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ABSTRACT

Ostracods are very common in rice fields and they can have a significant influence on the rice field ecosystem. They can reach
very high densities, often higher than other meiofauna, and their activities can have both positive and negative effects on rice har-
vests. They directly affect nutrient recycling through excretion, and indirectly by physically disturbing the soil and releasing min-
erals, thus improving rice growth. On the other hand, ostracods grazing on nitrogen-fixing cyanobacteria potentially reduce rice
yields. Rice is a primary staple food for over half of the world’s population, and therefore ostracods can have a significant impact
on human food supply. The origin of the rice field ostracod fauna is poorly known, but many rice field ostracods are considered in-
vasive, especially in southern Europe, and from rice fields they have the potential to spread to surrounding natural habitats. Despite
their invasive potential and ecological effects on the rice field ecosystem, very little is known about the diversity, ecology and im-
pacts of rice field ostracods in many rice-producing countries. One hundred and ninety-two named ostracod species/subspecies
have been reported from rice fields in 26 countries and states worldwide in the published literature; for over three-quarters of rice-
producing countries, no data are readily available, and for most of the countries that have available data, diversity is clearly under-
reported. Most species that have been documented from rice fields belong to the Cyprididae (78%), a family that makes up
approximately 43% of the 2500+ non-marine ostracod species. A further six families (Candonidae, Darwinulidae, Entocytheridae,
Ilyocyprididae, Limnocytheridae and Notodromadidae) form the remainder of rice field ostracods. Twenty-two percent of the
species reported from rice fields are sexually reproducing, 18% have mixed reproduction, but are mostly asexual, and for 60%
males are unknown, and are probably entirely asexually reproducing species. This review and checklist of rice field ostracods are
presented to facilitate further research on this group in rice field habitats, research that is crucial for food security in many regions
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INTRODUCTION

Rice is a primary staple food for over half of the
world’s population, and correspondingly rice production
has been called the most important economic activity on
earth (Maclean et al., 2002). Rice fields cover 163 million
hectares, accounting for 11.7% of the world’s arable land
(Food and Agriculture Organization of the United Nations
Statistics Division 2016). They are found in 116 countries
worldwide, but production is concentrated in relatively
few countries. The twenty countries with the largest areas
of rice fields account for 92.9% of the total area, and
88.9% of all rice fields occur in Asia (Food and Agricul-
ture Organization of the United Nations Statistics Divi-
sion, 2016) (Fig. 1).

There are several different types of rice growing en-
vironments, including rain-fed lowland, deepwater, up-
land, and tidal wetlands environments, but the majority
of rice is grown in irrigated paddy fields (Khush 1984).
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Molecular evidence indicates that farming for asiatic rice
originated from a single domestication event ~8200-
13,500 years ago in the Yangtze Valley of China (Molina
et al., 2011), and spread to different regions from there
over time spans of thousands of years. Although a young
habitat, many species of flora and fauna have colonized
rice fields; ostracods, copepods, cladocerans, aquatic in-
sects, insect larvae, rotifers, molluscs, oligochaetes and
nematodes are the dominant groups of aquatic inverte-
brates (Roger, 1996). Ostracods are very common in rice
fields, and are often the most abundant group, with den-
sities reported up to 98,000 ind m? (Simpson et al., 1994;
Roger, 1996). They can have a direct effect on the grow-
ing rice, more so than other micro-crustaceans (Roger,
1996), and considering the economic and social impor-
tance of rice cultivation, ostracods have a significant, but
often underappreciated, impact on humans.

Ostracods (Class Ostracoda) are a diverse group of
small aquatic crustaceans (Fig. 2). Their most distinctive
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feature is their calcitic carapace; a hard, bivalved, hinged
shell that can entirely cover and protect the non-miner-
alized body parts and appendages. The lengths of ostra-
cods reported from rice fields range from less than 0.5
mm (e.g. 0.36-0.45 mm for Limnocythere stationis
Vavra, 1891) through to 7 mm (Madagascarcypris
voeltzkowi (G.W. Miiller, 1898)), but most are about 0.6
mm to 2.5 mm in length.

Studies on the rice field ostracod faunas in particular
regions are very patchy (Fig. 1). The rice field ostracod
faunas of Italy, Japan and some South East Asian countries
are relatively well documented, mainly due to the work of
a small number of researchers (Italy: Moroni, 1967; Ghetti,
1973; McKenzie and Moroni, 1986; Rossi et al., 2003.
Japan: Okubo, 1972a, 1972b, 1972c, 1972d, 1973a, 1973b;
1974a, 1974b, 1975, 1990a, 1990b, 2004. Thailand: Sa-
vatenalinton and Martens, 2008, 2009, 2010; Savatenalin-
ton and Suttajit, 2016. Indonesia, Malaysia and the
Philippines: Victor and Fernando, 1980, 1981a, 1981b,
1981c, 1981d, 1981e, 1981f, 1981g, 1982). For some
countries, notably China and India, which combined ac-
count for 45% of the global area of rice fields, the fauna is
poorly known. For many major rice-producing countries
we could find no records of ostracods from rice fields, with
only two species reported from Africa (Madagascar), five
from North America, and six from South America (Fig. 1).
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Considering the importance of rice as a major staple
foodstuff, the very large areas of arable land that rice fields
cover, and the potential impacts of ostracods on growing
rice (and hence human food supply), the lack of informa-
tion on rice field ostracods in many areas is surprising.
This dearth of studies is perhaps because ostracods are
generally considered to be a difficult taxonomic group to
work on, and ostracod researchers have tended to be based
in western countries with few or no rice fields. Addition-
ally, researchers have tended to focus on natural environ-
ments, such as lakes, river systems and groundwaters, and
because rice fields are artificial environments, they could
be incorrectly seen as less significant or less ‘interesting’
in terms of biodiversity. In China, ostracods have mostly
featured in geological and palacoenvironmental studies
(Hou et al., 1978; Zheng, 1983; Huang, 1984; Mischke
and Winnemann, 2006; Zhu et al., 2010; Zhai et al.,
2011), with work on living ostracods mainly restricted to
lacustrine environments to facilitate the interpretation of
fossil assemblages (Mischke ef al., 2007; 2010). More re-
search is crucial if we are to understand the biodiversity
and ecology of ostracods in rice fields, and their potential
to become invasive species and their associated economic
impacts. This review is to facilitate a better understanding
of ostracods in rice fields, and a global checklist of ostra-
cod species reported from rice fields is presented.
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Fig. 1. Areas of rice fields worldwide (shaded), and the number of ostracod species reported from rice fields in each country and state.
For many rice-producing countries no ostracods have been reported from rice fields. For additional details, see Appendix. Note that
India and China combined account for 45% of the global area of rice fields. Rice production data from the Food and Agriculture Or-

ganization of the United Nations Statistics Division for the year 2014.
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THE RICE FIELD HABITAT

Rice fields are harsh environments for aquatic faunas.
Temperature fluctuations, especially in rice fields in tem-
perate regions, can be over 20°C in a 24-hour period, and
maximum temperatures can reach 40°C (Yoshida, 1981;
Grant et al., 1986). The growth of algae and aquatic plants
cause marked diurnal changes in pH and oxygen levels
(Maclean et al., 2002). During times of algal blooms di-
urnal changes in pH from neutral to 9.5 are not uncom-
mon, reaching as high as 11, and the standing water in rice
fields can become oversaturated in oxygen (Forés and
Comin, 1992; Roger, 1996; Maclean et al., 2002).
Methane emissions from rice fields also show diurnal
changes, positively correlated to soil temperatures (Grant
et al., 1986). The most extreme diurnal variations in water
chemistry and temperature tend to occur during the be-
ginning of the crop cycle after the fields have been fertil-
ized, which causes algal blooms, and later decrease when
the water is shaded by the canopy of the rice plants
(Watanabe and Roger, 1985; Roger, 1996; Fernandez-Va-

Chrissia formosa

Cypretta seurati

liente and Quesada, 2004). Ultra violet radiation is high,
especially in the early part of the growing season before
the rice plants produce a shading canopy. The application
of pesticides and herbicides can have a negative effect on
their aquatic inhabitants, and ploughing, planting, weed-
ing, and harvesting of rice fields are high impact activities
that can dramatically disturb the rice field ecosystem
(Grant et al., 1986). The growing rice changes the physi-
cal and chemical characters of the rice field, thus the
ecosystem dramatically changes through the rice-growing
cycle (Forés and Comin, 1992; Fernandez-Valiente and
Quesada, 2004). The duration of the aquatic phase of rice
fields varies considerably depending on the region, and
also year by year, and the physical nature of the water
varies through the rice cycle, from flowing, stagnation,
and finally a drying out phase (Bambaradeniya and
Amarasinghe, 2003). In some warmer regions, two or
three crops a year are produced (Van Arsdale and Lewis,
1995), while in cooler areas a yield of one crop a year re-
sults in a longer fallow period of up to eight months.
Brazilian rice fields typically have a fallow stage lasting

Cyprinotus uenoi

Fig. 2. Some ostracod species reported from rice fields. Left lateral views.
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two years to restore soil fertility, increase soil organic con-
tent and suppress weeds (Stenert ef al., 2010).

If a species can tolerate the harsh and variable condi-
tions of rice fields, there are considerable benefits. For
microfauna, they are usually rich in food resources, such
as algae and organic detritus, and they tend to lack larger
predators, such as fish, although in some parts of the
world, rice fields are used as fish nurseries (Fernando,
1996; Miao, 2010). Covering 11.7% of all arable land,
they are also a very large habitat to exploit, and the move-
ment of people, machinery and rice seedlings between
fields are useful dispersal mechanisms. Ostracods are ide-
ally suited to exploit rice fields, which is why they are
often the dominant group in the rice field environment
(Roger, 1996). Many rice field ostracods have desicca-
tion-resistant eggs (Horne and Martens, 1998; Stenert et
al., 2010), their carapaces help to retain moisture during
periods of drought and protect them from UV radiation
(Van den Broecke et al., 2012), they have a short life
cycle, and they consume organic detritus, algae and
cyanobacteria, all prolific in rice fields.

Because rice fields are very variable in location and
farming technique, the conditions of rice fields can vary
considerably. Khush (1984) listed 18 main types of rice
growing environments, including four types of upland rice
environments that lack standing water. Other types in-
clude rain-fed lowland (five types), deepwater (two
types), tidal wetlands (four types), and irrigated (three
types) environments. At a smaller scale, differences in soil
types, water chemistry, climate, altitude, and local farming
practices also increase the variety of rice growing envi-
ronments, and such factors can vary over a small area. For
most studies concerning ostracods in rice fields, little or
no data are available about the type of rice growing envi-
ronments, so it is not possible to correlate species com-
position with other factors. For example, two typical
spring-dwelling ostracod species [Dolerocypris ikeyai
Smith and Kamiya, 2006 and Eucypris pigra (Fischer,
1851)] have been reported from rice fields in Japan
(Tanaka et al., 2015), and this maybe because the rice
fields were filled by local spring water. Additionally, rice
growing areas not only have the rice field habitat itself,
but a mosaic of interconnected environments, such as the
surrounding levees, and connected irrigation ditches,
canals, ponds and reservoirs (Bambaradeniya and Ama-
rasinghe, 2003), which can serve as important habitats for
aquatic faunas, including ostracods; these too can vary
considerably between areas. Finally, fields used to grow
rice can be temporally re-purposed for other crops that
don’t require standing water during growth. For example,
fields used for rice in Japan are also used for soya or
wheat during some years. This has a further impact on the
aquatic rice field fauna, and only those species with eggs
that can be torpid for substantial periods of time, or those

transported into the rice fields from surrounding habitats
(e.g., via irrigation water) will colonize the field if it is
used for rice again.

ECOLOGY OF OSTRACODS IN RICE FIELDS
Utilization of the rice field habitat

Ostracods live on and in the surface-oxidized soil
layer of rice fields, and nektobenthic species additionally
utilize the floodwater. The family Notodromadidae con-
tains species that spend considerable amounts of time as
neuston, hanging upside down from the water surface,
typically in small shallow habitats, including rice fields.
The oxidized soil layer is a photic aerobic environment
with a positive redox potential and is microbiologically
very active. Carbon dioxide, nitric oxide, ferric oxide and
sulphate levels are stable, and algae and aerobic bacteria
predominate (Roger, 1996). The depth of the oxidized
layer is typically between 2 and 20 mm, and is dependent
not only on the concentration of dissolved oxygen in the
water and reducing capacity of the soil, but also on the
activities of benthic and interstitial faunas (Roger, 1996),
which include the exploits of ostracods. The activities of
benthic invertebrates directly affect nutrient recycling
through excretion, and indirectly by physically disturbing
the soil and releasing minerals (Roger, 1996). The extent
to which ostracods contribute to nutrient recycling in rice
fields is unknown, but is likely to be significant consider-
ing their high densities and near ubiquitous presence. The
surface-oxidized soil layer is in continuous exchange with
the water above and the two can be seen as a continuous
environment; nektobenthic ostracod species mirror this
continuum by constantly moving from the soil layer to the
floodwater.

Densities

Ostracods have been reported to often be the most
abundant aquatic invertebrate group in surveys of rice
fields (Simpson et al., 1994; Roger, 1996;). Simpson et
al. (1994) documented ostracod densities ranging from 0
through to 98,000 ind m?, with a mean of 6000 for rice
fields in the Philippines. Other studies have recorded os-
tracod densities of 10 to 20,000/m? in the Philippines
(Grant et al., 1986), and 300 to 37,000/m? in Malaysian
rice fields (Lim and Wong, 1986). In Philippine rice fields
ostracods appear early in the crop cycle, after mosquito
and chironomid larvae, but before copepods and clado-
cerans (Roger et al., 1994b; Simpson et al., 1994), and
peaking at about 22 days after rice transplanting (Grant et
al., 1986). This is attributed to the blooming of phyto-
plankton and algae on the soil surface after fertilizers have
been applied. Where no fertilizers are applied, or if fertil-
izers are deep-placed in the soil, rapid increases of ostra-
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cods are not seen (Simpson ef al., 1994; Roger, 1996). An-
other study focussing on Spanish rice fields noted that os-
tracods are most abundant in the last phases of rice
cultivation (Forés and Comin, 1992). Taniguchi et al.
(1997) estimated that epibiotic bacteria on high densities
of Cypretta sp. accounted for 1 to 10% of the total bacteria
in the water of the rice field. Ostracods have been reported
to appear more frequently in rice fields that have had com-
post applied, compared with rice fields with no compost
applied (Yamazaki et al., 2001). Competition between os-
tracods and chironomid larvae may be responsible for the
decline in the latter during the rice growing period
(Simpson et al., 1994).

Successions of species through the crop cycle

Successions of ostracod species through the crop cycle
undoubtedly differ depending on numerous factors, and
could have an impact on the growing rice, but few studies
have addressed this aspect (Ghetti, 1973). For inverte-
brates generally, grazers are dominant in the early part of
the crop cycle, but later organic detritus accumulates, and
this supports benthic filter feeders and deposit feeders
(Roger, 1996). A similar scenario could potentially occur
with ostracods, but detailed diets and feeding behaviours
of most ostracod species are poorly known, especially for
those in rice field habitats. Other factors, such as tolerance
to diurnal changes in water temperatures and chemistry,
and reproduction rates could also play a significant role
in succession of ostracod species in rice fields. Ghetti
(1973) noted the abundances of 55 species in 17 rice fields
over the rice growing season, as well as recording water
depth, temperature and oxygen levels. Heterocypris
incongruens (Ramdohr, 1808) tended to appear early in
the growing season in large numbers and tail off towards
the end. Other species, such as Cypridopsis vidua (O. F.
Miiller, 1776), tended to appear later in the growing sea-
son. Many species appeared in smaller numbers for short
periods in only a small number of rice fields, and some
showed numerous increases and decreases of populations
through the growing season.

Feeding

Most free-living freshwater ostracods consume mainly
algae, cyanobacteria and organic detritus, but have also
been reported to feed on bacteria, fungi, protozoans,
plants and pollen, fallen leaves, rotifers, oligochaetes, ne-
matodes, copepods, cladocerans, chironomids, mosquito
larvae, gastropod larvae, amphibian eggs, fish fry, as-
sorted dead animals and even other ostracods, including
individuals of the same species (Liperovskaya, 1948; De
Deckker, 1983; Strayer, 1985; Campbell, 1995; Fryer,
1997; Smith and Delorme, 2010; Gray et al, 2010;
Ottonello and Romano, 2011; Rossi et al., 2011). Ostra-

cods are not widely reported to directly feed on rice
plants, but in experiments, ostracods have been docu-
mented damaging the roots of two-week old rice seedlings
suspended in water (Barrion and Litsinger, 1984).

The consumption of cyanobacteria by ostracods is the
most researched aspect of ostracod ecology in rice fields.
Of the grazers (including cladocerans, copepods, rotifers,
chironomid and mosquito larvae, ostracods and gas-
tropods) that have the biggest impact on the photosyn-
thetic biomass of rice fields, ostracods and gastropods
have been reported to be particularly important in limiting
the growth of nitrogen-fixing cyanobacteria (Fernandez-
Valiente and Quesada, 2004; Grant ef al., 1986). This
grazing of cyanobacteria by ostracods (and other inverte-
brates) can therefore have a deleterious effect on the
growing rice (De, 1939; Wilson et al., 1980; Osa-Afiana
and Alexander, 1981; Grant ef al., 1983a; 1985; Roger,
1996; Fernandez- Valiente and Quesada, 2004). Nitrogen-
fixing cyanobacteria become dominant in the rice field
ecosystem after the initiation of the panicles of the rice
plant through to harvest (Fernandez-Valiente and
Quesada, 2004). The grazing on non-colonial nitrogen-
fixing cyanobacteria may cause mucilaginous colonial
forms, which are less susceptible to grazing, to become
dominant, but mucilaginous cyanobacteria are less active
at fixing nitrogen (Roger and Kurihara, 1991; Roger et
al., 1994a). Measurements of the rates of grazing of the
ostracod Heterocypris carolinensis (Ferguson, 1958) on
cyanobacteria ranged from 32.2 to 75.8 png dry wt/ostra-
cod per day depending on whether the ostracods had been
starved or not before the experiments; ostracod densities
did not significantly influence grazing rates unless very
high (i.e., 560 individuals per 60 mL of water) (Grant et
al., 1983a). Declines in the blooms of cyanobacteria are
attributed to the grazing activities of ostracods and mol-
luscs, and the collapses of cyanobacteria populations in
rice fields are closely followed by those of ostracods
(Grant et al., 1986). Which ostracod species have the
biggest impact on cyanobacteria is currently unknown.

Ostracods have been reported to prey on amphibian
eggs and tadpoles, which most animals find unpalatable
(Gray et al., 2010; Ottonello and Romano, 2011). This
could potentially be another way ostracods affect the rice
field environment, as amphibians act as biological con-
trols on rice pests (Khatiwada ef al., 2016).

Predators

Although research has shown that freshwater ostracods
and their eggs are consumed by a wide range of groups, ei-
ther by chance or by groups actively seeking them, the dy-
namics of predator-prey relationships of ostracods in rice
fields are unresolved. Generally, their main predators are
fish, waterfowl, amphibians, insect larvae (notably dragon-
fly and damselfly), backswimmers, and water mites
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(Lowndes, 1930; Proctor, 1964; Lilly et al., 1978; Vinyard,
1979; Allen and Wootton, 1984; Proctor and Pritchard,
1989; Griffiths et al., 1993; Uiblein et al., 1994; Lopez et
al., 2002; Blanco et al., 2004; Ghioca-Robrecht and Smith,
2008; Brochet et al., 2010; Vandekerhove et al., 2012), all
common in rice field ecosystems. The hard, calcified cara-
pace of ostracods can reduce predation considerably in
some cases. In experiments 26% of individuals of Cypri-
dopsis vidua survived passage through the guts of bluegill
sunfish (Lepomis macrochirus Rafinesque, 1810) (Vinyard,
1979), and instars and eggs have also been reported to sur-
vive consumption by waterfowl, fish, tadpoles, frogs and
flatworms in a similar manner (Lowndes, 1930; Proctor and
Malone, 1965; Kornicker and Sohn, 1971; Lopez et al.,
2002; Smith and Kamiya, 2008). Populations dynamics can
directly affect the prey/predator relationship of ostracods.
In experiments with freshwater fish fry and ostracods, it
was noted that the fry eat the ostracods, but if the number
of ostracods is large, the ostracods attack and eat the fish
fry, leaving only the vertebrae and scales (Liperovskaya,
1948). Modernization of rice production has negatively af-
fected some of the predators of ostracods, such as fish and
frogs (Katayama et al., 2015).

Survival strategies in rice fields

Ostracod instars, while physiologically aquatic organ-
isms that extract oxygen from water for respiration, are
nonetheless able to tolerate periods of water scarcity by
closing their carapaces and waiting for conditions to im-
prove. Adults and juveniles have been reported to enter a
torpid state in undersaturated environments, and regain
mobility when sufficient moisture is available (Delorme
and Donald, 1969; Forester, 1991; Horne, 1993). How im-

portant the torpidity strategy is to annually colonizing rice
fields is unknown, but experiments have shown that one
pond-dwelling species can survive in a torpid state for
over a year in soil with a water moisture content as low
as 4 to 5% (Horne, 1993).

Species of the family Cyprididaec have desiccation-re-
sistant eggs (Fig. 3), which can survive the fallow, dry pe-
riods of rice cultivation (at least for two years), hatching
soon after the rice fields are flooded (Stenert et al., 2010).
Heterocypris incongruens, a very common inhabitant of
rice fields, produces two types of eggs, one of which rap-
idly develops, and the other which remains dormant (85%
of the total) (Angell and Hancock, 1989). Heterocypris in-
congruens eggs can remain viable after drying, exposure
to temperatures of between -25°C and 40°C, and low pres-
sures (Sohn and Kornicker, 1979; Angell and Hancock,
1989). Data concerning the durability of other species’ eggs
is lacking, but considering the high diversity of Cyprididae
in rice field habitats (78% of all rice field species reported,
see below and checklist), desiccation-resistant eggs are
probably a significant factor in the dominance of this family
in rice fields. A study on the effects of straw burning on
resting egg banks in Thai rice fields noted that burning has
a substantial negative effect on zooplankton abundance and
diversity (Chittapun, 2011). Ostracods were included in the
study, and unlike other groups they hatched from all burnt
samples. The ostracods were not identified below class
level, so it is not clear how straw burning affects ostracod
diversity, but it indicates that ostracod eggs of at least one
species can survive the high temperatures generated during
straw burning. Desiccation-resistant eggs are not unequiv-
ocally known to exist in other families, but evidence of
other ostracod taxa surviving in temporary habitats suggest

Fig. 3. A) A clutch of eggs of Heterocypris incongruens, attached to a small piece of wood. One egg has hatched (marked with arrow).

o Y

Light microscopy, eggs submerged under water. B) The same eggs as in A, air dried, splutter coated with gold and photographed with
a JEOL 5800 LV scanning electron microscope (arrow marks hatched egg). C) Detail of B, location marked by dotted square on B,

showing the outer coating of the egg.
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that they too can have drought-resistant stages (e.g., lim-
nocytherid ostracods: Martens, 1996; Eagar, 2000; Smith
and Horne, 2004).

Long term changes in rice field ostracod faunas

Only one study has compared rice field ostracod fau-
nas between two time periods in the same region; Rossi
et al. (2003) compared the rice field ostracod fauna col-
lected in the 1990s with that collected in the 1960s and
reported by McKenzie and Moroni (1986) from the same
region in Italy. This showed a decline in diversity from
46 to 25 species between the two-time periods spanning
30 years. The faunal composition was also somewhat dif-
ferent, in that six species found in the 1990s were not
recorded in rice fields during the 1960s. In Japan, one
species previously reported in the 1940-70s as being a
regular inhabitant in Japanese rice fields during the spring
and summer, Notodromas trulla Smith and Kamiya 2014,
is now very rare in such habitats (Okubo, 2003; Smith and
Kamiya, 2014).

EFFECTS OF PESTICIDES ON RICE FIELD
OSTRACODS

Ostracods can be targeted by pesticide application due
to their deleterious effect on nitrogen-fixing cyanobacteria,
or be affected by applications that target other taxa. Pesti-
cides developed in the 1950s and 60s and which were used
on rice fields were generally more potent and environmen-
tally damaging than recent counterparts (Katayama et al.,
2015). Rossi et al. (2003) suggested that the widespread use
of pesticides during the 1960s onwards in Italian rice fields
was the cause of the decline of ostracod diversity over a
thirty-year period. The decline of the Japanese species No-
todromas trulla, which used to be common in rice fields dur-
ing the 1940s to 70s, is also perhaps related to pesticide use
in conjunction with loss of suitable habitats surrounding rice
fields (Okubo, 2003). Studies carried out on pesticides and
ostracods in rice fields are relatively sparse, and cover only
a handful of identified species. Ostracods have been re-
ported to be highly sensitive to some pesticides and resilient
to others (Daam et al., 2013; Grant et al.,, 1983b; Jolly
Thomas and Tessy, 2014; Lim and Wong, 1986; Roger and
Watanabe, 1982; Sanchez-Bayo and Goka, 2006a; Taka-
mura and Yasuno, 1986). The responses of different species
of ostracods to the same pesticides can also differ. Experi-
ments with carbofuran and lindane on two species of rice
field ostracods, Heterocypris carolinensis and Heterocypris
luzonensis Neale, 1981, found that the latter species was sig-
nificantly more tolerant than the former to both pesticides
(Grant et al., 1983b). After application of fipronil on an ex-
perimental rice field, the ostracod Stenocypris sp. signifi-
cantly increased in abundance, while Ilyocypris sp. and

Heterocypris sp. decreased (Hayasaka et al., 2012). Differ-
ent responses to pesticides may be related to resistance ac-
quired by previous exposure (Grant ef al., 1983b), but on
the other hand, the cumulative ecological impacts of suc-
cessive treatments of pesticides can negatively affect aquatic
faunas, including ostracods (Hayasaka et al., 2012; Sanchez-
Bayo, 2014). Although ostracods are generally negatively
affected by pesticides directly after application, they can in-
crease their populations substantially soon afterwards to lev-
els higher than before application. This is attributed to their
high fecundity, and generally having a higher resistance to
pesticides than their predators (e.g., Odonata larvae), and
their subsequent increases can inhibit the development of
nitrogen-fixing cyanobacteria blooms (Roger, 1996). The
seeds of the neem tree (4zadirachta indica), crushed and
distributed in rice fields, has been shown to be an effective
alternative or supplement to artificial chemical pesticides in
controlling ostracods in rice fields (Roger and Watanabe,
1982; Grant et al., 1983c; 1986).

Ostracods have been noted to have lower tolerance than
other taxa to imidacloprid, a pesticide widely used in rice
fields. One study revealed that Heterocypris incongruens
was the most sensitive to imidacloprid of the taxa studied
in experimental rice plots (Daam et al., 2013), while an-
other noted that cladocerans can tolerate much higher con-
centrations than ostracods (Sanchez-Bayo and Goka,
2006b). Environmental impact assessments of imidacloprid
are based on toxicity values of the cladoceran Daphnia
magna Straus, 1820, a species tolerant to imidacloprid, and
therefore fail to address the deleterious environmental im-
pacts of this pesticide on rice field ostracods. Even at non-
lethal levels, imidacloprid can impact ostracod survival as
it immobilizes them, resulting in retardation of feeding and
reproduction, and makes them more vulnerable to predation
(Sanchez-Bayo and Goka, 2006b). In rice fields where pes-
ticides such as imidacloprid have significantly reduced the
ostracod population, turbidity of the water is lower com-
pared with rice fields with abundant ostracods. This is be-
cause ostracods and other meiofauna continuously disturb
the soil layer searching for food, increasing turbidity. The
lack of meiofauna in rice fields also changes the ecology,
allowing Spirogyra algae to bloom, which in turn increases
pH and hampers the growth of weeds (Sdnchez-Bayo and
Goka, 2006a; Hayasaka et al., 2012).

ORIGIN OF RICE FIELD OSTRACOD FAUNAS
Asiatic rice

Common wild rice Oryza rufipogon, the ancestor to asi-
atic rice (Oryza sativa), is an aquatic plant adapted to sub-
tropical and tropical climates (Higham and Lu, 1998). It is
still found, albeit rarely, in the Yangtze Valley of China,
where domestication of rice is thought to have first oc-
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curred ~8200-13,500 years ago (Higham and Lu, 1998;
Molina et al., 2011). It was wetlands containing wild rice
along the Yangtze Valley that were first modified into rice
fields, and it is possible that the ostracod fauna of these wet-
lands were the originators of the first rice field ostracod fau-
nas. Unfortunately, the ostracod faunas of marshes and rice
fields in China are very poorly known, so little can be said
about the ecology and taxonomy of what these initial faunas
were. From the Yangtze Valley, rice farming slowly spread
through other parts of China, principally along river valleys,
over thousands of years, finally becoming well-established
in many areas of Asia by the Iron Age (Fuller ef al., 2011).
From Asia, rice was introduced to Central Asia, Greece and
Sicily maybe as early as 344 BC and finally around other
areas of southern Europe (GRiSP, 2013). Rice was trans-
ported to South and North America a few hundred years
ago, and to Australia in the 19th century (GRiSP, 2013;
Lewis, 2012), and the exploitation of rice fields by ostracod
in these areas is therefore considerably later than in Asia.
Floodplains and low-lying areas along river valleys were
first to be converted to rice farming (Fuller ez al., 2011),
and presumably the native faunas of these areas contributed
to the rice field ostracod faunas. The rice fields of Europe,
the Americas and Australia are more isolated than those of
Asia, and the potential for continuous exchange of species
between these and other rice-growing areas must be signif-
icantly lower.

African rice

The second species of domesticated rice, African rice
(Oryza glaberrima), originated from the wild species
Oryza barthii on the floodplains of the Niger River 2000
~ 3000 years ago (Linares, 2002). African rice has been
replaced in much of West Africa by Asian rice, which was
introduced by Europeans hundreds of years ago, but
African rice is still grown in some areas (Linares, 2002).
Information about non-marine ostracods in West Africa is
sparse, and no details of rice field ostracods are available
from this region. Considering the high endemism of non-
marine ostracods to zoogeographical provinces (93% for
Africa; Martens et al., 2008), the original ostracod faunas
of African rice fields are expected to be considerably dif-
ferent from Asian counterparts. Of the two species so far
reported from African rice fields (from Madagascar), both
are endemic to the Afrotropical zoogeographical province,
with one of them endemic to Madagascar (Miiller, 1898;
Martens, 1986). Influences on the fauna by the introduc-
tion of Asian rice are also to be expected, but cannot at
present be assessed due to lack of data.

Invasive ostracod species in rice fields

Rice field faunas are generally considered to be op-
portunistic species that are tolerant to drastic environmen-

tal changes, and which can rapidly colonize rice fields
from nearby habitats (Fernando, 1996; Bambaradeniya
and Amarasinghe, 2003). It has been noted that rice fields
in temperate regions have a tendency to be colonized by
a high percentage of tropical and subtropical species
(Petkovski, 1964; Fox, 1965; Ghetti, 1973; Martens and
Toguebaye, 1985). The high-water temperatures of rice
fields in the summer allows these species to survive in
temperate regions, and they can thus act as tropical en-
claves (Moroni, 1961). In contrast, in tropical regions the
ostracod faunas of rice fields are mainly dependent on the
faunal composition of surrounding ecosystems (Victor
and Fernando, 1980).

Throughout the thousands of years since rice was first
domesticated (Molina et al., 2011), faunas have probably
been passively dispersed along with the expansion of rice
cultivation. Consequently, invasive species in rice fields
are likely a phenomenon nearly as old as rice domestica-
tion itself. As rice cultivation spread, the number and
range of invasive species likely increased too. Invasive
species can move in any direction, and it is possible that
native species in areas newly farmed for rice became dis-
persed to older rice-growing regions.

Increasing modernization and movement of people
and goods around the world have increased the likelihood
of invasive species, and they are currently considered to
be one of the greatest ecological and economical threats
to the planet (McNeely et al., 2001). Because rice fields
are susceptible to colonization by aquatic alien species,
they can be seen as invasive stepping-stones, from which
alien species can spread to other nearby habitats (Valls et
al., 2014). Some ostracod species found in Lake Biwa, an
ancient lake in central Japan, may be regularly washed
into the lake from surrounding rice fields rather than be
permanent residents of the lake (Smith ez al., 2011). Some
ostracod taxa are particularly prone to passive dispersal
due to the desiccation-resistant nature of their eggs
(McKenzie and Moroni, 1986), which have the ability to
survive passage through the guts of fish and waterfowl
(Proctor, 1964). Parthenogenetic reproduction, common
in freshwater ostracods, also facilitates their dispersal,
with only one egg required to start a new population.

Considering the potential threats to human food sup-
ply of invasive species, the identification of such species
is paramount. McKenzie and Moroni (1986) coined the
Italian term ospiti esteri (foreign guests) to refer to
parthenogenetic ostracod species that are only known
from rice fields in Italy while known to be native else-
where. They listed 14 ospiti esteri species (six identified
to the species level), out of a total of 53 species found in
Italian rice fields, with origins in South America, Asia,
Africa, and Australia: Chlamydotheca incisa (Claus,
1892), Dolerocypris sinensis Sars, 1903, Tanycypris pel-
lucida (Klie, 1932), Strandesia (3 spp.), Stenocypris
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major (Baird, 1859), Ilyodromus viridulus (Brady, 1886),
Isocypris (2 spp.), Notodromas persica Gurney, 1921,
Cypretta (3 spp.). McKenzie and Moroni (1986) backed
up their claim by noting that none of their ospiti esteri
have been found in fossil studies conducted in Italy. Bal-
tanas (1992) later questioned if the Isocypris species were
truly ospiti esteri, due to a lack of data on the distributions
of the species known. Additionally, Dolerocypris sinensis
is well-established around the Mediterranean, and males
are unknown everywhere (Meisch, 2000), so it may not
be invasive in Italy. Notodromas persica is also well-
known around the Mediterranean, and because it repro-
duces sexually, it does not fit the definition of ospiti esteri
provided by McKenzie and Moroni (1986).

Five ostracod species are considered to be tropical ex-
otics in the rice field fauna of the Iberian Peninsula: 7any-
cypris  sp., Cypris subglobosa Sowerby, 1840,
Dolerocypris sinensis, Stenocypris major and Fabae-
Jformiscandona subacuta (Yang, 1982) (Baltanas ,1992;
Escriva et al., 2012). Due to the Mediterranean climate,
small temporary water bodies don’t exist during the sum-
mer months on the Iberian Peninsula, but the artificial
aquatic regime of rice fields provide shallow, high tem-
perature waters during the summer months for these trop-
ical and subtropical species to maintain viable populations
(Baltanas, 1992).

Neale (1977) proposed that five species of ostracods
(Pseudocypretta maculata Klie, 1932, Hemicypris pyxi-
data (Moniez, 1892), Strandesia marmorata (Brady,
1886), Strandesia purpurascens (Brady, 1886) and S.
weirzejskii Tressler, 1937) found in rice fields in the cen-
tral and southern parts of Sri Lanka were invasive from
Indonesia, then known to be the only place where these
species also occur. Since then, three of these species,
Pseudocypretta maculata, Hemicypris pyxidata, and
Strandesia purpurascens, have been reported from India
(see checklist of Indian species by Karuthapandi ef al.,
2014), so the likelihood that they are invasive in Sri Lanka
has diminished somewhat.

McKenzie and Moroni (1986) argued that their ospiti
esteri were most likely to have been introduced into Ital-
ian rice fields via human activities, particularly the move-
ment of agricultural plants and seeds. They discounted
alternative scenarios such as wind transport (which is un-
likely to have blown ostracod eggs only into rice fields
and no other Italian habitats), fish (absent from Italian rice
fields), or birds (intercontinental bird transport from Aus-
tralia and South America deemed unlikely). They also
highlighted that it may not just be rice, but the movement
of other crops into Italy over a long-time period that con-
tributed to the modern Italian rice field fauna. Other au-
thors have also posited human activities to explain the
constituents of the ostracod faunas in rice fields (Fox,
1965; Moroni, 1967; McKenzie, 1971; Neale, 1977). Vic-

tor and Fernando (1980), while accepting that exchange
of rice plants may play a role, envisaged a variety of pas-
sive dispersal mechanisms to explain the rice field faunas
of South East Asia.

SUMMARY OF THE CHECKLIST OF RICE FIELD
OSTRACODS

A total of 192 named species and subspecies of ostra-
cods from 26 countries and sovereign states have been
reported from rice fields in the published scientific liter-
ature (Fig. 1, Appendix). This represents about 7.6% of
all non-marine species. Many other reports have noted
the presence of ostracods in rice fields, but the species
were not identified, and in many cases not even the su-
perfamily noted, and hence these were not included in
the checklist. In some instances, it is unclear which
species were recovered from rice fields. Kim and Min
(1991a, 1991b) reported cight species of freshwater os-
tracods from South Korea, stating that most of them oc-
curred in rice fields, but without giving further details. It
is therefore unclear which of these eight species were in-
habiting rice fields, and which were not, so these records
are not included. Note, however, that all of the eight
species are known from rice fields elsewhere, and one
species, Cyprinotus uenoi Brehm, 1936, was later re-
ported from rice fields in Korea (Chang ef al., 2012). Sars
(1903) reported seven ostracod species (five of which
were new) from China, noting in the introduction that his
Chinese samples were partly from fish ponds, partly from
rice fields, but he did not specify which species were
from which habitat. All seven species were later reported
from rice fields elsewhere, but Sars’ records are not in-
cluded in the checklist. Considering the immense amount
of research conducted on rice, there are undoubtedly
many further records of rice field ostracods in the grey
literature (e.g., governmental, and company reports, stu-
dent theses, etc.), but as these are often not widely avail-
able, or known to the wider scientific community, they
cannot be included.

Some species are probably accidental occurrences in
rice fields [e.g., Candona candida (O. F. Miiller, 1776)],
likely via irrigation (see Savatenalinton and Suttajit,
2016), and may not be able to establish themselves in this
type of habitat in the long term. For other species rice
fields are probably an important habitat for them to ex-
ploit, and may even be their main habitat in particular re-
gions. For example, in Japan Hemicypris vulgaris Okubo,
1990 has so far only been reported from rice fields
(Okubo, 2004). Due to lack of data, it is not clear which
category most species belong to, but such data is impor-
tant in understanding the ecological requirements of os-
tracods and their potential impacts on the rice field
ecosystem.
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Of the 116 countries and states that produce rice
worldwide, named ostracods species have been reported
for only 26, representing 22.4% of the total. For countries
and states for which data is available, biodiversity is
clearly under-reported in most cases.

Taxonomy

Seventy eight percent of the species reported from rice
fields belong to the family Cyprididae (Fig. 4A, Tab. 1).
This is the largest family of non-marine ostracods, con-
taining approximately 1086 described species, represent-
ing 43.2% of all described non-marine species (Tab. 1).
Thus, rice fields harbour a proportionally high diversity
of Cyprididae species. The next most diverse family found
in rice fields is the Candonidae, at 8.3%, a family that ac-
counts for 29.5% of all described non-marine species, so
is under-represented in this habitat. The Ilyocyprididae
form 6.3% of the rice field fauna, but only account for
1.7% of all described non-marine species, and thus is
over-represented in this habitat. The low diversity of Lim-
nocytheridae found in rice fields (2.1%) is proportionally
less than their diversity in non-marine habitats generally
(7.4%) (Tab. 1). Nine families (eight of which are in the
Superfamily Cytheroidea) found in non-marine habitats
have not been reported from rice fields (Tab. 1). Some of
these may be found in rice fields in the future, while oth-
ers are primarily brackish water groups and are unlikely
to occur in rice fields. Within the family Cyprididae, the
most diverse subfamilies are the Cypricercinae (38
species, 25.3% of total of rice field species), the Herpeto-
cypridinae (30 species, 20%) and the Cyprinotinae (29
species, 19.3%) (Fig. 4A).

A

Megalocypridinae 0.7%

Hungarocypridinae 1.3%
Isocypridinae 1.3%
Dolerocypridinae 2.7%\

Eucypridinae 4%
Cypridinae 4.7%

Cyprettinae 10%

Cypridopsinae 10.7%

Cyprinotinae 19.3%

Family Cyprididae

Cypricercinae 25.3%

Herpetocypridinae 20%

Taxonomic discrepancies

Moroni (1967) illustrated some of the species found in
Italian rice fields, including Tanycypris pellucida (Klie,
1932) (as Dolerocypris pellucida). Forty-seven years later,
Nagler et al. (2014) re-investigated Klie’s (1932) original
material using scanning electron microscopy. This revealed
quite a different carapace shape to that figured in Moroni
(1967), and the specimens are therefore unlikely to be con-
specific. Other previous identifications of 7. pellucida from
Japan (namely Okubo, 1990b; 2004; Okubo and Ida, 1989)
were also found to be misidentifications, in this case of
Tanycypris alfonsi (Nagler et al., 2014; Smith et al., 2014).
Misidentifications of rice field species are undoubtedly in
the literature, but as species are often not illustrated of fig-
ured, it is not clear to what extent this problem exists.

In addition to misidentifications, some previous syn-
onymies are also problematic. The North East Asian
species Cyprinotus uenoi was considered to be a junior
synonym of the Australian species Cyprinotus cingalensis
Brady, 1886 by Karanovic (2008), but this synonymy was
later rejected by Savatenalinton and Suttajit (2016), a
view endorsed by the current authors. Due to the past er-
roneous synonymy of these two species, it is not clear if
Cyprinotus cingalensis reported from China (Yu, 2014) is
C. cingalensis or C. uenoi. Stenocypris macedonica
Petkovski and Meisch, 1996 and Stenocypris bolieki Fer-
guson, 1962 were both synonymized with Stenocypris in-
termedia Klie, 1932 by Martens (2001). These
synonymies were not universally followed by subsequent
authors (Kiilkdylioglu et al., 2015; Valls et al., 2014).
Both S. macedonica and S. bolieki are reported to have
long swimming setae on the antennae (Ferguson, 1962;

Sexual 22.4%

Mixed 17.7%

Reproduction Mode - All Species

Fig. 4. A) The proportions of subfamilies in the family Cyprididae reported from rice fields. B) The proportions of reproduction modes

of rice field ostracods.




Ostracods in rice fields 11

Petkovski and Meisch, 1996), but these are reduced in S.
intermedia (Klie, 1932), suggesting that they are not all
the same species. Stenocypris bolieki and S. macedonica
may be conspecific, but until this can be investigated in
more detail, all three species are listed in the checklist.
Stenocypris viridis Okubo 1990 and Stenocypris hislopi
Ferguson, 1969 are also very similar to S. bolieki and S.
macedonica, and require further taxonomic investigations.

‘Cypretta dubia (Daday)’ was reported from Italian
rice fields by Moroni (1967) and later as ‘Cypretta c.f.
dubia (Daday 1901)’ by McKenzie and Moroni (1986),
and ‘Cypretta dubia (Daday 1901)’ by Rossi et al. (2003).
We could find no other records of this species and it is
possibly a misspelling of Cypretta dubiosa (Daday, 1900),
which is listed in Moroni (1961).

Victor and Fernando (1980) listed ‘Cypridopsis angu-
lata’ as occurring in west Malaysia (Tab. 1 of Victor and
Fernando 1980), but mention in the text that it was found
in rice fields in the Philippines. We could find no other
record of this species, and it possibly refers to Plesiocypri-
dopsis angularis (Victor and Michael, 1975).

Reproduction mode

Freshwater species reproduce sexually, exclusively
parthenogenetically, or have mixed reproduction modes,

although in the latter case sexual populations tend to be
much rarer than asexual ones (e.g., Dolerocypris ikeyai,
see Smith, 2011). Twenty two percent (43 species) of the
species reported from rice fields are sexually reproducing,
and males are commonly found (Fig. 4 B). For another
17.7 % (34 species) males are known, but these species
are regionally parthenogenetic; males are only reported
from a limited number of localities, and in some instances
are rare. These species can be considered to mostly repro-
duce asexually in rice field habitats. For the rest of the
species (115 or 59.9%), males have not been found, or no
data are available about the presence of males.

Most of the posited invasive species in rice fields are
parthenogenetic, and McKenzie and Moroni (1986) noted
that this form of reproduction was a characteristic of their
ospiti esteri. Only one known invasive species of ostracod
found in rice fields, Fabaeformiscandona subacuta, re-
produces sexually (Smith and Kamiya, 2007; Escriva et
al., 2012). However, this species tends to prefer perma-
nent waterbodies, with rice fields being the only type of
temporary water body it is found in (Escriva et al., 2012).
Males have been reported to be extremely rare in rice
fields generally (McKenzie and Moroni, 1986), but the
checklist for this study has revealed that 22% of rice field
ostracod species reproduce sexually. The almost total ab-

Tab. 1. Number of described living non-marine ostracod species/subspecies in each family globally and represented in rice fields.
Global data of free-living non-marine species/subspecies were extracted from Martens ez al. (2013), with additional records from Yu et
al. (2009) (for China) and updated using published records of recently described species. Entocytheridae (a commensal group on other
crustaceans) data were taken from Mestre and Mesquita-Joanes (2013) with marine species (two species) subtracted and some syn-
onymies corrected. Note that some species from lakes listed in Yu ez al., (2009) may be subfossils. Data of global species are approximate;
an updated checklist of global non-marine ostracod species is in preparation.

No. of species

% of total of

No. of species % of total of

globally global species in rice fields rice field species

Candonidae Kaufmann, 1900 742 29.5 16 8.3
Cyprididae Baird, 1845 1086 432 150 78.1
Cytheridae Baird, 1850 16 0.6 0 0
Cytherideidae Sars, 1925 109 43 0 0
Cytheruridae G.W. Miiller, 1894 5 0.2 0 0
Darwinulidae Brady & Robertson, 1885 33 1.3 2 1.0
Entocytheridae Hoff, 1942 210 8.3 1 0.5
Hemicytheridae Puri, 1953 3 0.1 0 0
Ilyocyprididae Kaufmann, 1900 43 1.7 12 6.3
Kliellidae Schifer, 1945 2 0.1 0

Leptocytheridae Sars, 1925 26 1.0 0

Limnocytheridae Klie, 1938 186 7.4 4 2.1
Loxoconchidae Sars, 1925 7 0.3 0 0
Notodromadidae Kaufmann, 1900 39 1.6 7 3.6
Terrestricytheridae Schornikov, 1969 4 0.2 0 0
Xestoleberidae Sars, 1866 5 0.2 0 0
Total 2516 100 192 100
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sence of males in Italian rice fields reported by McKenzie
and Moroni (1986) may be a result of the limited area and
recent introduction of rice to Italy, which may favour
parthenogenetic species over sexual ones.

Martens and Schon (2000) hypothesized that sexual
reproduction has an advantage over asexual counterparts
in long-lived habitats, such as ancient lakes, and that in
temporary and/or young habitats asexual reproduction
dominates. Approximately one-fifth of rice field ostracod
species reproduce sexually, which is about the same pro-
portion of sexual reproduction in Holocene waterbodies
as a whole (asexual species account for >80% in
Holocene waterbodies according to Martens and Schon,
2000). Thus, rice field ostracods generally appear to mir-
ror those of Holocene waterbodies in terms of reproduc-
tion mode despite the more temporary existence of rice
field faunas.

CONCLUSIONS AND FUTURE WORK

Ostracods have a significant impact on the rice field
ecosystem and potentially harvests, and therefore are pos-
sibly the crustacean group with the largest impact on hu-
mans, but their ecological role in rice fields is under
appreciated. There is still great urgency in documenting
ostracod diversity in rice fields, especially in countries and
regions where few or none have been reported so far.
Africa, and North and South America, which undoubtedly
have very different faunas to Asia, are prime examples,
with almost all of these continents’ rice field ostracod fau-
nas unknown. In addition, it is crucial to determine the suc-
cession of ostracod species through the rice growing
season, and establish which species are dominant in rice
fields in each region. The ecology of these species needs
to be better understood to fully appreciate the impacts that
ostracods have on rice. Ostracods can influence the rice
field ecosystem in various ways, both positive and nega-
tive. They directly affect nutrient recycling through excre-
tion, and indirectly by physically disturbing the soil and
releasing minerals, thus improving rice growth. Their graz-
ing on algae such as Spirogyra retards algal blooms, thus
stabilizing pH (Séanchez-Bayo and Goka, 2006a). On the
other hand, ostracods grazing on nitrogen-fixing cyanobac-
teria potentially reduce rice yields (Roger, 1996). Not all
species of ostracods may have the same types of impacts,
depending on food preferences and the timing of appear-
ances during the crop cycle, but without further research
this remains unknown. Potentially invasive species in rice
fields also need to be identified in order to mitigate possi-
ble harmful dispersal from rice fields to surrounding nat-
ural habitats. The origin of ostracods in rice fields is
extremely poorly known, but due to their high fossilization
potential, ostracods could be useful in studies relating to
the early domestication of rice. This can only be done

within a taxonomic framework of living species, which at
present is incomplete or lacking for most regions.
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