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Abstract

We studied the relationships between a predator fish,Gambusia holbrooki, and its main food prey, within the
content of a rice field food web. The influence of some environmental and biological factors on these trophic
interactions, in combination with existent quantitative information, allowed us to evaluate the ecological viability
of using a non-ionic surfactant,Genapol OXD-080, to control a plague caused by crayfish (Procambarus clarkii)
populations in the rice fields. In the Lower Mondego River Valley, Portugal,G. holbrooki is abundant in rice
fields. It feeds mainly on copepods, cladocerans and rotifers. Surface insects, such as aphids, collembolans, adult
(imago) chironomids and other dipterans, are additional food. LargeG. holbrookiconsumed greater amounts
of cladocerans and adult chironomids than other smaller size groups, while small fish prefered rotifers. Gravid
females ate copepods, cladocerans, and adult chironomids and other dipterans in significantly greater amounts than
immatures, males, and non-gravid females. Non-gravid females ate collembolans in significantly greater quantities
than any other fish group. The population density of copepods, cladocerans, adult chironomids, and other dipterans,
the area covered by aquatic vegetation, and water temperature all had significant effects on the total number of
prey caught byG. holbrooki. In contrast, a negative correlation was found with rotifers, collembolans, aphids in
higher densities, and of increased water volume, dissolved oxygen and pH.G. holbrookiholds a key intermediate
position in the rice field food chain, feeding in large amounts of aquatic invertebrates and being eaten, in turn, by
piscivores. With regard to the toxicity ofGenapol OXD-080on non-target organisms, LC50 values forG. holbrooki
and some of its main prey were several times lower than the concentration necessary to decrease the activity of
crayfish populations in the rice fields. Thus,Genapol OXD-080could potentially cause greater damage to the
local populations of non-target species and should not be used without taking precautions not to contaminate other
important biological reservoirs, such as the rice field irrigation channels.

Introduction

Knowledge of the relationships between different key
organisms present in agro-ecosystems such as rice
fields, together with laboratory information, is an im-
portant requirement to assess environmental impacts
resulting from conventional and new types of agri-
cultural practices. Rice culture is the most important
agricultural activity in the world (Forés & Comín,

1992). Therefore, rice fields are artificial habitats, but
home to complex ecological systems with a large va-
riety of plant and animal species (Linden & Cech,
1990).

A new chemical method for controling plague in
rice fields is presently under development in the Lower
Mondego River Valley of Central Portugal. Since its
introduction to the Iberian Peninsula,Procambarus
clarkii, the Louisiana red swamp crayfish, caused sig-
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nificant losses in rice yield (Anastácio & Marques,
1995; Anastácio et al., 1995). To mitigate damages,
a non-ionic biodegradable surfactant,Genapol OXD-
080, was selected to help control the concentrations
of P. clarkii. This surfactant is more environment-
friendly than pesticides most commonly used (Jør-
gensen et al., 1997), allowing additionally the use
of crayfish as a profitable food source for humans
(Fernandes et al., 1994, 1995).

Genapol OXD–080is a polyglycol esther of fatty
alcohol, with the following chemical structure:

R − (CH2)y −O(CH2CH2O)x −H,

whereR represents a synthetic unsaturated fatty al-
cohol, non-branched, with 12–15 carbon atoms, rep-
resented byy (Fonseca et al., 1997),x is defined by
8–10 mols of ethylene oxide. The idea is to control the
physiological activity of crayfish by decreasing respi-
ratory exchanges (gill hematosis) without killing them.
It prevents damage to the rice plants, specially young
plants, caused by crayfish burrowing. An important
requirement regarding the ecological viability of this
approach is that populations of non-target species are
not significantly affected. To assess potential implica-
tions for the ecosystem, it is critical to understand the
relationships between the organisms that play essential
roles in the food web of the rice field. It will contribute,
in combination with the existent laboratory informa-
tion regarding the toxicities ofGenapol OXD-080on
non-target species (Cabral et al., 1997), to determine
what changes this surfactant might cause on the local
aquatic communities.

The aim of the present study was to characterise the
relationships between a key predator fish,Gambusia
holbrooki(Girard) (Cyprinodontiformes: Poeciliidae),
and its main prey, with a primary focus on physico-
chemical and biological aspects on the interactions.
Gambusia holbrooki, also known as mosquitofish, is
native from the coastal region of the eastern United
States. LikeGambusia affinis(Baird & Girard), G.
holbrooki has been widely introduced through mos-
quito control programs into warm temperate and trop-
ical regions all over the world (Cech et al., 1992;
Haynes & Cashner, 1995; Homski et al., 1994; Hoy,
1985; Lydeard & Belk, 1993; Schaefer et al., 1994;
Wurtsbaugh et al., 1980). In the Iberian peninsula the
mosquitofish was introduced in 1921 (Albuquerque,
1956). Because this viviparous fish is well known
for its consumption of insect larvae, zooplankton and
other invertebrates, it plays a crucial role as a preda-
tor in agro-ecosystems such as rice fields (Blaustein,

1992; Cech et al., 1992). The following characteris-
tics of mosquitofish make the species suitable for this
study: (a) it is abundant, (b) as a small predator, it
occupies an intermediate position in the food chain,
preying directly on aquatic invertebrates and being
eaten by piscivores (Britton & Moser, 1982; Hurlbert
et al., 1972), and (c) it is one of the most well studied
poeciliids (Haynes & Cashner, 1995).

Materials and methods

Study site

The Lower Mondego River Valley (Figure 1) is lo-
cated in the central region of Portugal (40◦ 10′ N,
08◦ 41′ W). The valley consists of approximately
15 000 ha where the main agricultural crop is rice,
which occupies about 60% of the usable area. Non cul-
tivated areas, such as swamps, appear in the periphery
of the valley, exhibiting a flourishing wetland fauna
and flora. Drainage channels, constituting another bi-
ological reservoir, are spread across the whole valley
(Anastácio & Marques, 1995).

In the study site mosquitofish and its prey species
occur year-around in the irrigation channels, but only
seasonally in the rice paddies. During a large part
of the year the rice paddies have a very low wa-
ter level or are completely dry and unable to sup-
port mosquitofish. In the main irrigation channels,
although levels varied throughout the year, there is
always enough water to support a large variety of plant
and animal species, which ensures an important pool
for faunal recruitment and population renewal to rice
fields. The sampling program was therefore focused in
the irrigation channels.

Sampling program and laboratory procedures

The sampling program was carried out in a main
irrigation channel from April 1996 to May 1997,
fortnightly during the most important mosquitofish re-
production period (April–July), and monthly in the
remaining period. Samples of mosquitofish, zoo-
plankton, and macroinvertebrates, both benthic and
associated with aquatic vegetation, were taken.

During each sampling event, mosquitofish were
electrofished in three randomised areas confined by
nets laid transverse across the irrigation channel. A
semi-portable generator supplied a rectified DC cur-
rent (350–600V). Sampling always took place be-
tween 10 a.m. and 1 p.m., corresponding to the most



43

Figure 1. Location of the Lower Mondego River Valley (shaded area).

active mosquitofish feeding period (Crivelli & Boy,
1987). Sampled areas ranged from 3 to 16 m2 and
were shocked during a period of 30–40 min, enough
to catch practically all the fish present in each area.
All mosquitofish caught were immediately preserved
in 4% neutralised formaldehyde, while other fish were
returned to the irrigation channel.

In the laboratory fish were washed, counted, and
preserved in 70% ethanol until gut dissections could
be performed. All individuals were measured and
sorted by standard length to the following size groups:
1 (till 10 mm), 2 (11–15 mm), 3 (16–20 mm), 4 (21–
25 mm), 5 (26–30 mm), 6 (31–35 mm), 7 (36–40 mm)
and 8 (41–45 mm). Moreover, fish were classified as
(a) immature (normally with 15 mm or less, if sex
could not be determined externally), (b) males (nor-
mally no longer than 30-mm and identified by the
presence of a gonopodium), (c) non-gravid females
and (d) gravid females. We define gravid females as
fish with mature ova, i.e. comprised between the stage
presenting a clear amber colour without visible embry-
onic structures and the stage with late embryos, ready
for parturition (Meffe, 1987). Five individuals per size
group and from each sampled area were examined for
gut contents, except for size groups 3, 4, and 5, where
females and males had coincident sizes. In this case,
five females and five males were examined per group.
A total of 484 fish were investigated. For each fish
the gut tube was excised from the esophagus up to

the point where it bends ventrally and dissected. Prey
items were recorded and identified.

Prey samples were collected from the primary mi-
crohabitats in the irrigation channels, including the
sediment, water phase, and aquatic vegetation. Three
replicates were randomly sampled for each microhab-
itat. Benthic samples were collected using a small Van
Veen grab, capable of collecting up to 5-dm3 from a
0.0496-m2 area. Samples were sievedin situ using a
0.5-mm mesh size net bag.

Macroinvertebrates attached to aquatic vegetation
were collected using simple plastic skimmers, each
with a rectangular section of 0.066-m2 and a 0.5-
mm mesh size nylon net. The skimmer was abruptly
plunged bellow theMyriophyllum aquaticumbeds, the
most important aquatic plant, and the sample collected
after cutting the plants quickly with pruning-shears.
To prevent macroinvertebrates from escaping, each
skimmer was immediately enclosed in a 0.5-mm mesh
nylon net bag and also sievedin situ. Both the benthic
andMyriophyllumsamples were maintained alive in
plastic containers up to the laboratory and then placed
in a cold room (4◦C) for a maximum of 2 days while
they were processed.

Samples from zooplankton and macroinvertebrates
in the water column were obtained by pulling a 200-
µm mesh plankton net horizontally with a digital
flow meter to determine the volume of water passing
through the net. Samples were immediately preserved
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in 4% neutralised formaldehyde and subsequently
identified and sorted in the laboratory.

Water temperature, conductivity (µS), dissolved
oxygen (mg l−1), and pH, were measuredin situ at
each site. From June 1996 water samples for chloro-
phyll a determination were collected with plastic bot-
tles and analysed according to the technique described
in APHA-AWWA-WPCF (1980). Water volume was
estimated from depth and width measurements in a
148.7-m long representative section of the irrigation
channel, and then extrapolated for the entire channel.
The percentage of the water surface area covered by
Myriophyllum aquaticumwas also estimated through
three or more independent observations.

Data analysis

To identify the preferential prey items caught by mos-
quitofish we used the Ivlev’s electivity index for fishes
(Ivlev, 1961), defined asE = (r − p)/(r + p), where
r = proportion of the number of a given prey in the
mosquitofish gut content, andp = proportion of the
number of the same organism in field samples. Posi-
tive values ofE (0–1) indicate a preference, negative
values (−1 to 0) indicate little or no representation in
the gut content. We used the value−0.5 as lower limit
to identify ‘preferential’ prey.

The Kruskal–Wallis one-way analysis of variance
by ranks followed by a non-parametric multiple com-
parisons test with unequal sample sizes (Zar, 1984)
was used to assess the significance of differences in
the number of preferential prey items between the gut
contents of different mosquitofish size and sex groups.
Stepwise multiple-regression analysis (Zar, 1984) was
used to test any possible correlation between the to-
tal number of prey items consumed by mosquitofish
and the environmental variables, water temperature,
water volume, dissolved oxygen, pH, area covered by
aquatic vegetation, and prey availability. A step-down
procedure was followed in order to examine the ef-
fect of each environmental variable on the others, with
the least significant variable being removed at every
step. The analysis stopped when all the remaining vari-
ables had a significant correlation level (P<0.05) (Zar,
1984). Tests for normality, Kolmogorov–Smirnov, and
for variance homogeneity, Cochran’s C and Bartlett’s,
were performed for the dependent variable before
running the multiple-regression analysis (Zar, 1984).
Following the tests results, the total number of prey
consumed by mosquitofish was transformed using a
logarithmic transformation(X′ = log[X + 1]). The

non-parametric Spearman rank correlation was used to
test relationships between the main zooplankton group
densities and phytoplankton abundances, expressed
as mg of chlorophylla m−3, taking into account data
from the period when both variables were determined.
This was an indirect way to assess the potential ef-
fects of zooplankton predation by mosquitofish on
phytoplankton abundance, considered an indicator of
eutrophication in the irrigation channels.

Results

The environmental characteristics (average± S.E.) of
the irrigation channel during the sampling period were
as follows: water temperature: 18.4±1.5◦C, with a
minimum of 9.4◦C and a maximum of 25.2◦C; dis-
solved oxygen, 5.7±0.7 mg l−1, with a minimum of
2.8 mg l−1 and a maximum of 10.9 mg l−1; pH,
7.3±0.2, with a minimum of 6.6 and a maximum of
8.8; conductivity, 318.3±36.3µS, with a minimum of
133.6µS; and a maximum of 553.0µS; water volume,
362 677±60 473 dm3, with a minimum of 22 666 dm3

and a maximum of 586 707 dm3.
Fourteen invertebrate large groups were collected

in the three microhabitats. From these, six groups
were divided into 15 subgroups (Table 1). For the
present purposes it was considered enough to take
into account high taxonomic levels. For each micro-
habitat, the density of each group and the proportion
(%) of the group in the whole set of samples are also
given in Table 1. The most abundant invertebrates in
the water phase were copepods and cladocerans. Two
invertebrate groups normally associated with aquatic
and riparian vegetation, arachnids and ants (Formici-
dae), were also well represented in the water phase.
In the macrobenthos, oligochaets and chironomid lar-
vae were the most abundant invertebrate groups. Adult
hydrophilids, aphids, chironomids larvae, and cray-
fish (Procambarus clarkii) were very abundant on
the aquatic vegetation, being found during the whole
study period (Table 1).

The 10 groups and 10 subgroups found as prey
items in the mosquitofish gut contents are given in
Table 2. The Ivlev’s electivity index values were cal-
culated for each mosquitofish size group and for the
whole population (Table 2). Since we analysed only
a few fish from the peripheral size groups 1 and 8,
they were pooled with groups 2 and 7, respectively.
Taking the Ivlev’s electivity index values into account,
for the population considered as a whole (Table 2,
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Table 1. Average densities (mean± S.E.) for each invertebrate group and respective percentages in
relation to the average total number of all invertebrate groups per microhabitat sample (in parenthesis).

Invertebrates Microhabitats

Water phase Sediment Aquatic vegetation

(ind. dm−3 (%)) (ind. m−2 (%)) (ind. m−2 (%))

Copepoda 1.03± 0.62 (62.81) 0 0

Cladocera 7.41± 7.41 (16.08) 0 0

Rotifera 0.05± 0.05 (0.24) 0 0

Collembola 5E-4± 5E-4 (0.28) 1.44± 1.44 (3.06) 36.44± 23.61 (6.85)

Ephemeroptera 3E-4± 2E-4 (0.59) 0.96± 0.96 (1.02) 2.52± 1.47 (1.36)

Odonata 2E-4± 2E-4 (0.01) 0.48± 0.48 (0.51) 3.97± 2.91 (1.37)

Hemiptera

Aphididae 0.01± 9E-3 (2.91)a 0 181.82± 121.67 (18)

Others 0 0 1.44± 0.82 (0.22)

Hymenoptera

Formicidae 2E-3± 2E-3 (10.39)a 1.92± 1.48 (0.61)a 16.96± 9.42 (3.53)

Others 7E-4± 4E-4 (0.34)a 0.96± 0.65 (0.70)a 2.89± 1.37 (0.71)

Coleoptera

Hydrophilidae (AD) 0 0 14.67± 8.45 (15.01)

Dytiscidae (AD) 0 0 8.30± 5.15 (1.21)

Hydraenidae (AD) 0 0 0.36± 0.36 (0.03)

Terrestrial (AD) 0 0 1.35± 0.75 (0.33)

Diptera

Chironomidae (LV) 0 12.96± 5.43 (21.63) 29.57± 10.98 (17.35)

Others (LV) 0 2.40± 1.51 (4.45) 0.72± 0.49 (0.72)

Chironomidae (AD) 0 0 1.44± 1.11 (0.16)

Others (AD) 0 0 1.80± 1.46 (2.44)

Decapoda

Procambarus clarkii 0 2.40± 1.67 (2.28) 100.26± 40.79 (20.5)

Arachnida 7E-4± 4E-4 (5.17)a 0.96± 0.65 (0.57)a 7.94± 3.95 (3.09)

Oligochaeta 0 167.05± 97.55 (65.1) 8.30± 5.15 (2.16)

Gastropoda

Physidae 0 0 15.87± 12.85 (4.79)

Ancylidae 0 0 2.52± 2.52 (0.11)

The samples (n) were collected from the three distinct irrigation channel microhabitats during the study
period: water phase (n=13), sediment (n=14) and aquatic vegetation (n=14).
LV, larva; AD, Adult.
aAccidental.

right column: Total average), zooplankton (copepods,
cladocerans, ostracods and rotifers) constituted the
main feeding option for mosquitofish, followed by
the insect groups aphids and collembolans, adult chi-
ronomids and other dipterans. Ostracods appeared as
a preferential prey for all mosquitofish size groups,
although they were found in only 7.8% of the fish
analysed. However, ostracods were excluded from the
statistical analysis because of the lack of information
regarding their occurrence in the environment (Ta-
ble 1). The absence of ostracods in the samples can
be explained as a function of our sampling method-

ology for benthic organisms, since ostracods are too
small to be retained in a 0.5-mm mesh net. Copepods
were the only other group with a positive Ivlev’s in-
dex for all mosquitofish size groups (Table 2). Young
mosquitofish remains were found in 37 gut contents
(7.6%), indicating a certain degree of cannibalism.

A Kruskal–Wallis one-way analysis of variance by
ranks was used to assess the significance of differences
in the numbers of preferential prey items between the
gut contents of different mosquitofish size and sex
groups. Only cladocerans, rotifers and adult chirono-
mids were caught in significantly different quantities
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Table 2. Prey groups Ivlev’s electivity index values calculated for the mosquitofish (Gambusia holbrooki) size groups considered and
for the total population sampled.

Preys Mosquitofish size classes

1 + 2 3 4 5 6 7 + 8 Total average

Copepoda 0.68(23) 0.09(89) 0.14(108) 0.20(74) 0.04(38) 0.41(25) 0.18(357)

Cladocera −0.07(31) −0.05(63) −0.28(74) −0.32(54) −0.24(32) −0.23(28) −0.20(282)

Ostracoda 1 (3) 1 (7) 1 (12) 1 (8) 1 (5) 1 (3) 1 (38)

Rotifera 0.09(11) 0.09(22) 0.13(35) 0.001(15) −1 (5) −1 (9) −0.06(97)

Collembola −0.006(7) −0.33(55) −0.50 (62) −0.46(42) −0.05(17) 0.003(5) −0.37(188)

Hemiptera

Aphididae −0.02(32) −0.35(105) −0.39(125) −0.31(88) −0.31(51) −0.29(29) −0.32(430)

Hymenoptera

Formicidae −1 (30) −0.92 (101) −0.82 (104) −0.55 (84) −0.57 (46) −0.62 (26) −0.76 (391)

Others −1 (13) −0.96 (74) −0.91 (78) −0.91 (62) −0.76 (28) −1 (7) −0.92 (262)

Coleoptera

Hydrophilidae (AD) −1 (17) −1 (60) −1 (82) −0.84 (61) −0.94 (31) −0.88 (16) −0.95 (267)

Dytiscidae (AD) −1 (16)− −1 (45) −1 (55) −0.84 (50) −1 (20) −1 (9) −0.96 (195)

Hydraenidae (AD) − −0.88 (15) −0.87 (29) −0.38(22) −0.67 (6) −1 (1) −0.71 (73)

Terrestrial (AD) −1 (6) −0.85 (37) −1 (44) −0.57 (31) −0.21(10) −1 (3) −0.78 (131)

Diptera

Chironomidae (LV) −0.82 (33) −0.78 (54) −0.88 (67) −0.76 (57) −0.94 (32) −0.98 (28) −0.85 (270)

Chironomidae (AD) −0.71 (7) −0.85 (26) −0.67 (43) −0.38(33) −0.12(16) 0.40(10) −0.49(135)

Others (AD) −0.83 (12) −0.39(26) −0.54 (28) −0.12(29) −0.62 (13) −0.57 (14) −0.45(122)

Arachnida −1 (32) −0.95 (96) −0.89 (111) −0.83 (83) −0.94 (44) −0.95 (26) −0.91 (392)

The values in bold indicate a prey preference, taking into account the lower limit selected to identify "preferential" preys (−0.5). The
values with parenthesis represent the number of fishes observed.
LV, Larva; AD, Adult.

Table 3. Average number of prey items eaten (mean± S.E.) by mosquitofish (Gambusia holbrooki) taking into account the size
groups collected during the study period.

Preys Mosquitofish size groups

1 + 2 3 4 5 6 7 + 8 χ2 p

(n=39) (n=120) (n=137) (n=101) (n=53) (n=34)

Copepoda 16.4± 4.0 18.0± 3.9 31.6± 4.7 40.2± 8.5 37.0± 10.0 51.1± 13.1 9.27 n.s.

Cladocera 6.9± 1.9 7.9± 2.9 6.4± 1.8 7.4± 2.7 19.3± 7.6 30.4± 10.1 15.76 ∗∗
• • • • •• • • •

Rotifera 1.5± 1.2 7.8± 3.4 13.8± 4.8 0.6± 0.3 0 0 15.36 ∗∗
• • • • • • • • •• •• • •

Collembola 0.3± 0.2 1.1± 0.3 1.0± 0.3 1.1± 0.4 3.1± 1.2 0.8± 0.7 3.41 n.s.

Hemiptera

Aphididae 1.8± 0.4 1.4± 0.2 2.6± 0.4 3.2± 0.6 3.7± 0.9 2.1± 1.1 4.52 n.s.

Diptera

Chironomidae (AD) 0.03±0.03 0.02±0.01 0.2± 0.1 0.4± 0.2 0.6± 0.3 1.7± 0.9 22.22 ∗∗∗
• • • • • ••

Others (AD) 0.03±0.03 0.07±0.02 0.08±0.04 0.3± 0.08 0.08±0.05 0.09±0.05 9.48 n.s.

The number of solid circles bellow the values indicates significant differences between size groups for the medians of a given prey
group (Kruskal–Wallis and nonparametric multiple comparison tests).∗∗p<0.01;∗∗∗p<0.001 (n.s., no significant).n is the number
of individuals.
(AD), adult.
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Table 4. Average number of prey items eaten (mean± S.E.) by mosquitofish (Gambusia holbrooki) sex groups
considered during the study period.

Preys Mosquitofish sex groups

Immatures Males Non-gravid females Gravid femalesχ2 p

(n=37) (n=138) (n=193) (n=116)

Copepoda 14.6± 4.0 14.2± 2.2 24.7± 3.8 65.8± 8.8 39.56 ∗∗∗
• • • ••

Cladocera 6.9± 2.0 5.8± 1.8 5.2± 1.8 24.6± 5.0 41.10 ∗∗∗
• • • ••

Rotifera 1.6± 1.3 7.3± 2.9 5.6± 2.1 6.9± 4.6 6.52 n.s.

Collembola 0.2± 0.1 0.8± 0.2 2.3± 0.4 0.03± 0.02 45.28 ∗∗∗
• • •• •

Hemiptera

Aphididae 2.2± 0.5 2.4± 0.4 2.6± 0.4 2.2± 0.5 2.15 n.s.

Diptera

Chironomidae (AD) 0.03± 0.03 0.1± 0.04 0.02± 0.01 1.2± 0.3 38.30 ∗∗∗
• • • ••

Others (AD) 0.03± 0.03 0.1± 0.04 0.06± 0.03 0.3± 0.06 16.71 ∗∗∗
• • • • •• • • ••

The number of solid circles bellow the values indicates significant differences between sex groups for the medians
of a given prey group (Kruskal–Wallis and nonparametric multiple comparisons tests).∗∗∗ p<0.001 (n.s., no signif-
icant).n is the number of individuals.
AD, adult.

by distinct size groups (Table 3). The multiple compar-
ison test showed that large mosquitofish size groups
(7+8) clearly consumed greater amounts of cladocer-
ans and adult chironomids than the other size groups,
whereas small and medium fish consumed greater
amounts of rotifers (Table 3). There were also differ-
ences between the sex groups regarding the type of
prey caught (Table 4). Copepods, cladocerans, adult
chironomids and other dipterans were caught in sig-
nificantly greater amounts by gravid females than by
immature, males, and non-gravid females. Neverthe-
less, males and non-gravid females fed more on other
adult dipterans than immature, showing also signifi-
cant differences with respect to their diet (Table 4).
Non-gravid females ate collembolans in significantly
greater quantities than any other sex group.

A stepwise multiple-regression analysis was used
to search for significant correlations between the to-
tal number of prey items consumed by mosquitofish
(TOT) and environmental variables. Twelve indepen-
dent variables were considered: water temperature
(TMP), water volume (VOL), dissolved oxygen (OXI),
pH, area covered by aquatic vegetation (VEG), and the
densities of copepods (COP), cladocerans (CLA), ro-
tifers (ROT), collembolans (COL), adult chironomids
(CHI), other adult dipterans (DIP), and aphids (APH).

Neither of the variables was excluded from the model.
The resulting regression equation was:

TOT= 3.77+ 0.72(COP)+ 0.53(CLA)− 95.85(ROT) −
0.004(COL)+ 0.06(CHI) + 0.3(DIP)− 0.003(APH)−
0.00001(VOL)+ 0.02(VEG)− 0.06(OXI) + 0.06(TMP)−
0.51(pH); (d.f. = 483, R2 = 0.56, F = 50.03,

P < 0.001).

The development of dense populations of cope-
pods, cladocerans, and adult chironomids and other
dipterans at the study site appeared to have a sig-
nificant effect in increasing the total number of prey
caught by mosquitofish (Figure 2). Other positive cor-
relations regard the influence of changes in the area
covered by aquatic vegetation, and water temperature
(Figure 2). Nevertheless, it seems likely that these
two environmental factors are probably related to the
density of prey populations, and therefore with prey
availability. When rotifers, collembolans and aphids
appeared in higher densities, mosquitofish seemed to
capture less prey than when these groups are rare or
absent (Figure 2). On the other hand, the increase of
water volume, dissolved oxygen and pH values appear
negatively correlated with the number of prey caught
by mosquitofish (Figure 2).
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Figure 2. The t-values and significance levels (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001) of the correlates, selected by automatic stepwise
regression analysis as factors with significative influence on the variation in the total number of preys consumed by mosquitofish (Gambusia
holbrooki). The codes of the independent variables are respectively: the densities of the seven preferential prey groups: Copepods (COP),
Cladocerans (CLA), Rotifers (ROT), Collembolans (COL), adult Chironomids (CHI), other adult Dipterans (DIP), and Aphids (APH), and
water volume (VOL), area covered by aquatic vegetation (VEG), dissolved oxygen (OXI), water temperature (TMP) and pH.

The non-parametric Spearman rank correlation
was used to test relationships between the densities
of the main zooplankton groups and phytoplankton
abundance, expressed as mg of chlorophylla m−3.
Contrary to other experimental works (e.g. Hurlbert
et al., 1972; Hurlbert & Mulla, 1981), that suggested a
close association between low densities of zooplank-
ton due to mosquitofish predation and an increase in
phytoplankton abundance, we did not find a significant
negative correlation between the decrease of copepods
and cladocerans densities and an increase in chloro-
phyll a concentration (n = 11,rs =−0.52, n.s. andrs =
−0.18, n.s., respectively). Of all the measured physic-
ochemical parameters and phytoplankton abundance,
only dissolved oxygen showed a close to significant
positive correlation with chlorophylla density (n = 11,
rs = 0.61,P = 0.054).

Discussion and conclusions

In general, the results obtained from this study are
very similar to those described in the literature. Mos-
quitofish normally feed primarily near the surface on
zooplankton, specially free-living Cyclopoid cope-
pods and cladocerans (Colwell & Schaefer, 1983;
Crivelli & Boy, 1987; Daniels & Felley, 1992; Hurl-
bert & Mulla, 1981). Hurlbert & Mulla (1981) and
Crivelli & Boy (1987) found that copepods were much

less affected than cladocerans by mosquitofish preda-
tion. However, we observed exactly the contrary, with
copepods constituting the most important prey group
during the study period. Cladocerans were clearly
less important as prey items, and ostracods were
found only in a few guts (Table 2). The difference
in these findings may be a function of the different
availabilities of the prey groups to mosquitofish. In
fact, among the water phase invertebrates, copepods
composed 62.8% of the samples, whereas the clado-
cerans accounted for only 16.1% (Table 1). Although
mosquitofish prey selectively on larger zooplankters,
rotifers seemed to be a relative important prey group
for immature fish as well as for young males and fe-
males, which constitute the small-medium size classes
(Table 3).

Throughout the year, surface insects, like aphids,
collembolans, adult chironomids, and other dipterans,
were an important additional food source. Neverthe-
less, mosquito larvae (chironomids and other dipter-
ans), which were relatively abundant in the irrigation
channel sediments (Table 1), constituted only a small
quantitative fraction of the mosquitofish diet. This ob-
servation agrees with the disappointing reports from
experiments using mosquitofish for mosquito control
around the world (Rupp, 1996). Our estimation of can-
nibalism (7.6%) in the Lower Mondego River Valley
is in accordance with estimates for wild mosquitofish
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populations, which ranged from 6% to 13% (Nesbit &
Meffe, 1993; Walters & Legner, 1980).

During the non-reproductive season, our results
showed a similar diet for immature, males and non-
gravid females, which ate very close quantities of the
seven preferential prey groups (Table 4). During the
reproductive season, from April to July, most of the
mature females were gravid (Cabral & Marques, in
prep.). These females captured, in general, more prey
items than immature, males and non-gravid females.
Moreover, during this period of high reproductive in-
vestment, gravid females eat more surface insects,
especially adult dipterans, than the other population
groups (Table 4). This may be explained by the larger
size of gravid females that enable them to eat big-
ger prey items and the need for higher caloric intake
(Harrington & Harrington, 1961).

The increased feeding by mosquitofish at higher
water temperatures may be a function of increas-
ing metabolic rates (Cech et al., 1985). Based on
experimental results, Reddy (1975) observed that mos-
quitofish ate 150–200% more larvae at 30◦C than at
20◦C over a 10-h period. The reduction in the number
of prey items caught by mosquitofish when dissolved
oxygen and pH increased may have been caused by
low concentrations of zooplankton. Hurlbert & Mulla
(1981) experimentally reported that pH and dissolved
oxygen levels were higher in ponds with mosquitofish
than in control ponds lacking mosquitofish. They sug-
gested that this difference was primarily caused by
a greater abundance of phytoplankton in fish ponds
where zooplankton was predated by mosquitofish. In
our case, an increase in photosynthesis due to the low
concentrations of zooplankton could have indirectly
caused the observed increase in dissolved oxygen and
pH. Obviously, the low concentrations of zooplank-
ton due to predation (Hurlbert et al., 1972) or to
other causes, would also result in a smaller amount
of food caught by mosquitofish, which explains the
correlations observed (Figure 2).

The correlation of the number of prey items in-
gested by mosquitofish with the area covered by
aquatic vegetation (Figure 2), may be due to the idea
that the fish can see their prey easier against the veg-
etation, or simply because this microhabitat offers
better conditions for the growth of the prey species
(Linden & Cech, 1990). It is known that mosquitofish
are able to penetrate and prey successfully in dense
vegetation (Linden & Cech, 1990), such asMyrio-
phyllummats, where the presence of suitable and well

contrasted prey, like adult dipterans, would likely shift
predation away from other less accessible food items.

The increase in the number of prey ingested by
mosquitofish may be also related to the increased
concentration of organisms in the water column that
would result from a decrease in the level of the water.
Consequently, prey items are more easier captured by
mosquitofish at periods when the water volume is low
(Figure 2).

The results of this study will be integrated with ad-
ditional works on risk assessment associated with the
application ofGenapol OXD-080in order to control
crayfish populations in the rice fields of the Lower
Mondego River Valley. Nevertheless, based on our
current knowledge, we are able to make some sugges-
tions concerning the risks with usingGenapol OXD-
080. Because the interaction between the mosquitofish
and its prey are a crucial component of the food web in
the irrigation channels, we recommend thatGenapol
OXD-080should not be used as an alternative method
to control crayfish populations without special pre-
cautions. This recommendation is supported by the
existent quantitative laboratorial information for these
species. Although chemical application is usually re-
stricted to the rice paddies, the risk of contaminating
an important biological reservoir, the irrigation chan-
nels, must always be considered. For instance, in the
case ofGenapol OXD-080, the usual water discharge
from rice paddies may result in surfactant contamina-
tion. This question is extremely important, since the
LC50 value for mosquitofish was 17.2 times lower than
the concentration ofGenapol OXD-080necessary to
significantly decrease crayfish physiological activity
(Cabral et al., 1997). Therefore, even a small amount
of contamination may be harmful to mosquitofish,
killing them or affecting some important biological as-
pects such as metabolism, predatory and reproductive
capacity (Cabral et al., submitted).

The possible detrimental effects ofGenapol OXD-
080 on microcrustaceans will indirectly affect mos-
quitofish since they are preferentially zooplankton
feeders. The LC50 value for the cladoceranDaph-
nia magna, which may be considered to represent
freshwater zooplankton, was found to be 13.9 times
lower than the concentration ofGenapol OXD-080
necessary to decrease crayfish gill hematosis (Cabral
et al., 1997). Some works concerning the effects of
surfactants on invertebrates focused on the surface
insects often caught by mosquitofish. For adult chi-
ronomids substances residing at the surface of the
water phase, namely surfactants and oils, may act as
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selective control agents because these insects depend
on the air/water interface in all stages of their life cycle
(Corbet et al., 1995). For aphids, Imai et al. (1994)
observed that several different surfactants revealed
strong aphicidity. Only collembolan species seem to
be more tolerant of surfactants. For instance, Holm-
strup & Krogh (1996) detected differential degrees
of damage, according to age, of an anionic surfac-
tant on collembolan populations from agricultural and
grassland soils in temperate regions.

Despite the fact thatGenapol OXD-080appears
to be potentially harmful to the biological structure
and function of the irrigation channel communities,
its application in the rice paddies will have a com-
paratively much lower impact. In fact, at the time of
the application, rice paddies present an extremely im-
poverished faunal community (Frias et al., in prep.),
while the irrigation channels contain a large variety of
plant and animal species that will re-colonise the pad-
dies following the early spring flood. SinceGenapol
OXD-080 is rapidly biodegradable, provided that it
does not contaminate the irrigation channels in high
concentrations, it would be possible to ensure this
important ecological pool for faunal recruitment and
population renewal. This may be feasible if the water
discharge from rice paddies was not performed dur-
ing or immediately after the application ofGenapol
OXD-080. These aspects must be taken into account
when establishing a ‘best possible strategy’ for cray-
fish management in rice fields, including the use of
surfactants.

Acknowledgements

This study was supported by E.U. throughout the R
& D project AIR 3-CT 94-2432 and by JNICT (Por-
tuguese National Board of Scientific Research). The
authors are indebted to Ana Frias, Ruth Carvalho and
Sofia Ávila who assisted in the field and laboratory
work. A special thanks is addressed to Dr Peter A.
Siver, from the Connecticut College (USA), for the
English revision of our manuscript.

References

Albuquerque, R. M., 1956. Peixes de Portugal e Ilhas adjacentes.
Chaves para a sua determinação. Portugalia Acta Biol. 5B, 1164
pp.

Anastácio, P. M. & J. C. Marques, 1995. Population biology and
production of the Red Swamp CrayfishProcambarus clarkii(Gi-

rard) in the Lower Mondego River Valley, Portugal. J. Crustacean
Biol. 15: 156–168.

Anastácio, P. M., S. N. Nielsen, J. C. Marques & S. E. Jørgensen,
1995. Integrated production of crayfish and rice: a management
model. Ecol. Eng. 4: 199–210.

American Public Health Association, American Water Works As-
sociation, Water Pollution Control Federation, 1980. Standard
methods for the examination of water and waste water. 15th edn.,
Washington, USA, 1134 pp.

Blaustein, L., 1992. Larvivorous fishes fail to control mosquitoes in
experimental rice plots. Hydrobiologia 232: 219–232.

Britton, R. H. & M. E. Moser, 1982. Size specific predation by
herons and its effect on the sex ratio of natural populations of
the mosquitofishGambusia affinisBaird and Girard. Oecologia
53: 146–151.

Cabral, J. A., P. M. Anastácio, R. Carvalho & J. C. Marques, 1997.
A non harmful method of Red Swamp Crayfish (Procambarus
clarkii) population control and non target organisms problem-
atics in the Lower Mondego River Valley, Portugal. Proc. Int.
Assoc. Astacol. 11th Symp. Freshwater Crayfish 11: 286–292.

Cech, J. J., M. J. Massingill, B. Vondracek & A. L. Linden, 1985.
Respiratory metabolism of mosquitofish,Gambusia affinis: ef-
fects of temperature, dissolved oxygen, and sex difference. Envir.
Biol. Fishes 13: 297–307.

Cech, J. J., R. G. Schwab, W. C. Coles & B. B. Bridges, 1992.
Mosquitofish reproduction: effects of photoperiod and nutrition.
Aquaculture 101: 361–369.

Colwell, A. E. & C. H. Schaefer, 1983. Effects of an insect growth
regulator on plankton andGambusia affinis. Aquat. Toxicol. 4:
247–269.

Corbet, S. A., G. W. Danahar, V. King, C. L. Chalmers & C. F. Tiley,
1995. Surfactant-enhanced essential oils as mosquito larvicides.
Ent. exp. applic. 75: 229–236.

Crivelli, A. J. & V. Boy, 1987. The diet of the mosquitofishGam-
busia affinis(Baird & Girard) (Poeciliidae) in Mediterranean
France. Rev. Ecol. (Terre Vie) 42: 421–435.

Daniels, G. L. & J. D. Felley, 1992. Life history and foods of
Gambusia affinisin two waterways of Southwestern Louisiana.
S. West. Nat. 37: 157–165.

Fernandes, M. A. S., I. M. R. Mendonça, J. C. Marques & V. M.
C. Madeira, 1994. Seasonal Changes in the biochemical and en-
ergy content ofProcambarus clarkii(Girard, 1852) in the Lower
Mondego river region. J. Crustacean Biol. 14: 736–743.

Fernandes, M. A. S., M. I. R. Mendonça, J. C. Marques & V. M. C.
Madeira, 1995.Procambarus clarkiienergy and nutrient transfer
capacities in the Lower Mondego river valley (Portugal). Proc.
Int. Assoc. of Astacol. 10th Symp. Freshwater Crayfish 10: 98–
104.

Fonseca, J. C., J. C. Marques & V. M. C. Madeira, 1997. Oxygen
uptake inhibition inProcambarus clarkii, Louisiana crayfish,
by biodegradable surfactants: An ecotechnological approach for
population control in rice fields. Proc. Int. Assoc. Astacol. 11th
Symposium, Freshwater Crayfish 11: 235–242.

Forés, E. & F. A. Comín, 1992. Ricefields, a limnological perspec-
tive. Limnetica 8: 101–109.

Harrington, R. W. & E. S. Harrington, 1961. Food selection among
fishes invading a high subtropical saltmarsh: from onset of flood-
ing through the progress of a mosquito brood. Ecology 42:
646–666.

Haynes, J. L. & R. C. Cashner, 1995. Life history and population
dynamics of the western mosquitofish: a comparison of natural
and introduced populations. J. Fish Biol. 46: 1026–1041.

Holmstrup, M. & P. H. Krogh, 1996. Effects of an anionic sur-
factant, linear alkylbenzene sulfonate, on survival, reproduction



51

and growth of the soil-living Collembolans Folsomia fimetaria.
Environ. Toxicol. Chem. 15(10): 1745–1748.

Homski, D., M. Goren & A. Gasith, 1994. Comparative evaluation
of the larvivorous fishGambusia affinisandAphanius disparas
mosquito control agents. Hydrobiologia 284: 137–146.

Hoy, J. B., 1985. Experimental mass-rearing of the mosquitofish,
Gambusia affinis. J. Am. Mosq. Control Assoc. 1: 295–298.

Hurlbert, S. H. & M. S. Mulla, 1981. Impacts of mosquitofish (Gam-
busia affinis) predation on plankton communities. Hydrobiologia
83: 125–151.

Hurlbert, S. H., J. Zedler & D. Fairbanks, 1972. Ecosystem alter-
ation by mosquitofish (Gambusia affinis) predation. Science 175:
639–641.

Imai, T., S. Tsuchiya, K. Morita & T. Fujimori, 1994. Sur-
face tension-dependent surfactant toxicity on the Green Peach
Aphid, Myzus persicae(Sulzer) (Hemiptera: Aphididae). Appl.
Entomol. Zool. 29: 389–393.

Ivlev, V. S., 1961. Experimental Ecology of the Feeding of Fishes.
New Haven: Yale Univ. press, 302 pp.

Jørgensen, S. E., J. C. Marques & P. M. Anastácio, 1997. Modelling
the fate of surfactants and pesticides in a rice field. Ecol. Model.
104: 205–213.

Linden, A. L. & J. J. Cech, 1990. Prey selection by mosquitofish
(Gambusia affinis) in California rice fields: effect of vegetation
and prey species. J. Am. Mosq. Control Assoc. 6: 115–120.

Lydeard, C. & M. C. Belk, 1993. Management of indigenous fish
species impacted by introduced mosquitofish: an experimental
approach. S. West. Nat. 38: 370–373.

Meffe, G. K., 1987. Embryo size variation in mosquitofish: optimal-
ity vs. plasticity in propagule size. Copeia 1987: 762–768.

Nesbit, D. H. & G. K. Meffe, 1993. Cannibalism frequencies in wild
populations of the eastern mosquitofish (Gambusia holbrooki:
Poeciliidae) in South Carolina. Copeia 1993: 867–870.

Reddy, S. R., 1975. Effect of water temperature on the predatory
efficiency ofGambusia affinis. Experimentia 31: 801–802.

Rupp, H. R., 1996. Adverse assessments ofGambusia affinis: an
alternative view for mosquito control practitioners. J. Am. Mosq.
Control Assoc. 12: 155–166.

Schaefer, J. F., S. T. Heulett & T. M. Farrell, 1994. Interactions
between two poeciliid fishes (Gambusia holbrookiandHeteran-
dria formosa) and their prey in a Florida marsh. Copeia 1994:
516–520.

Walters, L. L. & E. F. Legner, 1980. Impact of the Desert Pupfish,
Cyprinodon macularius, andGambusia affinis affinison fauna in
pond ecosystems. Hilgardia 48: 1–18.

Wurtsbaugh, W., J. J. Cech & J. Compton, 1980. Effect of fish
size on prey size selection inGambusia affinis. Proceedings and
papers of the forty-eighth annual Conference of the California
Mosquito and Vector Control Association, Inc., January 20–23,
pp. 48–51.

Zar, J. H., 1984. Biostatistical Analysis (2nd edn). Prentice-Hall
International, Inc., Englewood Cliffs, New Jersey, USA.


