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9.1 General introduction

Despite the key ecological role of zooplankton in lentic freshwater ecosystems,
current knowledge on their systematics, species richness, and distribution is lim-
ited, especially in (sub)tropical biogeographical regions (further mostly indicated
as “the tropics” here). Because of their important function in a wide range of
both temporary and permanent aquatic ecosystems, ample ecological information
is available on selected groups (see Wasserman and Dalu, 2022, Chapter 1).
Furthermore, some species (e.g., Daphnia magna) became important models in
ecological and evolutionary research. Increasing ecological knowledge, however,
contrasts with the lack of taxonomic and biogeographical studies, due to which
current insights on species richness and distribution are incomplete. This largely
obstructs accurate large scale (biogeographical) comparisons. Every exploration
in poorly studied regions almost always reveals new zooplankton taxa. This is
particularly true for the tropics where taxonomy is a scarce skill, especially of
microscopic organisms like zooplankton that often require rather expensive opti-
cal and molecular techniques for species identification.

Besides the typical zooplankton groups like the rotifers and the cladoceran
and copepods crustaceans, we also include ostracods in this chapter. Although
adult ostracods are mainly benthic, they are also caught in plankton samples,
together with their early developmental stages. As ostracod communities play
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an important role in wetland systems and can be very species rich, they deserve
a prominent position in a book on tropical wetlands. Sometimes large branchio-
pod crustaceans are also considered as zooplankton. However, as the
Notostraca and Diplostraca orders are mainly benthic, while the Anostraca are
rather good swimmers, they are treated in a separate chapter in this book
(Brendonck et al., 2022a, Chapter 10).

With this chapter we aim to review and integrate current knowledge on spe-
cies richness and distribution patterns of tropical zooplankton. This will be com-
plemented with general information on ecology and life history strategies of each
group. Where possible, we compare patterns of species richness and distribution
between permanent and temporary wetlands. In line with the focus of this book,
we here focus on the Afrotropical, Australasian, Neotropical, and Oriental bio-
geographical regions. Due to size constraints, this review is necessarily limited
and incomplete. However, to the best of our knowledge, this is the first large
scale integrative effort combining information from all zooplankton groups.

9.2 Cladocerans
9.2.1 Introduction

Cladocerans, also known as water fleas, belong to the Class Branchiopoda,
Subphylum Crustacea. The majority are small-sized (0.2—7 mm; some
exceptionally larger), primarily freshwater-dwelling organisms, characterized
by biramous antennae, four to six limb pairs, and a bivalved carapace not
covering the head (Fig. 9.1). These animals thrive in pelagic, littoral, and
benthic biotopes, where they occupy key trophic roles as secondary produ-
cers, predominantly in lentic waters (Dumont and Negrea, 2002). Members
of the Anomopoda, the most speciose cladoceran order, in particular chydor-
ids, daphniids, and moinids often dominate the microcrustacean communities
in a wide range of (sub)tropical wetland types. Representatives of the latter
families are also particularly well-adapted to temporary waters in the (sub)
tropics where they may survive prolonged periods of drought through the
production of dormant embryos encased in ephippia.

9.2.2 Systematics and general species richness

Cladocerans are grouped into four extant orders, which are systematically
well-defined and widely accepted (Fryer, 1987; Kotov, 2013); while several
orders are now extinct (Van Damme and Kotov, 2016). The two suspension-
and deposit-feeding orders, Anomopoda and Ctenopoda, are the most speciose
in tropical wetlands (Chiambeng and Dumont, 2005), while the other (mainly
pelagic predatory) orders are virtually absent from these environments.
General cladoceran species richness remains insufficiently known because
estimates strongly depend on regional taxonomical efforts. There is especially a
general shortage of field data as well as experimental work regarding
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FIGURE 9.1 Selected cladocera from tropical and subtropical wetlands. (A) Daphnia paggii
(Daphniidae), a high altitude endemic from a sub- to hyposaline temporary lagoon in the
Chilean Andes (Kotov et al., 2010). (B) Moinodaphnia maclaeyi (Moinidae), a common pantrop-
ical species (after Kotov et al., 2012). (C) Macrothrix spinosa (Macrothricidae) from the
Pantanal floodplains in Brazil (Hollwedel et al., 2003). (D) Anthalona acuta (Chydoridae), a
Neotropical endemic from temporary interdunal pools in the Lencois Maranhenses, Brazil;
Chydoridae are the most speciose group in most (sub)tropical wetlands (Van Damme et al.,
2011). (E) Ilyocryptus africanus (Ilyocryptidae) from temporary rockpools, endemic to Cape
Point, Republic of South Africa; one of only two species of the family ever found in temporary
rockpools (Kotov and Stifter, 2005). Drawings by AA. Kotov (A—C, E) and K. Van Damme (D),
reproduced with permission from the copyright holder; not to scale (for scale bars, see original
publications).

cladocerans in the tropics (Sarma et al., 2005). This is particularly true for the
many taxa residing in shallow macrophyte- and/or detritus-rich lentic habitats
that are beyond the scope of most studies that generally focus on the pelagic of
deep lakes. Study of zooplankton from such small water bodies requires in-
depth systematic knowledge and separate sampling efforts and techniques.

Forrd et al. (2008) estimated a global richness of ¢.620 valid cladoceran
species, yet suggested that the realistic number is likely much higher. Since
then, a substantial number of new cladoceran genera and species have been
described and/or revised (Kotov, 2013; Kotov et al., 2013); the majority
from tropical regions.
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Up to 50% of cladoceran species are thought to occur exclusively in the
(sub)tropics, predominantly in lentic wetlands (Dumont, 1994) with a general
and strong increase in diversity around the equator (Forrd et al. 2008). From
aquatic habitats in tropical rainforests (from flooded forest patches to tempo-
rary puddles in tree holes), currently at least 196 cladoceran species are known
worldwide (Chiambeng and Dumont, 2005), which is nearly a third of the esti-
mated global diversity. Based on Forrd et al. (2008), each of the (sub)tropical
regions hosts about half (or a little more) of all cladoceran genera and between
a sixth to a quarter of the global species richness, with the Australasian and
Neotropical regions having a relatively higher richness and number of ende-
mics (Table 9.1). However, regional diversity estimates are not entirely com-
parable because they are biased by research intensity. For example, the
relatively low diversity in the Afrotropics (Table 9.1) may be partly a natural
phenomenon due to historical extinctions (Chiambeng and Dumont, 2005), but
lack of taxonomists and limited intensive surveys in the region also play a sig-
nificant role (Van Damme et al., 2013a; Bird et al., 2019). Similar impedi-
ments have been noted for the Oriental region (Korovchinsky, 2013), where
nevertheless rainforest areas stand out with the highest richness in the world,
matching the Neotropics (Chiambeng and Dumont, 2005).

9.2.3 Comparison between wetland types and tropical
biogeographical regions

In Table 9.1, numbers of cladoceran genera and species for the considered bio-
geographical regions are presented, while Table 9.2 summarizes species richness
from selected areas and wetland types. Studies on cladoceran zooplankton have
been carried out in all tropical regions and in permanent as well as temporary
wetland types. An in-depth comparison of species richness in different types of
tropical wetlands is limited. This is due to differences in the level of taxonomical
research (regional as well as related to the type of habitat), level of habitat
description, and sampling approach. Often, wetland types and habitat characteris-
tics are not defined in sufficient detail in cladoceran studies. Studies that cover a
wide range of temporary and permanent tropical wetland habitats usually yield a
high richness; often with more than half of the known total cladoceran diversity
in a region. For example, there are at least 120 cladoceran species known from
the Pantanal, counted from 50 permanent and temporary wetland habitats
(Brazil; da Silva Brito et al., 2020), which covers 65% of the Neotropical species
(known in 2008; Table 9.1). In tropical Africa and India, cladoceran populations
have been studied in river pools (Nhiwatiwa et al., 2009), rock pools (Padhye
and Victor, 2015), temporary and floodplain pans (Simdes et al., 2011; Riato
et al., 2014; Nhiwatiwa et al., 2017), and floodplain wetlands (Lindholm et al.,
2009; Gogoi et al., 2018; Dube et al., 2017). However, although highly informa-
tive, few studies pay attention to a specific wetland type and include a proper
(taxonomically accurate) species list (Table 9.2).
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In the Oriental region, up to 85% of the total known cladoceran fauna
from Thailand (of which over 60% chydorids) and nearly 70% of the species
richness in the region was specifically retrieved from shallow permanent
swamps in Southern Thailand (Table 9.1) (Van Damme et al., 2013b). In
addition, the focus on swamp habitats led to the discovery of several new
species (Leydigiopsis pulchra, Karualona serrulata, Notoalona pseudoma-
cronyx) and the identification of very specific tropical paludal communities
with similar species in other continents (Van Damme et al., 2013b; Van
Damme and Sinev, 2013). Similar studies were done in each region and for
different wetland types, in particular in the increasingly studied Neotropics
(Table 9.2). These studies underline that close examination of cladocerans in
tropical wetlands is highly valuable, as these habitats continue to harbor a
hidden diversity. In the Afrotropics, Lindholm et al. (2009) compared species
richness in permanent and temporary habitats in the Okavango Delta, record-
ing a relatively high richness in permanent floodplains (42 spp.), followed by
swamps (19 spp.) and lowest values in temporary ponds (7 spp.). The gener-
ally lower recorded diversity in tropical temporary ponds and pools in com-
parison to permanent swamps and floodplains could to some extent depend
on the characteristics of the habitat but also on the type and duration of sam-
pling. In the Neotropics, Diniz et al. (2013) monitored a shallow temporary
pond in Brazil over several months and counted up to 22 cladoceran species.
In contrast, individual tropical temporary pools sampled over shorter periods
usually yield lower species numbers (Table 9.2). In a study across 94 tempo-
rary rock pools in SW Australia Jocqué et al. (2007) collected 13 species,
while only one species was collected from 18 temporary rock pools in SE
Botswana (Jocqué et al., 2006). When properly sampled, (sub)tropical shal-
low temporary pools usually house between 0 and 17 species with on aver-
age about 6 species, of which the majority are expected to be chydorids ().

Cladoceran communities in lentic (sub)tropical freshwater environments are
very similar across the regions at family level, both in temporary and in perma-
nent waters. In each region and in a wide range of (sub)tropical wetlands, com-
munities are dominated by small-bodied and phytophilous/epibenthic
Chydoridae (Table 9.2), followed by Daphniidae, Macrothricidae, Sididae, and
Bosminidae. At genus-level, Alona (sensu lato; separated into different genera),
Chydorus, Macrothrix, and Diaphanosoma often constitute the most diverse
taxa (e.g., rainforests of the world; Chiambeng and Dumont, 2005). The
Chydoridae alone easily constitute 60%—70% of the overall richness in both
ephemeral (e.g., rockpools in Australia; Bayly, 1997) and permanent (e.g.,
swamps in Thailand; Van Damme et al., 2013b) tropical waters, a trend which
is similar across regions. Moinidae may be locally abundant in temporary and
permanent waters, but they are generally represented by only one or two spe-
cies per locality. Tropical cladoceran communities are usually characterized by
a paucity of Daphnia species in the lowlands, partially replaced by other filter
feeding daphniids (Ceriodaphnia, Simocephalus, Scapholeberis), sidids
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(Latonopsis, Pseudosida, Diaphanosoma), moinids (Moina, Moinodaphnia),
and to some extent by bosminids (Bosmina). The lower diversity of Daphnia is
potentially due to the higher predation pressure in the tropics compared to tem-
perate zones (Dumont, 1994), or may result from extinctions (Popova and
Kotov, 2013). In contrast, Daphnia is sometimes well represented and even
abundant in high altitude temporary and permanent tropical wetlands (Van
Damme and Eggermont, 2011; Kotov et al., 2010). Suspension-feeding clado-
cerans thrive in relatively more open biotopes in comparison to chydorids,
although shallow (few centimeters) temporary environments can sometimes
harbor large populations.

Despite the relatively lower diversity in ephemeral compared to perma-
nent wetlands, they often include peculiar taxa, such as the shallow ephem-
eral rockpool “specialists,” represented by the genus Dumontiellus or
Ilyocryptus africanus (Fig. 9.1), endemic to Southern Africa (Kotov and
gtifter, 2005; Van Damme et al., 2013a); Coronatella anemae dominating
short-lived pools in arid zones in Northern Africa and Arabia (Van Damme
and Dumont, 2008); or Daphnia jollyi inhabiting rockpools in Western
Australia (Bayly, 1997). Also medium- to high-altitude tropical temporary
and permanent waters may harbor peculiar often local endemic species, such
as the Sphagnum-specialist Alona sphagnophila from permanent swamps in
the Rwenzori Mountains of Uganda (Van Damme and Eggermont, 2011), the
eye-less endemic genus Spinalona anophtalma found in a temporary lagoon
in Mexico (Ciros-Pérez and Elias-Gutiérrez, 1997), or Alona boliviana in
temporary pools in the Bolivian Cordillera (Coronel et al., 2007; Sinev and
Coronel, 2006). In addition, a surprising number of endemic species such as
Daphnia paggii (Fig. 9.1) and even an endemic genus (Geoffreya), were
found in temporary as well as permanent endorheic saline water bodies high
in the Chilean Andes (Kotov et al., 2010). With some exceptions, lotic habi-
tats are generally unfavored by cladocerans (Dumont and Negrea, 2002). In
tropical floodplains, populations of riverine species may sporadically occur,
such as Nicsmirnovius (hyporheic) and Bosminopsis (rheic), although these
species are not typical for lentic environments.

9.2.4 Ecology

Cladocerans in general perform a crucial role in wetland ecosystems by link-
ing primary producers (algae, bacteria) to higher levels of the food web
(fish, amphibians, aquatic insects). Functional trait analysis has furthermore
revealed that (sub)tropical taxa display some traits that allow survival under
conditions with variable food availability as well as predation pressure
(Oriental region; Rizo et al., 2017). As one of the most abundant herbivorous
zooplankton groups in tropical waters, small-bodied cladocerans may influ-
ence the lower trophic levels (microbial loop, phytoplankton), thereby affect-
ing size structure (Pagano, 2008), biomass, and community composition of
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phytoplankton, as also confirmed in mesocosm experiments (Silveira et al.,
2010). Through their keystone role in tropical aquatic food webs, cladocerans
directly or indirectly support ecosystem services such as provisioning (e.g.,
freshwater fish for human consumption), and regulating services (e.g., clear-
ing water through top-down control of algae and bacteria).

In tropical temporary and therefore usually fishless systems, hydroperiod,
macrophytes, and depth play important roles in structuring cladoceran com-
munities (Eitam et al., 2004; Sousa et al., 2013; Eskinazi-Sant’ Anna et al.,
2020), while in permanent wetlands macrophytes, pH, conductivity, and
depth were found to variably determine cladoceran communities (Rossa
et al.,, 2001; Lima et al., 2003; Lansac-Toha et al., 2009; Van Damme and
Eggermont, 2011; Choedchim et al., 2017). In contrast to the biotic environ-
ment, the relative importance of abiotic variables to explain cladoceran com-
munity composition is poorly studied for tropical temporary shallow
wetlands. Some of these variables govern cladoceran communities in a simi-
lar way in both temporary and permanent waters. The presence of macro-
phytes, for example, often results in temporary pond communities that are
similar to littoral communities of nearby permanent lakes (e.g., Brazil; Sousa
et al., 2013). The presence of macrophytes becomes especially important in
shallow wetlands lacking top predators (Scheffer et al., 2006; Thomaz and
Cunha, 2010). Overall, the presence of macrophytes and a well-developed
detritus layer create ecological niches (van der Valk, 2006) and support typi-
cal deposit-feeding phytophagous cladoceran groups in both ephemeral and
permanent tropical wetlands (mainly chydorids and macrothricids).

9.2.5 Life history

Cladocerans generally alternate asexual with sexual reproduction, producing
predominantly populations of female clones, only forming males and sexual
females under cues related to stress (Dumont and Negrea, 2002). All cladoc-
eran taxa living in (sub)tropical wetlands (Anomopoda and Ctenopoda) have
the ability to sexually produce dormant embryos. Anomopoda hereby gener-
ate a thick-walled chitinous envelope called the ephippium, which encloses
and protects the dormant embryo(s) and which may act as a propagule for
dispersal. Deposited in situ, ephippia may contribute to dormant drought-
resistant cladoceran “egg banks” in temporary as well as in permanent waters
(Brendonck and De Meester, 2003; Santangelo et al., 2015). The production
of sexual stages in anomopods can be initiated by food limitation and crowd-
ing (Azuraidi et al., 2013). These cues also prevail during the drying phase
of (sub)tropical temporary pools and therefore initiate sexual reproduction of
propagules that provide a temporal escape from adverse conditions (Stenert
et al., 2017). For permanent (sub)tropical wetland systems, the abiotic trig-
gers initiating ephippium production and hatching from the egg bank are
well understood and are thought to be initiated by similar cues in tropical as
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well as in temperate regions (mainly photoperiod and temperature). Studies
on hatching strategies in tropical populations are, however, inhibiting
generalizations.

Some tropical daphniids that are very common in both temporary and
permanent waters were shown to be highly productive at high temperatures
and with abundant food. Tropical populations of Scapholeberis and
Simocephalus, for example, produced no less than 240—250 parthenogenetic
eggs during their lifetime (of 20—40 days, respectively) at 28°C—30°C
(Murugan and Sivaramakrishnan, 1976). At such elevated temperatures and
abundant food conditions, life history traits of tropical cladocerans differ
from temperate taxa, with usually a longer and more productive lifespan
(Sarma et al., 2005; Han et al., 2011).

9.2.6 Feeding biology

Feeding biology of cladocerans in the tropics has been insufficiently studied
(Pagano, 2008). Cladocerans are primarily suspension or deposit feeders. A
few taxa are specialized predators, but these are virtually absent from tropi-
cal wetlands. Suspension-feeding representatives of the Anomopoda and
Ctenopoda feed primarily on algae, while members of the most specious
tropical family Chydoridae mainly process periphyton and detritus (Dumont
and Negrea, 2002).

9.2.7 Threats and conservation

No studies related to cladoceran-specific conservation efforts in the tropics
have been carried out, despite the vulnerability of tropical wetlands. In par-
ticular, land use change and pollution caused by development form direct
pressures on the often peculiar cladoceran biodiversity in ephemeral as well
as in permanent habitats. Cladoceran communities are sensitive to eutrophi-
cation, chemical pollution, and pH and may therefore have potential as bioin-
dicators for assessing trophic state and human impact (e.g., Neotropical
lowlands; Pérez et al., 2013). However, more ecological work is needed to
confirm the bioindicator value of cladoceran species from tropical wetlands.
Many currently threatened but unstudied habitats potentially still house
new and peculiar cladoceran taxa. This concern is especially illustrated by
dystrophic habitats and temporary lagoons in SE Asia, where local sites with
high cladoceran diversity have disappeared in recent years (Van Damme
et al., 2013b; Van Damme and Maiphae, 2013). Habitat-specific taxa in the
Oriental region, such as the endemic genus Salinalona, only known from
temporary brackish lagoons, or the rare paludal endemics such as L. pulchra,
are therefore under direct threat. Several rare species in the tropics occur
nearly exclusively in protected areas, such as the peculiar chydorids
Ephemeroporus quasimodo and Celsinotum candango inhabiting pristine
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shallow waters in the Brazilian Cerrado (Elmoor-Loureiro, 2014). Among
the few cladocerans on the IUCN Red List, the West Australian endemic D.
Jjollyi has been assessed as vulnerable (Benzie, 1996), herewith emphasizing
the conservation value of ephemeral rock pool environments where this spe-
cies occurs.

Limited experimental studies on some widespread thermophilous species
complexes revealed that some may be tropical alternatives to Daphnia for
applications in aquaculture and/or ecotoxicology, such as Diaphanosoma sp.,
Moina micrura, and the Ceriodaphnia cornuta-complex (Pagano, 2008;
Martinez-Jeronimo and Ventura-Lopez, 2011; Sipauba-Tavares et al., 2014).

Although cladocerans are not usually considered as a charismatic group
for conservation, they do serve as a primary food item for invertebrate and
vertebrate predators that are generally more appealing for conservation
efforts such as dragonflies, amphibians, and fish (Eitam et al., 2004).
Conservation measures for cladocerans in (sub)tropical wetland types should
therefore be integrated with the conservation of other groups of concern
(Eitam et al., 2004; Jocqué et al., 2007).

9.3 Ostracods
9.3.1 Introduction

Ostracods, also known as mussel (Martens et al., 2008) or seed shrimp
(Brendonck et al., 2016), are a class of microscopic bivalved crustaceans
part of the subphylum Crustacea (Smith and Delorme, 2010). Ostracods are
found mostly in aquatic (marine and nonmarine) environments although
some (semi) terrestrial representatives also exist (Martens et al., 2008; Smith
and Delorme, 2010). This section will focus on free-living ostracods present
in nonmarine inland tropical and subtropical (both permanent and temporary)
wetland ecosystems.

9.3.2 Systematics and general species richness

Class Ostracoda is subdivided into the two subclasses Myodocopa and
Podocopa (Martens and Horne, 2009). Myodocopa consists of exclusively
marine representatives (Martens and Horne, 2009) and will not be dealt with
further here. Podocopa originated between 450 and 360 million years ago
and consists of three superfamilies (Cytheroidea, Darwinuloidea, and
Cypridoidea) (Martens et al., 2008) with both marine and nonmarine repre-
sentatives. Of these, only Darwinuloidea are fully nonmarine and consist of
1 extant family (Darwinulidae) and 35 extant species. Cypridoidea and
Cytheroidea include both marine and nonmarine representatives with the for-
mer being the most species rich (4 families and 1760 species) while the latter
has the highest family diversity (11 families and 531 species) (Martens et al.,
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2008; Meisch et al., 2019). Cyprididae and Candonidae are the two largest
known families of Ostracoda with a total of 1681 described species of which
Candonidae represent 40.2% (Martens et al., 2008; Meisch et al., 2019).

The first nonmarine ostracods were named and described in 1776
(Miiller, 1776) and since then approximately 2330 subjective species of
extant nonmarine Ostracoda have been described worldwide (Meisch et al.,
2019). The most recent checklist by Meisch et al. (2019) reported that of the
eight biogeographical regions (Antarctic, Afrotropical, Australasian,
Nearctic, Neotropical, Oriental, Palearctic, and Pacific Oceanic Island), the
highest species richness is in the Palearctic region (799 species) and the low-
est in the Antarctic (3 species). With the exception of Notodromadidae, most
ostracod families are found in all biogeographical regions and are thus con-
sidered cosmopolitan. In contrast, at species level approximately 90% of all
known nonmarine Ostracoda are endemic, with only 10% having interconti-
nental distributions (Martens et al., 2008). Approximately 20%—25% of the
world’s nonmarine ostracods are found in the ancient lakes of which Lake
Baikal (Russia) and Tanganyika (East Africa) have the richest diversity and
highest endemicity of species (Martens, 1994; Martens et al., 2008).

9.3.3 Distribution in tropical biogeographical regions

If the 17 extant families of nonmarine ostracods, Cyprididae is by far the
most common family found in the tropical regions (i.e., Afrotropical,
Australasia, Neotropic, and Oriental) (Meisch et al., 2019). Entocytheridae
consists solely of parasitic and commensal species (Martens and
Savatenalinton, 2011) and will not be dealt with further here. The number of
known species in the tropics is considered grossly underestimated as far less
research has been published in these regions compared to areas such as the
Palearctic (Cohuo et al., 2017; Martens et al., 2008). While endemicity is
high at species level, the Neotropic and Oriental regions have the lowest
number of endemic genera (Martens et al., 2008). Seasonal and intermittent
wetlands or pools that are abundant habitats in many of the tropical regions,
often have a rich biodiversity of aquatic biota but remain neglected in
research and are thus potential hotspots for ostracod diversity (see Halse and
McRae, 2004; Martens et al., 2012; Halse and Martens, 2019) (Table 9.3).
The Afrotropics have the greatest species diversity of nonmarine tropical
ostracods with approximately 450 described species of which 382 are
endemic to the continent (Martens et al., 2008; Meisch et al., 2019). This
may, however, be an underestimation as approximately 50% of the species
known to occur in the Afrotropical region were described before 1940, and
the taxonomic status has not truly been reviewed since (Martens 1984;
Baltanas and Danielopol, 2013). Genetic endemicity of ostracods is particu-
larly high in East African ancient lakes with Southwest African temporary
pools following close behind (Martens, 1998). The best known ostracod
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fauna from wetlands in the African region are from the Western Cape prov-
ince in South Africa. This is largely due to the work by Sars (1924) who
described 40 new species and 10 new genera along with the redescription of
30 species (Martens 2001). In southern Africa, the highest level of endemism
is found in temporary wetland habitats, most likely due to the lack of many
cosmopolitan species and large predators (Bird et al., 2019; Martens, 1994;
Martens et al., 2008).

At present, 328 nonmarine ostracod species have been recorded in
Australasia (encompassing Australia, New Zealand, New Guinea, and
Melanesian islands) of which 293 are endemic (Meisch et al., 2019). The
number of described species for this region has increased significantly with
the addition of 180 species in the last half-century. This may still be an
underestimation as most of these species were found in the Pilbara region,
representing 6.5% of Australia (Karanovic, 2007; Martens and
Savatenalinton, 2011; Baltanas and Danielopol, 2013), while much less
research has occurred in the rest of Australasia. The athalassic saline aquatic
habitats of Australia, including many lakes and wetlands, possess a remark-
ably high diversity of nonmarine Ostracoda as approximately 37 species
have been described in these ecosystems (De Deckker, 1983), several of
which are able to tolerate constantly changing salinity and thus well adapted
to life in both fresh and saline ecosystems (Campbell, 1995; Martens et al.,
2008). Australia is also one of the few locations outside of Africa where
“giant” ostracods (>3 mm) occur, with two of the four genera
(Australocypris sp. and Mytilocypris sp.) represented exclusively in wetlands
with increased salt concentrations (De Deckker, 1983; Halse and McRae,
2004).

The Neotropics (including the Caribbean, Central, and South America)
have approximately 333 recorded species of nonmarine Ostracoda of which
250 are considered endemic (Meisch et al., 2019). The lower species diver-
sity in the Neotropics is primarily a result of fewer speciation-prone ecosys-
tems such as the ancient lakes in Africa (Martens and Behen, 1994). Martens
and Behen (1994) reported 260 ostracod species in South America alone of
which 96 were from Brazil (Martens, 1998; Higuti et al., 2010) although this
has increased to 108 species in recent years (Higuti et al., 2009; Higuti et al.,
2010). Approximately 42% of the described species in this region are found
in the Neotropic-Caribbean, a geographic region with high habitat heteroge-
neity including lakes, lagoons, sinkholes, temporary ponds, and wetlands
(Cohuo et al., 2017). Further investigation in the region may yield an even
greater diversity of ostracods as research is still fairly limited (Karanovic
and Datry, 2009).

With approximately 271 species, the Oriental region (including India,
Southeast Asia, and southern China) has the lowest number of described non-
marine Ostracoda species of the tropics (Meisch et al., 2019). Of these, 175
species are endemic, with Notodromadidae as the most diverse (nonmarine)
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family in this region (Martens et al., 2008). The majority of species
described for this region arises from research in the 1960s to 1980s, predom-
inantly from India and Southeast Asia. Hence most areas are still severely
underrepresented (Karuthapandi et al., 2014; Savatenalinton and Suttajit,
2016). In the past decade, intensive sampling of various ecosystems in
Thailand (including pools, lakes, swamps, reservoirs, springs, canals, rivers,
rice-fields, and waterfalls) added a number of new species and genera to the
list of nonmarine Ostracoda from the Oriental region (see Savatenalinton
et al., 2008; Savatenalinton et al., 2008, 2009a, 2009b, 2010, 2013;
Savatenalinton, 2014, 2015). Of the five genera considered endemic to the
Orient, namely Batucypretta, Indiacypris, Indocandona, Astenocypris, and
Pseudocypretta, the latter two were part of the abovementioned research
effort. This is indicative of the need of comprehensive research in this under-
studied region as many species may still be undiscovered (Savatenalinton
and Suttajit, 2016).

9.3.4 Ecology

Whether saline or fresh, ostracods are found in most aquatic habitats ranging
from small temporary or permanent pools to larger lakes, streams, and
oceans as some species are able to tolerate salinities of up to three times that
of seawater (Martens et al., 2008; Smith and Delorme, 2010; Martens, 2001).
The ecology of ostracods is affected by a complex interaction of many envi-
ronmental variables including but not limited to water chemistry, thermal
regime, hydrogeology, soil structure, and food availability (Forester, 1991;
Smith and Delorme, 2010; Mesquita-Joanes et al., 2012; Williams, 2016).

Most ostracods are free-living, benthic organisms and can be divided into
swimming and nonswimming (or true benthic) forms. Swimming capacity is
mainly determined by the presence of long, often plumose, setae on the
antennulae and antennae (Martens and Horne, 2009; Smith and Delorme,
2010). Swimming forms occur most often between aquatic plants, using the
macrophytes as shelter from predators, although some species will swim into
the pelagic as well. In contrast, nonswimmers have strong, stout appendages
and a more strongly developed carapace for protection from predation, and
will crawl and/or burrow into the upper 2 cm of sediments (Martens and
Horne, 2009; Smith and Delorme, 2010; Mesquita-Joanes et al., 2012; Li
et al., 2010).

Although not considered a “keystone” group, ostracods nonetheless com-
prise an essential part of the animal biomass and productivity in most fresh-
water ecosystems (both permanent and temporary) (Mesquita-Joanes et al.,
2012). Ostracods are preyed upon by numerous aquatic insects and inverte-
brates including larvae of Chironomidae, Tanypodinae, and Odonata as well
as snails, water mites, other microcrustaceans such as copepods (Smith and
Delorme, 2010; Vandekerkhove et al., 2012; Mesquita-Joanes et al., 2012)
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and vertebrates including amphibians, waterfowl, and fish (Lopez et al.,
2002; Blanco et al., 2004; Smith and Delorme, 2010).

In most aquatic habitats, adult ostracods have a body size typically rang-
ing from 0.3 to 2.0 mm. However, most will not grow larger than 1 mm in
the presence of visual predators such as fish, dragonfly larvae, and predatory
diving beetles (Martens and Horne, 2009). This relatively small size is an
adaptation to avoid predation in larger, permanent habitats while also reduc-
ing resource demands and the probability of extinction in smaller, temporary
systems (Valentine, 2009; Mesquita-Joanes et al., 2012). In “predator-free”
(fishless) habitats, for example temporary ecosystems, gigantism has been
recorded in Cyprididae in Australian lakes (Halse and McRae, 2004) and
Indian and African temporary pools. Indeed, species as large as 8 mm have
been recorded in temporary pools of South Africa (Martens, 2003; Martens
and Horne, 2009).

Variations also exist in ostracod shape, color, and valve surface (Martens
and Horne, 2009; Smith and Delorme, 2010; Ramos et al., 2017). Shapes may
range from spherical, elongated, or compressed while epidermal pigmentation
results in numerous color variations (Martens and Horne, 2009; Mesquita-
Joanes et al., 2012). Little is known about the function of color variation
although it has been suggested that it may offer some form of protection
against visual predators and UV radiation (Mesquita-Joanes et al., 2012). On
the surface, valves may be smooth or have various muscle scars and ornamen-
tations (Martens and Horne, 2009; Smith and Delorme, 2010; Ramos et al.,
2017). Variations occur as a result of differences in growth, environment,
genetics, and sexual dimorphism (Van Harten, 1975; Yin et al., 1999;
Danielopol et al., 2008; De Deckker and Martens, 2013; Ruiz et al., 2013) and
are useful tools that aid in identification of species, but may also serve specific
functions (Martens and Horne, 2009; Smith and Delorme, 2010; Karanovic,
2012; Halse and Martens, 2019). In some juvenile stages, ornamentation may
be more pronounced than in the adult stage and act as potential deterrents
toward (micro-) predators (De Deckker and Martens, 2013) while some adult
stages, such as in Sclerocypris jenkinae, have large lateral spines that act as
antipredator defences against fish (Van der Meeren et al., 2019). The composi-
tion of water may also affect ornamentation as nonmarine ostracods found in
humic acid-rich water often have much more delicate ornamentation than their
marine counterparts (Carbonel, 1988; Holmes, 2001; De Deckker and Martens,
2013). Stronger calcification and ornament reticulation are also evident in ostra-
cods from slightly saline water (Ramos et al., 2017) or water with higher car-
bonate ion concentrations (Carbonel and Hoibian, 1988; Carbonel et al., 1990).

9.3.5 Life history

Nonmarine ostracods predominantly utilize asexual reproduction (partheno-
genesis) such as in Darwinulidae considered an ancient asexual group as
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only females have been found for approximately 200 million years (Martens
and Horne, 2009). However, some genera may reproduce sexually or use a
mixed strategy depending on the habitat and/or geographic location (Martens
et al., 2008; Martens and Horne, 2009; Mesquita-Joanes et al., 2012). In a
phenomenon known as geographic parthenogenesis, individuals of Eucypris
virens (Cypridoidea) reproduce asexually in temporary pools in Europe and
sexually in circum-Mediterranean populations (Martens and Horne, 2009).
Reproduction may also be affected by habitat type as parthenogenesis is
more common in unstable habitats, for example temporary ecosystems, while
sexual reproduction prevails in established or stable environments such as
permanent and ancient lakes (Bell, 1982; Smith and Delorme, 2010;
Mesquita-Joanes et al., 2012).

The life cycle of nonmarine ostracods generally consists of nine instars
of which eight are juvenile and one adult (Benson, 1981, p 63; Martens and
Horne, 2009; Mesquita-Joanes et al., 2012). Lifespan and number of genera-
tions vary greatly and depend on species as well as environmental factors
and ecosystem type (i.e., permanent or temporary). Genera living in the vari-
able environment of temporary ecosystems live between one to five months
and produce only one or two generations before the pond dries. In contrast,
genera from more stable permanent habitats, may live as long as four years
and produce several generations (Martens and Horne, 2009; Smith and
Delorme, 2010; Mesquita-Joanes et al., 2012). In both temporary and perma-
nent habitats, egg hatching and juvenile development occur predominantly in
spring and summer with little to no development in autumn and winter, while
adults may be present until early winter (Martens and Horne, 2009; Smith
and Delorme, 2010). Abiotic variables also affect the lifespan of ostracods.
Whereas warm temperatures cause accelerated growth and development, and
thus decreased lifespan, low pH, Ca, and bicarbonate (HCO;) can slow
growth and development by reducing shell calcification and molting capabil-
ities (Higuti et al., 2010; De Deckker and Martens, 2013).

Most nonmarine ostracods in both permanent and temporary ecosystems
are able to produce dormant propagules or enter a stage of dormancy (Horne
and Martens, 1998; Brendonck et al., 2017). Adults and juveniles may enter
a state of torpidity (Darwinulidae and some Cytheroidea) or produce
desiccation-resistant resting stages, predominantly in the form of eggs (most
Cytheroidea and all Cypridoidea), to avoid or tolerate adverse environmental
conditions including drought or hypersalinity (Horne and Martens, 1998;
Smith and Delorme, 2010; Mesquita-Joanes et al., 2012). These ‘“resting
stages” are able to persist for several months to years depending on sur-
rounding conditions and the species involved (Hairston et al., 1995; Horne
et al., 2004; Bird et al., 2019). Cyprideis torosa is able to survive for at least
30 days in a state of torpor under hypersaline conditions while desiccation-
resistant eggs of Cypridoidea remain viable for up to 100 years (Martens,
1994). These resting stages also facilitate passive dispersal between habitats
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(Meisch, 2000; Martens, 1994; Mesquita-Joanes et al., 2012) which may
occur through wind, or by hitchhiking with mobile animals such as several
invertebrates, amphibians, reptiles, and birds, or in mud carried by mammals
and even humans (Vanschoenwinkel et al., 2008a,b, 2011; Mesquita-Joanes
et al., 2012; Bird et al., 2019).

9.3.6 Feeding biology

In nonmarine environments, ostracods are most often considered as general-
ist deposit feeders, scavengers, or omnivores with a diet consisting largely of
algae, detritus, and dead or living plant material (Martens and Horne, 2009;
Smith and Delorme, 2010; Karanovic, 2012). As ethological studies on
aspects of ostracod feeding activity are scarce (Mesquita-Joanes et al., 2012),
this conclusion on feeding mode is based predominantly on the analysis of
stomach contents and functional morphology (Cannon, 1933; Vannier et al.,
1998; Lawrence et al., 2002). Several studies have, however, revealed that
some ostracods may be active predators on not only plant material but ani-
mals as well (Mesquita-Joanes et al., 2012). Ostracods have been observed
attacking and eating smaller ostracods as well as other zooplankton, insects,
and snails (Sohn and Kornicker, 1972; De Deckker, 1983; Campbell, 1995;
Meisch, 2000) and vertebrates such as fish (Stepien and Brusca, 1985).
Ostracods appear to make use of chemoreception to detect both prey and pre-
dators and either move toward or away from them accordingly (Vannier
et al., 1998; Mesquita-Joanes et al., 2012).

9.3.7 Threats and conservation

Although some ostracods are cosmopolitan in their distribution and/or toler-
ant to a wide range of environmental variables (Pieri et al., 2009; Meisch
et al.,, 2019), others are highly endemic and sensitive to changes in water
quality and anthropogenic inputs (Chial et al., 2003; Kiilkoyliioglu, 2004;
Shuhaimi-Othman et al., 2011; Ruiz et al., 2013). Research has illustrated
that the diversity and abundance of ostracods is far greater in ecosystems
unaffected by human activities (Kiss, 2007; Stark et al., 2003; Kiilkoyliioglu,
2004). The persistence of ostracod populations is threatened by anthropo-
genic influences, environmental disturbance, habitat destruction, and changes
in both water quality and quantity (Reeves et al., 2007; Ruiz et al., 2013).
Ostracods are unable to actively migrate to a new habitat if it becomes
unsuitable as they rely on passive modes of dispersal to colonize new ecosys-
tems (Vanschoenwinkel et al., 2008a,b; Brochet et al., 2010; Waterkeyn
et al.,, 2010; Higuti et al., 2017). Alterations to their environment could,
therefore, lead to premature death and other long-term effects and eventually
even extinction, either locally or globally. One such example is the
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introduction of fish into Lake Naivasha, Kenya, which led to the complete
disappearance of large ostracod species (Van der Meeren et al., 2019).

Ostracods also have an extensive fossil record as their valves readily fos-
silize (Park and Martens, 2001; Poquet et al., 2008) making them useful
short and long-term bioindicators of, among other things, climate change,
habitat loss, and water degradation.

The use of pesticides (e.g., DDT) and herbicides (e.g., dioxin) threatens
ostracod populations as these pollutants accumulate in soft tissue and lead to
intoxication, immobilization, or even mortality (Matsumura, 1977; Ruiz
et al., 2013). Industrial pollution such as by various heavy metals has been
found to be even more harmful to ostracod populations than pesticides
(Samir, 2000). These harmful effects may have bottom-up cascading effects
in the food web through bioaccumulation and biomagnification of these pol-
lutants in biota that feed on ostracods. Climate change and its associated pre-
dicted effects on water quality, including increasing temperatures and
changes in severe weather conditions such as drought (Woodward et al.,
2012), may also affect performance and even persistence of ostracod popula-
tions since water temperature and salinity play a significant role in their sur-
vival, growth, and reproduction (Mesquita-Joanes et al., 2012; Ruiz et al.,
2013). Habitat destruction, often destroying the macrophyte stands, also
affects the survival of various biota (Malmgqyvist et al., 1997), including ostra-
cods, since aquatic macrophytes are important substrates utilized by ostra-
cods for egg deposition and shelter from visual predators (Martens and
Horne, 2009; Mormul et al., 2010). Floating vegetation also acts as a source
of passive dispersal (Higuti et al., 2017) and the loss of habitat complexity
or total habitat destruction could therefore lead to local extinction of ostracod
populations.

9.4 Copepods
9.4.1 Introduction

The Copepoda is one of the most species rich groups of metazoans on Earth
(Humes, 1994; Brotskaya, 1963; Kikuchi, 1994). Copepods are capable of
invading and surviving successfully in nearly every continental habitat and
situation where sufficient moisture and organic matter are present (Reid,
2001). Although both parasitic and free-living copepods exist, this section
only deals with the planktonic hence free-living component of the group.
Free-living copepods typically range from 0.2 to 5.0 mm.

9.4.2 Systematics and general species richness

The phylogenetic position within Arthropoda and the relationships of the
major evolutionary lineages within Copepoda is debatable (Khodami et al.,



244 SECTION | 2 Biota and biotic processes

2017). Huys and Boxshall (1991) listed 10 orders of Copepoda based on
homologies in the body plan, segmentation, and setation of copepod appen-
dages. The resulting phylogeny divides Copepoda into three infraclasses:
Progymnoplea Lang, 1948 (=Platycopioida Fosshagen, 1985); Gymnoplea
Giesbrecht, 1892 (=Calanoida Sars, 1903); and Podoplea Giesbrecht, 1892.
The Podoplea was divided into two main clades, the so-called “MHPSM-
clade” containing Mormonilloida Boxshall, 1979; Harpacticoida Sars, 1903;
Poecilostomatoida Thorell, 1859; Siphonostomatoida Burmeister, 1834;
Monstrilloida Sars, 1901; and the “MCG-clade” including the Misophrioida
Gurney, 1933; Cyclopoida Burmeister, 1835; and Gelyelloida Huys, 1988.
Recent work based on morphological characteristics has revised the Huys
and Boxshall (1991) phylogenetic concept. Martinez (2000) first revealed the
paraphyletic status of Cyclopoida and Cyclopinidae Sars, 1913. He rejected
the ordinal status of Poecilostomatoida and included all of its families in
Cyclopoida. The Polyarthra Lang, 1948, order was considered a separate
order with an uncertain phylogenetic position (Dahms, 2004) while Ho et al.
(2003) proposed an ordinal level for the family Thaumatopsyllidae Sars,
1913. A molecular phylogenetic relationship among representatives of 10
copepod orders revised their taxonomy (Khodami et al., 2017). It demon-
strated for the first time the monophyly of Copepoda (including
Platycopioida Fosshagen, 1985) and rejected the polyphyletic Maxillopoda
as a taxonomic unit. The molecular phylogenetic study supported the mono-
phyly of the major subgroups of Copepoda (Fig. 9.2).

Platycopicida  Calanoida Misophrioida Canuelloida Gelyelloida Cyclopoida

FIGURE 9.2 Most recent phylogram of copepod orders. Adapted from Khodami, S., Mcarthur,
J.V., Blanco-Bercial, L., Martinez Arbizu, P., 2017. Molecular phylogeny and revision of cope-
pod orders (Crustacea: Copepoda). Scientific Reports 7, 9164.
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9.4.3 Comparison between tropical biogeographical regions

In Table 9.4, numbers of copepod genera and species for the considered bio-
geographical regions are presented. The Neotropical region has the highest
copepod richness, with 561 recorded species. The major contributors are the
Cyclopidae (31%), especially Eucyclops, Metacyclops, and Mesocyclops, the
Canthocamptidae (19%), especially Elaphoidella, Attheyella (Chappuisiella),
and A. (Delachauxiella), the Diaptomidae (15%), and Parastenocarididae
(12%) (Boxshall and Defaye, 2008). The most speciose genera within the
Diaptomidae are Notodiaptomus and Argyrodiaptomus which are both
endemic to the region. The Afrotropical region has the second highest rich-
ness with 405 species. The major contributors are the Cyclopidae (41%),
especially Eucyclops and Thermocyclops, and the Diaptomidae (18%), espe-
cially Tropodiaptomus, followed by the Lernaeidae (10%) (Boxshall and
Defaye, 2008). The benthic families Canthocamptidae, particularly
Elaphoidella and Echinocamptus, and Parastenocarididae contribute only
11% and 8% to the total, respectively. The diversity of the Oriental region is
relatively low, with only 16 families represented by 381 species. The major
contributors are the Cyclopidae (30%), especially Mesocyclops and
Thermocyclops, the Diaptomidae (24%), especially Tropodiaptomus
and Heliodiaptomus, the Canthocamptidae (15%), especially Elaphoidella,
and the Lernaeidae (12%). The Oriental region is home to seven genera of
Lernaeidae, three of which (Indopeniculus, Pillainus, and Indolernaea) are
endemic (Boxshall and Defaye, 2008). The Australasian region has the low-
est richness with 205 species. The major contributors to the overall species
richness are the Cyclopidae (31%), especially Mesocyclops and Eucyclops,
the Canthocamptidae (25%) especially Canthocamptus, and the
Centropagidae (23%). The paucity of copepod species in the Australasian
region is largely due to the aridity of large areas of the Australian continent.
However, recent research into the subterranean fauna of arid Western
Australia has revealed an unexpectedly high diversity and degree of ende-
mism (Karanovic, 2004). The level of endemism in freshwater copepods is
very high in the tropical region: Neotropical (89%), Afrotropical (85%),
Australasian (82%), and Oriental (73%). Ancient lakes constitute prime hot-
spots for freshwater biodiversity. For copepods, Lake Baikal has over 120
species, the majority of which are endemic (Boxshall and Evstigneeva,
1994), and Lake Tanganyika with 69 species, of which 34 (49%) are
endemic (Boxshall and Strong, 2006) (Table 9.4).

9.4.4 Ecology

Copepods are extremely abundant in freshwaters and comprise a major com-
ponent of most planktonic, benthic, and groundwater communities. They
occupy a variety of habitats including open water impoundments, a wide
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range of temporary water bodies, vleis, and floodplain wetlands (Silva, 2008;
Waterkeyn et al., 2008; Dube et al., 2017; Nhiwatiwa et al., 2017). Physical
habitat factors (e.g., surface area) and water quality (e.g., conductivity and
vegetation cover) have been demonstrated as the main factors structuring
copepod species composition (Frisch et al., 2006). Ecologically, copepods
play a role as a direct and efficient path for the transfer of energy to higher
level consumers, which is pivotal to the functioning of tropical wetlands
(Park and Marshall, 2000). Furthermore, accurate estimates of copepod abun-
dance are fundamental for proper determination of biomass and productivity,
which are crucial for the understanding of energy flow and the trophody-
namics of tropical wetlands (Magalhaes et al., 2015). Some copepods are
predatory and have even been identified as key predators of mosquito larvae
(Marten and Reid, 2007) and therefore have potential for natural biocontrol
of disease vector mosquitoes (Cuthbert et al., 2018; Buxton et al., 2020).

9.4.5 Life history

Copepods are sexually dimorphic in size, with typically larger females than
males. Parthenogenesis occurs when males are rare and has been demonstrated in
some harpacticoid species such as Elaphoidela bidens, Epactophanes richardi,
and Canthocamptus staphylirmus (Dole-Olivier et al., 2000). Dormancy is known
exclusively from free-living taxa of the Harpacticoida, Cyclopoida, and
Calanoida. Dormant instars may comprise resting eggs, naupliar stages arrested
in their development, and free swimming or encysted copepodids and adults
(Dahms, 1995). All cyclopoid taxa with a dormancy strategy belong to the
Eucyclopinae (Cyclopidae). The three cyclopoid genera with encysting copepo-
dids are Cyclops, Microcyclops, and Metacyclops. There are 16 species of fresh-
water Calanoida where there is proof for resting eggs (Dahms, 1995). They
belong to the genera Diaptomus, Onychodiaptomus, Leptodiaptomus,
Aglaodiaptomus, Acanthodiaptomus, Scotodiaptomus, Eurytemora, Epischura,
and Limnocalanus. Both abiotic (e.g., desiccation, temperature, oxygen availabil-
ity) and biotic (e.g., food availability, predation) environmental factors can trigger
the onset of diapause (Spindler, 1971; Hairston, 1987; Hairston and Brunt, 1994;
Johnson, 1979). Copepods inhabiting temporary water bodies produce resting
eggs or dormant copepodid stages which allow survival of adverse conditions
(Hairston and Brunt, 1994). Juvenile stages of copepods are the earliest zooplank-
ters recolonizing temporary waters after the dry phase (Frisch et al., 2005;
Badosa et al., 2010). They furthermore have short developmental times and a
quick hatching response after dormancy (Brendonck and De Meester, 2003).

9.4.6 Feeding biology

Freshwater copepods occupy different trophic levels in the food web. Most
freshwater copepods are free-living, but they have adopted parasitism in
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numerous independent lineages. About 330 species of freshwater copepods
are parasitic, most commonly on fish hosts (e.g., Lernaea cyprinacea)
(Barson et al., 2008; Fryer, 1968), but also on molluscs (Boxshall and
Jaume, 2000; Boxshall and Strong, 2006). Copepods also live as commensal
epibionts on freshwater invertebrates including crayfish, medusae, and
sponges (Boxshall and Strong, 2006). Some calanoids are herbivores feeding
on phytoplankton. Several large copepods are predatory eating rotifers, oligo-
chaetes, dipteran larvae, and small crustaceans such as cladocerans (Fryer,
1993; Wasserman et al., 2015). The main food source for harpacticoids con-
sists of particulate organic matter. Predatory behavior has been observed in
some species such as Heterocypros incongruenns (Ottonello and Romano,
2011).

9.4.7 Threats and conservation

Freshwater copepods have not attracted much concern from the general con-
servationist community. The factors threatening copepods are common in
tropical regions and include: salinization, draining of wetlands or conversion
of temporary to permanent water bodies, mining, pollution, and damming of
rivers (Reid et al., 2002; Dalu et al., 2017). For example, salinization of
inland waters is a major factor in the disappearance of habitat for Australian
freshwater crustaceans, especially in Western Australia (Yencken and
Wilkinson, 2000). Draining of swamps may threaten certain species such as
the vulnerable calanoids Boeckella nyoraensis and Boeckella propinqua, for
which this type of habitat is important. Many of the wetlands in the
Afrotropical region have been drained for agriculture and polluted by min-
ing, industry, and informal settlements (Rayner and Heeg, 1994). Another
major threat is the conversion of temporary into permanent wetlands, which
is often even aggravated by the introduction of fish. Such drastic hydrologi-
cal change does not only have a dramatic impact on specialist groups of tem-
porary wetlands such as large branchiopods (Brendonck et al., 2022a,b), but
also on specialized zooplankton, including some copepods (Dalu et al.,
2017).

9.5 Rotifers
9.5.1 Introduction

Rotifers are acoelomate metazoan animals that are microscopic, ranging
between 50 and 2000 um in size, and are widely distributed in freshwater
ecosystems (Fernando, 2002; Segers, 2008). Many rotifers have a transparent
body, consisting of two specific organs: the rotatory organ (i.e., corona) and
a mastax, which is the pharynx (Brain, 2002; Fernando, 2002). The two
main freshwater Rotifera classes are Bdelloidea and Monogononta, with the
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latter being widely distributed in tropical ecosystems. In general, many roti-
fer species are benthic, living on the substratum and among submerged vege-
tation. Wetland habitats are favored by many of the Bdelloidea, as there they
can shift from the active to the anhydrobiotic stage (i.e., cryptobiosis),
enabling them to live in temporary wetland environments (Brain, 2002).

9.5.2 Systematics and general species richness

Reliable information on rotifer species numbers is sparse, but Segers (2008)
estimates that there are about 2031 taxa, with many unidentified species. In
turn, known distributions reflect more the biased prevalence of rotiferologists
in Western Europe where most studies have been conducted rather than the
real distribution of rotifers. Little is known about rotifer phylogeny, due to a
lack of modern comprehensive studies (Mills et al., 2017), coupled with the
lack of a robust fossil record. Recent decades of research have led to the
hypothesis that subtropical floodplains are among the world’s richest habitats
for rotifers (Segers et al., 1993; Segers, 2008). There are several relatively
complete surveys of rotifer taxa from different regions of the tropics (e.g.,
Africa, Amazonia, Australia, Central America and the Caribbean,
Neotropics, and the Oriental regions) which are provided in detail by Segers
(1996, 2001, 2003, 2007, 2008) and Fernando (2002).

Analysis of planktonic and littoral rotifer fauna from different tropical
regions has shown endemism at the species level, however, with most being
cosmopolitan. The most diverse rotifer group are the Notommatidae, with
Cephalodella, monogeneric Lecanidae, and Dicranophoridae being the most
speciose. All of these groups contain almost exclusively benthic-littoral or
psammon-inhabiting species, with a majority inhabiting oligotrophic to
mesotrophic, slightly acidic and soft waters (Segers, 1993; Kutikova and
Fernando, 1995). Dumont and Segers (1996) calculated that a nonpolluted
lake with developed, weedy littoral would harbor approximately 150 species
in temperate, and up to 250 species in tropical regions.

Littoral-periphytic ~ taxon richness of Lecanidae, Lepadellidae,
Testudinellidae, and Trichocercidae reflect more the littoral-periphytic
assemblages, while Brachionidae and especially Brachionus spp. and
Keratella spp. usually attain a higher abundance and richness in limnetic fish
pond environments. Recently, Luo and Segers (2020) reported that the
Lepadellidae rotifers collected in the Congo Basin contained eight hitherto
unknown species (i.e., Colurella asymmetrica, Lepadella hanneloreae, L. jin-
gruae, L. weijiai, L. wilungulai, L. yangambi, Squatinella curviseta, S. longi-
pila) among the 33 Lepadellidae taxa. This remarkable result illustrates
previously unknown and largely endemic Congo Basin microfauna and
refutes the “African anomaly” hypothesis on the purported African rotifer
fauna poverty. In another study by Serafim et al. (2003) in the Pantanal
Upper Parana River Floodplain Wetland, 11 genera and 42 species including



Zooplankton Chapter | 9 251

new rotifer records were observed. The study showed an increase in rotifer
diversity in this particular ecosystem from 184 to 230 species. Thus, 37 spe-
cies occurred in the littoral floodplain zones and 34 species in the pelagic
floodplain zones. The lagoons had the highest richness due to greater stabil-
ity, low current velocity, and extensive aquatic macrophyte cover in the litto-
ral zones (Serafim et al., 2003).

Green (2003) showed that euplankters dominated in static waters, and
also when the flow was very slow in the Okavango Delta. Where water flow
was visibly stronger, euplankters were very sparse, and periphytic species
dominated such as Lecane bulla. A study by Koste and Robertson (1983) in
Brazil during the dry season, recorded 33 species and the number of species
increased to 138 during the wet season. The sparse, diverse, wet season com-
munity may merely reflect rotifer species most easily dislodged during sam-
pling. Thus in stagnant waters, periphytic species may remain among the
macrophytes due to their inability to compete with euplankters in open water,
or they may be vulnerable to predation by large euplankters such as
Asplanchna spp. and copepods. Furthermore, the macrophyte diversity and
varied architecture of wetlands provide a large number of physical niches,
which are preferred by certain rotifers. For example, Euchlanis dilatata sur-
vives better on Myriophyllum spp. than on Elodea spp. and/or Ceratophyllum
spp. when exposed to predation (Green, 2003). Serafim et al. (2003)
observed that there were no great differences in rotifer species richness
between habitats of the Parand River Floodplain Wetland environments, with
high species richness being observed in the littoral habitats due to the greater
influence of shoreline vegetation, which allows for greater habitat diversifi-
cation. The high rotifer diversity observed in the lagoons compared to river
sites was related to some characteristics of these environments such as low
stream velocity (Serafim et al., 2003). The Okavango Delta moving waters
contained low abundances, but high species diversities of euplankters as
compared to samples from stagnant waters (Green, 2003). When euplankters
are washed away by water movement, some of the periphytic species are
free to leave the macrophytes and free-floating algae and bacteria. Another
key factor influencing species richness is the food variety and availability.
For example, the complexity of epiphytic algae results in herbivorous rotifers
developing foraging patterns which parallel their food distributions.

9.5.3 Comparison between tropical biogeographical regions

In Table 9.5, numbers of rotifer genera and species for the considered bio-
geographical regions are presented. Despite some increasing knowledge on
diversity in the last few years, the fauna of tropical Asia, especially the
Indian subcontinent, and Afrotropical regions warrant further study as
there has been sampling bias. Studies in south-eastern Asia by Segers
(2001), Athibai et al. (2013), and Sa-ardrit et al. (2017) have shed light on
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the diversity of rotifers, and Luo and Segers (2013, 2020) did the same for
the Afrotropics. The latter studies described nine new rotifer species
within the genera Colurella, Lepadella, and Squatinella, which refuted the
African anomaly hypothesis on the purported rotifer species poverty.
Within the Australia region, the number of known rotifer species was
more than doubled to close to 500 species in the early 1980s by the
research efforts of Russell J. Shiel. In the neotropical realm, as exempli-
fied by the Amazon basin, several endemics in the Brachionus,
Anuraeopsis, Lecane, and Lepadella genera have been characterized (see
Serafim et al., 2003; Segers, 2007, 2008). Given the lack of rotifer studies
within tropical wetlands, the rotifer diversity in this section is described in
general, highlighting the diversity that exists within freshwater ecosystems
across different tropical regions.

9.5.4 Ecology

Analysis of rotifer distribution and diversity is seriously hampered by lack of
knowledge on the taxonomy and chorology of this group (Luo and Segers,
2020). However, ecological research on rotifers from interstitial waters has
been neglected to date. Rotifers living in interstitial water within Sphagnum
mats and Sarracenia purpurea pitchers are capable of regenerating large
amounts of nitrogen and phosphorus, that is, ~3%—10% in Europe and
5%—T% in North America, and can be a major source of inorganic phospho-
rus (Btegdzki et al., 2018). Thus a world estimate of rotifer nutrient regenera-
tion is approximately 0.12 and 0.17 million tons of N and P, respectively, to
wetlands every year (Btedzki et al., 2018). For example, Habrotrocha rosa
can live between wet Sphagnum litter and is the most frequent rotifer species
in wetland peatlands, responsible for about 40%—50% of N and P regenera-
tion by rotifers. Rotifers provide food to many other aquatic animals, that is,
adults and eggs may be parasitized by fungi, while some rotifers are symbi-
otic with, or parasitic on, other organisms. Some rotifers are endoparasitic
mainly on invertebrates (e.g., algae, annelids, bacteria, brachiopods, bryozo-
ans, crustaceans, protists, other rotifers) (Segers, 2007). Rotifer diversity is
mainly explained by fluctuations in hydrological level (Bonecker and
Lansac-To6ha, 1996).

9.5.5 Life history

The Monogononta and Bdelloidea have one and two gonads, respectively,
and both reproduce parthenogenetically. In Monogononta, parthenogenetic
reproduction periods are interspersed with sexual phases (i.e., heterogony),
but in Bdelloidea reproduction is by diploid, mitotic parthenogenesis only,
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making them unique and the most diverse group of metazoans (Segers,
2008). The Monogononta propagules consist of single, hard-shelled, and
durable encapsulated cysts, while those of Bdelloidea consist of anhydrobio-
tic individuals (Segers, 2008). The propagules produced are small and
drought-resistant, making rotifers perfectly adapted to aerial, passive, and/or
phoretic dispersal. The high dispersal capacity and their parthenogenetic
reproduction enable them to establish or renew a population starting off from
a single resting stage, and to reach viable population sizes relatively quickly,
making them superb (re)colonizers (Brain, 2002; Segers, 2008). For these
reasons, many rotifer species are cosmopolitan.

9.5.6 Feeding biology

In tropical freshwater food webs, rotifers are of particular importance, form-
ing a key link between primary producers (i.e., phytoplankton, bacteria,
detritus) and consumers (i.e., carnivorous zooplankton, fish). Nearly all
planktonic rotifers are herbivores, feeding on phytoplankton and ingesting
cells roughly 4—17 um in size (see Fig. 9.3). Besides being heterotrophic,
planktonic rotifers also consume organic detritus and bacteria. Obertegger
et al. (2011) classified rotifers into two functional feeding guilds based on
the feeding strategy they employed across genera: (1) raptorial rotifers

FIGURE 9.3 Keratella sp. identified from a temporary wetland (Malilangwe Reserve,
Zimbabwe) feeding on a centric diatom. Photo by Tatenda Dalu.
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(genera, e.g., Ascomorpha, Asplanchna, Collotheca, Gastropus, Ploesoma,
Polyarthra, Synchaeta, Trichocerca), that exhibit active grasping, piercing,
and/or pumping action to catch single food items and generally consist of
cardate, forcipate, incudate, uncinate, and/or virgate trophi; and (2) micro-
phagous rotifers (genera, e.g., Brachionus, Conochilus, Euchlanis, Filinia,
Floscularia, Kellicottia, Keratella, Lecane, Notholca, Testudinella,
Trichotria), that collect multiple food items and consist of malleate, malleor-
amate, and/or ramate trophi.

9.5.7 Threats and conservation

Human introduction coupled with inadequate taxonomic expertise/studies in
tropical regions precludes accurate biogeographical classifications of zoo-
plankton. This is also the case for rotifers where most taxa are currently clas-
sified as cosmopolitan when in effect that might not be the case and some
can be considered as cryptogenic species. Rotifers in general are not consid-
ered endangered or threatened in any way. As mainly planktonic animals,
rotifers are an important food source for many aquatic animals, including
some economically important to humans. Indeed, particular environments
such as wetlands deserve more intensive sampling across different seasons to
uncover more detail about their peculiar microfauna. Due to the large dis-
persal and colonization capacities of many rotifer species, they are easily
transported to new habitats by humans (Segers, 2008). For example, rotifers
have been and continue to be introduced to regions where they did not natu-
rally occur before. This phenomenon may have been going on for a long
time and is thought to be responsible for isolated records of regionally com-
mon species outside their natural range. The same reasons explain why roti-
fers have hardly been used in biodiversity assessments and conservation,
notwithstanding their economic relevance in aquaculture (Segers, 2008).
Rotifers are mostly threatened by water quality changes due to anthropogenic
influences.

9.6 General conclusions and conservation management

It is too early to draw far going conclusions on general patterns in richness
and endemicity across tropical regions and wetland types (see Irvine et al.,
2022, Chapter 19). Current data reflect mainly areas with higher research
efforts, rather than natural patterns of species richness and endemicity. More
studies are required covering large areas and time-integrated sampling as
species succession and turnover in relation to environmental changes are typ-
ical to zooplankton communities. In addition to more explorative studies,
more taxonomical research is needed. Particularly for southern continents,
there is an overall lack in trained taxonomists for most aquatic invertebrate
groups. Nearly every extensive study on zooplankton from tropical wetlands
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reveals new species or even higher order taxa, especially when applying
molecular systematics as cryptic species are common.

Many zooplankton groups are widely distributed, can cope with variable
environmental conditions, and occur in both permanent and temporary tropi-
cal wetlands. Functional feeding groups include detritus feeders, scavengers,
predators, and filter feeders. They consequently sustain important ecosystem
functions (e.g., nutrient cycling, clearing water) and form crucial components
of the food web (Cuthbert et al., 2022, Chapter 17). Zooplankton is the main
link of biomass transfer between primary producers and consumers (Setubal
et al., 2020). Especially under often high temperature conditions in the tro-
pics, accelerated processing of autochthonous and allochthonous organic
matter takes place, which without the activities of zooplankton groups would
quickly result in eutrophic systems with frequent (often toxic) algal blooms.
An abundant and diverse zooplankton community can maintain the aquatic
ecosystem in a clear water phase with ample vegetation and deliver crucial
services to human populations (e.g., clean water, fish, recreational area).

Reproduction modes span the whole range in zooplankton, from obligate
sexual to parthenogenetic reproduction, with sometimes different modes
represented in a single species. In addition, in each of the zooplankton
groups covered here, species are known that produce drought-resistant dor-
mant propagules in variable developmental stages that allow persistence in
temporary wetlands and facilitate passive dispersal.

Habitat characteristics that tend to impact zooplankton community com-
position, species richness, and diversity include wetland size, wetland type
(permanent vs temporary), the presence of predatory fish (mainly in perma-
nent wetlands) and macrophyte cover as biotic variables, and pH and salinity
as for the abiotic environment. Fish predation not only selects for smaller
species but also affects size structure and sometimes behavior of populations.
The presence of a diverse and vegetated littoral zone offers extra food, shel-
ter, and habitat heterogeneity supporting often high species richness and
occurrence of particular plant dwelling species. For conservation of zoo-
plankton diversity in tropical wetlands, it is therefore crucial to focus mainly
on the maintenance of a well-vegetated littoral zone (Gebrehiwot et al.,
2017). Some zooplankton groups seem to do well under (even hyper) eutro-
phic conditions in (subtropical) systems, so that indicators based on zoo-
plankton richness sometimes are positively associated with trophic status, in
contrast with the impact on macroinvertebrate richness (Azevédo et al.,
2015). In temporary wetlands, the community composition and species rich-
ness are mainly determined by the hydroperiod, that indirectly has an impact
on water quality and the presence of invertebrate predators. Any change in
temporary wetland hydrology due to direct anthropogenic impact and/or by
climate change will therefore have a significant impact on community pro-
cesses and dynamics. This topic is being dealt with in detail in the chapter
on large branchiopods (Brendonck et al., 2022a,b, Chapter 10).
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Zooplankton groups are usually not prime targets for conservation efforts
as they are too small and lack the charism of other wetland invertebrates
such as dragonflies. Due to their versatile feeding, reproduction, and life his-
tory strategies, they are usually abundant, quite widespread with limited
documented cases of species extinctions. However, tropical zooplankton are
crucial to maintain ecosystem functions and services, including suppression
of harmful algal blooms and provisioning of food for rare insect, amphibian,
and fish species.
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