Hydrobiologia (2010) 644:261-278
DOI 10.1007/s10750-010-0122-1

PRIMARY RESEARCH PAPER

Variation in ostracod (Crustacea, Ostracoda) communities
in the alluvial valley of the upper Parana River (Brazil)

in relation to substrate

Janet Higuti - Steven A. J. Declerck -
Fabio Amodéo Lansac-Toha -
Luiz Felipe Machado Velho - Koen Martens

Received: 17 November 2009/ Revised: 26 January 2010/ Accepted: 31 January 2010/ Published online: 23 February 2010

© Springer Science+Business Media B.V. 2010

Abstract Large river floodplains are convenient
model systems to test for variation in animal and
plant community structure, as they have a variety of
habitats and substrates and are generally dynamic
systems through the occurrence of flood pulses with
varying intensity. South American floodplain systems
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furthermore have unique types of substrates, in the
form of root systems of floating macrophytes. Here,
we investigate the variation in ostracod (small,
bivalved crustaceans) communities in relation to
substrates and related environmental variables.
Sampling was effected in 2004 in the alluvial valley
of the upper Parana River, Brazil, in the wet and dry
seasons. Five different substrates, including littoral
sediment and four macrophyte species root and leaf
systems, in four hydrological systems and a variety of
habitat types, were sampled. Fifty-four species of
Ostracoda were found. Variation partitioning analysis
(RDA) showed that ostracod communities signifi-
cantly differed between different substrates, mainly
between the littoral and plants with small root
systems (Eichhornia azurea) on the one hand, and
plants with large and complex root systems on the
other hand (Eichhornia crassipes and Pistia strati-
otes). RDA analyses indicated that the pleuston
(biotic communities associated with root systems of
floating plants) of E. crassipes comprised more non-
swimming species than the pleuston of the smaller
roots of P. stratiotes, but species-level Kruskal—
Wallis analyses could not detect significant differ-
ences between both macrophyte species. Also habitat
type and hydrological systems contributed to varia-
tion amongst ostracod communities, but less so than
the factor substrate. Abiotic factors also contributed
to variation, but the ranges of all measured water
chemistry variables were narrow. This uniformity in
abiotic factors, which might be owing to the
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occurrence of large flooding events, unites all water
bodies, even those that are generally separated.

Keywords Ostracoda - Biodiversity - Floodplain -
Parana River - Pleuston - Root system complexity

Introduction

Floodplains associated with large rivers, such as the
upper Parana River, are convenient model systems to
investigate change and variability in animal commu-
nities. The upper Parana River Floodplain consists of
four fluvial systems, which can have a variety of
habitat types: rivers, connecting channels, open lakes,
and closed lakes. Each of these habitat types has
various substrates: benthic (littoral as well as pro-
fundal benthic, but the latter are often hypoxic and/or
anoxic for at least part of the year—Higuti, 2004) or
different species of floating macrophytes, a feature
typical of South American floodplains (Thomaz et al.,
2004a). The root systems of such plants can host rich
communities of invertebrates and vertebrates. Such
communities are referred to as pleuston (Por, 1995;
Esteves, 1998; Por & Rocha, 1998; Higuti et al.,
2007). Several of these floating plants, native to
South America, have meanwhile become invasive
species on other continents. Eichhornia crassipes, for
example, is now recognized as a hazardous alien
element in many African and Asian water bodies, to
the extent that its presence might endanger entire
ecosystems (Barreto et al., 2000; Jin et al., 2003).
Yet, nowhere in non-Neotropical environments have
rich pleuston communities developed in the root
systems as they do in South America. It appears that
local invertebrate faunas mostly fail to adapt and
exploit the opportunities presented by these floating
invasive species (Barreto et al., 2000).

A second typical feature of floodplains is the
regular occurrence of flood pulses, periods where
water levels rise suddenly, sometimes several metres
overnight, for a period of time, to disappear equally
suddenly. Several studies have demonstrated the
potential importance of such flood pulses in structur-
ing aquatic communities in floodplains, such as
benthos, phytoplankton, zooplankton, fish and/or
macrophytes (Twombly & Lewis 1987, 1989; Junk
et al., 1989; Neiff, 1990; Oliveira & Calheiros, 2000;
Agostinho et al., 2004; Higuti, 2004; Lansac-T6ha

@ Springer

et al., 2004, Train & Rodrigues, 2004, Thomaz et al.,
2004a, b, ¢, 2007; Boschilia et al., 2008). The
existence of pleuston is thought to be a putative
adaptation to neutralize possible detrimental effects of
flood pulses on meiobenthic groups, such as acute
anoxia (Higuti et al., 2007). Thomaz et al. (2007)
argue that exceptionally high floods actually increase
similarity among aquatic habitats in river floodplain
systems, as high water levels unite, and homogenize,
the water bodies, which are isolated during periods of
low-water levels. However, most flood events are of
lower magnitude, and only affect open lakes, channels
and rivers. Flooding used to be seasonal, and directly
linked to natural climatic wet and dry season altera-
tions. Due to the constructions of several dams upriver
of the upper Parana floodplain, flooding patterns are
now largely artificial and dependent on when water is
released from the dams. If flood pulses are important
for community structure, then they should show larger
effects on open than on closed lakes, considering that
only pulses of high magnitude would produce effect in
closed lakes. Moreover, the effects would be more
evident in benthic communities than in pleuston.

We organized sampling campaigns in wet and dry
seasons, so that seasonality was included as a factor
potentially affecting variability of ostracod communities.

Martens & Behen (1994) summarized the literature
on South American recent, non-marine ostracods and
listed 260 species in 53 genera; of these 96 species in
32 genera were reported from Brazil (Martens et al.,
1998). Recent research on the Brazilian ostracod fauna
has increased this number to 108 species in 35 genera
(Wiirdig & Pinto, 2001; Pinto et al., 2003, 2004, 2005a,
b, 2008; Higuti et al., 2009a). Nevertheless, many
undescribed species await description, as is exemplified
by the present study, where about a dozen of the species
found are new to science. The global diversity of extant
non-marine ostracods is presently estimated in approx-
imately 2000 species (Martens et al., 2008) and the
known contribution to this diversity in the Neotropical
(275 species) is at present under estimation. Ostracods
are abundantly present in the root systems of the
floating plants in the river floodplain system of the
Upper Parand, as shown in recent articles by Higuti
et al. (2007, 2009b), where they have investigated the
effects of flood pulses on species richness.

Here, we investigate variation in the ostracod
communities of the upper Parand alluvial valley, in
relation to five different substrates in a variety of
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hydrological systems and habitat types. Specific
hypotheses tested and questions addressed, comprise:
(1) to which extent do ostracod communities vary
with different substrates (benthic littoral substrate and
macrophyte root systems of four different species of
floating plants); (2) are these differences related to
biological properties of different ostracod groups
(e.g. swimming versus non-swimming) or of the
macrophytes (e.g. size and complexity of root
system); (3) do ostracod communities vary among
river systems, habitat types and seasons, or are they
related to abiotic factors; (4) is there an effect of
seasonality of flood pulses on ostracod communities,
for example: is flood-related seasonality more obvi-
ous in open than in closed lakes?

Materials and methods
Study area

The upper Parana River consists of a large braided
channel, with an extensive floodplain and high-
sediment accumulation in its bed, creating sand bars
and islands of diverse sizes (from some hundreds of
metres to several kilometres in length) and a flood-
plain with a width between 3 and 6 km in the study
area (Agostinho et al., 1994). The floodplain reaches
a maximum width of 20 km and, apart from the main
channel of the Parana river, comprises several
secondary channels, lakes and tributaries (including
Ivinheima and Baia Rivers) (Agostinho & Zalewski,
1996). These three river systems (Parana, Ivinheima
and Baifa) are influenced by flooding events. Such
flooding events used to be natural and directly related
to rainfall during rainy season, both at the actual
floodplain and further upstream. Meanwhile, several
dams have been built upstream of the Parand River
floodplain, and flood events are now caused by
controlled water release by these dams.

Further away from the main channel, and not
connected to it, is the Taquarugu system, which
comprises exclusively closed lakes (Souza Filho &
Stevaux, 2004) (Fig. 1). The origin of the lakes of the
Taquarugu system is still unknown, although some
authors suggested that colluvial processes of an old
drainage network formed these lakes in the lower to
middle Pleistocene (Justus, 1985; Pires-Neto et al.,
1994; Stevaux et al., 2004).

Field sampling and laboratory analysis

Ostracods were collected during March, July and
November of 2004 throughout the alluvial valley of
the upper Parand River. In total, we collected 132
samples at 48 sites in four fluvial systems (Parana,
Ivinheima, Baia and Taquarugu). The sites mostly
represent four habitat types (closed lake, open lake,
channel and river) and five substrate types
(littoral = shallow benthic, less than 1 m deep,
sometimes with submerged vegetation; root systems
of Eichhornia crassipes, E. azurea, Pistia stratiotes,
or Salvinia spp.). Only monospecific stands of these
plants were sampled. We also obtained some addi-
tional samples from one habitat type (streams) as well
as some further substrate types (Hydrocotyle ranun-
culoides, Oxycaryum cubense and mixed floating
macrophytes) (Table 1). Although we recorded the
species present in these additional samples (cf.
Table 2), we did to not take them into account in
the data analysis (Table S1).

We sampled littoral ostracods by hauling a
rectangular net (28 cm x 14 cm, mesh size ~ 160 pm)
close to the sediment—water interface for approxi-
mately 1 min (same for all littoral samples). Floating
vegetation was collected by hand, and comparable
amounts of roots were thoroughly washed in a
bucket. The residues were washed in the same
handnet. In the laboratory, we subsequently washed
samples over two sieves with different mesh size
(2 and 0.25 mm, respectively) and we preserved the
material by retaining in the 0.25 mm sieve with
alcohol (70% final concentration). Subsamples were
taken with a Folsom fractioner, and % of samples was
counted. Species richness was always estimated from
the total sample, i.e. all specimens in the sample were
identified. Valves and appendages were examined
using scanning electron microscopy and optical
microscope, respectively. Ostracods were identified
down to species level, using available primary
ostracod literature (see Martens & Behen, 1994 and
articles comprised therein; Rossetti & Martens 1996,
1998; Pinto et al., 2003, 2004, 2005a; Savatenalinton
& Martens, 2009).

For each sampling station, descriptive aspects of
the environments (types of substrate and habitat,
degree of connectivity) and key limnological factors,
such as pH (pHmeter-Digimed), electrical conductiv-
ity (conductivimeter-Digimed), dissolved oxygen
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Fig. 1 Satellite image
(LANDSAT 7—ETM
1999) of 48 sampled
environments from the
alluvial valley of upper
Parana River. Locality
codes are the same shown in
Table 1. Inset shows
position in Brazil

22230

““Mato Grosso
do Sul

concentration and water temperature (oxymeter-YSI)
were measured. Two major elements, calcium and
magnesium, were quantified for the November 2004
sampling, using the spectrometry technique of atomic
absorbance. Sampling, collection and preservation
were done to determine Ca and Mg concentrations,
followed procedures as described in the literatures
(Rainwater & Thatcher, 1960; Wagner, 1976; Souza
& Derisio, 1977).

Water level data were obtained from Brazilian
National Water Agency (Agéncia Nacional de
Aguas—ANA) and Itaipu Binacional.

Description of substrates

Five types of substrate were sampled, including
shallow littoral (<1 m deep, on sand or mud) and root

@ Springer

systems from four floating macrophyte species.
Benthic samples in the middle of the lakes and
channels (2-3 m deep) were also collected (with
Ekman grab) during the first sampling period, but
these sediments were mostly anoxic and contained no
or very few living ostracods. So, this sampling was
abandoned during the second and third sampling
period.

The sampled floating macrophytes differ strongly
in the morphology and size of their root systems.
E. crassipes has the most complex and the largest
root systems, up to a metre long and voluminous,
capturing substantial amounts of sediment. Pistia
has smaller roots (10-15 cm long). Salvinia has
submerged systems of modified leaves, which also
harbour pleuston communities (~5 cm long).
E. azurea has small, narrow patches of short roots
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Table 1 List of localities with coordinates and types of system, habitat and substrate

Locality name S° N We w System Habitat Substrate

1. Pintado 22 56 53 38 I Ol Mi, Sa, Ea

2. Ivinheima 22 54 53 38 1 Ri Sa, Hr, Ec

3. Peroba 22 54 53 38 I (o) Ec

4. Ventura 22 51 53 36 I Cl Li, Ec

5. Boca do Ipoita 22 50 53 33 I Ol Ec

6. Ipoita 22 50 53 33 I Ch Ea

7. Patos 22 49 53 33 I Ol Ec

8. Capivara 22 48 53 32 I Cl Li

9. Finado Raimundo 22 47 53 32 I Ol Li

10. Jacaré 22 47 53 29 1 Cl Li, Ps, Sa, Ea
11. Curutuba 22 45 53 21 B Ch Mi, Ea, Ps, Sa
12. Guarana 22 43 53 18 B 0Ol Sa, Ps, Ea
13. Fechada 22 42 53 16 B Cl Li, Ps, Sa, Ea
14. Pousada das Gargas 22 42 53 15 B Cl Li, Mi, Ec
15. Porcos 22 42 53 14 B Ol Ec

16. Aurélio 22 41 53 13 B Cl Li, Mi

17. Baia 22 41 53 13 B Ri Hr, Ec, Ps, Sa,
18. Maria Luiza 22 40 53 13 B Ol Ec

19. Gaviao 22 39 53 12 B Ol Ec

20. Onca 22 39 53 12 B Ol Li, Ec

21. Parana 22 44 53 14 P Ri Li

21. Parana 22 50 53 30 P Ri Li

22. Cortado 22 48 53 22 P Ch Ec, Sa, Ps
23. Pombas 22 48 53 21 P Ol Ec

24. Carioca 22 47 53 21 P Cl Li, Ec

25. Manezinho 22 46 53 20 P Ol Ec

26. Osmar 22 46 53 20 P Cl Li

27. Urbano 22 46 53 19 P Cl Li

28. Bilé 22 45 53 17 P Ol Li

29. Leopoldo 22 45 53 16 P Ol Oc, Ea,

30. Genipapo 22 45 53 16 P Cl Li

31. Figueira 22 45 53 15 P Cl Li

32. Pontal 22 45 53 15 P Cl Li

33. Clara 22 45 53 15 P Cl Li

34. Pau veio 22 45 53 15 P Ol Li, Ea

35. Pousada 22 44 53 14 P Cl Li

36. Gargas 22 43 53 13 P Ol Mi, Sa, Ea
37. Caracu 22 46 53 15 P St Li

38. Samambaia 3 22 36 53 22 T Cl Li

39. Samambaia 1 22 36 53 22 T Cl Mi, Li, Sa, Ea
40. Samambaia 2 22 35 53 22 T Cl Li

41. Walter 1 22 34 53 21 T Cl Li

42. Walter 2 22 34 53 21 T Cl Ea, Mi, Ps
43. Walter 3 22 34 53 22 T Cl Li

@ Springer



266

Hydrobiologia (2010) 644:261-278

Table 1 continued

Locality name S° N we w System Habitat Substrate
44. Curral 22 34 53 22 T Cl Li

45 Banhado 22 33 53 23 T Cl Li, Mi
46. Banhadao 22 34 53 22 T Cl Li, Mi
47. Piranha 22 33 53 21 T Cl Li

48. Linda 22 26 53 19 T Cl Li, Mi

I Ivinheima, B Baia, P Parana, T Taquarugu, CI closed lake, Ol open lake, Ri river, Ch channel, St stream, Li littoral, Ec Eichhornia
crassipes, Ea E. azurea, Ps Pistia stratiotes, Sa Salvinia spp., Hr Hydrocotyle ranunculoides, Oc Oxycaryum cubense and Mi mixed

floating

(5—-10 cm) along the stems; the latter are moreover
attached to the sediment (S. M. Thomaz, unpubl.
data). The other three macrophyte species investi-
gated here are free floating.

Data analysis

The main purpose of our analysis was to investigate
the association between ostracod community compo-
sition and substrate type, with special attention for
differences among floating macrophytes with differ-
ent root systems. Given that our data were collected
in different seasons, hydrological systems and habitat
types, we organized our analysis in such a way as to
maximally take into account spatial and temporal
interdependence of our data and to control for
collinearity among explanatory variables. We also
tried to assess the relative importance of each of the
investigated categories of explanatory variables in
explaining community variation. For this, we applied
variation partitioning on the ostracod abundance
matrix (expressed as catch per unit of effort—CPUE)
using redundancy analysis (RDA). RDA analysis
can be considered as a multivariate extension of
multiple regression, with multiple dependent vari-
ables (Legendre & Legendre, 1998). We first tested
the significance of a global RDA-model incorporating
the entire set of explanatory variables, and assessed
the fraction of total community variation explained
by this model. If, and only if, the global model
deemed significant, we then proceeded by estimating
the total fraction of variation uniquely explained by
each variable category separately (i.e., substrate type,
hydrological system, habitat type and season), spec-
ifying the other variable categories as covariables
(partial RDA). In this way, we took a conservative
stance by ruling out potentially spurious associations
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due to collinearity among explanatory variables.
RDA analyses were performed on log (x + 1)-
transformed data using the program Canoco v4.5
(Leps and Smilauer, 2003). Significant effects of
categorical variables in the variation partitioning
analysis were further explored through multiple
RDA-comparisons for each pairwise combination of
category levels. Significance tests were performed
through random Monte Carlo permutations in
CANOCO v4.5, where permutations were restricted
to blocks for seasons and hydrological system in
order to take into account spatial and temporal
dependency in the data. Species responses to vari-
ables were also further explored and verified graph-
ically with boxplots and with univariate techniques
(Kruskal-Wallis ANOVA—with STATISTICA 7.1).

Rarefaction of specimens versus species was
calculated using the program EcoSim.

Results

Of the 54 species found in the present survey
(Table 2), at least 12 are new species and also 3
genera are new. To allow identification, an atlas of
valve morphology of the different species was
compiled using scanning electron microscopy. A
summary of valve shapes of most of the species is
given in Figure S1 (in online supplementary mate-
rial) to the present article for future reference to
species and genera presently left in open nomencla-
ture. In the present survey, 33 species belong to the
Cyprididae, 10 to Candonidae, 8 to Darwinulidae
and 3 to Limnocytheridae. Rarefaction analysis on
richness shows that all substrates tend to approxi-
mate saturation levels with the present sampling
effort (Fig. 2).
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Table 2 Ostracoda collected from the alluvial valley of upper
Parand River

Class Ostracoda Latreille, 1806
Subclass Podocopa G.W. Miiller, 1894
Order Podocopida Sars, 1866
Suborder Podocopina Sars, 1866
Superfamily Cypridoidea Baird, 1845
Family Cyprididae Baird, 1845

(Dm) Diaphanocypris meridana (Furtos, 1936) Wiirdig &
Pinto, 1990

(Sma) Stenocypris major (Braid, 1859) Daday, 1898
(S2) Stenocypris sp. 2
(Sp) Strandesia psittacea (Sars, 1901) Roessler, 1990

(St) S. trispinosa (Pinto & Purper, 1965) Broodbakker,
1983

(Sm) S. mutica (Sars, 1901) G.W.Miiller, 1912
(Sv) S. variegata (Sars, 1901) G.W .Miiller, 1912
(Sb) S. bicuspis (Claus, 1892) G.W.Miiller, 1912
(Bel) Bradleystrandesia gr. elliptica sp. 1

(Be2) B. gr. elliptica sp. 2

(Be3) B. gr. elliptica sp. 3

(B3) Bradleystrandesia sp. 3

(Bo) Bradleystrandesia obtusata (Sars, 1901)
(Bo2) Bradleystrandesia gr. obtusata sp. 2
(Bo3) B. gr. obtusata sp. 3

(Bo4) B. gr. obtusata sp. 4

(BoS) B. gr. obtusata sp. 5

(Boq) Bradleystrandesia gr. obliqua

(Ba) Bradlestrandesia gr. amati n.sp.

(Cce) Cypricercus centrura (Klie, 1940) Martens &
Behen, 1994

(Cd) Chlamydotheca deformis Farkas, 1958
(Cc) C. colombiensis Roessler, 1985
(Ci) C. iheringi (Sars, 1901) Klie, 1930
(Ily) Paranacypris samambaiensis Higuti et al., 2009
(Cyl) Cypretta sp. 1
(Cy2) Cypretta sp. 2
(Cy3) Cypretta sp. 3
(Cv) Cypridopsis vidua O.F. Miiller, 1776
(Cv2) C. cf. vidua sp. 2
(Cng) “Cypridopsis” n.gen. 1 n.sp.
(Ch) “Cypridopsis” n.gen. 2 hispida (Sars, 1901)
(Nn) Neocypridopsis nana (Sars, 1901) Klie, 1940
(N2) “Neocypridopsis” sp. 2 n.sp.
Family Candonidae Kaufmann, 1900
(Cb) Candonopsis brasiliensis Sars, 1901
(Ca) Candonopsis annae Mehes, 1914

Table 2 continued

(Cp3) Candonopsis sp. 3 n.sp.
(Cp4) Candonopsis sp. 4 n.sp.
(C1) “Candona” sp. 1 n.sp.
(C2) “Candona” sp. 2 n.sp.
(C3) “Candona” sp. 3 n.sp.
(C4) “Candona” sp. 4 n.sp.
(Ps) Physocypria schubarti Farkas, 1958
(P2) Physocypria sp. 2 n.sp.

Superfamily Cytheroidea Baird, 1850

Family Limnocytheridae Klie, 1938

(Cyi) Cytheridella ilosvayi Daday, 1905
(L1) Limnocythere sp. 1
(L2) Limnocythere sp. 2

Superfamily Darwinuloidea Brady & Norman, 1889

Family Darwinulidae Brady & Norman, 1889

(Ds) Darwinula stevensoni (Brady & Robertson, 1870)
(Mi) Microdarwinula inexpectata Pinto et al., 2005
(M2) Microdarwinula sp. 2 n.sp.
(As) Alicenula serricaudata (Klie, 1935)
(Vp) Vestalenula pagliolii (Pinto & Kotzian, 1961)
(Vb) V. botocuda Pinto et al., 2003
(Pb) Penthesilenula brasiliensis (Pinto & Kotzian, 1961)
(Pa) P. aotearoa (Rossetti et al., 1998)

Abbreviations of each taxon (used in subsequent tables and
figures) are indicated in front of their respective names

Variation partitioning

The global RDA model, incorporating all explanatory
variables, was highly significant and explained
42.5% of ostracod community variation (F' = 4.638,
P = 0.002; Table 3). Each of the explanatory vari-
able categories significantly explained a unique
part of community variation (Table 3). Collinearity
among explanatory variables (i.e. variation explained
by two or more variable categories in common)
contributed with 12% to the explained variation
(Table 3). Substrate type contributed most to total
explained community variation (11%), followed by
abiotic variables (6%), habitat type (5%), hydrolog-
ical system (5%) and season (3%). The same analysis
was performed on the datamatrix without the data
from Taquarugu (as this system has only closed lakes
and only a subset of the substrates), and the results
were similar to those obtained for the full set analysis
(Table 3).
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Ostracod communities differed significantly among '

substrate types according to the variation partitioning
analysis (Table 3) and pairwise comparisons between
substrate types (Fig. 3, Table 4). The first axis of the
RDA analysis was twice as important as the second
axis and represented 10% of the community varia-
tion; this axis mainly differentiated the ‘littoral’ from
P. stratiotes or E. crassipes (Fig. 3). A large number
of species tended to be positively associated with
P. stratiotes or E. crassipes, whereas less species
tended to be specifically associated with the littoral
and E. azurea in the analyses (Fig. 3). This was tested
at family level (Cyprididae, Candonidae, Limnocy-
theridae and Darwinulidae), and it is clear that littoral
and E. azurea are nearly always significantly

Table 3 Results of variation partitioning on ostracod com-
munity data, with the unique amount of explained variation for
each explanatory variable category and the amount of variation
explained in common

With Taquarugu Without Taquarugu

Trace F P Trace F P

Season 0.03 2.52 0.002 0.027 2.203 0.003
Habitat type 0.05 2.563 0.002 0.055 2.235 0.001
Physical-chemical 0.06 3.072 0.002 0.076 3.062 0.001
Substrate 0.11 4.236 0.002 0.125 4.03 0.001
System 0.05 3.167 0.002 0.050 4.062 0.001
In common 0.12 0.130

Trace: fraction of total community variation uniquely

explained by each variable category
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-0.6 Eigenvalue: 0.104 0.8

Fig. 3 Biplot of a redundancy analysis, showing the associ-
ation between ostracod community structure and substrate.
Triangles represent centroids and indicate the average location
of samples taken in the same substrate type. For an explanation
of species codes, see Table 2

different from E. crassipes and P. stratiotes
(Fig. 4). At the species level, 18 out of 50 species
tested showed consistent differences between sub-
strate types (Table 5). Again, mostly differences
between littoral and macrophytes (e.g. Diaphanocy-
pris meridana) and between macrophytes with dense
root systems (E. crassipes, P. stratiotes) and the
others were evident.

The root systems of P. stratiotes and of E. crassipes
are both well developed; yet the latter root systems are
still several times larger than those of the former. It is,
therefore, interesting to see that most species in
P. stratiotes tend to be good swimmers (almost all are
Cyprididae, and thus mostly have long natatory setae
on the Antenullae and the Antennae), whereas many
members of the ostracod community associated with
E. crassipes are non-swimming, such as darwinulids
and candonids. This difference between species
with these divergent biological aspects in these two
pleuston communities was tested at the family
level (Cyprididae, Candonidae, Darwinulidae) with
Kruskal-Wallis (KW) analyses, but no significant
difference was found between the communities in
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Table 4 Pairwise comparisons using RDA on log(x + 1)-
transformed ostracod data

March July
Pairwise comparisons among seasons
July 0.019
November 0.022%* 0.011
Baia Ivinheima Parana
Pairwise comparisons among systems
Ivinheima 0.065%**
Parana 0.090%%*%* 0.032%*
Taquarugu 0.052%** 0.053%%* 0.029%*

E. azurea E. crassipes Littoral P. stratiotes

Pairwise comparisons among substrate types

Eichhornia 0.130%**
crassipes
Littoral 0.062%%% ().094%%*

Pistia stratiotes 0.148%** (.046*
0.084%%% (0,141 %%

0.075%**

Salvinia spp. 0.088*** (0.088***

Channel Closed lake Open lake
Pairwise comparisons among habitat types
Closed lake 0.085%%*
Open lake 0.031 0.079%%*%*
River 0.026 0.044%** 0.043**

Significance levels: * P < 0.05, ** P < 0.01, *** P < 0.001

E. crassipes and P. stratiotes (see Fig. 4). Also at
species-level analyses, differences between E. crass-
ipes and P. stratiotes were significant in one
(swimming) species only, Cypridopsis vidua sp.2.

River systems, habitat type, seasonality
and abiotic factors

Ostracod communities differed significantly among
all pairwise comparisons of river systems, but Baia
and Parana were most differentiated from each other
(Fig. 5, Table 4), with Baia by far being the system
with the most species associated with it.

RDA analyses (Fig. 6), using habitat type as
explanatory variable, indicated that the most important
axis of variation reflects the difference between closed
lakes (with relatively few species positively associ-
ated with this habitat type) and open environ-
ments, such as channels and open lakes. However,
habitat type was to an important degree collinear with
substrate types, and the factor ‘habitat type’ explains
only 5.4% of the variation if substrate type is
corrected for by specifying it as covariable in the
analysis (F = 2.511, P = 0.001). These results indi-
cate that habitat type explains part of the variation in
the ostracod community data, although part of this
explained variation may potentially reflect differences
in substrate type among habitat type. Nevertheless,
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Table 5 Results of Kruskal-Wallis tests on effects of different
substrate types on individual species

Family/species H P Li Ea Ps Sa Ec
Cyprididae

Diaphanocypris 39.51 <0.000 a b b b
meridana

Stenocypris sp. 2 14.59  0.006

Strandesia psittacea 11.59 0.021

Strandesia trispinosa  34.85 <0.000 a d b,c
Strandesia variegata  14.13  0.007

“Cypridopsis” n.gen. 46.16 <0.000 a d b b,c

2 hispida

Bradleystrandesia 27.32 <0.000
obtusata sp. 5

Bradleystrandesia cf. 16.01  0.003

obliqua
Cypricercus centrura 3433 <0.000 a b b b
Cypretta sp. 1 5172 <0.000 a d b d bec
Cypridopsis cf. vidua 23.82 <0.000 a b,d b,d ¢
sp. 2
Candonidae
Candonopsis annae 19.28 <0.001
Candonopsis sp. 3 2251 <0.000 a b
Candona sp. 1 17.82  0.001
Physocypria schubarti 2595 <0.000 a b b
Limnocytheridae
Cytheridella ilosvayi 2748 <0.000 a d b,c
Darwinulidae
Alicenula serricaudata 25.25 <0.000 b b a
Vestalenula pagliolii  33.76 <0.000 b b a

Only species with P < 0.01 are listed here (18 out of 50 species
tested). Li littoral, Ea Eichhornia azurea, Ps Pistia stratiotes,
Sa Salvinia sp., Ec Eichhornia crassipes. Indication of
significance in difference: all ‘a’ are different from all ‘b’,
all ‘¢’ are different from all ‘d’

according to the variation partitioning results, habitat
type also seems to contribute significantly to the
faunal variation, independent of substrate type
(Table 3). Rivers do not seems to have many species
specifically associated with them, whereas channels
and open lakes have the most specifically associated
taxa.

RDA analyses, with the set of abiotic variables as
dependent variables and substrate type, season and
fluvial system as explanatory variables, revealed no
significant association between substrate type and
environmental variables, but important associations
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Fig. 5 Biplot of a redundancy analysis, showing the associ-
ation between ostracod community structure and system.
Triangles represent centroids and indicate the average location
of samples taken in the same system. For an explanation of
species codes, see Table 2

with both season and system (25%) were found
(Fig. 7). The effect of habitat type on these variables
was also significant, but less so. pH and temperature
were higher in autumn (March) than in spring
(November). Parana had a significantly higher pH
than Baia, whereas Taquarucu had higher levels of
dissolved oxygen. Rivers had higher oxygen and pH
than closed lakes; streams and open lakes were
intermediary.

When only corrected for season, abiotic variables
explained 11.7% of ostracod community variation
(P = 0.001, F = 2.908). However, after correction for
season, substrate, hydrological system and habitat
type, the remaining amount of community variation
explained by abiotic variables equalled only 6.4%
(F = 2.088, P = 0.001). This is so, because environ-
mental variables showed a considerable degree of
collinearity with the other factors, especially season
and system. Nevertheless, conductivity, and to a lesser
extend dissolved oxygen and pH, still showed some
unique association with ostracod community variation.

Flood pulses in the upper Parana River system are
no longer natural and associated with wet-dry
seasons, but are a result of water release of upstream
dams. The irregular pattern of flooding (both in
timing and in intensity) is illustrated for the flooding
in Parana and Ivinheima, during the sampling period
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of samples taken in the same habitat type. For an explanation
of species codes, see Table 2

(2004), as well as for the same systems over the
period 2000-2007 (Fig. 8). We tested if seasonality
was more pronounced in open than in closed systems,
but there was no significant interaction between both
variables.

Discussion
Diversity

We found 54 ostracod species in 132 samples from 48
sites; the latter included open and closed lakes,
channels, rivers and one stream. Rarefaction analyses
showed that species richness approached plateau
values for all substrates, so sampling effort was
sufficient, certainly for substrates such as the root
systems of E. crassipes and for the litoral (Fig. 2).

(Bunbury & Gajewski, 2005), 30 species from 100
lakes in Tibet (Mischke et al., 2007) and 47 species
from 106 samples in Western Mongolia (including
lakes, springs, streams and pools) (Van der Meeren
et al., 2010). Yet, this is less than one could have
expected and this for several reasons.

First, because the present survey is in the
sub-tropics and one could expect higher species
richness than in more temporate, or even subarctic,
settings. Second, we have sampled a larger variety of
habitats than most of the studies cited above. Finally,
several ‘species’ in our present survey are in open
nomenclature. In this, we have followed a rather non-
conservative view in that most (stable) morphotypes
have been called ‘species’. Recently, it was shown
that in ostracod groups with mixed reproduction,
mostly in Cyprididae, classical species should be
regarded as species complexes, with sometimes
dozens of putative cryptic species. For example, in
Eucypris virens, a common European species, Bode
et al. (2009) identified almost 40 potential cryptic
species. Most of these could not be identified using
their morphology. It is thus not certain to which
extent some of the species cited here in open
nomenclature can be viewed as ‘classical’ species,
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Fig. 8 Plots of water level
fluctuations in the Upper
Parana River floodplain.

A Parana River, January
2000-January 2007.

B Parana River,
January—December 2004.
C Ivinheima River, January
2000-January 2007.

D Ivinheima River,
January—December 2004.
Note the March, July and
November samplings in
2004. Source: Brazilian
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or should be seen as cryptic species in species
complexes. Most of the Northern Hemisphere studies
cited above use conservative, classical species.

Other potential reasons for this relatively low
number of species are discussed below, and include
relatively narrow gradients in abiotic variables and
possible homogenizing effects of very large flood
events (see also Thomaz et al., 2007).

From the saturation curves, observed ostracods
richness appeared to be highest in the littoral.
Amongst the floating macrophytes, richness appeared
to follow root size and complexity, with E. crassipes
having the highest and E. azurea the lowest richness,
while P. stratiotes and Salvinia spp. being interme-
diate (see below).

General variation partitioning

Our global model explained about 42% of the total
community variation, indicating that our analyses
give important indications along which gradients
communities are structured. The categoric variables
used in our model (substrate, system, habitat type,
seasonality and abiotic variables), rather than being
direct drivers of community structure themselves,
seem to represent important latent causal variables.
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Although our analyses do not necessarily allow to
link community variation to the specific ecological
mechanisms that shape ostracod communities, and
should, therefore, mainly be considered as explor-
atory, they reveal an important fraction of the
structure in the ostracod communities and give
important indications on which the design of future
studies can be based. For example, it would seem that
abiotic variables are less important for ostracods than
in several other studies (see below), whereas effects
of different root systems on ostracod communities are
obvious, but remain ill understood.

The results of our analysis also proved robust. The
Taquarugu system, for example, appears highly
aberrant (it is well-separated from the three main
riverine systems, only contains closed lakes and thus
also contains a limited subset of investigated sub-
strates), but its exclusion from the general variation
partitioning analysis hardly changed the results.

Effects of substrates on ostracod communities
The littoral of (mostly closed) lakes has a specific

ostracod community, and at least some species, like
Physocypria schubarti, are significantly attracted to
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it. Root systems of the floating plants also offer
substrate to ostracod communities. Our analyses
show that the ostracod communities from littoral
substrates differ from the pleuston of almost all of the
floating macrophytes. This was confirmed for most
species for which there were significant differences in
abundance (as CPUE) between substrates (Table 5).

Different substrates housed different ostracod
communities in the aquatic habitats of the alluvial
valley of the upper Parana River. Our RDA analysis
indicated significant differences among each possible
pair of substrate type. Furthermore, the first axis of
the RDA analysis represented a main gradient from
littoral (no roots), over plant systems with very small
(E. azurea) to small (Salvinia spp.) rootsystems, to
plants with larger (P. stratiotes) and very large
(E. crassipes) root systems.

The effect of aquatic macrophyte habitat com-
plexity on invertebrate abundance and richness in
tropical lakes was demonstrated by Thomaz et al.
(2008), and their results indicate that habitat
complexity as exemplified by different architectures
of aquatic plants, significantly affects both number
of taxa and density. Ostracods were ill represented
in that study, but the present results seem to
indicate that size and complexity of rootsystems can
have major effects on ostracod communities in the
pleuston. Similar studies on other animal and plant
groups show the importance of the substrate type
and/or structural complexity on the distribution of
richness and abundance of invertebrates (Iversen
et al., 1985; Cyr & Downing, 1988; Botts &
Cowell, 1993; Taniguchi et al., 2003; Taniguchi &
Tokeshi, 2004; Declerck et al., 2007; Thomaz et al.,
2008).

Eichhornia crassipes has by far the largest root
system, which also captures floating sediment parti-
cles. This is less so for P. stratiotes, the macrophyte
with the second largest root system in the present
study. The E. crassipes root system thus resembles a
real sediment substrate, and a rich ostracod commu-
nity is attracted to this substrate type.

When comparing the communities associated with
both P. stratiotes and E. crassipes (Fig. 3), it appears
that almost all species significantly associated with
P. stratiotes are swimming Cyprididae, whereas the
majority of species associated with E. crassipes are
non-swimming, crawling Candonidae, Limnocytheri-
dae and Darwinulidae. This would intuitively make

sense, as the large root systems of the latter
macrophyte species could accommodate non-
swimming species, whereas the smaller root systems
of the other macrophytes, including P. stratiotes, can
only be colonized by swimming species. However,
subsequent KW tests at family and at species levels
do not corroborate this pattern. Further, experimental
research will be required to test if this pattern holds
true.

A study carried out in Gentil lagoon (Rio Grande
do Sul, Brazil), also demonstrated an elevated
abundance of darwinulids associated with aquatic
macrophytes (Albertoni & Wiirdig, 1996). According
to Wiirdig & Freitas (1988), darwinulid species adapt
to sandy and sandy—muddy sediment as substrates
rich in vegetal fragments and decomposing organic
matter, even with low oxygen content. The large root
systems of E. crassipes could be placed into this
category, as they are hard substrate, contain muddy
sediment and large amounts of organic matter, some
autochtonous (dead roots), some allochtonous.

Eichhornia crassipes has successfully invaded
many water bodies in South East Asia, North
America and Africa, to the extent that it has become
a serious threat to ecosystem health in such places
(Ogutu-Ohwayo et al., 1997; Coetzee et al., 2003; Jin
et al., 2003; Center et al., 2005). Nevertheless,
isolated attempts to recover meiobenthos from the
root systems of such alien invaders showed that
almost no local faunas have thus far invaded this
potential habitat (K.M., unpubl. data). Toxic sub-
stances produced by the plants have been cited as
reasons for the ‘empty pleuston’ in alien Eichhornia
(Jin et al., 2003), which means that South American
meiobenthos first had to develop tolerance against
such toxins to invade FEichhornia (and other) root
system. This requires substantial physiological adap-
tations, which must have occurred independently in
various animal groups, certainly in at least five
different ostracod families.

There is an apparent absence of truly benthic
ostracod communities in the sampled lakes, channels
and rivers. In the lakes, this is most likely related to
the anoxic nature of most of the deeper (>4 m)
benthic habitats, especially during high lake levels
after mega-flood pulses (see below). In rivers, the
sediment is highly unstable (although apparently well
oxygenated), because of the changing currents with
flood pulse over the year (Thomaz et al., 2004a, b, c).
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Freshwater ostracods are ill-adapted to such unstable
sediments, hence the absence of benthic ostracod
communities. Ostracods in the true river habitats can
be found amongst macrophytes and in the littoral.

Effects of other variables

Most of the explanatory variable categories consid-
ered in our study show some degree of co-linearity.
The system Taquarugu has only one habitat type,
closed lakes, which have less substrates (more littoral
and less E. crassipes). Also some abiotic variables
determine the environment of river systems (e.g.
higher pH in Parana, higher DO in Taquarugu), etc.
Yet, our variation partitioning analysis shows that
each of these variable categories has some inde-
pendent, unique contribution to the total ostracod
community variation.

Surprisingly, closed lakes have the lowest diver-
sity (Higuti et al., 2009b) and have few characteristic
species. Generally, there are more lacustrine (lentic)
than lotic ostracod species (Meisch, 2000), but in the
upper Parana alluvial valley, rivers, channels and
open lakes have a higher diversity and especially
channels and open lakes hold more species than
closed lakes (Higuti et al., 2009b) (Table S1). Open
lakes and channels could be seen as the ‘best of both
worlds’, an ecotone between lentic and lotic habitats,
with better nutrient supply and higher probabilities
for colonization than isolated, lentic habitats, and
with less flow-induced stress than in lotic habitats.

The lack of species characteristic to rivers is
surprising (Fig. 8), given the fact that this is the
habitat type with the highest diversity and richness
(Higuti et al., 2009b). Maybe riverine faunas are a
random collection of species washed out of other
habitat types, and no truly rheophylic species exist in
the Parand alluvial valley ostracod communities.
Rivers can be seen as the main avenue of ostracod
dispersal rather than dispersal of drought resistant
stages through wind, or biotic vectors (McKenzie,
1971; Sandberg & Plusquellec, 1974; De Deckker,
1977; Horne & Martens, 1998; Lopez et al., 2002).
The effects of river-mediated dispersal might explain
at least part of the variation not accounted for by the
factors analysed here (~60%, see above).

The hydrological systems Baia and Parani are
most different from each other. One of the most
characteristic aspects of the Baia River is its low
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water velocity (0.1-0.5 m s~ ! at its mouth, compared
to the Parand River channel with 0.9-1 m s_l,
Thomaz et al., 2004a). Therefore, although the
system of Baia is fundamentally lotic, it approaches
semi-lentic stage, with vast stands of macrophytes,
even in the main river channel. This could be the
reason why more species seem associated to this
system than to any of the other three fluvial systems
(Fig. 5), despite its relatively low pH.

Physical and chemical properties of water are
generally thought to be major driving factors in
ostracod distribution, as ostracods need to calcify their
valves after each moult (nine times in total in
podocopids) and this imposes important physiological
stress if water chemistry is not adequate (e.g. low
HCOgj; levels, low pH, etc.). In the present study, we
measured only few variables and these had limited
ranges of measurements, yet water chemistry was still
the second most important factor associated with
ostracod community structure. Other studies have also
found that water chemistry strongly correlate with
ostracod diversity and species distributions (Mezquita
et al., 2001). Viehberg (2006) identified temperature
as a main driver of species assemblages in Northern
German lakes. Mischke et al. (2007) investigated a
broad range of Central Asian lakes, with a wide range
of salinities, and could single out electrical conduc-
tivity as a local factor determining ostracod com-
munities. Mourguiart & Carbonel (1994) identified
lake depth, and Kiss (2007) identified macrophyte
habitat structure as determinants of ostracods species
distributions.

Since only a limited number of variables were
measured in the present study, other, unmeasured
factors could have even more pronounced effects in
this category (for example nutrients by Van der
Meeren et al., 2010). Higuti et al. (2009c), however,
showed that hydrodynamic fluctuations of systems
and habitats are more important to darwinulid
distribution than abiotic variables of the water bodies.

Seasonality of flood pulses

Large river floodplains consist of a variety of
habitats, including lenthic and lotic ones and open
and closed ones. The open systems, more in particular
the open lakes, should receive a higher impact of
flood pulses, as they are connected to main channels
or even directly to rivers themselves. Such flood
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pulses were normally associated with alternating wet
and dry periods during the year. Therefore, our
sampling was designed to incorporate this seasonality
with major sampling being effected in March (dry
season) and November (rainy season). It was thus
postulated that open lakes would reflect flood-related
seasonality more than closed lakes. Although we
detected some systematic differences between the
ostracods communities of March and November,
temporal variation was overall rather low and the
degree of temporal variation did not vary amongst
open and closed lakes. Three possible underlying
reasons for this lack of interaction between habitat
connectivity and seasonality could be put forward.

First, flooding has not been following natural
cycles for the last decade or so, and depended on
water release from upstream dams in the upper
Parana River. Our two major sampling campaigns
were carried out during relatively low lake stands and
major floods only occurred after the November
sampling campaign. Thus, no difference in lake
stands/flood intensity occurred during our two major
sampling periods.

Second, apart from regular and moderate flood
pulses of 1-2 m water level changes, also major
flood pulses (>4 m) occur, roughly once a year
(Fig. 8). Such flood pulses not only connect open
lakes, but occasionally also flood closed lakes
(except in Taquarucu, where no connection to
channels or rivers occurs anymore). Such mega-
floods may increase habitat similarity (Thomaz
et al.,, 2007) and nullify the effects of seasonality.
However, as such events occur roughly annually, it
is surprising that differences amongst communities
persist at all.

Finally, most of the ostracod communities
occurred in pleuston of floating macrophyte root
systems. Such floating plants simply follow water
level increases and decreases. It has been postulated
(Higuti et al., 2007) that the origin of pleuston
communities might (at least in part) be an adaptation
to neutralize the detrimental effects of flooding on
benthic communities. Mega-floods may render
benthos anoxic virtually overnight, but pleuston
simply follows water level changes and thus escapes
the detrimental side-effects. The uncoupling of
‘habitat type’ and ‘seasonality’ effects on ostracod
communities might thus be a consequence of this
particular habitat type investigated here. The present

results would then offer support to the ‘pleuston
refugia’ hypothesis of Higuti et al. (2007).

Conclusions

Based on the present knowledge, the design of future
studies should focus on (experimental) testing of the
relevance of specific drivers of community structure.
The present study clearly showed that substrate type
has an effect on ostracod communities in the pleuston
of floating macrophytes. It now remains to be
determined which aspects of these root systems cause
the difference: size, complexity or chemical sub-
stances. In addition, it is also unclear which other
variables cause the ~60% as yet unexplained
variation in ostracod community structure, observed
in the present study. These could be abiotic factors,
such as unmeasured variables of water chemistry, but
could also be linked to biotic factors such as
predation, competition and parasites.
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