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A B S T R A C T   

Glyphosate-based formulations are the most commonly used herbicides worldwide with the risk of potential 
contamination of aquatic bodies. The present study assessed the response of four marine crustaceans to three 
different brands of herbicides Roundup®Platinum, Efesto® and Taifun® MK CL.T, under two selected temper
atures of 20 ◦C and 30 ◦C. The harpacticoid copepod Tigriopus fulvus, the anostracan Artemia franciscana, the 
amphipod Corophium insidiosum and the isopod Sphaeroma serratum were chosen as testing organisms. Effects of 
herbicides and temperatures were assessed by estimating lethal concentrations. The results showed that the high 
temperature rises the toxicity of glyphosate with an increase of mortality of all the tested species. This is an 
important aspect for future risk assessments of pesticides under global climate change scenarios. Efesto® resulted 
the most toxic brand, showing C. insidiosum the most sensitive with 96 h-LC50 values of 3.25 mg/L acid 
equivalent (a.e.) at 30 ◦C and 7.94 mg/L a.e. at 20 ◦C followed by T. fulvus while A. franciscana and S. serratum 
were the less sensitive. This study provides important information for assessing the toxic effects of three different 
brands of glyphosate-based herbicides on non-target marine organisms suggesting that they should be carefully 
managed to minimize any negative impact on marine organisms.   

1. Introduction 

Glyphosate (N-(phosphonomethyl) glycine) is a compound 
belonging to the chemical group of substituted glycine. It was originally 
developed and patented as a broad-spectrum herbicide. It inhibits the 
enzyme 5-enolpiruvilshikimato-3-phosphate (EPSP) synthase, the key 
enzyme involved in aromatic aminoacid synthesis in plants and many 
microorganisms (Cerdeira and Duke, 2006). Currently, it is approved in 
the EU, but the approval must be periodically reviewed being an active 
substance. The current approval of glyphosate expires on December 
2022, so the renewal process has started in December 2019, i.e. 3 years 
before the deadline. Actually, glyphosate-based herbicides (GBH) are 
used in agriculture and horticulture primarily to control weeds that 
compete with cultivated crops. They are generally applied before sowing 
and as a pre-harvest drying treatment to speed up and standardize the 
ripening process (Carvalho, 2006, 2017). 

In countries where genetically modified (GM) crops glyphosate- 
resistant (GR) are cultivated, the use of glyphosate has risen 

considerably. It can be considered one of the most used herbicides and 
its use has increased more than 12 times from 67 million kg in 1995 up 
to 826 million kg in 2014 (Benbrook, 2016), resulting the most widely 
herbicides used around the world for weeds control in both agricultural 
and non-agricultural settings (i.e. forestry, municipalities and private 
gardens). 

Considering the great number of GR crops that are authorized 
worldwide, it is expected an increase of glyphosate use up to approxi
mately 1000 million kg in 2023 (Mertens et al., 2018). 

When debating about the toxicity of pesticides there is a tendency to 
focus on the effects of the active ingredients, but this might underesti
mate the potential toxicity of the wide variety of GBH commercial for
mulations currently available. Indeed, in commercial formulations the 
glyphosate is not present alone but in combination with other additives 
(i.e. surfactants and co-formulants). Co-formulants and surfactants are 
added to improve the efficacy by increasing herbicide adhesion to the 
leaf surface, as well as favoring transport across the waxy cuticle 
membrane to reach the action site. This fact makes the GBH toxic to 
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animals as showed by several studies (Giesy et al., 2000; Tsui and Chu, 
2003; Edginton et al., 2004; Costa et al., 2008; Contaro-Jara et al., 2009; 
Lushchak et al., 2009; Modesto and Martinez, 2010; Cuhra et al., 2013). 
Each formulation reports the concentration of glyphosate but often the 
identity of the co-formulants is not shown on the label, remaining secret 
proprietary of the company (Howe et al., 2004). 

Because of their overuse, GBH constitutes a substantial source of 
contamination for aquatic ecosystems adjacent to intensive agricultural 
areas, where they can enter through spray drift or direct overspray ap
plications or by runoff or leaching from terrestrial applications raising 
serious concerns (Abrantes et al., 2009). Measured concentrations of 
GBH in surface freshwater ranged from 2.7 to 10.3 mg acid equivalent 
(a.e.)/L (Ronco et al., 2008; Córdova López et al., 2019), while in 
seawater up to 1690 ng/L in the Western Pacific (Wang et al., 2016), and 
13–1377 µg/L in the Baltic Sea (Skeff et al., 2015). Several studies on 
GBH effects were carried out in freshwater ecosystem but still little in
formation is available about marine organisms (Zaller et al., 2014). 

In the ecotoxicological context there is a growing concern due to 
climatic changes (Moe et al., 2013). One of the most relevant factors 
promoting global climate change is the increase of the temperature 
(IPCC, 2014; Cuco et al., 2016). Temperature is a critical factor for many 
marine organisms inhabiting coastal shallow waters and estuaries, 
because it can affect physiological and biochemical processes (Kinne, 
1963). Generally, as temperature increases, the rate of metabolic pro
cesses increases consequently resulting in enhanced uptake rates of 
several substances including pesticides (Wilson and Parker, 1996; Prato 
et al., 2009). To date, there is limited knowledge on how the interaction 
of temperature and pesticide exposure will affect aquatic ecosystems 
(Cuco et al., 2016). 

Marine invertebrates are ectothermic organisms, so temperature is a 
key factor for all its life biological functions (i.e. growth, reproduction 
and survival). 

Crustaceans are extensively used in ecotoxicological tests because of 
their ecological relevance and even because they are easy to maintain 
under laboratory conditions all the year round (Sanchez-Fortùn et al., 
1995; Nunes et al., 2006; Garaventa et al., 2010; Piazza et al., 2012). 

In this study, four different species of marine crustaceans were used 
as target species: nauplii (24 h) of the anostracod Artemia franciscana 
and of the harparticoid Tigriopus fulvus and juveniles (2–4 mm) of 
amphipod Corophium insidiosum and the isopod Sphaeroma serratum. 
Since these crustaceans live in sand, on the rocky substrate or among 
algae in shallow water of coastal areas, they can be easily exposed to 
agrochemicals removed by runoff (Córdova López et al., 2019; Matozzo 
et al., 2020). The brine shrimp, A. franciscana, is considered a common 
model organism in acute bioassays for toxicity assessments (Manfra 
et al., 2015; Libralato et al., 2016). Copepods, as the harpacticoid 
T. fulvus, are widely distributed in the Mediterranean Sea and has been 
successfully used in ecotoxicological studies and ecological risk assess
ments (Faraponova et al., 2005, 2007, 2016; Manfra et al., 2010; 
Mariani et al., 2006; Prato et al., 2012, 2013, 2015; Tornambè et al., 
2012), due to the ease of use, cost-effectiveness of tests, good sensitivity 
to different toxicants and reproducibility of tests (Faraponova et al., 
2005). 

As regards amphipods and isopods, several species are successfully 
used in whole-sediment toxicity evaluation, because they represent one 
of the most sensitive taxa among benthic animals, abundant and 
ecologically important component of soft-bottom estuarine and marine 
benthic communities. In particular, C. insidiosum was selected, because 
previous studies suggested their tolerance to non-contaminant variables 
(biotic and abiotic) and sensitivity to toxicants (Annicchiarico et al., 
2007; Prato and Biandolino, 2006; Prato et al., 2009, 2012, 2015). 
Sphaeroma serratum are considered suitable species for aquatic 
bio-monitoring, responds to many pollutants, easy to culture and has 
short life cycle (Lee and Bang, 2000). 

These crustaceans occupy an important position in the food chain, 
providing a major source of food for predatory fish and other 

invertebrates (Marsden and Rainbow, 2004; Prato et al., 2006). 
Temperature is an important controlling factor that can affect the 

physiology of organisms, as well as the toxicity of contaminants. How
ever, while several studies showed either glyphosate-based herbicides or 
temperature separately affect the survival of the organisms, very little is 
known on possible effects of the interaction of the two. 

Because traditional pesticide risk assessments are based on tests 
conducted at one standard temperature, they have a limited relevance in 
more realistic risk assessments, especially those taking into consider
ation climate change scenarios. 

This study evaluated the potential harmful effects of three GBH 
commercial brands in short-term laboratory experiments. The main 
novelty of the present study is relate to (i) new toxicity data of three 
brands of commercial glyphosate on four marine crustaceans; (i) 
investigation of two temperatures on GBHs effects in controlled labo
ratory conditions. 

2. Materials and methods 

2.1. Glyphosate and test solutions 

Three glyphosate formulations have been considered: Round
up®Platinum, Efesto® and Taifun® MK CL purchased in the garden 
centers. Roundup®Platinum contained 480 g/L a.e. glyphosate (potas
sium salt, 43.8%) and other ingredients (56.2%). Efesto® and Taifun® 
MK CL contained 360 g/L a.e. glyphosate (isopropylamine salt, 41%) 
and other ingredients (59%). 

Individual stock solutions of the three commercial glyphosate were 
prepared in deionized water and stored in the dark at 4 ◦C. Test sus
pensions were prepared from stock solutions immediately prior the use 
in toxicity tests using 0.22 µm and 0.45 µm-filtered natural sea water 
(FNSW) (8.2 ± 0.1 pH, 8.0 ± 0.1 mg/L dissolved oxygen and 36‰ 
salinity). 

The concentrations used for each trial were calculated using the 
concentration (g/L) stated on the product’s label. Nominal glyphosate 
concentrations in experimental solutions were verified using high- 
performance liquid chromatography (HPLC) (1100 system, Agilent 
Technologies, Santa Clara, CA, USA) equipped with a diode array de
tector and an auto-sampler. A reversed phase with a C18 column (5 µm, 
4.6 mm internal diameter, and 250 mm length) and a mobile phase 
made up of 10% acetonitrile (vol/vol) and 90% water were used. The 
flow rate was 1.0 mL/min and the injection volume was 10 μL. Under 
these analytical conditions, the detection limit and recovery were 
0.08–1 μg/L and 90–111%, respectively (Table 1). 

2.2. Ecotoxicity tests 

The median lethal concentration (LC50) of the GBH formulations to 
the selected marine crustaceans were determined during a 6 months 
period between January 2019 and June 2019. Toxicity tests were chosen 
to assess lethal toxicity on four consumer species belonging to different 
trophic levels: A. franciscana, T. fulvus, C. insidiosum and S. serratum 
(Table 2). Tests were conducted at two temperatures (20 ◦C and 30 ◦C) 
and repeated three times with three replicates each. The exposure 
temperatures were kept according to temperature-controlled incubators 
(±0.5 ◦C) according to their range recorded in the central Mediterranean 
Sea where their wild populations live. Screening tests were carried out 
with reference toxicants under standard conditions according to the 
relative protocols for each species (Table 2). to verify their relative 
sensitivity. 

2.3. Experimental materials 

Certified dehydrated cysts of A. franciscana were purchased from the 
Laboratory for Biological Research in Aquatic Pollution, University of 
Ghent (Belgium). Artemia nauplii of less than 48 h old (Instar II or III) 
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Table 1 
Glyphosate concentrations measured in water (mg/L, mean ± SD).  

EFESTO TAIFUN ROUNDUP 

20 ◦C 30 ◦C 20 ◦C 30 ◦C 20 ◦C 30 ◦C 

Nominal 
concentrations 
(mg/L) 

Measured 
concentrations 
(mg/L) 

Nominal 
concentrations 
(mg/L) 

Measured 
concentrations 
(mg/L) 

Nominal 
concentrations 
(mg/L) 

Measured 
concentrations 
(mg/L) 

Nominal 
concentrations 
(mg/L) 

Measured 
concentrations 
(mg/L) 

Nominal 
concentrations 
(mg/L) 

Measured 
concentrations 
(mg/L) 

Nominal 
concentrations 
(mg/L) 

Measured 
concentrations 
(mg/L) 

Tigriopus fulvus 
20 ◦C 30 ◦C 20 ◦C 30 ◦C 20 ◦C 30 ◦C 
4 3.9 ± 0.3 2 1.8 ± 0.05 25 24.5 ± 0.2 25 24.5 ± 0.2 60 58.7 ± 5.8 60 58.7 ± 5.8 
6 6.1 ± 0.2 4 3.9 ± 0.3 50 52.5 ± 4.3 50 52.5 ± 4.3 100 108.0 ± 3.1 100 108.0 ± 3.1 
8 7.8 ± 0.4 6 6.1 ± 0.2 75 74.5 ± 1.8 75 74.5 ± 1.8 140 147.6 ± 9.7 140 147.6 ± 9.7 
10 10.2 ± 0.3 8 7.8 ± 0.4 100 111.5 ± 12.5 100 111.5 ± 12.5 180 185.5 ± 9.4 180 185.5 ± 9.4 
12 12.7 ± 1.2 10 10.2 ± 0.3 125 124.3 ± 8.7 125 124.3 ± 8.7 220 227.0 ± 9.5 220 227.0 ± 9.5 
Artemia franciscana 
100 97.6 ± 4.2 100 97.6 ± 4.2 80 77.5 ± 4.5 80 77.5 ± 4.5 100 102.3 ± 7.5 100 102.3 ± 7.5 
300 295.5 ± 3.8 300 295.5 ± 3.8 120 117.5 ± 7.2 100 105.5 ± 2.5 300 289.5 ± 6.2 300 289.5 ± 6.2 
500 507.7 ± 1.6 500 507.7 ± 1.6 160 168.5 ± 4.4 120 117.5 ± 7.2 500 479.3 ± 8.5 500 479.3 ± 8.5 
700 710.5 ± 6.8 700 710.5 ± 6.8 200 185.2 ± 5.7 140 147.4 ± 2.8 700 714.8 ± 10.5 700 714.8 ± 10.5 
900 895.7 ± 7.7 900 895.7 ± 7.7 240 244.7 ± 6.0 160 168.5 ± 4.4 900 922.3 ± 18.8 900 922.3 ± 18.8 
Corophium insidiosum 
2 1.8 ± 0.05 1 0.8 ± 0.05 30 27 ± 4.5 7.5 8.12 ± 0.3 50 50.6 ± 2.2 25 24.5 ± 0.2 
4 3.9 ± 0.3 2 1.9 ± 0.3 60 61.0 ± 2.2 15 14.6 ± 0.5 100 108.0 ± 3.1 50 50.6 ± 2.2 
8 7.8 ± 0.4 4 3.9 ± 0.3 90 92.3 ± 0.5 30 27.2 ± 4.5 150 146.8 ± 2.6 75 77.0 ± 1.5 
16 16.5 ± 0.6 8 7.8 ± 0.4 120 119 ± 2.3 60 61.0 ± 2.2 200 185.0 ± 5.7 100 108.0 ± 3.1 
32 29.5 ± 1.2 16 16.5 ± 0.6 150 152.3 ± 4.1 120 119.0 ± 2.3 250 250.5 ± 1.8 125 123.7 ± 5.5 
Sphaeroma serratum 
100 105.0 ± 2.5 25 24.5 ± 0.2 100 111.5 ± 12.5 50 52.5 ± 4.3 100 102.3 ± 7.5 100 102.3 ± 7.5 
200 185.2 ± 5.7 50 52.5 ± 4.3 150 152.3 ± 4.1 100 111.5 ± 12.5 300 289.5 ± 6.2 300 289.5 ± 6.2 
300 288.0 ± 7.4 75 67.7 ± 2.5 200 185 ± 5.7 150 152.3 ± 4.1 500 479.3 ± 8.5 500 479.3 ± 8.5 
400 410.5 ± 9.5 100 105 ± 2.5 250 248. 7 ± 8.0 200 185.0 ± 5.7 700 714.8 ± 10.5 700 714.8 ± 10.5 
500 516.8 ± 15.5 125 122.5 ± 1.4 300 288.0 ± 7.4 250 248. 7 ± 8.0 900 922.3 ± 18.8 900 922.3 ± 18.8  
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were obtained from newly hatched eggs according to Manfra et al. 
(2015). Adults of the harpacticoid copepod T. fulvus, collected in coastal 
microenvironments of the Ligurian Sea, have been kept in laboratory 
acclimatized culture for several generations; nauplii (< 24 h-old) were 
obtained according to ISO/FDSI 14669 (1999) and Faraponova et al. 
(2005). 

The amphipod C. insidiosum and the isopod S. serratum were collected 
in sediment and on macroalgae, from an unpolluted area of the Mar 
Piccolo of Taranto (Ionian Sea) using a 0.5 mm sieve. Organisms were 
stored in polyethylene buckets containing seawater, immediately 
transported to the laboratory and placed in aerated glass containers with 
their native sediment. Experimental organisms were acclimated for 3–4 
days before the beginning of toxicity tests. 

2.4. Test procedures 

Nauplii of A. franciscana and T. fulvus and young adult of 
C. insidiosum and S. serratum were exposed to increasing concentrations 
of the three selected commercial GBH and two experimental tempera
tures (20 ◦C and 30 ◦C) in static non-renewal condition. Prior to the 
definitive test, preliminary screening with a wide concentration series 
was carried out to determine the definitive exposure ranges to test the 
herbicide. The main procedural aspects, including concentrations and 
references to protocols for all toxicity tests, are provided in Tables 1 and 
2. 

Tests with A. franciscana and T. fulvus were performed in multi-well 
plates (24 and 12 wells, respectively) containing 1 mL and 3 mL of test 
solution, respectively. Ten nauplii were randomly transferred to each 
well/replicate using a pipette. After the exposure period (96 h for 
T. fulvus and 48 h for A. franciscana) larvae that do not move any 
appendage after gentle mechanical stimulation for approximately 
10–20 s were considered dead. Because of the short duration of the test, 
no food and no aeration were supplied during the experiments. 

Tests were rejected when the control mortality exceeded 10%. 
For amphipods and isopods, twenty young-adults (2–4 mm) were 

selected randomly and allocated in 1 L beakers containing 700 mL of test 
solutions. The exposure time of the organisms to each glyphosate 
formulation was 96 h. Animals were not fed throughout the experiment. 
At the end of the test, the survivors were counted. Organisms with no 
response at all were considered dead. Apparently dead individuals were 

considered living if movement was exhibited after gentle stimulation. 
Missing animals were assumed to be dead. Tests were rejected when the 
control mortality exceeded 15%. 

All toxicity tests consisted of five concentrations, plus one control 
with three replicates per treatment. The negative control and dilution 
water used in the experiments consisted of natural seawater collected in 
an unpolluted area and filtered through GF/C Wathman filters with 0.22 
µm and 0.45 µm porosity depending on the test species (Table 2). Pos
itive controls (reference toxicant) were performed to determine the 
sensitivity of the testing organisms over time. 

2.5. Data analysis 

Data were presented as mean percentage of effect and the relative 
standard deviation (S.D.), Data were analyzed for normality and vari
ance homogeneity through Kolmogorov–Smirnov and Bartlett’s tests, 
respectively. When either assumption was met, data were examined by 
analysis of variance (one-way ANOVA) to find significant variations (p 
< 0.05) among treatments. When requirements for normality and ho
mogeneity were not met, the non-parametric Kruskal–Wallis test on 
ranks was applied (p ≤ 0.05). 

Differences of toxicity were tested using three-way ANOVA, with 
factor Temperature (fixed, two levels and orthogonal), factor Toxicants 
(fixed, three levels and orthogonal) and factor species (fixed, five levels 
and orthogonal). When factors or interactions among factors were found 
to be statistically significant (p-value < 0.05), post-hoc comparisons 
were performed using the Student–Newman–Keuls (SNK) tests (Under
wood, 1997). Statistical tests were performed using the GMAV5 software 
package (University of Sydney, Australia). 

The LC50 values and 95% confidence limits after 48 h exposure were 
calculated using the Spearman-Karber method (USEPA, 1994 - ToxStat 
software package). A smooth function was used to fit dose-response 
curves with KaleidaGraph 4.5.4 program. 

3. Results and discussion 

The results obtained showed that the mean mortality in all concen
tration groups, for all crustacean species, exposed to the three GBH 
formulations was significantly higher than the control treatments that 
showed a survival rate > 98%. All toxicity tests negative controls were in 

Table 2 
Summary of the test conditions utilized for the four selected testing species.  

Species T. fulvus A. franciscana C. insidiosum S. serratum 

Test type Static Static Static Static 
Stage of 

development 
Nauplii (I-II) Nauplii (II-III) Juveniles (2–4 mm) Juveniles (2–4 mm) 

Test chambers 12-well plates 24-well plates Glass beakers Glass beakers 
Luminosity 500–1200 lx cool light 0 500–1200 lx cool light 500–1200 lx cool light 
Light/dark 

photoperiod 
16 h:8 h Absent 16 h:8 h 16 h:8 h 

Dilution water Filtered sea water (0.22 µm) Filtered sea water (0.22 µm) Filtered sea water (0.45 µm) Filtered sea water (0.45 µm) 
Salinity ‰ 38 ± 2 35 ± 1 36 ± 2 36 ± 2 
Temperature 20− 30 ± 0.5 ◦C 20− 30 ± 0.5 ◦C 20− 30 ± 0.5 ◦C 20− 30 ± 0.5 ◦C 
pH 8 ± 0.5 8 ± 0.5 8 ± 0.5 8 ± 0.5 
Aeration Absent Absent Present Present 
Reference toxicant CuSO4⋅5H2 O CuSO4⋅5H2 O CdCl2 CdCl2 

Concentrations of 
Ref. Tox. 

0.03–0.06–0.12–0.25–0.5 (Cu mg/ 
L) 

1.0–2.0–4.0–8.0–16.0 mg/L 0.4–0.8–1.6.3.2–6.4 (Cd mg/L) 0.8–1.6.3.2–6.4–12.8 (Cd mg/L) 

Testing volume 3 mL 1 mL 700 mL 700 mL 
Bioassay duration 96 h 48 h 96 h 96 h 
N◦ organisms/ 

replicate 
10 10 20 20 

N◦ replicates 3 3 3 3 
N◦ run 3 3 3 3 
End-point (LC50) Mortality rate Mortality rate Mortality rate Mortality rate 
Validity criteria Control mortality ≤ 10% Control mortality ≤ 10% Control mortality ≤ 15% Control mortality ≤ 15% 
Reference protocols ISO/FDSI 14669 (1999), 

Faraponova et al. (2016) 
Artoxkit Manfra et al. 
(2014, 2015) 

American Society for Testing and 
Materials (1993), USEPA (1994) 

American Society for Testing and 
Materials (1993), USEPA (1994)  
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line according to OECD, Organization for Economic Cooperation and 
Development (2004). Positive controls results were within the range of 
previously reported values for the testing species (Prato et al., 2012; 
Annicchiarico et al., 2007; Manfra et al., 2015). 

In all exposure scenarios, mortality showed a concentration-response 
relationship reaching about 100% effect at the highest exposure con
centrations (Figs. 1 and 2). The Efesto® treatment showed that, already 
with 4 mg/L at 20 ◦C and 2 mg/L at 30 ◦C, the mortality rate of 
C. insidiosum was significantly different from the control (p < 0.05), 
similarly T. fulvus showed a mortality percentage significantly higher 
than the control with 4 mg/L at 20 ◦C and 30 ◦C (p < 0.05). While with 
Taifun® and Roundup® treatments significant mortality differences 
from the control at very high concentrations in all tested species were 
observed (Figs. 1 and 2). 

The obtained LC50 values are shown in Table 3. The LC50 for each 
glyphosate formulation at both tested temperatures showed that juve
niles of C. insidiosum and nauplii of T. fulvus were significantly more 
sensitive than the other species (Figs. 3 and 4), therefore the different 
life stage did not affect the sensitivity of species. For all species, Efesto® 
exhibited a toxicity greater or equal than the other GBH formulations at 
both temperatures (p < 0.05). In particular, for C. insidiosum and 
T. fulvus, the Efesto® has a toxicity that is about 7 times greater than 
Taifun and this latter showed a toxicity almost double than Roundup®. 

S. serratum showed a low dead number at very high Roundup® con
centrations, similarly A. franciscana exhibited a high number of survivor 
at very high Efesto® and Roundup® concentrations (Fig. 3), for all these 
tests, infact, LC50 resulted > 500 mg/L (Table 3, Fig. 3). 

High temperature increased the sensitivity of all tested species. The 
lowest LC50 was shown by C. insidiosum exposed to Efesto® at 30 ◦C 
(3.25 ± 0.15 mg/L; CV = 4.7%) (Table 3). For T. fulvus, C. insidiosum 
and S. serratum, the acute exposure to Roundup resulted in LC50 values 
higher than Taifun® and Efesto® at both temperature (p < 0.05). Only 
for A. franciscana, Roundup® and Efesto® showed similar toxicity at 
both temperatures (p > 0.05) (Fig. 4). 

The results of the three-way ANOVA showed that all three tested 
factors, i.e. toxicants (glyphosate formulations), temperature and spe
cies, individually affect the LC50 values (p < 0.05). Similarly, a signif
icant two-way interaction occurred between the factors (p < 0.05) 
(Table 4). 

Glyphosate is a persistent compound in marine and freshwater sed
iments that tend to be adsorbed by the suspended particulate matter and 
bottom sediments in aquatic ecosystems (Major et al., 2003; Widenfalk 
et al., 2008). So, invertebrates living in water bodies located near or 
around the agricultural areas may represent an ecological risk, indirectly 
affecting the trophic dynamics of the water bodies. 

In light of these statements, it is important to have a correct view of 

Fig. 1. Dose-response curves (fitted by Smooth function with a logaritmic scale) based on the mean (±S.D.) mortality rates of C. insidiosum and S. serratum exposed to 
all glyphosate formulations tested and at the two temperature scenarios (20 and 30 ◦C). Asterisks indicate the lowest concentrations which shows significant dif
ferences with the controls. 
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how temperature can interact with contaminants to correctly assess the 
risks of contaminants in the environment. 

The intentions of this study were to highlight both the impact of 
different commercial brands of GBH on marine crustaceans and the 
additional impact that a change of temperature can exert in concert with 
a pollutant. The joint effect of increasing temperature and toxic effects of 
pesticides on aquatic organisms is important to understand and predict, 

as the combination of stressors might be more noxious when compared 
to their individual effects (Barnett et al., 2005; Schiedek et al., 2007). 

Temperature-dependent chemical toxicity studies evaluating the 
influence of temperature on toxicity of pesticides show that toxicity 
varies depending on the chemical, species, and life-stage tested (Weston 
et al., 2009; Seeland et al., 2013), but few studies have been carried out 
to identify the potential risk for marine organisms. In a previous study, 

Fig. 2. Dose-response curves (fitted by a Smooth function with a logaritmic scale) based on the mean (±S.D.) mortality rates of T. fulvus and A. franciscana exposed to 
all glyphosate formulations tested and at the two temperature scenarios (20 and 30 ◦C). Asterisks indicate the lowest concentrations which shows significant dif
ferences with the controls. 

Table 3 
The mean (±s.d.) LC50 values mg/L of the tested organisms to the three herbicides at the two temperature.   

EFESTO TAIFUN ROUNDUP  

20 ◦C 30 ◦C 20 ◦C 30 ◦C 20 ◦C 30 ◦C 

Test species LC50 CV % LC50 CV% LC50 CV% LC50 CV% LC50 CV% LC50 CV% 

T. fulvus 7.40 ± 0.6 8.5 6.57 ± 0.9 14.6  69.70 ± 10.6  15.2  51.20 ± 2.02  4.0 151.56 ± 20.1 13.2 122.96 ± 11.2 9.1 
A. franciscana > 500 – > 500 –  155.26 ± 12.6  8.1  126.57 ± 7.66  6.0 > 500 – > 500 – 
C. insidiosum 7.94 ± 0.5 6.1 3.25 ± 0.1 4.7  59.04 ± 4.9  8.3  29.49 ± 1.47  5.0 111.17 ± 17.5 15.7 53.12 ± 6.87 13.0 
S. serratum 224.70 ± 39.7 17.7 54.82 ± 6.5 12.0  195.63 ± 37.9  19.3  101.0 ± 16.51  16.3 > 500 – > 500 –  
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Amid et al. (2018) evaluated the combined effects of glyphosate and 
increased temperature to the tropical staghorn coral Acropora formosa, 
the results had been evidenced a significant effect on loss of color and 
also on chlorophyll a content, mainly at the joint effect of high tem
peratures and glyphosate levels. 

Marked evidences showed that temperature modifies the physiology 

and ecology of aquatic organisms, e.g. high temperature increases the 
rate of uptake of pollutants via changes in ventilation rate, in response to 
an increased metabolic rate and decrease in oxygen solubility (Kennedy 
and Walsh, 1997). Previous studies reported LC50 values obtained for 
Roundup® formulations of 1.5 mg/L a.e. for the amphipod Hyalella 
azteca and 1.77 mg/L a.e. for the calanoid Acartia tonsa, 3.7–10.6 mg/L 

Fig. 3. Mean and standard deviation of LC50 (mg/L) determined by Efesto®, Taifun® and Roundup® for each tested species at 20◦ and 30 ◦C. For each species, data 
with different superscript letters significantly differ (p < 0.05) among glyphosate-based formulations tested. 
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Fig. 4. Comparison of mean (±S.D.)LC50 (mg/L) at 20 ◦C and 30 ◦C determined by Efesto®, Taifun® and Roundup® for each tested species. For each species, data 
with different superscript letters significantly differ (p < 0.05) between temperatures tested. 
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a.e. for the cladoceran Daphnia magna to 62.0 mg/L a.e.for the 
amphipod Gammarus pseudolimnaeus, 81.5 mg/L a.e. for the cladoceran 
Ceriodaphnia dubia and 251.5 mg/L a.e. to freshwater midge C. xanthus 
(Folmar et al., 1979; Tsui and Chu, 2003; Cuhra et al., 2013; 
Ferreira-Junior et al., 2017). 

It should be emphasized that, even though showing different toxic
ities, the GBHs used in this study reported in the labels the same 
composition of the active ingredient (glyphosate) without specifying 
which were the other ingredients. This is an important issue since the 
greater toxicity of commercial products depends by the presence of 
glyphosate with surfactants or co-formulants. Formulations vary be
tween different brands and between different countries. These are 
cocktails of chemicals composed by glyphosate as active principle 
(36–48%), water, salts, and co-formulants such as polyoxyethylene 
tallow amine (POEA). Formulations with POEA are relatively toxic 
compared to other formulations (Mesnage et al., 2013; Mesnage and 
Antoniou, 2018). For example, formulations with POEA were more toxic 
to A. salina and Danio rerio than formulations without POEA at both 
360 g glyphosate a.e. /L water (Rodrigues et al., 2017). However, 
experimentation on health effects of co-formulants by independent en
tities has been quite limited due to the proprietary nature of these 
chemicals (Diamond and Durkin, 1997; Durkin, 2011). 

Glyphosate is never used without co-formulants, which allow and 
enhance its herbicidal activity by promoting its toxicity. However, co- 
formulants are considered and declared as inert diluents because they 
are not considered to be directly responsible for the toxic effects to non- 
target species, even though Mesnage and Antoniou (2018) stated that 
the classification as inert or active has no scientific basis. The lack of 
consistency in reporting the exact formula used and the relative pro
portion of individual constituents can lead to incorrect herbicide ap
plications and to an over or underestimation of toxicity. With large 
differences in toxicity between the individual formulations, it is essential 
to include the full name and description of the product concerned on the 
labels. 

Also, the literature is quite heterogeneous because not all authors 
clearly indicate which GBH formulation have used (Chan et al., 2007; 
Hokanson et al., 2007; Sivikova and Dianovsky, 2006; Mesnage et al., 
2015), confusing the products or the co-formulants (Contaro-Jara et al., 
2009; Gehin et al., 2005). Glyphosate is often written for “Roundup” 
(George et al., 2010; Cavusoglu et al., 2011), or “Roundup (glyphosate)” 
is written as if Roundup were equivalent to glyphosate alone (Sta
chowski-Haberkorn et al., 2008). Thus, it is not even clear if the authors 
are assessing glyphosate or its formulations. The median lethal doses 
vary considerably for different formulations, especially compared to the 
surfactants (Diamond and Durkin, 1997; Durkin, 2011). 

Overall, data generated from this study provide important new in
formation for assessing the toxic effects of different brands of 
glyphosate-based herbicides on non-target marine organisms under two 
temperatures. It was highlighted that Efesto® causes higher toxicity 
than Taifun® and Roundup®. 

4. Conclusions 

This study demonstrated that increasing temperature can result in 
increased toxicity for all glyphosate formulations being of extreme 
importance in a climate change scenario. The health risk assessment of 
pesticides in the European Union and in the United States focuses almost 
exclusively on the stated active principle, ignoring co-formulants that 
can be toxic ton non-target marine species. 

Urgent actions must be taken to characterize the presence of co- 
formulants as well as their ecotoxicological properties. The labels of 
commercialized products must be fully transparent stating the exact list 
of ingredients present. 

Although information concerning the levels of glyphosate in the 
marine environment is limited, our results clearly indicated that this 
substance can cause undesirable effects on marine organisms at different 
trophic levels even though acute toxicity tests (few hours or few days) 
indicate that glyphosate and its commercial formulations can be lethal at 
high concentrations being not environmentally realistic (apart relevant 
spill out or industrial accident). 

Further research is needed investigating long-term low-concentra
tion chronic exposure, comparing commercial formulations with their 
active principle to measure adverse outcomes stemming from the co- 
formulants. It is also necessary to focus knowledge and the consequent 
uncertainties in risk assessment related to the toxicity of chemical 
mixtures, including co-formulants. 
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