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� A pesticide use survey was conducted in central, greater Accra and eastern Ghana.
� Environmental risks were calculated using a first tier model.
� Many pesticides pose serious risks to aquatic and terrestrial organisms.
� Second tier risk assessment using SSD refined the risks to aquatic organisms.
� Pesticide use was a factor of 1.3e13 times higher than recommended.
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a b s t r a c t

Registration of pesticides for use in Ghana is based on prospective environmental risk assessment (ERA)
to assess the risks of future pesticide use on the environment. The present study evaluated whether
pesticides currently used by Ghanaian farmers may harm the aquatic and terrestrial environment under
day-to-day farm practice by performing a 1st tier ERA for terrestrial and aquatic environment and a 2nd
tier ERA for the aquatic environment using existing scenarios and models. Results of the 1st tier risk
assessment indicated that in the investigated regions in south Ghana, many pesticides might pose an
acute risk to aquatic ecosystems adjacent to the treated fields while lambda cyhalothrin, chlorpyrifos,
cypermethrin, dimethoate, mancozeb, carbendazim, sulphur, maneb and copper hydroxide may pose the
highest chronic risks. Butachlor, dimethoate and carbendazim may pose acute risks to the terrestrial soil
ecosystem, while glyphosate, chlorpyrifos, imidacloprid, dimethoate, mancozeb, carbendazim, maneb,
copper hydroxide and cuprous oxide may pose the highest chronic risks. Many insecticides and some
fungicides may pose acute risks to bees and terrestrial non-target arthropods. The 2nd tier acute aquatic
risk assessment showed that most risks were substantiated using species sensitivity distribution (SSD).
Actual pesticide use was a factor of 1.3e13 times higher than the recommended label instructions,
indicating a general practice of overdosing. The case study shows that the PRIMET model in combination
with the SSD concept may offer pesticide registration authorities in Ghana a means to assess environ-
mental risks associated with pesticide usage in a user-friendly and cost-effective manner.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Agriculture makes a big contribution to the economy of Ghana
ranking second to the services sector in terms of gross domestic
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product (GSS Ghana Statistical Service, 2015). Inputs such as pes-
ticides, fertilizers and improved planting materials are increasingly
used (WAAPP West Africa Agricultural Productivity Programme,
2014). The use of pesticides is important to protect crops from
pests which has significantly reduced losses and improved the yield
of crops such as cereals, vegetables and fruits (MOFA Ministry of
Food and Agriculture, 2003). Information from the Environmental
Protection Agency of Ghana indicated that 540 pesticides have been
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registered and are available for use in agriculture and public health
as of December 2015 (Ghana EPA, 2015). Pesticides applied to the
field are of concern because of the risk of pollution, especially to
vulnerable aquatic and terrestrial ecosystems (Aktar et al., 2009).
The need to monitor the environmental risks of pesticides has been
highlighted (Vijver et al., 2017), but Ghana’s pesticide law does not
have the necessary regulation to adequately address this issue
(NPASP (Northern Presbyterian Agricultural Services and Partners),
2012). Although pesticide use is high in Ghana, regulatory infra-
structure is underdeveloped or not adequately enforced and ca-
pacity for routine monitoring programmes is lacking (NPASP
(Northern Presbyterian Agricultural Services and Partners), 2012;
Onwona Kwakye et al., 2019).

The registration of pesticides for use in Ghana is based on pro-
spective risk assessment, while the development of the underpin-
ning field of sciences, i.e. environmental chemistry and
ecotoxicology, is in its early stages in Ghana. Local studies on pes-
ticides regarding environmental risk assessment and particularly
assessments of pesticides toxic effects on aquatic and terrestrial
organisms have not been widely undertaken. A few studies that
have been conducted involved pesticides exposure in rivers in the
intensive cocoa growing areas of the Ashanti and Eastern Regions of
Ghana. In Oda, Kowire and Atwetwe rivers, for example, mean
pesticide concentrations found in water samples for lindane and
endosulfan were 19.4 and 12.4 mg/L (Oda), 16.4 and 17.9 mg/L
(Kowire), 20.5 and 21.4 mg/L (Atwetwe), respectively (Acquaah,
1997). A study published by Ntow in 2001 on organochlorine
pesticide levels in water samples collected from streams near the
city of Akumadan, a prominent vegetable-farming area in Ghana,
showed that endosulfan sulfate was the most frequently occurring
pesticide, detected in 78% of the sampled waters with a mean
concentration of 30.8 mg/L (Ntow, 2001). In a similar study on the
Volta Lake, lindane was detected in 38 samples, comprising of 76%
of the analysed samples. Lindane and endosulfanwere identified in
relatively low mean concentrations of �0.008 and 0.036 mg/L,
respectively (Ntow, 2005).

The current study evaluated whether current pesticide use by
Ghanaian farmers may harm the environment under day-to-day
farm practice by;

(i) performing a 1st tier environmental risk assessment to
identify pesticides that may pose a risk to the aquatic and
terrestrial environment using the PRIMET (Pesticides Risks in
the Tropics to Man, Environment, and Trade) model (Peeters
et al., 2008);

(ii) determining 2nd tier threshold levels that are protective of
aquatic communities in the study site(s) using the Species
Sensitivity Distribution (SSD) concept (Maltby et al., 2005);

(iii) evaluating the use of banned products and the overuse of
pesticides, i.e. higher use than recommended dose.

The findings of this paper will contribute in filling the pesticide
risk assessment gap with respect to available tools and procedures
for especially the aquatic environment in Ghana. If risks are indi-
cated, it is expected that the pesticide registration authority (Ghana
Environmental Protection Agency; EPA) will use the information to
initiate the necessary changes of farmers’ pesticide use and that of
other stakeholders to improve the quality of the aquatic and
terrestrial environment.

2. Materials and methods

2.1. Study sites

A survey was conducted between May 2013 to January 2014 in
four selected irrigation sites and a cocoa farming community
involving 131 farmers. The sites were in the Central (Okyereko),
Greater Accra (Weija and Ashaiman) and Eastern (Tontro/New Tafo
and Akuse) regions of Ghana (Fig. 1). The study sites were chosen to
reflect i) the steady increase of crop farming in the country, ii) the
regions which uses pesticides intensively and iii) the regions being
representative of Ghana in terms of agricultural advancement,
crops grown, geography, and climate, among others (Dickson and
Benneh, 1998; MOFA Ministry of Food and Agriculture, 2011). The
system of farming was mainly mono-cropping for each of the sites.

Prior informed consent was obtained from each respondent and
permission to carry out research at the sites was obtained from the
schememanagers of the irrigation sites and from the owners of the
cocoa farms. Information on pesticides used, application dose, and
frequency were obtained from the farmers by way of questionnaire
administration and records of observations of farmers whilst
working in the field. The application rate of the pesticides being
applied was particularly noted and compared to the recommended
rates on the pesticide label (see Table SI 1; supplementary infor-
mation for questionnaire used).
2.2. The PRIMET model

The 1st tier risk assessment of the pesticides to the aquatic and
terrestrial environment was performed by applying the risk
assessment model PRIMET (Pesticide Risks in the Tropics to Man,
Environment and Trade; version 2.0) using hypothetical exposure
scenarios (Peeters et al., 2008). To perform a risk assessment in
PRIMET, a scenario describing the physical properties of the envi-
ronmental compartment must be provided as well as data on the
physico-chemical properties of the pesticides and the sensitivity of
the organisms under evaluation. Scenarios of actual pesticide use
were limited to application method, dosages (g active ingredient
(a.i.)/ha), application interval (d) and frequency of use reported by
the farmers. Pesticide formulations that had been made of more
than one active ingredient were separated into the different active
ingredient concentrations (Table SI 2). For each environmental
compartment (aquatic, soil, bee and non-target arthropods), PRI-
MET calculates an exposure concentration (Predicted Environ-
mental Concentration, PEC) and a threshold concentration for
effects (Predicted No Effect Concentration, PNEC), from which the
Exposure Toxicity Ratio (ETR) can be calculated by dividing the PEC
by the PNEC. An ETR lower than 1 indicates that no serious risks are
expected, an ETR between 1 and 100 indicates that risks may be
present, while an ETR of higher than 100 indicates that risks are
very likely to occur. The PRIMET DSS (Decision Support System) is
freely available on www.primet.wur.nl and incorporated in a
Graphical User Interface.
2.3. Physico-chemical data

In order to calculate the exposure concentration using the PRI-
MET model, data on each of the pesticides’ intrinsic physico-
chemical properties were mostly already available in the model
and, if not, taken from literature sources. Most available data were
collected for the temperate regions of Europe and North America,
but were temperature corrected within the PRIMET model. Table SI
3 shows the pesticide physico-chemical characteristics required for
the PRIMET model. The pesticide products and active ingredients
evaluated are the most used pesticides in the study area. The var-
iables in Table SI 3 were obtained from either the PPDB: Pesticide
Properties DataBase (PPDB Pesticide Properties Database, 2020) or
already given in the PRIMET database.

http://www.primet.wur.nl


Fig. 1. Geographical location of the study sites in Ghana.
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2.4. First tier acute and chronic aquatic risk assessment

In this 1st tier risk assessment for the aquatic risk assessment
only entry via spray drift was taken into consideration. An irrigation
channel with an aquatic waterway of 1 m wide at the bottom, a
slope of 0.5 and a water depth of 0.5 m was used for the aquatic
scenario. The length from which the channel received spray drift
following the applications was 100mwith a flow velocity of 100m/
day. The water phase was assumed to contain 1 g/L of suspended
solids with an organic matter content of 50%, while the water
temperature was taken to be 30 �C. The climate of Akuse, Okyereko,
Ashaiman and Weija is of the tropical savannah type and charac-
terized by a bimodal rainfall pattern. Average annual rainfall ranges
from 625 to 1000 mm. Mean annual temperature is 29 �C and de-
creases to 26 �C in July and August (http://mofa.gov.gh/site/?page_
id¼2985; GSS Ghana Statistical Service, 2014). New Tafo/Tontro lies
in the moist semi-deciduous forest which is also characterized by
two main rainfall seasons. The mean annual rainfall is between 125
and 175 mm. Temperatures are found to be fairly uniform ranging
between 26 �C in August and 30 �C in March and characteristic of a
typical tropical climate (GSS Ghana Statistical Service, 2014; Abban
et al., 2018). Degradation and volatilisation rates of the pesticides
from the watercourse are temperature dependent and their values
were adjusted to the water temperature of 30 �C used in this study
as described by Peeters et al. (2008).

Pesticides were applied using hand-pressured backpack knap-
sack (Matabi 15L). The spraying was done with the lance positioned
in front of the applicators while theywalked through the crops, also
directly next to water courses. It was assumed that on the average
10% of the amount of pesticide applied per ha on the crops would
reach the water surface by spray drift based on empirical drift data
from knapsack sprayers showed by Snelder et al. (2008).
The data was entered into the PRIMET model to calculate acute

and chronic PECs. To calculate the 1st tier acute Exposure Toxicity
Ratio (ETR), this PEC was then divided by acute or chronic PNEC.
The acute and chronic PNECs are based on toxicity data in the form
of EC50 and NOEC data for selected standard test species from
different trophic levels, namely algae (primary producers), Daphnia
(invertebrates) and fish (vertebrates). The toxicity data extracted
from these databases were for the acute static tests for freshwater
invertebrates (48 h), vertebrates (96 h) and primary producers
(72 h and 96 h) and for the chronic the extracted toxicity data were
Daphnia (21 days) and fish (28 days). The relevant EC50 and NOEC
data were extracted from the USEPA ECOTOX (USEPA, 2020a), the
RIVM database (De Zwart, 2002) and the Pesticide Manual (Tomlin,
2000). The toxicity values used to calculate the 1st tier PNECs are
provided in Table SI 2.

These acute PNECs also incorporated an assessment factor (100
for fish and Daphnia and 10 for algae) and the lowest resulting
PNECwas used as the threshold concentration of effects (Table SI 2).
These assessment factors were used to extrapolate from the EC50
level to a concentration at which no effects on the organisms were
expected and to account for interspecies variation, and were taken
from the uniform principles of the EU pesticide directive (EU
European Union, 1997; Van den Brink et al., 2005). To calculate
the chronic Exposure Toxicity Ratios (ETRn), a time weighted
average PECs for fish (default period of 28 days) and daphnia
(default period of 21 days) were calculated. These PECs were
divided by their respective chronic PNECs for Daphnia (in-
vertebrates) and fish (vertebrates), using an assessment factor of 10.
When the resulting chronic PNEC was higher than the acute one,
the acute PNEC was used for the chronic risk assessment. The
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assessment factors used in the PRIMET model are regarded as
conservative for most of the chemicals evaluated in this study
(Brock and Van Wijngaarden, 2012; Brock et al., 2016; Van
Wijngaarden et al., 2015; Rico et al., 2019; Van Wijngaarden and
Arts, 2018).

2.5. First tier acute and chronic terrestrial risk assessment

For the terrestrial risk assessments the toxicity values already
incorporated in the PRIMET model were used. The terrestrial soil
(earthworms) scenario included an acute 14 day LC50 and a chronic
NOEC for reproduction as effect endpoints using a default extrap-
olation factor of 0.1 and 0.2 for acute and chronic effect assessment
of earthworm, respectively to calculate the PNEC (EU European
Union, 1997). The exposure scenario included a bulk density of
1.0 g/cm3 (Sally and Abernethy, 2002) of the soil, a depth of 0.05 m
and the individual pesticide dose applied (g a. i/ha), number of
applications and application interval as obtained from the field
survey.

The scenario for the bees included the acute LD50 (24 h and
48 h) and the individual dose (g a. i./ha) of the pesticides applied.
Likewise, for the non-target arthropod (NTA), an acute median le-
thal rates (LR50, in g/ha), a vegetation scenario with a default dis-
tribution factor of 10, an extrapolation factor for effect assessment
of NTA with a default value of 2 and a default drift factor value of
0.0277 as well as the number of pesticide applications (g a. i/ha)
were used (Peeters et al., 2008). The climatic conditions for the 1st
tier terrestrial risk assessment were the same as that described
under the aquatic risk assessment.

Subsequently, the calculated acute and chronic soil PEC was
then divided by the 1st tier acute and chronic PNEC to calculate the
acute and chronic ETR respectively. For NTAs and bees only an acute
risk assessment was performed due to a lack of toxicity data. For
NTAs an in-field and off-field ETR was calculated with the latter
being a factor of 100 lower (Peeters et al., 2008).

2.6. Second tier acute pesticide threshold levels for aquatic
communities

To refine the threshold values protective for ecological risk of
insecticides, fungicides and herbicides to freshwater ecosystems in
the study area, the species sensitivity distribution (SSD) concept
was used to calculate the 2nd tier acute PNEC for the chemicals
indicated to pose an acute risk to aquatic ecosystems in the 1st tier.
This PNEC was compared to the 1st tier acute PEC as calculated by
PRIMET in order to calculate the 2nd tier ETR. Due to data con-
straints it was not possible to perform a 2nd tier acute risk
assessment for the other environmental compartments as well as
to perform 2nd tier chronic risk assessments.

When available, the SSD derived HC5 (Hazardous Concentra-
tions 5%) values present in Van den Brink et al. (2006) and Maltby
et al. (2005, 2009) were used as 2nd tier acute PNECs (Table 3). In
order to construct the SSDs for the remaining compounds, acute
aquatic single-species were collated from the EPA ECOTOX database
(USEPA, 2020a). Data selection criteria followed those of Maltby
et al. (2005, 2009) and Van den Brink et al. (2006), where the
selected endpoints were median lethal concentration (LC50) or
median effect concentration (EC50) regarding immobility for ani-
mals and EC50 regarding biomass or growth for plants. The test
durations selected were 2e21 d for vertebrates, 1e7 d for in-
vertebrates, 2e28 d for macrophytes, and 1e7 d for algae. Genera
data were only used if no species data were reported for a genus.
Each species was represented only once per compound in the
analysis. The following data manipulations were performed where
there were multiple toxicity values for a taxon:
� The lowest value was selected where several duration times,
temperatures, life stages, water types, etc., were studied in the
same experiment.

� The geometric mean was taken for data for the same species
(and endpoint), but from different experiments.

The SSD generator developed by US EPA (USEPA, 2020b) was
used to generate SSDs and median HC5 values (Hazardous Con-
centration 5%) and their 95% confidence interval. A log-normal
distribution model by Aldenberg and Jaworska (2000) was fitted
to a minimum of six data points, with model fit being evaluated
using the Andersone Darling goodness-of-fit test.

All arthropod data (crustaceans and insects) was included to
construct SSD for insecticides, all aquatic data (vertebrates; in-
vertebrates; and primary producers) for fungicides and all data for
primary producers (algae and macrophytes) for herbicides (Maltby
et al., 2005, 2009; Van den Brink et al., 2006). The analysis was
applied to the pesticide crop combination for which only a potential
or likely acute risk was indicated in the 1st tier calculation (i.e. ETR
>1). The analysis however focused on 19 pesticide compounds
being 7 herbicides, 5 insecticides and 7 fungicides (Table 3).

2.7. Overuse of pesticides

The third aim was to evaluate whether the farmers overdose
pesticides during normal day-to-day use and if products being used
had been banned for use or not. The status of pesticides identified
to be in use was cross-checked as well as application rate compared
to the recommended rate provided by the registration authorities
(Ghana EPA, 2015) and as indicated on the label instructions.

3. Results

3.1. First tier risk assessment

The data set included 33% insecticides, 30% fungicides and 37%
herbicides as obtained from the individual active ingredient
application dosages (Table SI 2). The application rate per hectare,
application interval, number of applications per season, and crops
applied to at the study sites are given in Table SI 2. For the risk
assessment, the 1st tier ETRs, the ranges of the ETRs and percentage
of ETRs >1 were calculated (Tables 1 and 2) using use patterns for
32 different active ingredients and their physico-chemical proper-
ties (Table SI 3). Together with their tier-1 acute L (E/D/R)C50
(Table SI 4) and tier-1 chronic NOEC (Table SI 5) data. All this data
was included in the model to classify each application dosage in
three categories of risk: ‘no risk’ (ETR < 1), ‘possible risk’
(1 < ETR < 100) and ‘definite risk’ (ETR > 100) for each environ-
mental compartment. Some active ingredients showed ranges in
ETRs spanning multiple categories due to differences with regards
to the dosage of active ingredient applied per hectare (Tables 1 and
2).

Only for the insecticide emmamectin benzoate no acute and
chronic aquatic risk assessment could be performed due to a lack of
data, while this was not possible for pyribenzoxim and emma-
mectin benzoate for the acute soil risk assessment. Only for 53% of
the compounds a chronic soil risk assessment could be performed
while for all compounds an acute risk assessment for bees could be
performed. For 37% of the compounds an acute risk assessment
could be performed for NTAs (Tables 1 and 2).

3.2. ‘No risk’

For the following pesticides ‘no acute risk’were indicated based
on the calculated highest acute ETRs for the aquatic environment:



Table 1
Pesticide type used in the study area and their 1st tier acute exposure toxicity ratio (ETR) or range of ETR and percentage ETR > 1 for the different acute risk assessments as
calculated by the PRIMET model. ETRs for NTA off-field can be calculated by dividing the NTA in-field by a factor of 100 as the amount of spray drift is 10% and the vegetation
distribution factor is 10 (Peeters et al., 2008).

Pesticide Active
Ingredient

Class Number of
case(s)

Aquatic Terrestrial (soil) Terrestrial (bees) Terrestrial (NTA in-field)

ETR/Range of
ETR(s)

% of
ETR > 1

ETR/Range of
ETR(s)

% of
ETR > 1

ETR/Range of
ETR(s)

% of
ETR > 1

ETR/Range of
ETR(s)

% of
ETR > 1

Glyphosate Herbicide 4 0.019e0.21 0 0.012e0.13 0 0.086e0.94 0 NA NA
Paraquat Herbicide 2 1.1e6.0 100 0.0040e0.022 0 0.66e3.7 50 NA NA
Butachlor Herbicide 1 15 100 86 100 0.67 0 NA NA
Pendimethalin Herbicide 2 7.9e26 100 0.016e0.052 0 0.24e0.78 0 NA NA
Propanil Herbicide 2 1.5e2.8 100 0.013e0.024 0 0.15e0.28 0 4138a - 7655a 100
Bensulfuron methyl Herbicide 1 1.5 100 0.0017 0 0.049 0 0.11 0
Bispyribac sodium Herbicide 1 0.0030 0 5.6E-04 0 0.0056 0 NA NA
2, 4-D Herbicide 2 0.015e0.027 0 0.015e0.028 0 0.085e0.16 0 NA NA
Pretilachlor Herbicide 1 1.6 100 0.42 0 0.13 0 NA NA
Pyribenzoxim Herbicide 1 0.00096 0 NA NA 0.0080 0 NA NA
Oxyfluorfen Herbicide 2 4.3e5.8 100 0.0060e0.0080 0 0.090e0.12 0 0.16e0.21 0
Lambda cyhalothrin Insecticide 3 274a - 4229a 100 6.4E-04 - 0.0099 0 13e195a 100 192a - 2960a 100
Chlorpyrifos Insecticide 2 3425a - 5479a 100 0.050e0.079 0 163a - 260a 100 3600a - 5760a 100
Emmamectin

benzoate
Insecticide 2 NA NA NA NA 673a - 2009a 100 NA NA

Imidacloprid Insecticide 1 0.00085 0 0.037 0 162a 100 1841a 100
Acetamiprid Insecticide 4 1.40E-03 -

0.0034
0 0.040e0.11 0 0.0022e0.18 0 NA NA

Novaluron Insecticide 2 0.17 0 2.1E-04 0 0.0032 0 NA NA
Thiamethoxam Insecticide 2 7.1E-04 - 8.5E-

04
0 4.0E-04 - 4.8E-

04
0 120a - 144a 100 NA NA

Bifenthrin Insecticide 4 0.52e4.2 50 0.0028e0.023 0 0.33e2.7 50 NA NA
Cypermethrin Insecticide 2 16e61 100 0.012e0.047 0 90e353a 100 NA NA
Dimethoate Insecticide 2 1.2e4.7 100 0.43e1.7 50 167a - 653a 100 NA NA
Carbofuran Fungicide 1 4.6 100 0.0011 0 10 100 3.4 100
Mancozeb Fungicide 3 16e202a 100 0.029e0.35 0 0.091e1.1 33 NA NA
Carbendazim Fungicide 2 6.4e13 100 0.99e2.0 50 0.16e0.32 0 0.15e0.31 0
Sulphur Fungicide 2 16e19 100 0.0043e0.0052 0 0.13e0.16 0 1.5e1.8 100
Maneb Fungicide 1 5719a 100 0.13 0 1.8 100 NA NA
Copper hydroxide Fungicide 4 8.3e36 100 0.0052e0.023 0 0.12e0.52 0 7088a - 26,570a 100
Metalaxyl Fungicide 2 0.0069e0.0096 0 0.0011e0.0015 0 0.0080e0.011 0 NA NA
Metalaxyl-M Fungicide 2 3.6E-04 - 0.0071 0 2.4E-04 - 0.0048 0 0.0024e0.047 0 NA NA
Cuprous oxide Fungicide 2 1.7e8.6 100 0.0023e0.011 0 0.026e0.13 0 5.2e26 100

ETR values below 1 indicate no risk, between 1 and 100 a potential risk and above 100 a definite risk.
NA indicates that the ETR was not determined because toxicity data were not available.

a Represents a definite risk.
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the herbicides glyphosate, bispyribac-sodium, 2, 4-D and pyr-
ibenzoxim, the insecticides imidacloprid, acetamiprid, novaluron
and thiamethoxam and the fungicides metalaxyl and metalaxyl-M
(Table 1). There were also no chronic ETRs greater than 1 indicating
no chronic risk to the aquatic environment with respect to the same
pesticides as well as many others (Table 2).

With the exception of butachlor, dimethoate and carbendazim
all active ingredients showed no acute risk for terrestrial (soil) or-
ganisms while the chronic terrestrial (soil) ETRs ranged from
0.0047 to 0.78 for pendimethalin, oxyfluorfen, acetamiprid, nova-
luron, thiamethoxam, bifenthrin and carbofuran (Table 2).

No acute risk to bees were calculated for herbicides, with the
exception of paraquat, for insecticides with the exception of lambda
cyhalothrin, chlorpyrifos, emmamectin benzoate, imidacloprid,
thiamethoxam, bifenthrin, cypermethrin, dimethoate, and for
fungicides with the exception of carbofuran, mancozeb, andmaneb.
The other active ingredients showed no acute risk to bees with
ETRTerrestrial acute Bees ¼ 0.0022e0.94 (Table 1).

No acute ETRs >1 to terrestrial non-target arthropods (NTA)
were calculated for the herbicide bensulfuron methyl and oxy-
fluorfen and the fungicide carbendazim while for all other pesti-
cides for which data were available a (possible) risk was calculated.
The chronic ETRs could only be calculated for 37% of the com-
pounds. The ETRs of the herbicide bensulfuron methyl and oxy-
fluorfen, the insecticide carbofuran and the fungicides
carbendazim, sulphur and cuprous oxide were lower than 1
(Tables 1 and 2). It is clear that the chronic risk assessment for these
organisms suffer from a lack of data as chronic, and even acute,
toxicity data were not available for most compounds (Tables 1 and
2).

3.3. ‘Possible risk’

The predicted PRIMET highest acute ETR values were between 1
and 100 for most of the herbicides (i.e. paraquat, butachlor, pen-
dimethalin, propanil, bensulfuron methyl, pretilachlor and oxy-
fluorfen), some insecticides (bifenthrin, cypermethrin and
dimethoate) and almost half of the fungicides (carbofuran, car-
bendazim, sulphur, copper hydroxide and cuprous oxide). All
highest chronic ETR values predicted by PRIMET for cypermethrin,
dimethoate, mancozeb, carbendazim, sulphur and copper hydrox-
ide were between 1 and 100, indicating possible risks with respect
to the aquatic environment (Tables 1 and 2).

The highest acute ETR predicted by PRIMET for the terrestrial
soil environment were only larger than 1 for the herbicide buta-
chlor, the insecticide dimethoate and fungicide carbendazim. They
were also smaller than 100 and this indicating possible effects
(Table 1). Chronic highest ETR between 1 and 100 were calculated
for the herbicide glyphosate, the insecticides chlorpyrifos, imida-
cloprid and dimethoate and the fungicides mancozeb, carbenda-
zim, maneb, copper hydroxide and cuprous oxide (Tables 1 and 2).

Acute highest ETRs between 1 and 100 for bees were calculated



Table 2
Pesticide type used in the study area and their 1st tier chronic exposure toxicity ratio (ETR) or range of ETR and percentage ETR for the different chronic risk assessments as
calculated by the PRIMET model.

Pesticide Active Ingredient Class Number of case(s) Aquatic Terrestrial (soil)

ETR/Range of ETR(s) % of ETR > 1 ETR/Range of ETR(s) % of ETR > 1

Glyphosate Herbicide 4 8.6E-04 - 0.0093 0 0.10e1.1 25
Paraquat Herbicide 2 9.8E-05 - 5.4E-04 0 NA NA
Butachlor Herbicide 1 0.54 0 NA NA
Pendimethalin Herbicide 2 0.16e0.54 0 0.24e0.78 0
Propanil Herbicide 2 0.069e0.13 0 NA NA
Bensulfuron methyl Herbicide 1 7.0E-04 0 NA NA
Bispyribac sodium Herbicide 1 4.6e05 0 NA NA
2, 4-D Herbicide 2 5.0E-04 e 9.3E-4 0 NA NA
Pretilachlor Herbicide 1 0.057 0 NA NA
Pyribenzoxim Herbicide 1 4.3E-05 0 NA NA
Oxyfluorfen Herbicide 2 0.38e0.51 0 0.12e0.17 0
Lambda cyhalothrin Insecticide 3 167e2577 100 NA NA
Chlorpyrifos Insecticide 2 401e642 50 1.0e1.6 100
Emmamectin benzoate Insecticide 2 NA 0 NA NA
Imidacloprid Insecticide 1 1.9E-04 0 4.0 100
Acetamiprid Insecticide 4 1.9E-06 e 4.2E-04 0 0.0047 0.43 0
Novaluron Insecticide 2 0.89 0 0.11 0
Thiamethoxam Insecticide 2 3.9E-05 - 4.7E-05 0 0.10e0.12 0
Bifenthrin Insecticide 4 0.081e0.66 0 0.022e0.18 0
Cypermethrin Insecticide 2 1.8e7.1 100 NA NA
Dimethoate Insecticide 2 0.70e2.7 50 2.5e9.7 100
Carbofuran Fungicide 1 0.19 0 0.14 0
Mancozeb Fungicide 3 3.8e70 100 0.21e2.6 66
Carbendazim Fungicide 2 7.7e15 100 6.7e13 100
Sulphur Fungicide 2 1.4e1.7 100 NA NA
Maneb Fungicide 1 159a 100 6.6 100
Copper hydroxide Fungicide 4 0.59e3.9 50 0.47e1.5 25
Metalaxyl Fungicide 2 4.5E-04 e 6.4E-04 0 NA NA
Metalaxyl-M Fungicide 2 1.4E-04 e 0.0072 0 NA NA
Cuprous oxide Fungicide 2 0.12e0.92 0 0.25e1.3 50

ETR values below 1 indicate no risk, between 1 and 100 a potential risk and above 100 a definite risk.
NA indicates that the ETR was not determined because toxicity data were not available.

a Represents a definite risk.

Table 3
Median (50% confidence) hazardous concentration for 5% of species (HC5; mg/L) calculated from species sensitivity distributions constructed for primary producers (algae,
macrophytes), invertebrates, and or vertebrates exposed at different locations to pesticides and single-species acute with 1st tier NEC values, and 2nd tier acute ETR values
based on the 2nd tier PNEC values. For some pesticides multiple dosages were evaluated leading to an equal number of PEC and ETR values per pesticide.

Pesticide Product Tier-1 Tier-2 ETR¼(PEC/HC5)

PNEC (mg/L) PEC (mg/L) HC5 (mg/L) Reference

Primary Producers Inverte-brates Verte-brates

Herbicide
Paraquat 0.023 44 190 0.025; 0.14 0.83 This study 0.030; 0.17
Butachlor 20 24 4.4 67 NA This study NA
Pendimethalin 0.6 2.8 1.38 4.7; 15 2.0 Van den Brink et al. (2006) 2.4; 7.5
Propanil 11 23.9 54 17; 31 6.8 This study 2.5; 4.6
Bensulfuron methyl 2 1300 660 3.0 NA This study NA
Pretilachlor 929 130 9 14 NA This study NA
Oxyfluorfen 200 7.2 2.5 11; 14 0.10 This study 110; 140
Insecticide
Lambda cyhalothrin 30 0.0036 0.0021 0.58; 0.60; 8.9 0.003 Maltby et al. (2005) 193; 200; 2967
Chlorpyrifos 48 0.0010 0.013 3.4; 5.5 0.07 Maltby et al. (2005) 49; 79
Bifenthrin 82 0.0011 0.0026 0.0047; 0.0047 0.0051 This study 0.92; 0.92
Cypermethrin 10 0.0030 0.028 0.047; 0.18 0.003 Maltby et al. (2005) 16; 60
Dimethoate 9040 20 302 24; 94 1.6 This study 15; 59
Fungicide
Carbofuran 650 0.094 1.8 0.43 0.23 Maltby et al. (2009) 1.9
Mancozeb 4.4 0.73 0.74 12; 88; 147 89 Maltby et al. (2009) 0.13; 0.99; 1.7
Carbendazim 770 1.5 1.9 9.6; 19 8 Maltby et al. (2009) 1.2; 2.4
Sulphur 6.3 0.63 0.63 9.8; 12 NA This study NA
Maneb 0.70 0.021 2 120 48 Maltby et al. (2009) 2.5
Copper hydroxide 0.9 0.38 0.17 1.4; 2.3; 3.1; 6.2 5.4 This study 0.26; 0.43; 0.57; 1.1
Cuprous oxide 14.7 4.5 2.07 3.6; 18 22a This study 0.16

NA indicates that the SSD was not determined because not enough toxicity data were available.
a Indicative, based on 7 species.
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for the herbicide paraquat, the insecticide bifenthrin, and the fun-
gicides carbofuran, mancozeb and maneb (Table 1).

Possible acute risks (highest ETR values between 1 and 100) for
in-field NTAswere calculated for the fungicides carbofuran, sulphur
and cuprous oxide (Table 1).
3.4. ‘Definite risk’

The PRIMET predicted definite acute risk (highest ETR
values > 100) values for the aquatic environment for the in-
secticides lambda cyhalothrin and chlorpyrifos and the fungicides
mancozeb and maneb, while chronic definite risks were calculated
for the insecticides lambda cyhalothrin and chlorpyrifos and the
fungicide maneb (Tables 1 and 2).

No definite acute or chronic risks (highest ETR values > 100)
were calculated for the soil compartment while definite acute risks
values for bees included those for the insecticides lambda cyhalo-
thrin, chlorpyrifos, emmamectin benzoate, imidacloprid, thiame-
thoxam, cypermethrin and dimethoate (Tables 1 and 2). For the
non-target arthropods, PRIMET calculated highest acute ETR
values > 100 for the herbicide propanil, the insecticides lambda
cyhalothrin, chlorpyrifos and imidacloprid and the fungicide;
copper hydroxide (Table 1).
3.5. Second tier aquatic risk assessment

For 15 of the 19 pesticides an HC5 could be calculated, however
in the case of cuprous oxide only based on 7 data points instead of
the required 8 ones (Table 3). The median factor at which the PNEC
went up between the 1st and 2nd tier was 4.6. The highest increase
in PNEC was observed for maneb (from 0.021 mg/L to 48 mg/L, while
a decrease was observed for 3 compounds (propanil, oxyfluorfen
and dimethoate).

Paraquat, bifenthrin and cuprous oxidemoved from the possible
risk category to the no risk category, while 7 pesticides stayed in the
possible risk category (Table 3). Only oxyfluorfen moved up in its
risk category, i.e. from possible risk to definite risk. Chlorpyrifos,
mancozeb and maneb moved from the definite risk category to the
possible risk category, while lambda cyhalothrin was the only
chemical staying in the definite risk category (Table 3).
Table 4
Pesticide formulations, active ingredients and their applied dose(s) in this survey as well a
of Ghana to control important pests in agriculture. The overdose factors are based on the

Pesticide formulation Pesticide
Class

Active Ingredient(s) A
k

Ceresate; Chemosate; Roundup; Power;
Sunphosate

Herbicide Glyphosate 1

Gramoxone; M-Quat Herbicide Paraquat 1
Ceres Butachlor Herbicide Butachlor 6
Condax; Londax Herbicide Bensulfuron methyl 0
Solito Herbicide Pretilachlor þ Pyribenzoxim 2
Zoomer Herbicide Oxyfluorfen þ Glyphosate 1
Stomp 445 CS; Alligator Herbicide Pendimethalin 3
Bounty Herbicide Bispyribac sodium 0
Karate; Conti-Halothrin; Pawa; Stricker Insecticide Lambda Cyhalothrin 1

Attack Insecticide Emamectin benzoate 0
K-Optimal Insecticide Lambda

cyhalothrin þ Acetamiprid
1

Cymethoate, Cydim Super Insecticide Cypermethrin þ Dimethoate 2
Benco Fungicide Mancozeb 5
Carbendazim 50 WP Fungicide Carbendazim 0
Sulfa 80 WP Fungicide Sulphur 0
Maneb 80 WP Fungicide Maneb 9

AS ¼ Ashaiman, AK ¼ Akuse, WJ ¼ Weija, OK ¼ Okyereko.
3.6. Overdosing of pesticides

Table 4 shows that a number of pesticides have been applied in
excess by farmers at the study sites as compared to the recom-
mended dosages on the approved pesticide labels by Ghana
pesticide registration authorities. Based on the mean of the mini-
mum and maximum applied and recommended dosages, the
average overdose factor was 4.5 with the highest values for the
insecticides lambda cyhalothrin (applied as Karate Conti-Halothrin,
Pawa and/or Stricker) and cypermethrin and dimethoate applied as
a mixture using the Cymethoate and/or Cydim Super formulations.
The lowest overdose factor values were observed for the fungicides
sulphur (applied as Sulfa 80 WP), the insecticide mixture lambda
cyhalothrin and acetamiprid (applied as K-Optimal), the herbicide
mixture pretilachlor and pyribenzoxim (Solito formulation) and the
herbicide butachlor (applied as Ceres Butachlor). No formulation
was underdosed (Table 4).

4. Discussion

This study reveals that environmental risks may be expected
with regards to the use of pesticides in the case study areas of
Ghana judging from the results of the environmental risk assess-
ment in terms of ETRs for the aquatic (algae, daphnia and fish) and
terrestrial (worms, bees and NTAs) compartments (Tables 1e3).
This included the overdosing of pesticides applied by farmers, in
comparison to the recommended dosages (Table 4). There was,
however, no record of farmers using banned pesticide products in
the study area.

4.1. Aquatic risk assessment

Aquatic ecosystems provide direct goods and services like clean
drinking water, fish and aquatic macrophytes for consumption and
indirect services like water purification, water retention and
climate regulation (Grizzetti et al., 2016). It is, therefore, of most
importance that aquatic ecosystems are of good ecological status
and not impaired by chemicals such as pesticides. Among others,
that was the reason for us to perform the aquatic risk assessment of
the pesticide use dosages collected within this paper to evaluate
the agricultural practices in the Central, Greater Accra and Eastern
s their recommended dosage(s) as approved by the Environmental Protection Agency
average of the minimum and maximum of the applied and recommended dosages.

pplied dose, L/Ha,
g/Ha

Recommended dose on label, L/
Ha, kg/Ha

Overdose
factor

Site(s)

.2e9.8 L 0.5e2.5 L 3.7 AS

.5e8.3 L 1.5e3.0 L 2.2 AS

.7 L 4.0 L 1.7 OK

.42 Kg 0.0030e0.10 Kg 8.2 AS, OK, AK

.0 L 1.0e1.5 L 1.6 AK

.5e2.0 L 0.75e0.90 L 2.1 WJ

.0e9.8 L 2.5e3.0 L 2.3 AS, AK

.10 L 0.015e0.050 L 3.1 AK

.0e15 L 0.60 L 13 AS, OK, WJ,
AK

.62e1.9 L 0.25e0.30 L 4.6 AS, OK, WJ

.5 L 1.0 L 1.5 OK

.5e9.8 L 0.50 L 12 AS, OK

.9e9.9 Kg 0.80e2.0 Kg 5.6 AS, WJ, OK

.80e1.6 Kg 0.13e0.26 Kg 6.2 WJ

.80e0.99 Kg 0.67 Kg 1.3 AS, AK

.0 Kg 2.0e4.0 Kg 3.0 WJ, AS
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regions of Ghana.
Firstly, this study applied the PRIMET model for calculating

environmental impact of pesticide use, and demonstrated that
pesticide use poses serious potential acute and chronic risks to the
aquatic environment, if aquatic ecosystems are present adjacent to
the treated fields (Tables 1 and 2). Malherbe et al. (2013) reported
ETR values of 0.01, 0.2, 0.2e0.5 and 73 for dimethoate, glyphosate,
carbendazim and paraquat respectively while Ansara-Ross et al.
(2008) reported an ETR of 0.3 for pendimethalin for aquatic eco-
systems in South Africa. In this study the calculated acute 1st tier
ETR for pendimethalin ranged between 7.9 and 26 (Table 1), indi-
cating possible acute risk, which is substantiated by the 2nd tier
risk assessment (Table 3). These are much higher than the ETR
reported by Ansara-Ross et al. (2008), partly because of higher
applied dosages (up to a factor of 3). In this study no risk was
indicated for glyphosate (ETR: 0.019e0.21), which is comparable to
the study in South Africa (Malherbe et al., 2013). In this study
possible acute risks were also calculated for paraquat, dimethoate
and carbendazim as the 1st tier ETRs ranged between 1.1 and 6.0,
1.2e4.7 and 6.4e13, respectively (Table 1). Paraquat showed
possible acute risk based on a 1st tier assessment for both this study
and that of Malherbe et al. (2013) (Table 1). This risk, however,
disappears when a 2nd tier PNEC is used (Table 3). The calculated
1st and 2nd tier ETRs of dimethoate and carbendazim were much
higher compared to the study of Malherbe et al. (2013), again a
result of using much higher applied dosages (dimethoate up to a
factor of 71, carbendazim up to a factor of 55). This is partly a result
of the overdosing recorded by this study of a factor 2.3, 12 and 6.2
(Table 4) for pendimethalin, dimethoate and carbendazim respec-
tively. Chlorpyrifos use (1st tier ETR ¼ 3425 and 5479; 2nd tier
ETR ¼ 49 and 79) in this study show definite acute risk to the
aquatic environment which was also recorded by Wiratno et al.
(2007) (1st tier ETR ¼ 1900). Lambda cyhalothrin showed a defi-
nite risk (1st tier ETR ¼ 274e4229; 2nd tier ETR ¼ 193e2967;
Tables 1 and 3) to the aquatic environment and cypermethrin
showed an acute risk to the aquatic environment (1st and 2nd tier
ETR ¼ 16, 60; Tables 1 and 3) and (ETR ¼ 360; definite risk), while
Wiratno et al. (2007) reported a lower value for lambda-
cyhalothrin (ETR ¼ 3) and higher one for cypermethrin
(ETR ¼ 360), but both predicting a (possible) risk. Van den Bosch
et al. (2006) provided quite similar results for China and Vietnam
with extremely high first ETR values (>1000) for cypermethrin,
chlorpyrifos, lambda cyhalothrin and dimethoate, high ones (>100)
for carbendazim and lower ones for mancozeb and, especially
metalaxyl and metalaxyl-M. These results match the results of the
2nd tier risk assessment in our study although the highest ETR
values are generally lower (Table 3). This points to the fact that the
environmental side-effects of pesticide in countries with a weak
pesticide registration system and enforcement needs more atten-
tion (Onwona Kwakye et al., 2019). This contamination of the
aquatic ecosystem might not only harm the ecological integrity of
the water, but also the ecosystem services for those who depend on
such water sources for their livelihoods including reduced (drink-
ing) water quality, reduced productivity (e.g., fish kills, effects on
bees, cattle) and small ruminants that uses surface water as
drinking water (Maltby et al., 2017).

The acute PNEC of 2,4-D is based on its toxicity to algae
(EC50 ¼ 24,200 mg/L, while especially rooted macrophytes are
much more sensitive. For instance, Belgers et al. (2007) found EC50
values for root length and number between 100 and 2000 mg/L,
which are much lower effect values compared to its algae toxicity.
Van den Brink et al. (2006) calculated an SSD for submerged
macrophytes for 2,4-D and found an acute HC5 value of 71 mg/L and
a chronic one of 5.1 mg/L. These values are still higher than the
predicted acute and chronic exposure concentrations of 9.4 and
0.32 mg/L, respectively (Table SI 2). So even when submerged
macrophyte toxicity data are included in the risk assessment, ef-
fects of the evaluated use patterns of 2,4-D are not expected.

PRIMET predicted no risk to the aquatic environment for the two
neonicotinoid insecticides imidacloprid and thiamethoxam. It
should be noted, however, that the standard test invertebrate
Daphnia magna is relatively insensitive to imidacloprid with a
geometric mean 96 h LC50 value of 34,000 mg/L (Morrissey et al.,
2015), while insect taxa like mayflies are at least four orders of
magnitude more sensitive in temperate regions (96 h EC50 for
Cloeon dipterum ¼ 1.0 mg/L in The Netherlands (Roessink et al.,
2013; Morrissey et al., 2015); and even seven orders of magni-
tude more sensitive in tropical regions (96 h EC50 for Cloeon
sp. ¼ 0.0055 mg/L in Bangladesh; Sumon et al., 2018). Smit et al.
(2015) report an acute and chronic HC5 of 0.72 and 0.025 mg/L,
respectively, based on toxicity data collected in temperate regions.
These values could point to risks due to acute exposure as the acute
and chronic calculated PECs are 0.72 and 0.034 mg/L, respectively
(Table SI 2). This risk could be higher as Ghana is also situated in the
tropics. More research on the actual risks imidacloprid, and other
neonicotinoid insecticides like thiamethoxam, poses to the aquatic
ecosystem should be studied by testing local species. Thiame-
thoxam is also non-toxic to D. magna (96 h EC50 of 42,000 mg/L;
Morrissey et al., 2015) and highly toxic to aquatic insects like
mayflies (Van den Brink et al., 2016).

Of the pesticides for which the 2nd tier risk assessment indi-
cating a risk (ETR > 1), no semi-field studies are available in the
open literature for the herbicides pendimethalin, propanil and
oxyfluorfen, the insecticide dimethoate and the fungicide carbo-
furan (Table 3; Van den Brink et al., 2006). Studies with the
insecticide lambda cyhalothrin in experimental ecosystems have
demonstrated that it is highly toxic to aquatic organisms (He et al.,
2008). Reported effects of lambda cyhalothrin on arthropod in-
vertebrates are likely to occur at concentrations at or above 0.01 mg/
L (Van Wijngaarden et al., 2004, 2005b), while our 2nd tier PNEC
usedwas 0.003 mg/L (Table 3), making the second tier risks realistic.
Lower-tier assessment of chlorpyrifos indicates risk for surface
waters (Giesy et al., 1999; Giddings et al., 2014). Chlorpyrifos has
also been studied extensively using microcosm and mesocosm
(cosm) studies, single-species laboratory toxicity tests and used as a
regulatory benchmarks across classes of insecticides (Brock et al.,
2000, 2006; Maltby et al., 2005; Van Wijngaarden et al., 2005b).
These cosm studies have also broadened the scope of conclusions
about chlorpyrifos effects on aquatic communities to a wider range
of locations and environmental conditions (Daam et al., 2008a,
2008b; L�opez-Mancisidor et al., 2008a; 2008b; Van Wijngaarden
et al., 2005a; Zafar et al., 2011), all supporting the conclusion that
concentrations of 0.1 mg/L chlorpyrifos or less cause no ecologically
significant effects on aquatic communities (Giddings et al., 2014;
Brock et al., 2006) which could be used as basis for control mea-
sures in this study. This threshold value of 0.1 mg/L is close to the
PNEC of 0.7 mg/L used in the 2nd tier risk assessment (Table 3). Van
Wijngaarden et al. (2005a, 2005b) reports for cypermethrin a NOEC
and LOEC based on a cosm experiment evaluating multiple appli-
cations of <0.07 and 0.07 mg/L, respectively. The 2nd tier PNEC of
0.003 mg/L is far below this value and is expected to be protective
(Table 3). Several studies have indicated low 96 h LC50 value of
mancozeb to fish, e.g. Oreochromis mossambicus (12 mg/L), Punctius
ticto (13 mg/L) and Clarius batracus adult (14 mg/L) and fingerlings
(14 mg/L) (Saha et al., 2016; Srivastava and Singh, 2013; Sharma
et al., 2016). Maltby et al. (2009) report a NOEC and LOEC derived
from a cosm study using multiple applications of 10 and 32 mg/L,
respectively. This means that the 2nd tier PNEC of 89 mg/L is on the
high side when evaluating effects on fish and aquatic ecosystems as
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a whole, meaning that the 2nd tier risk assessment might even
have underestimated the actual risks. For carbendazim, Maltby
et al. (2009) reports a cosm based NOEC of 3 mg/L and a LOEC of
30 mg/L due to a single application, validating the 2nd tier PNEC of
8 mg/L used in this study. In a cosm experiment performed with
maneb only a treament of 70 mg/L was evaluated, showing only
clear effects on bivalves. This observation does not disqualify the
PNEC of 48 mg/L used in this study. They also reported a cosm-based
NOEC and LOEC of 12 and 24 mg/L for copper hydroxide, respec-
tively, also supporting the 2nd tier PNEC of 5.4 mg/L used in this
study (Table 3).

Both the 1st and the 2nd tier ecological threshold values are
mainly based on toxicity values from temperate species. So it is
uncertain whether temperate sensitivity data can be used for a risk
assessment in warmer, tropical regions (Daam and Van den Brink,
2010). It was, however, indicated by studies conducted by Maltby
et al. (2005) and Kwok et al. (2007), that no systematic difference
existed in toxicity and sensitivity between tropical and temperate
species for some of the selected pesticides (chlorpyrifos, feni-
trothion and carbofuran), although differences do exist (e.g. imi-
dacloprid; Sumon et al., 2018).

The tiered approach scheme can be employed by the Ghana
Pesticide registration Authorities to support the registration of
pesticides as has been demonstrated in this study to determine the
risks associated the use of pesticide products in Ghana, again it has
successfully been used in Europe for pesticide registration (EFSA,
2013b).
4.2. Terrestrial risk assessment

There is a considerable concern about decline in biodiversity
that would influence the delivery of various ecosystem services by
terrestrial invertebrates (Hole et al., 2005; Hooper et al., 2005). In
agricultural intensification, the most affected ecosystem services at
severe risk are biological pest control (Tscharntke et al., 2005;
Geiger et al., 2010), crop pollination (Biesmeijer et al., 2006; MEA ,
2005; Zhang et al., 2007) and soil fertility maintenance (Hole et al.,
2005; Hansen et al., 2006; Goh, 2011; Pandey and Singh, 2012).
There should therefore be specific protection goals aimed at pro-
tecting important ecosystem services such as food web support,
pest control and biodiversity (Maltby et al., 2017). Biodiversity and
ecosystem services might be protected along with agro-
ecosystems, where farmers get subsidies, partly to produce
ecological benefits (Kleijn et al., 2001).

Earthworms are important in influencing organic matter dy-
namics, soil structure and microbial community (Edwards and
Bohlen, 1996; Fragoso et al., 1997; Sims and Gerard, 1999). They
actively participate in soil aeration, water infiltration and mixture
of soil horizons, and they represent an important source of food for
many other organisms like birds or moles (Edwards and Bohlen,
1996; Lavelle et al., 2006) so there is the need to protect them
from pesticide exposure. The study demonstrated that earthworms
were also under acute risk for three pesticides (butachlor,
dimethoate and carbendazim) and under chronic risks for nine
pesticides, of which more than half are fungicides (Tables 1 and 2).
The levels of risks were, however, much lower compared to the
aquatic compartment (Tables 1 and 2). Strangely, the highest acute
risk is calculated for the herbicide butachlor. According to the PPDB
data base, butachlor is acutely toxic to earthworms with a 14d LC50
of 515 mg/kg (PPDB Pesticide Properties Database, 2020). Chen et al.
(2014), however, report a 14d LC50 of 1198 mg/kg for the same
species, so its value in the PPDB data base might be an error. In
another study by Gobi and Gunasekaran (2009) butachlor reduced
the biomass and cocoon production and caused damage to
epithelial tissue of earthworm (Eisenia fetida) leading to the
reduction of nutrient absorption area from food. Their study is
important as they used concentrations (0.26e2.6 mg/kg) relevant
for this study. The concentrations of dimethoate and carbendazim
only slightly exceeded the acute PNEC (factor 2). Wiratno et al.
(2007) provide similar results for Indonesia as found in our study
where lambda cyhalothrin, chlorpyrifos and cypermethrin showed
no acute risks to the terrestrial soil environment in both studies.
The validity of the standard test species used for the risk assess-
ment remains to be evaluated as the risk assessment of the soil
compartment is still relatively understudied, especially in relation
to exposure pathways and ecosystem level effects (J€ansch et al.,
2006; Frampton et al., 2006), although exceptions exist, e.g. using
terrestrial model ecosystems (Knacker et al., 2004).

The chronic risk assessment indicated a small risk for all pesti-
cides towards the terrestrial environment (ETR < 10; Table 2),
except for carbendazim (ETR ¼ 13). J€ansch et al. (2006) reported a
NOEC and LOEC of 2.16 and 3.24 kg a. i./ha while in our study
application rates of 1.2 and 2.4 kg a. i./ha, both probably not leading
to large adverse effects, although the actual values of the soil pa-
rameters like organic matter content and dry bulk density will be
important.

As expected from the mode of action only for 1 out of 11 her-
bicides and 3 out of 9 fungicides a (possible) acute risk was indi-
cated for bees, while for 8 out of 10 insecticides a (possible) acute
risk was indicated (Table 1). Bees are most affected by lambda
cyhalothrin, chlorpyrifos, emamectin benzoate, imidacloprid,
thiametoxam, cypermethrin and dimethoate (ETR > 10). Some
plants can produce guttation drops in the early hours of the
morning (e.g. maize, strawberries), and systemic insecticides
appear in such drops in elevated concentrations (Tapparo et al.,
2011) that are capable of killing the bees (Zhu et al., 2017;
Johnson et al., 2006). Pesticides may enter surface waters through
run-off, leaching and spray-drift. Honey bees, bumblebees and wild
bees drink from such puddles, irrigation ditches, ponds and
streams, and if these waters are contaminated with pesticide resi-
dues may affect them (Samson-Robert et al., 2014; Schmaranzer,
2000). Since usage of these plant protection products cannot be
stopped, chemical companies are obliged by law to state on the
labels whether their products are dangerous to bees or not and
must be enforced by the Ghana Registration Authority as well as
communicating properly to applicators, farmers and beekeepers.
More research is advocated for assessing the effects of chronic
exposure of bees to pesticides taking into consideration recent
approaches on how to improve the risk assessment of bees. (See e.g.
EFSA European Food Safety Authority, 2013a; 2018). Also the val-
idity of the used standard test species has been challenged as some
studies that indicate that native tropical species (stingless bees)
may be more sensitive than the standard test species used in
temperate regions (Lourenço et al., 2012; Del Sarto et al., 2014).

Possible or definite risks for NTAs were identified for almost all
pesticides for which a risk assessment could be performed
(Table 1). This is not surprising as, some of the pesticides are
designed to eradicate species which are closely related to NTAs and
an in-field risk assessment was performed. Peeters et al. (2008),
therefore, recommend to perform an off-field risk assessment as
well, taking drift percentage and vegetation distribution factor into
account. When the default values proposed by Peeters et al. (2008)
are used the ETRin-field can be recalculated to an ETRoff-field by
dividing it by 0.0027. In practice this means that all ETRin-field values
lower than 370 would lead to an acceptable ETRoff-field value of <1.
The ETRin-field value of 370 are exceeded by propanil, lambda
cyhalothrin, chlorpyrifos, imidacloprid and copper hydroxide.
J€ansch et al. (2006) reviewed the (semi-)field experiments
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performed with NTAs and presented data for all these pesticides,
except propanil and copper hydroxide. For lambda cyhalothrin only
one dosage (1.5 kg a. i./ha) has been evaluated, which showed clear
effects on some of the collembolan species (J€ansch et al., 2006). In
our survey, we recorded use dosages of 0.14, 0.15 and 2.22 kg a. i./
ha, in-crop effects are certainly expected at the highest dosage. It is
uncertain whether off-crop effects are to be expected as no field-
based safe concentration could be derived. But since our 1st tier
ETRin-field was above 370 they cannot be excluded. The same applies
for chlorpyrifos. The lowest concentration of chlorpyrifos tested
under (semi-) field circumstances was 0.48 kg a. i./ha, which
already affected many species of collembolans (J€ansch et al., 2006).
As the identified usage dosages of chlorpyrifos in our survey were
2.4 and 3.8 kg a. i./ha, in-crop effects are certainly to be expected.
This is not the case for imidacloprid, which showed no field effects
on collembolans at rates of 0.34 kg a. i./ha (J€ansch et al., 2006),
while 0.12 kg a. i./ha was the use dosage recorded in our survey.
Based on results from (semi-) field tests it is unclear whether in-
field effects on NTAs are expected from the 0.018 kg a. i./ha car-
bofuran which was recorded in our survey, as the lowest dosage
tested in (semi-)field experiments was 0.75 mg a. i./ha and already
had clear effects on collembolans (J€ansch et al., 2006). Based on the
1st tier assessment presented in this study for in-field as off-field
are predicted (Table 1).
4.3. Overdosing of pesticides

Finally, in this study farmers generally used a higher dosage of
pesticides than recommended, a factor of 1.3e13 times above the
recommended label instructions. Mengistie et al. (2017) reported
similar observations for small holder vegetable farmers in the
central rift valley, Ethiopia, but indicated that assessing the exact
level of overdosing proved difficult, because of unlabelled units
(such as tins) and different combinations of pesticides were used.
Similarly, Kariathi et al. (2016) reported farmers overdosing pesti-
cide in tomato treatment in Tanzania and claimed that this was
partly due to the presence of resistant pests and diseases. The use of
pesticide in higher dosage than recommended may lead to pest
resistance and high accumulation of residues as reported with
increased risk of exposure in Tanzania (Ngowi et al., 2007). Farmers
at these sites and in general should be encouraged by the scheme
managers, extension service providers and the Ghana registration
authorities to limit the application of pesticides products to rec-
ommended rates to prevent acute risks to the aquatic environment.

The implementation of alternative cropping systems that are
less dependent on pesticides, the development of new pesticides
with novel modes of action and improved safety profiles, and the
improvement of the already used pesticide formulations towards
safer formulations (e.g. microcapsule suspensions) have been
suggested could reduce the adverse effects of farming and partic-
ularly the toxic effects of pesticides. In addition, the use of appro-
priate and well-maintained spraying equipment along with taking
all precautions that are required in all stages of handling and
applying pesticides to possibly minimize pesticides potential
adverse effects on the environment (Damalas and Eleftherohorinos,
2011).

We recommend more toxicity studies are conducted on data-
poor pesticides to generate the necessary information to feed an
appropriate environmental risk assessment and the use of the
PRIMET model by the Ghana Pesticide Authority and other devel-
oping countries as a guide in making pesticide registration de-
cisions, although some contamination routes need to be added (e.g.
run-off to the aquatic compartment) and some risk assessments
needs to be updates (e.g. bees).
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