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Abstract

Urban agriculture is crucial to local populations, but the risk of it contaminating water has rarely been documented. The aim of
this study was to assess pesticide contamination of surface waters from the Méfou watershed (Yaoundé, Cameroon) by 32
selected herbicides, fungicides, and insecticides (mainly polar) according to their local application, using both grab sampling
and polar organic compounds integrative samplers (POCIS). Three sampling campaigns were conducted in the March/April and
October/November 2015 and June/July 2016 rainy seasons in urban and peri-urban areas. The majority of the targeted com-
pounds were detected. The quantification frequencies of eight pesticides were more than 20% with both POCIS and grab
sampling, and that of diuron and atrazine reached 100%. Spatial differences in contamination were evidenced with higher
contamination in urban than peri-urban rivers. In particular, diuron was identified as an urban contaminant of concern because
its concentrations frequently exceeded the European water quality guideline of 0.200 pg/L in freshwater and may thus represent
an ecological risk due to a risk quotient > 1 for algae observed in 94% of grab samples. This study raises concerns about the
impacts of urban agriculture on the quality of water resources and to a larger extent on the health of the inhabitants of cities in
developing countries.
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Highlights

* Pesticides contaminate surface waters in urban and peri-urban areas
(Yaoundé).

« Urban rivers are more polluted by pesticides than peri-urban rivers.

» Measured concentrations of the herbicide diuron reached 14 + 3 pg/L in
urban rivers.

* Measured concentrations of diuron represent a potential risk for aquatic
organisms.
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Introduction

Urban populations are increasing rapidly, and by 2025, 52%
of the world’s population is predicted to be living in cities.
Africa has the highest population growth rate in the world at
2.55% annually from 2010 to 2015, and the continent is ex-
pected to be home to one quarter of the world population (1.3
billion people) by 2050 (AFD 2014).

Among other developments taking place in cities, urban
agriculture could be a key response to the food security chal-
lenge (Hamilton et al. 2014). Urban agriculture is defined as
crop production and livestock farming within the city and in
its outskirts (Mougeot 2000). From a theoretical point of view,
urban agriculture has been integrated in the “urban metabo-
lism” as its inputs including wastewaters, and recycling of
domestic wastes, come from the city and its production is
mainly intended for sale on local markets (Zeeuw et al.
2011). In developing countries, unlike the recreational, peda-
gogical, and environmental functions urban agriculture fulfills
in the highest income countries (Aubry and Pourias 2013;
White and Bunn 2017), this kind of agriculture is indispens-
able to feed the inhabitants cities (Hamilton et al. 2014) and
provides additional benefits ranging from job creation and
related services to social interactions and landscape improve-
ment (Aubry et al. 2012; Mougeot 2000). The risks related to
the contamination of plant products not only by fecal coli-
forms have mainly been evaluated in the context of the lack
of sanitation but also by chemical pollutants in urban dis-
charges (Abass et al. 2016; Binns et al. 2003; Huang et al.
2018; Padgham et al. 2015).

Urban agriculture uses synthetic herbicides, insecticides,
and fungicides to reduce crop losses caused by pests and to
improve the yields of cash and food crops (Oerke 2006).
Monitoring studies across the five continents (Sousa et al.
2018) have drawn attention to the risk of pesticides contami-
nating natural water resources (Elfman et al. 2011; Herrero-
Hernandez et al. 2017; Mac Loughlin et al. 2017; Rippy
et al. 2017; Teklu et al. 2016). Several studies in sub-Saharan
Africa have reported contamination of water by pesticides in
rural areas where cash crops are produced in intense agricul-
tural systems. A wide range of insecticides, fungicides, and
herbicides and in particular organochlorine pesticides has been
monitored. The latter were shown to reach concentrations up to
several micrograms per liter (Adeyemi et al. 2011; Berthe Dem
et al. 2007; Dalvie et al. 2003; Elibariki and Maguta 2017).

However, no data are currently available concerning pesti-
cide contamination of urban surface waters due to their prox-
imity to urban agriculture in sub-Saharan Africa, raising key
questions with respect to the increase in urban agriculture in
parallel with increased urbanization.

The capital city of Cameroon, Yaoundé, is a good example
of the combination of both population growth and urban and
peri-urban agriculture practices that involve the massive use

of pesticides (Gockowski and Ndoumbé 1999; Temple et al.
2009). The aim of this study was thus to monitor the contam-
ination of surface water by pesticides in the specific context of
urban and peri-urban sites impacted by agricultural practices.
In Yaoundé, 21 herbicides, 10 fungicides, and one insecticide
were selected based on their potential application on local
crops (PPDB 2011) according to their homologation in
Cameroon by the Sahelian Pesticide Committee (CSP') and
the Cameroonian Ministry of Agriculture and Rural
Development (MINADER?) (CSP INSAH 2015; Ministére
de I’agriculture et du développement rural (Cameroun)
2013). The log K, of the selected pesticides ranges from —
0.06 to 4.48, so they are rather polar and tend to be transferred
to surface waters. Sampling was performed using complemen-
tary tools, grab, and passive sampling (polar organic chemical
integrative samplers, POCIS). Ten plots distributed across
specific urban (Mfoundi River) and peri-urban (Méfou
River) areas were monitored during the 2-year study with
three campaigns conducted in March/April, October/
November 2015, and June/July 2016.

Our specific objectives were (i) to evaluate the occurrence
of polar pesticides (mainly herbicides and fungicides) in sur-
face waters in the Méfou watershed, (ii) to quantify pesticide
contamination in urban and peri-urban areas, and (iii) to assess
the potential risks for ecosystems. This study is a step toward a
better understanding of the contamination and fate of pesti-
cides in the Méfou basin and in sub-Saharan Africa cities
linked to urban agriculture.

Materials and methods
Study area and sampling sites

Yaoundé, located in the Center Region, Cameroon, counted
1.9 million inhabitants in 2005 with an annual growth rate of
5.7% per year between 1987 and 2005 according to the
Central Office of Cameroonian Population Study and
Census. The Méfou River and its main tributary the
Mfoundi River drain Yaoundé and are particularly concerned
by agricultural inputs in addition to inputs of wastewater and
industrial wastes (Endamana et al. 2003). The Méfou water-
shed (Fig. 1) is located in the Center Region of Cameroon
(latitude 3° 30" to 3° 58'; longitude 11° 20" to 11° 40') and
covers an area of 840 km?® (Olivry 1986). The source of the
Méfou River is 40 km northwest of Yaoundé, in the Mbam
Minkom Mountains (high point of 1245 m asl), and joins the
Nyong River on its right side 121 km downstream in the
northwest-southeast direction. The region has a Guinean cli-
mate characterized by two rainy seasons (March—June and

! http://www.insah.org
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Fig. 1 Location of study area and sampling sites in the Méfou basin (Data: Open Street Map 2016)

September—November) and two dry seasons (December—
February and July—August); the annual rainfall is 1600 mm.

The watershed is hilly with submersible swampy valleys.
Soils are ferralitic on the top of the hills and on the slopes. The
soils in the lowlands are hydromorphic and originate from
slope colluvium and river alluvium (Bachelier 1959).

It is a mixed land use basin, and three main areas can be
distinguished. The northwest part is constituted of humid
semi-deciduous tropical forest anthropized mostly by farm-
lands. The northeast part is occupied by the Mfoundi River
sub-watershed. The southern part is made up of a mildly de-
teriorated forest and swampy area, with more and more hab-
itations (Lieunang Letche et al. 2009). Yaoundé’s raw water
resource is surface water. A catchment station is situated at the
Méfou artificial lake on the upper part of the Méfou basin
surrounded by peri-urban area. A second water catchment is
located downstream the confluence between the Méfou and
Nyong rivers.

The Mfoundi River is one of the Méfou’s major tributaries
and drains the city of Yaoundé (latitude 3° 52; longitude 11°
31). It stretches on 180 km* and ranges in altitude between
630 and 1100 m. The Mfoundi River receives 12 secondary
tributaries including the Biyeme River, which is its main
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tributary and drains the western part of the basin. Land use
is 40% of urbanization, 28.8% of intermediate arcas (beaten
soil), 17% of forests, 6% of green areas, and 0.2% of surface
waters. Agricultural activities account for 8% of the area
(Open Street Map 2016 data).

Sampling stations were selected for their spatial distribu-
tion across the hydrographic network. They are distributed
over the upper Méfou sub-watershed and the Mfoundi basin
(Fig. 1). Five sites are situated on the Méfou River, before and
after its confluence with the Mfoundi River, in a peri-urban
environment. Five other stations are situated in the urban
Mfoundi basin, with four sites on the Mfoundi River and
one site on the Biyeme River. They are numbered from 1 to
n according to their location from upstream to downstream.

Sampling procedure

Samples were collected in the rainy seasons in 2015 (March/
April and October/November) and at the end of the short rainy
season in 2016 (June/July) to better assess contamination in
the same hydrological context (Table 1). Even though no clear
pattern of the use of pesticides was identified, crops appeared
to be treated more frequently in the rainy seasons (Isogai et al.
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Table 1 Grab and passive
sampling during the three Sampling  Grab sampling Passive sampling
campaigns site
n =2 samplings divided into 2 replicates n =2 samplers per site
March/ October/ June/ March/ October/ June/
April 2015 November 2015 July 2016  April 2015 November 2015 July 2016
Mfoundil X X X
Mfoundi2 X X X X X
Mfoundi3 X X X
Mfoundi4 X X X X X X
Biyemel X X X X X X
Meéfoul X X X
Méfou2 X X X
Méfou3 X X
Méfoud X X X X X X
MeéfouS X X X

Sampling times depended on agreement from the local authority (Chiefdoms) and to the possibility to use POCIS.
Urban Mfoundi4, Biyemel, and peri-urban Méfou4 sites were sampled throughout the three campaigns using

both passive and grab sampling tools

2016). Both passive and grab samplings were performed at the
Meéfou and Mfoundi sites (Fig. 1; Table 1). POCIS were de-
ployed in duplicate for a mean period of 20 +3 days and at a
depth of 1 to 2 m according to guidelines in the literature
(Alvarez et al. 2008; Ibrahim et al. 2013). At the same time,
POCIS were deployed, and grab samples were retrieved at a
depth of about 1 m with a 1-L glass bottle previously cleaned
with a potassium hydroxide solution (Neodisher® LM3 from
Dr. Weigert, France) and Milli-Q water to avoid cross contam-
ination. After sampling, POCIS samples and the glass bottles
were stored at 4 °C until treatment within 24 h.

Chemicals and materials

The 32 targeted products (21 herbicides including 7 degrada-
tion products, 10 fungicides, and 1 insecticide) are listed in
Table 2. Of the targeted compounds, 32% are homologated in
Cameroon by the Ministry of Agriculture and Rural
Development (MINADER) (Ministere de I'agriculture et du
deéveloppement rural (Cameroun) 2013). Five of the pesticides
are also on the list of pesticides homologated by the Sahelian
Pesticide Committee (CSP) (CSP INSAH 2015) and are thus
likely to be applied to local crops (Table 2). To date, very few
data are available on the occurrence of polar pesticides in
surface waters in sub-Saharan Africa, but atrazine and its deg-
radation products desethyl atrazine (DEA) and desisopropyl
atrazine (DIA), carbendazim, imidacloprid, and metalaxyl
have been identified in waters in Burkina Faso and Ethiopia
(Jansen and Harmsen 2011; Lehmann et al. 2017) reinforcing
our choice to include them in the present study.

Analytical standards (purity >99%) were purchased from
Cluzeau Info Labo (Sainte-Foy-la-Grande, France).

Deuterated labeled compounds used were atrazine-d5 (CAS:
163165-75-1) as recovery control and simazine-d5 (CAS:
220621-41-0) as internal standard. Acetonitrile, the high-
performance liquid chromatography (HPLC) grade solvent,
was purchased from Biosolve (Dieuze, France). Formic acid
purchased from Carlo Erba Reagents (Peypin, France) was
added to the acetonitrile for the HPLC gradient. Milli-Q water
was generated by a MilliPore Synergy UV water purification
system from Merck Millipore (Billerica, USA). Glass-fiber
filters (GF/F) (with 0.7 um pore size) purchased from
Whatman (Maidstone, UK) were used to filter water samples.
Oasis HLB cartridges (60 um, 6 cm®, 500 mg) were purchased
from Waters Corporation (Milford, USA), and a Visiprep
Solid Phase Extraction (SPE) vacuum manifold from
Supelco (Bellefonte, USA) was used for solid phase extrac-
tion. POCIS were purchased from ExposMeter AB Company
(Tavelsjo, Sweden) with approximately 230 mg of the solid
adsorbent N-vinylpyrrolidone-divinylbenzene (Oasis HLB).
The POCIS sampling area is 41 cm”. The 3 mL polypropylene
cartridges used to recover POCIS receiving phases were pur-
chased from Supelco (Bellefonte, USA).

Pesticide analysis
Sample treatment

Receiving phases of the POCIS were transferred into 3 mL
SPE cartridges, spiked with 50 pL of atrazine-d5 (1 mg/L
acetone), and then eluted with 8 mL of acetonitrile. Filtered
water samples were extracted using Oasis HLB cartridges
previously conditioned with 5 mL acetonitrile, 5 mL metha-
nol, and then 5 mL of ultrapure water at 5 mL/min. Prior to

@ Springer
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extraction, each water sample was fortified with 50 uL of
atrazine-d5 (1 mg/L acetone). The samples were passed
through the cartridges. Before elution, the cartridges were
dried under vacuum for 1 h. Analytes were recovered by elut-
ing the cartridges with 8 mL of acetonitrile at a flow rate of
3 mL/min. After concentration under a gentle stream of nitro-
gen, final extracts (1.5 mL) were spiked with 150 puL of the
internal standard simazine d-5 (1 mg/L acetonitrile) and ana-
lyzed by HPLC-MS/MS.

Instrumentation and analysis

Extracts were analyzed with an Alliance HPLC system
(Waters Series 2695). The stationary phase is a Kinetex re-
verse phase C18 (100 mm x 4.6 1.D x 260 A, Phenomenex).
The mobile phase is composed of Milli-Q and acetonitrile,
both with 0.05% formic acid, at a constant flow rate of
0.4 mL/min. The gradient was programmed so the proportion
of acetonitrile increased from 60 to 100% in 10 min followed
by stabilization for 2 min, before returning to initial condi-
tions. This system was coupled with a triple quadrupole mass
spectrometer Micromass Quattro micro API (Waters) fitted
with an ESI source operating in positive ion mode. Argon
was used as collision gas. The multiple reaction monitoring
mode was then used for the ion specific acquisition.

Analytical results were exploited with MassLynx software
from Waters. Its Quantlynx interface enables the quantifica-
tion of the targeted substances. Analytical parameters are pre-
sented in Supplementary Material.

Quality assurance/quality control

The linearity, LOQs and LODs, precision, and accuracy of the
analytical methods were carefully validated. The LODs were
calculated as 3 x Sy/x/b and the LOQs as 10 x Sy/x/b, where
Sy/x is the residual standard deviation and b is the slope of the
matrix calibration curves. The LODs and LOQs obtained by
HPLC/MS (analytical LOD and LOQ expressed on pg/L) as
well as LOD and LOQ in grab water sample (ng/L) are listed
in Table 2. LODs and LOQs for the calibration curves of all
selected pesticides were prepared for each analytical cam-
paign obtaining R* > 0.99.

The mean recovery rate in the synthetic water solution
spiked with the 32 compounds under study (Table 2) was
69%, with the highest recovery for simazine (101%) and the
lowest for DCPMU (19%). Flazasulfuron, terbuthylazine hy-
droxy, and simazine hydroxy were not recovered.

A certificated reference material (WaR™ Pollution
Nitrogen Pesticides, Lot No. P246-674) from the ERA
Waters Company (Golden, USA) was used to determine the
pesticide recoveries in the water samples. The reference ma-
terial was a water solution composed of 24 pesticides includ-
ing the 6 pesticides selected in our study (alachlor, atrazine,
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DEA, DIA, metolachlor, and simazine). The concentrations of
pesticides in the reference material ranged from 3.37 to
16.80 ug/L. The recovery yields and variation coefficients
were 108 £4% (atrazine), 78 +4% (alachlor), 61 +3%
(DEA), 58+£3% (DIA), 110+£2% (metolachlor), and 79 &2
(simazine) after solid-phase extraction (HLB) and HPLC/MS
analysis (n =9) of the water sample of the reference material
using our laboratory method.

The mean extraction recoveries with atrazine-dS were 85 +
10% for the grab samples (n =70 samples) and 90 £+ 11% for
the passive samples (n =32 samples). The mean variation co-
efficient with the internal standard simazine-d5 was 17+ 5%
for all the HPLC/MS injections (n = 305 injections).

Concentration of pesticides in the water over the POCIS
deployment period

Accumulation of contaminants by passive samplers typically
follows first-order kinetics which includes an initial integra-
tive phase followed by curvilinear and equilibrium-
partitioning phases. In the linear region of POCIS uptake,
the amount of a chemical accumulated in the sampler (M) is
described by Eq. (1):

M = Cw-Rs"t (1)

where Rs is the sampling rate (L/day), Cw is the concentration
of the compound in water (ng/L), and ¢ the exposure time
(days).
The time-weighted averaged (TWA) concentration in water
is calculated with the Eq. (2):
~ Md-Mo

Cw=—— 2
W Rs -t ()

with

Cw the concentration of pesticide in water (ng L™")
Md mass of accumulated pesticides (ng)

Mo mass of compounds in initial receiving phase (ng)
Rs  sampling rate (L day_l) (Table 2)

t duration of POCIS deployment (days)

POCIS sampling rates (Table 2) were determined in labo-
ratory conditions for each compound (Ibrahim et al. 2012,
2013). The quantities of pesticides that accumulated in
POCIS were converted into nanograms per liter with pesticide
sampling rates. For each pesticide, the sampling rate was de-
termined by dividing the slope of the linear regression curve
by the mean aqueous concentration of the selected compounds
over a 15-day period of exposure. For the compounds whose
sampling rates were not determinate in our laboratory, Rs
values (also determined in laboratory conditions) were taken
from the literature (Ahrens et al. 2015; Desgranges 2015;
Greenwood et al. 2007; Poulier et al. 2014). As they depend
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on environmental conditions such as flow, temperature, pH,
organic matter, and biofouling (Charlestra et al. 2012; Yabuki
et al. 2016), Rs makes it possible to calculate semi-
quantitative concentrations of pesticides in water and to com-
pare the relative levels of contamination between sites.

Physical-chemical measurements

The general water quality parameters (pH, conductivity, dis-
solved oxygen and temperature) were measured in situ with
Hach HQ40d multi-parameter probes during the March/April
2015 campaign and with YSI Professional Plus in the
October/November 2015 and June/July 2016 campaigns at
the same time as each grab sampling of water for pesticide
analysis.

Statistical analyses

R software (R Core Team 2017, “https://www.r-project.org/”)
was used for Spearman’s rank-order correlation with a p value
<0.05.

Ecological risk assessment

The ecological risk quotient (RQ) was calculated according to
OCDE and European guidelines for diuron and atrazine. The
RQ was calculated as a chronic toxicity test on three represen-
tative trophic levels: algae (Scenedesmus quadricauda and
green algae), an aquatic invertebrate (Daphnia magna) and a
fish species (Oncorhynchus mykiss). The non-observed effect
concentration (NOEC) of each pesticide considered was ob-
tained from the Pesticide Properties Database of the University
of Hertfordshire (https://sitem.herts.ac.uk/aeru/ppdb/en/index.
htm). NOEC corresponded to chronic 21 days exposure for D.
magna and O. mykiss, and the median efficient concentration
(EC50) of an acute 72 h exposure was used for algae. The
effects studied were growth inhibition (algae), immobilization
(D. magna) and survival (O. mykiss). A safety factor of 1000
was applied to calculate the predicted non-effect concentration
(PNEC) in order to consider the inherent uncertainty in the
obtained laboratory toxicity data (Eq. 3)

NOEC
PNEC = — 0 (3)

The RQ was calculated using Eq. 4 with the measured
environmental concentration (MEC) of the grab samples
(ng/L). For each sample, the highest concentration measured
during the considered campaign defined the MEC (worst-case
scenario).

~ MEC

RQ= PNEC )

Ecological risk assessment (ERA) was conducted at the
urban sites sampled throughout the three campaigns
(Mfoundil, Mfoundi2, Mfoundi3, Mfoundi4, and Biyemel)
and at the peri-urban site Méfou4 that corresponds to the outlet
of the upstream M¢éfou sub-watershed. Atrazine and diuron
were the two herbicides selected for the ERA because they
were the main pesticides identified by the contamination di-
agnosis. Their maximum concentrations in each campaign
determined the measured environmental concentration
(MECQ), thus representing a worst-case scenario.

Results and discussion

Contamination of surface waters of the Méfou
watershed by herbicides, fungicides, and insecticide

Herbicides, fungicides, and insecticide in the water samples

Taken together (all sites and all campaigns), a total of 30
pesticides (94%) were at least detected (Fig. 2a). Only the
herbicides DET and terbuthylazine were never detected.
Twenty-four pesticides (75%) were quantified at least once.
The herbicides DEA, flazasulfuron, propyzamide, simazine
hydroxy (degradation product of simazine), terbuthylazine hy-
droxy (degradation product of terbuthylazine), and the fungi-
cide prochloraze were never quantified (Fig. 2b).

Quantification frequencies differed between grab sampling
and POCIS (Fig. 2b). To demonstrate the complementarity of
the sampling tools, we selected sites sampled in all the three
campaigns using both grab and passive methods: the outlet of
Mfoundi basin (Mfoundi4), Biyeme River site (Biyemel), and
the outlet of the upper Méfou River (Méfou4). POCIS allowed
quantification of more compounds than grab sampling: the
herbicides oxadixyl, linuron, prosulfocarb and DIA, and the
fungicides tebuconazole and azoxystrobin. These compounds
were not detected by grab sampling. The fungicide
dimetomorph was quantified by grab sampling but not with
POCIS (Fig. 2b).

Quantified, detected, and undetected pesticide frequencies
differed according to the sampling period and type (Table 3).
In all the campaigns, POCIS always enabled quantification of
more compounds than grab sampling, with quantification per-
centages ranging from 28 to 72% versus 9 to 53% for grab
sampling. The highest proportion of compounds was quanti-
fied in the March/April 2015 campaign (quantification fre-
quencies 53—72%). Smaller proportions of compounds were
quantified in the two other campaigns (quantification frequen-
cies 9-31%).

Grab and POCIS sampling were complementary tools to
monitor contamination of surface water by pesticides. Passive
sampling is recommended water policy in the European
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Fig. 2 Detection (a) and quantification (b) frequencies of targeted herbicides, fungicides, and insecticide at the Biyemel, Mfoundi4, and Méfou4 sites
sampled by grab and/or passive sampling during the three sampling campaigns in 2015 and 2016

Commission Guidance Document (EC Guidance document
no. 19) and in Directive 2013/39/EU (EU 2013) for priority
substances as a complementary method to improve the quality
of the assessment. According to previous studies, for a repre-
sentative diagnosis of pesticide occurrence, they should be
used as a complement to grab sampling (Dworak et al. 2005;
Miege et al. 2015; Poulier et al. 2014).

POCIS concentrations were in good agreement with aver-
age concentrations of pesticides in water (Criquet et al. 2017).
The mean Rs of the compounds targeted in the present study
was 0.265 L/day. Several pesticides have a lower Rs, ranging
from 0.133 L/day (DEA) to 0.195 L/day (propyzamide). Four
compounds in particular have a very low Rs (DIA 0.068 L/
day, prochloraze 0.080 L/day, prosulfocarb 0.071 L/day), so
their concentrations (DIA, prosulfocarb) may have been
underestimated. On the contrary, dimetomorph has a high Rs
(0.395 L/day) and was not quantified by POCIS but was quan-
tified with grab sampling.

@ Springer

The use of POCIS made it possible to compare the pesti-
cide TWA concentration between sampling sites in an urban
environment in tropical conditions (median water temperature
22-27 °C and intense rainfall) and between periods whereas
grab sampling in nanograms per liter makes it possible to
acquire “snapshots” of pesticide contamination between sam-
pling periods and to compare these values with data in the
literature and with water quality norms.

Levels of pesticide contamination of water samples

The pesticides with quantification frequencies greater than
20% in both passive and grab sampling were the four herbi-
cides diuron (89-100%), atrazine (28—100%), acetochlor (22—
100%), and metolachlor (22-89%) and the four fungicides
metalaxyl (28-100%), carbendazim (22—78%), tetraconazole
(22-33%), and penconazole (22%) (Fig. 2b). Of these, diuron
and atrazine had the highest concentrations (Tables 4 and 5). In
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Table 3
grab and passive sampling sites: Biyemel, Mfoundi4, Méfou4)

Percentages of quantified, detected, and undetected pesticides according to each sampling tool and each sampling campaign (Data: common

Passive sampling

March/April 2015 Oct./November 2015 June/July 2016
N

|\ D

Grab sampling ﬁ

-
I Lop <x <LoQ
I:l X <LOD or x undetected

Black represents the proportion of pesticides above LOQ); gray represents the proportion of pesticides above LOD and white represents pesticides under
LOD or undetected. The LODs and LOQs displayed in Table 2 were used for calculation

grab samples, diuron concentrations ranged from 8 £2 to
13,893 +3209 ng/L and atrazine concentrations from 9+ 1 to
461 + 157 ng/L. DCPMU and DCPU degradation products of
diuron were also quantified (17-78 and 11-33%, respectively)
with concentrations ranging from 5+2 to 11+5 ng/L.
Detection frequencies of DEA and DIA, two degradation prod-
ucts of atrazine, ranged from 11 to 33%. Mean concentrations
of the other pesticides in each campaign reached a maximum
of 159 ng/L: acetochlor (30 + 7 ng/L), metolachlor (17 +£4 ng/
L), carbendazim (19 + 13 ng/L), metalaxyl (16 £1 ng/L),
penconazole (159 + 151 ng/L), and tetraconazole (5 +2 ng/L).
With grab sampling, the highest concentrations of the two
main pesticides (atrazine and diuron) were measured in the
urban area on March 11 (Fig. 3). Water sampled at the same
sites 3 weeks later (on March 31) had lower concentrations of
diuron, which ranged from 77+ 13 to 213 +20 ng/L, and of
atrazine, which ranged from 19 + 3 to 42 + 9 ng/L. In the other
campaigns, diuron concentrations ranged from 50 + 8§ to 874
+ 54 ng/L in October/November 2015 and from 29 £4 to 141
+7 ng/L in June/July 2016. Atrazine concentrations ranged
from the detection limit to 27 +2 ng/L in October/November
2015 and ranged from the LOD to 9+ 1 ng/L in

June/July 2016. These two campaigns were conducted during
the long rainy season and at the end of the short rainy season/
beginning of the short dry season. However, two high peaks of
diuron were measured at Mfoundi2 (809 +70 ng/L) and
Mfoundi4 (874 =54 ng/L) that could be linked to point
contamination.

The same observations were made concerning POCIS TWA
concentrations. Diuron reached 369 + 169 ng/L with a mean con-
centration of 145 + 10 ng/L in March/April 2015. During the two
other campaigns, mean TWA concentrations were 9+ 12 ng/LL
(peri-urban area) and 52+ 10 ng/L (urban area) in October/
November 2015; mean TWA concentrations were 24 =29 ng/L
(peri-urban area) and 63 + 29 ng/L (urban area) in June/July 2016.
Atrazine reached 38 + 13 ng/L with a mean of 14+7 ng/L in
March/April 2015. The mean concentration of atrazine in the
other campaigns ranged from 341 to 6£0.5 ng/L.

Variations in pesticide contamination
Instream pesticide concentrations can be influenced by the

period and intensity of the rainfall. Heavy rainfall can drain
pesticides from where they are applied and cause a first flush

@ Springer



Environ Sci Pollut Res (2018) 25:17690-17715

17700

001 0 0S 0 0L 0T 9°TS I'LL 18T pudopoepruy
o@_QEQOmE
0 0 001 0 8T 8T 001 06 6 6'8 L1 9]0ZBUOdEA],
0 0 0S 0 001 0 sj0zeu0dNqaL,
0 0 0S 0 09 0S 0 I'L Tt [rueyowLAg
0 0 001 0 001 0 aze1o[yd01d
0 0€  6'8SI Iege $'69 001 0S v'6¢€ v'6¢ 08 0 961 69 6'¢ 9]0ZBUOJUIJ
001 0 001 0 001 08 Tl L91 9L [AXe[eRN
0 0 001 0s 08 0S 8¢ Sy €T sjozeuoorxody
0 0 0S 0 09 09 901 €91 9 ydiowopunq
0 0 0s 0 001 001 881 66t 99 WIZEPUSGIE))
0 0 1 0S 0 09 0 uqonsAxozy
soprodun,j
0 0 0S 0 0 0 Axo1pAy ourzeAyinqray,
0 0 0 0 0 0 SuIZe[AYngi],
0 0 0S 0 ot 0 Ax01pAy ourzeunsg
0 0 0S 0 0S 01 LY LY suizewng
0 0 0S 0 0 0 QIe00j[nsoi
0 0 0S 0 (0] 0 oprurezAdorg
001 0 0S 0 0 0 JAXIpEXO
001 0 001 0 001 001 'Ll YT 1’11 I0[YoRIORIA
001 0 0S 0 001 01 6'S1 6'S1 uoInury
0 0 0S 0 0T 01 Tl Tl uomyoidos|
ol 0 001 0 0€ 0 uoIny[nseze],|
001 001 L'€8CT S€L8 0°0S 001 0s '8 v'8 001 88791 SE68€l €LL uomiq
0 0 0S 0 oL 0 vid
0 0 0 0 0 0 1da
0 0 0S 0 0T 0 vada
001 0 0s 0 01 0 ndoa
0 0 0s 0 0L 0L 16 011 6L NNdOa
01 0 0S 0 0S or IS 68 L1 uoIn[oLo[Y)
001 o 0¢€C I'LT 691 0S 0 09 09  T'6€1 L09% L'81 suizeny
001 0T 8l 891 61 001 0 001 0T €0S 0°sS 95y Jo[yoely
001 0 98¢ 1's¢ $0T 0S 0 001 0L 601 I'p1 9L 10[Y20300Y
SOPIdIqIOH

%) ad (%) 04 uenW (18wxeN (1AW UAN (%) dd (%) Od udW (18w xeW  (TBWUWN (%) dd (%) Od U (1/8u) ey (T/3u) uy

ueqin UBQIN-LIdJ ueqin
S10T JOqUIDAON/1q0}0 S102 [1dy/yoreN opronsad

Kouanboiy uonodep (] ‘Aouanbaxy uoneoynuenb ), (1 o[qel, pareiop st Surjdwes) sojdwes qeid
ur sopronsad pajadiel 7¢ oy Jo (Z 9[qeL Jo sSOOT pPue s [eonA[eue Surpiodoe) sarouanbaiy uonesynuenb pue uornd3op pue {(suonodfur 9 = # ¢J/3u) SUOHLHUIOUOD UBIW ‘WINWIXEW ‘WNWIUIN  § d]qel

pringer

Qs



17701

Environ Sci Pollut Res (2018) 25:17690-17715

(=2
T oo o oo (=]

[=I =R

S oo oo oo o oo o

(= [ (=3
SO T O — OO OO X

(=]

o =
nooooo

SO OO

[=NeNeN>) =R =Rl i)

0

vy

[=Nele el =R=leoie)

0s

—. o O oo

(=]

0L 601

<
=
=)
X

[=I =R

S O

(413 8'CL

<
(=
S (=
— O OO0 00—~ oo oo 0o0

(=3
(=3 (=
SO 0O A

(=)

S O
SO OO O —~—O OO0

(=3
S
S OO DD DD DO OO OO OO

(=3
F

Sv6

S9

961
191

90ovl

8L

L8

9'6¥
191

'6C

43

L8

(=)

SO oo~ oo Oo0

001
001
001

S oo oo oo ooC0 (=]

=
=
[=ReRele =R o=l =2 —N==]

o o
[N
- =

pudooepuy
opronoasuy
9]0ZBUOdBI],
9]0ozeuodnqay,
[rueowLIKg
9ZeI0[Y201]
9]0Zeu0dUdJ
[AXB[RION
9jozeuoorxodg
ydiowojounq
unzepuaqie)
uIqoNsAXozy
saproIduny
AxoIpAy ourzejAyingio],
auize|AyIngia],
AX0IpAY duizeung
Juizewng
QIe00J[NSOIJ
oprwezAdoig
1Ax1pexQ
JIOTUORON
uoInuIy
uoinjoxdosy
uoInjnsezey
uomiq
vid
1ada
vada
Nndoda
NNADA
uoInjoMo[Y)
ouIzeny
JO[YoR[Y
I0[U00}20Y

Syl Scl Sel

L1l LTl 901
¥'0¢ 1404 £0¢

() ad

(%) O4

UedN  (T/5W) XeN  (7/5u) LI

%d4d

(%) Od

BN

(7/3u) xe

(7/3u) uy

(%) aa

(%) Od

UedN  (T/5W) XeN  (7/3W) WA

ueqIn-1og

ueqin

ueqIN-110g

910 Amng/oung

$102 JOqUIDAON/19Q0300) opronsaq

(ponunuoo) ¢ J[qel,

pringer

Qs



Environ Sci Pollut Res (2018) 25:17690-17715

17702

001 L9 S¢ 8y [ 001 0 00 00 001 001 IS €9 6'¢ pudopoepruy
QPIoNd3Isu

0 0 001 001 Al Al 0 0 3[0ZBUOJBNIL,
L9 L9 01 01 001 001 90 90 001 001 LY 96 8¢ 9[0ZBUOINQR,
0 0 001 001 €0 €0 001 001 S0 90 0 [rueyowWLA]
0 0 001 0 001 0 aze10[yo0Id
0 0 001 0 001 001 S0 L0 0 9[0ZeuodUd]
001 001 0t S v'T 001 001 €9 €9 001001 LS $9 0°S “JAXe[eRN
0 0 001 0 001 001 10 10 sjozeuodrxody
€€ 0 0 0 0 0 ydowopuwig
001 001 §9 8¢l LT 001 001 €T €T 001001 WIZepuaqre))
0 0 001 0 001 001 6T ¥3 LT uIqonsAxozy
soprordun,j

0 0 0 0 001 0 Axo1pAy ourze[Aynga,

0 0 0 0 0 0 suize|AyngIay,
0 0 0 0 0 0 Axo1pAy ourzeung

0 0 001 0 001 001 90 L0 90 suizewg
0 0 001 0 001 0S 0 0 QIed0§[nso0Id
001 0 001 0 0 0 oprurezAdoig
001 0 001 001 €T €T 001 001 €T 43 A [Ax1pexQ
001 001 001 001 Sl Sl 001 001 S0I L'SI €S IO[YORIORIN
001 0 001 001 I'1 I'1 001 001 €T '€ al uoInury
0 0 001 001 L0 L0 001 0S LT LT uomnjoxdosy
001 0 001 0 001 0 uoIny[nseze||
001 001 0TS €68 8T 001 001 S8 S8 001 001  ¥€IT ¥69¢ €LS uomi(q
0 0 001 0 001 0S Sy Sy vid
0 0 0 0 0 0 1aa
0 0 0 0 0S 0 vaa
001 0 0 0 001 001 6'C S¢ €T ndoda
001 001 ¥01 801 66 001 001 'l 'l 001 001  6°S1 TLI 9yl NNdOA
0 0 001 001 S0 S0 001 001 L0 01 0 uoIn[OHO[Y)
001 001 96 19 I's 001 001 91 91 001 001 60T 98¢ e suizeny
001 0 001 0 001 001 6°¢ TS ST Joyoery
001 001 TS €9 €€ 001 001 01 01 001 001 '8 9Tl 9¢ I0[Y00300Y
SOPIdIQISH

(T8 WA (%) Ad (%) Od uwedN  (T/Bu) xeW  (TAWUIN %04 W (TAW xeW  (IBW UIN (%) dd (%) Od U (1/8W) Xe]y  (7/3u) Uy
ueqin ueqIn-LJ ueqin
ST10T J9qUIDAON/1RGOR0O S10T 1Hdy/yorey 3pronsad

Kouonboaxy uonodjep (] Aouanbaxy uoneoynuenb ), (1 o[qel, parelep st Surjdwes) sojdwes SIDOJ
ur sapronsad pajasre; 7¢ oy Jo (7 9[qeL, Jo SOOT Pue SqOT [eonA[eue Surpioooe) ssrousnboxy uonesynuenb pue uonosiep pue (suonosfur 9 = u ¢/5u) SUoHEnuIoUuod UL ‘TUNWIXEW ‘WAWIUIA  § 3|qe]

pringer

Qs



17703

Environ Sci Pollut Res (2018) 25:17690-17715

0¢ 0 (%3 0 0 0 9]0ZBUOOUd
001 08 4% S 8'C 001 001 9 €9 [ 001 001 9 08 (184 TAXe[eRN
0C 0 €€ 0 0 0 9[ozeuodrxody
(014 0 L9 0 0S 0 ydrowoyowng
09 (114 LY LS 9°¢ 001 001 0$ 94 81 81 wizepusaqgre?
0 0 0 0 0 0 uIqonsAxozy

soprordun,j
0 0 0 0 0 0 Ax0IpAY suizejAyingio],
0 0 0 0 0 0 QuIZe[Ayngia],
oy 0 33 0 0 0 Ax0IpAY surzewrg
0C 0T L0 L0 0 0 0 0 duIZewIg
0T 0 33 0 0 0 q1ed0j[nsold
0¥ 0 0 0 001 0 oprwezAdoig
0 0 0 0 001 0 1Ax1pexQ
0C 0c 01 01 001 001 01 L'l 1’0 0s 0s ¥l L1 I'1 I0[YOB[ORIN
0 0 323 (33 Sl Sl 001 0 uoInuI|
0 0 0 0 0 0 uoinjoxdosy
oy 0 L9 0 001 0 uoInjnseze[,
001 08 v $'99 9C 001 001 (43 S8 L0g 001 001 98 ¢'sT 90 uomi(y
0 0 0 0 0 0 vid
0 0 0 0 0 0 aa
08 0 33 0 0 0 vdada
09 (114 'l €1 80 L9 L9 LT £'e 0T 001 4 9'¢ 9¢ Nndoda
08 (V% 99 011 €T 001 001 601 0°SlL 9 SL S¢ 8L 8L NNdOd
0 0 0 0 0 0 uoINjouoYD)
09 09 L't 34 Sl 001 001 I'e 0y [ 001 001 L't ¥'9 70 Quzeny
0 0 L9 0 001 0 10121y
09 09 0T 94 S0 001 001 19 YL I'v 001 001 LT 0¢ |4 1000320y

SOPIOIGIOH

@ad (04 ueN (TFHXeW (TBHWUWN (%) dad (%) 04 UBLN (TFH XN (TSHUWN (%) dd (%) 04 ULN  (T/80) XeN
ueqIn-1dJ ueqin ueqIN-119J
910¢ Amnp/oung S 10T JQUILAON/190100 opronsad

(ponumuoo) ¢ J[qe,

pringer

Qs



17704 Environ Sci Pollut Res (2018) 25:17690-17715
o &8 o =3 effect i.e., a peak of contamination. After this phenomenon,
—~ concentrations may be diluted by an increase in flow (Palma
g etal. 2004). In the present study, samples were collected under
Blecic 2 rainy climatic conditions. Daily rain data are currently avail-
~ able for the year 2015. Rainfall events occurred 3 days before
% - the March 11 samplings, when the recorded rainfall for the
~ < 3 days was 27.2, 1, and 3.4 mm, respectively (Fig. 3). These
g rainfall events followed 8 days without rain at the end of the
s 9 * long dry season that lasts from December to February. No rain
fell in January 2015, but nine rainfall events occurred in
§ %\D February 2015, with a maximum of 39.8 mm. These rainfall
3 E/ events marked the beginning of the short rainy season that
§ s 3 b lasts from March to May. This rain may have drained pollut-
ants from crops and soils in the form of runoff and could
/\fn explain why the highest pesticide concentrations were found
\z/ - on samples taken on March 11. The next rainfall event lasted
S|le @S o S for several days between March 11 and March 31 and could
= have diluted pollutants instream (Masia et al. 2013).
S The ubiquity and the high concentrations of diuron are
BleooBo S evidence for diffuse contamination of the Mfoundi River.
= The highest peak (13,894 +3209 ng/L) measured in one
S sample in March 2015 might correspond to point contam-
4 N ination, compared to the other lower concentrations. More
£ frequent sup'plementary' sampling is needed for a complete
< b understanding of variations in pollutants over time.
§ Atmospheric monitoring of pesticides by Isogai et al.
; % (2016) demonstrated higher organochlorine pesticide con-
% g S centrations in the raigy season (June—August 2012) in
5 % g e Cameroon and in particular in Yaoundé. These authors’
hypothesis suggests that pesticides inputs are higher in
%\D the rainy season. However, with grab sampling, the
g highest concentrations were measured at the beginning of
‘§ o o 9 o 2 the short rainy season (March) and later diluted in streams
following heavier rainfall.
S
Ble oo - Water pesticide contamination in the international context
S Because of their biological effect on living organisms and
- & their potential impacts on ecosystems, pesticides have
S - been classified as hazards by the WHO (Organization
5 g © and Safety 2010). Environmental concentrations of pesti-
5 < cides are consequently monitored and regulated in several
é 5|2 countries across the world (IUPC 2003). Among the eight
5| g g pesticides selected in this study, the herbicides (acetochlor,
é% E =§s 2 atrazine, diuron, metolachlor) and one fungicide
(penconzaole) are classified as slightly hazardous (class
III). Carbendazim is classified as “unlikely to present
=) acute hazard in normal use” (class U). Tetraconazole is
é . classified as moderately hazardous (class II). Cameroon
g S E é g . % has no specific guidelines on pesticide concentrations, so
; 8 8§85 EXE 2 national and international guidelines on water quality stan-
= :,g 'g é _E g 3 ?g dards can be used as references. Atrazine and metolachlor
Sl & A s e 2= do not exceed the maximum acceptable concentration of
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1.8 and 7.8 pug/L respectively in Canada (CCME 2014). In
the European Water Framework guidelines, the European
Environmental Quality Standard Annual Mean for fresh-
water is 0.600 pg/L for atrazine and 0.200 pg/L for diu-
ron. Diuron exceeded these guidelines in 60% of the grab
samples in March/April 2015 and in 30% of grab samples
in October/November 2015.

Pesticides have been monitored all over the world (Sousa
et al. 2018), and herbicides are the main compounds detected.
In particular, urea (diuron and its degradation products) and
triazine (atrazine) herbicides are frequently quantified
(Herrero-Hernandez et al. 2017; Mac Loughlin et al. 2017,
Ryberg and Gilliom 2015). In Africa, levels of pesticide con-
tamination reported in previous research are in the same range
as those found in the present study and mainly focused on
non-polar compounds (log K, of 3 up to 6.91) in the agricul-
tural environment. Water organochlorine pesticides were
monitored in Botswana (Mmualefe et al. 2009), Ethiopia
(Teklu et al. 2016), Mali (Berthe Dem et al. 2007), Nigeria
(Okoya et al. 2013), and South Africa (Dalvie et al. 2003) in
agricultural environments. The main pesticide concentrations
in surface waters in Botswana ranged from 2.4 pg/L (4,4'-
DDD) to 61.4 pg/L (HCB) (Mmualefe et al. 2009). In

irrigated vegetable crop systems and floriculture areas in
Ethiopia, the majority of organochlorine pesticides searched
for were not detected in surface waters, except heptachlor
epoxide B (115 ng/L) and a-chlordane (192 ng/L) in river
samples and g-chlordane (10,100 ng/L) and 3-HCB
(2720 ng/L) in downstream irrigation systems (Teklu et al.
2016). In cotton-growing areas in Mali, lindane, endosulfan
I, endosulfan II, endosulfan sulfate, dieldrin and p,p’-DDD,
p,p’-DDE were detected and atrazine was quantified
(1400 ng/L) in surface waters (Berthe Dem et al. 2007). In
the cocoa producing area of Nigeria, dieldrin ranged from nd
to 1510 ng/L (Okoya et al. 2013). Also, in Nigeria, higher
concentrations of organochlorine pesticides were measured
in agricultural land in the vicinity of Lagos Lagoon (chlor-
dane, endosulfan, HCB, dieldrin, aldrin; range 1-966 ng/L)
than in rivers in urban Lagos (Adeyemi et al. 2011). In South
Africa, endosulfan regularly exceeded the European Drinking
Water Standard of 0.1 pg/L in sub-surface drain and dam sites
(Dalvie et al. 2003). The same conclusion was reached for
organochlorine pesticide contamination of the Kikavu River
in Tanzania (Hellar-Kihampa 2011).

In a previous study, Anderson et al. (2014) also employed
passive samplers made of low-density polyethylene tubing to
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monitor a wide range of non-polar pesticides but not polar
compounds which was the case in our study. The concentra-
tions reported by these authors were in the range of few nano-
grams per liter for the non-polar compounds, mostly DDT and
permethrins, in the agricultural watersheds of the Niger and
Senegal rivers. However, the methods often used to assess
pesticide concentrations only measure freely dissolved
chemicals, whereas—depending on their octanol-water parti-
tion coefficient—some of the compounds are bound on soil
and sediment particles.

This is thus one of the first studies to highlight the occur-
rence of polar to moderate polar pesticides (log K, comprised
between — 0.06 and 4.14) in an urban and peri-urban environ-
ment in sub-Saharan Africa (Sousa et al. 2018).

Urban agriculture as the origin of pesticide contamination

A proportion of applied pesticides can be transferred to other
environmental compartments, i.e., the air, soil, and water via
processes such as volatilization, wet and dry deposition, and
runoff. Depending on the land use, and on soil and pesticide
properties, pesticides can be adsorbed by soil particles then
transported to surface waters by runoff (Chen et al. 2017;
Fairbairn et al. 2016; Jorgenson et al. 2013; Mast et al.
2007; Smernik and Kookana 2015). Once in the water col-
umn, pesticide properties (solubility, volatilization, polarity,
adsorption, rate and mode of degradation) interact with abiotic
and biotic conditions that thus influence their environmental
distribution and fate (Dumas et al. 2017; Huang et al. 2016).
According to their octanol/water partition coefficient (K,.),
the pesticides selected in our study are rather polar, that is,
ranging from 0.57 (imidacloprid) to 3.70 (tebuconazole), ex-
cept for acetochlor (4.14) and are thus more likely to occur in
the water phase than to accumulate in the sediment.
Persistence in the environment of each pesticides is a function
of their susceptibility to degradation, either physical-chemical
or biological and to sequestration in other compartments (i.e.,
adsorption to suspended matters). Some pesticides present
low decay rates and can thus be found in the water column
several weeks after discharge, while others present a relatively
rapid decay. For example, atrazine has a half-life comprised
between 335 and 742 days through photolysis and hydrolysis
(Toxicology Data Network of the U.S. National Library of
Medicine) and degrades into DIA and DEA which were de-
tected in samples (detection range 11-33%).

Except for terbuthylazine, the pesticides included in the ho-
mologation list in Cameroon were all detected in the samples.
Of the eight pesticides with quantification frequencies higher
than 20%, atrazine, diuron, metolachlor, carbendazim, and
metalaxyl are homologated in Cameroon. Acetochlor,
penconazole, and tetraconazole are not homologated in
Cameroon or by the Sahelian Pesticide Committee. The pres-
ence of these forbidden pesticides in samples could
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nevertheless be explained by their application on local crops.
Acetochlor can be used on vegetables and fruits; penconazole
can be applied on fruits and tomatoes in urban and peri-urban
agriculture in Yaoundé (PPDB 2011). Moreover, certain prac-
tices might lead to over-treatment of crops that then become
sources of contamination. Farmers are not always trained in the
correct use of pesticides including preparation, handling,
spreading, and storage (Mattah et al. 2015; Williamson et al.
2008). Some pesticides may be spread too liberally or disposed
of inappropriately thereby creating hazards for both the envi-
ronment and for consumers. In addition, pesticides forbidden in
industrialized countries because of their hazardousness are still
circulating. Some are obsolete or their labels do not correspond
to the actual active substances inside the packaging (Mansour
2004; Mattah et al. 2015; Mengistie et al. 2015; Ntow et al.
2006; Williamson et al. 2008, Wodageneh 1997). Large
amounts of unauthorized pesticides may thus be spread on local
crops, thereby explaining their occurrence in surface waters in
Yaoundé.

Characterization of pesticide contamination in urban
and peri-urban areas

The sum of TWA pesticide concentrations in the urban POCIS
samples ranged from 57 ng/L (Biyemel, June/July 2016) to
467 ng/L (Mfoundi4, March/April 2015) and from 9 ng/L
(Méfoul, June/July 2016) to 101 ng/L (Méfou5,
June/July 2016) in the peri-urban POCIS samples (Table 6).
Thus, urban sites were always more contaminated by pesti-
cides than peri-urban sites with a factor of about four between
the maximum concentrations. The urban Mfoundi4 site was
the most contaminated by pesticides with TWA concentra-
tions > 100 ng/L. The Méfou River was progressively more
contaminated upstream to downstream with a particularly
high concentration at Méfou5 where the level was the same
as at urban sites (Table 6; Fig. 4). POCIS samples were mainly
contaminated by herbicides (45-96%). A higher proportion of
fungicides was quantified in peri-urban areas (13-55%) com-
pared to urban area (3—26%). The main fungicides were
metalaxyl and carbendazim. In the urban sites, contamination
was mainly due to the level of concentration of the herbicides
diuron and atrazine. These results suggest a difference in the
type of pesticide used in the Mfoundi basin and in the upper
Meéfou basin.

Medians of in situ physical-chemical measures on the
whole sites for the three campaigns and pesticides quantified
at least in 40% of POCIS samples (acetochlor, atrazine,
carbendazime, diuron, imidacloprid, metalaxyl, metolachlor
and tebuconazole) and also the degradation products of diuron
(DCPMU, DCPU) were included to characterize the 18 water
samples (Fig. 5). No significant correlations were found be-
tween oxygen, pH, temperature, and pesticides. However,
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Table 6  Sum of TWA pesticide contamination in nanograms per liter in urban (Mfoundi2, 4 and Biyemel) and peri-urban (Méfoul to Méfou5) sites
Sampling Pesticide TWA concentration (ng/L) Pesticide TWA concentration (ng/L)
campaign Urban sites Peri-urban sites

500 500
400 400
. 300 300 -
March/April
200 200
2015
0 0 —
Mfoundi4 Biyemel Meéfoud
140 140
120 120
100 - 100
October/Novem | go 80 -
ber 60 60 +
2015 40 401 i
20
20 + *
: 0l == -
| " e " .
Mfoundi? Mfoundi4 Biyemel Meéfoul Méfou2 Méfoud Méfous
140 140
120 + 120 +4
100 + 100
80 + 80 +
June/July 2016 60 - 60 -
401 i 40
0 4 0 o — E
Mfoundi2 Mfoundi4 Biyemel Méfoul Méfou2 Méfou3 Méfoud  Méfous

Black, gray, and white represent herbicides, fungicides, and insecticides, respectively

conductivity values are positively correlated to pesticide
amounts (Rs=0.72, p value < 0.05).

The distribution of sites according to pesticides and
physical-chemical measures pointed out a difference in the
chemical signature of urban and peri-urban site contamina-
tion. Urban sites (triangles) were characterized by an impor-
tant pesticide contamination and greater values of conductiv-
ity and oxygen depletion. The Mfoundi4 A sample was an
outlier due to its high sum of TWA pesticide concentration on
POCIS (467 ng/L), in particular for diuron (369 = 169 ng/L).
Other Mfoundi sites had sum of TWA pesticide concentration
ranging from 57 ng/L (Biyemel C) to 150 ng/L
(Biyemel A). Both pesticide concentrations, conductivity,
and oxygen saturation values illustrate the anthropogenic con-
tamination of urban sites. In fact, the Mfoundi urban sites had
a greater conductivity (range 215401 uS/cm) than the Méfou
peri-urban sites (range 30166 nS/cm) with the exception of
Méfou3 with 234 uS/cm (Fig. 5a). The Mfoundi conductivity

values were in the range of those reported in a previous study
conducted in the same basin. The reported increase in conduc-
tivity from upstream to downstream was attributed to agricul-
tural (corn, market gardening, fish breeding, pig farming, and
slaughterhouses) and domestic (drains, household refuse,
laundry) sources of contamination (Nougang et al. 2011).
Oxygen saturation was under 50% at the main urban sites
(range 18-41%) exept for Mfoundi2 C (55%). Increasing
conductivity and oxygen depletion were reported to be indi-
cators of mineral and organic pollution, respectively, through
anthropogenic inputs in the form of urban wastewater
(Hayzoun et al. 2015).

Pesticide TWA concentrations at the Méfou sites ranged
from 9 ng/L (Méfoul C) to 101 ng/L (MéfouS_C). The ma-
jority of peri-urban sites on the Méfou River had the lowest
conductivity values, between 28 uS/cm (Méfoul B) and
166 puS/cm (MéfouS_C). Méfou3 C differed from the other
Méfou sites with a measured conductivity of 234 uS/cm, in
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Fig.4 Overview of pesticide contamination of the Upper Méfou and Mfoundi Rivers. Pie charts represent mean TWA pesticide concentrations (POCIS)
over the three campaigns. Data: Open Street Map 2016; Copyright: Perrine Branchet

the same range as urban sites. Measured oxygen saturation
(Fig. 5b) ranged from 7% (Méfoud4 B) to 89% (Méfoul C)
indicating relatively good water quality.

Differences in urban and peri-urban area pesticide
contamination profiles

We propose several hypotheses to explain the spatial differ-
ence between urban and peri-urban pesticide contamination
and are linked to human river management. First, agricultural
practices differ in the urban and peri-urban basin and could
impact pesticide transfer into the environment. In the urban
Mfoundi basin, intense market gardening along the waterways
means that pesticides are used very close to the stream and
may be directly transferred into surface waters. Reports in the
literature refer to large amounts of pesticide used in intensive
urban agriculture (Gockowski and Ndoumbé 1999). In con-
trast to the peri-urban Méfou basin, the lowlands are better
preserved and the crops are grown on the hills, where the
cropping system is more extensive and pesticides may be used
in smaller quantities (Gockowski et al. 2003; Lieunang Letche
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et al. 2009; Prain et al. 2010). We hypothesize that part of
pesticides applied are retained by the vegetation along river-
banks unlike along the urban riverbanks (McCutcheon and
Schnoor 2004; Stehle et al. 2016; Tien et al. 2013; Zogning
Moffo et al. 2016). In support of this hypothesis, large pine-
apple plots located on the hills overhanging the Méfoul peri-
urban sampling site were seen to be frequently treated with
diuron, but only small quantities of diuron were measured at
this point (range from 0.6 £0.3 to 3 +£0.3 ng/L in POCIS). As
at this point, the Méfou River has natural vegetation along its
banks, so further studies would enable us to understand if they
play a role in the environmental fate of diuron.

To summarize, the hypotheses proposed to explain the
higher level of contamination of the urban Mfoundi basin
compared to the Méfou peri-urban basin are (i) the difference
in agricultural systems between the Méfou and Mfoundi ba-
sins and (ii) modifications of the riverbank due to human
activities in the inner city. Hydrological, hydrogeological,
and geochemistry studies of these watersheds are needed to
better understand their functioning and to improve pollution
management.



Environ Sci Pollut Res (2018) 25:17690-17715 17709
Fig. 5 Distribution of urban a
g . 500
(triangles) and peri-urban
(squares) sampling sites = 450 A Mfd4_A
according to their TWA pesticide 5
concentrations (ng/L) and their £ 400
conductivity (a) and oxygen (b) £
. . . = 350
medians. Sampling sites are g
labeled according to their £ 5300
sampling campaign (A: March/ ° Eﬂ
April 2015, B: October/ Z 2250
November 2015, C: 20
June/July 2016). Triangles and = £ 200
squares correspond to urban and g 150 ?yliA
peri-urban sites, respectively. & Mfdd C aa Mfd2 B
Pesticides with quantification 2 100 = Mef5 C — . Mfd2_€
frequencies greater than 40% with % Mef5 B ~ Mfd4_B AByl B
POCIS and diuron degradation =50 Mef2 %M 1 A Mefd C & Mel3 C AByl C
products (DCPMU, DCPU) were . Mefl_rc . ;/1 De ALV -
selected (Fig. 2b MefT B~ Mel2 -
(Fig. 26) 0 50 100 150 200 250 300 350 400 450
Conductivity (uS/cm)
b
500
N Mfd4 A
= 450
£ 400
g
= 350
g
g 2300
22
8w 250
g
Q
22200
2
E‘] 150 AByl-A Mfd2 B
d 0 AMfdd C :MefS C AMIR.C
i |
E ByLB Byl €\ ifas B Mef5 B
=50 . - N Mefd A
u Mef_LC Mef4_B ] - Mefl B 1
0 aMef2 C = Mef2 B ..Mef47C o g Mefl_C
0 10 20 30 40 50 60 70 80 90 100

Contribution of urban sites to surface water contamination

The relatively preserved environment in the vicinity of the
upper Méfou compared to that downstream could explain
the lower pesticide contamination of the Méfoul and
Méfou?2 sites. Méfou surface water is polluted by pesticides
starting from Méfou3 site. Méfou3 is surrounded by market
gardening where we saw pesticide wrappings on the ground,
in addition to various experimental crops (tobacco, rice).
However, the Méfou4 site, which is considered as the outlet
of the upper Méfou basin, is relatively preserved from pesti-
cide contamination compared to Méfou3 and Méfou5. The
pesticide and physical-chemical measurements were close to
the levels of those measured at urban sites, suggesting the
influence of land use and local discharges in the vicinity of
the sampling sites on water quality. Comparison of pesticide

Oxygen saturation (%)

contamination sampled with POCIS between Méfou4 and
MéfouS suggests that pollutants in the Mfoundi River are
discharged into the Méfou River and impact its quality
(Fig. 4).

High levels of pollution downstream from the urban area
have been reported elsewhere (Perrin et al. 2014). The
Mfoundi2 and Biyemel sites, which are situated in an urban
area surrounded by domestic activities and catering, as well as
Mfoundi4, which is situated in a swampy area at the outlet of
the basin where people collect oil palm wine, can be consid-
ered as “pollution hotspots.” Added to this contamination,
these urban sites are also at the heart of human activities
(i.e., water uses, collection of oil palm) or situated near homes,
raising concerns about the relation between this hazardous
environment and human health (Shirangi et al. 2011). The
growth of Yaoundé urban area toward the south of the
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Méfou watershed and related impacts on water quality ques-
tion the sustainability of the downstream part of the Méfou
River, which is currently preserved by wetland areas
(Lieunang Letche et al. 2009). In particular, the Nyong water
catchment located downstream from the confluence between
the Méfou River and the Nyong River may be threatened in
the long term.

Other worldwide studies report pesticide contamination of
urban watersheds in which the herbicide diuron is often re-
ported to be the main contaminant (Kaonga et al. 2015; Rippy
et al. 2017). Blanchoud et al. (2004, 2007) argued that even if
pesticide amounts are higher in rural areas, transfer and con-
tamination are at the same level in urban areas. They distin-
guished urban pesticide use (gardens, railways, roads and
street maintenance, cemeteries, etc.) as a major contributor
to stream contamination. Pesticides are applied on hard inor-
ganic surfaces that may be completely impervious or more or
less permeable thereby allowing both pesticide infiltration and
runoff. In the city of Yaoundé, pesticide contamination is
mainly attributed to specific agricultural activities, but “urban
pesticides” can also be taken into consideration in addition to
accidental releases.

Depending on their level of urbanization, the contamina-
tion profiles of the Méfou River sub-watersheds are a regional
specificity that could be generalized to other urban watersheds
with the same context. Indeed, the need for food resulting
from urban expansion in developing countries, particularly
in sub-Saharan Africa (Cohen 2006), will likely be filled by
urban agriculture (Bakker et al. 2000; Mackay 2018;
Robineau and Dugué 2018). There is a substantial body of
literature on the multi-functionality of urban agriculture, its
implications for urban development, and the challenges it in-
volves in capital cities or intermediate-sized cities (Bellwood-
Howard et al. 2018; Smart et al. 2015). It has been predicted
that urban agriculture will have to face urban growth, poverty
alleviation, and urban water resource management (Lee-Smith
2010; Padgham et al. 2015), making the regulation and use of
pesticides topical environmental issues (Galt 2008; Zeeuw
etal. 2011).

Potential risks for ecosystems related to pesticide
contamination of surface waters

The ecotoxicological assessment revealed chronic toxicity
caused mainly by diuron at the three trophic levels but partic-
ularly for algae. The RQ > 1 were mainly found in the urban
sites. Among these sites, Mfoundi4 and Mfoundi2 had a more
frequent RQ > 1 (89%) for diuron (Table 7).

Urban surface waters are more contaminated by pesticides
than waters in the peri-urban area, and the concentrations of
the herbicides atrazine and diuron measured in the urban grab
water samples could pose an ecological risk for non-targeted
organisms. The peri-urban Méfou4 site represents a lower
ecological risk. This ERA thus confirms the difference be-
tween the urban and the peri-urban watersheds in terms of
ecological risks.

Algae in particular might be more sensitive to the toxico-
logical effect of these herbicides because the endpoint (inhi-
bition of growth) corresponds to the direct biological effect of
atrazine and diuron. These inhibit photosynthesis by modify-
ing the photosystem II and inhibiting the photosynthetic elec-
tron transport chain. Algae are primary producers and provide
oxygen and biomass to aquatic ecosystems. Selective herbi-
cide pressure and their site specific contamination history may
facilitate the development of more herbicide resistant species,
changes in algae community structure and hence in river bio-
film communities (Ricart et al. 2009; Wood et al. 2017).

The ecological effect of atrazine and diuron on aquatic
invertebrate and vertebrate trophic levels at the individual
and community scale has been widely reported. Atrazine
affects the reproduction, and behavior of zooplankton and
modifies community biodiversity. It reduces the growth and
behavior of fish (Graymore et al. 2001), and recent evidence
shows that it acts as a chemical barrier to the migration of
fish populations (Aragjo et al. 2018). Diuron was identified
as being slightly toxic to aquatic organisms but its metabo-
lites, and in particular 3,4-dichloroaniline (DCA), are persis-
tent in the environment and toxic to a wide range of organ-
isms (Giacomazzi and Cochet 2004). Special attention

Table 7  Risk quotient for urban sites (Mfoundil, Mfoundi2, Mfoundi3, Mfoundi4 and Biyemel) and for the peri-urban site (Méfou4) based on the

highest measured concentration

Algae Daphnia Fish

March/April 2015 ‘ October/November 2015 | June/July 2016 March/April 2015 ‘ October/November 2015 ‘ June/July 2016 March/April 2015 | October/November 2015 June/July 2016

Atrazine | Diuron | Atrazine Diuron Atrazine | Diuron Atrazine | Diuron | Atrazine | Diuron | Atrazine ‘ Diuron Atrazine | Diuron
Mfoundil 0,0 0,0 0,5 0,0 0,4 0,0 0,3
Mfoundi2 0,4 0,1 0,0 0,0 0,3
Mfoundi 0.0 ol | 10 | 00 | 09 [ 00 03
Mfoundi4 0,0 0,2 0,0 0,0 03
Biyemel 0,0 0,0 0.4 0,0 0,3 0,0 02 0.0 0,1
Méfoud 0,0 0,0 0,1 0,0 0,0 0,0 0,0 0,0 0,0

Red, orange and green represent respectively RO>1 (high risk), RO between 0.5 and 1 (medium risk) and RO < 0.5 (low risk) as a scale to qualify the importance of the

ecological risk.

Red, orange, and green represent respectively RQ > 1 (high risk), RQ between 0.5 and 1 (medium risk), and RQ < 0.5 (low risk) as a scale to qualify the

importance of the ecological risk
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should thus be paid to diuron and its metabolites (DCPMU,
DCA) whose endocrine effects cause both anti-androgenic
and estrogenic disruptions (Boscolo Pereira et al. 2016;
Pereira et al. 2015) and to their consequences for fish behav-
ior (Boscolo et al. 2018).

However, our ERA only focused on two compounds and
their precise individual endpoints in three trophic organisms.
As we observed, and as reported in the literature, pesticides
are present in mixtures in streams (Schreiner et al. 2016).
Their effects on aquatic organisms have been attributed to
their individual action, but combined effects have also been
evidenced. The effects of pesticide mixtures can lead to more
sensitive organisms (Ccanccapa et al. 2016; Hasenbein et al.
2017; He et al. 2012) raising the question of the toxic effects
of the whole pesticide cocktail in aquatic environments.

Given the threat represented by pesticide use and environ-
mental contamination, further monitoring and risk assessment
is thus required in sub-Saharan Africa (Jepson et al. 2014). As
humans interact with their environment, potential exposure to
pesticides has been demonstrated in several populations
worldwide (Alavanja and Bonner 2012; Donald et al. 2016;
Negatu etal. 2017). Ecological risks are related to the question
of human health, an issue highlighted in a review by Gwenzi
and Chaukura (2018), warning against possible pathways
transfers, and the fate and risks involved in the “aquatic-hu-
man system” in Aftica.

Conclusion

The contamination diagnosis conducted in this study demon-
strated the presence of pesticides in samples of water in the
Meéfou and the Mfoundi Rivers. POCIS was shown to be a
suitable tool to monitor polar pesticide contamination in a
tropical urban environment thereby complementing the snap-
shot results provided by grab samples.

A total of 94% of targeted pesticides were detected in the
samples with eight main pesticides frequently quantified both
with grab and passive sampling. The measured herbicides,
fungicides, and insecticide can be transferred from agricultural
plots to surface waters in runoff, underlining the contribution
of urban agriculture to the deterioration of river quality in the
watersheds studied here. Two herbicides, diuron and atrazine,
were the main pesticides identified in samples whose concen-
trations reached up to several micrograms per liter. Diuron in
particular is an urban contaminant of concern, whose concen-
trations frequently exceeded the European environmental
guideline of 0.200 pg/L for freshwater.

Spatial differences were observed in the contamination pro-
files of the urban Mfoundi and the peri-urban Méfou water-
sheds. Urban rivers were more contaminated than peri-urban
rivers whatever the sampling campaign. Anthropogenic man-
agement of the area, agricultural practices, and riverbank

modifications could be at the origin of these differences and
could modify transfers of the contaminant in the watersheds.
The potential discharge of pollution from the urban Mfoundi
River to the peri-urban Méfou River after their confluence
raises concerns about the sustainability of regional water re-
sources. These spatial differences were confirmed by an ERA
of the main polluted sites, which confirm that measured con-
centrations of diuron and atrazine pose a risk to aquatic
organisms.

In a wider context, pesticide contamination in urban and
peri-urban areas concerns many cities in developing countries
as they face significant growth and related challenges. The
approach described in the present paper could be used in other
sub-Saharan capitals or middle-sized cities to better under-
stand the sources, fate, and impacts of pesticides on urban
basins. The proximity of a population to a polluted water
resource is a crucial health issue in this context.
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