent of site velocity-depth class (fast = >0.3 m/s; deep = >0.5 m)

Fast Shallow Percent of site velocity-depth class (fast = >0.3 m/s; shallow = <0.5 m)

Frontiers in Environmental Science frontiersin.org06

Walsh et al. 10.3389/fenvs.2022.981960

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.981960


2012 October 2013, and October 2014 where fish capture was

most efficient due to manageably low flows.

A 200–400 m stream reach was sampled to representatively

include habitat and microhabitat units at each site in the upper

and lower basins. Fishes were collected from all habitat and

microhabitat types within each reach within each basin position

(upper and lower) in a nested design (Smith et al., 2013; Bower

and Winemiller, 2019b). Because of the diversity of habitat types

in the study region, various fish sampling methods were applied

depending on the habitat available at each site, including seine

hauls, cast netting, dip-netting, gill netting, fyke netting and

backpack electrofishing with a single pass moving in an upstream

direction. We assume that survey methods and study design

allow for the comparison of communities between sites as site

sampling was applied consistently until no new species were

collected at a site (Walsh et al., 2014, Walsh et al., 2022). Species

accumulation curves were constructed for surveys to verify

efficiency of sampling using the Observed richness (Sobs) and

mean estimated richness by Chao 1 estimates in Primer 7 (Clarke

and Gorley, 2015; Walsh et al., 2022). Fishes were deposited in

the Ichthyology Collection of the American Museum of Natural

History in New York, United States, with all data accessible

online (https://emu-prod.amnh.org/db/emuwebamnh/).

Landscape and local environmental data were collected for

all sites and the Spatial Analyst Hydrology package for ArcGIS

10.5 was used to generate river networks and Strahler orders. A

total of 47 environmental parameters were measured

including physical measures of width, depth and slope, in

situ water quality and water samples for basic ion and nutrient

analysis. Micro-habitat cover for 8 classes was estimated per

reach and velocity-depth class according to Kleynhans (2008).

Environmental data were assessed for multicollinearity using

the car and caret packages in the R environment (Fox and

Weisberg, 2019) where r values of >0.7 were removed from the

environmental dataset reducing the total number of variables

to 41 (Table 1).

2.3 Morphometric traits

Twenty-three functional traits were measured from fish

specimens (Table 2). The traits chosen show relationships with

TABLE 2 Functional traits used for upper and lower basin fish assemblages with description of measurement from Pease et al. (2012). Trait definitions
and functional categories follow (Gatz, 1979; Webb, 1984; Winemiller, 1991; Winemiller and Rose, 1992; Sibbing and Nagelkerke, 2000).

Trait Description Functional Category

Standard length Length measured from the tip of the snout to the caudal flexion Habitat use; Life history
strategy

Head length Distance from the tip of the upper jaw to the posterior edge of the operculum Feeding

Head depth Vertical distance from dorsum to ventrum passing through the pupil Feeding

Oral gape Vertical distance measured inside of fully open mouth at tallest point Feeding

Mouth position The angle between the line connecting the tips of the open jaws running between the centre of the pupil and the
posterior-most vertebra

Feeding

Eye position Vertical distance from the centre of the pupil to the ventrum Habitat; Feeding

Eye diameter Horizontal distance from eye margin to eye margin Habitat; Feeding

Snout length Distance from the pupil to the tip of the upper jaw with mouth shut Habitat

Snout protrusion Additional distance from the pupil to the tip of the upper jaw with mouth fully open and extended Feeding

Body depth Maximum vertical distance from dorsum to ventrum Habitat; Feeding

Body width Maximum horizontal distance from side to side Habitat

Caudal peduncle length Distance from the posterior proximal margin of the anal fin to the caudal margin of the ultimate vertebra Habitat

Caudal peduncle depth Minimum vertical distance from dorsum to ventrum of caudal peduncle Habitat

Caudal peduncle width Horizontal width of the caudal peduncle at mid-length Habitat

Body depth below
midline

Vertical distance from midline to ventrum Habitat

Dorsal fin length Distance from the anterior proximal margin to the posterior proximal margin of the dorsal fin Habitat

Dorsal fin height Maximum distance from the proximal to distal margin of the dorsal fin (excluding filaments) Habitat

Anal fin length Distance from the anterior proximal margin to the posterior proximal margin of the anal fin Habitat

Anal fin height Maximum distance from proximal to distal margin of the anal fi Habitat

Caudal fin depth Maximum vertical distance across the fully spread caudal fin Habitat

Caudal fin length Maximum distance from proximal to distal margin of the caudal fin (excluding filaments) Habitat

Pectoral fin length Maximum distance from proximal to distal margin of pectoral fin Habitat

Pelvic fin length Maximum distance from the proximal to distal margin of the pelvic fin Habitat
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habitat-use, locomotion, life history strategy and feeding

(Winemiller, 1991; Winemiller and Rose, 1992; Sibbing and

Nagelkerke, 2000; Pease et al., 2012). Five individual

specimens of each species were measured on a Nikon

SMZ800 microscope camera connected to a computer with

the NIS-Elements D computer application and a 1× objective

lens. Where we encountered less than five individuals of a

species, available specimens were measured. Because depth

could not be measured accurately using the software, head

depth, body depth and oral gape were measured using calipers

with measurements taken to the nearest 0.1 mm (Winemiller,

1991; Winemiller and Rose, 1992). To eliminate ontogenetic

and sexual dimorphic biases, only adults of all species, and

females of sexually dimorphic species (e.g., Alestidae,

Cichlidae, and Nothobranchiidae) were included in the

analysis. Before proceeding with the functional trait

analyses, ANOVAs were performed on trait variance data

to confirm that interspecific variation was greater than

intraspecific variation (p < 0.05).

2.4 Statistical methods

2.4.1 Environmental correlates of fish
community structure

The environmental variables matrix was refined to include

variables with Z-scores of Spearman’s correlation at a

significance of p < 0.05, which reduced the environmental

dataset to 29 variables. To show the relationship between sites

based on environmental variables, a Principal Component

Analyses (PCA) was performed on the refined

environmental dataset using normalized environmental

data and a matrix based on Euclidean distance. Only

variables with a Pearson’s correlation of >0.5 were shown

in the PCA.

A stepwise distance-based linear model permutation

(DistLM) identified environmental variables which were

predictors of fish community structure, considering possible

interactions between environmental variables (Clarke and

Gorley, 2015). The resemblance matrix was calculated using

Log(X+1) Bray-Curtis similarity and transformed. An AIC

(Akaike’s Information Criterion) selection criterion was run

using 999 permutations with a forward variable selection

procedure. Results were represented using a distance-based

redundancy analysis (dbRDA). The outcome of the analysis

shows vectors representing the combination of environmental

variables that were the best predictors of fish community

structure at sites. All statistical analyses were completed in

Primer 7 and R studio v 4.1.3 (Clarke and Gorley, 2015;

RStudio Team, 2021).

Functional traits are phenotypic characteristics that influence

ecosystem and community processes. A PCA was performed on

the functional trait data collected in Table 2 to show functional

trait space and functional traits governing the placement of

species in the upper and lower basins. Traits were regressed

against standard length (SL), and residuals were used to generate

the PCA from a matrix based on Euclidean distance of

transformed values (Pease et al., 2012). Mouth position was

not correlated with the body size, therefore values for this

trait were log transformed and used instead of a residual.

2.4.2 Taxonomic spatial nestedness and species
turnover

Beta diversity can reflect either nestedness or spatial

turnover. Nestedness of species assemblages occurs when the

species at sites with lower richness are subsets of the species at

sites with greater richness (Baselga, 2010) implying a non-

random process of species assemblage and structural patterns

(Gaston and Blackburn, 2000). Spatial turnover implies the

opposite of nestedness and the replacement of some species

by others due to environmental filtering and sorting (Qian

et al., 2005).

We assessed whether fish β diversity was nested regionally

and at a basin scale through the nestedness metric based on

overlap and decreasing fill (NODF) (Ulrich and Almeida-Neto,

2012). The NODF quantifies the nestedness among sites or

species independently. Values for NODF are between 0 (zero

nestedness) and 100 (perfect nestedness). The significance of the

NODF was assessed using the CE (proportional) null model

which assigns a probability to each matrix cell to be occupied

proportional to the corresponding row and column totals (Strona

and Fattorini, 2014). To test for the existence of landscape and

habitat filtering patterns of β diversity at the regional and basin

scale (Townsend, 1989; Townsend and Hildrew, 1994; Poff, 1997;

Winemiller, Flecker and Hoeinghaus, 2010), assemblage data

were split into upper and lower basin sets, and then combined for

the final analysis. The NODF nestedness analysis was performed

using NeD software (Strona and Fattorini, 2014).

2.4.3 Functional trait-environment relationships
Fourth-corner analysis was used to test relationships between

species traits and environmental variables in the ade4 package in

R Studio (Legendre et al., 1997; Dray and Dufour, 2007; Dray

et al., 2014). The fourth-corner functionmeasures the predictions

by a Pearson correlation coefficient for two quantitative variables

(i.e., trait and environmental variable), by Pearson χ2 and G

statistic for two qualitative variables and by a Pseudo-F and

Pearson r for one quantitative variable and one qualitative

variable. The significance of relationships (p value = <0.05)
was tested by a permutation of sites and species which avoids

inflated Type 1 errors (Dray et al., 2014).

2.4.4 Functional trait space and β-diversity
All functional diversity analyses were computed using the

mFD package (Magneville et al., 2022). We compared upper and

lower basin trait space using Functional richness (FRic -

Frontiers in Environmental Science frontiersin.org08

Walsh et al. 10.3389/fenvs.2022.981960

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2022.981960


Cornwell et al., 2006; Villéger et al., 2008) which represents the

volume of the convex hull defining the functional space present

in each basin assemblage. Each trait was given equal weight in

calculating the distance matrix and was computed in a 5-

dimensional space which accounted for 91% of the variance.

Beta functional diversity was calculated for the two basins

using mFD: β.fd.multidim, which computes pairwise functional

β-diversity, using Jaccard dissimilarity, and resultant

components of turnover and nestedness (Villéger et al., 2013).

Jaccard dissimilarity indicates the functional dissimilarity

between β diversity of the set of functional traits per basin.

Click or tap here to enter text.

3 Results

3.1 Environmental predictors and fish
community

A total of 80 species in 22 families of the Teleostei were

collected over the two study areas, with 41 species in the upper

basin and 49 species in the lower basin. Family level

classification followed van der Laan et al. (2014).

Approximately 50% of the species from the upper and

lower basins were members of the following four families:

Cyprinidae (23.8%), Mormyridae (10.0%), Cichlidae (8.8%)

andClariidae (8.8%). Species richness ranged from three in

small forest streams and swamp forests, to 19 in larger river

systems and generally increased further downstream along the

river gradient.

The first two axes of the environmental PCA explained 31.6%

of the variation between sites (Figure 4A). Sites separated

strongly between upper and lower basins on the PC1 axis

(representing 17.1% of variance) as a function of mostly

landscape-scale variables. Lower basin sites had highest

variable loadings for water temperature and salt

concentrations (Chloride). The upper basin site placement was

related to higher precipitation and steeper average catchment

slopes according to the eigenvalues. The PC2 axis (representing

14.5% of variance) separated sites based on habitat type

(Figure 4B), discriminating between fast velocity sites with

larger catchments, diverse substrate and woody cover, and

slow-deep sites with dense vegetation cover consisting of

various streams and swamp forests.

The DistLM analyses showed patterns of fish community

structure based on the combination of environmental predictors

that contribute most significantly to the species composition of

the fish assemblages at sites. The sites were separated by position

in the basin (Supplementary Figure S1). The first two dbRDA

axes explained 78.96% of the variation out of the fitted model,

and 29.59% of the total variation. The dbRDA1 axis explained

69.70% of fitted and 24.8% of total variation and split lower and

upper basin fish assemblages based on landscape scale variables,

with catchment size, average catchment slope and elevation (p <
0.001) gradients being the most important predictors on this axis.

The dbRDA2 axis included site-scale variables along a

hydrological (p < 0.001) and NO3-N (p < 0.002) gradient.

Most swamp forest and wetland habitat types were split from

rivers on the dbRDA2 axis based on these local variables. Due to

the clear separation of sites based on environmental and fish

community data between basins, the remainder of the analyses

were split such that the lower and upper basin data were analyzed

separately.

FIGURE 4
PCA with local and landscape scale normalized data using
Euclidean distance (A)with position in basin, and (B) habitat type as
factor. Vectors were included only from variables with Pearson’s
correlation of >0.5. Temp = temperature. M Alk = total
alkalinity. Ave = Average.
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3.2 Taxonomic spatial nestedness

Fish assemblages showed varying degrees of nestedness

between upper and lower basins, and across the entire basin

(Figures 5A–C). Upper basin sites were moderately nested

(NODF = 50.64, z = 14.4, p < 0.001) representing ordered ß

diversity and species assemblage structure, where depauperate

species assemblages constitute subsets of increasingly richer ones

in the landscape (Figure 5A). The lower basin indicated a weak

nestedness of assemblages, with NODF values that were lower

than the upper basin (Figure 5B- NODF = 20.37, z = 12.57, p <
0.001). Combining the data from upper and lower basin to assess

the continuum and turnover at a basin level, species assemblages

were weakly nested indicating weak non randomness between ß

diversity across the entire basin (Figure 5C - NODF = 24.122, z =

12.57, p < 0.001).

3.3 Functional trait-environment
relationships

Functional trait composition of fish assemblages differed

between upper and lower basins (Figures 6A,B); however,

primary axes of trait variation were similar in both, with

functional traits associated with locomotion strategies

(maneuverability vs hydrodynamism) and feeding (position in

water column andmaximization of food intake) noted as primary

drivers of patterns in the fish communities. Phylogenetic

influence on functional traits was stronger in the upper basin

than in the lower basin.

Upper basin sites with steep slopes contained higher

abundances of fusiform and dorso-laterally flattened species

and displayed a distinct phylogenetic signature. The PCA of

functional traits of the upper basin species explained 85.9% of

variation among species (Figure 6A). The PC1 axis (68.3% of

variance) showed a gradient of maneuverability/feeding strategy

(pectoral fin length, body width, dorsal fin height and eye

diameter; positive side of PC1) and hydrodynamics (mouth

position, snout protrusion; negative side of PC1). The clariids

(Channallabes apus, Clariallabes longicauda, Clarias

camerunensis, C. pachynema and C. gabonensis),

mastacembelids (Mastacembelus niger) and one algae scraping

cyprinid (Labeobarbus axelrodi) had the most negative eigen

loadings on PC1. These species are elongate with sub-terminal

mouths. The second PC axis (PC2, explaining 17.6% of variance)

for the upper basin functional traits separated traits related to

water column position where benthopelagic traits (pectoral fin

length, head length, snout length, and caudal fin height) showed

negative eigen loadings and pelagic traits (eye diameter, dorsal fin

height and snout protrusion) were less negative. The elongate

clariids (C. apus, C. longicauda, C. camerunensis, C. pachynema,

C. longior and C. gabonensis) had the lowest loadings on PC2,

with the large-bodied and streamlined cyprinids (Labeobarbus

roylii, L. compinei, L. progenys, L. axelrodii and Labeo

camerunensis) exhibiting the highest loadings on this axis.

Lower basin sites with more gentle slopes, slow-deep habitat

types, higher salt concentrations, and warmer temperatures

contained more species with deep compressed and/or

elongated bodies and a less distinct phylogenetic influence.

The PCA of functional traits of the lower basin species

explained 80.5% of variation among species (Figure 6B). The

PC1 axis (68.2% of variance) showed a gradient of prey detection

and maneuverability (head depth, eye position, pectoral fin

length, and body depth) and hydrodynamics and

maximization of prey size (mouth position, snout protrusion,

and anal fin length). Species of the Cichlidae, Alestidae,

Anabantidae, and Cyprinidae with relatively large heads, eyes

and body depths had higher positive eigen loadings on PC1,

while elongate species of Clariidae, Channidae, Protopteridae,

and Syngnathidae had high negative values on PC1. The second

PC axis (PC2, explaining 12.3% of variance) separated functional

traits related to water column position with benthopelagic traits

FIGURE 5
Packed nestedness showing distribution patterns of fish assemblages in (A) upper basin and (B) lower basin and (C) upper and lower basin using
NODF metrics to overlap and decrease fills with the CE null model.
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(head length, caudal fin depth and width and snout length)

showingmore negative eigen loadings and pelagic species (caudal

peduncle width, anal fin height and eye diameter) showing

positive loadings. The malapterurids and the elongate clariid

C. apus had the lowest loadings on PC2, while the large-bodied

and streamlined Hepsetus lineatus, Labeobarbus cardozoi and

Oxymormyrus zanclirostris had the highest loadings on this axis.

The fourth-corner analysis (Figure 7) for the upper basin

showed two interesting patterns in the species-trait-environment

data with a distinct splitting of rhithronic and potamonic species.

Only significant trait-environment relationships are reported

here. Firstly, inferior mouth position was positively correlated

with slope and negatively correlated with Nitrate-Nitrogen

(NO3), inferring resistant traits capable of withstanding faster

velocities, and benthic feeding patterns in oligotrophic habitat in

lower-order systems. This fish group tends to mostly be

represented by species in the lower right side of the upper-

basin trait PCA from the Mochokidae, Amphilidae and

FIGURE 6
Functional traits PCA ordination for (A) Upper basin and (B) Lower basin species showing the position of the fish species in two dimensions of
functional trait space. Traits used to characterize the two axes had correlation coefficients ≥0.25.
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Kneriidae (Figure 6A). Secondly, body width, caudal peduncle

width, caudal peduncle length, dorsal fin length, pelvic fin length

and anal fin length were all significantly positively correlated with

variables related to instream structural cover (stones, algae,

woody debris, substrate) and fast-flowing water. These traits

were also negatively correlated with vegetation, aquatic

macrophytes and slow-deep water which also suggests filtering

out of laterally compressed species such as cichlids which

generally prefer more lentic and vegetated habitat, and

selection for fusiform fishes that require more mobility for

feeding (e.g., Cyprinidae).

A divide associated largely with trophic ecologywas noted in the

lower basin based on trait-environment relationships (Figure 6B;

Figure 7). Trophic traits in the lower basin suggest higher trophic

diversity is associated with higher spatial heterogeneity and

potentially nutrient concentrations. Maneuverable fish such as

cichlids were negatively correlated with leaf litter benthos. Dorsal

and anal fin lengths were associated with larger (higher order)

systems and higher turbidity and habitat structure from woody

debris. Longer head length was negatively correlated with stones,

while increased head depth showed a negative correlation with leaf

litter. Increased oral gape was positively correlated with increased

Nitrate (NO3), NO3-N and aquatic macrophytes, and negatively

correlated with substrate which suggests pursuit predators feeding

on nekton in midwater habitat. Larger snout protrusion showed a

strong positive correlation with catchment slope, order, NO3,

turbidity and mud indicating more piscivorous fishes in larger

rivers with more nutrient richness. A similar pattern occurred

with body width suggesting more mobile, fusiform species that

generally consume nekton were strongly positively correlated with

the same environmental drivers as snout protrusion, and

additionally sand and woody debris. Increased caudal peduncle

length and anal fin height, which are associated with mobility, were

positively correlated with large, faster-flowing lotic systems with

higher salt concentrations, warmer temperatures, and sandy

substrate.

3.4 Functional trait space and β-diversity

Functional richness (convex hull trait space) was higher in

the lower basin (0.52) than in the upper basin (0.26) (Figure 8)

with a large overlap of in trait space between the upper and lower

basin in the first two axes. There was also a high β-diversity due to
a high turnover (Supplementary Figure S2), with a low similarity

of functional β-diversity between basins (Jaccard dissimilarity =

0.80) driven by a high functional turnover resultant (0.62) and a

weak functional nestedness (0.17) suggesting that the upper and

FIGURE 7
Results of the fourth-corner analyses for the upper and lower basin dataset. Black signifies a significant positive relationship (Pearson’s
correlation) between environmental variable and trait, and dark grey a significant negative relationship.
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lower communities have different functional strategies (Villéger

et al., 2013).

4 Discussion

4.1 Environmental variation and fish
assemblage patterns

The structure of fish assemblages within the study area

presented longitudinal patterns showing species turnover and

increased richness from the upper basin in the Chaillu Massif to

the lower coastal plains. This pattern has also been documented

in large-scale regional studies of fish assemblages in the Neo- and

Afrotropics (Kamden Toham and Teugels, 1998; Ibanez et al.,

2007; Ibañez et al., 2009; Pease et al., 2012).

In this study, various environmental variables at different

spatial scales were correlated with fish assemblage structure

with distinct separation of fish assemblages between upper and

lower basins. The changes in fish assemblages between basins

seem to be primarily predicted by a combination of

temperature, hydrology, and geomorphology (driven by

average catchment slope), increased productivity (NO3-N),

and habitat heterogeneity which are common patterns along

fluvial gradients across climatic zones (Horwitz, 1978;

Vannote et al., 1980; Ibarra and Stewart, 1989; Kamden

Toham and Teugels, 1998; Pease et al., 2012). Fish species

richness increased along the fluvial gradient from upper to

lower basin; an expected pattern as increasing temperature/

productivity, hydrological stability, and habitat structure

generally support higher fish richness (Schlosser, 1987;

Pease et al., 2012). These observations conform with the

FIGURE 8
Functional richness (FRic) of upper (0.215) and lower basin (0.495) fish communities showing convex hulls and trait space per basin over
5 dimensions of space (accounting for 91% of observed variance in the data). Figure produced in mFD.
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River Continuum Concept in that turnover of species and

increase in species richness appears to be primarily driven by a

combination of temperature, resource availability and habitat

heterogeneity (Vannote et al., 1980).

4.2 Taxonomic spatial nestedness

Our study highlights different patterns of taxonomic β
diversity at a sub-basin and basin scale. We noted a high

turnover component suggesting that environmental filtering

and sorting is influential at a basin scale. López-Delgado et al.

(2019a) found a similar pattern for a pristine Neotropical river,

which is expected due to low dispersal rates at a basin scale where

assemblages are strongly influenced by species sorting as

organisms are excluded from habitats that reduce their fitness

(Soininen, 2014). Our results mirror other studies where sorting

and environmental filtering explained lotic fish assemblages at

broad scales (Heino et al., 2015a, Heino et al., 2015b; López-

Delgado et al., 2019a).

Taxonomic β-diversity patterns differed based on position

in the basin. The upper basin displayed a degree of nestedness

implying a non-random process of species assemblage and

structural patterns (Gaston and Blackburn, 2000). Caetano

et al. (2021) showed that steep Neotropical stream assemblages

were nested, containing a subset of fish species and traits of the

fish metacommunity present in streams with gentle slopes.

Slope affects fish diversity patterns by driving other abiotic

features at larger scales, such as geomorphology, hydrology,

dispersal, and the persistence of species (Eros et al., 2011;

Mozzaquattro et al., 2020). Steep average catchment gradients

together with high rainfall in the upper basin in our study

system influences stream geomorphology and hydrodynamics,

often on a daily basis. Headwaters are also relatively isolated

within river networks and species dispersal is often

limited because of this. These dynamics likely affect the

ability of certain species to remain in parts of the

river under such conditions, thus reducing alpha

diversity and producing nestedness patterns across a

steepness gradient. On the contrary, habitats in lower basin

reaches are generally less isolated with increased

dispersal potential (Caetano et al., 2021). These

environments facilitate species sorting and filtering, which

is what we found in the lower basin, which had a higher

turnover component.

4.3 Functional trait-environment
relationships

Functional trait-environment associations showed signals

of environmental filtering on functional traits at multiple

levels, where habitat and landscape templates structured

trait distributions within fish assemblages (Townsend

and Hildrew, 1994; Poff, 1997). At regional and

global scales, environmental filters appear to have the

greatest influence on community structure over other

factors such as limiting similarity (Poff, 1997; Blanchet

et al., 2014).

Upper basin traits showed strong reach-scale

environmental filtering patterns inferring resistance and

hydrodynamics. High-energy environmental conditions

such as those in fast-flowing streams with increased

hydraulic forces and temporally variable hydrology increase

the influence of environmental filtering on community

assembly (Weiher and Keddy, 1995), and similar

relationships have been described for other tropical and

sub-tropical areas (Oliveira et al., 2010; Bower and Piller,

2015; Bower and Winemiller, 2019b). Lower basin traits

separated out along a feeding and mobility trait gradient.

The increased prevalence and diversity of maneuverable

deep-bodied fish, such as cichlids and anabantids, indicates

filtering of species for habitats that are structurally more

complex (Helfman et al., 2009). At the basin scale, the shift

from traits important for resistance and hydrodynamics in the

upper basin, to traits reflective of more diverse feeding

strategies and maneuverability in the lower basin is

consistent with the River Continuum Concept where

trophic diversity is predicted to be lower in the headwaters,

increasing in the lower reaches where a more diverse array of

habitat types and food resources are available (Vannote et al.,

1980).

Supporting the results of the traits PCA, trait-environment

relationships from the fourth corner analysis for the upper

basin show functional-trait associations driven by the physical

habitat template and hydrology. Filtering of species with traits

based on resistance and habitat strategies is consistent with

predictions made by the Riverine Habitat Template

(Townsend and Hildrew, 1994). Bower and Winemiller

(2019b) also found that water velocity, depth and substrate

complexity were most important in restricting fish occupation

in certain microhabitats across geographical scales, and other

studies have observed significant relationships between water

velocity and fish assemblage structure (Lamouroux et al., 2002;

Willis et al., 2005; Bower and Piller, 2015; Bower and

Winemiller, 2019b).

Lower reaches of rivers tend to provide more diverse

habitats, food resources and higher aquatic production

because of their size and stable hydrology (Thorp et al.,

2006). Functional-trait relationships in the lower basin were

mostly driven by feeding and maneuverability which is likely

driven by increased habitat diversity and increased

autochthonous resources (Townsend and Hildrew, 1994). In

comparison, trophic traits were not major drivers of the trait-

environment associations for the upper basin. The reason for

this could be that stochasticity from hydrological flashiness in
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headwaters may reduce fish populations below carry capacity

thereby reducing resource competition (Poff, 1997).

The presence of fusiform, wide-bodied fish at steeper sites

in the lower basin shows some conformance with

environmental filtering concepts as such body forms are

more resistant to variable hydrology and swifter flow

velocities (Townsend and Hildrew, 1994). Although no

strong relationships were elucidated for deep-bodied fish,

diversity of the Cichlidae, Anabantidae, and Alestidae was

much higher compared to the upper basin (Supplementary

Figure S3). While some of this increased diversity could be

linked to ancient taxonomic radiations of secondary

freshwater fishes in the coastal regions, the present-day

environment provides no evidence for salinity acting as a

diversity filtering factor in the lower basin. Increased fin

lengths are associated with woody debris allowing

maneuverability in more structurally complex habitats such

as those in the lower basin (Lamouroux et al., 2002;

Wainwright et al., 2002; Dala-Corte et al., 2016). In the

lentic microhabitats of the lower basin community there is

less environmental filtering acting on body form and species

with various body shapes often coexist (Winemiller, 1991).

The prominent environmental-feeding trait patterns in the

lower basin suggest that more specialist feeders (pelagic

pursuit predators and piscivores) are present in larger river

assemblages (Vannote et al., 1980; Sibbing and Nagelkerke,

2000). Similarly, fish assemblages in larger, deeper, lower-

velocity streams in the Amazon Basin were dominated by

nektobenthic species that feed on fish and invertebrates and

require cover (Santos et al., 2019).

Although phylogenetic relationships were not explicitly

tested in this study, the morphospace of the upper basin

assemblage showed a regional phylogenetic pattern in

functional groups. Other communities assembled through

habitat filtering have shown similar phylogenetic clustering

containing closely related species (Cavender-Bares et al.,

2009). The upper basin pool of species also shows patterns of

phylogenetic underdispersion where assemblages are strongly

driven by environmental filtering and have a narrower set of

traits that are suited for their environmental conditions (Weiher

and Keddy, 1995; Cornwell et al., 2006). Similar signals of

phylogenetic underdispersion were prevalent in structuring

regional fish assemblages in West Africa, South America, and

Southeast Asia, with environmental filtering as the primary

driver of regional community assemblage in these regions

(Bower and Winemiller, 2019b). Weak phylogenetic patterns

were seen in functional traits of the lower basin morphospace,

except for the Cichlidae. This could possibly indicate

underdispersion in the Cichlidae, and a higher degree of

resource partitioning for other species in the lower basin

community. This pattern could also be attributed to the larger

size of systems sampled in the lower basin, which contributed to

more species being sampled locally.

4.4 Functional trait space and β-diversity

Functional richness increased along the longitudinal

gradient from the upper to the lower parts of the basin.

Longitudinal functional changes in fish assemblages are

common and usually attributable to differences in local

environments (Schlosser, 1991; Welcomme et al., 2006;

Ferreira et al., 2019). The stress-dominance hypothesis

(Coyle et al., 2014) posits that functional trait diversity

decreases as environmental stress increases, whereas

interspecific trait variation is expected to be greater in less

stressful environments. The energy requirements of inhabiting

high-velocity, temporally variable habitats restricts functional

trait diversity and thus FRic is normally higher in more stable

systems such as those in the lower basin (Webb, 1984).

Relative to the lower basin, the upper basin’s fish

assemblages appear to be significantly richer in terms of

functional diversity per unit of upstream catchment area.

The high β-diversity and functional turnover longitudinally

suggest that different functional strategies characterize fish

assemblages in the upper and lower portions of the basin.

High functional turnover can occur if unique species from

each community are functionally different, indicating niche

differentiation between communities (Villéger et al., 2013). In

our study, fish assemblages were characterized either by

locomotion/resistance functional strategies likely driven by

higher slopes and flashier hydrology in the upper basin, or by

functional strategies reflectingmore trophic diversity in the lower

basin. This indicates that the upper basin community is driven

more by environmental filtering and ability to deal with abiotic

stress, where the lower basin functionality appears to be driven by

resource availability. Small-bodied insectivorous species

predominated in the upper basin and were replaced by an

increase in large-bodied herbivores, detritivores and piscivores

in the lower basin showing an increased trophic diversity along

the river gradient. This agrees with other studies were lower basin

assemblages are driven more by diversity of resources whereas

the upper basin assemblages seem to be more influenced by

proximal environmental conditions (Dunning et al., 1992; Datry

et al., 2016).

5 Conclusion

Whilst our results provide preliminary support for

conceptual models such as the River Continuum Concept and

the River Habitat Template in this Afrotropical system, we also

found unique patterns of functional diversity. High β diversity

turnover indicates that functional strategies driving communities

are dependent on the position in the basin. At a sub-basin scale

however, there is moderate nestedness in communities of the

upper basin, and these headwater zones harbor substantial

functional diversity, especially when considering upstream
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catchment size. Improved understanding of other mechanisms

driving functional diversity in Afrotropical systems will be

important for efforts to conserve freshwater systems, especially

in light of increasing development and widespread loss of habitat

in the region (van Rooyen et al., 2016). For instance, if the spatial

distribution of fishes originates mainly from environmental

filtering as is indicated in our study, then approaches to

conserve fish diversity should focus on the conservation of

habitat heterogeneity at suitable spatial and temporal scales

(López-Delgado et al., 2019a). The distinction between the

turnover and nestedness resultants is also important, as they

require opposing conservation approaches (Wright and Reeves,

1992). Functionally nested communities such as those in the

headwaters of our study would allow for the prioritization of a

small amount of the functionally richest areas for conservation,

whereas communities displaying high turnover resultants such as

the lower basin would require conservation strategies that

consider larger areas and connectivity (Baselga, 2010).
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