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Abstract Eichhornia crassipes, commonly known
as water hyacinth, is a free-floating perennial aquatic
plant native to South America, which has been widely
introduced on different continents, including Africa.
E. crassipes is abundant in both the Congo (Africa)
and Amazon (South America) River catchments. We
performed a comparative analysis of the ostracod
communities (Crustacea, Ostracoda) in the E. cras-
sipes pleuston in the Amazon (South America) and
Congo (Africa) River catchments. We also compared
the ostracod communities from the invasive E. cras-
sipes with those associated with stands of the native
African macrophyte Vossia cuspidata. We recorded
25 species of ostracods associated with E. crassipes in
the Amazon and 40 in the Congo River catchments,
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distributed over 31 ostracod species in E. crassipes
and 27 in V. cuspidata. No South American invasive
ostracod species were found in the Congolese
pleuston. Diversity and richness of Congolese ostra-
cod communities was higher in the invasive (Eich-
hornia) than in a native plant (Vossia). The highest
diversity and abundance of ostracod communities
were recorded in the Congo River. The result of
principal coordinates analysis, used to evaluate the
(dis)similarity between different catchments, showed
significant differences in species composition of the
communities. However, a dispersion homogeneity test
(PERMDISP) showed no significant differences in the
variability of the composition of species of ostracods
(beta diversity) within Congo and Amazon River
catchments. It appears that local ostracod faunas have
adapted to exploit the opportunities presented by the
floating invasive FEichhornia, which did not act as
“Noah’s Ark” by introducing South American ostra-
cods in the Congo River.

Keywords Ostracoda - Aquatic macrophytes - Beta
diversity - Amazon - Congo

Introduction
Several aquatic plants native to South America have

successfully invaded other continents. E. crassipes
(Mart.) Solms, commonly known as the water hyacinth,
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has invaded freshwater systems in over 50 countries on
five continents (Villamagna and Murphy 2010). Eich-
hornia crassipes is a free-floating perennial aquatic
plant and is especially pervasive throughout Southeast
Asia, the southeastern United States, central and
western Africa and Central America (see overview in
Villamagna and Murphy 2010). The water hyacinth is a
pest species in many waterbodies, this in spite of many
efforts to eliminate or at least control its populations.
Introduction of this plant species in different parts of the
world might have been accidental and/or intentional.
Indeed, intentional introductions to ponds have been
common, as the water hyacinth is an ornamental plant
that also reduces nutrient concentrations and algae
blooms (Villamagna and Murphy 2010).

Floating vegetation (i.e. not rooted in the sediment)
is a typical feature of South American floodplains,
where its submerged system of mostly roots hosts rich
communities of invertebrate (and fish) taxa; these
communities are called pleuston.

Ostracods are small bivalved crustaceans inhabit-
ing sediments (Pieri et al. 2007; Van der Meeren et al.
2010; Szlauer-Lukaszewska 2014) and aquatic macro-
phytes (Higuti et al. 2010; Liberto et al. 2012; Mazzini
etal. 2014; Matsuda et al. 2015), which are common in
inland waters. There are about 2000 species of non-
marine Ostracoda described in approximately 200
genera in various non- marine environments in the
world (Martens et al. 2008), of which about 275
species in 55 genera are known from South and
Central America (Martens and Behen 1994; Martens
et al. 2008), while nearly 500 species in 84 genera of
ostracods have been described from African inland
waters (Martens 1984, 1998; Martens et al. 2008).

Currently, 117 species represented by 37 genera
have been reported from Brazil (Martens and Behen
1994; Martens et al. 2008; Wiirdig and Pinto 2001;
Pinto et al. 2003, 2004, 2005a, b, 2008; Higuti et al.
2009, 2013; Higuti and Martens 2012a, b, 2014). In
both Africa and South America, more than 80 % of all
species are endemic to their continent and zoogeo-
graphical region.

Eichhornia crassipes, native to South America and
invasive in Africa, is abundant in both the Congo
(Democratic Republic of Congo) and Amazon (Brazil)
River catchments. Many studies reported on the
negative impact of invasive aquatic plants on their
own communities and/or on the ecosystems in general.
However, there is little information about the
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introduction of aquatic organisms (periphyton, inver-
tebrates) together with these invasive plants. Some
biological features of ostracods could facilitate their
long-distance dispersal, such as the presence of
drought-resistant eggs (Horne and Martens 1998) so
that they might colonize a new habitat and success-
fully establish a new population. Furthermore, the
reproduction of many species of ostracods happens by
parthenogenesis (Martens et al. 2008), so that a new
population can be formed by a single founder spec-
imen or egg.

The objectives of the present study were to
determine (1) if Congolese Eichhornia comprises
exclusive Congolese faunas or if also invasive (South
American) species occur; (2) if ostracods communities
in native (Vossia cuspidata (Roxb.) Griff.) and
invasive (E. crassipes) macrophyte stands in the
Congo River catchment differ and (3) if ostracod
biodiversity within and between the Amazon and
Congo River catchments are significantly different.

Materials and methods
Study area

The Amazon River in South America is the second
longest in the world and by far the largest by water
flow with an average discharge of approximately 214
million liters per second. During the rainy season, the
water discharged in the Atlantic Ocean travels
approximately 160 km out into sea. The Amazon has
the largest river basin in the world, occupying more
than 6.8 million kmz; rainfall is evenly distributed
spatially and temporally, ranging from 1500 to
2500 mm annually, for about 6 months a year (Gould-
ing et al. 2003). The Amazon River and its tributaries
are accompanied along their middle and lower courses
by large fringing floodplains that cover an area of
about 300,000 kmz, the flooded forest is known as
vdrzea (Irion et al. 1997).

The Congo River has the second highest discharge
(1325 km*/year or 42 million liters/s) of any river in
the world after the Amazon (Coynel et al. 2005). It
drains 3.7 million km® of the African continent
(Campbell 2005). It covers about 25 % of the total
wet tropical zone and is responsible for almost 3.4 %
of the freshwater inputs to the Atlantic Ocean (Probst
and Tardy 1987). In the wet season, most of the forests
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are flooded, while in the dry season they dry out. The
Congo Basin has a humid tropical climate: the mean
annual precipitation, calculated between 1980 and
1990 is close to 1550 mm (Mahé 1993).

The Amazon and Congo systems, situated across
the equator, are characterized by tropical rain forest
and by extensive floodplains. However, there are
major differences in catchment characteristics. For
example, the runoff in the Amazon River is higher
(Filizola 2003) because the headwaters of the Amazon
catchment are located in high mountains in contrast
with the plateaus or hills of the Congo catchment
(Meybeck et al. 2001).

Collections and measurements

The ostracod collection of the Amazon floodplain used
in the present study results from a project in the
SISBIOTA program (National System of Biodiversity
Research) funded by CNPq/Fundagdo Araucaria. The
project covered four Brazilian floodplains (in addition
to the Amazon: Parand, Araguaia and Pantanal). Two
sampling campaigns were conducted in the Amazon
floodplain, the first one was done in October 2011 (dry
season) and the second one in May 2012 (rainy
season). More than 20 lakes or lake-like habitats were
sampled, mostly for their pleuston communities in
Eichhornia stands.

The ostracod collection from the Congo River was
effected during the large Congo-expedition in May
and June 2010 (Boyekoli Ebala Congo 2010—http://
www.congobiodiv.org/en). More than 50 samples
were collected, either in the pleuston of the invasive
species E. crassipes or amongst stands of the native V.
cuspidata.

We used data from ostracods associated with E.
crassipes and V. cuspidata of the same sampling
period in both river catchments to compare the
ostracod fauna. The localities sampled in the Amazon
and Congo River catchments are generally located
close to cities or village. Thirteen localities were
selected for each of the river catchments (Fig. 1). In
each locality, two replicate samples of each aquatic
macrophyte (E. crassipes in Amazon, E. crassipes and
V. cuspidata in Congo) were taken.

Eichhornia crassipes individuals of similar size
were hand collected and were placed in plastic buckets
to remove the ostracods; roots were separated from the
leaves and were washed in the bucket. The residuals

were filtered in a hand net (mesh size ¢ 160 pm).
Ostracods in Vossia stands were collected directly by
moving the handnet through the rooted plants for ¢
5 min. Ostracods were killed by adding 97 % ethanol
to the wet residual; all samples were washed again in
the lab and were transferred to fresh ethanol (70 %).
Samples were sorted under a microscope stereoscopic.
Specimens were identified using valves (Scanning
Electron Microscopy) and appendages (soft parts
dissected in slides with light microscopy).

The environmental variables measured in the field
included water temperature (°C) and dissolved oxygen
(mg Lfl) (oxymeter-YSI), pH and electrical conduc-
tivity (uS cm™") (YSI 63). Some geographical, phys-
ical, and chemical features of the waterbodies of
Amazon and Congo River catchments are listed in
Table 1.

Data analyses

Richness, abundance, Shannon—Wiener diversity and
evenness were calculated to assess differences in the
ostracods communities in Amazon and Congo River
catchments. A parametric analysis of variance
(ANOVA) was performed to test for significance of
differences in species richness, abundance, diversity
and evenness of ostracods between plants species and
between catchments. When the homogeneity assump-
tion required for ANOVA was not fulfilled, a non-
parametric Kruskal-Wallis test was used. Analyses of
variance were performed in Statistica 7.1 (StatSoft
2005).

Rarefaction analysis was performed, because of
differences in abundance amongst the samples, in
order to compare species richness between the sam-
pling units at comparable levels of density in both
catchments. Rarefaction curves were computed using
the BioDiversity Pro Programme (McAleece et al.
1997).

Principal coordinates analysis (PCoA) was used to
evaluate the (dis)similarity of species composition
between different catchments. Differences between
the two catchments were tested by ANOVA applied to
the scores of PCoA axes. The dispersion homogeneity
test (PERMDISP) was performed to test the variability
in the ostracods species composition (beta diversity)
within Amazon and Congo River catchments. This
analysis calculates a centroid for each catchment, and
determines the Bray—Curtis distance of each sampling
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Fig. 1 Location of the sampling stations of Congo River catchment (localities numbers /—/3) and Amazon River catchment (localities

numbers /4-26). Source Original (see acknowledgments)

locality to the centroid. The higher average of Bray—
Curtis distances to the centroid means greater dissim-
ilarity in species composition, suggesting an increase
in beta diversity. The significance (p < 0.05) in beta
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diversity between catchments was analyzed by a
permutation test of least squares residuals, using 999
permutations. The analyses was performed using the R
3.0.1 software (R Development Core Team 2013)
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through vegan and permute packages (Oksanen et al.
2013).

Results

We recorded 25 species of ostracods associated to E.
crassipes in the Amazon River catchment and 40
species in the Congo River catchment. Of these 40
Congolese species, 31 were found in the invasive E.
crassipes and 27 ostracod species occurred in the
native V. cuspidata (See appendix 1 and 2 in
Electronic supplementary material). The most spe-
ciose ostracod subfamily was Cypricercinae (8 species
in E. crassipes) in the Amazon; and Cypridopsinae (9
species in both E. crassipes and V. cuspidata) and
Herpetocypridinae (7 species in E. crassipes and 6
species in V. cuspidata) in the Congo River catchment
(Table 2). The only ostracod species present in both
catchments was Stenocypris major, a circumtropical
species. Several ostracod species in the Amazon and
nearly all species in the Congo River catchment are
new to science and remain to be described.

The highest diversity and abundance of ostracods
were recorded in the Congo River catchment in both
aquatic plants species, where richness and Shannon
diversity values were higher in the invasive E.
crassipes (Fig. 2a—c). However, no significant differ-
ence was observed regarding these attributes between
E. crassipes and V. cuspidata. When comparing
diversity of ostracods associated with E. crassipes
between both catchments, significantly higher values
of species richness (p < 0.01) and diversity (p < 0.05)
were found in the invasive plant from the Congo River
catchment. The evenness values were similar between
Amazon and Congo River catchments (Fig. 2d).

Rarefaction curves indicated higher number of
ostracods species in the Congo River catchment,
especially on the invasive E. crassipes, for similar
numbers of individuals. The richness reached an
asymptote in the E. crassipes samples from the Amazon
River catchment, while it is still increasing in the E.
crassipes and V. cuspidata samples of the Congo River
catchment (Fig. 3), meaning that with more sampling
most likely still more species could be found there.

The result of the PCoA, used to evaluate the
(dis)similarity between different catchments, showed
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significant differences in species composition, assessed
for the scores of PCoA, axis 1 (F = 170.98; p < 0.00)
and axis 2 (F=5.39; p <0.05). The dispersion
homogeneity test (PERMDISP) showed no significant
differences (F = 0.31; p = 0.59) in the variability of
ostracod species composition (beta diversity) within
Amazon and Congo River catchments. The highest
average distance to the centroid was recorded in the
Amazon River catchment (0.58) compared to the
Congo River catchment (0.56) (Fig. 4).

Discussion
Composition of ostracod communities

Ostracods are amongst the most abundant inverte-
brates associated with macrophytes and are them-
selves a group that have a high diversity of species
(Thomaz et al. 2008; Higuti et al. 2007, 2010; Liberto
et al. 2012; Mazzini et al. 2014; Matsuda et al. 2015).
The Cyprididae are the most species ostracod
family in the Amazon and Congo River catchments.
This is in line with the fact that this family comprises ¢
50 % of all known Recent non-marine ostracod
species and more than 80 % of all species in most
tropical regions (Martens 1998). The patterns of
species composition are different between both catch-
ments: Cypricercinae (32 % of species) and Cypri-
dopsinae (20 %) are the most dominant subfamilies in
the Amazon River catchment, Cypridopsinae (30 %)
and Herpetocypridinae (20 %) in the Congo River
catchment. These findings are in agreement with those
of Martens (1998), who compared the diversity of non-
marine Ostracoda from Africa and South America.
The comparison of the ostracod communities
between the two catchments clearly shows that the
pleuston in the Amazon River catchment only con-
tained South American species, while those in the
Congo River catchment only contained Congolese
ostracod species, or in any case did not have any
identifiable South American (or other non-African)
ostracod species, with Stenocypris major being the
only shared, circumtropical, ostracod species. The
invasive E. crassipes therefore did not act as a
“Noah’s Arc” by transporting also invasive ostracod
species into that part of the Congo River catchment.



Invasive South American floating plants are a successful substrate 1197
Table 2 Comparisons between ostracods fauna from Amazon (South America) and Congo River catchments (Africa)
Family Subfamily AMAZON CONGO
E. crassipes V. cuspidata E. crassipes
Genera Species Genera Species Genera Species
Cyprididae Cypricercinae 3 8 1 5 1 4
Cypridinae 1 2 - - - -
Cypridopsinae 4 5 2 9 2 9
Cyprettinae 1 3 - - - -
Herpetocypridinae 1 1 3 6 3 7
Candonidae Candoninae 2 3 2 1 2
Cyclocypridinae 1 2 - - 2 2
Limnocytheridae Timiriaseviinae 1 1 3 3 4
Darwinulidae - - 2 3 3
14 25 11 27 15 31
Fig. 2 Mean values and (a) 12 (b) 350
standard error of a richness, 10 300
b abundance, ¢ Shannon _I_ é
diversity and d evenness of g s = 250
ostracods community 3 g 200
associated with E. crassipes 3 6 F 150
(Ec) and V. cuspidata (Vc) £ 4 5
in Amazon (AM) and Congo “ E 100
River (DRC) catchments 2 “ 50
0 0
Ec/AM  Ec/DRC  Vc¢/DRC Ec/AM  Ec/DRC  Vc¢/DRC
Plants/Catchments Plants/Catchments
(C) 2.0 (d) 1.0
0.8
" 1.5
2 g 06
§ 10 5
5 & 04
E 0.5
: 0.2
0.0 0.0
Ec/AM Ec/DRC  Vc/DRC Ec/AM Ec¢/DRC  Ve/DRC
Plants/Catchments Plants/Catchments

This can be either because the invasive plant was
introduced as seeds or propagules, in which case no
pleuston was associated with it yet, or because the
invasive pleuston in adult plants failed to establish
viable communities in the new environment.

However, several ostracod species do have the
capacity to invade new areas, and have already done so
in the past (see Table 3).

Comparison between ostracod communities
in native (Amazon) and invasive (Congo) E.
crassipes

Our results showed higher ostracod diversity and
abundance in the invasive E. crassipes in the Congo
River catchment than in the native E. crassipes
specimens from the Amazon River catchment. This

@ Springer
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Fig. 3 Rarefaction curves of ostracods species associated with
different aquatic plants in Amazon (AM) and Congo River
catchments (DRC). Ec = E. crassipes and Vc = V. cuspidata.
+: native E. crassipes of the Amazon River catchment, @:
invasive E. crassipes of the Congo River catchment, -: native V.
cuspidata of the Congo River catchment
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Fig. 4 Multivariate permutation analysis diagram showing the
variability in ostracods species composition associated with E.

crassipes between different catchments. Full square Amazon
River catchment, circle: Congo River catchment

is a rather unexpected result, as one could predict to
have a greater diversity of ostracod species in E.
crassipes of the Amazon River catchment, where this
plant is native and where ostracod species are expected
to be better adapted to life in the root system of this
(and other) floating plants. The fact that the collections
were sampled in a small part of the Amazon floodplain
relatively near to the city of Manaus might be part of
the reason. However, the rarefaction analyses showed
that the cumulative curve of ostracod species in E.
crassipes from the Amazon River catchment had
reached the maximum plateau with our collections.
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The results are thus representative for at least that part
of the Amazon River catchment. Moreover, size of
root systems in this macrophyte species can vary
considerably and is known to depend at least in part on
water chemistry (Kobayashi et al. 2008). Observations
showed that the root systems of this plant in the Congo
River catchment samples were much smaller than
those from the Amazon River catchment, down to less
than half the volume (results not shown). This makes
the higher values of richness, diversity and abundance
of the ostracod communities in the Congolese samples
even more surprising.

The present results indicate that invasive species
such as E. crassipes do not necessarily always have a
fully negative effect on the invaded communities.
Invasive E. crassipes root systems obviously offer
novel substrates for native animals, such as ostracods,
that can adapt to life in pleuston. However, this is
clearly only one side of a broader picture, where other
native communities such as zooplankton or whole
community levels might be negatively impacted.

Comparison between ostracod communities
in native (V. cuspidata) and invasive (E. crassipes)
plant species in the Congo River catchment

We observed that the ostracod communities associated
with an invasive plant species, E. crassipes, have a
higher richness, diversity and abundance than those
associated to a native plant species, V. cuspidata, in
the Congo River catchment. This is a clear example of
an invasive species physically facilitating communi-
ties of native species [see review in Rodriguez (2006)].

Also Mormul et al. (2010) observed higher values of
these attributes of ostracod communities in an invasive
plant, Hydrilla verticillata when compared to a native
macrophyte, Egeria najas, in the Parana River flood-
plain, although these differences were not significant.
However, cumulative curves did indicate higher diver-
sity of ostracod species on the invasive H. verticillata.
The invasive plants might thus provide favorable habitats
for native ostracod communities. The experiment by
Mormul et al. (2010) was performed to test the effect of
an invasive plant on the ostracod communities, using two
plants with similar architecture (as measured in fractal
heterogeneity). In the present case, E. crassipes and V.
cuspidata do not have similar architecture: Eichhornia is
a floating plant with normally dense root systems with
high heterogeneity, whereas Vossia is a grass-like rooted
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Table 3 Examples of invasive ostracod species from or to South America and Africa

Dispersal

Reference

Species Origin Destination
Chlamydotheca incisa South America Europe
C. arcuata South America Europe
Chrissia sp. Africa Europe
Cypris latissima Africa
Hemicypris sp. Africa
Stenocypris sp. Africa
Strandesia bicuspis South America Europe
S. caudata Africa Europe
S. spinulosa Africa Europe
S. tonolli Africa Europe

Tobacco, tomato and sunflowers
Aquatic plants
Rice

Aquatic plants

Rice, hemp and saffron
Rice, hemp and saffron
Rice, hemp and saffron

McKenzie and Moroni (1986)
Matzke-Karasz et al. (2014)
Rossi et al. (2003)

Bruton and Merron (1985)
Bruton and Merron (1985)
Bruton and Merron (1985)
Matzke-Karasz et al. (2014)
McKenzie and Moroni (1986)
McKenzie and Moroni (1986)
McKenzie and Moroni (1986)

plant, with low individual heterogeneity but occurring in
dense stands. This density of the macrophyte stands will
to a certain degree compensate for the lower individual
heterogeneity.

Figueiredo et al. (2015) conducted an experiment
using a native (E. najas) and an invasive (H. verticil-
lata) macrophyte species to test the preference of a
native fish prey species for either macrophyte as a
refuge in the presence of an invasive voracious
predator. It appeared that the prey fish did not show
preference for one plant over the other, and they
concluded that habitat structure affects choice more
than evolutionary history between fish and macro-
phytes and this is in line with our results.

The effects of invasive plants on aquatic commu-
nities, however, is more complex and depends on more
factors than on heterogeneity of the habitat only.
Villamagna and Murphy (2010) showed that abun-
dance and diversity of aquatic invertebrates generally
increase in response to increased habitat heterogeneity
and structural complexity provided by E. crassipes,
but can also decrease due to decreased planktonic
algae (food) availability. Stiers et al. (2011) compared
macrophytes and macroinvertebrates communities of
32 Belgium ponds, of which 22 included invasive
plants. Negative impact on native plants and macroin-
vertebrates was recorded for three invasive plants,
reducing the richnees of both communities. Schultz
and Dibble (2012) summarized the role of invasive
plants on freshwater fish and macroinvertebrate com-
munities. They found that positive effects of invasive
macrophytes on fish and macroinvertebrate commu-
nities were associated with characteristics held in
common with native macrophytes such as

photosynthesis, increasing habitat heterogeneity, and
stabilizing substrate. The authors found that three
other traits of invasive plants can largely be respon-
sible for negative effects on fish and macroinverte-
brate communities: increased growth rate, allelopathic
chemical production, and phenotypic plasticity that
allow for greater adaptation to environmental condi-
tions and resource utilization than native species.

Conclusions

Ostracod communities in Congo and Amazon River
catchments are highly dissimilar, indicating that the
invasive E. crassipes root systems in the Congo River
catchment were colonized by African ostracods, and
that the arrival of invasive E. crassipes did not bring
along successful invasions of South American ostra-
cod species, nor species from other parts of the world
from where the plants may have been introduced into
the Congo basin. Also, richness, diversity and abun-
dance of ostracod communities in the invasive Con-
golese plants are higher than in the native Amazonian
plants. Finally, richness, diversity and abundance is
also higher in the invasive E. crassipes than in the
native V. cuspidata in the Congo River catchment, but
this could in part be owing to lower complexity of the
native plant. It appears that local African ostracod
faunas have adapted to exploit the habitat opportuni-
ties presented by the floating invasive E. crassipes.
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