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Abstract The study of the joint effect of multiple
anthropogenic stressors is important because the emerging
consequences are often unpredictable on the basis of
knowledge of single effects. We explored the joint impact
of glyphosate and the invasive golden mussel Limnoperna
fortunei on freshwater phytoplankton, bacterioplankton and
periphyton, and on the physical and chemical properties of
the water. We manipulated both stressors simultaneously in
a 25-day experiment using outdoor mesocosms; we assayed
technical-grade glyphosate acid at four concentrations: 0,
1, 3 and 6 mg gly L™" under scenarios with and without
mussels. The addition of the glyphosate significantly
increased total phosphorus according to the concentration
used; the high clearance rate of L. fortunei significantly
decreased phytoplanktonic abundance leading to low val-
ues of turbidity. The mussel significantly stimulated the
development of filamentous green algae (metaphyton).
Interestingly, the combined effect revealed that L. fortunei
accelerated the dissipation of glyphosate, which showed a
4-fold decrease in its half-life; this promoted the rapid
bioavailability of glyphosate-derived phosphorus in the
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water. The interaction had a synergistic effect on soluble
reactive phosphorus concentrations and was directly
dependent on the concentration of glyphosate. A syner-
gistic effect was also observed on bacterioplankton, water
turbidity and metaphyton, thus inducing enhanced and
rapid eutrophication. The ability of mussels to reduce
glyphosate in water may be valued as positive, but our
results allow us to predict that the invasion of Limnoperna
fortunei in natural freshwater systems contaminated by
glyphosate will accelerate the negative impact of the her-
bicide associated with eutrophication.

Keywords Glyphosate - Limnoperna fortunei -
Anthropogenic stressors - Outdoor mesocosms -
Eutrophication - Synergism

Introduction

Anthropogenic stressors act on the environment at different
scales, and their simultaneous interaction affects ecosys-
tems (Matthaei et al. 2010). In this sense, the study of the
joint effect of multiple anthropogenic stressors is important
because the emerging consequences are often unpre-
dictable on the basis of knowledge of single effects
(Townsend et al. 2008). This information is valuable for
the understanding of the actual anthropogenic impact on
ecosystem goods and services, and the estimation of
associated costs. The interaction of multiple stressors may
have additive effects or generate complex outcomes,
including synergistic or antagonistic responses of the dif-
ferent ecosystem variables (Folt et al. 1999; Piggott et al.
2012). Freshwaters appear to be at particular risk of mul-
tiple-stressor effects, due to the numerous uses of water and
the fact that controls and environmental protection are
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often unusual (Ormerod et al. 2010). Moreover, they act as
conduits or sinks that accumulate and concentrate con-
taminants (Kelly et al. 2010). Invasive species and con-
tamination were regarded by the Millenium Ecosystem
Assessment (2005) as anthropogenic stressors strongly
affecting freshwater ecosystems.

Glyphosate [N-(phosphonomethyl)glycine] is a nonse-
lective, broad spectrum, post-emergent agrochemical used
worldwide, mainly for weed control (Goldsborough and
Brown 1988). Glyphosate’s primary mode of action in
plants and several microorganisms is the disruption of
aromatic amino acid biosynthesis, through the inhibition of
the enzyme 5-enolpyruvyl shikimic acid-3-phosphate syn-
thase (EPSPS), which halts the production of chorismate
(Amrhein et al. 1980). In 2011, the worldwide application
of glyphosate products was estimated to be about 650,000
tons (CCM International 2011). In South America, shallow
water bodies receive a significant amount of this herbicide.
It is particularly the case for those related to the basin of
the Parana-Uruguay-de La Plata rivers, due to both inten-
sive cultivation of GM soybean and no-till practice, which
rocketed in the mid-1990s. Glyphosate may reach aquatic
systems either by accidental or wind driven drift of the
herbicide spray, or through transport in surface runoff and
suspended particulate matter (Feng et al. 1990). Glyphosate
is usually assumed to be safe and non-toxic to the envi-
ronment due to its fast biodegradation and/or adsorption by
soil particulates. Nevertheless, some studies have demon-
strated important off-target displacements of glyphosate,
producing structural and functional changes in the fresh-
water biota, consistent with decreased water quality (Pérez
et al. 2007; Vera et al. 2010).

On the other side, the golden mussel Limnoperna for-
tunei (Dunker) is a freshwater mytilid bivalve native to
mainland China which constitutes a major fouling pest in
Asia. It was accidentally introduced into the Parana-Uru-
guay drainage basin through the ballast water of commer-
cial ships (Boltovskoy and Cataldo 1999), under conditions
of increased economic globalization and trade between
continents during the early 1990s (Karatayev et al. 2006).
Along its entire range, L. fortunei has become a major
nuisance for industrial and power plants that use river
water. Today, after only 21 years of its first record in South
America (Pastorino et al. 1993), this mussel largely dom-
inates the benthic fauna of almost the entire Parana-Uru-
guay-de la Plata river system (Argentina, Uruguay, Brazil
and Paraguay), reaching densities of over 200,000 ind m™>
(Boltovskoy et al. 2006). Adults show high filtration rates
with values of about 100 mL ind™' h™!' (Cataldo et al.
2012a), thus exerting a negative impact on the structure
and function of the ecosystem (Boltovskoy et al. 2009;
Cataldo et al. 2012b; Sylvester et al. 2005). These findings
constitute strong evidence that L. fortunei invasion is an

important stressor and force of change for freshwater
communities.

In South America, glyphosate and L. fortunei were
introduced simultaneously but their combined effect on
freshwater has never been tested at the ecosystem scale. In
a laboratory experiment, Di Fiori et al. (2012) demon-
strated that L. fortunei is capable of degrading glyphosate
and hypothesized that its occurrence in waters contami-
nated with this herbicide would speed up the bioavailability
of phosphorus for autotrophs, facilitating water
eutrophication.

The objective of the present study was to experimentally
explore the joint impact of glyphosate and L. fortunei on
structural features of freshwater phytoplankton, bacterio-
plankton and periphyton, and the physical and chemical
properties of the water. The two stressors were manipulated
simultaneously in a 25-day experiment using outdoor
mesocosms, to evaluate their single and combined effects
on the microscopic communities and the water quality of
the systems. We tested four concentrations of glyphosate in
scenarios with and without mussels to analyze the potential
concentration-dependent responses. We hypothesized that
the effect of these agents on the physical, chemical and
biological variables depends on whether they act alone or
in combination.

Materials and methods
Experimental design

We carried out an experiment using three outdoor pools
(3000 L) containing eight 70-L polythene bags (meso-
cosms) each, during February 2011. Six months before the
beginning of the experiment, the pools were filled with
underground water, and bottom not rooted aquatic plants as
propagule source were added to generate the environmental
conditions of natural systems (phytoplankton chlorophyll
a ~ 10 pg L™"). Eight periphytometers (special devices
holding artificial substrata for periphyton analysis) were
placed inside each pool and left for substantial colonization
for 30 days before the experiment began.

At ty, we filled the mesocosms with water from each
pool and placed a colonized periphytometer inside each
mesocosm (Fig. 1).

Glyphosate

We assayed technical-grade glyphosate acid (gly) (=95 %
purity; CAS: 1071-83-6) at four concentrations: 0, 1, 3, and
6 mg glyL~'. These nominal concentrations of glyphosate
were chosen for being similar to that recommended for
aquatic and terrestrial weed control (3.7 mg glyL ™", Giesy
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Fig. 1 Scheme of the experimental design showing the outdoor
mesocosms, a cage with Limnoperna fortunei, a periphytometer and
an artificial substratum for periphyton colonization

et al. 2000), and lie within the range of “worst-case”
scenarios of glyphosate contamination in freshwater
reviewed by Relyea (2006) (from 1.4 (Canadian govern-
ment) to 10.3 mg glyL™' (Mann and Bidwell 1999)).

Limnoperna fortunei

Individuals of L. fortunei (Lf) were manually collected on
the banks of the Rio de La Plata river located near Buenos
Aires City, Argentina. They were placed in aquaria con-
taining dechlorinated water with continuous air supply and
fed baby fish food daily. Groups of 350 £ 15 live indi-
viduals (= 120 g wet weight) were enclosed in small cages
of plastic mesh with 5-mm pore size. One cage with
mussels was randomly assigned to each of four microcosms
in the pool (+Lf), while the other microcosms remained
without mussels (—Lf).

At ty, the different concentrations of glyphosate were
added to randomly selected mesocosms at each pool and
the cages with L. fortunei were submerged to about 20 cm
depth. Water measurements, samples and artificial sub-
strata were taken from each mesocosm at baseline and at
days 1, 7, 14 and 25 (t, to t4, respectively).

Physical and chemical response parameters

Water temperature, pH, conductivity and dissolved oxygen
were measured in situ with a Hach® sension 156 meter,
while nephelometric turbidity was measured with a 2100P
Hach® turbidimeter. Water samples for chemical analysis
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were poured into polypropylene containers and immedi-
ately transported to the laboratory. Water was immediately
filtered through Whatman® GF/F filters. Soluble reactive
phosphorus (SRP) was determined by the molybdate-
ascorbic method; Total phosphorus (TP, from unfiltered
water samples) was converted to SRP after acid digestion
with potassium persulfate; SRP and TP were analyzed
following APHA (2005). Total nitrogen (TN) was esti-
mated from unfiltered samples by Cd reduction (Mackereth
et al. 1978) after digestion with potassium persulfate
(APHA 2005).

Glyphosate was determined by ion chromatography
using a DIONEX DX-100 chromatograph with a conduc-
tivity detector and a 25-ml sample loop (Pessagno et al.
2008). A DIONEX AS-4 was used as an analytical chro-
matographic column with an experimental error below
5 %; a mixture of NaOH/Na,CO5; 4 mM/9 mM was chosen
as eluent with a flow rate of 2 mL min~"'. The glyphosate
dissipation rate (k) and half-life in water were estimated
using C, = Coe ™, where C, is the concentration at time t
and C is the initial concentration (Di Fiori et al. 2012).

Biological response parameters
Phytoplankton

Before the onset of the experiment (ty), qualitative samples
were taken from each pool by means of a 15-pum pore net.
On every sampling date, subsurface water samples for
quantitative analysis were taken using 100 to 200-mL
flasks and fixed with 1 % acidified Lugol’s iodine solution.
Counts of micro (>20 um) and nanophytoplankton
(2-20 ym) were made using the inverted microscope
technique (Utermohl 1958) at x400 magnification, with a
counting error of <15 %, estimated according to Venrick
(1978). The number of dead algae per sample was also
estimated; algae were considered dead when they had
disorganized chloroplasts and/or broken frustules at the
microscope level (Vera et al. 2010).

Samples for chlorophyll a (Chl-a) analysis were taken in
polypropylene flasks and transported to the laboratory
under cold and dark conditions. The Chl-a concentration
was estimated from a known water volume, vacuum fil-
tered under low light conditions through Whatman® GF/F
filter paper and stored at —20 °C. Pigments were extracted
with ethanol (60-70 °C) and determined spectrophoto-
metrically according to Nusch (1980).

Bacterioplankton
Water samples were preserved in 2 % ice-cold glu-

taraldehyde and filtered through 0.2-pm-pore size black
polycarbonate filters (Isopore GTPB 02500; Isopore,
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Billerica, Massachusetts, USA) stained with DAPI (Porter
and Feig 1980); bacteria were quantified using an epiflu-
orescence microscope (Olympus BX40) and a minimum of
20 fields and 400 individuals were counted on each slide
(error <15 %) (Vera et al. 2012).

Periphyton

Each periphytometer included vertical artificial substrata
consisting of rectangular strips of clear polycarbonate with
a total area of 29.1 cm® The following variables were
measured: chlorophyll a concentration (P-Chl a), dry
weight (DW), ash-free dry weight (AFDW) and habit of
algal taxa. For P-Chl ¢ measurements, the periphyton was
scraped from one substratum and pigment was quantified as
described for phytoplankton. DW was estimated from the
material on another substratum, which was filtered through
Whatman® GF/C filters pre-combusted to 550 °C for 2 h
prior to use and later weighing the material dried at 60 °C
on a stove up to constant weight. AFDW was determined as
the mass difference after 2 h of calcination (550 °C) of dry
samples (APHA 2005). The autotrophic index (AI) was
estimated as the AFDW: chlorophyll a ratio. Al values
between 100 and 200 indicate high proportion of auto-
trophs and Al values higher than 200 indicate high pro-
portion of heterotrophic, nonchlorophyllous organisms or
organic detritus (APHA 2005). Differences in percentage
of filamentous and coccoid algae were analyzed for t, and
t4 from scrapped periphytic material. Samples were
obtained from one substratum and fixed with 1 % acidified
Lugol’s iodine solution. Filamentous and coccoid algae
were counted using the inverted microscope technique
(Utermohl 1958) at x400 magnification with a counting
error of <15 %, estimated according to Venrick (1978). All
the periphytic variables were expressed on an area basis.

Limnoperna fortunei

At the end of the experiment, the cages with L. fortunei
were removed; organisms were counted and measured
using a digital caliper (Sylvac Brand) with an accuracy of
0.01 mm. Dead organisms (i.e. open shells, no soft tissue)
per mesocosm were counted at ty.

Data analysis

For all variables, except for periphytic algal abundance,
differences between treatments were assessed using repe-
ated-measures analysis of variance (RM ANOVA), with
two factors: glyphosate concentration, 4 levels; L. fortunei,
2 levels and five sampling times (tp—t;). RM ANOVA was
followed by post hoc Tukey’s multiple comparisons tests
(P < 0.05). For dissipation rate constant of glyphosate and

abundance periphytic algae (at t4), differences between
treatments were assayed using one-way analysis of vari-
ance (one-way ANOVA). Prior to each analysis, Kol-
mogorov—Smirnov tests (with Lilliefors’ correction),
Levene median tests and Mauchley Sphericity tests were
run to test normality, homoscedasticity and sphericity,
respectively. Whenever the data did not conform, the val-
ues were transformed (square-root or log) as necessary.

Results
Limnoperna fortunei

The percentage of dead mussels (<2 %) was non-signifi-
cant at t4 for all treatments. Moreover, at t4 valve length
differences were not significantly different for any of the
treatments, thus indicating absence of growth.

Glyphosate dissipation

The concentration of glyphosate decreased gradually in all
herbicide treatments during the experimental period. In
treatments without L. fortunei (Fig. 2a), the decrease was
significant at t; for 3—Lf and 6—Lf (RM ANOVA
P < 0.01 for each comparison), with final mean concen-
trations of 1.75 & 0.03 mgL™' and 3.43 + 0.6 mgL ™",
respectively, representing a dissipation of 41 and 43 %
from to, respectively. The dissipation was lower for 1—Lf,
reaching a mean of 0.43 & 0.1 mgL™" at t,. Treatments
with L. fortunei led to dramatic dissipation of glyphosate,
with a decay of 100 % for 14+Lf and 86 % for 3+Lf and
6+Lf (Fig. 2b). Mean glyphosate concentrations at t4 were
0.41 £+ 0.13 mgL™" and 0.84 + 0.10 mgL~" for 3+Lf y
6-+Lf, respectively, with significant differences between
them (RM ANOVA P <0.05). Assuming first-order
kinetics, the estimated dissipation rate constant (k) was
significantly higher (one-way ANOVA p < 0.01) in pres-
ence of L. fortunei. Mean half-lives were 33.4 £ 4.3 d
(—Lf) (k = 0.022 & 0.002 mgd™") and 8.7 + 0.6 d (+Lf)
(k = 0.081 & 0.004 mgd™"). Mussels reduced glyphosate
half-life by =74 %.

Table 1 shows the mean values of the physical, chemical
and biological variables measured for all treatments at t, and
t4. For better understanding of effects, some variables were
plotted considering the following treatments: “Lf”: 0—Lf
and O+Lf; “Gly”: 0—Lf; 1-Lf; 3—Lf and 6—Lf and
“GlyxLf”: 0+Lf; 1+Lf; 3+Lf and 6+Lf (Figs. 2 and 3).

Physical and chemical response parameters
Initial mean dissolved oxygen concentration (DO) ranged

between 8.8 & 0.17 and 9.1 + 0.26 mgL ™", with values at
ty being higher in mesocosms with L. fortunei (RM

@ Springer



60 H. Pizarro et al.
o
E eesdee 0
[0}
5 -0 1
[
o
g —h =3
=
© -6
5
e Gly x Lf
= 4
)
'_
z 3
=
2 2
5
'_
1
0
Days Days Days
11 f Lf 1,0 Gly 1.h GlyL x f
_o08 08 08
i
go6 0.6 0.6
a
o4 0.4 0.4
0.2 0.2 0.2
Nin EE e Ba B 0
0 1 7 14 25 0 1 7 14 25 0 7 14 25
Days Days Days
0241 Lf 024 ] Gly 02,k GlyL x f
0.16 0.16 0.16
O
> 0.12 0.12 0.12
E
2 0.8 0.08 0.08
w
0.04 0.04 0.04
ol Chuln Cm Cua Cula  o|CrfR Mrem (Thee recll TR
0 1 7 14 25 0 1 7 14 25 01 7 14 25
Days Days Days
O(-)Lf B(+)Lf 00 o1 B3 mb6

Fig. 2 a-k Averages £+ 1SD of glyphosate in mesoscosms a without
L. fortunei (—Lf) and b with (4Lf) for glyphosate concentrations (0,
1, 3 and 6 mg L") throughout the study period. Averages +1SD c-e)
of turbidity; f-h total phosphorus (TP) and i-k soluble reactive

ANOVA P < 0.05) (Table 1). Neither glyphosate alone
nor the Gly-Lf interaction had any effect on DO. Mean
values of pH at t, ranged between 6.9 £ 0.46 and
7.1 £ 0.28 (Table 1). Limnoperna fortunei caused alka-
lization, with significantly different values at t4
(7.6 £ 0.95 and 9.1 £ 0.7 for O—Lf and O+Lf, respec-
tively) (RM ANOVA P < 0.01). The effect of glyphosate
on pH was statistically significant from t; onward, with
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phosphorus (SRP). Lf Limnoperna fortunei effect, Gly glyphosate
effect, Gly x Lf Glyphosate-L. fortunei interaction. n = 3 for all
cases

0-Lf showing significantly lower values compared to
treatments with herbicide (RM ANOVA P < 0.05). The
Gly-Lf interaction had no effect on the pH. Water tem-
perature at t; varied from 24.8 £+ 0.21 to 25.2 4+ 0.36 °C
for all mesocosms. Values of conductivity at t, averaged
140.1 £ 1.0 pS cm™ ! for all mesocosms; L. fortunei
clearly decreased conductivity at t, (RM ANOVA
P < 0.01). No effect of glyphosate was evident and the
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Table 1 Average £ 1 SD of the physicochemical and biological variables recorded at t, and t, for treatments without (—) and with (4)
Limnoperna fortunei and glyphosate concentrations (0, 1, 3and 6 mg L™h

Limnoperna Glyphosate (mg L™")
fortunei

0 1 3 6

- + - + - + - +

Dissolved oxygen (mg L™")

to 9.1 £0.17 9.1 £0.26 9.1 £0.11 9.0 £0.15 90+020 88+£0.17 89+0.06 89=+0.21

ty 8.8 £ 0.15 94 £ 1.21 9.3 +£0.53 99 +£0.3 94+023 102+125 92+040 10.1 &£ 040
pH

to 6.9 + 0.46 7.0 £0.38 7.1 £0.25 7.1 £0.28 70+ 044 69+063 7.0+£031 7.0+0.21

ty 7.6 £ 0.95 9.1 £0.70 9.0 £ 0.21 9.1 £0.43 89+0.10 9.0+025 90+£021 89+0.0
Water temperature (°C)

to 250+ 045 250+025 2524035 250+£025 2524036 249+0.11 252 +035 248 +£0.21

ty 217+£035 220+032 21.8+045 21.8+£032 21.8+026 21.8+042 21.9+020 21.8+0.20
Conductivity (uS cm™ Y

to 140 + 2.38 140 £+ 2.12 140 + 2.03 140 + 2.52 140 £ 221 140 £ 1.78 140 £ 1.94 141 4+ 2.18

ty 141 £ 1.71 128 + 5.06 140 + 1.09 132 + 3.67 139 +£3.61 130 +5.73 138 £ 1.54 128 +4.56
Turbidity (NTU)

to 2.7 +£0.58 2.7+ 0.58 2.7 +£0.58 2.7+ 0.58 27+058 27+058 27+£058 2.7+0.58

ty 1.0 £ 0.0 1.7+ 115 1.0+0.0 30+ 1.0 1.0 £ 0.0 3010 1.0+£0.0 1.3 £0.58
TP (mg L™")

to 0.07 £0.02 0.07+0.02 0.07+0.02 0.07+£0.02 0.07=+0.02 0.07+0.02 0.07£0.02 0.07 £ 0.02

ty 0.03 £001 0.05+0.01 0.12+0.03 0.14+£004 035+0.04 024 +0.05 0.65+0.12 046 £ 0.04
SRP (mg L")

to 0.04 £0.01 0.04 £0.01 0.04 £0.01 0.04+001 0.04+0.01 0.04 +£0.01 0.04£0.01 0.04 £+ 0.01

ty 0.01 £ 0.0 0.01 £0.01 0.01 £0.01 0.01 £0.01 0.01 £0.01 0.02+£0.01 0.01 £0.01 0.06 £ 0.01
TN (mg L™

to 493 £193 493+193 493+£193 493 +£193 493+193 493+193 493 +193 493 +£193

ty 205+ 1.13 077+£0.08 1.09+0.69 197+£093 090+0.28 122+0.39 145+120 1.63 £ 1.10
Bacterioplankton

to 192 +£1.09 183 +£1.10 1924+1.09 197+£098 1.92+1.09 1.63+1.12 192+1.09 1.99 + 1.04
Abundance (10° ind mL™1)

ty 79 £ 158 737+372 6.16£1.0 146 £53 6.12 £208 135+£224 631 +191 104 +4.33
Phytoplankton Chla (pg L™")

to 9.07 £4.12 9.07+4.12 9.07 £4.12 9.07 £4.12 9.07 £4.12 9.07 £4.12 9.07 £4.12 9.07 £ 4.12

ty 1.63 £0.77 690 +824 2.18+£1.08 359115 513+333 403 +594 250+ 1.66 7.90 £ 3.49
Phytoplankton

to 186 £ 654 18.6 +6.54 18.6 £6.54 18.6+6.54 18.6+6.54 18.6 +6.54 18.6+ 6.54 18.6 £ 6.54
Abundance (10° ind mL™1)

ty 24 +£060 134 +044 192 £9.09 20+027 167 +£691 143 +0.99 165+ 645 141 £ 0.86
Periphyton DW (mg cm™2)

to 0.19 £ 006 0.19+0.08 0.24+0.10 022+£0.07 0.29+0.13 0.16+0.11 0.18 +£0.10 0.20 £ 0.13

ty 041 £0.13 047 +0.11 0.65=+0.22 043 +£021 047 +0.01 0344023 023+0.07 038 +0.14
Periphyton AFDW (mg cm™?)

to 0.18 £0.06 0.18+0.06 0.21 £0.07 020+£0.06 0.26+0.10 0.14 £0.09 0.16 £ 0.08 0.18 + 0.11

ty 036 £0.12 042 +0.09 0.60+0.19 039+£0.19 043 +0.22 0.31+0.20 020+0.05 0.35+0.12
Periphyton Chla (ug cm™>)

to 030£025 019+0.15 0.16+0.14 024+£0.17 0.27+0.21 0.20=+0.19 028 £0.21 0.17 £ 0.12

ty 033 £0.14 111063 122+£053 131+£093 093+0.10 1.20+0.71 0.65=+0.25 1.38 £0.35
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Table 1 continued

Limnoperna Glyphosate (mg L")

ortunei
Jortunei 0 1 3 6
- + - - + - +
Al
to 1458 £ 1504 1499 + 1437 1915 £ 1374 1240 £ 1091 1559 + 1456 791 £ 312 783 + 623 891 £ 107
ts 1175 £ 851 398 £ 232 443 + 99 285 + 84 397 £ 53 208 £ 49 279 £ 65 211 £+ 36

n = 3 for all cases

TP total phosphorus, SRP soluble reactive phosphorus, TN total nitrogen, DW dry weight, AFDW ash free dry weight, Al autotrophic index

Gly-Lf interaction did not show significant differences
compared to single-stressor effects (Table 1).

At ty, L. fortunei produced a significant decrease in
turbidity (RM ANOVA P < 0.01), followed by an
increasing trend (Fig. 2c; Table 1). Glyphosate produced a
slight, non-significant increase in turbidity at t; (Fig. 2d).
Despite the lack of significance, a trend toward a syner-
gistic effect of stressors was observed at t3 for all gly-
phosate concentrations. At the end of the experiment, there
was a decrease in turbidity for 6+Lf, thus indicating an
additive effect of stressors, while the synergistic trend
continued until t4 for 14+Lf and 3+4Lf (Fig. 2e).

Mean initial value of TP for all mesocosms was
0.07 £ 0.02 mgL ™", a concentration typical of meso-eu-
trophic waters (Wetzel 2001). There were no significant
differences by L. fortunei (Fig. 2f; Table 1). In contrast,
glyphosate had an increasing effect on TP, reaching
mean values of 0.18 & 0.01, 0.47 £ 0.02, and 0.79 +
0.15 mgL_l atty for 1 —Lf, 3—Lf and 6—Lf respectively, to
remain relatively constant thereafter (Fig. 2g) (RM
ANOVA P < 0.05 for 3—Lf and 6—Lf with respect to 0-Lf
for all dates). The trend for the Gly-Lf interaction was
similar to that recorded for glyphosate alone (Fig. 2h) but
with significant decreases of 23.5 % and 46.5 % from t,
to t; for 3+Lf and 6+Lf (0.24 = 0.05 and 0.46 +
0.04 mgL™" at t4, respectively) (RM ANOVA P < 0.05)
(Table 1).

Mean concentration of SRP at t; was 0.01 £ 0.01 mg
P-PO4L7l (Table 1). No single-factor effects were found
on SRP concentrations throughout the study period
(Figs. 2i, j). The Gly-Lf interaction was evident since SRP
concentrations varied according to the concentration of
glyphosate used (Fig. 2k). The values of SRP peaked at t,,
followed by a gradual decline, with mean values at t, of
0.01 £ 0.01, 0.02 #+ 0.01 and 0.06 & 0.01 mg P-PO,L™"
for 14+Lf, 3+Lf and 6+Lf, respectively (Fig. 2k; Table 1).
Differences among treatments were statistically significant
(RM ANOVA P < 0.01).
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Mean concentration of NT at ty was 2.9 & 0.01 mgL™",
which is limiting for phytoplankton development (optimal
concentration: ~0.1 mgL ™', Reynolds 2006). No clear
trends were found for single-factor effects or Gly-Lf
interaction (Table 1).

Biological response parameters

Mean abundance of bacterioplankton was 1.8 x 10° 4+ 0.9
indL™". A significant variation in bacterioplankton abun-
dance was found among pools as reflected by the high SD
obtained at ty and t, (Table 1). To avoid this variability, we
plotted the abundances of bacteria as a percentage of the
initial value for each mesocosm at each sampling date. In
this way, we found a trend toward increased bacterio-
plankton abundance related to to, with and without L. for-
tunei, with significant differences from t, onward (RM
ANOVA P < 0.05) (Fig, 3a). This variable did not vary
significantly by the addition of glyphosate, regardless of
the concentration used (Fig. 3b). The Gly-Lf interaction
showed differences compared to the single-factor effects at
t4, when there was a synergistic effect for 1+Lf and 3+Lf
(increases of 966 and 1122 %, respectively) and an addi-
tive effect for 6+Lf (increase of 667 %) (Fig. 3c) (RM
ANOVA P < 0.05 with respect to 0+Lf).

Mean phytoplanktonic Chl-a concentration was
51+ 10pgL™" at t, considering all treatments
(Table 1). L. fortunei produced a sharp drop in phyto-
planktonic Chl-a (RM ANOVA P < 0.05) at t;, followed
by an increase up to 15.2 & 0.9 pg L™" (04Lf) at t;. Value
of 0+Lf was significantly higher than the value of O—Lf at
t3 (RM ANOVA P < 0.05) (Fig. 3d). At t4, phytoplank-
tonic Chl-a decreased in 0+Lf, reaching a value similar to
that in O—Lf. Glyphosate led to non-significant differences
among treatments (Fig. 3e), but there was a gradual
decrease up to 1.1-2.5 pg L™ at ty, except for 3—Lf where
values remained unchanged (4-5.5 pg L™"). The interac-
tion effect showed a pattern similar to that obtained with L.
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Fig. 3 a-1 Averages +1SD of a—c bacterioplankton; d—f phytoplank-
ton chlorophyll a; g—i phytoplankton abundance and j-1 periphyton
chlorophyll a, for glyphosate concentrations (0, 1, 3 and 6 mg L™")

fortunei, with a marked decay at t; followed by an increase
up to the initial values (Fig. 3f). Then, phytoplanktonic
Chl-a increased until ts, reaching 19.6 + 4.4 pg L™!
(14Lf); 123 + 5.1 pg L' 3+Lf) and 7.6 £ 3.6 ug L™!
(6+Lf). A maximum of 36.0 + 6.6 ng L~ was recorded
in 1+Lf at ty which differed significantly from the other
treatments (RM ANOVA P < 0.05).

Mean phytoplankton abundance was 18.6 x 10° +
3.7 x 10°ind mL™" at to; all treatments showed a
decreasing trend toward t, (Table 1), when 20 & 5 % of

throughout the study period. Lf Limnoperna fortunei effect, Gly
glyphosate effect, GIy x Lf Glyphosate—L. fortunei interaction. n = 3
for all cases

the individuals were dead or injured. The above-mentioned
decrease in turbidity caused by L. fortunei, which was
observed with the naked eye at t;, was probably due to the
decline in phytoplankton abundance (i.e. 93 % of the initial
value). Abundances for 0+Lf were statistically lower (RM
ANOVA P < 0.05) than 0—Lf at t; and t, (Fig. 3g), with
values ~5000 ind mL™" that remained almost constant
toward t4. Mussels induced a gradual decrease in phyto-
plankton abundances, with a significant drop at t; (RM
ANOVA P < 0.05); L. fortunei decreased the percentage
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of dead algae up to 8.2 + 2.4 % of dead ind mL™" at t,,
reaching values about 2.4 £ 1.7 % toward t, (Fig. 3g).
Glyphosate caused a lower decrease in phytoplankton
abundance compared to the control (0—Lf), with no effect
on algal mortality, ranging between 7 and 21 % (Fig. 3h).
The interaction effect followed a pattern similar to that
observed for L. fortunei alone, with a lower decrease in
algal mortality (0-2 %) (Fig. 3i).

Periphytic DW was not significantly impacted by single-
factor effects. Initial mean value ranged from 0.16 & 0.11
to 0.29 + 0.13 mgcm72 at ty (Table 1). L. fortunei pro-
duced a trend toward an increase in DW compared to O—Lf
at ty (0.41 £ 0.14 and 0.47 4+ 0.11 mgcrlf2 for 0—Lf and
0+Lf, respectively). Glyphosate also produced a trend
toward increasing DW throughout the study period. The
interaction effect was similar to the effects of individual
stressors (Table 1). Mean AFDW values ranged from
0.14 £ 0.09 to 0.20 &+ 0.10 mgem > at ty, with an
increasing trend toward t4 (Table 1). No Gly-Lf interaction
or single-factor effects were observed on this variable.
Mean periphytic chlorophyll a concentration varied from
0.17 £ 0.12 and 0.30 £ 0.25 pg cm™? at to. The presence
of L. fortunei produced significant increases (RM ANOVA
P <0.01), reaching values from 1.1 £0.63 to
1.38 + 0.35 pug cm™ 2 at t, (Fig. 3j; Table 1). Glyphosate
generated a slight increase at t, in all treatments; maximum
concentrations were found at ty; with mean values of
122 £ 053 ugem > (1-Lf);  0.93 £ 0.10 pg cm ™2
(3—Lf) and 0.65 £ 0.25 pg cm ™2 (6—Lf) (Fig. 3k). There
was a trend toward a synergistic effect of the Gly-Lf
interaction, which was most clearly evidenced at tj3
(Fig. 31). Mean initial values of the AI ranged from
783 4+ 23 to 915 &+ 1374 at ty, (Table 1), typical of het-
erotrophic communities. A marked trend toward a decrease
in Al (increased autotrophy) was observed under scenarios
involving L. fortunei and glyphosate separately. The
interaction of stressors resulted in a higher degree of
autotrophy evidenced at t, at higher glyphosate concen-
trations (Table 1).

The analysis of the habit of periphytic algae always
showed the dominance of coccoids over filamentous
organisms. L. fortunei led to an increase in the relative
abundance of filamentous algae throughout the study per-
iod, with values between 28 and 37 % (RM ANOVA
P < 0.05) (Fig. 4a). These results are consistent with the
appearance of large clumps of Oedogonium spp. in the
water column. Such masses constitute the “metaphyton”
(Stevenson 1996), composed of microscopic filamentous
algae which are attached to substrata during early stages of
development. A semi-quantitative scale of abundance
based on percentage of total metaphyton coverage was
applied to each mescocosms at t4: (0) absent; (1) up to
25 %; (2) 25-50 %; and (3) more than 50 % of coverage
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(Fig. 4a, b); a non-parametric Kruskal-Wallis two-way
ANOVA was used to test for statistical differences among
treatments. Metaphyton development was higher for 0+Lf
than for 0—Lf (KW ANOVA P < 0.01); glyphosate (1—Lf;
3—Lf; 6—Lf) produced higher coverage than the control
(0—Lf) (KW ANOVA P < 0.01). Metaphyton coverage
was highest under multiple-stressor scenarios (0+Lf vs.
1+Lf; 3+Lf; 64+Lf) (KW ANOVA P < 0.05) (Fig. 4a, b).

Discussion

Despite the general consensus about the importance of
studying the impact of glyphosate on freshwater, only a
few investigations have focused on the effect of its inter-
action with other anthropogenic stressors (e.g. Magbanua
et al. 2013). In Argentina, glyphosate became commer-
cially available almost simultaneously with the appearance
of the invasive golden mussel Limnoperna fortunei. Most
studies concerning changes in the structure and function of
freshwater ecosystems in the region have examined the
effects of each stressor separately. In our research using
outdoor mesocosms as proxy of natural environmental
conditions, we demonstrated that the impact of their
interaction on freshwater is hardly predictable from the
knowledge of single-factor effects because they act syn-
ergistically on some response parameters.

The herbicide concentration was reduced in all treat-
ments during the experimental period. Laboratory and field
studies have demonstrated that the main mechanism of
glyphosate removal from water is adsorption to suspended
particulates followed by subsequent sedimentation and/or
biodegradation (Zaranyika and Nyandoro 1993). Adsorp-
tion of glyphosate increases with high amount of suspended
solids, decreases with the increase of pH values, inorganic
phosphorus content and cation concentration (Glodsbor-
ough and Beck 1989). Moreover, the sediment composition
also is relevant for the adsorption of the herbicide, as clay
minerals rich in Fe> and A’ that have greater capability
to retain the herbicide (Khoury et al. 2010; Vereecken
2005). Also, the composition and general characteristics of
the biota may be determinant for the biodegradation of the
herbicide. As a result, different half-life values in water
were registered, ranging between 7 and 100 days and even
higher (Goldsborough and Brown 1993; Mercurio et al.
2014). Previous experiments carried out in outdoor meso-
cosms resembling typical water bodies of Pampa plain in
Argentina, registered half-life values of glyphosate ranging
4-16 days (Pérez et al. 2007; Vera et al. 2010 and 2012). In
the present experiment (in scenarios without L. fortunei)
the persistence of the herbicide was higher, probably due to
the different physical, chemical and biological character-
istics of the water. Moreover, the mesocosms were
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Fig. 4 a, b Relative abundance
of cocooid and filamentous a
habit in periphyton algae at t,
and t, for glyphosate
concentrations in scenarios
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designed without bottom sediments, which probably con-
tributed to the difference in the dissipation rate.

The main direct effect of glyphosate on the water con-
sisted of a strong modification in some chemical properties.
Taking into account that the herbicide is a phosphonate, the
addition of glyphosate resulted in a significant increase of
TP in the water column according to its concentration; the
measured amounts of glyphosate always sufficed to explain

the increase in TP observed in the treated mesocosms. A
similar result has been previously reported for assays
conducted in outdoor mesocosms using either pure gly-
phosate or different glyphosate-based formulations (Pérez
et al. 2007; Vera et al. 2010 and 2012). The other studied
physical and chemical properties of the water were not
significantly affected by glyphosate addition, except for
pH, which showed a significant increase toward the end of
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the experiment probably due to enhanced photosynthesis in
the water column. Despite the lack of significance, the
phytoplanktonic chlorophyll a concentrations showed a
clear increasing trend, mainly at a glyphosate concentration
of 3 mg L™'. Vera et al. (2012) recorded a similar pattern
of phytoplanktonic chlorophyll a concentrations following
the application of 3.5 mgL™' of glyphosate as active
ingredient (Glifosato Atanor®) to outdoor mesocosms like
those used by us. The decrease in phytoplankton abundance
observed in all treatments was probably due to manipula-
ton, but it occurred at a slower rate under scenarios with
herbicide. Glyphosate is known to inhibit the EPSPS of the
shikimate pathway, which also occurs in algae (Toghe et al.
2013). However this impact was not reflected in phyto-
plankton abundance, in disagreement with results obtained
by Vera et al. (op cit.). Moreover, glyphosate promoted the
increase in periphytic chlorophyll a concentrations, thus
leading to a more autotrophic community, in accordance to
that observed by Kish (2006) and Vera et al. (2012 and
2014) for periphyton developed on artificial substrata. The
effect of glyphosate alone produced an enrichment of the
systems and the impoverishment of the water quality, as
previously described by Pérez et al. (2007).

On the other hand, Limnoperna fortunei induced strong
changes in the physical, chemical and biological properties
of the water through direct or indirect effects. Mussels are
powerful filter feeders, with adults showing a normal
clearance rate of 100 mL ind~! h™! (Cataldo et al. 2012a).
On this basis, mussels could filter the water volume in each
mesocosm about 12 times a day. It is reasonable to assume
that such a filtering activity produced a decrease in the
suspended matter at the beginning of the experiment, fol-
lowed by an increase toward its end, probably due to the
interference effect of the metaphyton. The high clearance
rate of mussels accounted for a significant decrease in
phytoplankton abundance, producing low values of water
turbidity, as previously reported by Sylvester et al. (2005).
Moreover, the remarkable increment in total nitrogen and
ammonium concentrations in the presence of L. fortunei
was a consequence of the ability of mussels to recycle
nutrients (Darrigran and Damborenea 2006; Cataldo et al.
2012b). This promoted the development of mats of fila-
mentous green algae (metaphyton), thereby reaching high
coverage values. Metaphyton, which is known to occur in
stable water columns at high temperatures and high nutri-
ent concentrations (Goldsborough and Robinson 1996),
caused changes in the mesocosms, i.e. a significant
decrease in phytoplankton abundance. Trochine et al.
(2011), who observed the same phenomenon in outdoor
mesocosms of 2.8 m>, stated that filamentous green algae
directly suppress phytoplankton growth mostly via the
release of allelochemicals; we believe that phytoplankton
in our mesocosms was also affected by a shadow effect.
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Cataldo et al. (2012b) observed that L. fortunei induced the
proliferation of Microcystis aeruginosa, a bloom-forming
species of cyanobacteria, in a mesocosm experiment con-
ducted in a large reservoir of the Uruguay River. We
hypothesize that the aquatic life history in the water system
conditioned the presence of a diversity of propagules, thus
determining the development of different species. In turn,
this was mediated by the impact of the golden mussel, as
could be evidenced by the impoverishment of the water
quality. It is clear that L. fortunei is not only an aggressive
invasive species, but also a very effective ecosystem
engineer (Darrigran and Damborenea 2006; Karatayev
et al. 2006). The decrease in phytoplankton abundance
from t; onward was opposed to the pattern observed in
phytoplankton chlorophyll a, with an increase of the con-
centrations probably due to the appearance of metaphyton.
The presence of large filamentous algae at the end of the
experiment could contribute to enlarge the chlorophyll
a concentration in the water column. This kind of algae
would not be consumed by L. fortunei, considering that
mussels prefer to feed particles smaller than 100 um as was
observed by Cataldo et al. (2012a).

The joint effect of both anthropogenic stressors caused
some remarkable and unexpected changes, being the key
finding that L. fortunei accelerated the dissipation of gly-
phosate, which showed a four-fold decrease in its half-life
compared to its dissipation in scenarios without mussels.
The ability of the mussel to degrade glyphosate has already
been demonstrated experimentally by Di Fiori et al. (2012).
Degradation appears to be the most likely mechanism by
which living mussels increase glyphosate dissipation,
possibly mediated by bacteria associated to their metabo-
lism, or by microbial biofilm communities (Di Fiori et al.
op cit.). Similarly, Dreissena polymorpha, another invasive
benthic filter-feeding bivalve, can reduce the concentration
of several toxic substances in water, such as pharmaceu-
ticals and other drugs; on this basis, D. polymorpha would
be useful for environmental restoration (Binelli et al.
2014). Although L. fortunei is able to degrade glyphosate,
it is far from being considered potentially capable of
removing glyphosate. Our work demonstrated that L. for-
tunei was able to strongly alter the biogeochemical cycling
and the biotic structure of the mesocosms, as well as to
modulate the effects of glyphosate. These effects of the
alien species were also described by Strayer (2010) for
freshwater ecosystems. Mussel-mediated dissipation of
glyphosate promoted the rapid bioavailability of the
phosphorus supplied by the herbicide to the water, thus
producing a faster impoverishment of the water quality. In
analyzing the interaction between stressors we found that
when L. fortunei modulated most of the parameters, there
was a synergistic effect on SRP concentrations which
depended directly on glyphosate concentration. A
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synergistic interaction between stressors was also observed
for bacterioplankton, water turbidity and metaphyton
development, which in turn promoted more eutrophic
conditions.

Our results on the effects of the combined effect of
glyphosate and Limnoperna fortunei on the freshwater
microscopic communities and the water quality are based
on mesocosm experiments, used as a proxy of natural
conditions. Moreover, the experiment was designed to test
the effect of the stressors in quite extreme conditions. On
one side, the ratio of number of mussels versus volume of
water is of particular importance. Mussel densities used in
our experiment (&5 mussels per 1 of water) are probably
higher than those in the field considering the values reg-
istered by Boltovskoy et al. (2009) for a reservoir in
Argentina. On the other side, we used a concentration of
glyphosate included in the range of “worst-case” scenarios
of glyphosate contamination in freshwater, as one can
obtain by direct application of the herbicide to the water.
As such, these conditions obviously are not identical to that
in natural systems, for which reason they must be taken
with care. However, our results are very promising to
verify in future investigations carried out in more realistic
conditions.

Extending over an area of about 3,100,000 kmz, the
basin of the Rivers Parana, Uruguay and de la Plata is one
of the largest freshwater reservoirs worldwide; here, gly-
phosate and Limnoperna fortunei have coexisted for nearly
two decades. In this region, the golden mussel has invaded
water bodies that act as sink of material being carried
directly or by runoff from adjacent crop fields. Agriculture
in Argentina is mainly based on agrochemicals and gly-
phosate is the most commonly used herbicide in GM-tol-
erant crops and no-till practice (CASAFE 2013). Under this
situation, knowledge of the interactive effects between
multiple agents of environmental change in freshwater
systems is of great importance because they may bring
about new and unexpected responses. We agree with
Ormerod et al. (2010) that understanding the nature of
multiple-stressor effects on freshwater is a major challenge
to identify and prioritize the major management issues and
to seek the means to identify, diagnose and tackle multiple-
stressor effects. The ability of mussels to reduce glyphosate
in water may be valued as positive, but our results allow us
to predict that the invasion of Limnoperna fortunei in
natural freshwater systems contaminated by glyphosate
will accelerate the negative impact of the herbicide asso-
ciated with eutrophication.

Acknowledgments This work was supported by ANPCyT (PICT
2010 0908) and UBACyT (20020130100248BA). Thanks are due to
Dr. Maria dos Santos Afonso for laboratory assistance in glyphosate
determinations

Compliance with Ethical Standards

Conflict of interest The authors declare that they have no conflict
of interest

Human and animal rights This article does not contain any studies
with human participants or animals performed by any of the authors

Informed consent Informed consent was obtained from all indi-
vidual participants included in the study.

References

Amrhein N, Deus B, Gehrke P, Steinriicken HC (1980) The site of
inhibition of the shikimate pathway by glyphosate. II. Interfer-
ence of glyphosate with chorismate formation in vivo and
in vitro. Plant Physiol 66:830-834

APHA: American Public Health Association (2005) Standard meth-
ods for the examination of water and wastewaters, 21st edn.
American Water Works Association, Water Environmental
Federation, Washington DC, USA

Binelli A, Magni S, Soave C, Marazzi F, Zuccato E, Castiglioni S,
Parolini M, Mezzanotte V (2014) The biofiltration process by the
bivalve D. polymorpha for the removal of some pharmaceuticals
and drugs of abuse from civil wastewaters. Ecol Eng 71:710-721

Boltovskoy D, Cataldo D (1999) Population dynamics of Limnoperna
fortunei, an invasive fouling mollusc, in the Lower Parana river
(Argentina). Biofouling 14:255-263

Boltovskoy D, Correa N, Cataldo D, Sylvester F (2006) Dispersion
and ecological impact of the invasive freshwater bivalve
Limnoperna fortunei in the Rio de la Plata watershed and
beyond. Biol Invasions 8:947-963

Boltovskoy D, Karatayev A, Burlakova L, Cataldo D, Karatayev V,
Sylvester F, Marifielarena (2009) Significant ecoystem-wide
effects of the swiftly spreading invasive freshwater bivalve
Limnoperna fortunei. Hydrobiologia 636:271-284

CASAFE (2013) Camara de Sanidad y Fertilizantes. Informe de
Mercado Argentino de Productos Fitosanitarios, afo 2013.
Buenos Aires, Argentina

Cataldo D, O’Farrell I, Paolucci E, Sylvester F, Boltovskoy D (2012a)
Impact of the invasive golden mussel (Limnoperna fortunei) on
phytoplankton and nutrient cycling. Aquat Invasions 7:91-100

Cataldo D, Vinocur A, O’Farrell I, Paolucci E, Leites V, Boltovskoy
D (2012b) The introduced bivalve Limnoperna fortunei boosts
Microcystis growth in Salto Grande reservoir (Argentina):
evidence from mesocosm experiments. Hydrobiologia 680:25—
38

CCM International (2011) Outlook for China Glyphosate Industry
2012-2016

Darrigran G, Damborenea C (2006) Bio-invasion del mejillén dorado
en el continente americano, la edn. Universidad Nacional de La
Plata, Argentina, La Plata, p 226

Di Fiori E, Pizarro H, dos Santos Afonso M, Cataldo D (2012) Impact
of the invasive mussel Limnoperna fortunei on glyphosate
concentration in water. Ecotoxicol Environ Saf 81:106-113

Feng JC, Thompson DG, Reynolds P (1990) Fate of glyphosate in a
Canadian forest watershed. 1. Aquatic residues and off-target
deposit assessment. J Agric Food Chem 38:1110-1118

Folt CL, Chen CY, Moore MV, Burnaford J (1999) Synergism and
antagonism among multiple stressors. Limnol Oceanogr 44:864—-877

Giesy JP, Dobson S, Solomon KR (2000) Ecotoxicological risk
assessment for Roundup® herbicide. Rev Environ Contam
Toxicol 167:35-120

@ Springer



68

H. Pizarro et al.

Goldsborough LG, Beck AE (1989) Rapid dissipation of glyphosate
in small forest ponds. Arch Environ Contam Toxicol 18:537-544

Goldsborough LG, Brown DJ (1988) Effect of glyphosate (Roundup
formulation) on periphytic algal photo-synthesis. Bull Environ
Contam Toxicol 41:253-260

Goldsborough LG, Brown DJ (1993) Dissipation of glyphosate and
aminomethylphosphonic acid in water and sediments of boreal
forest ponds. Environ Toxicol Chem 12:1139-1147

Goldsborough LG, Robinson GGC (1996) Pattern in Wetlands. In:
Stevenson RJ, Bothwell ML, Lowe RL (eds) Algal Ecology.
Freshwater Benthic Ecosystems. Academic Press, New York,
pp 77-117

Karatayev AY, Padilla DK, Minchin D, Boltovskoy D, Burlakova LE
(2006) Changes in global economies and trade: the potential
spread of exotic freshwater bivalves. Biol Invasions 9:161-180

Kelly DW, Poulin R, Tompkins DM, Townsend CR (2010) Syner-
gistic effects of glyphosate formulation and parasite infection on
fish malformations and survival. J Appl Ecol 47:498-504

Khoury GA, Gehris TC, Tribe L, Torres Sanchez RM, dos Santos
Afonso M (2010) Glyphosate adsorption on montmorillonite: an
experimental and theoretical study of surface complexes. Appl
Clay Sci 50:167-175

Kish PA (2006) Evaluation of herbicide impact on periphyton
community structure using the Matlock periphytometer.
J Freshw Ecol 21(2):341-348

Mackereth FJH, Heron J, Talling JF (1978) Water analysis: some
revised methods for limnologists. Sci Publ Freshw Biol Assoc
36:1-120

Magbanua FS, Townsend CR, Hageman KJ, Matthaei CD (2013)
Individual and combined effects of fine sediment and the
herbicide glyphosate on benthic macroinvertebrates and stream
ecosystem function. Freshw Biol 8:1729-1744

Mann RM, Bidwell JR (1999) The toxicity of glyphosate and several
glyphosate formulations to four species of southwestern Aus-
tralian frogs. Arch Environ Contam Toxicol 36:193-199

Matthaei Ch, Piggott J, Townsend C (2010) Multiple stressors in
agricultural streams: interactions among sediment addition,
nutrient enrichment and water abstraction. J Appl Ecol
47:639-649

Mercurio P, Flores F, Mueller JF, Carter S, Negri AP (2014)
Glyphosate persistence in seawater. Mar Poll Bull 85:385-390

Millenium Ecosystem Assessment (2005) Fresh Water. Chapter 7.
United Nations Emvironment Programme. http://www.unep.org/
maweb/en/Condition.aspx

Nusch EA (1980) Comparison of different methods for chlorophyll
and phaeopigment determination. Archiv fiir Hydrobiologie
Beihandlungen Ergebnisse der Limnologie 14:14-36

Ormerod SJ, Dobson M, Hildrew AG, Townsend CR (2010) Multiple
stressors in freshwater ecosystems. Freshw Biol 55(1):1-14

Pastorino G, Darrigran G, Martin S, Lunaschi L (1993) Limnoperna
fortunei (Dunker, 1957) (Mytilidae) nuevo bivalvo invasor en
aguas del Rio de la Plata. Neotropica 39:101-102

Pérez GL, Torremorell A, Mugni H, Rodriguez P, Vera MS, Do
Nascimento M, Allende L, Bustingorry J, Escaray R, Ferraro M,
Izaguirre 1, Pizarro H, Bonetto C, Morris DP, Zagarese H (2007)
Effects of the herbicide Roundup on freshwater microbial
communities: a mesocosm study. Ecol Appl 17:2310-2322

Pessagno RC, Torres Sanchez RM, dos Santos Afonso M (2008)
Glyphosate behavior at soil and mineral-water interfaces.
Environ Pollut 153:53-59

@ Springer

Piggott JJ, Lange K, Townsend CR, Matthaei CD (2012) Multiple
stressors in agricultural streams: a mesocosm study of interac-
tions among raised water temperature, sediment addition and
nutrient enrichment. PLoS ONE 7(11):e49873

Porter KC, Feig YS (1980) The use of DAPI for identifying and
counting aquatic microflora. Limnol Oceanogr 25:943-948

Relyea RA (2006) The impact of insecticides and herbicides on the
biodiversity and productivity of aquatic communities. Ecol Appl
16:2027-2034

Reynolds CS (2006) The ecology of phytoplankton. Cambridge
University Press, Cambridge, p 164

Stevenson RJ (1996) An introduction to algal ecology in freshwater
benthic habitats. In: Stevenson RJ, Bothwell ML, Lowe RL (eds)
Algal ecology, freshwater benthic ecosystems. Academic Press,
London, pp 1-30

Strayer DL (2010) Alien species in fresh waters: ecological effects,
interactions with other stressors, and prospects for the future.
Freshw Biol 55(1):152-174

Sylvester F, Dorado J, Boltovskoy D, Juarez A, Cataldo D (2005)
Filtration rates of the invasive pest bivalve Limnoperna fortunei
as a function of size and temperature. Hydrobiologia 534:71-80

Toghe T, Watanabe M, Hoefgen R, Fernie AR (2013) Shikimate and
phenylalanine biosynthesis in the green lineage. Front Plant Sci
4(62):1-12

Townsend CR, Uhlmann SS, Matthaei CD (2008) Individual and
combined responses of stream ecosystems to multiple stressors.
J Appl Ecol 45:1810-1819

Trochine C, Guerrieri M, Liboriussen L, Meerhoff M, Lauridsen T,
Sgndergaard M, Jeppesen E (2011) Filamentous green algae
inhibit phytoplankton with enhanced effects when lakes get
warmer. Freshw Biol 56:541-553

Utermohl H (1958) Zur vervollkommung der quantitativen Phyto-
plankton Methodik. Mitteilungen Internationale Vereinigung fiir
Limnologie 9:1-38

Venrick EL (1978) How many cells to count? In: Sournia A (ed)
Phytoplankton manual. UNESCO, Paris, pp 167-180

Vera MS, Lagomarsino L, Sylvester M, Pérez GL, Rodriguez P,
Mugni H, Sinistro R, Ferraro M, Bonetto C, Zagarese H, Pizarro
H (2010) New evidences of Roundup® (glyphosate formulation)
impact on the periphyton community and the water quality of
freshwater ecosystems. Ecotoxicology 19:710-721

Vera MS, Di Fiori E, Lagomarsino L, Sinistro R, Escaray R, [ummato
MM, Juarez A, Rios MC, Tell G, Pizarro H (2012) Direct and
indirect effects of the glyphosate formulation Glifosato Atanor®
on freshwater microbial communities. Ecotoxicology
21:1805-1816

Vera MS, Juirez AB, Pizarro H (2014) Comparative effects of
technical-grade and a commercial formulation of glyphosate on
the pigment content of periphytic algae. Bull Environ Contam
Toxicol 93(4):399-404

Vereecken H (2005) Mobility and leaching of glyphosate: a review.
Pest Manag Sci 61:1139-1151

Wetzel RG (2001) Limnology, lake and river ecosystems, 3rd edn.
Elsevier Academic Press, New York, p 1006

Zaranyika MF, Nyandoro GM (1993) Degradation of glyphosate in
the aquatic environment: an enzymatic kinetic model that takes
into account microbial degradation of both free and colloidal (or
sediment) particle adsorbed glyphosate. J Agric Food Chem
41:838-884


http://www.unep.org/maweb/en/Condition.aspx
http://www.unep.org/maweb/en/Condition.aspx

	Impact of multiple anthropogenic stressors on freshwater: how do glyphosate and the invasive mussel Limnoperna fortunei affect microbial communities and water quality?
	Abstract
	Introduction
	Materials and methods
	Experimental design
	Glyphosate
	Limnoperna fortunei

	Physical and chemical response parameters
	Biological response parameters
	Phytoplankton
	Bacterioplankton
	Periphyton
	Limnoperna fortunei

	Data analysis

	Results
	Limnoperna fortunei
	Glyphosate dissipation
	Physical and chemical response parameters
	Biological response parameters

	Discussion
	Acknowledgments
	References




