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INTRODUCTION

The interchange of organisms among areas is largely
determined by geographical and ecological connectivity
(Tischendorf and Fahrig, 2000; Dias et al., 2014; Heino
et al., 2015), which acts through several factors that pro-
mote or impede species dispersal. In the particular case
of freshwater systems, biogeographic barriers are one of
the most influential factors for faunal composition (Tis-
seuil et al., 2013), acting at continental, regional, and local
scale (Rahel, 2007). Within river basins, rapids, falls, and
cascades might act as strong or partial local barriers for
species dispersal and consequently shape the species com-
munity up- and downstream (Torrente-Vilara et al., 2011).

Our study is focused on the effect of such local barriers
on freshwater mollusk communities.

Rapids, falls, or cascades may affect community com-
position not only by acting as dispersal barriers but also
by their influence on environmental conditions. Due to
the currents, for instance, water is enriched in oxygen and
the environmental gradient along the river continuum may
be punctuated by these water masses. Rapids, falls, and
cascades themselves are particularly important habitats,
because they are composed of specific microhabitats typ-
ically occupied by habitat specialists adapted to high
water speed and oxygen levels. Consequently, the occur-
rence and distribution of the riverine faunas may vary be-
tween up- and downstream sections, which are influenced
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ABSTRACT
Rapids, falls, and cascades might act as barriers for freshwater species, determining the species community up- and downstream

of barriers. However, they affect community composition not only by acting as barriers but also by their influence on environmental
gradients. Moreover, the directional dispersal of species along the watercourse might determine community composition. A suitable
system to study these differential effects is the Congo River, the world’s second largest river by discharge. The small ‘Upper Congo
Rapids’ ecoregion features several rapids known as barrier for fish. The Wagenia Cataract at the town of Kisangani constitutes the
strongest drop of the Congo River and several studies have emphasized its role as barrier for fish distribution. Alternative expla-
nations for this pattern, however, are rarely evaluated. Though mollusks represent a vital component of the macrozoobenthos, with
distribution patterns and underlying drivers often distinct from that of fishes, virtually no field surveys of the Congo River have
been reported for decades. We collected and determined mollusks of 51 stations, recorded environmental conditions, and generated
proxies for directional species dispersal and an indirect barrier effect. Those variables were subjected to distance-based redundancy
analyses and variation partitioning in order to test whether the mollusk community compositions are better explained by an indi-
vidual or combined influence of the direct and indirect effect of the cataract barrier, environmental conditions, and downstream-
directed dispersal. Our survey showed an exclusive upstream/downstream distribution for just four out of the 19 species, suggesting
a limited barrier effect. We revealed no direct influence of the barrier itself on community composition but of substrate type. How-
ever, we found an indirect effect of the barrier through replacing spatially structured communities upstream of the cataract with
more uniform ones downstream. Downstream-directed dispersal explained the highest fraction of variation in mollusk communities.
Thus, environmental factors, the indirect cataract effect, and downstream-directed spatial proxies model mollusk community com-
position in concert. These results support previous studies showing a multi-factorial imprint on communities. However, a large
fraction of variation community composition remained unexplained, potentially due to flood plain dynamics that (re-)shape mollusk
communities constantly and a high temporal turnover, evidenced by the comparison with historical surveys. This is likely caused
by the growth of Kisangani and resulting human activities. A monitoring system could allow better assessments of these impacts
on communities and the conservation status of endemic species in the Wagenia Cataract.
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by distinct shifts in water parameters such as current
speed, temperature, season, substratum, depth, vegetation,
dissolved substances, and other parameters (Allan and
Castillo, 2007; Hynes, 2001).

Mollusks represent a vital component of the macro-
zoobenthic communities in rivers. In particular, diversity
in vegetation and substrates has been found to account for
differences in riverine mollusk communities (Maqboul et
al., 2014; Reckendorfer et al., 2006). In addition, climate
conditions and anthropogenic influences play also an im-
portant role in shaping modern distribution patterns of
freshwater mollusks (Barkia et al., 2014; Van Bocxlaer et
al., 2015; Beracko et al., 2016).

Besides barriers and environmental factors, the direc-
tional dispersal of species might also determine mollusk
community composition. High dispersal rates eventually
homogenize species communities and downstream-directed
dispersal is a major process influencing communities of
passively dispersing macroinvertebrates (Liu et al., 2013).
In contrast, most mollusks attach to substrate and the po-
tential rheotactic movement (i.e., active against the water
flow) of adults theoretically counteracts downstream drift

(Kappes and Haase, 2012). However, strong water flow, ir-
respectively of the pure barrier effect of rapids and cataracts,
might overrule the rheotactic movement of organisms.

A suitable system to study the differential effect of dis-
persal barriers, local environmental factors, and direc-
tional dispersal on freshwater mollusk communities is the
Congo River (Fig. 1). Between Ubundu and Kisangani,
the Congo crosses a section with rapids, cataracts, and
falls (Runge, 2008). The Boyoma Falls, formerly known
as Stanley Falls, consist of seven cataracts, all of them
less than 5 m high, extending over dozens of kilometers
upstream from Kisangani (Beadle, 1981). One of the most
significant of all cataracts of the Boyoma Falls is the Wa-
genia Cataract at Kisangani (Fig. 1c).

Several investigations have emphasized the role of
the Boyoma Falls as geographical barrier for fish (Poll,
1963; Decru et al., 2016). Some fishes are found either
up- or downstream of the Wagenia Cataract, but only in
rare cases in both. Because of observations like this, the
‘Upper Congo Rapids’ were classified as a small but dis-
tinct area within a global delineation of freshwater ecore-
gions (Fig. 1 a,b; Abell et al., 2008). It constitutes the

Fig. 1. Study area. Plot showing (a) topographic map with superimposed African freshwater ecoregions (Abell et al., 2008) and the position
of the ‘Upper Congo Rapids’ ecoregion, (b) the elevation of the westwards flowing Congo River along the ‘Upper Congo Rapids’ ecoregion
as extracted from the Shuttle Radar Topographic Mission (Farr et al., 2007), and (c) the 51 sampling localities at the Wagenia Cataract.

Non
-co

mmerc
ial

 us
e o

nly
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border between the ‘Upper Congo’ and the ‘Cuvette Cen-
trale’ ecoregions (Abell et al., 2008). However, consid-
erable uncertainty still exists concerning: i) the universal
importance of this barrier across different taxa, and ii)
the drivers of biotic differentiation across the barrier (i.e.,
dispersal filter versus distinct shift in environmental con-
ditions).

Although the Congo River basin is arguably a global
hotspot of aquatic biodiversity (Abell et al., 2008; Van
Damme and Van Bocxlaer, 2009; Tisseuil et al., 2013), it
remains poorly explored. Especially knowledge on its
macrozoobenthic invertebrate compositions, such as
freshwater mollusks, is only fragmentary. Schultheiß et
al. (2011) mentioned that the Congo River basin has been
infrequently surveyed for mollusks since the review of
Pilsbry and Bequaert (1927). According to Graf et al.
(2011), the vast area of Central Africa is basically known
only from old collections and from a small number of
specimens. Virtually no field surveys have been done for
decades (Schultheiß et al., 2011). This is particularly true
considering the Wagenia Cataract. Historically the Wage-
nia Cataract and adjacent stretches of the river are known
to be significant in terms of regional freshwater mollusk
biodiversity and endemism (Brown, 1994). This includes
regionally restricted subspecies but also true endemics
(Pilsbry and Bequaert, 1927). None of the historical sur-
veys related mollusk diversity and distribution to the dif-
ferential barrier- and environmental-effects of the
cataracts and the potential downstream directed species
dispersal. We here report on the freshwater mollusk
species of the Wagenia Cataract and test whether: i) the
cataract functions as a dispersal barrier or allows free in-
terchange of freshwater mollusks, ii) local environmental
factors correlate with freshwater mollusk community
composition, or iii) these communities are better ex-
plained by a combined influence of the dispersal barrier,
downstream-directed dispersal, and environmental con-
ditions. Moreover, we discuss the biodiversity found and
conservation aspects.

METHODS

Study area

We conducted the study at the Wagenia Cataract of the
Congo River at the town of Kisangani (formerly Stan-
leyville; 373 m asl) in the central part of the Democratic
Republic of Congo. A series of rapids with an average
drop of 1.5 m constitutes the Wagenia Cataract (Fig. 1).
The section of the Congo River investigated stretched
over approximately 11 km. It included the main stem of
the Congo River, riverbank sites, island sites, and the
sidearm of the river upstream of the Wagenia Cataract
(Fig. 1c).

Species sampling and identification

We sampled in 51 sites, 35 upstream and 16 down-
stream of the Wagenia Cataract (Fig. 1c), with a maxi-
mum depth of 4 m and a distance of 11 km, following
Cummings et al. (2016). We chose sites to represent all
types of habitats and substrates but could only collect dur-
ing comparatively low water level. Sampling was carried
out from early January to the end of June 2014 covering
the rainy and the short dry seasons, with a two weeks sam-
pling rhythm, thus avoiding potential seasonal effects.

Sampling was executed using a scoop net with a di-
ameter of 20 cm and mesh size of 1 mm. We used a dredge
in areas of soft bottom sediments in deeper water and col-
lected by hand picking on the rocky, shallow substrates.
Additionally, stones, smaller rocks, and macrophytes were
removed from the river and visually searched for mol-
lusks. Sampling effort was constant for 60 min by two re-
searchers. We recorded geographic coordinates using a
hand-held GPS Garmin etrex 20 device. The collected
mollusks were transferred into 80% ethanol and stored in
the Hydrobiological and Aquaculture Laboratory of the
University of Kisangani.

Mollusks were determined up to species level in most
cases, using the nomenclature of Pilsbry and Bequaert (1927),
Mandahl-Barth (1988), Brown (1994), and Daget (1998).
Given the current level of knowledge of the taxonomic state
of many species concerned and the absence of modern taxo-
nomic treatments of virtually all genera involved, we decided
to follow this conservative approach here.

Predictors of community turnover

We generated five different sets of predictors in order
to test their influence on community composition: i) envi-
ronmental factors, ii) the potential cataract barrier, iii) vari-
ables for non-directional spatial autocorrelation in
community turnover, caused by either unmeasured envi-
ronmental factors or by biotic processes such as demogra-
phy and dispersal of species, iv) spatial proxies for
downstream-directed spread of chemical water parameters
or species dispersal, and v) spatial proxies for the effect of
the cataract on downstream communities. For the first set
(‘Environment’), we measured collection depth with a me-
tered stick. The type of substrate at each locality was de-
termined by presence or absence of nine substrate
categories. These substrate categories were set up accord-
ing to relevance for mollusk species. Substrate type and
quality as well as depth are known to be major factors in-
fluencing community structure, dispersion, and abun-
dances of macroinvertebrate assemblages (Allan and
Castillo, 2007). We utilized the rank-ordered parameter
depth and the binary coded type of substrate (Supplemen-
tary Tab. 1) of each sampling locality as predictor. The sec-
ond set tested for differences in community composition
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according to a binary coded upstream/downstream group-
ing (‘Barrier’).

The third set of predictors (‘Non-directional spatial’)
consisted of ‘distance-based Moran’s Eigenvector Maps’
(dbMEMs; Borcard et al., 2004) as proxies for spatial au-
tocorrelation in community turnover. dbMEMs are a se-
ries of sine waves with decreasing period that model
spatial autocorrelation on increasingly smaller scale. We
generated 28 dbMEMs by calculating the pairwise water-
course distances (Dijkstra, 1959) between the sampling
localities along the watercourse because they represent
spatial processes better than Euclidian (‘overland’) dis-
tances. We used the gdistance 1.1-9 (van Etten, 2015) and
vegan 2.4-2 (Oksanen et al., 2017) packages for the sta-
tistical software R 3.3.2 (R Core Team, 2016) to construct
our dbMEMs.

The fourth set of predictors (‘Downstream-directed
spatial’) includes ‘Asymmetric Eigenvector Maps’
(AEMs; Blanchet et al., 2008b). AEMs are a special form
of dbMEM and we used them to model directional spatial
processes structuring mollusk community composition.
We created a downstream-directed asymmetric connec-
tivity matrix between sampling locations with the mollusk
communities ‘S1’-‘S3’ and ‘S14’ (Fig. 1c) linked to two
separated imaginary origins respectively, that is, they are
not connected to any sampled upstream community (Fig.
S1; Supplementary File). We weighted the link between
sampling locations in the connectivity matrix according
to weight = 1- d/dmax, with d being the distance along the
watercourse between sampling locations (see above) and
constructed the AEMs according to Borcard et al. (2011).

The fifth set of predictors (‘Homogenizing cataract‘)
uses the same connectivity matrix than the one above but
weights the connection between two localities as weight
= 1 - N/Ntotal (Liu et al., 2013), being N the number of bar-
riers upstream (in our case one or zero), and Ntotal the total
number of barriers (in our case one). We used these pre-
dictors to test for a similar community composition
among sampling localities downstream of the cataract and
a downstream-directed spatial community structure of the
upstream section. This corresponds to a scenario of biotic
homogenization downstream of the cataract (i.e., an indi-
rect influence).

Statistical analysis of community composition

Because of the variety of necessary sampling methods,
we utilized presence/absence data to calculate pairwise
Jaccard distances among the mollusk communities using
the vegan package. We tested the influence of the individ-
ual variables of our five sets of predictors on community
composition by subjecting the Jaccard-distance matrix to
five individual distance-based redundancy analyses (db-
RDA; Legendre and Anderson, 1999; McArdle and An-
derson, 2001) using the dbrda function of the vegan

package for R. A preliminary analysis indicated high dis-
tances (i.e., high beta-diversity) because of the low share
of species between sampling locations. We used the ex-
tended step-across strategy (De’ath, 1999), implemented
in the vegan package, with a connection limit of 0.95 dis-
tance units to prevent the information loss due to high
beta-diversity (Smith, 2017). The db-RDA approach con-
strains ordination axes by ordering the sampling sites
along environmental or spatial predictors. We selected the
predictors by forward selection through the double stop
criterion (Blanchet et al., 2008a) using the vegan package.
First, each predictor needs to show significance (α < 0.05)
after 9999 permutations. Second, the selection of predic-
tors stops if, with additional predictors, the ordination
equivalent of the coefficient of determination
(R2

adjusted), which penalizes additional predictors, does not
increase the R2

adjusted any further. We assessed the differ-
ential contribution of all significant sets of predictors on
community composition, indicated by the R2

adjusted, by sub-
jecting the identified significant predictors to variation
partitioning analysis (Peres-Neto et al., 2006). Variation
partitioning identifies common and unique contributions
of sets of predictors to model community composition.
Unique contributions are the fractions of the variance in
community composition that can be only explained by
one set of predictors. Co-correlated predictors result in
shared contributions of their predictor set in explaining
variance in community composition, for instance a
dbMEM reflecting a spatially structured environmental
factor. We performed the variation partitioning analysis
using the db-RDA implementation of the varpart function
in vegan for R utilizing the Jaccard-distance measure. We
assessed the significance of each testable fraction of pre-
dictors by 9999 permutations (Peres-Neto et al., 2006). A
fully reproducible report of all analyses is available as
Supplementary File.

RESULTS

Faunal composition

Sampling of mollusks at the 51 collection points re-
sulted in a total of 1061 specimens, belonging to 19
species or subspecies level taxa, nine genera, eight fami-
lies, five orders, and two classes (Fig. S2; Supplementary
File). Among the 19 taxa, two occurred exclusively up-
stream, two downstream of the Wagenia Cataract, and 15
were common in both sides (Fig. S2; Supplementary File).

Predictors of mollusk community composition

Our db-RDA analysis of environmental conditions
(‘Environmental’ db-RDA) using the Jaccard-distance
measure showed that substrate features, such as rocks and
sand, explained R2

adjusted = 0.056 of the mollusk community
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composition (Fig. 2; Tab. 1). With P = 0.284 needed to be
included in the first step of the forward selection of predic-
tors, the factor ‘Barrier’ demonstrated no significant differ-
ences between communities located up- and downstream
of the actual cataract. For the third set of predictors, i.e.
non-directional spatial proxies, the db-RDA revealed also
no significant predictors. With an R2

adjusted = 0.177 (Tab. 1),
the six significant proxies for downstream-directed spatial
processes (Fig. S3; Supplementary File) explained more
variance in mollusk community composition than the en-
vironmental factors. In the last individual db-RDA, the
four selected proxies modeling homogenous community
composition among sampling localities downstream of
the cataract and downstream-directed spatial community
structure of the upstream section (Fig. 3) explained
R2

adjusted = 0.129 of the variance in mollusk communities
(Tab. 1).

Our variation partitioning analysis confirmed this prin-
cipal order in explained variance by the individual predictor
sets (Fig. 4). However, only the two largest individual frac-
tions (i.e., ‘Downstream-directed spatial’ and ‘Homogeniz-
ing cataract’) do indeed significantly explain a unique share
of variation in community composition. The low and in-
significant individual fraction (R2

adjusted = 0.027, P = 0.027)
of the environmental predictors and the higher overlap with
the other two sets of predictors (ΣR2

adjusted = 0.038) in ex-
plaining variance of community composition (Fig. 4)
demonstrated that environmental factors and some spatial

proxies could substitute each other (i.e., co-correlation be-
tween them). Also the overlap between the ‘Downstream-
directed spatial’ and the ‘Homogenizing cataract’ fraction

Fig. 2. Biplot of the distance-based redundancy analysis (db-
RDA) portraying the correlation of the mollusk community
composition with significant environmental predictors and the
insignificant cataract-barrier (see also Tab. 1).

Tab. 1. Results of distance-based redundancy analyses (db-RDA) with three different sets of predictors that affected significantly
mollusk community composition. First, a db-RDA that includes environmental conditions as predictors. Second, a db-RDA using spatial
proxies for downstream-directed processes (AEM) such as the spread of chemical water parameters or species dispersal. Third, spatial
proxies for the homogenizing effect of the cataract.

db-RDA                                                                     Predictor                                 df                                        F                                   R2
adjusted

Environment                                                                                                                                                                                                  0.056
                                                                                      Rocks                                     1                                     2.63*                                  0.026
                                                                                       Sand                                      1                                     2.72*                                  0.021
Downstream-directed spatial                                                                                                                                                                         0.177
                                                                                     AEM1                                    1                                     2.40*                                  0.021
                                                                                     AEM3                                    1                                     2.41*                                  0.020
                                                                                     AEM5                                    1                                    3.36**                                 0.045
                                                                                     AEM6                                    1                                     2.34*                                  0.021
                                                                                    AEM13                                   1                                     2.58*                                  0.028
                                                                                    AEM15                                   1                                     2.37*                                  0.023
Homogenizing cataract                                                                                                                                                                                 0.129
                                                                                     AEM4                                    1                                    3.45**                                 0.047
                                                                                     AEM6                                    1                                     2.60*                                  0.029
                                                                                    AEM10                                   1                                     2.48*                                  0.021
                                                                                     AEM11                                   1                                     2.32*                                  0.025
df, degrees of freedom; F, test statistic of the permutational variance test with significant variance explained shown by asterisks **P<0.01 *P<0.05;
R2

adjusted explained variation in community.
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(R2
adjusted = 0.043, Fig. 4) indicated that some of their AEMs

are co-correlated and thus explain the same share of vari-
ance in community composition. However, with a total of
R2

adjusted = 0.292, a large fraction of variance among mollusk
communities remained unexplained.

DISCUSSION

Ecological settings change along the more than
4000 km course of the Congo, resulting in its subdivision
into several freshwater ecoregions (Abell et al., 2008). In
addition to the gradient of environmental conditions along
the river continuum, rapids, falls, and cataracts may act
as dispersal barriers (Rahel, 2007; Schwarzer et al., 2011).
Our study revealed a low but significant effect of substrate
type on community composition but no direct influence
of the Wagenia Cataract itself. In contrast, we found a
stronger indirect effect of this barrier through replacing
spatially structured communities upstream of the cataract
with more uniform ones downstream.

Barrier function

Our mollusk survey showed an exclusive
upstream/downstream distribution for just four out of 19
species (Fig. S2; Supplementary File), suggesting a lim-
ited effect of the cataract acting as a barrier. Moreover,
analyzing predictors of community composition evi-
denced no direct effect of the cataract barrier itself, i.e. no
differentiation in distinct up- and downstream communi-
ties. However, the AEMs of our fifth set of predictors
(‘Homogenizing cataract’) were specifically designed to
test for an indirect effect of the cataract by modeling a
similar community composition among sampling locali-
ties downstream of the cataract and a downstream-di-
rected spatial community structure of the upstream
section. The respective significant individual fraction
(‘Homogenizing cataract’) of our variation partitioning
analysis (Fig. 4) shows an indirect imprint of the cataract
through replacing spatially structured communities with

more uniform ones downstream of the cataract. However,
this is not a complete biotic homogenization. The ex-
plained variation in community composition was rela-
tively low and the individual fraction of the
downstream-directed spatial processes was significant,
suggesting an additional spatial structure in community
composition imposed over the whole study area.

The Wagenia Cataract has been proposed several
times as natural barrier for freshwater fish assemblages
(discussed in Decru et al., 2016), though its effect depends
on species traits. For example, Danadu et al. (2013)
demonstrated that the Wagenia Cataract is a natural barrier
for small size Synodontis species but not for larger
species. In a similar system in the Madeira River, a tribu-
tary of Amazon, Torrente-Vilara et al. (2011) mentioned
that the Teotônio Falls potentially impede species flow
depending on the capacity of fish to swim faster than the
water velocity. It should be emphasized that the effect of
barriers is both scale- and taxon-dependent and compar-
isons should therefore be made carefully. Contrarily to
fish species, mollusks not adapted to a rapid habitat can
be easily washed downstream but cannot disperse up-
stream as fast as fish. If active upstream dispersal would
be a major factor contributing to the relative ‘uniformity’
of communities on both sides of the cataracts, one would
expect presence of similar species in the actual cataracts.
However, freshwater mollusks living directly within the
Wagenia Cataract are typically small and reside attached
to different substrates (OWN, personal observation). Ac-
tive upstream mobility for snails ranges between 0.3 to
1.0 km per year and below 0.1 km per year for bivalves
(Kappes and Haase, 2012). Hence, passive dispersal
mechanisms such as river capture or animal vectors, as in
other freshwater mollusks (Strong et al., 2008), may play
a role in the current distribution of the taxa observed up-
and downstream of the cataract. The observed indirect ef-
fect of the barrier that leads to comparatively more uni-
form community structure downstream of the cataract
might be due to biological drivers. These could potentially
be the presence of specialized predators or parasites that

Fig. 3. Plot showing the four significant Asymmetric Eigenvector Maps (AEMs) modeling the homogenizing effect of the Wagenia
Cataract. Similar square size and equal color indicates similar mollusk community composition. Higher suffix numbers of the AEMs
represent increasingly smaller spatial scale predictions. Note that the sampling locations downstream of the cataract have the same
square size and color and therefore approximate a homogeneous community composition. In contrast, the values of the AEMs differ
among upstream locations, showing a spatial structure in mollusk community composition.
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are absent or less prominent upstream of the barrier. Like-
wise, the cataract could create more uniform habitat con-
ditions or river dynamics that in turn are causing the
homogenization effect visible. It is therefore important to
pay attention to potential environmental drivers shaping
mollusk communities up- and downstream of a barrier.

Environmental drivers

Our results showed that local environmental factors,
especially those related to substrate characteristics such
as rocks and sand, were significantly correlated with mol-
lusk community composition, but the explained variation
was low (Tab. 1). We found a low and insignificant indi-
vidual fraction of environmental drivers and a high over-
lap with the AEMs in our partitioning of explained
community variation (Fig. 4). This suggests a spatial dis-
tribution of substrate features that is somehow similar to
the shape of the generated spatial proxies (Fig. 4; Fig. S3;
Supplementary File) and therefore both explained the
same share of variation in community composition. Such
an induced spatial dependency of environmental variables
(Legendre et al., 2002) and the co-correlation with spatial
proxies is the norm and should be interpreted as environ-
mental control on community composition (Sharma et al.,
2011). A high overlap between environmental drivers and
the AEMs might also be caused by a potentially easier se-
lection of these spatial predictors and a subsequent over-
estimation of their explanatory power (Gilbert and

Bennet, 2010). However, our results confirm expectations,
as the substrate is known to influence the benthic assem-
blages found in fluviatile environments (Allan and
Castillo, 2007; Wronski et al., 2015). Abundance and
species richness have been demonstrated to correlate with
size and heterogeneity of the substrates (Mackay, 1992).

Living in the Congo River requires some degree of
adaptation towards rheophilous life-styles. Hard bedrock
(i.e., substrate rocks) develops pools and boulder, which
represent microhabitats for certain gastropod species
(Brown, 1994). These types of substrate structure were
also assumed to account for relatively high local biodi-
versity of mollusks at Wagenia Cataract (Pilsbry and Be-
quaert, 1927), reconfirmed by our study (see above). In
addition, substrate structure might not be the sole factor
driving community composition. Future studies should
therefore include other potential environmental factors
relevant for mollusks.

Factors in all lotic systems that have been shown to
determine species assemblages and community structure
in invertebrates are the permanent and seasonally higher
danger of dislodgement and downstream drift, also known
as continuous and catastrophic drift (Wetzel, 2001). This
is also true for mollusks (Dillon, 2000). It might therefore
be a component explaining the variance observed in our
mollusk assemblages.

Downstream dispersal structuring communities

Out of our five sets of predictors, the spatial proxies
for downstream-directed processes explain the highest
fraction of variation in mollusk community composition
(Tab. 1). Typically, these spatial proxies are interpreted as
a sign of directional species dispersal (Sharma et al.,
2011; Liu et al., 2013), although the downstream spread
of any, for instance, unmeasured chemical water charac-
teristic could also result in the induced spatial autocorre-
lation of community composition quantified by these
spatial proxies (Blanchet et al., 2008b). We think unmea-
sured downstream-spreading water features are not result-
ing in a major environmental gradient over the study’s
spatial extent of 11 km. Therefore, the fraction of ex-
plained variation in community composition indeed re-
flects the importance of downstream-directed dispersal of
mollusks. Several studies demonstrated the general im-
portance of downstream-directed species dispersal on de-
termining macroinvertebrate communities (Gray and
Arnott, 2011; Funk et al., 2013; Zhang et al., 2014; Curry
and Baird, 2015). However, the relative importance of dis-
persal versus local environmental factors differs among
studies. Some authors found higher predictive power of
local environmental factors (Zhang et al., 2014), whereas
others found prevailing importance of dispersal over en-
vironment (Castillo-Escrivà et al., 2016). Liu et al. (2013)
suggested that in river benthic diatoms this relative im-

Fig. 4. Venn diagram showing the individual (non-intersecting
areas) and common (intersecting areas) fractions of variation in
mollusk community composition explained by our three signif-
icant sets of predictors. *** P<0.0001; **P<0.01.
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portance of dispersal decreases if species are attached
strongly to the substrate. Mollusks are often living on hard
substrates but the strong water current in our study area
might reduce this tendency and result in a comparatively
higher importance of downstream-directed dispersal than
local environmental factors in determining community
composition. However, the combination of organismal
differences and different spatial scales might also con-
tribute to the disparity in importance of dispersal versus
local environmental factors (Gilbert and Bennet, 2010).

Combined influence of environment, dispersal,
and the indirect barriers effect

Our variation partitioning analysis showed that envi-
ronmental predictors and the two sets of spatial proxies
for downstream-directed dispersal and the indirect barrier
effect explained community composition largely inde-
pendently, thus evidencing a combined influence (Fig. 4).
The individual fractions of community variation, ex-
plained by the two latter sets of predictors, were both sig-
nificant, meaning they capture features of the mollusk
communities not explained by the environmental predic-
tors. The individual fraction of the environmental predic-
tors, however, was not significant, most likely because of
induced spatial dependence (see above). In such a case,
the overlap with the remaining predictor sets testifies the
unique importance of the environment (Sharma et al.,
2011), whereas the importance of the spatial proxies is in-
dicated by the size and significance of their unique frac-
tions for explaining variation in community composition.

Comparing the indirect effect of the cataract on mol-
lusk community composition with the effect of environ-
mental factors, we found that these act to a greater extent
than the barrier itself (Tab. 1). This comparison needs to
be interpreted with caution because under some condi-
tions the explanatory power of spatial variables such as
our AEMs might be overestimated (Gilbert and Bennet,
2010). Torrente-Vilara et al. (2011) showed that waterfalls
have greater effects than seasonal variations of water level
on fish assemblage structure, whereas in diatoms the rel-
ative influence of environment versus barrier differed
among seasons (Liu et al., 2013). On the stream/river
scale, indirect effects of artificial barriers such as dams
have been extensively studied and turned out to be pro-
found by disintegrating whole ecosystems (Greathouse et
al., 2006; Kennedy et al., 2016). Few studies exist that
examine mollusk communities explicitly, this is especially
true for regional or supraregional scales. On continental
scale, Hauffe et al. (2014) demonstrated that environmen-
tal factors predicted richness of African mollusks better
than major barriers of the drainage systems.

Apart from the fact that mollusk community compo-
sitions could be related to differences in local environ-
mental factors, an indirect barrier effect, and

downstream-directed dispersal, a high proportion of com-
munity variation remained unexplained (Fig. 4). Though
this is not the only case (Curry and Baird, 2015; Beracko
et al., 2016), the source of the uncertainty in community
composition needs to be evaluated. We can most likely ex-
clude any spatially structured unmeasured environmental
factor. Non-directional spatial predictors (i.e., dbMEMs)
capture the effect of environmental induced spatial de-
pendence of community turnover (Sharma et al., 2011) but
we did not find a single significant dbMEM. Other reasons
for the unexplained fraction of community turnover could
be competition between species for limited resources or
colonization stochasticity. The latter is a common phenom-
enon and flood plain dynamics might (re-)shape species
communities constantly (Funk et al., 2013; Fernandes et
al., 2014). As colonization and recolonization are always
linked to species drift in a fluviatile system (Heino et al.,
2015), changing source populations might play a role too.
The comparatively high proportion of unexplained com-
munity turnover in our study might therefore be no ex-
ceptional case.

General biodiversity and conservation aspects

The here revealed presence of 19 molluscan taxa
around the Wagenia Cataract cannot easily be compared
to the 31 forms listed for the neighborhood of Kisangani
by Pilsbry and Bequaert (1927), simply because of a dif-
ferent taxonomic concept used at that time. However, it is
noteworthy that some of the endemic elements explicitly
mentioned by the latter authors were present also in our
study, namely the various forms of Potadoma species,
Melanoides wagenia Pilsbry & Bequaert, 1927 and
Lanistes nsendweensis (Dupuis & Putzeys, 1901). Never-
theless, we also detected some temporal species turnover.
For example, Pilsbry and Bequaert (1927) mentioned a
Corbicula species as the only bivalve from the Wagenia
Cataract, whereas we found five different species but not
Corbicula. In contrast to our study, Bulinus as intermediate
hosts for schistosomiasis was not found in 1970 close to
the Wagenia Cataracts (Frandsen et al., 1978). The growth
of the town of Kisangani has ever increased and the envi-
ronmental impact by human activities is high (Graf et al.,
2011; Verhaert et al., 2013), which might have led to
changes in the overall faunal composition of the area. This
human component has recently been shown to play a role
in the introduction of the species Melanoides cf. tubercu-
lata in the Kisangani area unraveled by molecular phylo-
genetic study (Van Bocxlaer et al., 2015). Such
phylogenetic and phylogeographic studies are only begin-
ning to involve mollusks from the Congo River
(Schultheiß et al., 2014; Elderkin et al., 2016).

Rapids, falls, and cataracts have been shown to harbor
important, especially endemic, biodiversity worldwide.
At the same time, they are among the most threatened
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ecosystem as, for example, a demand for hydroelectrical
power is drastically increasing (Winemiller et al., 2016;
Gregoric and de Lucía, 2016). Our recent survey at the
Wagenia Cataract thus reiterates the importance of the
‘Upper Congo Rapids’ ecoregion as an outstanding
hotspot of freshwater mollusk biodiversity, alongside
other examples such as the ‘Lower Congo Rapids’ or
‘Malebo Pool’ (Graf et al., 2011). Dedicated conservation
strategies should be established in the near future to en-
sure long-term survival of the unique mollusk fauna of
the Central Congo River.

CONCLUSIONS

Our study revealed that the Wagenia Cataract repre-
sents no strict dispersal barrier for the interchange of
freshwater mollusks. Instead, local environmental factors
correlate stronger with freshwater mollusk community
compositions, but the mollusk communities on both sides
of the cataracts are best explained by a combined effect
of the cataract, which homogenizes downstream commu-
nities, downstream-directed dispersal, and environmental
conditions. Future studies should focus on the homoge-
nizing effect of the cataract by performing a genetic as-
sessment at population level. The presence of some
endemic and potentially endangered species has been con-
firmed for the first time after decades. A permanent mon-
itoring system could allow better assessments of the
impacts of temporal fluctuations and stochasticity in com-
munity turnover and the conservation status of endemic
species at the Wagenia Cataract.
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