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Abstract

Dichlorvos is an organophosphorus insecticide frequently detected in surface waters all around the world. From an
evaluation of the environmental quality concentrations (EQC) for dichlorvos in surface waters adopted by different
countries, it was observed a wide variability among them. This is despite regulatory EQC-values are typically based
on toxicity data and species sensitivity distribution (SSD) in all the investigated regulatory frameworks, and therefore
should be similar. Hence, what is the cause of the differences between national and regional EQC-values? And, which
ones will protect the aquatic fauna? These hypotheses were proposed to explain differences among SSDs based

on the choice of toxicity data: (i) EQC values obtained from technical presentation (pure dichlorvos) will be higher
than the estimated from dichlorvos formulation (containing other substances to improve the efficiency of the active
principle), as they may include synergists; (ii) different taxa will have different sensitivities; (iii) data produced under dif-
ferent experimental conditions will severely affect the SSD. Regarding their capacity to protect the aquatic fauna the
hypotheses were; iv) environmental concentration of dichlorvos represents a risk for aquatic organisms; and v) not all
EQC-values are protective for the aquatic fauna. These were tested through a meta-analysis of toxicity data enabling
the construction of SSD’s across technical and formulated dichlorvos and species of several taxa, and across literature
and experimental data produced under analogous conditions. Finally, the EQC elaborated were compared with a
meta-study on monitored environmental concentrations. The study suggested that technical dichlorvos increased
toxicity compared to formulated products up to two-fold for arthropods. Species phylogeny affected sensitivity, but
the SSD derived values used for setting regulatory concentrations were remarkably robust to the inclusion/exclusion
of less sensitive species. The SSD results from the literature and experimental data were similar in the case of techni-
cal dichlorvos results. The regional differences in EQC values therefore most likely stem from political considerations
on how to use SSDs to derive EQCs rather than from differences in SSDs. The experimental SSD defined a protective
concentration of 6.5ng L~ for 5% of the species, which is according to the European EQC, but one to two-fold lower
than the limit values of the US, China, and Argentina.
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1 Introduction released to surface waters [1]. Pesticides are easily spread

The aquatic environments are under pressure due to
human activities where xenobiotics such as pesticides,
pharmaceuticals, and industrial chemicals are daily
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in the environment as they may reach water matrices
during their application (drift), by run-off and/or by
leaching, therefore representing a risk on the preserva-
tion of aquatic environments [2]. Adverse effects of pesti-
cides on non-target organisms have been widely reported
[3]. Despite the relatively low occurrence and concentra-
tion of neuroactive insecticides in natural waters, they
have been identified as being of high concern [4] with
organophosphates receiving most attention in terms of
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aquatic toxicity. Dichlorvos (2,2-dichloroethyl dimethyl
phosphate) is an organophosphate insecticide acting as
an acetylcholinesterase enzyme inhibitor [5]. Dichlorvos
is mainly used in agriculture, for grain storage, and pest
control for livestock and households [6], and has been
detected in surface waters from both agricultural and
non-agricultural areas [2, 7, 8]. A recent review showed
that the monitored mean concentration of dichlorvos
(130ngL™") exceeded the sum of all other monitored
organophosphates compounds [2], and exceeded regula-
tory concentration for water wildlife protection in Argen-
tina, the United States (US), Europe, and China [9-12],
hence its occurrence is no doubt a problem.

Comparing the regulatory concentrations for dichlo-
rvos, wide variability among the different regions is
observed. For instance, the Environmental Protection
Agency of the US (USEPA) set an acute benchmark con-
centration for dichlorvos of 0.035pgL~! and chronic
0.0058 ug L. ™! for aquatic invertebrates [10]. However, the
European Commission adopted an environmental quality
concentration (EQC) for dichlorvos three orders of mag-
nitude lower, defined as a maximum available concen-
tration of 0.0007 ugL~! [11]. In Argentina, the National
Agency of Hydrological Resources established an acute
benchmark concentration for dichlorvos of 0.078 pgL ™"
and chronic of 0.0078 ugL™! [9]. A value of 0.10pgL ™!
has been proposed in China based on the SSD approach
considering native species [12]. As is observed, there is
a remarkably broad range of regulatory concentrations
varying up to 100-fold between the highest and lowest
values. What is the cause of the differences among the
regulatory concentrations? And will they all protect the
aquatic fauna?

The cause of the difference in regulatory concentra-
tions could be attributable to several factors such as
differences in the method used to derive them [13].
Environmental benchmarks for insecticides are based
on toxicological data and an assessment factor (AF) cho-
sen to take into account the uncertainty of extrapolat-
ing toxicity through time (acute to chronic), species, life
stages and growth conditions [14]. Benchmarks, are also
called EQCs depending on the regulatory framework and
can be achieved following two overall methodologies.
The first approach uses toxicity data of the most sensi-
tive organism tested, such as the 50% effect concentra-
tion (ECs,), which is then divided by the AF [12, 15]. The
second approach has become popular after the 90s and
requires species sensitivity distribution (SSD) curves
consisting of toxicity data for at least eight different spe-
cies fitted to a cumulative distribution [16, 17]. Using the
SSD approach, the concentration that affects a specific
fraction of the community (usually 5%) is determined by
the fitted distribution. This value is called the hazardous
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concentration (HCp), where p represents the affected
fraction of interest [17]. The HCp is then also divided
by an AF to derive the environmental benchmark con-
centration. The AF used for SSD is usually smaller than
that of the first approach [14, 18]; it represents the sen-
sitivity of the species community better than a randomly
chosen most sensitive species. Both quality and quantity
toxicity data must be evaluated for a representative num-
ber of species to construct an SSD curve [16, 17]. If there
is not enough toxicity data available, the deterministic
approach (AF method) is considered more appropriate
[13, 19]. Apart from determining a benchmark concen-
tration, the SSD analysis can also be used to estimate the
affected fraction of species belonging to an ecosystem at
a specific dichlorvos concentration, thereby assisting a
quantification of the adverse effect of monitored environ-
mental concentrations.

All four regulations cited above (US, Europe, Argen-
tina, and China) have used AF or SSD approach to derive
their regulatory concentrations for dichlorvos [9-12].
The aim of this work was, therefore: (1) to test hypoth-
eses in terms of factors that could affect the HCp of an
SSD based on literature values and to compare these with
an SSD based on comparable experimental toxicity data
and, (2) to compare the derived SSDs with a meta-study
of environmental monitoring data. The tested hypoth-
eses were: (i) assays using formulated dichlorvos will
have lower ECg, values as formulated products may well
include compounds with synergist effects or facilitating
the uptake of dichlorvos, (ii) different taxa will have dif-
ferent sensitivities, being arthropods the most sensitive
group, (iii) data produced under different experimen-
tal conditions will severely affect the SSD. Finally, we
hypothesized that iv) environmental concentration of
dichlorvos represents a risk for aquatic organisms and v)
not all EQC-values are protective for the aquatic fauna.

2 Materials and methods

2.1 Chemicals

Standard dichlorvos (2,2-dichlorovinyl dimethyl phos-
phate) was purchased from Sigma-Aldrich (Germany),
together with the reagents used to prepare the media M7
and K medium used for the maintenance of organism
cultures (see Table S1 in upplemental Materials). Acetone
(Baker, US, HPLC grade) was used to prepare a dichlor-
vos stock solution.

2.2 Cultures

The organisms used to obtain the experimental SSD
were: Daphnia magna, Chaoborus crystallinus, Chirono-
mus riparius, Hyalella azteca, Gammarus pulex, Tubifex
tubifex, Potamopyrgus antipodarum and Lemna minor.
They were cultured under standard conditions according
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to standard protocols (see Table S1). All of them were
kept in the culture at the University of Copenhagen
except C. crystallinus (which was obtained from a spe-
cialized store) and G. pulex that was collected in a local
stream from Molleden, Allerod, Denmark (coordinates
55°48'58" N 12°18/45" E). For these, the catching method
consisted of gently waving a metal 1 mm sieve submerged
under native macrophytes at the river edges. Then, ani-
mals were kept in plastic containers with stream water
and aquatic vegetation. Water temperature was meas-
ured and set in the climate chamber once the Gammarus
arrived in the lab and native plants were used to feed
and emulated the natural condition [20]. G. pulex and
C. crystallinus were acclimated for 4 d to M7 media and
standard lab light and temperature conditions [21]. Dur-
ing the first three days, the medium was changed gradu-
ally to increase the ratio of M7 and river water (1st day
100:0v/v, 2nd day 50:50v/v, and 3rd day 0:100v/v).

2.3 Acute toxicity tests

Evaluated endpoints were immobilisation (for animals)
and growth (for plants). Immobilization was defined as
individuals are not being able to change their position
after stimulation (manually stirring the media for 10s).
The effect is estimated as the proportion of immobi-
lised organisms after 48 h according to the Organisation
for Economic Co-operation and Development (OECD)
guidelines. In the case of L. minor, frond growth was
monitored using a digital camera. Images were taken at
the beginning and the end of the incubation period (7 d).
Acute tests details are given in Table 1.

Immobilisation tests were conducted in glass beak-
ers containing 80 mL of media and a minimum of four
individuals (Table 1), which were gently transferred to
the beaker. Four replicate beakers were used for each

Page 3 of 11

dichlorvos concentration and dissolved oxygen concen-
tration was ensured to be higher than 3mgL~! by 5min
of daily aeration. Assays of G. pulex and L. minor were
carried out in six-well plates with 10 mL of media for each
individual. Eighteen individuals of G. pulex per treatment
were incubated individually in a well with a leaf (around
2cm?) to allow hiding behaviour. For Lemma, three repli-
cates of single fronds were used.

Tests were conducted in M7 medium for animals
and medium for L. minor. Temperature and light/dark-
ness cycles were 20+ 1°C and 16:8h, respectively for D.
magna, C. crystallinus, C. riparius, and P. antipodarum.
For G. pulex (15+1°C, 12:12h), T tubifex (20+1°C,
0:24h) and H. azteca (25+£1°C, 16:8h) the conditions
were adjusted to avoid temperature or light stress. The
climate chamber was set at 24+ 1°C with a 16:8h light-
dark cycle for growing and testing of L. minor.

Preliminary assays have been conducted to adjust the
range of dichlorvos concentration tested for the whole
set of organisms. According to these results, the experi-
ments were designed with at least five treatment concen-
trations, controls, and solvent controls (maximal acetone
concentration < 0.01%).

2.4 Chemical analyses

Dichlorvos concentrations were evaluated by liquid
chromatography coupled to a mass spectrometry detec-
tor adapted from [22]. The equipment consisted of Ultra
performance liquid chromatography-tandem mass spec-
trometer (UPLC-MS/MS), Waters® Acquity Iclass LMS
Xevo TQD and the mobile phase selected was a 70:30
volumetric mixture of formic acid 0.1% in water and for-
mic acid 0.1% in methanol. The employed column was a
Waters® ACQUITY UPLC BEHC18 (2.1 x 50 mm, parti-
cle size 1.7 um) with a constant flow of 1.2 mLmin~'. The

Table 1 Experimental condition for the toxicological assays and parameters of species sensitivity distribution curves

R?® Species Class® Stage® Time nby conc. Range (ugL™") ECy5+SE® Slope d (Upper value)
1 D. magna Art 24hold 48h 4 x 5ind® 200  0.022-4.60 0.224+0.03 2334+060 08740.03
2 C. crystallinus - Art 10mm Larvae 48h 4x5ind. 200  1.00-88 252+ 056 165+£035 090+£0.03
3 C. riparius Art 4th instar Larvae  48h 5x 5ind. 175 2.56-40 120+ 16 337+£1.14 084+004
4 G. pulex Art RS>5mm 48h 4x5ind. 162 3.60-362 54+ 14 1.62+£043 090+£0.04
5 H. azteca Art RS>1mm 48h 6 x 3ind. 140  25-460 70+ 14 271+£1.04 089+0.05
6 T. tubifex Ann RS>10mm 48h 4x5ind. 140  20-600 181 &+ 44 1394033 0974002
7 P atipodarum Mol RS>1mm 48h 4x4ind. 96 1.00-85 7320 £ 930 499+183 095+£003
8 L. minor Tra 2 weeks old 7d 3x 1frond 30 1020-70,000 31,2204+£4762 1254025 097£0.02

@ Rank order

b Arthropoda (Art), Annelida (Ann), Mollusca (Mol), Tracheophyta (Tra)

€Random size (RS)
d Standard error (SE)
€ Individuals (Ind)
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retention time was 4.6 min. A six-level calibration curve
was performed (see Fig. S1 in Supplementary Materi-
als) and the relative standard deviations on samples were
under 10% (Limit of quantitation (LOQ) =10ugL™?).

2.5 Data collection

Literature values on acute toxicity were collected from
online databases such as: ECOTOX database [23], gov-
ernmental agency reports [9, 24, 25] and scientific jour-
nals by using the ScienceDirect database. The criteria
used for selecting data were: i) manuscripts must be
included in a specialized database; ii) the entire manu-
script must be available in English and; iii) experiments
must be carried out under standard procedures (includ-
ing controls). From 101 references considered, 74 articles
coincided with the selection criteria (Tables S2 and S3).
They were divided into two groups, A and B, depending
on the grade of purity of dichlorvos used. Thus, group
A included 33 papers from technical grade compound
(purity >95%), the second group, B, included 41 articles
that used commercial formulations of dichlorvos. In both
cases, experiments were performed upon standard pro-
tocols (OECD, American Public Health Association, or
similar), including controls (solvent and zero concentra-
tion), and declaring a nominal or measured concentra-
tion. From the literature database, toxicity values were
also categorized into taxonomic groups (arthropods,
annelids, molluscs, fishes, and anurans). Groups with low
representation of species (<8) were not considered for
the taxon comparison.

Environmental concentrations of dichlorvos reported
in surface waters were also reviewed. The search was
done with the ScienceDirect database using the key-
words: “monitoring and dichlorvos’, “occurrence and
dichlorvos’, “surface water and dichlorvos’, “water resi-
due and dichlorvos’, “pesticide and water and dichlor-
vos”. Selection criteria were: a) no more than ten years of
publication (current exposure scenarios), b) present data
of recovery analysis from spiked samples c) present an
analytic methodology (including control samples). Thus,
16 articles were selected where sampling sites, samples
number, maximum, and mean concentration were regis-
tered for the environmental occurrence analysis.

2.6 Data analysis

Assuming normal (growth data) or binary distribution
(immobility data), a three-parameter model (Eq. 1) was
used to calculate ECg values [26].

5= d
1+ () v
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where y corresponds to the measured variable (immobi-
lization or relative growth), ¢ is the dichlorvos concen-
tration, d is the asymptotic maximum of the function
(response of non-treated individuals), and e is the inflex-
ion point of the sigmoidal function (represents the value
that causes the effect in 50% of the individuals (ECy).
The parameter b is proportional to the slope around the
EC;, value. Data were fitted using the open-source statis-
tical software R version 1.1.46 and plots were performed
by Sigmaplot v11.

EC,, values rather than No Observable Effect Con-
centration values were used for the SSD analysis,
as they are more accurate and do not depend on the
employed concentration range [27]. This criterion was
used too for the bibliographic toxicological compila-
tion data. A maximum likelihood method was applied
to fit the toxicological data sets to the log-logistic
model [28]. This method avoids losing censored data
by reducing toxicological data to a single value instead
of using their 95% confidence interval range. Using
the web tool MOSAIC_SSD [28], probability distribu-
tions were fitted based on the R-package fitdistrplus.
Hazardous concentrations were calculated using a
bootstrap method. Finally, a hazard quotient approach
was implemented to quantify how many folds the
monitored values exceeded the regulatory concentra-
tions. For that, mean and maximum concentrations
were divided by the hazardous concentration for 5%
of species (HC;) obtained in the SSD analysis, and the
exceedance values were discussed regarding regulatory
EQC.

3 Results and discussion

3.1 Toxicity analysis

The chemical analysis on the working solutions
showed all samples to stay above 80% of nominal con-
centrations (Table S4) and they were corrected by
measured concentration. Dichlorvos was expected to
be stable based on previous experiments in our group
where a half-lifetime of 3days at pH~7 was deter-
mined [22, 24].

The toxicity on aquatic organisms based on concen-
tration-response curves is shown in Fig. 1 where all
data resulted well described by a log-logistic three-
parameter model (Eq. (1)). Fit parameters are given
in Table 1. As is expected for an insecticide, L. minor
was the least sensitive species having an EC;, value
five orders of magnitude higher than the second most
sensitive test species, D. magna (Fig. 1). The EC;, val-
ues were generally similar to the values presented in
previous reports. For instance, Sturm and Hansen [29]
reported acute EC;, values for D. magna and C. riparius
of 0.23 and 10-20pgL ™!, compared to the 0.2240.03
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Fig. 1 Concentration-response curves for D. magna (+), C. crystallinus (@), C. riparius (x), G. pulex (x), H. azteca (W), P.atipodarum (4), T. tubifex (l)
after 48 h of exposure. Concentration-response curve for L. minor after 7 d of exposure (4. Control mortality was < 20% for all species and control

and 12.04 1.6 ug L ™! reported in this study. For Hyalella
azteca, Ankley and Collyard [30] reported an EC;; value
of 53.3ugL~! with an exposure time of 96h, rather
than the 48h used in our experiment giving an EC;, of
50+ 14pgL~". Johnson and Finley [31] estimated an
EC;, of 0.5ugL™" (96 h) for Gammarus lacustris, which
is considerably lower than the 544 14pugL™! found in
our study with Gammarus pulex. No previous reports
were found for T. tubifex, P. antiopdarum and L. minor.
Reviewed reports on literature showed a wide range
of EC;, values ranging from 0.07 to 57,700 ugL™! (see
Tables S2 and S3). Principal differences can be attrib-
uted to the studied species and the dichlorvos pres-
entation (technical or formulation). As well, it was
observed that the most studied species resulted the
arthropods (crustaceans and insects). Secondly, fishes
and finally, in a minority group were found molluscs,
plants or algae, frogs or toads, and annelid worms.

3.2 SSD analysis

Three SSD graphs were constructed to test the hypoth-
eses concerning causes of variability in SSDs based on:
i) our experimental data, ii) literature data from assays
performed with technical and formulated dichlorvos,
and iii) SSD for different taxonomic groups (techni-
cal and formulated data separately for fish and arthro-
pods) (Fig. 2). For each curve, the log-logistic model
was applied and their estimated parameters are pre-
sented in Table 2. SSDs were done on acute data expo-
sure due to the chronic studies reported not enough
for this study.

All SSD curves showed good fits (R*>0.95) and the
quality of the fits (highest maximum likelihood values)
increased with the number of species included. The experi-
mental dataset (n=8) showed a remarkably close fit to the
SSD based on literature acute EC;, values for technical
dichlorvos (n=33) (Fig. 2a and b, and Table 2).

(See figure on next page.)

Fig. 2 SSD curves based on ECq values are presented by groups of data. a Experimental SSD curve obtained in this work. b Comparison among
technical and formulated SSD curves based on literature reports and our experimental SSD curve (this work, pink line). Taxonomic groups were
arthropods (black), fishes (grey), molluscs (yellow), plants or algae (green), frogs or toads (blue), and annelid worms (red). In both cases, confidence
intervals (95%) are presented in blue lines. ¢ SSD curves of invertebrates and fishes for technical and formulated dichlorvos
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Table 2 Species sensitivity distribution parameters calculated by MOSAIC_SSD

Data set Hazardous concentration Model parameters?
HC, (pgL™") HC, (pgL™") b e(ugL™") n MLV

Experimental data 0.12 0.58 047 65 8 —30.1

(this work) (0.0065-7.1) (0.046-20) (0.34-1.1) (5.4-1200)

Technical dichlorvos 0.084 047 044 72 33 —2235
(0.0081-0.85) (0.066-3.30) (0.34-061) (18-290)

Formulated dichlorvos 13 38 0.72 780 41 —3624
(4-46) (14-100) (0.58-0.96) (390-1600)

Technical dichlorvos (Arthropods) 0.065 0.19 0.71 43 17 —604
(0.009-0.49) (0.035-1.00) 0.5-1.1) (1.3-14)

Technical dichlorvos (Fish) 100 220 093 2400 11 —104.2
(15-680) (45-1100) (0.63-1.8) (760-1000)

Formulated dichlorvos (Arthropods) 4.8 10 1 87 12 —744
(0.87-26) (24-42) (0.69-1.9) (33-240)

Formulated dichlorvos (Fish) 420 690 15 3100 22 —200.9
(180-1000) (330-1500) (1.1-23) (1800-5200)

?Values are given with 95% confidence interval, MLV maximum likelihood values

As was hypothesised, there was a large and significant
difference between the SSD based on technical dichlorvos
and those based on the formulated (Fig. 2b and c, Table 2).
This difference, however, was contrary to expected in
hypothesis (i) as formulated products were less toxic com-
pared to technical dichlorvos for the arthropods, whereas
for fish, there was no difference between technical and for-
mulated products (Fig. 2c). We have no hypotheses as to
why the formulated compounds appear to be less toxic to
arthropods as there was no difference for the fish species
tested. The results emphasize the relevance of being critical
in terms of the ECy, data to include in an SSD analysis. The
use of quality testing criteria and broad taxonomic repre-
sentation is desirable when data are available.

According to hypothesis (ii), it was confirmed that dif-
ferent taxa have different sensitivities being arthropods
the most sensitive. Accordingly, HC-values varied 2—4
fold between arthropods and fish for formulated and
technical compounds, respectively.

Moreover, a significant difference of including or
excluding non-sensitive species was the slope, observing
steeper slopes for fish groups and shallow slopes for data-
sets comprising more phylogenetic groups. The steepness
of the slopes mainly affected the 95% confidence limits of
the HC-values, with the smallest confidence limits being
for the steepest curves. It could therefore be argued that
excluding non-sensitive species could result in higher
EQC-values than including them if EQC-values are based
on lower confidence limits of the HC; as suggested by EC
guideline [14]. In our case, however, EQC derived from
lower confidence limits would be 6.5, 8.1, or 9.0ngL ™"
for the experimental, the literature and, literature arthro-
pods data, respectively. Using the mean HC; with an AF

of 10 [13], the EQC would be then 12, 8.4, and 6.5ngL ™"
for the same three groups, resulting in very similar val-
ues. In conclusion, as long as the data are obtained on
technical compounds, making SSD on a broad range of
species (including unsusceptible species) or selecting
only the susceptible group makes little difference for the
derived HC-values and associated dichlorvos EQC.

The correspondence between our experimentally derived
SSD and that based on quality-checked literature data gives
confidence in the robustness of SSD analysis. EQC-values
of this study (based either the lower 95% confidence limit of
the HC; or HC; divided by an AF of 10 resulted in one order
of magnitude lower than the acute EQC of the USEPA [10]
and Argentina [9] but corresponded to their chronic EQC
of 5.8 and 7.8 ngL’l, respectively. However, our calculated
EQC was one and two orders of magnitude higher than the
European maximum allowable concentration or annual
average value [11], and one to two orders of magnitude
lower than the Chinese EQC [18] (Fig. 3). Considering the
relative robustness of the HC-values of our study, arthro-
pods inclusion, and the use of technical compounds, differ-
ences in regional EQC must be due to other causes.

As long as standard protocols are applied, testing species
under the same lab condition compared to bibliographic
species dataset obtained could result in similar SSD curves
making little difference about EQC as final result. Then the
hypothesis (iii) should be discharged and causes of varia-
tion along EQC should be discussed based on data process-
ing criterion applied to de toxicological data. For example,
previous works calculating HC; for dichlorvos found an
HC; of 0.0009 gL ™! using 27 toxicological endpoints and
a total species number of 13 (mainly invertebrates species)
[32]. This value is one order of magnitude lower than the
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lowest HC; found in our study (for technical dichlorvos on
arthropods) (Table 2) and most likely stems from the inclu-
sion of several sensible species.

He et al. [33] published two derived EQC-values
according to Chinese regulations based on native and
non-native species from China or the US, respectively,
being 0.355 and 0.0718 pg L™ !. The USEPA and the Euro-
pean Commission have historically been the first agen-
cies to set guidance values and have selected model
species from their region [17, 33, 34]. Thus, geographical
differences in species sensitivities cannot be ruled out.
However, other comparisons between species sensitivi-
ties towards organophosphorus insecticides did not show
any region-specific difference in sensitivity in mesocosm
studies performed on different continents and using local
species even when they were performed under distinct
environmental conditions [35, 36]. The difference in the
SSD of He et al. [33] is, therefore, more likely due to the
selected species composition rather than on the geo-
graphical origin of the species.

One other source of variation of the EQC-values
derived in different regions apart from the SSD itself is
the method used to extrapolate an EQC-value from the
SSD curve. As already mentioned, the estimated HC;
and the lower confidence limit of the HC; are used in the
European legislation with different AFs depending on

the SSD-parameter applied and the level of protection
desired by the several regulatory bodies. Setting regula-
tory benchmarks for pesticides is a political decision,
taking both the cost of the pesticide in terms of risk to
the environment and human health into account and its
benefit to society in terms of increased agricultural out-
puts and eradication of vector-borne diseases. Thus, the
choice of the size of the AF within different regulations
might also reflect such overall risk perception [37].

3.3 Exposure concentrations and risk

Reports on environmental concentrations of dichlorvos
were distributed over 10 different countries from Amer-
ica, Oceania, Europe, and Asia (Australia, China, Greece,
India, Iran, Portugal, South Korea, Thailand, US). The
occurrence of dichlorvos in environmental samples var-
ies widely within an occurrence frequency ranging from 2
to 100%, of a total of 2582 reported samples. The affected
fraction was estimated from both the mean and maxi-
mum environmental concentrations reported in Table 3.
The reported concentrations of dichlorvos had presented
three orders of magnitude between the lower and the
highest value (0.004—5.63pugL ™), and the median value
of the positive samples was 0.11pugL~' which is lower
than reported in a previous review using older references
also [2]. Approximately 14% of the values listed in Table 3
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Table 3 Surface water sampling data for the last 15 years. References in Supplementary materials (Table S5)

Site (#) n Freq. % Mean AF-mean Max AF-max Sampling time
pglL™' pgL™!

Mae Sa, Thailand 370 23 0.018 0.06 1.1 032 2007-2008
Haihe river, China 17 100 0.03 0.08 0.05 0.10 2008
Haraz river, Iran 8 100 1.12 0.32 19 0.38 May 2008

8 100 0.64 027 14 035 Dec 2008
Douro river, Portugal 12 91 0.08 0.12 0.09 0.13 Mar 2009

48 0.29 0.20 0.51 0.25 Apr 2009

24 0.12 0.14 0.19 0.17 May 2009
Corner Inlet rivers, Australia 40 5 0.01 0.05 0.01 0.05 Summer 2009/10
Douro river, Portugal 24 100 0.06 0.11 0.87 0.3 Mar-Sep 2010
Nakdon - Han rivers, Korea 477 60 0.10 013 0.15 0.16 Jul-Nov 2010
Great Lakes, USA 709 8 0.041 0.09 0.29 0.20 Sep 2010-Sept 2013
Volvi lake, Greece 12 - - - 0.002 0.03 Oct-Nov 2010
Amravati region, India 156 - 0.186 0.17 0.25 0.19 Sep 2011-Jul 2012
Volvi lake, Greece 12 - - - 0.003 0.03 Mar—Jun 2011
Kosynthos river, Greece 270 4 - - 0.027 0.08 2011-2012
Tighara, India 64 100 0.017 0.06 0.022 0.07 winter 2014

64 100 0.004 0.03 0.012 0.05 Summer 2014

64 100 0.005 0.04 0.010 0.05 Pre-monsoon 2014

64 94 0.004 0.03 0.006 0.04 Post-Monson 2014
Shangyu, China 49 100 1.56 0.36 563 0.49 Aug 2014
Dongjiang river, China 26 100 0.004 0.03 0014 0.06 July & Aug 2015
Shahid Rajaei dam, Iran 20 90 0.24 0.19 052 0.25 June 2015

16 38 0.10 0.13 047 0.24 July 2015

13 - - - - September 2015

15 - - - - February 2016

had a concentration >1pugL™'. Additionally, the findings
of dichlorvos in freshwater organisms from Argentina
and Belgium indicate both its occurrence in water bodies
and its incorporation into biological matrices [38, 39].
Maximum concentrations were observed in China
and Portugal in 2015 and 2010, respectively. Only the
sampling campaign from Tighara (India) and Dongji-
ang River (China) presented mean concentration val-
ues below the HC; derived from our experimental data
(HC;=6.5ngL ™), while all other mean values are higher,
thereby potentially affecting more than 5% of the species
and up to 36% of the species (Table 3). Not only mean
and maximal values are relevant from a sampling set,
also the frequency of detections due to chronic exposi-
tion represents additional risks. The meta-data in Table 3
show that at least half of the sampling data sets have a
dichlorvos occurrence higher than 90%. The detection
frequency is very high (even though the sampling time
coincided at seasons which a high probability of occur-
rence) indicating close to chronic exposures for many
sampling sites with little time for eco-system recovery.
Besides, dichlorvos may be together by other pesticides

and pollutants used in agricultural activities, making the
joint environmental impact bigger than that predicted for
dichlorvos alone.

4 Conclusions
We conclude that using technical dichlorvos increased
toxicity compared to using formulated products, par-
ticularly in arthropods, which was unexpected. Species
phylogeny also affected sensitivity and consequently the
derived SSDs, but the HC; values used for setting regu-
latory concentrations were remarkably robust to the
inclusion/exclusion of less sensitive species. The experi-
mentally derived SSD was consistent with that derived
from quality-checked literature values confirming that
the origin of data is of less importance as long as the type
and quality of the data are ensured. Assuming all regu-
latory bodies use data from experiments using techni-
cal dichlorvos to derive SSDs, in our opinion, regional
differences in EQC values could be due to political
considerations.

Our experimental SSD defined a protective concentra-
tion of 6.5ngL~" for 5% of the species as stated by the
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European values but is lower than the limit values of the
US, China, and Argentina. Despite the setting of EQC's,
the revision of monitoring data from the last 15years
showed extremely high occurrence frequencies of dichlo-
rvos in concentrations higher than 6.5ngL™' represent-
ing a risk for the environmental fauna.
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