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Abstract

2,4-Dichlorophenoxyacetic (2,4-D), glyphosate, and nicosulfuron, because of
their modes of action and selectivity, are the most widely used herbicides in
Ivorian horticulture. Fuels toxicity was the reason of many debates in the
world because of their massive and uncontrolled use. They are frequently
blamed for the reduction of soil fertility and terrestrial biodiversity observed
in agricultural areas. In view of the debates raised by their toxicities, the use
of these herbicides requires the greatest caution and clear information on the
real risk incurred by the edaphic fauna by conducting ecotoxicity studies. The
present study aims to evaluate the effect of 2,4-D, glyphosate and nicosulfu-
ron herbicides on the growth and reproduction of Achatina fulica snails in
microcosm. To do this, we treated each plot on which snail microcosms were
placed with 2,4-D, glyphosate or nicosulfuron herbicides according to the
manufacturer’s recommendations. The results showed for all the herbicides
used, that after 28 days of exposure, the growth of juvenile snails was slowed
down. The number of eggs laid per pair was reduced in adult snails. The egg
hatchability test revealed a reduction in egg hatchability. In addition, each ef-
fect was dependent on the herbicide used. Thus, toxicity was found to be
greater according to the following order: nicosulfuron < glyphosate < 2,4-D.
From the results obtained, we concluded that 2,4-D, glyphosate, and nicosul-
furon treatments under field conditions are a potential threat to the sustaina-
bility of snail species and therefore to soil life. The intensity of the effect de-
pends on the toxicity of the herbicides used.
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1. Introduction

The modernization of agriculture through the adoption of new crop production
techniques is one of the solutions to the problems of food insufficiency. These
problems are linked to the galloping growth of the world’s population, which
increased from 3 to 7 billion people between 1960 and 2011 [1]. The magnitude
of this population growth has resulted in the depletion of available resources.
Aware of the consequences of this, many organizations such as the FAO have im-
plemented several strategies since 1947 in order to increase agricultural produc-
tion [2]. These strategies were largely based on encouraging farmers to use ferti-
lizers, farm machinery and pesticides to increase their [3]. Years later, the bene-
fits were felt. The only thing that was talked about was the effectiveness of pesti-
cides on target species. Since then, the use of these plant protection products was
considered a prerequisite for successful agricultural production [4].

As part of this agricultural development trend, Cote d’Ivoire has been using
modern crop protection methods based on the use of phytosanitary products for
several decades. Of the large family of pesticides, herbicides represent to date,
the most used phytosanitary product in agriculture. In Cote d’Ivoire, for the year
2016 alone, the quantity of pesticides imported is estimated at 20,000 tons,
two-thirds of which were herbicides [5]. Their massive uses are justified by the
fact that they reduce the cost of labor and mitigate the ardor of work [6]. 63.64%
of imported herbicides are for horticulture [7]. According to [7] the most used
are glyphosate and nicosulfuron. Yet horticulturists use glyphosate in combination
with 2,4-Dichlorophenoxyacetic (2,4-D). They accounted for 41.04% of the her-
bicides registered by the Ivorian government in 2012 [8]. Notwithstanding their
advantages, the recurrent and often uncontrolled use of these herbicides is sub-
ject to sharp criticism due to their environmental effects [9]. In many cases, stu-
dies have shown that the amount of herbicide that comes into contact with tar-
get organisms during plant protection treatments is minimal. It is estimated at
0.3% against 97.7% of the treatment discharged into the environment [10].

It seems therefore important, even primordial to carry out studies, in order to
know the impact of these herbicides in the various compartments of the environ-
ment mainly the soil, the first environmental receiver of the drifts of herbicides.
Among the animals that can be used as bioindicators to assess soil contamina-
tion, snails are the most suitable [11]. They live at the soil-plant-air interface and
are a component of the soil fauna. They are primary consumers and decompos-
ers [12]. Previous studies have been conducted in an effort to learn the impact of
pesticides on the growth of juvenile snails [13] [14]. Most of these studies have

been largely conducted in the laboratory, away from environmental conditions.
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Yet environmental factors influence the behavior of herbicides during plant
protection treatments [15]. The objective of this study was to evaluate the effect

of 2,4-D, glyphosate, and nicosulfuron on snail growth and reproduction in situ.

2. Materials and Methods
2.1. Study Area

This study was conducted in the village of Abbe Bégnini in the commune of Aza-
guié (Figure 1). The commune of Azaguié is located in the southeast of Cote
d’Ivoire, about 40 km north of Abidjan, between latitudes 5°35 and 6°15 north
and longitudes 3°55 and 4°40 west. It belongs to the forest zone and to the hu-
mid tropical climate of the Atenean type. Most of the soils in this locality belong

to the ferralitic soil class [16]. In addition, Azaguié is a horticultural area, so
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it provides the best information on the impact of herbicides used in horticulture.

2.2. Materials
2.2.1. Biological Materials

The biological material consisted of animal and plant biological material.

o The animal biological material consisted of adult snails of the species Achatina
fulicawhose average snail mass, length and average shell diameter were 138 +
10g, 14 £ 2.4 cm and 11 + 1.5 cm respectively.

e The plant material was mainly used for feeding snails. It consisted of leaves

and fruits of papaya ( Carica papaya).

2.2.2. Herbicide Products

Three herbicides were used in this study. They are:

e Glycel 410 SL from the firm Topex Agro-élevage Développement SARL. The
active ingredient was glyphosate at 410 g (41% isopropilamine salt) per liter
of commercial solution. To achieve the desired effect, the manufacturer rec-
ommended diluting 200 mL of product in 15 L of water per 1/2 hectare of
land. This rate corresponded to a solution of 5.47 g/L.

e Extra 720 SL from Crop Doctor. The active ingredient was 2,4-D formulated
as a soluble liquid (SL) at 720 g (amine salt) per liter of commercial solution.
The manufacturer recommended the use of 40 mL to 50 mL for a 16 L water
sprayer. These dosages corresponded to solutions of 1.8 g/L to 2.5 g/L respec-
tively.

e Sofa 40 SC distributed by the firm AF-CHEM SOFACO. The active ingredient
was nicosulfuron. The formulation used was a suspension concentrate (SC)
with 40 g of nicosulfuron per liter of commercial solution. The manufacturer
recommended diluting 1 L of the product in 60 L to 200 L of water to treat 1
ha. These rates were 0.66 g/L to 0.2 g/L.

2.3. Methods
2.3.1. Breeding of Snails Achatina fulica

The purpose of this operation was to standardize the age of the snails and to
have a large number of individuals available for ecotoxicological tests.

1) Collection of broodstock

Adult snails of the species Achatina fulica intended for breeding were obtained
from the local market. They were weighed and then transferred to tanks for
breeding. The criteria for their selection were essentially morphological. The av-
erage weight mass of the snails, the length and the average diameter of the shell
were respectively 138 + 10 g, 14 + 2.4 cm and 11 * 1.5 cm. The breeding was
carried out in the laboratory.

2) Management of the breeding

The breeders were distributed in five breeding tanks at a rate of 12 animals per
tank. Each tank was labelled according to the weight mass of the individuals. The

snails were fed every two days with leaves and fruits of papaya at a rate of 10 g
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for the leaves and 50 g for the fruits, that is to say 60 g of food per tank. The de-
composed wood, previously dried and crushed, was used as litter. The thickness
of the litter was 10 cm. To humidify the environment, 500 mL of fountain water
was added. The bedding was changed twice a week. The bins were inspected daily
between 9 and 10 am to remove waste from the the environment and to recover
eggs in case of egg laying.

The eggs obtained in the bins were then transferred to plastic boxes. The boxes
were 30 in number. Each of these boxes contained 200 g of dried and ground
decaying wood and 50 broodstock eggs. The whole was moistened with 50 mL of
fountain water. A total of 30 environments were prepared. After about two
weeks of incubation, the eggs hatched. Two (2) g of papaya leaves were placed in
the environment after the eggs hatched to serve as food for the spat. The food
was renewed every two days. The four-week-old spat were placed on environ-
ment of the same composition as the rearing environment at a rate of 20 indi-
viduals per tank. Ecotoxicological tests were carried out on this second genera-
tion of Achatina fulica individuals. The culture environment was prepared in

plastic tanks of dimensions 42 cm x 32 cm x 22 cm.

2.3.2. Determination of the Effects of 2,4-D, Glyphosate and Nicosulfuron
Herbicides on the Growth of Juvenile Achatina fulica Snails

The test protocol was inspired by the ISO 15952 standard on the effects of pollu-
tants on juvenile snails (Helicidae) and the determination of effects on growth
by soil contamination and then by the guideline No. 243 for testing chemicals,
developed by the Organization for Economic Cooperation and Development
[17] [18].

1) Preparation of the microcosms

The experimental plot was subdivided into four elementary plots 5 m apart.
The area of each elementary plot was 1350 m®. These plots were not previously
treated with herbicides. 24 h before the beginning of the test, 5 microcosms were
prepared and placed on each elementary plot.

They were each made up of circular frames of 22 cm x 10 cm sunk to a depth
of 5 cm in the soil so that they were firmly attached. Three juveniles of the spe-
cies Achatina fulica were placed in each microcosm. Before the start of the test,
measurements of the snails were taken. The length, shell diameter and mass of
the snails were 3 + 0.5 cm; 1.8 + 0.4 cm; 5 + 1 g respectively. A quantity of 50 g
of food was deposited every three days in each environment, Ze. 10 g of leaves
and 40 g of papaya fruits. The experimental units were then covered with a mos-
quito net to prevent the escape of snails and the intrusion of other organisms.
Wooden stakes were used to hold the nets to the ground. A total of 20 micro-
cosms were used throughout the experimental plot. The test was conducted in
undergrowth, a preferred environment for snail development.

2) Herbicide treatments of the experimental plot

Each elemental plot underwent a single herbicide treatment of 2,4-D, glypho-

sate or nicosulfuron at concentrations recommended by the manufacturer. The
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solutions were prepared with fountain water. Another elementary plot close to
the previous ones is used as a negative control.

Some pawpaw trees at the study site were treated with 2,4-D, glyphosate, or ni-
cosulfuron at the beginning of the test, at a rate of one pawpaw per herbicide.
The leaves and fruit of these pawpaws were used as food for the snails during the
test. The first foods deposited in the microcosms were not pre-treated. They were
treated at the same time as the experimental plot. Another untreated papaya tree
was used as food for the control snails.

The snails stayed in the environment for 28 days. Snail mass, length and shell
diameter were measured weekly. Each snail was weighed individually. The length
and diameter of the shell were measured with a caliper. The growth of exposed
and control individuals was calculated from the increase in length, diameter and
weight mass of the snail from the beginning to the end of the test. During the
exposure to the different treatments, the more or less disturbed behaviors of the

snails were described.

2.3.3. Determination of the Effects of 2,4-D, Glyphosate and Nicosulfuron
Herbicides on the Reproduction of Achatina fulica Snails

The effect of 2,4-D, glyphosate and nicosulfuron herbicides on reproduction, is
assessed by the number of eggs laid and the hatching rate, using the guideline
No. 243 for chemical testing, developed by the Organization for Economic Coop-
eration and Development [18].

1) Effect on egg production of Achatina fulica snails

The test to evaluate the effects of 2,4-D, glyphosate, and nicosulfuron on snail
reproduction follows the same procedure as the previous test on growth. The only
differences are in the number and age of individuals used per microcosm. Two
individuals of 5 months of age from the farm and weighing 130 + 3 g were placed
in each experimental unit. Eggs were counted per week in each experimental
chamber.

2) Effect on the hatching rate of Achatina fulica snails

The experimental unit was a 500 mL transparent plastic box. These boxes
contained 200 g of decomposed wood litter previously crushed and dried, to
which were added 50 eggs of Achatina fulica from the breeding environments.
24 h after oviposition, the microcosms were buried in holes whose bottom was
lined with stones to ensure efficient water drainage and so that the level of the
boxes was 2 cm above the surrounding soil. The microcosms were humidified
with 50 mL of fountain water to bring the temperature of the environment to
26°C £ 1°C which is the optimal temperature for egg incubation. The lid of the
boxes was also perforated to allow good aeration of the environment. Note that
this study was conducted at the same time as the study of the effects of 2,4-D,
glyphosate, and nicosulfuron on the growth and reproduction of juvenile Achatina
fulica snails. Microcosms for both tests were arranged horizontally at a distance
of 1 m from each other. 10 microcosms were used for this test and placed on

each elementary plot. These plots were treated with a single type of herbicide,
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either 2,4-D, glyphosate or nicosulfuron. Another plot close to the previous ones
served as a negative control. The environment was visited every five days. The

hatching rate was determined by the following equation:

HR(O/O):—'\'ETH’\IXE100 (1)

where:
HR (%): hatching rate;
NEH: number of eggs hatched;
TNE: total number of eggs put in culture.

2.4. Statistical Analysis

In this study, the data were analyzed with the software statistica 7.1. Data obtained
on the effects of 2,4-D, glyphosate, and nicosulfuron on the growth and egg pro-
duction of Achatina fulica snails were subjected to a one-factor analysis of va-
riance. If there was a significant difference, means were separated into homoge-
neous groups using Tukey’s HSD test at the 5% threshold. The non-parametric
Kruskall Wallis test was used to analyze the hatchability data of Achatina fulica
eggs. The means obtained were then separated into homogeneous groups with
the Tukey HSD test at the 5% threshold.

3. Results and Discussion
3.1. Results
3.1.1. Behavioral Effects of Snails during the Test

Some behaviors due to the exposure of snails to herbicides could be observed
during this study. These are: the ability of snails to feed normally or avoid food,
the activity of the animals and their spatial position in the test chamber: for ex-
ample, active or inactive in the high position or on the supports, or active or in-
active on the food [13]. These behaviors are observed, on days of food change.
The snails were inactive at the time of observation. They hid at the bottom of the
microcosm in a hole of about 3 cm that they dug in the ground. After one minute,
the snails started to be active. In the microcosms in the control and nicosulfu-
ron-treated plots, no food remains were observed (Figure 2(a)). In contrast to
the above, a significant amount of decaying feed residue was observed in the mi-
crocosms on the glyphosate and 2,4-D treated plots (Figure 2(b)). The greatest
amount of feed was observed in the microcosms treated with 2,4-D.

3.1.2. Effect of 2,4-D, Glyphosate and Nicosulfuron on the Growth
of Juvenile Achatina fulica Snails

Statistical analyses at this level showed that growth parameters varied with the
different types of 2,4-D, glyphosate and nicosulfuron treatments. Snail weight mass,
shell length, and shell diameter showed significant differences at the 5% threshold
(Table 1). Compared to controls, 2,4-D, glyphosate and nicosulfuron inhibited
snail growth. In order of toxicity, our results show that nicosulfuron is less toxic
than glyphosate, which is almost equal in toxicity to 2,4-D.
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Figure 2. (a) No food remains in the microcosm; (b) Decaying food in the microcosm
treated with 2,4-D.

Table 1. Growth parameters (mean + standard deviation) of Achatina fulica snails accord-
ing to herbicide treatments. Values on the same line with the same letter are statistically
identical at the 5% threshold according to Turkey’s HSD test. F: Fisher’s values; p: Probabil-

ity.

Growth Treatments Statistics
Control

parameters 2,4-D Glyphosate Nicosulfuron F P

Length (cm)  0.057 £0.06° 0.185+0.12° 0.214 +0.12*  0.535 + 0.14° 7.83 <0.05
Diameter (cm) 0.071+£0.09° 0.15+0.1*® 021 +0.06® 0.357 +0.08° 9.29 <0.05

Mass (g) 0.071+£0.07° 0.171 £0.11* 0.342 +0.1° 0.385+0.1° 26.28 <0.05

3.1.3. Effect of 2,4-D, Glyphosate, and Nicosulfuron Herbicides on the
Reproduction of Achatina fulica Snails

1) Effect on egg production

Egg laying took place 7 days after the establishment of the microcosms on the
test and control plots. Moreover, the average number of eggs laid per microcosm
and per plot was the same.From day 7 to day 14, the number of eggs laid increased
significantly, reaching a peak around 200 eggs laid in the control snails. For snails
treated with the different herbicides, a significant drop was observed. Oviposi-
tion was zero from day 14 to day 42 for snails in plots treated with 2,4-D and
glyphosate. In the nicosulfuron-treated plot, egg laying dropped to zero on day
21. Egg laying resumed on day 28 with an average of 150 eggs per microcosm
and decreased slightly on day 35 before dropping sharply on day 42 with an av-
erage of 20 eggs. In the control snail plot, from day 14 onwards, egg laying began
to decline progressively on days 21, 28, 35 and 42. This egg laying which was
around 200 eggs on day 14 went down to around 80 eggs on day 42. Looking at
the control curve, we can see that the egg laying starts on day 7, reaches the peak
on day 14 and decreases from day 21 to day 42 (Figure 3).

The mean number of eggs + standard deviation laid per pair of snails in the
contaminated environment was 41.66 + 54.37; 48.83 + 48.55 and 62.5 + 57.81 for
2,4-D, glyphosate and nicosulfuron, respectively, compared to 123.16 + 31.01 in
the control environment. Statistical analyses revealed a significant difference at
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Figure 3. Number of A. filica eggs laid per pair as a function of time.

Table 2. Mean number + standard deviation of eggs laid per pair according to treatments.
Values on the same line with the same letter are statistically identical at the 5% threshold
according to Turkey’s HSD test. F: Fisher’s values, p: Probability.

Parameter Treatments Statistics
measured 2,4-D Glyphosate  Nicosulfuron Control F p
Number of b

eggs 41.66 + 54.37*°  48.83 £48.55* 62.5+57.81*° 123.16 +31.01° 3.43 <0.05

the 5% threshold between the different treatments and the number of eggs laid.
From the averages obtained, it was found that all herbicide treatments of 2,4-D,
glyphosate and nicosulfuron affected egg laying compared to the controls. In
terms of toxic effect on oviposition, Tukey’s HSD test revealed that 2,4-D, glypho-
sate and nicosulfuron were equal (Table 2).

2) Effect on hatch rate

The first hatching of eggs deposited on the 2,4-D and glyphosate-treated plots
was observed at 19 days after oviposition while those on the nicosulfuron-treated
plot were observed at 17 days after oviposition. The incubation time of eggs depo-
sited on the control plot was 15 days. The average hatching rate * standard devi-
ation of eggs from the 2,4-D, glyphosate and nicosulfuron contaminated plots
were 5% * 2%; 20.8% * 4.2%; and 49.6% + 11.86%, respectively. In the micro-
cosms on the control plot 82.4% * 5.17% of the deposited eggs hatched. The
Kruskall Wallis ANOVA test revealed a very highly significant difference be-
tween hatching rate and herbicide treatment (<0.05). This result reflects a reduc-
tion in hatching rate due to 2,4-D, glyphosate, and nicosulfuron. The incubation
time of the eggs was different depending on the herbicide product used. Based
on the results obtained, 2,4-D was more toxic than glyphosate. Glyphosate was

more toxic than nicosulfuron.

3.2. Discussion

The phytosanitary treatments of 2,4-D, glyphosate and nicosulfuron carried out
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respectively on each plot induced a growth inhibition of the snails present on
these plots. This growth inhibition resulted in a decrease in snail length, shell
diameter and mass. This result could be explained by a decrease in consumption
rate observed in the microcosms at the time of food change. The decrease in
consumption is due to a high concentration of herbicides in the food. Snails have
the ability to detect high concentrations of pollutants in their food, which could
lead to a decrease in consumption rate [19]. Reference [20] revealed that cadmium
can disrupt the function of neurosecretory cells that secrete a growth hormone
causing growth arrest. Furthermore, similar observations were made with stu-
dies conducted by [19]. They claim that the extreme concentration of lead in the
soil, detected by the snails, limits their consumption rate and thus partially inhi-
bits their growth. Other authors have reached the same conclusion in their stu-
dies on metal contamination of Helix asperta [21] [22] [23]. Compared to our
where growth is inhibited, [24] observed a dose-dependent decrease in growth
and survival of snails induced by dimethoate. According to [13], snails exposed
by ingestion to thiamethoxam, tefluthrin and their mixtures experienced a re-
duction in length, shell diameter and weight mass under laboratory conditions.
This difference could be due to the conditions under which the tests were per-
formed. Our work was indeed carried out in situ in the natural environment of
the snails contrary to theirs which were carried out in laboratory. Chemicals
during their application are subject to several transfer mechanisms outside the
plot. These matrices receive 97.7% of pesticides during phytosanitary treatments
[10]. Therefore, the amount of herbicides that could reduce snail growth is low.

In addition, it was found in the present study that 2,4-D, glyphosate and nico-
sulfuron significantly reduce egg laying in Achatina fulica snails. This could be
due to a reduction in energy reserves, allocated for reproduction in the storage
cells of snail tissues; this reduction is probably caused by the mobilization of
these resources for the initiation of detoxification processes. Studies by [25] re-
vealed that the energetic cost of environmental stress results in a decrease in the
amount of energy available for reproduction and growth and consequently in a
reduction in the fitness of individuals. Our results are in agreement with those of
[26]. They showed that chronic exposure of snails to food contaminated with a
mixture of metals composed of Cd, Cu, Pb and Zn, delays reproduction. In con-
trast, those of [12] showed after 240 days of exposure to herbicides no effect on
the number of egg laying.

The reduced hatching rate observed in Achatina fulica is probably due to the
active substances contained in the herbicides used. According to [27], the snail
egg capsule serves as a membrane for gas exchange from the interior of the egg
to the environment or vice versa. It acts as an effective barrier against water loss
during the incubation period without blocking the air supply. Our results are in
agreement with those of [28] who showed that, extracts of Barringtonia racemo-
sa has an increasingly increasing concentration, and significantly affect the hatch-
ing of Pomacea canaliculata eggs.

Tests conducted on the effects of herbicides on morphological parameters and
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hatching rate of Achatina fulica eggs revealed increasing toxicity in the following
order: nicosulfuron < glyphosate < 2,4-D. These different responses of snails
exposed to these three types of herbicides could be attributed to the different
nature and behavior of each herbicide in the environment. These results corrobo-
rate those of [29]. Their studies revealed a significant reduction in snail weight

mass and shell diameter as a function of treatment type.

4. Conclusion

At the end of this study, it was found that herbicide treatments with 2,4-D, gly-
phosate and nicosulfuron carried out in plantation negatively affected the growth
and reproduction of Achatina fulica snails exposed in situ. Treatment of juvenile
snails exposed for four weeks to 2,4-D, glyphosate and nicosulfuron in this study
revealed a highly significant decrease in physiological parameters such as snail
length, shell diameter and mass. On the other hand, observations made on the
effects of 2,4-D, glyphosate and nicosulfuron on reproductive parameters such as
egg production and hatching rate revealed a highly significant reduction due to
the 2,4-D, glyphosate and nicosulfuron herbicides. This reduction is related to
the nature of the herbicide. Those based on 2,4-D reduced the number of eggs
laid per pair by nearly 66% and the hatching rate by 77%. Glyphosate reduced
the number of eggs laid per pair and hatching rate by about 60%. The herbicide
nicosulfuron induced a decrease of about 50% in the number of eggs laid per
pair and a decrease of about 32% in hatching rate. An increasing toxic effect on
hatching rate and physiological parameters was observed in the following order:
nicosulfuron < glyphosate < 2,4-D. In view of the above, we conclude that the
phytosanitary treatments of 2,4-D, glyphosate and nicosulfuron have deleterious

effects on the soil. Those based on 2,4-D are more dangerous.
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