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Abstract

Aim: The aim of this study was to experimentally assess the effects of glyphosate formulation on plankton composition by using different community
parameters through a mesocosm experiment.

Glyphosate
Methodology: A 600 | mesocosm experiment was performed for 7 forynF’)lul ation
days, including a control (without glyphosate) and two

concentrations of glyphosate.

Results: Glyphosate caused a significant decrease in cladoceran
density and a significant increase in rotifer, Chlorophyceae, and o
Euglenophyceae densities. In addition, zooplankton size diversity as = |
well as microalgal evenness diminished.

Interpretation: The decrease in cladoceran density may have
benefited rotifers since they are less competitive for food
resources. Moreover, the decrease in cladoceran foraging
pressure over Chlorophyceae and Euglenophyceae may have
benefited them. The different tolerances and competitiveness
within the plankton components make the structure of this ifera Chlorophyceae and
community a good indicator of environmental disturbance. ¢ 3 Euglenophyceae

abundances
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Introduction

Agricultural practices have increased in the last years to
meet the population’s food demands.To this end, two approaches
have been used: (i) expansion, by the use of new land, usually in
environmentally fragile areas, (ii) intensification, by increasing the
productivity of cultivated land. Intensification of agricultural
practices involves the use of high amounts of fertilizers and
pesticides. The agrochemicals applied can reach freshwater
bodies by drift, leaching or runoff, affecting non target organisms
(Amords et al., 2007; Sasal et al., 2015). There is a growing
concern about the pollution of continental water bodies by
agrochemicals, because their species and habitat diversity as
well as their ecosystem services are declining (Erwin, 2009).
Therefore there is an urgent need to study the effects of
agrochemicals on the aquatic biota and the processes that
support environmental biodiversity and its functionality.

Glyphosate [N-(phosphonomethyl)glycine] (Gly), a
broad-spectrum postemergence non-selective herbicide, is the
most globally used for weed control in urban and rural areas
(Annett et al., 2014). Wide use and ubiquity of glyphosate implies
a continuous exposure for the biota, demanding an extensive
analysis of its effects on the environment (Primost et al., 2017).
Glyphosate toxicity to non-target freshwater organisms has been
largely documented (Rico-Martinez et al., 2012; Annett, et al.,
2014; Kharat et al., 2020), but most of these studies focus on
single-species effects or lethal toxicity, and the information is
incipient and fragmented. Ecologically relevant effects cannot be
predicted based on single-species approaches because they
depend on both the interaction between organisms (intra- and
interspecific) and their relation with the environment. In this way,
experimental ecosystem approaches allow us to understand how
pesticides may affect ecosystems as awhole (Lozano et al., 2018).

Plankton is a potential bio-indicator of aquatic pollution
since they have short generation time, respond rapidly to the
environmental changes and anthropogenic disturbances
(DeLorenzo et al., 2001; Resh, 2008). Regarding the variety of
responses between the components of zooplankton, it has been
demonstrated that microcrustaceans, especially cladocerans,
are more sensitive to pesticides than rotifers, which seem to
tolerate them better (Vera et al., 2012). Moreover, it has been
suggested that there could be a direct relation between the size
and sensitivity to pollutants in different components of
zooplankton community, the largest being the most sensitive
(Hanazato, 2001). Regarding microalgae, it has been suggested
that different classes can respond to pesticides in different ways.
Pesticides can affect microalgae through direct toxicity, or
indirectly by modifying the nutrient cycle and then, the nutrient
sources for microalgae (Pérez et al., 2007).

The use of combined metrics (e.g., species diversity,
richness, density and body size diversity) may allow a better
comprehension of the effects of stress factors (such as a
herbicide application) on the plankton community as well as their
influence on the structure and function of the community, because
these metrics provide different information. The species richness
provides qualitative information on the community composition;

this metric is usually complemented with quantitative information,
the relative densities. Moreover, both metrics can be integrated
into the diversity index. Several authors have focused on the
importance of joining these traditional taxonomic metrics with
others that provide different information (Mouillot et al., 2006;
Gallardo et al., 2011). In this sense, the size diversity index, which
integrates body size and densities, may provide information
about food web energy fluxes, feeding ecology, trophic structure,
and niche segregation between species or their developmental
stages (Basset et al., 2004; Gallardo et al., 2011). In light of the
above, this study was carried out to assess the effects of
glyphosate formulation on the plankton composition and
variability by using different community parameters through a
mesocosm experiment.

Materials and Methods

The experiment was performed outdoors in 600l
rectangular pools (0.5 m deep) for 7 days with permanent
aeration. A combination of lake water and tap water was used in a
proportion 1/3 v/v to ensure a gradual acclimation of the
assemblages. Tanks were inoculated with microalgae,
zooplankton and a floating plant, Nymphoides sp., collected from
shallow lakes of middle Parana River floodplain. Nymphoides sp.
was added to the tanks, covering about one third of the surface in
order to encourage natural conditions providing refuge for the
fauna and contributing to nutrient cycling. After adding
assemblages, the mesocosms were left undisturbed for three days
for stabilization. At day four, glyphosate was homogeneously
dripped into the corresponding pools, and water was carefully
stirred to ensure homogeneity of glyphosate in pool water.

The pools were left to stabilize for 2 h. The experiment
consisted of three treatments: one control (C0) and two
concentrations (C1 and C2) of the glyphosate commercial
formulation (CREDIT®, Nufarm S.A., Buenos Aires, Argentina)
containing 48% isopropylamine salt of N-phosphonomethyl
glycine and unspecified inert ingredients and adjuvants. Each
treatment was replicated, thus a total of six mesocosms were
established and monitored for 7 days. Samplings were made at
days: 1 (2 h after adding the herbicide) (T1), 3 (T2), 5 (T3) and 7
(T4). At each sampling time, pool water samples were taken for
estimation of glyphosate (500 ml amber glass bottles). Water
samples of zooplankton and microalgae were also taken, and
physicochemical parameters were monitored: pH, temperature
(°C), conductivity (uS cm™), and dissolved oxygen (mg I O,)
using Hanna portable probes. Also, at each sampling time water
samples were taken for soluble reactive phosphorus, ammonium,
nitrite, and nitrate determinations, according to APHA (2017).
Water samples were also taken for chlorophyll analysis,
according to APHA (2017). A total of 30 samples were taken at
each sampling time. The selected concentrations of glyphosate
were close to those reported by Relyea (2005), Pérez et al. (2007)
and Vera et al. (2010). The glyphosate concentrations were
determined using a SHIMADZU Prominence 20A Series
chromatograph equipped with a fluorescence detector
(SHIMADZU RF-10AxL; SHIMADZU Corporation, Kyoto, Japan)
and a column (Phenomenex Luna NH2 Part No. 00G-4378-Y0).
The effective concentrations used in the experiments were 6.2
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mg I (£0.49) for C1 and 12.7 mg I (+1.82) for C2, Quantitative
zooplankton samples were collected with a trap-tube sampler of
45 pm pore mesh (total filtered volume 8 I: three integrated
samples from different points of the tanks), fixed and colored with
formaldehyde 4% and erythrosine.

The individuals were identified and quantified using
specific taxonomic keys (Koste, 1978; Reid, 1985; Smirnov,
1992; Paggi, 1995) in 1ml Sedgewick Rafter chamber in an
optical microscope (Olympus Cx31). Up to 3 aliquots were
examined until at least 100 individuals of the most frequent
species were counted: otherwise, the whole sample was
quantified. The total body length of zooplanktons was measured
with a microscale attached to the microscope eyepiece. Water for
microalgae quantification was sampled with a 100 ml bottle (taken
in the subsurface layer, integrating different points of the tanks)
and fixed with 1% of Lugol acidified solution. Qualitative samples
were collected with a 10 um pore mesh and fixed with
formaldehyde 4%. Microalgae were quantified using an inverted
microscope and sedimentation chambers until at least 100
individuals of the most frequent species (Utermdhl, 1958).
Individuals were considered as the unit present in the samples
(unicell, colony, coenobium or filament). Species were identified
with an optical microscope (Olympus CX31). Bacillariophyta
frustules were treated with hydrogen peroxide (100 volumes) and
hydrochloric acid at 80°C for 2 h, and washed with distilled water
before permanent mounting with Naphrax® (refractive index =
1.74) (Battarbee, 1986). Taxonomic identification was carried out
as perTell and Conforti (1986);Komarek and Anagnostidis (1999;
2005); Metzeltin et al. (2005); Komérek (2013).

Data analysis: To assess the possible difference in the
environmental parameters between treatments, Kruskal-Wallis
tests were performed. Also, Freedman tests were conducted to

assess the possible variations of these variables through time.

The community attributes estimated for both zooplankton
and microalgae were: Shannon diversity index (Shannon and
Weaver, 1964), species richness (number of species) and
individual density (ind. I"). Also, for zooplankton, the size diversity
index was estimated using “diversity 08” (Quintana et al., 2008).
Kruskal-Wallis tests were applied to assess the difference in
zooplankton and microalgae community attributes between
treatments. To analyze the effect of time on the structure of each
assemblage, Freedman tests were performed for each treatment.
Linear correlations (Spearman test) were performed using
glyphosate concentrations detected in both treatments at each
sampling time and some individuals’ taxa densities in order to
identify possible effects of the pesticide. Zooplankton total body
lengths were grouped into 10 size ranges (100 pm), the total
density per rank was calculated for each pool and the replicate
averages per treatment were compared using Chi* test.

Results and Discussion

All environmental parameters measured, i.e., dissolved
oxygen (76% — 88.7%), temperature (16.7 — 22.5 °C), pH (6.3 -
6.7) and conductivity (175—192.7us s™) did not vary significantly
either in time or between treatments (p>0.05).Nitrites decreased
significantly over time in C2 (p=0.008) (T0: 0.05, T4: 0.002 mgl”).
Nitrates (2.3 — 2.7 mg I'), phosphates (0.3 — 3.5 mg I") and
ammonia (0.008 — 0.5 mg I") did not vary significantly either
through time or between treatments (p>0.05). Chlorophyll a (2.4 -
9 ug I") did not vary significantly either over time or between
treatments (p>0.05). Nevertheless, it tended to increase in C1
(T0:4,T4:12.9 ug ") and C2 (T0: 6.4, T4: 9 ugI") over time. The
degradation rate of glyphosate was 0.2 mg I day” in C1 and 0.4
mg | day” in C2 (Table 1). Zooplankton species richness and

Table 1: Concentration of glyphosate (mg I”) in experimental pool water inoculated with microalgae, zooplankton and the floating plant Nymphoides sp.

TO ™ T2 T3 T4
co 02+0.0 04+04 03+0.0 0.1+£0.0 0.7+0.0
C1 62+05 6.4+11 55+04 56+0.3 49+05
C2 12718 12511 10.3£0.9 1.5+04 155+0.5

Values are mean = standard deviation

Table 2: Species richness and Shannon diversity index for zooplankton and microalgae exposed to glyphosate

Zooplankton Microalgae
TO T4 TO T4

Richness Co 32028 21507 25071 13014

C1 31014 26.5+2.1 255+10.6 12507

C2 340+4.2 305+£35 220+238 1.0+28
Shannon Co 24+0.1 2200 23+04 1.7+£0.1
diversity C1 2306 2000 2002 1.7+0.2

C2 25+01 20£01 20£03 1.2+ 0.1

Values are mean = standard deviation
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Fig. 1: Inverse correlation between glyphosate concentration and (a) Cladocera and (b) Copepoda densities.

Zooplankton Shannon diversity index did not vary significantly
either over time or between treatments (p>0.05) (Table 2).
Conversely, cladoceran density decreased significantlyin C1 and
C2 (T4: C1:14.9, C2: 0 ind. I') with respect to CO (T4: CO: 54.1
ind.I") (p=0.0005). Also, a significant inverse correlation was
observed between glyphosate concentration (C1 and C2) and
cladoceran and copepod densities (r= -0.59 p=0.001; r= -0.68
p<0.0001) (Fig. 1). Total rotifer density increased significantly in
both C1and C2 (T4: C1: 2418, C2: 2391 ind. I") with respect to CO
(T4: C0: 170 £0.001 ind. I") (p=0.003). The most abundant rotifer
taxa were Asplachna sp., Brachionus calyciflorus and B.
angularis; their densities also increased significantly in C1 and C2
(p=0.006) (Fig. 2). At the end of the experiment, the size diversity
index was lower in C1 (2.26) and C2 (2.23) with respect to CO
(3.17).Similarly, the size spectra were significantly lower in C1

(70-800 pm) and C2 (70-700 pm) than in CO (70-1500 um) (Chi2
test, CO vs. C1: x’=102 p<0.001; CO vs. C2: x’= 107.9 p<0.001)
(Fig.3a).

Microalgae species richness and Shannon diversity
index did not vary significantly either over time or between
treatments (p>0.05) (Table 2). There were no significant
differences between treatments in the microalgae class densities
(p>0.05). Also, no significant correlation between different
microalgae class densities and the glyphosate concentration was
observed (p> 0.05). Nevertheless, in T4 the individuals’ density
distribution per class was significantly more even in the control
than in treatments (Chi2 test, C0 vs. C1: x*= 54 p<0.001; CO vs.
C2: x=54.2 p <0.001) (Fig. 3 b.). Chlorophyceae and
Euglenophyceae densities increased significantly in C1 over time
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Fig. 2: Grouped densities of Asplachnasp., Brachionus calyciflorusand B. angularisin C0: control, C1:6.2mg I and C2: 12.7 mg " at different sampling times.
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Fig. 3: (a) Zooplankton relative density distribution in the different size ranges at the end of the experiment (T4); (b) Microalgae relative density distribution in the
different classes atthe end ofthe experiment (T4). CO: control, C1:6.2mgl"and C2: 12.7mg".

(p<0.05 in both cases) and tended to increase in C2 over time
(Fig. 4). The density of Bacillariophyceae tended to decrease in
C1(T0: 3803, T4: 536 ind. ") and C2 (T0: 2735, T4: 357 ind. I")
over time (p=0.07 and 0.08). For both assemblages studied in this
work, zooplankton and microalgae, the Shannon diversity index
and the species richness did not reflect the herbicide effects.
Although they are widely employed, several authors have
questioned the use of these two taxonomic metrics alone to
assess anthropic effects on the environment (Reizopoulou et al.,
1996; Gallardo et al., 2011). They have argued that these metrics

cannot necessarily discriminate between natural stress and
anthropogenic impact. Moreover, some authors have pointed out
that these metrics have limitations to detect changes at the
community level (Mouillot et al., 2006). Instead, Morais da Rosa
etal. (2020) stated that through organism density, it is possible to
perceive the factors that affect reproductive events, changing the
number of individuals and promoting variations in the dominance
patterns. Copepod and Cladoceran densities were negatively
affected by the glyphosate formulation. Microcrustaceans,
especially cladocerans, have been proposed to be particularly
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Fig. 4: Density of (a) Chlorophyceae and (b) Euglenophyceae in C0: control, C1:6.2mg | and C2: 12.7 mg " atdifferent sampling times.

sensitive to environmental disturbances (Sakamoto et al., 2006;
Rico-Martinez et al., 2012; Vera et al., 2012).

Some authors explained this sensitivity by the fact that
microcrustaceans are especially exposed to chemicals after
molting and that also large-sized animals molt more times than
smaller ones prior to reproduction (Gliwicz and Sieniawska,
1986). On the contrary, rotifer density increased significantly in
the treatments with glyphosate formulation. On the one hand, it
may have been due to their tolerance to pesticides, which has
been shown in several studies (Wendt-Rasch et al., 2003; Chang
etal., 2005). On the other hand, their low competitiveness for food
resources with respect to microcrustaceans could have benefited
rotifers by the decrease in microcrustacean densities (Hanazato
1998, Vera et al., 2010). In this study Brachionus calyciflorus, B.
angularis and Asplachna sp. showed a particular density
increase. This suggests that these species are particularly tolerant
to the glyphosate formulation, and their densities could be used as

indicative of glyphosate contamination. In congruence with the
above-discussed, the size diversity index was lower in the
treatments with glyphosate formulation with respect to the control.

This relation between zooplankton size and its sensitivity
has been proposed by several authors (Gallardo et al., 2011).
Gliwicz and Sieniawska (1986) found a positive interaction
between body size and sensitivity to lindane in cladocerans.
Havens and Hanazato (1993) proposed that rotifers have more
diverse life histories than microcrustaceans, which is why they are
likely to adapt better to the environmental changes as this group
contains both tolerant and sensitive taxa. The observed co-
occurrence of different tolerances and competitiveness within the
zooplankton community determines the community structure. This
attribute is a good indicator of environmental disturbance, since
zooplankton community plays a key role in freshwater
environments as intermediate links in trophic networks
(Mbandzi etal., 2018).
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Consequently, the changes in this community structure
can affect other trophic levels through top-down and bottom-up
effects (Carpenter and Kitchells, 1995). Also as the zooplankton
community quickly responds to environmental factors
(Perbiche-Neves et al., 2013), its response to contaminants
could be informative of the impacts on the ecosystem as a
whole (Hanazato, 2001). Conversely to zooplankton,
microalgae did not seem to have been directly affected by the
herbicide but by zooplankton foraging pressure:
Chlorophyceae and Euglenophyceae increased through time in
glyphosate formulation treatments, which was also observed in
the increase of chlorophyll a. These responses could have been
triggered by changes in zooplankton foraging pressure
because of the decrease in microcrustacean density. This top-
down effect has been proposed in several studies (Sinistro et
al., 2007). On the other hand, a positive effect of glyphosate
formulations may have occurred for such groups since this
herbicide may have provided phosphate as a source for algae
(Austinetal., 1991; Pérez et al., 2007).

Bacillariophyceae density decreased with time in
glyphosate treatments. For instance, Pérez et al. (2007) and Vera
et al. (2010) reported a decrease in Bacillariophyceae density by
exposing a periphyton assemblage to Roundup® in mesocosms.
Also, Vera et al. (2012) reported that diatoms appeared as the
periphytic algae most sensitive to Glyphosate Atanor® in
mesocosms; in addition, Wood et al. (2016) stated that freshwater
diatoms can be promising bioindicators of toxicity of herbicide
with different modes of action. It is important to note that
according to the safety data sheet of the glyphosate formulation
used in this work, the product s slightly toxic to aquatic organisms
(LC50> 10 to 100 mg I') (US EPA, 2012). The results obtained in
this work show that concentrations <10 mg I of glyphosate can
produce changes in the plankton community, potentially affecting
the integrity of freshwater environments. In this sense, the use of
different analysis scales (microcosm, mesocosm, and field) and
indicators (survival, growth, fertility, species density, diversity)
allows for more accurate risk assessments of herbicide
formulations. In conclusion, the use of combined metrics of
plankton community would be an appropriate approach to identify
different effects of glyphosate formulations. Since alterations in
zooplankton size structure can modify the microalgae community,
the change in the whole plankton community could be a good
approachto assess herbicide effects.
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