
Full Terms & Conditions of access and use can be found at
http://www.tandfonline.com/action/journalInformation?journalCode=tbsm21

International Journal of Biodiversity Science, Ecosystem
Services & Management

ISSN: 2151-3732 (Print) 2151-3740 (Online) Journal homepage: http://www.tandfonline.com/loi/tbsm21

Aquatic faunal abundance and diversity in relation
to synthetic and natural pesticide applications in
rice fields of Central Thailand

Roland Cochard, Suthamma Maneepitak & Prabhat Kumar

To cite this article: Roland Cochard, Suthamma Maneepitak & Prabhat Kumar (2014) Aquatic
faunal abundance and diversity in relation to synthetic and natural pesticide applications in rice
fields of Central Thailand, International Journal of Biodiversity Science, Ecosystem Services &
Management, 10:2, 157-173, DOI: 10.1080/21513732.2014.892029

To link to this article:  https://doi.org/10.1080/21513732.2014.892029

View supplementary material Published online: 25 Apr 2014.

Submit your article to this journal Article views: 424

View related articles View Crossmark data

Citing articles: 6 View citing articles 

http://www.tandfonline.com/action/journalInformation?journalCode=tbsm21
http://www.tandfonline.com/loi/tbsm21
http://www.tandfonline.com/action/showCitFormats?doi=10.1080/21513732.2014.892029
https://doi.org/10.1080/21513732.2014.892029
http://www.tandfonline.com/doi/suppl/10.1080/21513732.2014.892029
http://www.tandfonline.com/doi/suppl/10.1080/21513732.2014.892029
http://www.tandfonline.com/action/authorSubmission?journalCode=tbsm21&show=instructions
http://www.tandfonline.com/action/authorSubmission?journalCode=tbsm21&show=instructions
http://www.tandfonline.com/doi/mlt/10.1080/21513732.2014.892029
http://www.tandfonline.com/doi/mlt/10.1080/21513732.2014.892029
http://crossmark.crossref.org/dialog/?doi=10.1080/21513732.2014.892029&domain=pdf&date_stamp=2014-04-25
http://crossmark.crossref.org/dialog/?doi=10.1080/21513732.2014.892029&domain=pdf&date_stamp=2014-04-25
http://www.tandfonline.com/doi/citedby/10.1080/21513732.2014.892029#tabModule
http://www.tandfonline.com/doi/citedby/10.1080/21513732.2014.892029#tabModule


Aquatic faunal abundance and diversity in relation to synthetic and natural pesticide
applications in rice fields of Central Thailand

Roland Cocharda,*, Suthamma Maneepitakb and Prabhat Kumarc

aInstitute of Integrative Biology, Swiss Federal Institute of Technology, 8092 Zurich, Switzerland; bAgricultural Technology and
Sustainable Agricultural Policy Division, Ministry of Agriculture and Cooperatives, 10200 Thailand; cAsian Center of Innovation for
Sustainable Agriculture Intensification (ACISAI), Asian Institute of Technology, Khlong Luang, Pathumthani 12120, Thailand

Despite wetland conversion to intensive rice production Central Thailand remains a center for wetland biodiversity in
Southern Asia. Fauna inhabiting rice fields (many species perform important ecosystem services) are, however, increasingly
threatened by pesticide uses. In Ayutthaya and Ang Thong Provinces 40 conventionally and 31 organically managed farms
were visited to investigate how abundance and diversity of aquatic fauna in rice fields relate to pesticide regimes. In the dry
and wet seasons fields were surveyed for plankton, aquatic macro-invertebrates, fishes, and waterfowl. Using multivariate
statistics pesticide variables and biophysical field parameters (determined in a previous study) were assessed as potential
predictors of abundance/diversity of faunal groups. Effects of pesticide regimes on aquatic fauna were nontrivial.
Phytoplankton was lowered under exposures to herbicides and natural insecticides. Zooplankton (except amoeboids) was
unaffected or increased on pesticide-exposed fields, probably suffering lower predation. Biophysical aspects partly
explained abundance/diversity of aquatic insects, but abundance/diversity was generally higher on fields treated with natural
rather than synthetic insecticides. Fishes and waterfowl tended to be less abundant on fields exposed to synthetic
insecticides and herbicides. Detailed findings may interest agro-ecologists, medical entomologists, and conservation
biologists. Further research incorporating wider landscape aspects and including pesticide-free reference sites is suggested.

Keywords: insecticides; herbicides; synthetic and natural chemicals; plankton concentration; arthropod diversity; fish and
bird abundance; landscape parameters

Introduction

Rice field wetland ecosystems of Southern Asia represent
an important habitat for a multitude of aquatic invertebrate
and vertebrate species. Many species fulfill ecosystem
functions which are vital for agricultural production,
such as the breakdown and decomposition of organic
materials and the cycling of nutrients (Simpson & Roger
1995; Lawler 2001; Wilson et al. 2008). In addition, some
species (e.g. fishes, frogs, crustaceans, and large insects)
comprise a significant addition to farmers’ livelihoods,
especially in poorer rice-growing regions (Little et al.
1996; Halwart 2006; Shams 2007; Nurhasan et al. 2010).
Some species, however, are potential pests which can
heavily damage the rice crops. These include several
insect species (e.g. rice bugs, leaf-folders, stem borers,
locusts, and weevils) and molluscs (in particular the
golden apple snail, GAS, Pomacea canaliculata, intro-
duced to Thailand during the 1980s) (Pathak & Khan
1994; Matteson 2000; Savary et al. 2000; Carlsson et al.
2004). To combat such harmful pest species in rice and
other crops, synthetic pesticides have been increasingly
used in Asian countries (cf. Maneepitak & Cochard
2014). Pesticides are, however, nonspecific and thus also
affect ecologically beneficial and economically valuable
species. Still relatively little is known about the overall
longer-term impacts of manifold uses of pesticides on
paddy ecosystems and the resulting wider economic costs.

Only a few detailed and comprehensive surveys have
ever been made on the invertebrate and vertebrate faunal
composition in rice field wetland ecosystems of Southern
Asia (e.g. Heckman 1974, 1979; Bambaradeniya et al.
2004; Aditya et al. 2010), whereby effects of pesticide
uses have not been investigated in detail. On the other
hand, an ample literature exists describing the effects of
pesticides on aquatic organisms in experimental settings
(c.f. a multitude of studies cited in the Discussion section
of this article). However, there is generally still little
knowledge and understanding about how entire rice field
ecosystems and landscapes are affected by the variable
pesticide ‘cocktail’ applied on farms. Indeed, the effects
of pesticide uses in real-world ‘experimental’ settings may
substantially digress from theoretical premises established
from laboratory and small-scale tests because on the fields
(1) the pesticides’ concentrations may vary substantially in
space and time (possibly allowing for refuges for affected
species), (2) pesticides may act collectively (e.g. sublethal
levels eventually becoming lethal) or interact with each
other and thus effective toxicity may differ, (3) secondary
effects may occur through the accumulation of chemical
residues in soils and irrigation waters, (4) pesticide resis-
tances (physiological and/or behavioral) may build up in
diverse ways in naturally occurring species, and (5) com-
munities and species interactions tend to be far more
complex and unpredictable in nature as compared to
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experimental systems (Roger & Bhuiyan 1995; Simpson
& Roger 1995; Relyea 2005; Relyea & Hoverman 2006;
Liess et al. 2008).

In a previous study (Maneepitak & Cochard 2014) we
investigated the uses and applications of pesticides on rice
fields of 40 ‘intensively’ or ‘conventionally’ managed
farms (IF) and 31 ‘ecologically’ or ‘organically’ managed
farms (EF) in Central Thailand – one study site each in
Ang Thong (AT) and Ayutthaya (PNA) Provinces. Overall,
45 types of natural or synthetic pesticides were recorded
from interviews of the farmers. From the data, and using
available literature information on the pesticides’ toxicity
to rats (chemicals orally fed), indices describing pesticide
‘toxic exposures’ were calculated (as a proxy for toxicities
to animals, including humans). Data analyses showed var-
ious gradients of toxicity in the rice fields. The pesticides
apparently negatively affected carbon-reducing processes
in soils and rice growth during the dry season (when
pollutant concentration in paddy water was higher than
in the wet season) (Maneepitak & Cochard 2014).

In this subsequent study presented here, we utilized the
baseline information on chemical uses, toxic pollution, and
field conditions established by Maneepitak and Cochard
(2014) to further investigate how the pesticide regimes
relate to the patterns of aquatic faunal species richness,
abundance, and diversity in the rice fields of the 71 farms.
The following questions were addressed:

(1) What are the concentrations of major plankton
groups on the rice fields? What types of aquatic
macro-invertebrates are found on the rice fields,
and how does their abundance interrelate with
plankton concentrations?

(2) What types of fish species are found, and how
does their abundance interrelate with macro-inver-
tebrate abundance and/or plankton concentrations?
What types of waterfowl species are found, and
how does their abundance interrelate with fish
abundance?

(3) To what degree and in which ways do the various
aquatic communities and biodiversity (assessed at
several taxonomic and functional levels) vary
according to pesticide application compared to var-
iation due to other parameters (location, water levels,
soil nutrients, rice densities, species interactions)?

Methods

Description of the study sites and farm (F) variables

The study was conducted in the central plains north of
Bangkok at two sites, i.e. in Mueang and Visechaichan
Districts in Ang Thong Province (AT site; 14° 31-34′ N,
100° 23-27′ E) and in Bang Sai District in Phra Nakhon Si
Ayutthaya Province (PNA site; 14° 13-16′ N, 100° 23-28′)
(a map and more detailed descriptions are provided in

Maneepitak & Cochard 2014). This is an old rice produc-
tion region which still harbors a fairly rich biodiversity
(e.g. listed as ‘important bird area’; Chan et al. 2004). Rice
is grown during the wet (June to August) and dry seasons
(January to March) (temperature and rainfall data are
provided in Maneepitak & Cochard 2014). Intensive culti-
vation practices nowadays – in a majority of cases –
heavily rely on the uses of agrochemicals, especially inor-
ganic fertilizers (mostly nitrogen) and synthetic pesticides
for pest control (referred to as IF) (Office of Agricultural
Economics 2008). However, some farmers (commonly
organized in ‘local expert learning centers’) are experi-
menting with ecologically based methods and may either
use no synthetic pesticides or use them only in cases of
severe pest outbreaks (referred to as EF). PNA is a more
industrialized region than AT, and due to better irrigation
infrastructure farmers in PNA have improved access to
water resources throughout the year (Maneepitak &
Cochard 2014).

During 2010 and 2011, 20 IF and 20 EF were visited
in AT and another 20 IF and 11 EF in PNA. Farm variables
evaluated in statistical models as predictors of faunal vari-
ables (cf. later sections) included the study sites (AT or
PNA; variable F1), the geographic locations of the sur-
veyed farm as UTM latitude (F2a) and longitude (F2b),
the seasons (wet or dry season, F3a) and the number of
days since rice planting (F3b), and the farm types (EF or
IF, F4) (cf. Maneepitak & Cochard 2014).

Description of pesticides used on farms

Using structured questionnaires the owners of the farms
were interviewed to obtain information about their perso-
nal profiles and their uses of pesticides on the paddy fields
(see Maneepitak & Cochard 2014). Overall, 12 types of
herbicides (all synthetic), 13 natural and 14 synthetic
insecticides, and 1 natural and 5 synthetic molluscicides
were recorded during the survey (summary in Tables A1
and A2 in Appendix A). The most commonly used insec-
ticides were abamectin (a ‘moderately’ to ‘highly’ hazar-
dous insecticide derived from bacterial products, used by
44% of farmers) and a chlorpyrifos + cypermethrin mix-
ture (‘moderately’ hazardous synthetics, used by 37%),
whereas the most commonly used molluscicide was tea
seed powder (a saponin-based natural product, used by
32%) (Maneepitak & Cochard 2014; toxicity levels refer
to World Health Organization 2010). The most commonly
used herbicide was butachlor (‘slightly’ hazardous syn-
thetic, used in pure form by 54% and in mixture with
other chemicals by 19% of the farmers), but the mixture
of clomazone + propanil (‘moderately’ to ‘slightly’ hazar-
dous synthetics) was also commonly used (23%) at the
PNA sites. Any other pesticides were used only on a few
farms (≤8%). Farmers in PNA generally used higher levels
of highly toxic synthetics than farmers in AT. Furthermore,
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EF farmers used more natural pesticides of generally lower
hazardousness to humans (Maneepitak & Cochard 2014).

Variables (C) describing pesticide uses and ‘pesticide
toxic exposures’

For each pesticide the interviewed farmers indicated the
concentration (in cc/ha or kg/ha, depending on type)
which they usually use per pesticide application, the fre-
quency of applications per crop, and the number of years
for which the chemical had been used. Using these data,
two indices were calculated for each pesticide:

(1) ‘seasonal input’ index (cc/ha) = mean concentra-
tion (cc/ha) × seasonal application frequency

(2) ‘cumulative input’ index (cc/ha) = ‘seasonal input’
index (cc/ha) × number of years in use

The frequently used pesticide types chlorpyrifos + cyperme-
thrin mixture, abamectin, butachlor, and tea seed powder
(natural molluscicide) were used as potential predictor
variables in statistical analyses in four different forms,
i.e. pesticide type applied or not on farms (binary variable,
C1a), mean application concentration per use (cc/ha, C1b),
‘seasonal input’ index (cc/ha, C1VA), and ‘cumulative
input’ index (cc/ha, C1VC).

In addition, indices were calculated to describe the
overall ‘toxic inputs’ of all synthetic and/or natural pesti-
cides used on a farm. The overall toxicity of pesticides
was approximated by using information on LD50 rat toxi-
city, i.e. for each type of pesticide the lethal dose in mg
(concentrated) needed to kill 1 kg weight unit of rat at a
likelihood of 0.5 (dose fed to rats orally) (see Table A1 of
Appendix A; cf. Maneepitak & Cochard 2014). For each
pesticide type used on a farm a ‘seasonal’ (stv) and a
‘cumulative toxicity volume’ (ctv) was calculated by
weighing the ‘seasonal’ and ‘cumulative’ input indices
(cc/ha), respectively, by the corresponding LD50 rat toxi-
city. The two combined indices were then:

(1) Index of ‘seasonal toxic input’ (C3) = sum of stv
of all types of a pesticide group used per farm

(2) Index of ‘cumulative toxic input’ (C4) = sum of
ctv of all types of pesticide group used per farm

Such indices were calculated for all pesticides (C3tot,
C4tot) and for the subcategories natural (C3In, C4In) and
synthetic (C3Is, C4Is) insecticides, natural (C3Mn, C4Mn)
and overall (including synthetic, C3M, C4M) mollusci-
cides, and herbicides (C3Hs, C4Hs).

Since rats weigh on average about 0.5 kg, the indices
may be interpreted to designate the number of thousands
of rats which – in theory – could have been fatally poi-
soned if the respective volumes of all pesticides would
have been fed orally to rats. The indices may represent a
realistic proxy for the toxicity to animal species, including
human beings (Janardan et al. 1984), but may be less
useful to describe toxicity to other organisms, e.g.

microorganisms. For this reason, the most commonly
used chemicals (C1) and the indices for all subcategories
(C3 and C4) were all included as potential predictors in
statistical testing. In addition to the indices (interval vari-
ables) the ordinal variables ‘number of pesticide types
used’ (C2) were also included into the analyses for all
pesticides (C2tot) and the respective subcategories (C2In,
C2Is, C2Mn, C2Ms, C2M, C2Hs; cf. above). A descrip-
tion of all the variables used for statistical analyses is
provided in Table B2 in Appendix B.

Variables (P) describing biophysical parameters in rice
fields

A first field survey was conducted in the ‘dry’ winter
growing season during 20–29 January 2011 (35–45 days
after the start of growing season; rice is harvested after
~110 days), whereby 10 IF and 10 EF were surveyed at
each study site (40 farms in total). A second survey was
conducted in the ‘wet’ summer growing season during
24–30 June 2011 (40–50 days into the growing season),
whereby all 71 farms were surveyed. Fields near the farms
were selected to sample the aquatic fauna. Biophysical
field variables measured and evaluated in statistical mod-
els as predictors of faunal variables (cf. later sections)
included the distance from the field boundary (earthen
dam) to the nearest irrigation canal (with permanent
water) (in m; variable P1), the mean water depth in the
field (in cm; P2), the average soil pH (P3), soil organic
carbon (in %; P4), soil (total) nitrogen content (in ‰; P5),
the average rice height (longest panicles in cm; P6), and
rice densities (rice stems m−2; P7) (for more detailed
descriptions see Maneepitak & Cochard 2014, and Table
B3, Appendix B).

Data collection of plankton in rice fields (K variables)

To assess plankton (K variables) samples of 0.5 l of water
were collected at a depth of ~3 cm from 10 random
locations in each field. The combined water (5 l) was
passed through a plankton net to obtain 10 ml concen-
trates, which were preserved with 5% neutral formalde-
hyde for later analysis in the AIT laboratory. From the
concentrates 0.5 ml water samples were extracted, and the
number of individuals of plankton groups (i.e. the phylum
or arthropod class) were counted over a 10 × 10 mm grid
using a microscope (Downing & Rigler 1984). Several
literature sources (Boonmee 1991; Vongrat 2000, 2002;
Chittipun et al. 2007) were used to identify the different
groups (summarized in Table A3, Appendix A). For the
various plankton groups the data were extrapolated to
organism counts per liter of water (K1) and were used
directly for statistical testing. In addition, the data were
added up for counts of all plankton (K2a), phytoplankton
(K3a), and zooplankton (K4a). Furthermore, ‘indices of
biomass’ (volume in mm3/l) were calculated for all plank-
ton (K2b), phytoplankton (K3b), and zooplankton (K4b)
by multiplying the densities with the approximate average
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sizes (volume in mm3, assessed from measurements and/or
information from literature) of organisms in each taxo-
nomic group, and summing up the respective functional
groups (K2–4).

Data collection of rice field aquatic arthropods and
calculation of biodiversity indices (A variables)

Using a sieve net (15 cm ring diameter) aquatic arthropods
(A variables) were sampled around the bases of rice plants
at five random locations in each field, whereby sampling
effort was adjusted in approximate relation to water depth
(e.g. one sweep at 15 cm water depth, four sweeps at
5 cm). The sampled arthropods were killed using 5%
neutral formaldehyde and preserved in alcohol for later
identification at AIT. For each of the 111 samples (both
surveys) the collected arthropods were identified to spe-
cies or ‘taxonomic units’ which were likely to represent
different species, using several texts (Chittipun et al. 2007;
Lekprayoon et al. 2007; Srirattanasak et al. 2007;
Boonsoong & Sangpradub 2008) (summarized in Tables
A4 and A5, Appendix A). The data of some species which
were found in more than 20 fields were used directly in
statistical analyses (A1 variables).

The organismal abundance of higher taxonomic groups
(i.e. Coleoptera, Hemiptera, and all Arthropoda) and func-
tional groups (herbivores and predators) was assessed by
adding up the counts of species within the respective
groups (variables A2a and A3a). Furthermore, ‘indices of
total biomass’ (volume in mm3/sample) were calculated by
multiplying the counts with the estimated average sizes
(body volume in mm3, assessed from measurements, and/
or information from literature) of species and summing up
the values for the groups (A2b/A3b). ‘Indices of average
biomass’ were then calculated by dividing ‘indices of total
biomass’ by the total counts (A2c/A3c). The diversity of
higher taxonomic and functional groups was assessed by
‘species richness’ per field sample (A2d/A3d).
Furthermore, arthropod biodiversity was measured using
the following indices (Magurran 2003):

(1) Shannon–Wiener index (A2e/A3e) = −Σ[ni/N * ln
(ni/N)]

(2) Shannon evenness index (A2h/A3h) = Shannon–
Wiener index/S

where ni denotes the organism counts of species i in the
sample, N the total count of arthropods sampled, and S the
number of species in the sample.

Data collection of rice field molluscs, fishes, and
waterfowl (M, T, and W variables)

Molluscs (M variables) were surveyed by placing a 1 m2

wire frame in a random fashion near each corner and in the
middle of a sampled field (i.e. five replicates) and calcu-
lating the mean. Fishes (T variables) were sampled by
placing a hand net (50 cm frame diameter) three times

each at the inlet and at the outlet water of the field (i.e. six
replicates). The species of fishes were identified using two
literature sources (Sidthimunka 1973; Janekitkan 2009),
and counts per species and sample were recorded.
Waterfowl (W variables) were observed following a
method recommended by Bird Conservation Society of
Thailand (2012). Species were observed and counted
(using an Admiral Transit binocular of magnification
8 × 42) during an observation phase of about 1 min in a
random 90° directional slice (up to a distance of ~100 m).
Species were identified using the guide by Lekagul and
Round (2005). Vertebrate data are summarized in Table
A6, Appendix A.

Statistical data analysis

A framework for the analysis of overall variable interac-
tions for this and the accompanying study (Maneepitak &
Cochard 2014) is shown in Figure C1 in Appendix C.
Corresponding results based on multivariate analyses are
shown in Figures 1, 2, and 4. Minitab 15 statistical soft-
ware (Minitab Inc., State College, PA, USA) was used to
summarize the data variables (i.e. frequencies, mean, stan-
dard deviation, etc.) and perform statistical analyses.
Before analyses the data distributions were checked, and
if needed appropriate transformations (e.g. logarithm,
square root, or normal score functions) were applied.
Multivariate linear regression (MLR), general linear mod-
els (GLM), and binary (BLR) or ordinal (OLR) logistic
regression models were used, as appropriate regarding the
various sets of (interval/categorical) data tested. To deter-
mine the main factors (predictor variables) influencing or
correlating with a tested dependent variable of interval
data type (i.e. MLR and GLM models), stepwise variable
selection using best subsets regression (BSR) analyses
were performed (as model selection criterion Mallow’s
Cp measure was used; for descriptions of statistics and
methodology see Chatterjee & Hadi 1988; Chatterjee
et al. 2000, Minitab Inc.). In the case where the dependent
variable was of categorical data type we applied systema-
tic testing of models (BLR or OLR). Tools for detecting
outlier and leverage points (DFFITS and Cook’s distance)
were used, and in some cases points were deleted to
improve the models. Once the optimal models were deter-
mined, statistically significant associations of predictors
with dependent variables were illustrated as arrows in
Figures 1, 2, and 4, with the arrow thickness denoting
the p-value (closely commensurate with other model sta-
tistics indicating ‘effect size’, cf. Note C1 in Appendix C).

Statistically determined associations among the var-
ious variables were interpreted ecologically and in com-
parison with the available literature, keeping in mind that
these may be due to (1) the influence (direct or indirect) of
one variable upon another; (2) covariation which may be
explained by other (hidden) factors (possibly not assessed
in the study); or (3) chance effects (statistical error of the
first kind), especially in the case of marginally significant
correlations. All variables are described in Appendix B
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Figure 1. Data variation of plankton variables (taxonomic and functional groups) as explained by independent predictors (biophysical, farm,
and pesticide variables). The numbers indicate whether the tested variables are from the first (1) or from the second (2) survey. Inserted triangles
indicate a significant change of the variables from the first to the second survey (as determined from paired T-tests or Mann–Whitney tests),
where▲ indicates significantly higher and▼ lower levels at the respective sampling time; ◊ indicates no significant change. The significance
levels of the changes are indicated by the darkness of the triangles, from▲ (p < 0.0005),▲ (p < 0.005), to▲ (p < 0.05). The inserted numbers
represent average organism counts per liter, respectively mass indices (xi; ~volume inmm3 per liter). The arrows indicate the predictor variables
(at the start of the arrows) which were significant in the models in order to explain the dependent variables (at the end of the arrows). The arrows
may or may not imply causality. White arrows represent positive and black arrows negative correlations. The thickness of the arrows indicates
the significance level of the correlation from the thickest (p < 0.0005), medium (p < 0.005), to the thinnest (p < 0.05). ‘Farm type’ and
‘Province’ refer to ‘organic’ farms and ‘Ayutthaya Province’, respectively. Correlations among plankton variables (all positive) are indicated by
light connecting lines with thicknesses corresponding to significances. I. = index; cumul. = cumulative; plankt. = plankton; H = height;
D = density; N = nitrogen content; dist. = distance; Cyperm. = cypermethrin.
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Figure 2. Data variation of invertebrate variables (only arthropods; taxonomic and functional groups) as explained by independent
predictors (plankton, biophysical, farm, and pesticide variables). Refer to legend of Figure 1 for an explanation of the arrows, numbering,
and triangles. The figures represent (a) average organism counts in all net samples per farm, (b) average total mass indices (xi; ~volume in
mm3 in all net samples per farm), (c) average organism mass indices (xi; ~mm3), (d) average number of species, and average levels of
biodiversity as described by (e) the Shannon–Weiner index, and (f) the Shannon Evenness index. Correlations between herbivore and
predator group variables (all positive) are indicated by light connecting lines with thicknesses corresponding to significances. I. = index;
cumul. = cumulative; H = height; D = density; fish ct = fish counts; dist. = distance; spp = species; org. = organism; even. = evenness;
OC = organic carbon content; GAS = golden apple snail; Cyperm. = cypermethrin.
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(Tables B1–B3), and summaries of descriptive statistics as
well as model statistics from multivariate analyses (includ-
ing listing of significant predictors) are provided in
Appendix D (Tables D5–D8).

Results

Patterns of plankton organism concentrations of
different plankton groups

Plankton abundance differed widely among the studied
fields from only 16 up to 4164 organisms per liter; the
data typically followed log-normal distributions (Table
D5, Appendix D). Heterokonts (Heterokontophyta, mostly
diatoms), euglenoids (Euglenozoa), amoeboid protists
(Amoebozoa, possibly including other phyla), and rotifers
(Rotifera) were more abundant during the dry season as
compared to the wet season. In contrast, green algae
(Charophyta) and crustacean zooplankton – i.e. branchio-
pods (Branchiopoda, predominantly cladocerans, i.e. water
fleas) and especially maxillopods (Maxillopoda, predomi-
nantly copepods) – were more abundant during the wet
season. The counts of blue-green algae (Cyanobacteria)
did not differ significantly between seasons (Figure 1).
Populations of euglenoids (which were strongly positively
correlated with heterokonts) and also blue-green algae
tended to increase throughout the dry season survey
(Figure 1).

Green algae, branchiopods, and rotifers were generally
found at higher abundances on fields with deep water
levels, especially during the dry season. Similarly, amoe-
boids were found at lesser abundance on fields situated
close to irrigation canals. In the wet season (when waters
were more diluted from high rainfalls) those effects were
less prominent, but heterokonts and amoeboids tended to
be slightly more abundant in the rice fields of PNA as
compared to fields of AT; equally green algae were more
abundant on farms situated to the east (and thus mainly in
PNA) (Figure 1). Fish abundance (expressed by biomass)
was negatively associated with concentrations of eugle-
noids and heterokonts during the dry season and with
blue-green algae and large cladocerans (Thermocyclops
sp.) during the wet season (Figures 1 and 2).
Furthermore, there were negative correlations between
soil variables (N and OC) and some plankton groups
(phytoplankton and amoeboids; Figure 1).

During the dry season all phytoplankton groups (but
especially green algae) were significantly depressed on
fields where herbicides (especially butachlor) were in use
(Figure 1). Applications of natural insecticides (mainly
cumulative input) and (partly) molluscicides were nega-
tively correlated with the abundances of euglenoids, amoe-
boids, and blue-green algae, especially during the dry
season (Figure 1). The application of strong insecticides
did not markedly diminish overall levels of either zoo-
plankton or phytoplankton – maybe with the exception of
abamectin (insecticide derived from bacterial products)
which affected maxillopods during the wet season. In

contrast, some positive correlations of highly toxic pesti-
cides (and especially chlorpyrifos + cypermethrin) with
several plankton groups (maxillopods, euglenoids, amoe-
boids, and rotifers) were observed, especially during the
wet season (Figure 1).

Aquatic arthropod species found in samples on the fields

During both the surveys at least 39 different species of
arthropods (but possibly more, due to uncertain taxonomy
and cryptic species) including adult, immature, and/or
larval forms were found in the net samples (Tables A4
and A5, Appendix A). At least two species of arachnids (a
water mite and an aquatic spider) and three species of
micro-crustaceans (large water fleas, clam shrimps, and
copepods) were found in the samples; Thermocyclops sp.
(copepods) and Ceriodaphnia sp. (water fleas) were found
in sufficient frequencies (55% and 30%) to use for statis-
tical analyses (Figure 2). Furthermore, freshwater prawns
(Macrobranchium sp.) were caught in fish nets. Sampled
aquatic insects included at least six species of Coleoptera
(beetles), six Hemiptera spp. (bugs), nine Diptera spp.
(larvae of flies, mosquitoes and midges), four Odonata
spp. (dragonfly larvae), three Ephemeroptera spp. (mayfly
larvae), four Trichoptera spp. (caddisfly larvae), and one
species of Plecoptera (stonefly larva). Three herbivorous
insect species, i.e. Helochares sp. (water scavenger bee-
tles, Hydrophilidae), Micronecta sp. (water boatman bugs,
Corixidae), and larval Culex sp. (mosquito larvae,
Culicidae), were found in sufficient frequencies (51%,
42%, and 41%, respectively) to use for statistical analyses
(Figure 2).

Patterns of abundance and diversity of aquatic
arthropods

Aquatic arthropods (in particular herbivores) were on aver-
age significantly more abundant (28 vs. nine organisms
per field sample on average) and more diverse (3.4 vs. 1.8
species) during the wet season as compared to the dry
season (Figure 2; Table D6, Appendix D). Between the
seasons there were also differences in life stages with
larval or immature forms only found in the dry season in
some species (e.g. Helochares sp.) and in the wet season
in other species (e.g. Neohydrocoptus sp. and Anisops sp.;
Table A5b, Appendix A). Arthropod abundance and bio-
mass tended to be increased on more deeply inundated
fields with higher copepod concentrations (during the dry
season only) and fields situated closer to irrigation canals
(during both seasons) (Figure 2). Arthropod diversity and
abundance (especially of water beetles and predatory spe-
cies) tended to increase with time passing throughout the
survey. Arthropods were more abundant and diverse on
the fields of PNA as compared to AT, despite generally
higher uses of pesticides at PNA (cf. Maneepitak &
Cochard 2014). Average sizes of arthropods tended to be
increased on fields closer to irrigation canals and fields
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where no or few waterfowl (herons and open-billed stork)
were observed (Figure 2).

Arthropods were overall most abundant and diverse on
fields treated with natural insecticides, especially during
the wet season (notably fields treated with natural insecti-
cides were mostly those fields where no or only lower
levels of synthetic insecticides were used; cf. Maneepitak
& Cochard 2014). Indications were toward longer-term
uses as the predictors (with positive coefficient) were
predominantly the ‘cumulative toxic input’ of natural
insecticides; in contrast, in statistical models herbivore
abundance was actually negatively associated with ‘seaso-
nal toxic input’ of natural insecticides, when controlled for
‘cumulative toxic input’ (Figure 2). When controlled for
the ‘cumulative toxic input’ of natural insecticides the
‘total cumulative toxic input’ (mostly representing highly
toxic pesticides, i.e. synthetic insecticides) was equally
slightly positively correlated with arthropod abundance
and biomass in the wet season. Furthermore, abundance/
biomass of herbivorous insects was increased on fields
treated with abamectin, but it appears that some species
of (most probably predaceous) bugs avoided fields
exposed to abamectin (as is indicated by lowered hemi-
pteran species richness, but no effects on herbivorous
Micronecta sp.) (Figure 2). Other than this, the data did
not reveal any direct effects of insecticides on predaceous
insect populations. Large species of predators were mostly
found on fields where herbivorous insects were abundant,
and long-term uses of herbicides additionally affected
predators possibly via decreasing their prey. Furthermore,
the occurrence of predators varied along geographical
gradients (more abundant in PNA and on farms located
to the west) and increased with time (Figure 2).

The abundance of water beetles (Coleoptera) increased
with time and especially on fields treated with natural
insecticides (rather than with synthetic insecticides). The
most abundant water beetle (Helochares sp.) appeared
unaffected by insecticides, but applications of a second
type of herbicide (to treat re-growing weeds) apparently
exerted negative effects (Figure 2). Albeit more beetles
were generally found on fields of PNA, the sampled
species tended to be larger in AT. Furthermore, large
species were mostly sampled in fields with abundant cla-
doceran plankton, whereas more comparatively small spe-
cies abounded on fields with copious blue-green algae
(Figure 2).

Water bugs (Hemiptera) may have been differently
affected by insecticides (no manifest patterns, except
fewer species on fields treated with abamectin and mol-
luscicides) than beetles. Hemipterans were particularly
abundant on fields situated close to irrigation canals, and
abundance declined on fields where rice canopies were
closing (Figure 2). The data indicated that the most abun-
dant water bugs (Micronecta sp.) were negatively affected
by molluscicides (Figure 2).

Mosquito larvae (Diptera) were abundant on fields
with high inputs of natural pesticides but low inputs of
butachlor, and on fields with comparatively lower soil OC

(soil OC is positively correlated with ‘total cumulative
toxic input’ on rice fields, cf. Maneepitak & Cochard
2014). The presence of rice field fishes was also slightly
negatively correlated with mosquito larvae (Figure 2).

Patterns of abundance of aquatic molluscs

Native species of Lymnaea and Filopaludina were found
at some rice fields during both surveys (Maneepitak, per-
sonal observation). However, the only mollusc species
found in samples was the introduced P. canaliculata
(GAS). Populations of GAS were on average about 25
times higher during the wet season as compared to the
dry season. Data analysis did not reveal any conspicuous
patterns relating to the application of molluscicides, but
positive correlations were found between GAS abundance
with the biomass of herbivorous arthropods and fishes. In
addition, GAS were slightly more abundant on fields with
high overall ‘cumulative toxic input’ of pesticides and
where rice plants were lower (Figures 2 and 3).

Patterns of abundance and diversity of fishes

During both the surveys nine different species of fish were
caught in the nets at the inlets/outlets of the fields (Table
A6, Appendix A). This included two species of needle
fishes (Beloniformes, including rice fishes and halfbeaks),
five species of perch-like fishes (Perciformes, including
gouramis, snakeheads, and labyrinth fishes), and two spe-
cies of barbs (Cypriniformes). Barbs (primarily
Cyclocheilichthys repasson, the largest sampled species,
>8 cm) were only caught during the wet season and only
in PNA. In contrast, needle fishes (observed during both
the seasons, especially Oryzias minutillus, the smallest
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Figure 3. Principal components analysis (PCA) plot illustrating
the multivariate correlations of selected plankton, invertebrate,
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cal variables (also including the factors ‘province’ and ‘farm
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species, <1.3 cm) were almost exclusively found in AT.
Hence, in the wet season fish abundance, biomass, and
species richness were highest overall (with a preponder-
ance in PNA), but relatively more fishes were counted in
AT as compared to PNA during the dry season (Figure 4).
In contrast, perch-like fishes (especially gouramis,
Trichopodus spp., intermediate sizes ~2–8 cm) were
found in similar numbers at both the study sites and
surveys (Figure 4).

Overall, fewer fishes were found at fields stocked with
large or dense rice crops and on fields with high levels of
phytoplankton (Figure 4). Perch-like fishes were mostly
present at fields with high water levels and more acid
soils, whereas needle fishes were present on fields close to
irrigation canals and fields containing an abundance of
amoeboid plankton but few large insect predators.
Gouramis and other perch-like fishes were mostly absent
from fields where molluscicides had been in use over many
years. In contrast, the presence of needle fishes was nega-
tively influenced by the application of synthetic insecticides
(in particular abamectin) and herbicides (Figure 4).

Patterns of abundance and diversity of waterfowl

Over both the surveys seven species of waterfowl were
observed on the fields, including the Asian open-billed
stork (Anastomus oscitans, a species feeding mainly on
wetland snails), four species of herons (Ardeidae, feeding
on fishes, frogs, and large insects), and two species of

ducks (Anatidae, feeding on algae and weeds) (Table A6,
Appendix A). During the dry season the storks were the
most abundant species (4.5 birds per field on average).
However, the numbers were significantly lower during the
wet season (0.4). In contrast, numbers of herons did not
differ markedly between surveys (about one bird per field,
on average) (Figure 4). Ducks were observed (in the wet
season) on two farms only – however with one count of
>50 mallards (Anas platyrhynchos).

None of the variables tested in statistical models pre-
dicted bird abundance or species richness in the wet season,
but during the dry season some geographical patterns were
identified, i.e. fewer numbers of storks, but more waterfowl
species (primarily egrets) were observed on fields situated to
the east (closer to Chao Phraya River and in PNA) (Figures 3
and 4). Furthermore, fewer species of birds were observed on
fields covered with tall rice plants and treated with different
types of synthetic insecticides (Figure 4).

Discussion

As has been shown by Maneepitak and Cochard (2014)
farmers at the study sites use a large array of different
types of pesticides, including natural and synthetic pro-
ducts, and these products are applied at various frequen-
cies and intensities. Thus, describing and investigating the
overall impacts of pesticide uses in the rice fields are not
trivial. Equally, the results presented here show that the
influence of the pesticide ‘cocktail’ on the patterns of

Figure 4. Data variation of fish and waterfowl variables (vertebrates) as explained by independent predictors (invertebrate, plankton,
biophysical, farm, and pesticide variables). Refer to legend of Figure 1 for an explanation of the arrows, numbering, and triangles. The
figures represent (a) average organism counts during standardized observations per farm, (b) average total mass indices (in grams), and
(c) average number of species. Correlations between fish and invertebrate or plankton variables are indicated by connecting lines with
thicknesses corresponding to significances, dark lines indicating negative and light lines indicating positive correlations. arth. = arthropod;
other abbreviations cf. Figure 2.

International Journal of Biodiversity Science, Ecosystem Services & Management 165



faunal abundance and diversity in the rice field environ-
ment are fairly intricate. The results revealed tendencies
toward higher faunal abundance and diversity on fields
where lesser-toxic natural insecticides were in use as com-
pared to fields treated with synthetic pesticides. However,
interactions among different groups of aquatic organisms
were manifold, and likewise parameters of general water
quality, landscape constellations, and field characteristics
were apparently important to explain various patterns. For
these and other reasons (e.g. the development of resis-
tances toward pesticides) certain species were also
observed to thrive on fields where relatively high levels
of hazardous pesticides were used.

Variation of organism concentrations of different
plankton groups

The seasonal and regional differences observed in the
plankton data indicate that irrigation waters were on average
more polluted (enriched with nutrients) and turbid during
the dry season, and especially at PNA. Heterokonts, eugle-
noids and amoeboids are typically promoted by increased
nutrient levels, and rotifers as well as amoeboids feed on
suspended organic matter and small plankton (Munawar
1972; Camargo & Alonso 2006). Euglenoids are not only
partly phototrophic but also major consumers of phyto-
plankton, especially of diatoms (Leedale 1967). Algal
blooms of euglenoids and diatoms are common under
nutrient enrichment (Duttagupta et al. 2004; Rahman et al.
2007), explaining population increases and correlations in
abundance between the two groups.

In contrast to these groups concentrations of green
algae were lower during the dry season as compared to
the wet season. This may be explained by higher concen-
trations of herbicides (especially butachlor) in waters
derived from irrigation canals rather than from rainfalls
(and especially on fields with shallow water levels; cf.
Roger 1995). As members of the plant kingdom green
algae tend to be more sensitive to herbicides than other
phytoplankton (Roger 1995; Ma 2002; Chang et al. 2011).
According to available literature (Zargar & Dar 1990;
Perschbacher & Ludwig 2004; Debenest et al. 2009;
Suárez-Serrano et al. 2010) phytoplankton taxa with high
chlorophyll a contents tend to be particularly sensitive to
photo-inhibitors, whereas taxa that can switch to a hetero-
troph feeding mode under photo-inhibition (e.g. some
euglenoids and heterokonts) tend to be less affected.

Plankton concentrations can change relatively rapidly
over time, and variable nutrient levels (e.g. ammonium and
phosphate) or balances (e.g. N:P ratios) in the water column
may influence the development of phytoplankton commu-
nities (Camargo & Alonso 2006; Ramakrishnan et al. 2010).
In ricefield wetlands nutrient levels in the water column are
often unrelated to soil nutrient concentrations (Ghosh&Bhat
1998; Spencer et al. 2006). Hence, negative correlations of
soil OC (positively correlated with N; Maneepitak &
Cochard 2014) with concentrations of phytoplankton and
amoeboids may be explained indirectly. High levels of soil

OC may indicate higher acidity, lowered oxygen levels and
high concentrations of other chemicals with allelopathic
properties, affecting these plankton groups (Legrand et al.
2003; Camargo & Alonso 2006; Park et al. 2006).

Similarly, chemicals in natural insecticides and mol-
luscicides may explain negative effects on certain plankton
(euglenoids, amoeboids, blue-green algae), especially dur-
ing the dry season. Active agents of natural pesticides,
such as azadirachtin, saponins, phytoalexins, tannins, and
alkaloids may have allelopathic or algicidal properties
(Kreutzweiser et al. 2002; Mulderij 2006; Petroski &
Stanley 2009; Jančula et al. 2010). The observed patterns
may, however, also have resulted through indirect effects.
Planktivorous macro-fauna was likely to be more abundant
on fields which remained unaffected by synthetic insecti-
cides. Fish abundance, for example, was negatively asso-
ciated with concentrations of several plankton groups, and
this may be explained by high predation by fishes on
plankton, especially in the case of blue-green algae and
micro-crustaceans (Rakshit et al. 1999; Duttagupta et al.
2004; Saikia & Das 2009). However, repulsion of fishes
from fields with high phytoplankton concentrations was
perhaps similarly important to explain patterns – espe-
cially during the dry season. Such repulsion may be due
to a heightened presence of ichthyotoxic plankton and/or
the depletion of oxygen (Rahman et al. 2007; Zimba et al.
2010; Wirasith et al. 2011).

According to the available literature (Day 1989; Traas
et al. 1998; van den Brink et al. et al. 2002; Friberg-Jensen
et al. 2003; Sánchez-Bayo 2006; Daam et al. 2008; López-
Mancisidor et al. 2008) many groups of plankton (in
particular micro-crustaceans) are negatively affected by
the use of synthetic insecticides. However, any negative
effects were apparently non-permanent. Lost plankton was
probably readily replaced via reproduction of surviving,
possibly pesticide-resistant plankton. Furthermore, it
appears that any impacts were weighed up by longer-
term benefits resulting from diminished predation by aqua-
tic macro-fauna. This may explain positive effects of
highly toxic pesticides (especially chlorpyrifos + cyperme-
thrin) on some plankton groups (including higher survival
rates of relatively larger plankton), especially during the
wet season. The highly toxic insecticide abamectin may
have exerted direct negative effects on plankton (espe-
cially maxillopods); several studies (Ali et al. 1997;
Tišler & Eržen 2006; Boonstra et al. 2011; Braun et al.
2012) have reported high lethal toxicity of abamectin on
micro-crustaceans. However, the abundance of copepods
may also have been diminished through increased preda-
tion by macro-invertebrates, ultimately traceable to nega-
tive effects of abamectin on fishes (Figures 2 and 4).

Patterns of abundance and diversity of aquatic
arthropods

The types of recorded aquatic arthropods partly reflected
the sampling method and the organisms’ distributions in
the water column, with many free-swimming (e.g. water
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beetles, bugs, mosquito larvae) and fewer bottom-dwelling
species (e.g. mayfly and caddisfly larvae) caught. Other
than that, the populations were characteristic for seasonal
ephemeral wetlands such as rice fields, where many
vagrant species (e.g. water bugs and beetles) and larval
forms of flying insects (e.g. mosquitoes and dragonflies)
are commonly found (Heckman 1974, 1979;
Bambaradeniya et al. 2004).

As for plankton, the differences in arthropod numbers,
biomass, and species between the two surveys pointed
toward a better water quality in the wet season.
Colonization rates by arthropods (probably mostly from
nearby irrigation canals) may have been high on fields
where pollutants were less concentrated (i.e. on more deeply
inundated fields with high concentrations of copepods). The
generally higher abundance of arthropods at PNA (as com-
pared to AT) may be explained by the denser network of
permanent waterways (irrigation canals and/or natural rivers)
which characterizes the PNA site. Such waterways may offer
many refuges as well as avenues/stepping stones to colonize
the fields (especially in the case of large species with
extended larval stages, such as many predators).

It has been reported in several studies (Hesler et al.
1993; Hossain et al. 2002; Wilson et al. 2008; Rizo-Patrón
et al. 2013) that aquatic arthropods (especially predators)
tend to be more abundant and diverse on EF as compared
to IF. However, the observed patterns are rarely lucid but
depend on various other factors, such as environmental
conditions, pollution effects, pesticide resistances devel-
oped in species, and the specific characteristics of food
webs and community assembly/dynamics (Rohr &
Crumrine 2005; Relyea & Hoverman 2006; Resetarits &
Binckley 2009; Vonesh & Kraus 2009). In our study
arthropods were generally most abundant and diverse on
fields treated with natural insecticides (mostly used on
EF), especially during the wet season. This does not
necessarily imply that natural insecticides were harmless.
Bio-pesticides derived from plant and microbial products
have been reported to cause significant mortality to aquatic
arthropods, especially under high concentrations in experi-
ments (Scott & Kaushik 1998; Kreutzweiser et al. 1999;
Shaalan et al. 2005; Zimmermann 2007; Koodalingam
et al. 2009). Nonetheless, since farmers who used natural
insecticides normally made no or fewer uses of synthetic
insecticides (cf. Maneepitak & Cochard 2014), correla-
tions with natural insecticides may also signal the absence
of negative effects by synthetic insecticides. Due to gen-
erally higher toxicity, pulses of synthetic insecticides are
likely to have considerably stronger effects on aquatic rice
field arthropods than pulses of natural insecticides
(Crosslands 1982; Mullié et al. 1991; Simpson & Roger
1995; Traas et al. 1998; Rubach et al. 2011). Furthermore,
most synthetic chemicals are characterized by a lower
degradability and considerably longer residual time than
naturally derived chemicals, prolonging their effects on the
fields (Roger & Bhuiyan 1995; Shaalan et al. 2005; Wang
& Shimazu 2006; Extoxnet 2012; Pesticide Action
Network North America 2012).

Conceivably, several species may have acquired cer-
tain physiological and/or behavioral resistances against
natural as well as synthetic pesticides. This was indicated
(especially in the wet season) by positive correlations of
(total) arthropod abundance/biomass with ‘total cumula-
tive toxic input’, or positive correlations of herbivore
abundance/biomass with abamectin (when controlled for
effects of natural insecticides). Under applied concentra-
tions abamectin may have minor effects on aquatic insects
(Ali et al. 1997). Fields treated with abamectin may thus
attract resistant insects which benefit through lowered
predation pressure (e.g. from fishes), similar to what has
been observed in other studies involving pesticides and
predation risk (Relyea & Hoverman 2006; Resetarits &
Binckley 2009; Vonesh & Kraus 2009).

Many aquatic beetle species are highly mobile and are
often among the first colonizers of transient wetlands
(Larson 1997; Bambaradeniya et al. 2004; Leitão et al.
2007). Continuous immigration from nearby permanent
waterways thus probably explains the increase in coleop-
teran abundance with time as well as high abundances in
PNA. It may also explain higher abundances on fields
treated with natural insecticides, since coleopterans
exposed to nonlethal pesticide doses may evade affected
areas but soon return after pesticides have dissipated and/
or degraded to tolerable levels (Simpson & Roger 1995;
Ali et al. 1997; Trekels et al. 2011). Helochares sp. – the
most abundant water beetles – predominantly feed on
aquatic plants and are found in algal substratum (Cuppen
1986; Bazzanti et al. 2010). This may explain their low-
ered abundance on fields treated with a second type of
herbicide (to treat re-growing weeds). High abundances of
large beetle species on fields with abundant cladoceran
plankton, and low abundances on fields with copious
blue-green algae, may reflect food preferences as related
to the size of the beetles (many are omnivorous at different
life stages) or interactions with larger species, e.g. fishes.

Aquatic bugs were most abundant on sparsely covered
fields near irrigation canals. This corresponds to observa-
tions by Leitão et al. (2007) who recorded more abundant
water bugs near the more open rim zones rather than in the
center of the rice fields. Water bugs tend to move off rice
fields in the late growing season due to changing require-
ments or declines of food sources under closing rice cano-
pies (Saijo 2001; Mukai & Ishii 2007; Ohba et al. 2011;
Phommi 2011). The common corixid bugs (Micronecta sp.)
are predominantly feeding on algae and detritus (Slack
1947), explaining their abundance on open fields. Corixid
bugs have been found to be most sensitive to fungicidal
chemicals (Daam et al. 2008), and thus molluscicides may
similarly have affected Micronecta sp. in a direct way.

Mosquito larvae feed on organic detritus, bacteria,
algae, and protists (Walker et al. 1988). During oviposi-
tioning mosquitoes optimize offspring survival by select-
ing suitable habitats according to chemical cues mostly
derived from bacteria involved in fermentation processes
(Trexler et al. 2003; Ponnusamy et al. 2010). This may
partly explain why mosquitoes were abundant on fields
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with high inputs of natural pesticides but low inputs of
butachlor. Many natural pesticides are derived from fer-
menting biomass and fluids, and additional nutrients are
added. In contrast, application of butachlor diminishes the
productivity of weeds and algae. Mosquitoes were also
found to be more abundant on fields with comparatively
lower soil OC. This observation lends support to the
assumption (cf. Maneepitak & Cochard 2014) that soil
bacterial communities involved in (aerobic) decomposition
processes were affected by high overall exposures to pes-
ticides: high bacterial activity leads to faster carbon reduc-
tion as well as – presumably – a higher attractiveness to
mosquitoes. Furthermore, Culex mosquitoes are typically
repelled by butyric acid and other products of anaerobic
fermentation (also contained in animal manure) which are
potentially toxic to the larvae (Hwang et al. 1980; Victor
& Reuben 2000). Reported responses have, however, not
been consistent since ovipositioning preferences are influ-
enced by the chemical composition to which the mosqui-
toes were exposed as larvae (Mccall & Eaton 2001). The
correlation between larval abundance and soil OC may
thus be the outcome of selective processes which may be
primarily driven by pesticide toxicity and anaereobic con-
ditions, with associated toxic byproducts. Rice field fishes
are major predators of mosquito larvae, probably explain-
ing their negative effects on larval abundance.

Patterns of abundance of aquatic molluscs

The invasion of the introduced P. canaliculata (GAS) into
the rice field ecosystems had a catastrophic impact on
native snail communities, whereby several species disap-
peared entirely (Carlsson et al. 2004). Hence only this
species was found in the samples on the studied fields.
The patterns of GAS abundance (as observed during the
wet season) were not very clear but overall pointed toward
some resistances by GAS against toxic pesticides and
conditions which were suitable for GAS as well as for
other herbivores (e.g. presence of macrophytes and height
of rice, low predation pressure by fishes and other pre-
dators, possibly lower competition from other herbivores
due to pesticide uses). In any case, the much higher
abundance of GAS during the wet season as compared to
the dry season indicates that high rainfalls and associated
flooding strongly facilitated the invasion of GAS into the
rice fields from nearby irrigation canals and/or wetlands.
Factors relating to the presence of nearby breeding sites
and to any physical barriers which can obstruct or facil-
itate the invasion into rice field may thus, overall, be
considerably more important than the application of pesti-
cides on the fields. Another factor explaining the differ-
ences may also be the much lower abundance of open-
billed storks (which feed on GAS) during the wet season.

Patterns of abundance of fishes

Roaming activities of (especially larger) fishes from ponds
and irrigation canals into rice fields are particularly high

during the wet season (Halwart et al. 1996; Rainboth
1996). This possibly explains the absence of barbs during
the dry season as well as site differences. More permanent
waterways were located in PNA, but fields were more
exposed to agrochemicals especially during the dry sea-
son. Nearby permanent water bodies with abundant fish
prey are typically important to explain abundance and
diversity of fishes in rice fields, especially if the water
quality on rice fields is relatively high (Katano et al. 2003;
Uchida & Inoue 2010). The presence of barbs in PNA may
also partly explain the scarcity of rice fishes. Barbs may
displace rice fishes directly through territorial behavior, or
their presence may indicate the presence of other fish and/
or insect species that prey on rice fishes (Iguchi & Kitano
2008; Aditya et al. 2010).

High usage of pesticides may also partly explain the
absence of needle fishes from most fields at PNA. Studies
have found significant pesticide sensitivities by Oryzias
species, and toxicity is often particularly high for small
fishes (Cagauan 1995; González-Doncel et al. 2004;
Capkin et al. 2006; Kim et al. 2008). In contrast, applica-
tions of herbicides (especially butachlor) may have
affected fishes via decreasing their food sources (algae
and plankton) and habitat qualities. Herbicides can affect
fishes directly (Moraes et al. 2009; Tramboo et al. 2011;
Tu et al. 2013), but the decomposition of weeds may also
lead to deteriorating dissolved oxygen (DO) levels in the
water (Murty 1986; Cagauan 1995). Serious adverse
effects of abamectin on fishes (depending on chemical
concentrations) have been noted in several studies (Ali
et al. 1997; Tišler & Eržen 2006; Sheeba Jasmine et al.
2008; XiZhen & HongDa 2009). Hence, fish abundances
(except gouramis) were lowered on fields where abamec-
tin was used. Perch-like fishes were mostly absent from
fields where molluscicides had been in use over many
years. This is probably because of direct cumulative
effects of chemicals such as saponin on fish populations
(Terazaki et al. 1980; Oliveira-Filho & Paumgartten 2000).

Patterns of abundance of waterfowl

Foraging waterfowl much prefer natural wetlands over rice
field areas. Hence the waterfowl distribution is often more
closely linked to wider landscape features than to local
aspects of field management (Maeda 2001; Elphick et al.
2010). During the wet season open-billed storks are breed-
ing in colonies mostly near larger wetlands, whereas in the
dry season the birds are roaming freely (Sundar 2006).
This explains the lower numbers of storks observed during
the wet season. Nonetheless, during the dry season fewer
species of birds were observed on fields covered with tall
rice plants and treated with different types of synthetic
insecticides. This illustrates the negative effects of syn-
thetic insecticides and rice growth on the food sources of
storks and egrets, especially since at later stages of rice
growth several species of egrets gain a large proportion of
their food from terrestrial insects such as grasshoppers or
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dragonflies (Richardson & Taylor 2003; Ibáñez et al.
2010; Parsons et al. 2010).

Conclusion

Pesticides are indiscriminate agents which kill pest species
but also affect non-target organisms and thus degrade
some of the essential ecosystem services they support.
Such services include the turnover of carbon and nutrients,
and the control of potentially noxious herbivores and dis-
ease vectors by predators. None of these services can be
fully substituted by technological means, and the decline
in rice field biodiversity is therefore of concern, particu-
larly on a longer-term outlook. The presented study pro-
vides insights into how current pesticide regimes influence
the aquatic faunal communities on the rice fields. Findings
of the study may be of interest to researchers of different
disciplines, including agro-ecologists, medical entomolo-
gists, and conservation biologists. Further studies should,
however, be undertaken to address some of the many
questions which remain unanswered.

Aquatic species conservation per se is an important
objective to be pursued in bio-diverse regions such as the
Chao-Phraya River basin. Each species has a number of
functions to play within the ecosystem where it naturally
evolved. Species of economic value such as large fishes,
crustaceans and insects (e.g. Lethocerus indicus) are only
found in comparatively ‘healthy’ rice field ecosystems
characterized by a rich biodiversity, and several species
sampled in our study may be useful to indicate specific
environmental field conditions or types of pollution. Good
indicator species, however, need to fulfill certain criteria
(Hilty & Merenlender 2000). It needs to be considered that
most of the arthropods sampled in the present study were
fairly mobile insects able to disperse via air at the adult
stage. Partly because of this, many of the observed pat-
terns were appreciably complex and not always easily
interpretable based on the collected data.

For these reasons further field studies should be con-
ducted to better illuminate the effects of the ‘cocktail’ of
agrochemicals on species of specific interest, applying
targeted and comprehensive sampling. More focus should
be set specifically on aspects of wider landscape structures
and seasonal timing. Many species are mobile vagrants
and their persistence in the area thus depends on retreats
and stepping stones within the aquatic landscape at various
stages during their life cycle. Optimally studies would
include ‘natural control’ fields entirely untreated with
any pesticides. Such studies could help substantially in
developing conservation plans for essential rice field bio-
diversity, including rare and sensitive species of poten-
tially high importance for sustainable rice production and
the rehabilitation of ecosystem services in degraded fields
(Settle et al. 1996; Maeda 2001; Nishihara et al. 2006;
Samways et al. 2010). Studies may also investigate at what
rate fields intensively treated with pesticides will be reco-
lonized by aquatic fauna (and with what consequences on
rice productivity) if the fields are reverted to pesticide-free

or low-pesticide uses. Moreover, pesticide-free ‘conserva-
tion zones’ may not only be valuable for the preservation
of beneficial species. Provided that noxious species with a
high turnover rate (e.g. mosquitoes) can develop resis-
tances against synthetic pesticides, wetland refuges could
potentially contribute in safeguarding the gene pools that
retain pesticide sensitivity (Overgaard 2006).

Natural insecticides can reportedly prevent outbreaks of
pests such as BPH, via direct chemical effects on pests as
well as relative ineffectiveness on natural enemy populations
(Saengpukdee et al. 2011). Natural insecticides seem to be
particularly efficient during dry periods when chemicals are
less likely to be washed off the plants by rains.More research
on the delicate checks and balances among pests, predators,
and chemicals may lead to much improved pest management
strategies with no needs to rely on synthetics. Outbreak of
GAS populations often occurs in association with floods.
Here too, a better understanding of GAS ecology may lead
to a better risk management including improved manage-
ment of invasion barriers and more focused applications of
chemicals in time and space, whereas tea seed powder may
be effective with comparatively low impacts on the environ-
ment. The invasion of GAS provides a reminder of the
importance to conserve native biodiversity: further introduc-
tions of alien species are likely to occur in future, and their
spread and damage may best be mitigated via controls
through native fauna (Leung & Mandrak 2007). Under the
current conditions an intermediate path, incorporating genu-
ine ecological approaches as also promoted in other countries
(Scherr and McNeely 2008) may likely be a suitable
approach in order to sustain productivity whilst also preser-
ving the options offered by the rich diversity of species which
used to populate the rice fields.
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