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Abstract The aim of this study was to assess the ecotox-
icological effects of water coming from untreated organic
and conventional rice field production areas in the Ebro
Delta (Catalonia, Spain) treated with the herbicides oxadi-
azon, benzofenap, clomazone and bensulfuron-methyl and
the fungicides carbendazim, tricyclazole and flusilazole.
Irrigation and drainage channels of the study locations were
also included to account for potential toxic effects of water
coming in and out of the studied rice fields. Toxicity tests
included four species (Pseudokirchneriella subcapitata,
Desmodesmus subcapitatus, Chlorella vulgaris and Daph-
nia magna), three endpoints (microalgae growth, D. magna
mortality and feeding rates), and two trophic levels: primary
producers (microalgae) and grazers (D. magna). Pesticides
in water were analyzed by solid phase extraction-liquid
chromatography-electrospray-tandem mass spectrometry
(LC-ESI-MS/MS). Negative effects on algae growth and
D. magna feeding rates were detected mainly after appli-
cation of herbicides and fungicides, respectively, in the
conventional rice field. Results indicated that most of the
observed negative effects in microalgae and D. magna were
explained by the presence of herbicides and fungicides. The
above mentioned analyses also denoted an inverse rela-
tionship between phytoplankton biomass measured as
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chlorophyll a and herbicides. In summary, this study indi-
cates that in real field situations low to moderate levels of
herbicides and fungicides have negative impacts to plank-
tonic organisms and these effects seem to be short-lived.
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Rice fields - Organic farming - Ebro Delta

Introduction

Conventional agricultural practices have increased crop
yields but also have caused severe environmental problems
such as contaminated ground water, adverse health effects
and changes in the habitat of many species (Hansen et al.
2001). In industrialised countries, there is an urgent need to
reduce pollution by using less fertilisers and synthetic
pesticides in intensive agriculture. In this regard, organic
farming systems are considered an alternative to conven-
tional agriculture to minimize pesticide/fertilizer negative
impacts (Hole et al. 2005). In some European countries, up
to 8% of the agricultural areas are managed organically
according to European Union Regulation (EEC) No. 2092/
91 (Hole et al. 2005). In terms of land area, Italy has by far
the largest organic farming sector in Europe, followed by
the UK, Germany, Spain and France (Héring et al. 2004).

In agricultural areas, pesticides can contaminate surface
waters through drainage, run-off or directly by spray drift.
At peak application time, water bodies discharging from
several agricultural areas have been shown to transport a
cocktail of pesticides (Kuster et al. 2008; Mafiosa et al.
2001). Since pesticides are designed to exert toxic effects,
it is reasonable to assume that they may also be hazardous
to aquatic non-target organisms (Van den Brink et al. 2002;
Junghans et al. 2006; Barata et al. 2007).
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The Ebro Delta (Catalonia, Spain) is a protected area, in
which agriculture (65% of its area is under rice cultivation)
and wildlife are in continuous interaction (Fores and
Comin 1992; Ibanez and Prat 2003; Tarazona and Sanchez
2006). In this area more than 30 different pesticides are
regularly detected in surface waters and new active prod-
ucts are assayed each year (Claver et al. 2006; Kuster et al.
2008; Hildebrandt et al. 2009). Some of the measured Delta
del Ebro pesticides studied in the Ebro Delta (i.e. fenitro-
thion, endosulfan and diazinon) are known to be very toxic
to planktonic species (Fernandez-Casalderrey and Andreu-
Moliner 1994; Sancho and Andreu-Molier 1996). How-
ever, many substances used as fungicides and herbicides
can also be hazardous to non-target organisms, such as
crustaceans and may also affect the structure and function
of biological communities (Gustafsson et al. 2010). Van
den Brink et al. (2000), Cuppen et al. (2000) and Slijker-
man et al. (2004) showed that the fungicide carbendazim
altered the composition of freshwater model ecosystems,
being cladocerans one of the most susceptible zooplankton
groups.

Algae growth inhibition responses have been commonly
used as an important population-based parameter to eval-
uate pesticide toxic effects (Sabater and Carrasco 2001; De
Lorenzo et al. 2002; Prado et al. 2009). Post-exposure
feeding responses in Daphnia magna have also been used
in laboratory and field studies to assess sublethal effects of
toxic chemicals within industrial, domestic and agricultural
complex effluents (Mc William and Baird 2002; Barata
et al. 2007; Damasio et al. 2008; Bosch et al. 2009).
Feeding rates in D. magna are physiologically linked with
population growth rates (Barata and Baird 2000) and eco-
logically with top-down control of phytoplankton by zoo-
plankton grazers (Sommer et al. 2003). Thus, measuring
potential negative effects of pesticides on phytoplankton
species and D. magna feeding rates can reflect responses
occurring in natural populations (Mc William and Baird
2002).

In a previous study conducted in the Ebro Delta during
the rice growing season, Barata et al. (2007) were able to
identify exposure and effects associated to the most used
pesticides in the field using in situ post exposure D. magna
feeding assays. These include the herbicides betazone,
propanil, molinate and the insecticide fenitrothion. The aim
of the present study was to compare ecotoxicological
effects of water collected from untreated (organic) and
pesticide treated (conventional) rice fields from the Ebro
Delta using both primary producers (microalgae growth)
and grazers (D. magna feeding). Conventional rice fields
were treated with five pesticide formulations, that although
are being used in Ebro Delta rice fields, they are rarely
detected in its surface waters (Kuster et al. 2008; Mafiosa
et al. 2001). The pesticide formulations applied were the
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herbicides were VIPER® and LONDAX®, whose active
compounds are benzofenap, clomazone and bensulfuron-
methyl, and the fungicides BIM® and PUNCH®, whose
active compounds are carbendazim, tricyclazole and flusi-
lazole. Oxadiazon (RONSTAR®) was applied before
inundation as pre emergence herbicide. Field studies con-
ducted with the above mentioned pesticides have reported
low to moderate half lifes in water (2-10 days), high
environmental levels (10-206 pg/l) in rice paddies surface
waters during peak application and moderate to low levels
in surrounding waters afterwards (<0.1-2.3 pg/l in rivers
and lakes) (Quayle et al. 2006; Zanella et al. 2002; Hog-
endoorn et al. 2000; Armbrust 2000; Okamoto et al. 1998;
Nicosia et al. 1991). However, these compounds can be
accumulated in soil where the half life can be of several
months (FAO and United Nations 1989). The reported
toxicity of the studied formulations or active compounds is
highly variable across studies and species (Table 1). In
general the studied herbicides were more toxic to algae
than to D. magna or other zooplankton species. Among
herbicides, oxadiazon and bensulfuron-methyl were
reported to inhibit algae growth or photosynthesis at
exposure levels lower than 10 pg/l, clomazone at 50 pg/l
and benzofenap at 140 pg/l. Fungicides were toxic to both
phyto and zooplankton with carbendazim being the most
toxic compound impairing D. magna survival, feeding rates
or zooplankton and phytoplankton abundance within the
33-70 pg/l range. Tricyclazole and flusilazole were toxic
to phyto and zooplankton in the range 1-10 mg/l (Table 1).

Materials and methods
Study area

The Ebro Delta is located at the mouth of the largest river
in Spain. It is the second most important wetland area in
Spain, while simultaneously supports substantial rice pro-
duction (Ibafiez and Prat 2003). The Ebro Delta receives a
high load of pesticides as a consequence of the intensive
agricultural activities developed upstream and in the delta
itself (Mafiosa et al. 2001; Claver et al. 2006; Terrado et al.
2006). Two main channels, one on each side of the river,
bring the water from Xerta weir (30 km upstream) to the
rice cultivation system. From these two channels, water is
carried to and collected from the rice fields by a network of
irrigation and drainage ditches, respectively. For this study,
a conventional (C) and two organic (OA, OB) rice field
plots were selected, as well as two additional sites located
in irrigation (I) and drainage (D) channels (Fig. 1). The
organic rice fields (without pesticide treatments) are part of
a 54 ha farm, which applies the organic farming normative
of the European Union (Regulation: CEE 2092/91).
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Table 1 Effect concentration
response (NOEC, ECsy, LCs0)
of different phytoplankton

and zooplankton species to
bensulfuron-methyl, clomazone,
benzofenap, oxadiazon,
carbendazim, tricyclazole

and flusilazole

Compound Endpoint Effect concentration response
Bensulfuron-methyl
Phytoplankton
C. pyrenoidosa Photosynthesis 0.005-0.5 pg/l (LONDAX®) (ECs0)*

C. vulgaris
P. subcapitata
P. subcapitata
Zooplankton
Daphnia magna
Ceriodaphnia dubia
Americamysis bahia (mysid)
Clomazone
Phytoplankton
P. subcapitata
Navicula pelliculosa
Navicula pelliculosa
Zooplankton
D. magna
D. magna
D. magna
D. magna
Americamysis bahia (mysid)
Americamysis bahia (mysid)
Benzofenap
Phytoplankton
P. subcapitata
Zooplankton
D. magna
Oxadiazon
Phytoplankton
Navicula pelliculosa
Skeletonema costatrum
S. capricornutum
Algae
Zooplankton
D. magna
D. magna
D. magna
Moina macrocopa
Americamysis bahia (mysid)
Carbendazim
Phytoplankton
Chlorella pyrenoidosa

Chlorella pyrenoidosa and
Scenedesmus oblignus

Scenedesmus acutus
D. subsubcapitatus
P. subcapitata

Several species

Growth (96 h)
Growth (3 days)
Population (120 h)

Intoxication immobile (48 h)
Intoxication immobile (24 h)
Mortality (96 h)

Abundance (120 h)
Growth (96 h)
Growth (96 h)

Intoxication immobile (48 h)
Intoxication immobile (48 h)
Acute (48 h)

Chronic (21 days)

Mortality (96 h)

Mortality (96 h)

Growth (72 h)

Intoxication immobile (48 h)

Abundance (5 days)
Abundance (5 days)
Abundance (5 days)
Growth (72 h)

Inmobile (48 h)
Reproduction 21 days
Inmobile (48 h)
Mortality (48 h)
Mortality (96 h)

Growth (48 h)
Growth (96 h)

Abundance (4 week)
Growth (72 h)

Growth (72 h)
Mesocosms 1-10 weeks

17.96 mg/l (EC5())‘i
11.8 pg/l (ECse)?, 20 pg/l (ECso)°
800 pg/l (ECsp)?

99.0 mg/l (ECso); 130 mg/l (LCso)*
300 mg/l (ECsp)*
130 pg/l (LCso)*

3.5 mg/l (ECsq)*
50 pg/l g (NOEC)
136 pg/l (ECsp)"; >186 ug/l (ECsq)°

5.2 mg/l (ECsq)*
5.2 mg/l (LCsq)"
12.7 mg/l (ECsq)"
2.2 mg/l (NOEC)f
570 mg/l (LCsp)®
566 mg/l (LCsp)*

148 pg/l (ECsp)!

>10 mg/l (LCs0)®; 383 pg/l (ECso)!

126 pg/l (ECso)*; 136 pg/l (ECso)”
4.10 pg/l (ECsp)®

7.8 ug/l (ECsp)*

6-3000 pg/l (ECsq)°

>2.4 mg/l (ECsp)*

30 pg/l (ECsp)'

2.18 (1.15-3.0) pg/l (EC50)°
100 pg/l (LCsp)*

270 pg/l (LCsp)*

19-35 mg/l (ECs0)?

1 mg/1 (LOEC)*
419 mg/l (ECs)°
1.3 mg/l (ECsp)®
33 g/l (NOEC)®
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Table 1 continued Compound

Endpoint

Effect concentration response

Zooplankton

D. magna

magna
magna
magna
magna
magna

magna

SIS AR~

. magna
Simmocephalus velutus
D. magna
Americamysis bahia (mysid)
Zooplankton (several species)
Zooplankton (several species)
Macroinvertebrates
Tricyclazole
Phytoplankton
P. subcapitata

Algae (several species)

Zooplankton
D. magna
D. magna
D. magna
Flusilazole
Phytoplankton
P. subcapitata

P. subcapitata
2 PAN database; ® Tomlin

(2009); ¢ Van den Brink et al. Zooplankton
(2000); ¢ Cuppen et al. (2000); D. magna
¢ Van Wijngaarden et al. D. magna
(1998); " PPDB database; & Ma D. magna

et al. (2002)

Feeding behaviour (2 h)

Mortality acute (24 h)
Mortality acute (48 h)
Mortality acute (48 h)
Abundance (7 days)
Abundance (14 days)
Reproduction (21 days)
Mortality (48 h)
Abundance (4 week)
Mortality

Mortality (96 h)
Mesocosms (28 days)
Mesocosms (1-10 week)

Mesocosms (1-10 week)

Growth (72 h)
Growth (96 h)

Mortality (48 h)
Mortality (48 h)
Reproduction (21 days)

Growth (72 h)
Growth (96 h)

Mortality (48 h)
Reproduction (21 days)
Mortality (48 h)

20.7-60-70-226 pg/l (NOEC, NOEL,
LOEC, LOEL respectively)®

45.61 & 46.47 pg/l (ECs0)?
230.0 £ 169.7 pg/l (ECsp)?
181.82 & 218.87 pg/l (LCs)?
15.0 pg/l (EC,o) (DESOSAL®)?
33.0 pg/l (LOEC)?

26 pg/l (NOEC)®

0.13-0.22 mg/l (ECs)"

100 pg/l (NOEC)?; 33 pg/l (LOEC)?
182.71 & 201.9 pg/l (LCsp)®

98 pg/l (LCsp)*

20-37 pg/l (NOEC, EC ¢, ECs0)?
33 pg/l (NOEC)®

3.3 pg/l (NOEC)?

8.2 pg/l (ECso)°

9300 pg/l (ECso)®, 4000 pg/l
(NOEC)®

>20000 pg/l (LCsp)?
34000 pg/l (ECsp)%; 20 mg/l (LCso)®
960 pg/l (NOEC)®

640 pg/l (ECsp)
100 pg/l (ECs)f

3400 pg/l (ECso)’
270 pg/l (ECsp)"
>2400 pg/l (ECsp)®

Sampling

Water samples were collected to assess the potential tox-
icity of rice field water discharges following different
pesticide applications (Table 2). Composite 51 water
samples of five 1 | sub-samples taken from the whole water
column (1040 cm deep) within a 10 m? square were
taken. The drainage channel was the deepest site sampled
(120 cm), but the sample was taken from the first 10 cm of
the water column. Water samples were collected simulta-
neously from 10 to 11 am at all sampling sites: prior to
herbicide applications (beginning of June); 2, 7 days after
herbicide application (in June); and 1 day after fungicide
application in mid August. Once collected composite water
samples were stored in 6 1 glass containers and preserved
on ice until arrival to the lab (30 min drive). Sub-samples
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of water of 2 1 were stored in darkness at 4°C and toxicity
tests were carried out within the next 4 days. Additional
sub-samples of water of 1 and 2 1 were also taken using
pre-cleaned glass bottles and preserved at —20°C until
chemical analyses.

Physico-chemical analyses

Physicochemical parameters such as dissolved oxygen
(DO), water temperature, conductivity and pH were mea-
sured in situ with an YSI 556 multiprobe (YSI incorpo-
rated, Yellow Springs, USA). In the laboratory, total
suspended solids, chlorophyll-a and pheopigments were
determined by filtering 1 1 of water using gravimetric and
fluorometric methods, respectively (APHA-AWWA-WEF
1995; ASTM 1998; Jeffrey and Humphrey 1975).
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Fig. 1 Location of the study area and sampling sites in the Ebro
Delta

Pesticide analysis

High purity (98-99.9%) standards of the three herbicides
(oxadiazon, bensulfuron-methyl and clomazone) and three
fungicides (carbendazim, flusilazole and tricyclazole) were
purchased as powder from Sigma (St Louis, MO, USA). The
herbicide benzofenap could not be included in the chemical
analysis because it is no longer sold as individual active
ingredient. The herbicide oxadiazon was not applied directly
by the farmer in this crop season; however, it is widely used

in the Ebro Deltarice fields as a pre-emergence herbicide and
has been used before in the studied conventional rice fields.
Stock standard solutions for each of the analytes were pre-
pared in methanol at 10 mg/ml and stored in the dark at 4°C.

Sample extractions were conducted following previous
procedures (Hildebrandt et al. 2007; Lacorte et al. 2000)
with minor modifications. Water samples were filtered
through 0.45 um mesh glass fiber membrane filters from
Whatman (Waters). A volume of ca 200 ml of water sample
was extracted using OASIS HLB 200 mg solid-phase
extraction cartridges. The cartridges were first conditioned
with 10 ml of dichloromethane, 10 ml of methanol and 5 ml
of HPLC water, then samples were percolated using a vac-
uum system at a flow of 6 ml/min. Afterwards, cartridges
were rinsed with 1 ml of HPLC water, dried under a vacuum
for 30 min and then immediately eluted with 20 ml of
dichloromethane/methanol (1:1). Extracts were evaporated
under a gentle stream of nitrogen to almost dryness and
reconstituted to 250 pl with methanol. Standard solutions of
the mixtures of all compounds at concentrations ranging
between 0.1 and 10 pg/ml were prepared using appropriate
dilution of the stock solutions in methanol. Standard mix-
tures were used as spiking solutions for preparing the cali-
bration standards and external recovery studies. Three
replicates of spiked water (0.1, 1 pg/l) for recovery studies
and three blanks (HPLC water quality) were included in
each extraction batch. Pesticide-grade solvents methanol
and acetonitrile, and LC grade water were supplied by
Merck (Darmstadt, Germany).

Ultra Performance Liquid Chromatography coupled with
tandem Mass Spectrometry (LC-MS/MS) analyses were

Table 2 Agrochemical
treatments and sampling scheme
at the different sampling sites

Application, dates and studied periods

Sites sampled Toxicity tests  Physico-chemical

analyses

Pre-treatment
6th June 2007
Oxadiazon
Herbicide treatment
9th June 2007

I,OA,C,D Algae, Daphnia Phys-Chem

VIPER® (benzofenap + clomazone); 305 g/ha
LONDAX® (bensulfuron-methyl); 91.2 g/ha

Two days after herbicide treatment

11th June 2007

Seven days after herbicide treatment

16th June 2007
Fungicide treatment
23th August 2007

I, OA, OB, C, D Algae, Daphnia Phys-Chem

I, OA, OB, C, D Algae, Daphnia Phys-Chem

PUNCH® (flusilazole + carbendazim); 74.5 g/ha

BIM® (tricyclazole); 300 g/ha
I (irrigation channel), O and C
(organic and conventional rice

fields), D (drainage channel) 24th August 2007

One day after fungicide treatment

I, OA, OB, C, D Algae, Daphnia Phys-Chem
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carried out in a Waters Alliance 2690 LC pump connected in
series with the MS/MS detector. Instrument control, data
acquisition and quantification were performed by Masslynx
4.0 software (Micromass, Manchester, UK). Chromato-
graphic separation was performed using a capillary column
of Merck RP-18e (12.5 mm x 2 mm) using the following
gradient: 10 min starting from 20% acetonitrile in water,
increasing to 80% acetonitrile in 5 min and continuing to
100% in 30 min. During the following 5 min the column
was cleaned with 100% acetonitrile, readjusted to the initial
conditions in 2 min, and equilibrated for a further 13 min.
Acquisition was performed in Selected Reaction Monitoring
(SRM) using 2 transitions per compound.

The recovery values of pesticides from spiked water
samples were 91.56 + 16.84% for bensulfuron-methyl,
94 + 14% for clomazone, 111 &+ 7% for oxadiazon,
105 £ 8% for carbendazim, 127 £ 33% for tricyclazole
and 85 £ 17% for flusilazole. Detection limits (LOD) were
calculated at a signal to noise ratio of 3, using spiked
samples at 0.1 png/l. Measured pesticide concentrations in
water did not inform us about their potential toxicity. To do
so pesticide levels (Ci) were transformed to toxic units
(TU) following Liess and Von der Ohe (2005) procedures

(Eq. 1).
Ci

T =
Y ZECCL’

where ECg; is the reported effect concentration (ECS50,
LOEC) for the measured compounds to phyto and zoo-
plankton species (from Table 1).

(1)

Organisms and toxicity testing

Cultures of Chlorella vulgaris, Pseudokirchneriella sub-
capitata and Desmodesmus subcapitatus were performed in
250 ml Erlenmeyer flasks with 100 ml of sterilized med-
ium (ISO 8692: 1989). Photoperiod was set to 12:12-h
light:dark, temperature to 20 £ 1°C and light intensity
to120 w/Es m” Algae growth tests were conducted fol-
lowing the OECD guidelines (2002), using undiluted water
samples that were filtered with a glass filter of 0.45 pm
(Whatman). Initial cell densities were adjusted to 1 x 10*
cells/ml for P. subcapitata and D. subcapitatus, and to 3 x
10* cells/ml for C. vulgaris. Measurements were taken
using a calibration curve of chlorophyll absorbance
(4 = 665) nm versus cell number and appropriate dilution
of pre-cultures, in a dual-beam spectrophotometer (Hitachi
U-2001). Algae bioassays were performed using fourth
replicates per sample plus an algal medium treatment as
control. Tests lasted 72 h and were conducted at the same
conditions of algal cultures, except for photoperiod (24 h
light).
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D. magna cultures were maintained in bulk cultures of
30 animals in 4 1 with ASTM hard synthetic water (ASTM
1998) as described by Barata et al. (2008). Acute D. magna
tests were conducted in accordance with OECD guidelines
(OECD/OCDE 2004). D. magna post exposure feeding
inhibition were carried out with <24 h old juveniles
obtained from 15 to 30 days old gravid females following
previous procedures (Bosch et al. 2009; Barata et al. 2008)
with only minor modifications. Groups of 70-80 juveniles
were exposed to unfiltered water collected from each
sampling point during 24 h, in amber glass bottles of
600 ml with continuous orbital agitation (SCTR4 stuart) at
1 rpm for 24 h and 20 £ 1°C, in order to maintain sus-
pension of particles. A control with ASTM medium with
algae was also included in each run. After exposure,
feeding rates were determined in groups of 10 individuals
that were left to feed for 5 h in 20 ml of ASTM medium
with C. vulgaris at 5 x 10° cells/ml in glass flasks of
30 ml, in darkness. Six replicates per sampling site and a
blank without individuals were used to establish the initial
algal concentration in the treatments (Barata et al. 2007,
2008). Algal concentration was determined using a multi
Coulter Multisizer (Beckman Counter).

Statistical analysis

Our experimental design did not to asses and hence to
compare the water samples collected in different periods
simultaneously. To solve these problem two analyses were
performed. Firstly, within each sampling period one-way
analysis of variance (ANOVA) followed by Dunnett’s
multiple comparison tests were performed to compare
algae and D. magna performance in water samples
against controls. Secondly, proportional algae growth and
D. magna feeding responses relative to controls were
compared by a two way ANOVA to tests the effect of the
sampling period and site. Significant differences were
established at P < 0.05. Prior to any analysis, row and
proportional data were log and arsine transformed to meet
ANOVA assumptions of normality and variance homo-
scedasticity (Zar 1996).

The relationships between the measured contaminants
and biological responses were explored by multivariate
Principal Component Analysis (PCA), and possible causal-
effect relationships using correlation analyses of the PCA
scores. Initially, physicochemical parameters and ecotoxi-
cological data were compared in two separated Principal
Component Analysis (PCA). These analyses allowed the
identification of the main sources of variability of the
environmental and biological parameters within the studied
samples. Possible causal-effect relationships were then
determined comparing PCA scores using Pearson correla-
tion analysis. Since variables were very different and they
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were not measured using the same scale units, data was first
log transformed and then auto-scaled prior to analysis (each
element was subtracted by the mean and divided by the
standard deviation of all results). Pesticide values under the
limit of detection were assigned half of the detection limit.

Results
Physicochemical characterization

Physicochemical parameters of the studied sites denoted
differences in photosynthetic pigments, suspended solids
and oxygen levels among sites and sampling periods
(Table 3). In June, chlorophyll a and pheopigment levels
were highest in the irrigation channels and lowest at the
conventional rice fields. In August there was not a clear
pattern of the physicochemical parameters and pigment
concentration. Suspended solids and oxygen levels varied
across the irrigation and drainage channels irrespective of

Table 3 Physicochemical parameters of the studied water samples

the sampling period and were probably related to local water
management strategies. Indeed, the lack of water flow in
conventional rice fields following herbicide application may
explain the high temperatures registered at these sites
(32-34°C). The pH and conductivity values varied between
sites and sampling times, pH varied from 7 to 9, and the
highest conductivity values were found in the conventional
rice fields and drainage channel (Table 3). No pesticides
were detected in water samples, except in those collected
2 and 1 days after herbicide and fungicide applications,
respectively (Table 3).

Bi-plots of loadings and sample scores of the first two
PCA components denoted different patterns of contami-
nation (Fig. 2). The first and second PCA components
explained up to 65.4% of data variability and showed high
positive loadings for herbicide and fungicide levels
(Fig. 2). PCA on physicochemical parameters differenti-
ated the pesticides found that showed similar loadings in
the PC1 from those of suspended solids, chlorophyll pig-
ments and conductivity (PC2) (Fig. 2).

Samples Cha Phe TSS POM T (°C) pH Cond O, Bensul Cloma Oxadi  Carben Tricycl Flusil
Pre-applications
Irrigation 220 170 360 380 2130 7.00 075 6.67 <0.005 <0.011 <0.022 <0.008 <0.004 <0.006
Organic A 057 032 120 9.65 21.00 750 079 310 <0.005 <0.011 <0.022 <0.008 <0.004 <0.006
Conventional 034 0.18 620 5.00 2220 7.60 0.79 480 <0.005 <0.011 <0.022 <0.008 <0.004 <0.006
Drainage 143 040 150 400 2130 7.00 176 6.05 <0.005 <0.011 <0.022 <0.008 <0.004 <0.006
Two days after herbicide
Irrigation 1.54 143 2441 1288 2626 858 0.70 1833 <0.005 <0.011 <0.022 <0.008 <0.004 <0.006
Organic A 045 022 3765 1553 2642 877 139 1230 <0005 <0011 <0.022 <0.008 <0.004 <0.006
Organic B 083 029 869 423 2615 876 174 1280 <0.005 <0.011 <0.022 <0.008 <0.004 <0.006
Conventional 029 0.17 523 6.00 3480 9.23 0.67 1824 100 60 20 30 70 50
Drainage 0.67 038 1140 3.00 2589 755 143 490 <0005 <0011 <0.022 <0.008 <0.004 <0.006
Seven days after herbicide
Irrigation 1.14 078 484 2,00 2000 831 1.07 7.02 <0.005 <0.011 <0.022 <0.008 <0.004 <0.006
Organic A 071 0.65 1242 632 21.00 847 110 670 <0.005 <0.011 <0.022 <0.008 <0.004 <0.006
Organic B 061 089 1156 474 2150 875 140 515 <0005 <0.011 <0.022 <0.008 <0.004 <0.006
Conventional 0.71 0.24 13.15 9.04 21.70 830 184 na <0.005 <0.011 <0.022 <0.008 <0.004 <0.006
Drainage 146 084 595 215 21.00 826 1.65 520 <0.005 <0.011 <0.022 <0.008 <0.004 <0.006
One day after fungicide
Irrigation 053 047 370 519 2249 839 105 7770 <0.005 <0.011 <0.022 <0.008 <0.004 <0.006
Organic A 0.69 0.51 544 441 1821 738 1.17 206 <0.005 <0011 <0.022 <0.008 <0.004 <0.006
Organic B 142 113 7.68 463 1882 755 117 236 <0.005 <0011 <0.022 <0.008 <0.004 <0.006
Conventional 130 090 7.1 6.00 2323 760 186 569 23 10 10 490 265 153
Drainage 1.75 026 8.0 463 2220 790 060 6.02 <0.005 <0.011 <0.022 <0.008 <0.004 <0.006

Chlorophyll a (Ch a), pheopigments (Phe), dissolved oxygen (O,), total (TSS) and organic (POM) suspended solids as are given as mg/l;
conductivity (Cond) in mS/cm and the herbicides: bensulfuron-methyl (Bensul), clomazone (Cloma), oxadiazon (Oxad); and the fungicides:

carbendazim (Carben), tricyclazole (Tricycl) and flusilazole (Flusil) in ug/l (na not available)
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Fig. 2 PCA bi-plots of loadings and sample scores for physico-
chemical parameters of the studied water samples. 0, H2, H7, F1 are
samples collected before (O) and following 2, 7 days of herbicide and
1 day of fungicide treatments. Percentages of data variance explained
for each of the two PCA components are depicted. Abbreviations are
explained in Table 2

Predicted toxicity

Disparity of reported concentration effects in lab and field
studies made difficult to estimate their expected toxicity
from the exposure levels detected in water (Table 1). To
overcome this problem we selected the mean, minimum
and maximum concentration effect levels reported in
Table 1 for phyto and zooplankton species to apply them
into Eq. 1. The obtained results predicted a mean (mini-
mum and maximum) toxicity of the measured chemical
mixtures 2 days after herbicide application to algae and
zooplankton of 0.3 (0.1-16.0) and 0.4 (0.2-12.0) TU,
respectively. Predicted toxicity following fungicide appli-
cation to algae and zooplankton was 0.5 (0.3-21.6) and 5
(2.2-30.1) TU, respectively. Due to the large variability
reported in terms of toxicity of the studied compounds
(Table 1), it was difficult to select those compounds with
the largest contribution to the estimated TU of the mix-
tures. Only within the fungicide mixture, carbendazim was
clearly identify as the compound more toxic to D. magna
(4.9 (2.2-24.5) TU). Water samples with TU > 1 should
be highly toxic to the studied algae and D. magna.

Ecotoxicological responses

Within each sampling period algae growth rates of the
three studied species were significantly affected in field
collected water samples in 9 out of 12 comparisons (P <
0.05, one way ANOVA,; Table 4). Significant (P < 0.05)
lower algae growth rates than control treatments were
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observed in 12 water samples during the pre-treatment and
2 days after herbicide application periods. These included
four and five water samples from conventional rice fields
and drainage channels, respectively, two water samples
from irrigation channels and one from organic fields A and
B (Table 4). Significantly (P < 0.05) higher algae growth
rates than control treatments were observed in C. vulgaris
cultured in water samples collected seven after herbicide
and 1 day after fungicide application and in D. subcapit-
atus exposed to water samples 1 day after fungicide
application.

In D. magna no or negligible (<5%) mortality occurred
in the acute tests performed with the studied water samples.
Post-exposure D. magna feeding rates were significantly
(P < 0.05) impaired relatively to control treatments in six
water samples collected from irrigation and conventional
rice fields during pre-treatment, 2 and 1 days after herbi-
cide and fungicide application (Table 4).

Two way ANOVA and post hoc Tukey’s test results
performed on relative responses indicated significant dif-
ferences in microalgae growth and D. magna feeding
responses within and across sites and periods (Table 5).
The greatest inhibitory effects on algae growth rates were
observed in water from conventional fields 2 days after
herbicide application, whereas for D. magna feeding rates
the most toxic waters were those obtained from conven-
tional rice fields 1 day after fungicide application.

Bi-plots of loadings and scores of the first PCA com-
ponents showed a strong relationship (high positive load-
ings to the first component; PC1 Tox) between the growth
rates of the three studied algae species, whereas D. magna
feeding loadings were only high in the second component
(PC2 Tox 2) (Fig. 3). Most sample scores were grouped
around the origin, indicating low to marginal levels of
toxicity. The exception being those samples collected at
the irrigation channel and at rice fields treated with her-
bicides and fungicides at days 2 and 1 after applications,
respectively.

Testing causal-effect relationships

Bivariate Pearson correlation values across toxicological
and physicochemical PCA sample scores denoted only
significant (P < 0.05) relationships between algae growth
(PC1 Tox) and pesticides (PC1 Chem; —0.81, n = 21) and
between D. magna post exposure feeding inhibition (PC2
Tox), conductivity and chlorophyll levels (PC2 Chem;
0.56, n = 21). The above mentioned relationships were
mostly explained by water samples collected 2 and 1 days
after herbicide and fungicide applications, respectively, in
treated rice fields.



Ecotoxicological effects of rice field waters 1531
]’52:))}11(:1:1 fAe i%l?sggigrpl)glnz::of Samples P. subcapitata D. subcapitata C. vulgaris D. magna
the studied water samples Pre-treatments
Irrigation 94.1 £ 438 933+ 54 1129 £ 79 88.4 £ 8.3*
Organic A 123.5 £ 8.3 115.6 £+ 3.1 116.7 £ 10.3 101.7 £ 6.0
Conventional 102.0 £+ 14.0 1133 £ 54 89.6 &+ 5.3* 92.1 + 2.2%
Drainage 82.4 + 4.8* 117.8 £ 13 88.4 + 1.6* 955 £ 6.1
Two days after herbicides
Irrigation 53.4 £+ 6.2* 88.8 £ 5.7* 117.5 £ 4.0 76.0 + 6.9*
Organic A 65.0 + 6.2* 121.1 £ 6.2 112.1 £9.7 103.6 + 10.0
Organic B 78.4 £+ 14.0% 128.5 + 3.3 99.5 £ 7.1 109.5 £+ 3.7
Conventional 36.5 £ 2.9* 54.2 £ 5.9% 20.1 £ 9.2% 92.2 £ 10.7*
Drainage 80.8 + 2.4* 87.0 £ 2.4* 75.8 £ 139 104.9 + 4.2
Seven days after herbicides
Irrigation 91.8 £9.9 858 £ 73 1362 + 14.2 90.7 + 4.6
Organic A 93.0 £ 13 1129 + 8.7 135.6 + 8.4 958 £ 1.9
Organic B 90.1 + 8.2 124.8 + 14.0 197.3 +£ 329 90.8 + 2.5
Conventional 121.0 + 12.2 1142 £ 19.0 198.0 &+ 23.3 96.8 + 10.3
Results are expressed as Drainage 119.2 + 19.0 124.8 + 19.0 173.8 £ 17.1 98.4 +£ 2.6
percentage relative to control One day after fungicides
treatments (mean £ SD). Irrigation 116.8 + 15.3 98.9 £+ 2.1 1404 + 8.9 84.5 £ 5.9*
rovsvle%n;f;ﬁt;‘:jgllzsag ];SZQ)ZL Organic A 1012 + 10 1285 + 6.5 1263 + 265 992 + 34
one way ANOVA and one side Organic B 96.6 + 2.2 101.1 £ 6.5 1342 + 22.6 94.1 £ 2.6
Dunnett’s tests (n = 4, for each Conventional 116.8 £+ 13.0 87.6 £ 9.2 132.9 + 10.3 58.3 £ 8.1%
algae test; n = 6, for each Drainage 125.7 + 6.7 91.6 + 11.0 177.9 + 4.6 91.8 4+ 3.4

feeding test; n = 5 controls)

Discussion

Most of the reported physicochemical differences in the
studied water samples were probably related to local rice
field management strategies. By opening and closing
floodgates, farmers can control incoming and outgoing
water flows to rice fields. In this particular study, following
the recommended managing procedure, the farmer closed
the conventional rice plots during pesticide applications
until day 7, when the floodgate to the drainage channel was
opened. Therefore, observed changes in suspended solids,
oxygen levels and temperature in June may be related to
this type of management. Primary production is very
intense in the first phases of rice growing leading to oxygen
supersaturation during the day (Fores and Comin 1987,
Fernandez-Valiente and Quesada 2004). Water in the irri-
gation channels is initially collected in the Ebro River,
30 km upstream of the Delta, and when introduced into the
rice fields, it becomes more salty due to the influence of the
soil, causing an increase in water conductivity in rice fields
and drainage channels. Changes in other parameters such
as suspended solids and chlorophyll pigments should also
be expected to occur in rice fields due to biological and
water flow changes.

The presence of the studied herbicides and fungicides in
water samples were only detected at high levels following
the application of commercial formulations, indicating a
low persistence of the compounds in the studied rice fields.
Pesticide residue levels in water after pesticide application
did not exceed regulatory limits for surface waters and
agriculture effluents (i.e. 100-800 pg/l for tricyclazole,
4,000 pg/l for bensulfuron-methyl, Hamilton et al. (2003),
and were in agreement with reported studies. The observed
low environmental persistence of the studied herbicides
(<7 days) was also in agreement with previous results.
Zanella et al. (2002), studying the environmental fate of
clomazone in rice field waters, observed a rapid, four fold
decrease within 7 days. Clomazone concentrations in water
reported by Quayle et al. (2006) reached maximum levels
of 202 pg/l following herbicide application and decreased
to 2.9 w/l after 21 days. Nicosia et al. (1991) and Okamoto
et al. (1998) found in rice fields peak concentrations of
29-106 pg/l of bensulfuron-methyl and half-lives of
1.5-2.9 days. Information for carbendazim residues in rice
paddy waters is scarce, but a study conducted by Hogen-
doorn et al. (2000) reported peak carbendazim residues in
ditch field water of 128.1 pg/l just after herbicide appli-
cation and relative low levels after 3 days (<2.9 pg/l).
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Table 5 Two way ANOVA of algae growth and post exposure
D. magna feeding responses exposed to water samples collected in
four different periods and sites

Source df F Sig. Post hoc tests

P. subcapitata

Period 107.724  0.000  Pre,H7,F1 > H2
Site 3 4944  0.004 D>I10,C
Period * site 18.552  0.000
Error 60

D. subcapitata
Period 8.016  0.000  F1,Pre,H7 > H2
Site 3 9.558 0.000 D,0>ILC
Period * site 3370  0.002
Error 60

C. vulgaris
Period 123369  0.000 H7 > F1 > Pre > H2
Site 3 11.686  0.000 D,J,O>C
Period * site 20.534  0.000
Error 60

D. magna
Period 23.982  0.000  Pre,H7,H2 > F1
Site 3 43300 0.000 D,0>IC
Period * site 15.969  0.000

Error 88

Data has bee transformed to proportional responses relative to control
treatments and responses obtained in samples obtained from organic
A and B rice fields have been pooled. For brevity only degrees of
freedom (df), Fisher’s coefficient (F) and significant levels (Sig) are
given. Post hoc Tukey’s results for period and site effect are also
showed. Pre (pre-treatment); H2, H7 and F1 correspond to 2, 7 and 1
days after herbicide or fungicide application; I (irrigation channel), O
and C (organic and conventional rice fields), D (drainage channel)

A |rrigation channel
- A Organicrice field .
1.0
V Conventional rice field Daphnia
< Drainage channel
H2
0.5 - H2 A
—_ A F1 D.subcapitatus
S H2 O o
- H2 S o H7
g O7& O n7
o v Ay 7
> 0.07 A AV
° H7 F1 )
E W2 A A S Cvul[garls
a A Apyq P.subcapitata
-0.5 1
F1
-1.0 1 v
_1.0 -0.5 0.0 0.5 1.0

PC1Tox (58.7%)

Fig. 3 PCA bi-plots of loadings and sample scores for toxicity
parameters of the studied water samples. 0, H2, H7, F1 are samples
collected before (O) and following 2, 7 days of herbicide and 1 days
of fungicide treatments. Percentages of data variance explained for
each of the two PCA components are depicted. Abbreviations are
explained in Table 2. For clarity not all water sample codes are
depicted
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Predicted toxicity of the measured pesticide levels in
water 2 and 1 days after herbicide and fungicide appli-
cations denoted high toxicity (TU > 1) to algae and
D. magna. Interestingly, predicted mean toxicity TU of
herbicides was similar for phyto (0.3) and zooplankton
(0.4) species; but for of fungicides it was one order of
magnitude greater for zooplankton (5) than for phyto-
plankton (0.5). In an early study performed in the Ebro
Delta rice fields using in situ tests Barata et al. (2006)
found that pesticide sublethal effects on transplanted
D. magna were likely to occur at TU > 0.1. Therefore the
observed detrimental effects on microalgae and D. magna
feeding rates of water samples collected following herbi-
cide and fungicide application are mostly due to be related
to their measured residue levels. Other factors that may
enhance toxicity in real field situations are synergic effects
of pesticide mixtures, the presence of more toxic metabo-
lites, and/or additive effects of pesticides and other envi-
ronmental factors (Barata et al. 2006, 2007, 2008). The
presence of toxic adjuvants in commercial pesticide for-
mulations may also increase toxicity. Marques et al. (2009)
found that the behaviour of the earthworm Esenia andrei
was affected under VIPER® exposures in soils, the for-
mulated product being even more repulsive for E. andrei
than the active ingredients benzofenap and clomazone. In
our study, predicted TU, conductivity and suspended solids
were at the upper tolerance range of the studied species
(Barata et al. 2006, 2009) and other unmeasured pesticides
could also be present (Kuster et al. 2008). Thus, many
factors could have contributed to the observed toxicity of
water samples. Our experimental design, however, allowed
the estimation of the possible pesticide effects of by
simultaneously testing the toxicity of pesticides that could
enter to the rice fields from irrigation channels (organic rice
fields) and the combined effect of pesticides entering from
the irrigation channel, plus those applied in the studied
fields. The inclusion of water samples from drainage
channels allowed for estimating the extent to which some
pesticides applied in rice fields could contaminate other
aquatic systems of the Ebro Delta (Mafiosa et al. 2001;
Kuster et al. 2008). None of the water samples from the
drainage channels had detectable levels of the studied
pesticides, thus suggesting that the measured compounds
did not significantly pollute surrounding areas. Neverthe-
less, in two out of the four sampling periods, water from
drainage channels had negative effects to algae or/and
D. magna. The studied drainage channel also collected water
effluents from other rice fields and, according to previous
work, it could contain more than 30 different pesticides
(Kuster et al. 2008) that were toxic to D. magna (Barata et al.
2006).

PCA and correlation analyses of physico-chemical
and toxicity data clearly evidenced two associations:
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microalgae growth inhibition was related to high levels of
herbicides and conductivity values, and detrimental effects
on post exposure feeding rates in D. magna were associated
with high levels of fungicides and suspended solids. Pre-
vious studies have also shown that salinity and suspended
solids are hazardous to freshwater microalgae and
D. magna (Bosch et al. 2009; Barata et al. 2006, 2008).
Interestingly, herbicide levels appeared to be inversely
related to those of chlorophyll pigments, suggesting that
herbicides, by inhibiting phytoplankton growth, may affect
phytoplankton biomass in the studied conventional rice
fields. This finding supports previous studies that also
related temporary abundance alterations of phytoplankton
communities in the Ebro Delta to herbicide usage (Mafiosa
et al. 2001). However, high temperatures could also con-
tribute to phytoplankton inhibition (Lesser 1996; Osmond
1981). Rice fields are highly dynamic ecosystems, where
the chemical characteristics of the water change drastically
in relatively short time periods (Fores and Comin 1987,
Fernandez-Valiente and Quesada 2004). A recent review
by Relyea and Hoverman (2006) determined that the
majority of previous research has been focused on the
effects of insecticides on freshwater ecosystems. We
believe that more research is needed on wildlife and
environmental impacts caused by other type of pesticides
(in particular, herbicides and fungicides), especially during
the growing seasons. In concurrence with Ibanez et al. (in
press), the introduction of alternative farming schemes,
specifically agro-environmental measures and organic
farming, is needed to increase the sustainability of agri-
cultural practices in rice fields.

Conclusions

This study indicated that in real field situations low to
moderate levels of herbicides and fungicides had negative
effects to planktonic organisms and these effects seem to
be short-lived but could be propagated to higher trophic
levels. Microcosm studies using one of the studied pesti-
cides (carbendazim) reported that transient detrimental
effects on Cladocera grazing rates enhanced algae biomass
(Van den Brink et al. 2002). Alternatively, the same
authors reported that negative effects on algae growth
decrease and change the abundance and community com-
position of grazers. Our results also suggest that organic
management strategies are the least hazardous option for
the environment, but the use of pesticides with low envi-
ronmental impact to surrounding areas, used at recom-
mended doses and combined with good water management
practices, may also reduce the environmental hazards of
pesticides.
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