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Abstract

The present study had the purpose to assess the behavior of the herbicide
glyphosate in the control of water hyacinths, in a water environment through
half-life, in a controlled and closed experimental field, in order to contribute
to the analysis of the risk of the environmental impact of the use of this prod-
uct. Eight fiber-cement tanks with the storage capacity of 250 liters were used
under the conditions without water flow and without replacement of water.
The experiment was designed in two treatments with four repetitions, the first
being colonized by water hyacinths and the second without the presence of
the macrophyte. The recommended dose, according to the manufacturer, was
7.0 L-ha™ or 3402 g-ha™' of equivalent acid. For the application in the tanks,
we have used carbon dioxide (CO,) precision equipment, providing a flow
rate of 200 L-ha™". The samples were collected on the day of the application
(day zero) and 2, 4, 8, 16, 32 and 64 days thereafter (DAP). The method used
for determination of residues was by high performance liquid chromatography
(HPLC) and mass spectrometry with a mass selective detector. From the ma-
thematical model of charge decay, the half-life of glyphosate in water was es-
timated to six days for the tanks without water hyacinths and sixteen days for
the tanks colonized by macrophytes. The result obtained permits to conclude
that the glyphosate in water is quickly degraded in closed water environments
and does not leave residues that would prevent its use.
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1. Introduction

The chemical method, which advocates the use of specific herbicides to control

aquatic plants, has been the most widely used in different places in the world due
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to low cost and especially the speed, easy of application and control efficiency [1]
[2] [3]. The world’s most used herbicides to control aquatic macrophytes are:
2,4-D; diquat; endothall, a copper-based compound; fluridone; imazapyr and gly-
phosate [4]. The production of knowledge in this area in Brazil has been small,
given the prohibitive legislation in loco studies [5]. The studies developed in the
country, reason of that prohibition, have been performed in controlled envi-
ronments and in closed systems, with results showing herbicide use efficiency in
controlling several species of aquatic plants [6] [7] [8] [9].

According to [5], the chemical control of aquatic plants is restricted to a few
herbicides due to restrictions imposed by legislation, to the environmental im-
pact, to the market size for the private sector and to the application of technolo-
gy. The environmental restrictions are the most important factors because the
waterways are used for many purposes, such as a source of water for human and
animal consumption, crop irrigation, leisure activities, navigation and hydraulic
energy generation.

Although the different work done to prove efficiency of the use of various ac-
tive ingredients in the control of aquatic macrophytes, few environmental im-
pact studies have been conducted. Environmental impact studies have been little
exploited to date due to the limitation of the use of chemicals in aquatic envi-
ronments [10] for the protective intervention of IBAMA (Brazilian Institute of
Environment and Renewable Natural Resources). However, much more impor-
tant than the action of the product in the management of macrophytes is its di-
rect action on integration with the environment in question. Among studies
performed, the ones mentioned are those monitoring the effects of the herbi-
cides on the quality of the water and the sediments [11] [12] [13] [14] and more
rarely those that have investigated, besides the water quality parameters, the
molecule residues in plants and in the water, in the reservoirs or mesocosms [13]
[14] [15].

Thus, an accurate study of the use of herbicides to control the aquatic macro-
phytes in closed aquatic environment, from the point of view of environmental
impact, may systematize data scientifically treated, and form knowledge to eva-
luate its behavior within the environment. Therefore, it will contribute in the de-
finition of public policies by regulatory agencies in facing the serious problem
represented by the uncontrolled proliferation of macrophytes in water bodies,
particularly, by obstruction of the turbines in reservoirs for power generation.
This fact has a direct effect on the production cost of electrical energy, which is
essential for economic, technological and social development of the country.

In the present experiment the herbicide glyphosate was chosen because it is
registered in several countries for the control of aquatic macrophytes, being one
of the main products studied, used in the world and with great potential in the
management of aquatic weeds. Thus, it was chosen to study it in a controlled
and closed experimental field, in the management of (Eichhorniacrassipes) in
reservoirs. The behavior of the product’s half-life was analyzed, aiming to con-

tribute to the risk analysis formulation of environmental impact of the use of
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this product to control aquatic weeds.

2. Materials and Methods

The study was developed in the Experimental Area of the Nucleo de Pesquisas
Avangadasem Matologia (NUPAM) belonging to the Faculdade de Ciéncias
Agrondmicas da UNESP (Department of Agronomic Sciences of the University
of Sédo Paulo), Botucatu (SP) campus, during the months from May to Novem-
ber 2011. The local climate, according to the Képpen method, is classified as hu-
mid mesotherm (Cfa), presents average temperature of the hottest month above
22°C and small water deficiency between April and August. Eight (08) fiber-ce-
ment tanks were used, four for each treatment with a storage capacity of 250 li-
ters, without water flow and without replacement of the evapotranspired water
(“worst case”). The water supplying the tanks came from the Companhia de Sa-
neamento Basico do Estado de Sdo Paulo (SABESP) (Sanitation Utility of the

State of Sdo Paulo). The samples were collected in the lower third of the tanks.

2.1. Treatments

The treatments used in the experiment were called: 1—tank without water hya-
cinths and with application of glyphosate; 2—tanks with water hyacinths and
with application of glyphosate.

For the set of conditions of the tanks containing macrophytes, the species
analyzed was Eichhorniacrassipes (Mart.) Solms (water hyacinth). The plants
were collected from the Tieté River, Botucatu region (SP) and placed in boxes to
provide 90% occupancy of the tank surface.

The herbicide control was carried out by application of glyphosate in the
recommended maximum dose since the recommendations for the study of en-
vironmental impact are to look for the worst scenario “worst case”. According to
the former registration of the product, the Rodeo, in Brazil, the recommended
dose was 7.0 L-ha™' or 3402 g-ha™ of acid equivalent. The surfactant Alterbane
was added to the herbicide stock at a concentration of 0.5% (466.6 g-L™") [16].

The tanks were sprayed, using the carbon dioxide precision equipment (back-
pack sprayer), provided with plywood bar containing two flat jet nozzles Jacto
XR 110.02, operating at a pressure of 2 kgf-cm™ (20 Kpa), providing an even dis-
tribution of the glyphosate in the tank and a solution consumption correspond-
ing to 200 L-ha™". The calibration was performed on site based on the applicator

speed in regards to the area worked.

2.2. Evaluations

The values obtained in the control efficiency of water hyacinth were submitted
to variance analysis and to Tukey test, considering a 5% level of significance. The
evaluations of effectiveness were carried out visually after 2, 4, 8, 16, 32 and 64
days after application (DAA), using percentage scale, where 0 (zero) represents
no control and 100%, the total plant control [17].

The water samples to determine the glyphosate residues were collected on the
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day of the application (day zero) and on 2, 4, 8, 16, 32 and 64 DAA, in the morn-
ing, always at the same time, at 11 a.m. The depth of the collection was con-
ducted between 15 - 30 cm below the water level, and the samples were placed in
plastic containers of 200 mL and stored in a freezer at —18°C, in which the resi-
due analyses were subsequently performed.

The concentrations (mg-Kg™') of glyphosate and AMPA (main metabolite of
glyphosate) residues were determined. For determination of compounds in wa-
ter, the samples were thawed, stirred, and filtered directly on Millex HV filter
(Millipore) 0.45 pm, provided with a 13 mm durapore membrane, and placed in
a 9 mm amber-colored vial (Flow Supply), with a capacity of 2 mL, for further
quantification by LC-MS/MS.

The molecular mass and fragments generated from each molecule are shown
in Table 1. The fragment used for quantification of each of the compounds was
always the first presented in Table 1, for each compound. The analytical curves
for the compounds were constructed in the concentration ranges described in
Table 2. The linear model used in the equations was quite adequate.

The method used was by high performance liquid chromatography (HPLC)
and mass spectrometer with a mass selective detector, presenting detection limit
of compounds at 0.001 mg-kg™" of the glyphosate.

Before each collection, the volumes of the tanks were measured so that, later,
the load (mass) of glyphosate could be calculated in time. The measurement was
made with a ruler, considering the relationship between the height/volume of
the initial mark of each tank and the height/volume of the mark corresponding
to the level of the water at the time of the collection.

The mathematical model of decay was applied to describe the decrease in the
concentration of glyphosate and loads in water and to determine the half-life of

the compounds.

Table 1. Molecular mass and secondary ions of the analyzed compounds.

Compounds Mass Molecular Secundary Ions (fragments)
63,100
Glyphosate 169.08 78,900
150,000
62,900
AMPA 169.08 78,900

80,800

Table 2. Analytical curves and concentration ranges for each compound analyzed.

Compounds Equation of the line (y = ax + b) r? Linear range (ug-L™)
Glyphosate y=371x+ -349 0.9959 4.69 - 600
AMPA y=138x + -316 0.9968 4.69 - 600
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In this experiment two tanks, repetition 1 (No 1) of the treatment plant with
glyphosate application and repetition 1 (No 5) without treatment plant applica-
tion of glyphosate, had to be discarded. The reason was the failure to identify re-
sidues in the 1st analysis, immediately after the application, to the tank N° 1 and
small concentration to the tank N* 5; in the following analyses of this tank, no
residues were detected. Since the calibration was carried out with water before
application, a volume was certainly left in the system, between the bar and the
spray nozzles. Moreover, as these tanks were the first to receive the herbicide
application and since they were set in sequence in the experimental field, it is
easy to understand why no residues were found.

3. Results and Discussion

The data obtained in the present experiment with the use of the herbicide gly-
phosate, in the evaluated dose, showed a percentage of average control of 91.3%,
presenting excellent efficiency in the control of the water hyacinths, agreeing
with previous works [6] [7] [18].

The values of the glyphosate residues (concentrations and mass) and tank vo-
lumes found from dates 0, 2, 4, 8, 16, 32 and 64 DAA, for both sets of tanks, are
presented in Table 3.

Table 3. Values of glyphosate residues (concentration and mass) and tank volumes found
from dates 0, 2, 4, 8, 16, 32 and 64 Days after Application (DAA).

With water hyacinth and with Without water hyacinth and with
application of glyphosate application of glyphosate
Days Vol (L) Conc. (mg-kg™) Mass (mg) Vol (L) Conc. (mgkg™") Mass (mg)
0 210 0.0413 8.6730 220 0.5060 111.3200
2 210 0.0096 2.0160 220 0.2410 53.0200
4 210 0.0089 1.8690 220 0.1470 32.3400
Tank 1 8 205 0.0039 0.7995 210 0.0751 15.7710
16 180 0.0044 0.7920 195 0.0240 4.6800
32 177 0.0018 0.3186 195 0.0075 1.4625
64 148 0.0017 0.2516 157 0.0033 0.5181
0 210 0.1500 31.5000 220 0.4380 96.3600
2 210 0.0533 11.1930 220 0.2350 51.7000
4 210 0.0473 9.9330 220 0.2250 49.5000
Tank 2 8 205 0.0072 1.4760 215 0.2020 43.4300
16 185 0.0126 2.3310 210 0.1800 37.8000
32 179 0.0121 2.1659 200 0.0126 2.5200
64 148 0.0083 1.2284 182 0.0479 8.7178
0 210 0.1900 39.9000 220 0.5670 124.7400
2 210 0.1390 29.1900 220 0.1700 37.4000
4 210 0.0621 13.0410 220 0.0604 13.2880
Tank 3 8 205 0.0359 7.3595 205 0.0253 5.1865
16 178 0.0287 5.1086 185 0.0082 1.5170
32 170 0.0241 4.0970 180 0.0060 1.0800
64 142 0.0096 1.3632 151 0.0054 0.8154
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For those tanks which have not received plants, it can be verified that there
was a reduction of loads in 99.5%, 90.9% and 99.3%, in boxes 2, 3 and 4, respec-
tively. As for the tanks colonized by the water hyacinth, the decay in the boxes 2,
3 and 4 represented, respectively, 97.1%, 96.1% and 96.6%.

Likewise the concentration, the average load of glyphosate found in the tanks
was greater, sooner after the application, being four times greater where there
was no presence of water hyacinth.

However, over time, the mass found in the reservoirs without plants matched
the one found in reservoirs containing plants. From 32 DAA onward, the loads
found in the tanks without the hyacinth were lower compared to the tank con-
taining plants. The results show that from the metabolism of glyphosate and
subsequent control effectiveness or death of the plants onward, the process of
decomposition of dead plants released the product into the water in the tanks
keeping its content, even if low, but higher thanks that received direct applica-
tion of the product.

To calculate the AMPA mass in the water in the treatments with and without
water hyacinths, the water volumes were used in the tanks in each moment of
sample collections and the respective concentrations are presented in Table 4. In
the analysis of AMPA parameter, it was expected to see the same behavior in the
mass obtained for the glyphosate. However, as can be seen, the larger masses
found in the treatment that received the direct application of the product with-
out the presence of water hyacinth, lasted throughout the study period. This be-
havior suggests that the metabolism of AMPA through the bioaccumulation pro-
cess is superior to glyphosate. It was not possible to compare results of glypho-
sate and AMPA loads with other studies, since these are lacking in the available
literature.

In order to adjust the data observed of glyphosate residues in water over time,
it was used a mathematical model described by Equation (1):

M, =M, -e™ (1)

where: M—glyphosate mass at moment t; M,—glyphosate mass at the initial
time considered; k~—decay coefficient and #—time.
Applying the Naperian logarithm in the Equation (1), it is obtained:
InM, = InM, —kt. 2)

This equation represents a linear model where the coefficient (K) identifies
the mass decay of glyphosate over time. Since three tanks were used in the expe-
riment, the average load was calculated, at times considered of the samples, to
determine the average decay value for glyphosate. In order to obtain this value,
the logarithm (Ln) was applied to mass values observed (Figure 1) getting the
decay value for the tanks without plants of 0.115 day™".

From the value found in the coefficient of average load decay of glyphosate,
average values of glyphosate were simulated using the mathematical model of
Equation (1) (Figure 2). With this model, it was possible to estimate the half-life
of glyphosate applied directly to the water, without the presence of water hya-

cinths. Considering the estimated average load, the half-life was six days.
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3.5
Tanks with hyacinth and with application of glyphosate

In Mt=-0.043. t+2.327
R>=10.72

In Mt (mg)
o

0 T T T T T T . 1

05 | 10 20 30 40 50 oo~ 70
e Time (days)

Figure 1. Logarithm of the observed values of average mass (mg) of glyphosate in the

tanks with hyacinth and with application of glyphosate.

Table 4. Values of AMPA mass (mg) in the water in the treatments, in each tank, in the
treatments with and without water hyacinth from dates 0, 2, 4, 8, 16, 32 and 64 Days after
Application (DAA).

With water hyacinth and Without water hyacinth and
with application of glyphosate with application of glyphosate

Days Vol. (L) Conc. (mgkg") Mass (mg) Vol. (L) Conc. (mgkg™) Mass (mg)

0 210 0.0022 0.4620 220 0.0173 3.8060
2 210 0.0000 0.0000 220 0.0203 4.4660
4 210 0.0026 0.5460 220 0.0231 5.0820
Tank 1 8 205 0.0016 0.3280 210 0.0258 5.4180
16 180 0.0025 0.4500 195 0.0233 4.5435
32 177 0.0000 0.0000 195 0.0168 3.2760
64 148 0.0000 0.0000 157 0.0070 1.0990
0 210 0.0076 1.5960 220 0.0145 3.1900
2 210 0.0042 0.8820 220 0.0072 1.5840
4 210 0.0041 0.8610 220 0.0080 1.7600
Tank 2 8 205 0.0018 0.3690 215 0.0088 1.8920
16 185 0.0038 0.7030 210 0.0075 1.5750
32 179 0.0024 0.4296 200 0.0091 1.8200
64 148 0.0019 0.2812 182 0.0109 1.9838
0 210 0.0110 2.3100 220 0.0207 4.5540
2 210 0.0060 1.2600 220 0.0227 4.9940
4 210 0.0060 1.2600 220 0.0425 9.3500
Tank 3 8 205 0.0043 0.8815 205 0.0295 6.0475
16 178 0.0062 1.1036 185 0.0155 2.8675
32 170 0.0036 0.6120 180 0.0094 1.6920
64 142 0.0031 0.4402 151 0.0049 0.7399
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Figure 2. Observed and simulated values of average mass (mg) of glyphosate in the tanks
with water hyacinth. Back symbols are values of average mass. Bars are values of average
mass maximum and minimum. Dashed lines are simulated values of average mass.

Likewise, the simulation was performed for the tanks receiving the coloniza-
tion of water hyacinth. The value of the coefficient K and the observed and si-
mulated values of the average load are shown in Figure 3 and Figure 4, respec-
tively. For the conditions of the colonized tanks by water hyacinth, the decay
value was calculated equal to 0.043 day™'. From Equation (2), it was estimated
the glyphosate half-life in water for the treatment with the macrophyte, resulting
value of 16 days.

The simulated values for the half-life of glyphosate in water, in both situa-
tions, are in accordance to [19] [20] [21] [22] which reports that the average life
of the molecule in water can range from 1 to 51 days and to [23], which states
that, depending on the conditions of the water body, particularly to those linked
to the full microbe activity can vary between a few days to two weeks.

Studies performed in a forest ecosystem [24] [25] have shown that glyphosate
had quickly dissipated in the lake waters with many suspended sediments, with
the half-life ranging from 1.5 and 11.2 days.

According to FPPD 2012 [26], Mackay et al 2006 [27] and Gassemini et al
1981 [28], cited by Mercurio et al. 2014 [29], the half-life of glyphosate in fresh
water was estimated between 28 and 87 days.

Furthermore, in the study developed by [30], which was a river water body
(open system), it was observed that the half-life of glyphosate in this environ-
ment had varied between 60 and 100 hours.

[31] evaluated the environmental fate of glyphosate in the water-sediment
system with focus on its microbial metabolization. The results found demon-
strated the key role of sediments in its degradation. Also, Glyphosate was de-
tected below detection limit in the water compartment at forty days.

In compliance with [32], this is a low toxicity herbicide that quickly dissipates
in the environment. [33] compliments reporting that low bioavailability of gly-
phosate in natural waters is due to its quick degradation and quick microbial

decomposition.
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Figure 3. Logarithm of the observed values of average mass (mg) of glyphosate in the
tanks without water hyacinth and with application of glyphosate.
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Figure 4. Observed and simulated values of average mass (mg) of glyphosate in the tanks
without water hyacinth. Back symbols are values of average mass. Bars are values of aver-
age mass maximum and minimum. Dashed lines are simulated values of average mass.

4. Conclusions

The study has shown that glyphosate applied directly to the water surface or to
controlling water hyacinth plants in closed aquatic environments is rapidly de-
graded and has no residues which would preclude its use. The average life of
glyphosate in water for the control of macrophytes was estimated at 16 days and
the decay calculated value was equal to 0.043 day™".

Therefore, the use of glyphosate in the control of aquatic plants can be rec-
ommended for use in continuous flow aquatic environments, since it has more
favorable characteristics to dissipate and degrade herbicides, due to being less

drastic than the one evaluated in this work.
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