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ARTICLE INFO ABSTRACT

Keywords: Groundwater bodies are impacted by substances such as pesticides and N-fertilizers, which usually occur in the
Imazamox environment as complex mixtures rather than isolated pollutants. The threat that these mixtures pose to
Ammonia groundwater-dwelling organisms is still poorly understood. The aims of the present study were to test the acute
Mixture effect of a binary mixture of a herbicide (Imazamox) and NH,™ on epigean (Eucyclops serrulatus) and hypogean
g:gsﬁzifater (Diacyclops belgicus) freshwater copepod species. In addition, to evaluate if the effect of the mixture can be
Stygofauna explained by referencing non-interaction models or by more complex interaction models; and the implications

for groundwater risk assessment. Compared with the action of the compounds evaluated separately, the effects of
Imazamox and NH,* in the binary mixture were more than additive or synergistic for both species. MixTox
models evidenced a dose ratio and dose level deviations from concentration addition and independent action
traditional models. The hypogean species was three times more sensitive to NH, " that the epigean species when
assayed as a single chemical. However, D. belgicus was only 1.13 times more sensitive than E. serrulatus when
NH,* was assayed in the mixture. The use of an integrated approach for substances that are known to interact in

groundwater, should include copepods species as test organisms.

1. Introduction

Chemical pollution represents a threat to aquatic ecosystems, which
poses a risk to aquatic organisms and human health (Malaj et al., 2014).
According to WATERBASE, the European Environmental Agency data-
base of EU fresh- and marine water bodies (www-eea.europa.eu/data-
and-maps/data/waterbase-transitional-coastal-and-marine-waters-8),
34% of EU groundwater monitoring sites demonstrated ionized am-
monia (NH, ") concentrations exceeding quality standards in the period
2000-2011 (EPA, 2010). Although the NH4* concentration has been
decreasing in EU surface water bodies in the last decades, it still re-
mains higher than the natural level in several groundwater bodies as a
result of agricultural treatments, such as crop fertilization by ammonia-
N (NH,* + NHs) compounds (EEA, 2010, 2015). Pesticides, in asso-
ciation with N-fertilizers, have also been widely detected in surface and
groundwater bodies at concentrations exceeding the current EU quality
standard (0.1 ug/L; EEA, 2015). The Water Framework Directive (WFD,
2000/60/EC) requires setting environmental quality standards (EQSs)
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for substances of EU-wide concern (such as pesticides) and threshold
values (TVs) for substances of national or local concern (such as NH4 ).
TVs are set by each Member State (EC, 2014a). According to Annex V,
point 1.4.3 of the WFD, a waterbody is in good chemical status when
the concentrations of pollutants, both as individual compounds and as
compounds in mixtures, comply with the relative EQSs and TVs (EC,
2014b).

The Guidance Document n. 27 (TGD) is the official EU technical
document for deriving both EQSs and TVs (EC, 2011). TGD highlights
the importance of ecotoxicological data in this process (EC, 2011). The
base set of taxa that TGD suggests using consists of algae and/or mac-
rophytes, the cladoceran Daphnia and fish (EC, 2011). However, none of
these taxa dwell in groundwater habitats (Gibert et al., 1994). For many
years, several researchers have warned about using surface water spe-
cies to infer the sensitivity of groundwater taxa due to relevant differ-
ences in their metabolism (Hose, 2007; Avramov et al., 2013; Di
Lorenzo et al., 2014, 2015c). TGD also highlights the importance of
deriving EQSs and TVs for mixtures of substances (EC, 2011). In
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general, contaminants do not occur as isolated substances in ground-
water but rather as complex mixtures. As scientific evidence indicates
that the toxicity of a mixture of chemicals can be different from that of
the individual compounds as a result of antagonistic or synergistic ef-
fects, EQSs and TVs for mixtures are necessary.

The objectives of the present study were: (i) to test the acute effect
of a binary mixture (MIX) of a herbicide (Imazamox) and NH," on
epigean and hypogean freshwater copepod species belonging to the
same family (i.e., with a relatively close phylogenetic relationship); (ii)
to determine if the effect detected in the MIX bioassay can be explained
by reference non-interaction models, such as a concentration addition
(CA) or an independent action (IA) model, or by more complex inter-
action models, such as those in which the two chemicals have sy-
nergistic or antagonistic effects; (iii) to discuss the implications for
groundwater risk assessment.

We selected the copepod taxon because, with more than 1100 spe-
cies living in groundwater, it is by far the most abundant and species-
rich group in groundwater and associated ecosystems (Galassi, 2001).
For the purposes of this study, we selected two Cyclopoida, Cyclopidae
species, the hypogean Diacyclops belgicus and the epigean Eucyclops
serrulatus.

Finally, we investigated the effect of the binary MIX of NH,*, dosed
by ammonium nitrate, and the herbicide Imazamox, for the following
reasons: 1) EU intensive cereal agriculture is known to be associated
with a high use of N-fertilizers in the forms of ammonium nitrate and
urea (Erisman et al., 2007), as well as herbicides such as Imazamox
(ARPAP, 2014); 2) albeit NH,™ is in equilibrium with NH; in water
depending on pH and temperature, NH, " only is listed in the Annex II
Part B of the Groundwater Daughter Directive - GDD — 2006/118/EC
as a pollutant for which the Member States have to consider estab-
lishing TVs in accordance with the Article 3 of the GDD; 3) Imazamox
application to wheat requires the addition of N-fertilizers, such as urea
and ammonium nitrate (Geier and Stahlman, 2009); also the increased
use of Clearfield® technology, which is based on the use of both the
herbicide imazamox and resistant (IMI-R) sunflower, wheat, oilseed
rape and rice hybrids, resulting in an increased IMA application (http://
agronotizie.imagelinenetwork.com/materiali/Varie/File/
syngenta2013/syngenta-girasole2-013.pdf) 4) information from en-
vironmental fate studies indicates that Imazamox does not persist in
shallow surface waters, but the groundwater ubiquity score (GUS)
index for imazamox suggests it poses a leaching risk (Milan et al., 2017)
and could persist in environment with low oxygen concentrations
(EFSA, 2016); and 5) gaps in the ecotoxicological data concerning the
risk posed to aquatic organisms by Imazamox have been recently
identified (EFSA, 2016). For these reasons, the environmental fate of
imazamox deserves investigation, especially given that its use is likely
to keep growing into the future (Milan et al., 2017).

2. Materials and methods
2.1. Test chemicals, test organisms and culture conditions

The experiments were carried out with a binary MIX of NH, ", dosed
by ammonium nitrate (pure crystalline solid, CAS No. 6484-52-2) and
the herbicide Imazamox (commercial formulation 3.7%, Beyond, BASF,
Italy, CAS No. 114311-32-9). NH,* concentrations were measured at
the beginning and the end of the tests by Hach method #8038, adapted
from Standard Methods for the Examination of Water and Wastewater
4500-NH3 B-C, using a DR3900 Hach spectrophotometer. The limit of
detection was 20 ug/L. Imazamox is highly stable in water, at least
within the assayed time period (USEPA, 2008). However, the nominal
concentrations were confirmed at the end of each test by HPLC-UV
according to Mastan et al. (2016). The system was equipped with a
reversed phase C18 analytical column of 250 mm X 4.6 mm and a
particle size of 5um (Phenomenex Luna-C18). The injected sample
volume was 10 pL. The mobile phases were acetonitrile and 0.1% ortho

73

Ecotoxicology and Environmental Safety 149 (2018) 72-79

phosphoric acid (30:70 v/v). The flow rate used was 1.2 mL/min. The
detector wavelength was 254 nm. The limit of detection was 0.5 mg/L.
pH was measured daily in the test chambers by Oakton 1100 pHmeter.
Test specimens were collected from two different shallow boreholes
(B1 and B2) used for gardening on the campus of Consiglio Nazionale
delle Ricerche - CNR in Florence (Italy), 300 m apart from each other,
in April 2014. Water samples from both bores were tested for 32 che-
micals to ascertain the requisite assurance that the test organisms were
obtained directly from wild populations in relatively unpolluted areas.
Concentrations of NH4*, nitrites, nitrates, heavy metals, inorganic
pollutants, polycyclic aromatic hydrocarbons, pesticides, and volatile
organic compounds were lower than the Italian legislative quality
standards. In particular, NH,* concentrations were < 0.01 mg/L in
both bores, and the Imazamox concentration was below the limit of
detection. The bores were open at the top (70 cm in diameter), allowing
the mixing of rainwater with shallow groundwater. Dissolved organic
carbon (DOC) was 1.1 and 1.0 mg/L in B1 and B2, respectively. Bacteria
were present in approximately 10° prokaryotic cells/mL in both bores.
Both bores (depth < 10 m) were situated in a shallow quaternary
porous aquifer. A phreatobiological net sampler (mesh size 60 um) was
used to collect copepods from the bottom and the water column of the
wells. The specimens were transported to the laboratory with the bore
water in a cooling box within 10 min after collection. The copepods
were sorted using a micropipette under a stereomicroscope at 12 x
magnification and separated into different groups according to mac-
roscopic differences in morphology. Specimens of each group were then
identified at the species level under an optical microscope at 100 x
magnification using the taxonomic key of Alekseev et al. (2006). Two
different species were identified, namely E. serrulatus (epigean) and D.
belgicus (hypogean). Groups of 25 individuals of each species were
reared in 25-mL glass beakers in a standard water (Millipore® Milli-Q®
deionized water re-mineralized with chemical grade: pH 7.4, hardness
80 mg/L, alkalinity 30 mg/L). They were kept in permanent darkness in
a laboratory thermostatic cabinet (Pol-Eko-Aparatura Mod. ST 3) at
15 °C, corresponding to the mean annual temperature of the bore water,
which was measured monthly in both bores using a multiparametric
probe (ECM MultiTM; Dr. Lange GmbH, Diisseldorf, Germany).
Individuals of E. serrulatus can be easily maintained with a stan-
dardized algal diet in the laboratory, where they complete their full-life
cycle (egg to adult to egg) in approximately 70 days at 15 °C, producing
approximately 16 eggs per clutch per female and surviving up to 80
days. In contrast, individuals of D. belgicus must be maintained in the
laboratory in glass beakers filled with bore water, allowing them to feed
on a prokaryotic diet. The development rate of this species is unknown;
however, the individuals collected in April 2014 remained alive for
approximately one year in the laboratory. Only one female out of 16
produced egg-sacs (6 eggs per sac) within this period and no hatched
nauplii were observed. Further information about the ecological fea-
tures of stygobiotic copepods can be found in Galassi (2001). Due to
these differences in the life cycles of the two species, after collecting
and sorting, we acclimated 250 adult individuals of each species for the
tests, in two different glass beakers (500 mL) with the standard water
used for the stock cultures for 3 days prior to each ecotoxicological test.
To cope with unexpected events, the number of acclimated organisms
was 20% more than that required for the tests (200 organisms for each
species). At the end of the tests, the unused organisms were maintained
in laboratory stock cultures. Copepod fecal pellets are nutrient-enriched
microenvironments that act as hotspots for microbial colonization and
consume oxygen in the test vials (Di Lorenzo et al., 2015a). Accord-
ingly, acute tests with copepods are usually performed without food (Di
Lorenzo et al., 2014, 2015b, 2015c). However, starvation was required
also during the 3-day acclimation in our trials because both D. belgicus
and E. serrulatus produce fecal pellets for three days after stopping
eating. For this reason, both species were deprived of food during ac-
climation to allow the guts to empty completely. The digestive tract was
clearly visible at 60 X magnification under a Leica Microsystems M80
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stereomicroscope. After this procedure, only actively swimming cope-
pods were picked up by a glass pipette and selected for each bioassay.

2.2. Ecotoxicological testing

Prior to mixture trials, four single-chemical trials were carried out,
two with E. serrulatus and two with D. belgicus, with either NH,* or
Imazamox, at 15 °C. Test conditions for the trials with single chemicals
are fully explained in Di Lorenzo et al., (2014, 2015b). In brief, each
trial consisted of four replicates. For each replicate, 5 nominal con-
centrations of the respective chemical were prepared by diluting the
appropriate volumes of stock solutions (see Paragraph “Test chemicals,
test organisms and culture conditions”). An appropriate control (no
toxicant), was prepared for each replicate. The assays were carried out
in 5-cm diameter sterile glass Petri dishes, each containing 15 mL of the
appropriate solution and 5 individuals, for a total of 30 individuals per
concentration. Organisms were maintained (temperature: 15 °C = 0.3)
for 96 h without mechanical aeration and food and in the darkness. A
plastic cover was placed on the Petri dishes. Every 24 h, each replicate
was checked for the presence of dead individuals (no movement after
gentle stimulation by a sorting needle). Spasms were counted as deaths.
The exposure solutions were not renewed during the test. At the end of
the trials, the mortality responses in each replicate were cumulated per
each concentration and used to determine the LC50 values at 96 h.

Two further trials (one with E. serrulatus and another one with D.
belgicus) were carried out with mixtures of the two chemicals. For the
mathematical formulation of the CA/IA models, a dimensionless con-
cept called the toxic unit (TU) is usually used, which is defined as the
ratio of the actual concentration (C) of a substance to the concentration
that is needed to cause a certain effect, ECx (Backhaus et al., 2004).
Usually, TU = C/LC. The final TUs to be assayed in this study were
chosen to start from the LC50 values at 96 h of NH;* and Imazamox at
15 °C that were previously reported for E. serrulatus and D. belgicus by Di
Lorenzo et al., (2014, 2015b) and from the results of the single-che-
mical trials of this study (full data are reported as Supplementary File
A). Due to the limitation of the number of groundwater organisms to
assay, we tested nine concentrations within a TU range of 0.05- 3
(Jonker et al., 2011) in each replicate. Fully measured concentration
values in mg/L and the equivalent TUs can be found as Supplementary
File A online. Four replicates were performed for controls and the as-
sayed concentrations. The assays were carried out in 5-cm diameter
sterile Petri dishes, each containing 5 individuals. Organisms were
maintained and checked as in the single-chemical trials. At the end of
the trials, the mortality responses in each replicate were cumulated per
each TU mix and used for data analysis.

3. Data analysis
3.1. Concentration—-response curves (CRCs)

Concentration response functions which give the intensity of an
effect as a function of a substance concentration, were determined by
applying the best fit method described in Scholze et al. (2001). Five
different non-linear regression models were fitted to each data set
(Logistic, Weibull, Logit, Generalized Logit I and II), and then the best
fitting one was selected by a robust goodness of fit criterion (sum of
absolute errors). Finally, CRCs of the individual compounds and the
corresponding MIX were fitted using the logistic model:

a

E=10= Ty

(€))
where E is the effect or response, x the concentration of a toxicant, a is
the upper response of the control when x is zero, b the EC50 value, and
c is the slope parameter or Hill's slope. Data were fitted using the
Newton algorithm to find the minimum of the sum of squares.

The inverse of Eq. (1) was used in the MIX data analysis:
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x = b*((a — E)/E)Ve. (2)

3.2. Calculation of mixture toxicity

The assessment of the MIX toxicity with non-interaction models was
accomplished using concentration addition (CA) and independent ac-
tion (IA) models.

The mathematical equation for the CA model is expressed according
to Berenbaum (1985):

ECXmix = (Zn:

i=1

-1
pi
Ecxi|

3

where ECXmix is the effect of the MIX concentration eliciting X% toxic
effect; ECXi denotes the effect of the concentration of the ith component
of the n-compound MIX when acting individually; and pi is the molar
concentration ratio of the ith component in the MIX.

The alternative model is IA, introduced by Bliss (1939), which as-
sumes that the MIX components act dissimilarly. It is also known as
response addition and can be formulated as

n
ECmix=1- ] @ - Eci),

i=1

(©))

where ECmix is the overall effect expressed as fractions of a maximum
possible effect of a mixture composed of n chemicals, ci is the con-
centration of the ith compound in the MIX, and Eci describes the effect
of the i-chemical if applied singly in a concentration ¢ that corresponds
to the concentration of that component in the MIX. For a binary MIX,
Eq. (4) is equivalent to:

Epryp = Eg + Eg — Ey*Ep, 5)

where E,4 and Eg represent the fractional effects (ranging 0-1) caused
by the individual toxicants A and B and E, , p is the total effect of the
MIX.

The choice of using the CA and/or IA models depends on the
knowledge of the mode of action of the stressors. The CA model is based
on the assumption that each component of the mixture possesses a si-
milar mode of action, acting on the same biological pathways and the
same molecular target. Conversely, the IA model assumes dissimilar
actions of the mixture components, with interaction with different
target molecule sites. If the mode of action is unknown or ambiguous,
both models should be applied to predict the expected mixture effect
(Ferreira et al., 2008). The physiological modes of action of NH;* and
Imazamox are different. However, since it is not clear how Imazamox
exerts toxicity on copepods, data from the joint acute exposure to co-
pepods were fitted to both the reference models (CA and IA) and to
conceptual models according to Jonker et al. (2005). In real scenarios,
MIX may occur in a variety of concentrations, so more complex re-
sponse patterns need to be addressed, such as those producing more
severe (synergism: S), or less severe (antagonism: A) effects, or those
dependent on “dose level” (DL, different deviations at high and low
concentrations) or “dose ratio” (DR, deviations differ from MIX com-
position) to assure the correct assumption of MIX effects (Jonker et al.,
2005). These patterns can be characterized by quantifying how the
observed data deviate from either reference model. We used a statistical
approach that is fully explained in Jonker et al. (2005). Briefly, de-
viations from the reference CA and IA models, such as S/A, DL and DR,
were obtained by the addition of two deviation parameters (a and b),
forming a nested framework (MixTox models), as proposed by Jonker
et al. (2005). Then, the data were fitted to the conceptual models or the
deviations were compared using the maximum likelihood ratio (MLR),
and the best fit was chosen. When a significant deviation was identified,
the pattern of the effects could be deduced directly from the parameter
values, and the maximum deviation could be calculated in terms of
effect concentration (CA) or effect level (IA). The analyses of the
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Fig. 1. The effects of the NH,*:IMA mixture on the survival of Eucyclops serrulatus.
Observed data, modeled values and their 95% confidence intervals calculated using
MixTox for the CA and IA models.

MixTox models were carried out using specially designed Solver
spreadsheets in Microsoft Excel 2013 according Jonker et al. (2005).
SigmaPlot version 13 was used to make 3D mesh and isobologram
graphs. Nonlinear regressions were compared with a lack-of-fit F-test
(Seefeldt et al., 1995).

4. Results

LC50-96h values for both species and chemicals, fell within
LC50 * 2 standard deviation compared with the original values pre-
sented by Di Lorenzo et al., (2014, 2015b).

The pH values during the mixture exposures ranged from 7.05 to
7.22 with an average of 7.15; and 7.11-7.32 average 7.19 for E. ser-
rulatus and D. belgicus, respectively.

Survival data for single substances and measured concentrations for
total ammonia and IMA are presented in Supplementary File A. The
effects of the NH, ":IMA mixture on the survival of E. serrulatus and D.
belgicus are shown in Figs. 1 and 2. The corresponding F test demon-
strated fit for only the observed values and for both species and for the
IA model with E. serrulatus. In addition, the MIX effects were char-
acterized by quantifying how observed data deviated from either re-
ference model. Additional parameters, which define the functional form

100 =3

Diacyclus belgicus

80

‘»_Observed data
. CA model
o IA model

60

1

20

Survival %

80 120
Concentration mg/L

Fig. 2. The effects of the NH,":IMA mixture on the survival of Diacyclops belgicus.
Observed data, modeled values and their 95% confidence intervals calculated using
MixTox for the CA and IA models.
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of the deviation patterns, were substituted into the CA and IA reference
models, as showed in Tables 1, 2. Only the data for E. serrulatus fit to the
IA reference model, showing a lower sum of squared residuals (SS) with
respect to the deviation patterns. With regards to E. serrulatus, after
adding the a and b parameters, the SS value was almost the same for DR
and DL deviation patterns from the independent action (IA). However,
S/A deviation had a higher SS with respect to the IA reference model
(Table 1 IA). Alternatively, considering the CA approach, a synergistic
and a DR-dependent deviation were shown by MLR, with p(xz) of
0.00067 and 0.0076, respectively (Table 1 and Fig. 3). In this regard,
the isobologram and 3D plots of Fig. 3A,B demonstrates a clear sy-
nergistic effect as a function of the DR between NH,;* and Imazamox.
This DR behavior indicates an antagonistic effect when higher IMA
concentrations (> 50 mg/L) are present, neutralizing the elevated
NH," concentrations at levels higher than 30 mg/L. Under 50 mg of
IMA/L, this effect is reduced, and a synergistic pattern appears, even at
lower NH4* concentrations (< 5mg/L). In the case of D. belgicus,
neither the CA nor the IA reference models fit at lower SS values. In
contrast, a significant p(x?) value for the MLR test was registered
(Table 2) under the S/A deviation model, indicating a synergistic effect
when data were subject to the CA model. It is clearly observed in the
isobologram and 3D plot of Fig. 3C,D. For analysis with the IA model,
S/A and the DR deviation patterns were observed, showing decreased
SS values and significant p(xz) for MLR tests (Table 2). The last point is
not as evident or pronounced as for E. serrulatus when comparing the
isobolograms and 3D plots from Figs. 3A,B and 3C,D.

To compare acute toxicity, specifically for NH;* when it is mixed
with IMA, we constructed concentration-response curves, taking into
account the survival values obtained from the mixture assays and
plotted them against the known separate concentrations. The LC50
values of the MIX and NH4* for both species are shown in Figs. 4A and
4B. In the case of E. serrulatus the LC50-96h for NH,* was 54.97 mg/L
as single chemical and 3.06 mg/L in the NH, " -IMA mixture (Fig. 4A).
Similarly, for D. belgicus (Fig. 4B), we observed that the LC50-96h for
NH,* was 16.19 mg/L as a single chemical and 2.71 mg/L when NH,*
was part of the mixture. This could indicate that the binary mixture
induces a more-than-additive effect on the survival of freshwater co-
pepods, as was highlighted under MixTox analysis. It can also be ob-
served that the increase of toxicity in the MIX is close to one order of
magnitude for both NH, " and Imazamox on both species.

5. Discussion

The predicted values of mixture toxicity on the basis of CA and IA
differed significantly from the observed values. The two reference
models did not predict toxicity equally well, depending on the com-
position of the mixture and the concentrations of the compounds. For
chemicals with different mechanisms of action and/or independent
modes of action, as we assumed for NH, " and IMA at the beginning of
our experiments, IA models may be able to accurately predict the
mixture toxicity. However, this was true just for E. serrulatus which
showed a better correlation at lower concentration ratios. Alternatively,
it is possible that the modes of action of the toxicity of IMA and NH,*
are not fully independent and that their interaction is pH-dependent, as
discussed below. However, DL and DR also deviated from the IA model,
demonstrating significant improvement of survival data (Table 1). In
this regard, MixTox models are a useful tool to predict the toxicity of a
mixture of two chemicals that do not have a specific mode of toxic
action or whenever it is difficult to classify them as having a similar or
independent mode of action. Our results would indicate that NH, " and
IMA have a more than additive behavior and it would be related with
their dose ratio and dose level.

Imazamox belongs to the imidazolinone class of chemicals (EFSA,
2016). The herbicidal activity of the imidazolinones is through the in-
hibition of acetohydroxy acid synthase (AHAS), an enzyme only found
in plants. AHAS is part of the biosynthetic pathway leading to the
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Table 1

Summary of the analysis of the effect of NH;* and Imazamox on the survival of Eucyclops serrulatus. pmax is the control response; f is the slope of the individual concentration-response
curve; EC50 (mg/L) is the effective concentration at 96 hs; a, bg;, and byp4 4 are parameters in the deviation functions; SS is the objective function; %2 is the test statistic; df is the degrees
of freedom; and p(x2) indicates the outcome of the likelihood ratio test. S/A is synergism/antagonism, DL is dose level-dependent deviation from the reference, and DR is dose
ratio-dependent deviation from the reference. NC: not calculated.

Concentration addition (CA) Independent action (IA)

Reference S/A DL DR Reference S/A DL DR
Mmax (%) 98.26 98.52 100.16 99.99 97.94 92.00 99.86 100.88
Brma+ 0.63 1.66 4.56 5.80 1.29 16.71 1.06 2.67
Brva 2.97 3.30 3.76 3.80 3.08 7.02 3.03 2.94
EC50np4 + 39.18 53.89 52.63 52.48 56.65 56.61 52.04 53.91
EC501ma 274.48 275.85 239.82 239.79 276.17 286.78 270.96 262.33
Ss x 10° 3.25 1.13 1.85 2.09 0.29 4.15 0.23 0.38
a -7.39 —-9.44 —5.60 —22.25 20.68 —19.07
bnna+ -3.53 15.27
bar —2.66 27.95
x2 11.58 2.26 9.76 NC 11.53 9.65
Df 1 2 2 1 2 2
p(x» < 0.001 0.32 < 0.001 NC < 0.001 < 0.001

Table 2

Summary of the analysis of the effect of NH,* and Imazamox on survival of Diacyclops belgicus. pmax is control response; B is the slope of the individual concentration-response curve;
EC50 (in mg/L) is the median effect concentration; a, bg;, and byus+ are parameters in the deviation functions; SS is the objective function; %2 is the test statistic; df is the degrees of
freedom; and p(x2) indicates the outcome of the likelihood ratio test. S/A is synergism/antagonism, DL is dose level-dependent deviation from the reference, and DR is dose ratio—
dependent deviation from the reference.

Concentration addition (CA) Independent action (IA)
Reference S/A DL DR Reference S/A DL DR

Mmax (%) 97.12 100 104.24 104.18 114,20 95.36 101.38 95.24

Brra + 2.56 0.733 0.99 1.37 0,79 6.25 1.22 5.88

Biva 2.22 2.00 0.85 1.71 2,25 3.43 3.46 3.32

EC50nma + 15.75 21.08 31.27 28.69 3,85 17.99 11.17 17.93

EC501ma 181.83 180.23 180.34 180.47 154,65 194.38 185.92 193.57

SS x 10° 9.87 6.14 13.23 6.75 9.41 0.695 13.52 0.660

a -6.71 -7.36 -3.98 -15.71 —0.046 -21.05

brpa+ -3.66 -8.70

ba 6.21 638.14

x* 9.03 5.57 1.52 49.21 1.72 50.19

Df 1 2 2 1 2 2

PO < 0.001 0.061 0.47 < 0.001 0.37 < 0.001
formation of branched-chain amino acids (Wersal and Madsen, 2007). mixture. The mobility of Imazamox across the cellular membrane is
Animals lack AHAS and this biosynthetic pathway. The lack of AHAS regulated by pH. The dissociation constant (pKa) reported for Im-
contributes to the low toxicity of Imazamox in vertebrates and in- azamox reflects the ionization potential under typical environmental
vertebrates (EFSA, 2016). However, herbicides are known to affect non- conditions. When the pH of a solution is equal to the pKa of a chemical,
target species, such as fish and crustaceans, due to alteration of meta- the chemical will be dispersed equally between the ionic and the non-
bolic, hematological and oxidative parameters. A modification of es- ionic states. In general, the ionized forms of chemicals represent lower
cape behavior has been observed in some copepod species exposed to ecological risks because of limited penetration of cell membranes due to
herbicides (Gutierrez et al., 2010). low lipid solubility. For weak acids, such as Imazamox, as the pH is

Because of the low toxicity of Imazamox and its metabolites, there elevated above the pKa, the proportion of the compound in an ionic

would be no concern regarding the potential for cumulative effects of state will change (Environ, 2012). In our assays, the pH was > 7.
Imazamox and its degradation products with other substances with si- Therefore, Imazamox was present mainly as carboxylate and amide
milar modes of action. As the LC50-96h values were higher than anions. These ions were likely neutralized in the mixture due to the
100 mg/L for both E. serrulatus and D. belgicus, Imazamox is considered excess of NH4 " cations facilitating the cellular uptake of both chemi-
"practically non-toxic" to these two freshwater copepod species, ac- cals.
cording to the USEPA (2012). However, this toxic scenario changed From an environmental risk assessment perspective, a main ob-
when Imazamox was considered in the binary mixture with NH, " due servation regarding the toxicity of the binary mixture of Imazamox and
to synergistic effects. In the mixture with NH,*, Imazamox is con- NH, " resulted from our study. The differential sensitivity to NH,;* of
sidered "slightly toxic" to freshwater copepods, according to the USEPA the two species was evident when we compared the LC50 values for
(2012). The same logic can be applied to NH,*, which was "slightly NH, ™" assayed as single chemical (D. belgicus was three times more
toxic" as an individual compound and "moderately toxic" in the mixture sensitive than E. serrulatus). The toxic effects of both NH; and NH,* on
with Imazamox. In attempting to explain or understand why the Im- aquatic crustaceans is exerted on a wide range of physiological pro-
azamox-NH,* mixture is more toxic than the two compounds taken cesses such as osmoregulation, immunology, acid/base balance and gas
singularly, we must first consider the LC50 values in the mixture, ex- exchange, the induction of oxidative stress, pathogenic susceptibility
pressed as molar concentrations: 1.5/0.06 and 1.7/0.08 mM (NH,*/ and histopathological damage (Romano and Zeng, 2013). From mea-
Imazamox) for D. belgicus and E. serrulatus, respectively. These values sured concentrations for total ammonia in mixtures exposures, we ob-
mean that there is an excess of NH; " with respect to Imazamox in the tained a highest fraction of non-ionized form equivalent to 0.3 and
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Fig. 3. The concentration-response relationship for the binary mixture of NH,*-IMA, showing a synergistic relationship, and the DR deviations from the CA model for the survival of
Eucyclops serrulatus: (A) 2D isobolic surfaces and (B) 3D mesh and synergistic deviation from the CA/IA models for the survival of Diacyclops belgicus: (C) 2D isobolic surfaces and (D) 3D

mesh. Concentrations are reported as nominal values; IMA: Imazamox.

0.08 mg/L for E. serrulatus and D. belgicus, respectively. The ammonia
speciation varies markedly with T°C, pH and ionic strength, but this is
more important in marine environments. In freshwater, this effect is
much smaller than the effects of pH and temperature (Soderberg and
Meade, 1991) and is sufficiently small compared to the typical un-
certainty in LC50s and not affecting ammonia toxicity. It is well known
that NH; is more toxic than NH,™, it was recognized when was ob-
served that increased pH caused total ammonia to appear to be much
more toxic. NHj; is a neutral molecule which is able to diffuse across the
epithelial membranes of aquatic organisms more readily than NH,*.

High external concentrations of NH3 reduce the diffusive gradients of
internal excretion and cause the buildup of NHj in gill tissue and blood/

hemolymph. Because of the importance of NH; it became a convention
to express ammonia toxicity in terms of un-ionized form. However,
ammonium ion can contribute significantly to ammonia toxicity under
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some conditions (USEPA, 1998). Observations that ammonia toxicity is
relatively constant when expressed in terms of un-ionized ammonia
come mainly from toxicity tests conducted at pH > 7.5. At lower pH,
toxicity varies considerably when expressed in terms of un-ionized
ammonia and under some conditions is relatively constant in terms of
ammonium ion (Erickson, 1985). Also, studies have established that
mechanisms exist for the transport of ammonium ion across gill epi-
thelia (Wood, 1993), so this ion might contribute significantly to am-
monia exchange across gills and affect the buildup of ammonia in tis-
sues if its external concentration is sufficiently high. Thus, the very
same arguments employed for the importance of unionized ammonia
can also be applied in some degree to ammonium ion. This is not to say
that ammonium ion is as toxic as unionized ammonia, but rather that,

regardless of its lower toxicity, it can still be important because it is
generally present in much greater concentrations than un-ionized
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Fig. 4. LC50-96h for exposure to NH4* alone and in the binary NH, " -IMA mixture for
Eucyclops serrulatus (A) and Diacyclops belgicus (B).

ammonia (USEPA, 1998). Also, when expressed in terms of un-ionized
ammonia, ammonia toxicity is usually not constant with temperature,
on average being about four-fold greater at 5 °C than at 25 °C for fish
(Erickson, 1985). Because the relative amount of ammonium ion is also
higher at low temperatures, this raises the possibility that ammonium
ion might be in part responsible for this temperature dependence.
Taking into account, the highest values measured for NH;3 in our ex-
periences, related to the pH / T°C values, we could consider that the
toxicity of total ammonia was a consequence of the highest proportion
of the ionized form NH,*.

In crustaceans, NH, " changes the hemolymph pH and affects the
excretion rates (Romano and Zeng, 2013). The NH," form penetrates
the cell membrane less rapidly than NHj3, which rapidly diffuses across
the cell membrane via the lipid pathway (Wright, 1995). However, as
NH; diffuses across the lipid bilayers of the cells, it is protonated to
NH," (Romano and Zeng, 2013). NH, ™" interferes with the activity of
the Na™ /K*-ATPase pump, which has a major role in NH,* excretion
in aquatic invertebrates. It was observed that NH,* substitutes for K*
in the activation of the ouabain-sensitive branchial Na* /K*-ATPase of
the freshwater shrimp Macrobrachium olfersii (Wright, 1995). This
substitution, hindered by high external NH,* concentrations, alters the
excretion rates in aquatic crustaceans, intoxicating the organisms. Di
Marzio et al. (2009) concluded that chronic exposure to ammonium
alters the post-naupliar development of freshwater copepods.

The sensitivities to NH," of the two species were similar when
NH4* was included in the mixture (D. belgicus was 1.13 times more
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sensitive than E. serrulatus). This result could be due to the different
metabolic rates of the two species. One of the most striking adaptations
of groundwater taxa is low metabolism, which makes hypogean species
more sensitive than their epigean relatives to chemical stressors under
acute exposure (Di Marzio et al., 2009; Reboleira et al., 2013; Di
Lorenzo et al., 2014). The respiratory rates of E. serrulatus are five times
higher than those of D. belgicus (Di Lorenzo et al., 2015c). According to
other researchers (Avramov et al., 2013), the lower metabolism of
hypogean species might delay the onset of defense mechanisms against
a toxin and can be suggested as the reason for the higher sensitivity of
D. belgicus to NH," tested alone (Avramov et al., 2013; Di Lorenzo
et al., 2014). However, the difference in sensitivity between the two
species was similar when they were exposed to the mixture. In this case,
the lower metabolism of D. belgicus might have protected this species
against the increased cellular uptake of both chemicals due to the
neutralization of the ionic state of Imazamox. Even though it has not
been documented yet, the line of argument suggests that metabolism
should be considered in comparative ecotoxicological studies with
ground- and surface water species. It is also important to identify
whether such sensitivity patterns are also observed more generally
across freshwater copepod species belonging to the two different eco-
logical categories.

The relationship of the sensitivities between the two copepods
species to the toxic substances observed in this study suggests that
epigean copepod species can be included in the environmental risk
assessment of groundwater bodies, at least when mixtures are con-
cerned, or they can even be used in place of close hypogean relatives.
This approach would provide several advantages, such as 1) reducing
the impact of the collection required for toxicity testing on populations
of groundwater copepod species, which are often strictly endemic and
rare, as well as very old from a phylogenetic point of view (Galassi,
2001, and 2) using species that are more suitable to toxicity testing than
the hypogean species due to short life cycles, high reproduction rates,
suitability for handling in the laboratory and the ability to be collected
in significant numbers throughout the year (Di Marzio et al., 2009).

Other consideration concerning environmental risk assessment, is
how are calculated the threshold values for NH," in groundwater. The
procedure adopted by the EU is clearly tailored for surface water bodies
because it includes species that do not dwell in groundwater. In con-
trast, the procedure used in this study has the advantage of being based
on copepods (one of which is a groundwater-dweller), which are the
dominant taxa in groundwater ecosystems. Our results demonstrated
that the environmental risk for NH,* is increased when it is mixed with
Imazamox. This indicates that the TV of NH,* significantly under-
estimates the environmental risk to aquatic species of invertebrates,
especially for the hypogean species. The approach used in this study
matters if we consider the TVs of NH,* that have been set up by the 28
EU Member States (MS): 7 MS have not yet provided TVs; Ireland has
the most stringent value (0.083mg/L); 4 MS have indicated
TVs < 0.25mg/L; 11 MS have provided a TV = 0.5mg/L; and the
remaining 6 MS have indicated TVs > > 0.5, with 4 of which
being > 1.26 mg/L. This indicates that at least in 4 MS, the current TVs
for NH,* in groundwater are not adequate to protect groundwater
fauna from acute exposure to this toxicant. The latter observation
highlights the importance of including copepods in the definition of
threshold values for groundwater pollutants.

6. Conclusions

For both the epigean and the hypogean copepod species, the effects
of Imazamox and NH,* in the binary mixture were more than additive
or synergistic compared to the actions of these compounds separately,
and it would be related with their dose ratios and dose levels. However,
these effects were at IMA concentrations greater than those observed in
the environment at the present. Both assayed species were more sen-
sitive to NH,* when it was mixed to the herbicide Imazamox. The
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results from this study highlight that the EU approach for assessing
quality standards for groundwater ecosystems need to be improved. The
current EU TVs of NH, ™" fails to protect groundwater copepods from
acute exposure in at least four EU Member States. Based on our results,
we suggest the use of an integrated approach, based on mixtures of
pollutants, for substances that are known to interact in groundwater
and to include copepod species as test organisms. Finally, chronic ex-
posure to sublethal concentrations of the binary mixture of NH;* and
Imazamox needs to be investigated.
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