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Abstract The effect of the pesticide endosulfan on

predator–prey interactions between catfish and Schisto-

soma host snails was assessed in static tank experiments.

Hybrid catfish (Clarias gariepinus 9 C. ngamensis) and

Bulinus globosus were subjected to various endosulfan

concentrations including an untreated control. The 48- and

96-h LC50 values for catfish were 1.0 and \0.5 lg/L,

respectively, whereas the 48- and 96-h LC50 values for

snails were 1137 and 810 lg/L. To assess sublethal effects

on the feeding of the catfish on B. globosus, endosulfan

concentrations between 0.03 and 1.0 lg/L were used.

Predation was significantly greater (p\ 0.001) in control

tanks than in all other treatments. There was progressively

decreasing predation with increasing toxicant concentra-

tion. Biological control of Schistosoma host snails using

fish may be affected in endosulfan-polluted aquatic sys-

tems of Southern Africa because it has been found present

at concentrations that are indicated to cause lethal effects

on the evaluated hybrid catfish and to inhibit the predation

of snails by this hybrid catfish.

As the global human population continues to increase, the

pressure on natural resources to provide goods and services

also increases (Millenium Ecosystem Assessment 2005).

This entails an increase in food production through agri-

culture. The use of chemicals is viewed as a panacea to

improve the productivity of agriculture. As a result, the

application of chemical fertilizers and pesticides to

improve crop health and yield has increased worldwide.

Global estimates of pesticide use in 2006 and 2007 are at

approximately 2.4 million tonnes of active ingredients/year

(United States Environmental Protection Agency 2011).

However, not all of the pesticides applied will reach the

targeted organisms. Estimates show that only approxi-

mately 0.3 % of pesticides applied reach the target

organisms, whereas 99.7 % contaminates the surrounding

environmental compartments, such as air, soil, and water,

through spray drift, leaching, and runoff (van der Werf

1996). Pesticides may have direct and indirect effects on

nontarget organisms in both terrestrial and aquatic

ecosystems. Fish kills and alteration in the structure of

invertebrate communities have been reported as well as

effects on higher predators such as birds (Schäfer et al.

2011).

The majority of studies investigating the effects of

pesticides on nontarget organisms have focused on their

effect on individuals or single species. Several studies on

how pollutants affect fish behaviour have been previously

reviewed (Weis and Candelmo 2012). However, to

understand the effects of these pollutants on interspecific

interactions, such as predation, predators, and their prey,
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should be studied simultaneously to mimic natural condi-

tions (Junges et al. 2010). Few studies focusing on the

effect of pesticides on predator–prey interactions have been

reported. Results from these studies have shown that dif-

ferent pesticides can disrupt intraspecific and interspecific

interactions between organisms and therefore alter the

ecological functioning of ecosystems (Bridges 1999;

Relyea and Hoverman 2006; Junges et al. 2010). This

could occur by causing mortality of either the predator or

prey or by interfering with their physiology. However,

there is no evidence of studies in the literature looking

specifically at the effect of pesticides on snail predation by

fish. Organophosphate, carbamate, and organochlorine

pesticides affect the nervous system of vertebrates by

inhibiting the enzyme cholinesterase, which regulates

acetylcholine, a neurotransmitter that is important for nerve

function (DeLorenzo et al. 2001). Boone and Semlitsch

(2003) observed increased survival of bullfrogs Rana

catesbeiana after the extermination of predatory crayfish

Orconectes sp. and bluegill sunfish Lepomis macrochirus

in a pond experiment. The death of the predators was due

to toxicity of the carbamate insecticide carbaryl. Mi-

cropterus salmoides exposed to the organochlorine pesti-

cide pentachlorophenol (67–88 lg PCP/L) showed

decreased feeding capacity, made more mistakes by aiming

at nonprey items and failed to capture its targets more often

than the unexposed fish (Mathers et al. 1985; Brown et al.

1987). Cessation of all locomotion, inability to maintain

position, and decreased feeding in Oncorhynchus kisutch

exposed to organophosphate insecticide fenitrothion was

reported by Bull and McInerney (1974). Increased prey

survival was the outcome of predator–prey interactions of

Synbranchus marmoratus and Hypsiboas pulchellus

exposed to 2500 lg/L of fenitrothion. Fenitrothion toxicity

appeared to have modified prey behaviour by making them

less mobile and hence less visible to the predator (Junges

et al. 2010).

Agriculture makes an important contribution to liveli-

hoods and economies of southern African countries. It

contributes approximately 8 % to the gross domestic pro-

duct of southern Africa (Chilonda and Minde 2007), and

[80 % of the populations of Malawi, Zambia, and

Mozambique depend on agriculture for subsistence (Mu-

cavele 2013). As a coping strategy for food production and

income generation, wetlands and uplands are used in an

integrated manner by the rural people to achieve sustained

livelihoods. Agricultural fertilizers and pesticides are used

in these farming systems to boost crop yields. Unfortu-

nately, like in many developing countries, banned, non-

patented, obsolete, and environmentally persistent

pesticides are widely used in southern African countries

including Zambia, Zimbabwe, and South Africa (Stock-

holm Convention on Persistent Organic Pollutants Review

Committee 2010). However, in many of these countries

studies to quantify the effects of these pollutants on the

environment have rarely been performed. One such pesti-

cide with persistent effects to the environment still in use in

southern African is endosulfan (Deedat et al. 1997;

Stockholm Convention on Persistent Organic Pollutants

Review Committee 2010).

Endosulfan is an organochlorine insecticide that is

hazardous to the environment. It is composed of two iso-

mers, a- and b-endosulfan, which degrade into endosulfan

sulphate, and it is persistent, nonbiodegradable and capable

of biomagnification as it moves up the food chain (Agbo-

hessi et al. 2014). Endosulfan may enter the aquatic

ecosystem through runoff, direct spray, leaching through

the soil and volatilization into the atmosphere, and later as

precipitation. Although monitoring data for pesticides is

very difficult to find for developing countries (Van Dyk

and Pletschke 2011), endosulfan has been found in water

and sediment of many water bodies in Africa (Nyangababo

et al. 2005; Syakalima et al. 2006; Ezemonye et al. 2010;

El Bouraie et al. 2011; Ansara-Ross et al. 2012; Ibigbami

et al. 2015) (Supplementary Information Table S1).

Many studies have documented the toxicity of endo-

sulfan to aquatic organisms including tadpoles, snails, and

fish (Ellis-Tabanor and Hyslop 2005; Jones et al. 2009;

Agbohessi et al. 2014). These effects can be direct on the

organism’s health by affecting the animal’s physiological

function or indirect by affecting trophic interactions such

as competition and predation (Schäfer et al. 2011).

Although it has been found not to be as persistent in

tropical climates as in temperate climates (Mwangala et al.

1997), endosulfan toxicity to aquatic organisms may have a

bearing on the functioning of aquatic interactions in the

tropics because it is found at concentrations that are likely

to affect arthropods, invertebrates, and fish (Hose and Van

den Brink 2004).

To date, despite the fact that many studies having doc-

umented the effects of pesticides on aquatic invertebrate

and vertebrate fauna, none of these studies have assessed

the effect of pesticides on the predator–prey interaction of

Schistosoma host snails and their fish predators. However,

studies specifically looking at the effects of pesticides on

host snails have mainly focused on organophosphate pes-

ticides, including the insecticides profenophos and chlor-

pyrifos, as studied by Hasheesh and Mohamed (2011) and

Mohamed (2011), and these were found to have mollus-

cicidal effects. Ibrahim et al. (1992) observed decreased

egg production and egg hatchability at sublethal concen-

trations and mortality at greater concentrations of chlor-

pyrifos by Biomphalaria alexandrina. The effect of

organochlorine pesticides on host snails is largely

unknown. Similarly, several studies have documented the

effect of pesticides on fish. These include Bacchetta et al.
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(2014), who observed deleterious effects of endosulfan and

lambda-cyhalothrin on Piaractus mesopotamicus. Refer to

Bacchetta et al. (2011) and Napit (2013) for more studies

on the effects of various pesticides on different species of

fish. Hence, the present study investigated the effect of an

organochlorine pesticide endosulfan on the predator–prey

interactions of hybrid catfish and Bulinus globosus snails

using environmentally relevant concentrations. In doing so

we were specifically seeking to address two objectives: (1)

to determine what pesticide concentration would impact

both the host snails and the hybrid catfish; and (2) to

investigate whether sublethal pesticide concentrations have

an effect on the predation efficiency of catfish (Clarias

gariepinus/C. ngamensis hybrid).

Materials and Methods

Test Animals

Hybrid African catfish were collected from outdoor ponds

at the Aquaculture Development and Research Centre in

Mwekera, Zambia. The ponds were drained, and a scoop

net (made of 2 9 2-mm mesh size sieve that was supported

by a metal frame mounted on a 1.5-m wooden handle) was

used. One hundred twenty-four fish of weight, ranging in

weight from 180 to 310 g, were kept in plastic tanks (100

L) at a stocking density of two fish/tank due to their

aggressive behaviour. The fish were left to acclimatize for

5 days, during which time they were fed commercial fish

meal (pellets of 30 % crude proteins, 12 % crude fat) twice

a day at 4 % body weight. To decrease the accumulation of

excess food and fish faeces, water in the tanks was changed

every other day by siphoning 50 % of the spent water and

filling with fresh borehole water.

One thousand snails (Bulinus globosus) were collected

from ponds at NADRC. These were picked by gloved

hands and kept in plastic tanks. Raw lettuce was provided

as feed for snails ad libitum.

Test Water Parameters

We monitored three water-quality parameters—tempera-

ture, pH, and dissolved oxygen—for the predation experi-

ment using an AM-200 Aquaread GPS Aquameter. All

tests were performed under static conditions (i.e., the test

water was not changed for the duration of the experiment).

This was important to capture the short-term peak con-

centration effects rather than the long-term, chronic-expo-

sure effects of endosulfan because it is known not to be

persistent in tropical environments and because applica-

tions of pesticides are usually many months apart.

Endosulfan Preparation and Analysis

The insecticide endosulfan was chosen because it is one of

the commonly used pesticides for both seasonal and off-

season farming in Zambia. Vegetable gardening is an off-

season activity in most parts of the country and is per-

formed on the banks of rivers, streams, and other water

impoundments. Sionex 35 EC was purchased from VINCO

Agrochemicals in Zambia. The concentration of the active

ingredient (endosulfan) in the Sionex 35 EC was 350 g/L,

on which all dilutions to make the test solutions were

based. A stock solution of 10 mg/L was made from the

original concentration. Desired test solutions were obtained

by diluting various amounts of the stock solution in 500 L

of borehole water (Table 1). All test solutions were freshly

prepared before commencement of the tests.

Analytical verification of pesticide concentration in the

test water was performed through high-performance liquid

chromatography (HPLC)-ultraviolet (UV) procedure

before and after experimentation. For the extraction of

pesticide residues from water, the liquid–liquid extraction

method was adopted. We collected water samples at the

beginning and at the end of each experiment from the test

water into 500-mL amber-glass bottles. Ethyl acetate was

used to extract endosulfan from the water at a ratio of 2:1

(sample to solvent). The sample–solvent mixture was then

shaken with a manual shaker for 30 min to extract the

endosulfan to the organic solvent. The mixture was trans-

ferred into separatory funnels and allowed to stand for

20 min to allow separation of the organic layer from the

water layer. The organic layer was collected into 100-mL

amber glass bottles and sealed with glass tops. Before

analysis by HPLC–UV, the samples were further dried

using anhydrous sodium sulphate. HPLC operating condi-

tions for the analysis were as follow: The mobile phase was

acetonitrile and water (70:30) using an isocratic elution.

Injection volume of the sample was 10 lL with a flow rate

of 1.0 mL/min. The oven temperature was 40 �C, and the

run time was 20 min. The column used was a Shim-pack

VP-ODS; 250 9 4.6-mm I.D, and the UV detector used ran

at 254 nm. The used standard was endosulfan (mixed iso-

mers) CAS no. 115-29-7 with a purity of 100 %. The actual

concentration of the standard was 1002 lg/mL or 0.1 % in

methanol solvent. This standard was purchased from Accu

Standard, Inc.

Experimental Design

Two sets of tank experiments were set up to (1) determine

effect of endosulfan exposure on snail and catfish survival;

and (2) determine effect of sublethal endosulfan exposure

on host snail predation by catfish.
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Observable Behavioural Responses

Changes in fish behaviour were qualitatively quantified as

either normal (-), low (?), moderate (??), or severe

(???). The observations were terminated after 72 h

because no catfish survived beyond 72 h at all concentra-

tions except in the control arm.

Effect on Catfish and Snail Survival

In the toxicity experiment with hybrid catfish, 20 tanks of

200 L were filled with 50 L of endosulfan-treated water.

Five concentrations (0, 0.5, 1.0, 1.5, and 2.0 lg/L) were

tested in the range-finding test, which lasted for 24 h.

Because mortality was observed in a few hours in the two

highest test concentrations, we decided to use five con-

centrations of 0, 0.5, 1.0, 1.1, and 1.2 lg/L to test for

catfish survival to technical endosulfan toxicity in the final

test. These concentrations were selected based on the

results of a range-finding test, which itself was based on the

species sensitivity distribution and the resulting hazardous

concentration 5 % value for fish of 0.31 lg/L as reported

by Hose and Van den Brink (2004). Juvenile catfish of

weight 190–250 g were stocked with five in each tank. All

concentrations were replicated four times. Observations

started immediately after the fish were exposed to endo-

sulfan and continued every 12 h. In the experiment for

endosulfan toxicity to snails, 28 tanks of 50 L were used.

Seven pesticide concentrations of 0, 100, 200, 400, 500,

1000, and 1200 lg/L were prepared based on the LC50

values provided by Yasser et al. (2008) for other

gastropods and a range-finding test involving 10 (0, 200,

400, 600, 800, 1000, 1200, 1400, 1600, and 1800 lg/L)

concentrations. In the range-finding test, we observed

[50 % mortality in the 1400 to 1800 lg/L concentrations

during the 24-h observation time. All definitive test con-

centrations were evaluated in four replicates. Twenty-eight

groups of 20 snails (9- to 15-mm size) were each randomly

stocked in the prepared experimental units. Observations

started immediately after the snails were exposed to the

endosulfan-treated water and continued every 24 h for

96 h. All tanks were covered with netting material to

prevent test organisms from escaping. A completely ran-

domized design was used to perform these experiments.

The end points for both hybrid catfish and B. globosus was

death of exposed individuals, which was recorded on a

daily basis. Fish were considered dead when they were

found either floating on the surface of the water upside

down or lying motionless at the bottom even when pro-

voked. Snails were considered dead when they did not

respond to pricking of their soft parts with a sharp object.

All dead specimens were removed from the experimental

units.

Effect on Snail Predation by Catfish

To evaluate the sublethal effect of endosulfan, predation of

snails by hybrid catfish was evaluated in 20 tanks of 50 L

by stocking each tank with 50 B. globosus of sizes ranging

between 8- to 15-mm shell height. The tanks were filled

with 20 L of water with one of the endosulfan test con-

centrations. The control tanks received water with no

endosulfan, whereas the other tanks received water with

0.03, 0.1, 0.3, or 1.0 lg/L concentrations; each was repli-

cated four times. These concentrations were selected based

on the results of the lethality test, which yielded 48-h LC10

values of approximately 1 lg/L. The LC10 was preferred

over the LC50 to decrease the chances of mortality in the

sublethal tests. A single catfish was introduced into every

tank, and observations were commenced 24 h later and

lasted for 96 h. All of the catfish used fell within a size

range of 300 ± 15 g and were starved for 24 h before the

start of the experiment. Snails continued receiving 2 g of

raw lettuce per tank ad libitum, and the medium was not

renewed for the whole duration of the experiment. The

effect of endosulfan on the snail predation efficiency of

hybrid catfish was measured through the number of snails

eaten per day compared with the control. A snail was

considered eaten only when it was missing from the tank.

Statistical Analysis

The LC10, LC50, and LC90 values of the toxicity experi-

ments were calculated by means of log-logistic regression

Table 1 Nominal test concentration and subsequent HPLC-measured

concentrations at the start and end of experimentation

Experiment Nominal

concentration

(lg/L)

Measured

concentration

at start (lg/L)

Measured

concentration

at end (lg/L)

Effect on feeding 0.03 0.033 0.028

0.1 0.17 0.096

0.3 0.33 0.31

1.0 1.3 1.1

Effect on catfish 0.5 0.46 0.39

1.0 1.2 1.2

1.1 1.3 1.2

1.2 1.5 1.4

Effect on snails 100 101 100

200 267 212

400 399 365

500 451 427

1000 997 982

1200 1210 1180
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using the software GenStat 11th (VSN International Ltd.,

Oxford, UK) according to Rubach et al. (2011). Because we

used a static bioassay, LC10, LC50, and LC90 values were

calculated using the geometric means of the start and end

concentrations for catfish and B. globosus at each sampling

period. The effect of endosulfan toxicity on predator–prey

interactions of catfish and snails was assessed by comparing

the number of eaten snails at different exposure concentra-

tion over time through regression analysis. Generalized

linear models (GLMs) were used to assess the significance

of the differences among treatments for each sampling

period. The model used for the GLM analysis was adapted

to the data distribution of the measured end points. Mortality

was assessed using a binomial distribution and logit as the

link function. The effects of the pesticide concentration on

the evaluated end points were considered to be significant

when the calculated p values were\0.05.

Results

Test Water Parameters

There were no large differences between the nominal and

measured concentrations (Table 1). The concentrations were

on average 14 % (±20 %) greater than the nominal concen-

trations. Endosulfan did not show a clear dissipation rate for

the three experiments. An average dissipation of 8.1 %

(±4.8 %) was found in the 2 days and of 6.6 % (±7.4 %) in

the 4 days for the lethal-effects experiment on catfish and

snails, respectively, whereas a dissipation of 20 % (±16 %)

was found in the 4-day experiment evaluating the sublethal

effects of endosulfan on predator–prey interactions (Table 1).

The levels of the three water-quality parameters (tem-

perature, dissolved oxygen, and pH) monitored in the

experimental units over time during the predation experi-

ment are shown in Figure S1 of the Supplementary Infor-

mation. There were fluctuations in these parameters over

the duration of the experiments. Temperature ranged

between 23.0 and 22.7 �C, pH between 4.15 and 5.70, and

DO between 3.5 and 6.7 mg/L. There was no significant

difference (p = 0.892) in the temperature between the

treatments and the control. However, significant differ-

ences were observed in pH (p = 0.002) and DO

(p\ 0.001). The control units (0.0 lg/L) had the highest

DO, whereas the highest endosulfan concentration (1.0 lg/

L) units had the lowest. The pH reached its lowest (4.15) in

the highest endosulfan concentration at 96 h (Fig. S1).

Observable Behavioural Responses

Five responses were observed in fish exposed to endosul-

fan. These include increased or erratic swimming, attempts

to jump out of the tanks, gasping for air, disorientation, and

secretion of thick layer of mucus on the body. The intensity

of these responses were dependent on endosulfan concen-

tration. Fish in the 0.5 and 1.0 lg/L concentrations

exhibited severe jumping and swimming on exposure to

endosulfan, whereas these the frequency of traits was low

for fish exposed to greater concentrations. Fish exposed to

greater concentrations showed more signs of exhaustion,

gasping for air, and disorientation. All fish exposed to

endosulfan secreted thick masses of mucus on their bodies

(Table S2).

Effect on Catfish and Snail Survival

For catfish, survival in the control remained at 95 % at both

24 and 48 h (Table S3). At the lowest endosulfan con-

centration, survival was equally high, i.e., 90 % for 24 and

48 h, respectively. However, marked decreases in survival

rates were recorded for the concentrations ranging between

1.0 and 1.2 lg/L for both days. Only 55 and 45 % survival

was found in the 1.0 lg/L concentration, 5 and 0 % in the

1.1 lg/L concentration, and 0 % at the highest concentra-

tion (1.2 lg/L) at both 24 and 48 h, respectively

(Table S3). At 72 h, all of the catfish exposed to endosulfan

toxicity were dead leaving only those in the control tanks

alive. Table 2 lists the associated LC10, LC50, and LC90

values for the catfish, which are all close to 1 lg/L.

During the first 24 h, B. globosus survival ranged

between 80 and 100 % for all treatments\1000 lg/L and

between 67 and 76 % for the treatments C1000 lg/L

(Table S4). However, at 48 h survival in the control and at

concentrations \1000 lg/L decreased to between 67 and

82 %, whereas for the concentrations 1000 and 1200 lg/L

survival decreased to 59 and 39 %, respectively. At 96 h,

only 20 and 11 % B. globosus were still surviving at the

two highest concentrations, respectively, whereas survival

remained [58 % at the lower concentrations during the

same period (Table S4). Table 2 lists the associated LC10,

LC 50, and LC90 values for B. globosus, which are much

greater than those found for the catfish.

Effect on Snail Predation by Catfish

Exposure to sublethal concentrations of endosulfan resulted

in significant differences in catfish rate of predation. At the

end of the 4-day observation period,[7 times more snails

had been eaten in the controls than in the high-endosulfan

concentration (1.30 lg/L) (Fig. 1a). There were catfish

deaths in the 0.3 and 1.2 lg/L treatments, and replacements

were made immediately (Table S5).

GLM tests yielded significant differences in snail pre-

dation (p\ 0.001 for all sampling dates). The number of

snails consumed per day was dependent on pesticide
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exposure regimes with predation being significantly greater

in the controls than in all other treatments (Fig. 1b).

Discussion

Test Water Parameters

The aim of this study was to assess the toxic effect of

endosulfan on both the predator hybrid catfish and the

prey B. globosus as well as on the predation efficiency of

the hybrid catfish. Endosulfan toxicity to aquatic organ-

isms, as reported in many studies, was also shown in the

present study. The decrease in the levels of pH and DO

observed in this study in the highest treatment level of the

predation experiment (Fig. S1) show the way fish are

affected by the toxicant. Endosulfan inhibits the action of

the neurotransmitter gamma-aminobutyric acid, which

leads to a state of uncontrolled neuronal excitation

(Rozman and Klaassen 2007). Interference in the activity

of Ca2?-ATPase and hence calcium transportation, as

well as phosphokinase activities, may also be induced by

exposure to endosulfan (World Health Organization

2000). Matthiessen and Roberts (1982) reported hyper-

activity in Tilapia rendalli exposed to endosulfan. This

behavioural response may have caused an increase in the

rate of respiration and hence a decrease in levels of DO

and an increase in dissolved carbon dioxide in the water in

the present study. Muthukumar et al. (2009) observed a

rapid increase in opercular movements of Tilapia

mossambicus exposed to sublethal concentrations of

endosulfan as a way of increasing oxygen uptake to mit-

igate the stress caused by the toxicant. Dissolved carbon

dioxide reacts with water to form carbonic acid, which in

turn decreases the pH (Wurts and Durborow 1992). In the

present study, although there was a significant decrease in

DO in the highest endosulfan concentration, it remained

within the tolerable range for catfish (Mallya 2007). The

pH observed in this experiment (4.15–5.70) was in some

cases not optimal for fish, which according to Alabaster

and Lloyd (2013) decreases between 5 and 9. Although

fish may survive at lower pH ranges as was the case was

in our study, acidic conditions may affect the fish’s

endocrine system, break down the gill structure, or even

suffocate the fish due to excessive accumulation of mucus

(Kwong et al. 2014).

Table 2 LC values (lg/L) and their confidence intervals at the various time points

Experiment End point Time

24 h 48 h 72 h 96 h

Catfish LC10 0.948 (0.896–1.003) 0.988 (0.978–0.998) \0.5a \0.5a

LC50 1.009 (0.983–1.036) 1.000 (0.995–1.005) \0.5a \0.5a

LC90 1.075 (1.023–1.13) 1.011 (1.003–1.02) \0.5a \0.5a

B. globosus LC10 807 (551–1181) 682 (485–959) 372 (257–540) 485 (336–701)

LC50 4160 (1336–12,956) 1137 (1041–1245) 907 (787–1044) 810 (690–950)

LC90 21,457 (2056–223,941) 1902 (1306–2769) 2209 (1585–3077) 1351 (1139–1602)

a No catfish survived beyond 72 h except in the controls

Fig. 1 Average of the cumulative number of snails eaten by the catfish per treatment level over time and a the associated GLM fits and

b variation in the cumulative number of snails eaten at the different endosulfan concentrations at the end of the experiment
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Behavioural Responses and Effect on Catfish

Survival

In the toxicity test, the hybrid catfish exhibited a number of

behavioural responses on exposure to endosulfan at all

concentrations. These included increased swimming

activities, attempts to jump out of the tanks, violent and

erratic swimming, gasping for air, disorientation, and

secretion of thick masses of mucus from their bodies.

Capkin et al. (2006) reported similar behavioural changes

for rainbow trout (Oncorhynchus mykiss) exposed to

endosulfan. These behavioural changes may be an indica-

tion of the effect of endosulfan on the fish nervous system.

Endosulfan is highly toxic to fish and other aquatic

organisms, but its toxicity varies among different species.

The 48-h LC50 value for hybrid catfish found in this study

is 1.0 lg/L. The LC10 and LC90 values are also quite close

to 1.0 lg/L (Table 2) implying that this species has a low

intraspecific variation in sensitivity to endosulfan toxicity.

However, the death of catfish occurred within 1 h of

exposure in the 1.2 lg/L experimental units, and all except

those in the control died between 48 and 72 h. Catfish are

known to rapidly accumulate high levels of endosulfan in

their body tissues. Zeid et al. (2005) reported increased

levels of endosulfan in juvenile African catfish after 6 h of

exposure. Jenyo-Oni et al. (2011) recorded a 48-h LC50

value of 4.68 lg/L, whereas Yekeen and Fawole (2011)

reported a 96-h LC50 value of 52 lg/L for juvenile C.

gariepinus. Our finding are similar to those for several

other species of fish of the Okavango Delta in Botswana

ranging from 1.2 to 7.4 lg/L (Fox and Matthiessen 1982).

The differences in LC50 values observed in many studies

could be attributed to differences in the length of obser-

vation, age and species of fish used, and, in the case of this

experiment, the use of a hybrid fish compared with pure

breeds used in other experiments. From the results of this

toxicity experiment, we only expected effects of endosul-

fan on fish survival at the highest concentration of the

predation experiment.

Effect on Snail Survival

For B. globosus, we found a 96-h LC50 value of 810 lg/L,

so we did not expect any direct effect of endosulfan on

snail survival in the predation experiment. The control

mortality of the experiment was, however, rather high

(Table S4). This could have been a result of stress due to

the long period the animals were kept under artificial

conditions in the laboratory before experimentation. Our

finding is within the range of values obtained by other

studies involving the acute toxicity of endosulfan to

freshwater snails. Yasser et al. (2008) performed a toxicity

test with Lymnaea radix and found 96-h LC50 values of 380

and 910 lg/L for juveniles and adults, respectively. Jon-

nalagadda and Rao (1996) performed a test with Bellamya

disimilis and recorded a 96-h LC50 value of 1800 lg/L,

whereas Oliveira-Filho et al. (2005) found 96-h LC50 val-

ues of 120 and 890 lg/L for Biomphalaria tenagophila

juveniles and adults, respectively. Greater values were

reported, however, for three freshwater snails by Ellis-

Tabanor and Hyslop (2007), who obtained 96-h LC50

values of 2300, 1740, and 1350 lg/L for Melanoides

tuberculata, Thiara granifera, and Planorbella duryi,

respectively, whereas Otludil et al. (2004) reported an LC50

value of 3230 lg/L for Planorbarius corneus.

Effect on Snail Predation by Catfish

The sublethal effects were assessed by monitoring the

changes in the catfish rate of predation of B. globosus. The

effect of endosulfan on predation was dose and time

dependent (Fig. 1). However, mortality of some predators

was observed in the highest concentration (Table S4).

Replacement of the dead individuals with new previously

unexposed individuals may have resulted in underestima-

tion of the inhibition on predation in the high concentration

treatments. Due to its effect on the nervous system (Ellis-

Tabanor and Hyslop 2005) and enzyme activity (Tripathi

and Verma 2004), endosulfan affects physiological and

metabolic functions in organisms. One such effect is the

inhibition of the activity of phagocytic cells, which renders

the organism less able to defend itself against disease.

Girón-Pérez et al. (2008), in a study to determine the effect

of endosulfan on the phagocytic activity in Oreochromis

niloticus, focused on two parameters—the phagocytic

index and the percentage of active cells—and found that

endosulfan had a significantly negative effect on both

parameters. Blood is a reflector of the pathological and

physiological status of the body of an organism, and hence

it shows the structural and functional well-being of the

organism. The decrease in feeding observed in this study

may be a reflection of the adverse effect that endosulfan

may have exerted on catfish haematological parameters.

Several studies have reported the effects of endosulfan on

haematological parameters of aquatic organisms. For

instance, Jenkins et al. (2003) observed a decrease in

haematological parameters—such as erythrocyte counts,

haemoglobin percentage, and haematocrit values—in

Cyprinus carpio exposed to endosulfan, and the effects

were dose dependent. Ndimele et al. (2015) reported

microcytic hypochromic anaemia in fingerlings of catfish

(C. gariepinus) after 24 h of exposure to endosulfan. A

decrease in haemoglobin has a direct effect on the amount

of oxygen available to an organism. In our experiment, the

decreased feeding may have been a coping strategy to

depressed oxygen supply to the various organs of the
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catfish because the fish’s affinity for oxygen decreased due

to endosulfan toxicity.

The inhibitory effect of endosulfan on fish’s acetyl-

cholinesterase (AChE) may also have affected interspecific

relations between the catfish and the snails. AChE is an

important enzyme catalyzing the activities of acetyl-

choline, which is a neurotransmitter responsible for psy-

chomotor activities of fish. This inhibitory effect was

observed in Lepomis macrochirus, Labeo rohita, Danio

rerio, and Jenynsia multidentata exposed to endosulfan

(Dutta and Arends 2003; Ballesteros et al. 2009; Kumar

et al. 2012; Pereira et al. 2012). These alterations in fish

behaviour have an effect on their ecological functions such

as feeding, predator avoidance, foraging, and reproduction

hence their survival (Banaee 2012).

Consequences for the Prevalence of Schistosomiasis

From this study, it is clear that endosulfan pollution has a

negative affect the predator–prey interactions of Schisto-

soma host snails and their fish predators. This effect

appears to favour the survival of the host snails over their

predators. This finding has further augmented the claim

that endosulfan is generally less toxic to nonarthropod

invertebrate taxa than it is to fish (Hose and Van den Brink

2004). The decreased predation pressure of the catfish

toward their prey due to pesticide pollution has the

potential to foster rapid population growth in the prey

population. This increase may make it easier for Schisto-

soma to encounter and infect the snails. Endosulfan is

present in water and sediment samples taken in Africa

(Table S1) at concentrations capable of eliciting both

sublethal and lethal effects on catfish, which may decrease

the effectiveness of biocontrol using hybrid catfish. The

implications of this finding to biological control of schis-

tosomiasis is that in places where pesticides, such as

endosulfan, are used adjacent to transmission sites fish may

not be effective control agents. Although fish may be

affected at very low doses, snails remain unaffected by

these concentrations.

Because agriculture is an important economic activity in

most poor countries (Dao 2012), a shift toward using

pesticides that are less lethal to snail predators would be an

important factor in balancing between agricultural pro-

ductivity and decreased prevalence of schistosomiasis in

endemic areas. In addition to endosulfan, several insecti-

cides are found in aquatic ecosystems in many African

countries including South Africa (Quinn et al. 2011), Mali

(Dem et al. 2007), Nigeria (Ibigbami et al. 2015; Ogbeide

et al. 2015), and Zambia (Syakalima et al. 2006). Evalua-

tion of the effects of these pesticides and their combina-

tions on predator–prey interactions of host snails and their

predators should be considered.
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