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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Organochlorine insecticide residues are 
alarming for terrestrial food chain. 

• Diversified insecticides residues were 
detected in the subsoil than topsoil. 

• Aldrines and hexachlorobenzene were 
present in vegetables and DDT in milk. 

• Both historical and recent insecticides 
applications behind the contamination 

• Combined concentration of multiple 
insecticide residues poses a greater risk.  
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A B S T R A C T   

Organochlorine insecticide (OCI) exposures in terrestrial food chains from historical or current applications were 
studied in a vegetable production area in northwest Bangladesh. A total of 57 subsoil, 57 topsoil, and 57 
vegetable samples, as well as 30 cow’s milk samples, were collected from 57 farms. Multiple OCI residues were 
detected using GC–MS/MS with modified QuEChERS in 20 % of subsoils, 21 % of topsoils, 23 % of vegetables, 
and 7 % of cow’s milk samples. Diversified OCI residues were detected in subsoils (17 residues with a concen
tration of 179.15 ± 148.61 μg kg− 1) rather than in topsoils (3 DDT residues with a concentration of 25.76 ±
20.19 μg kg− 1). Isomeric ratios indicate intensive historical applications of OCIs. According to Dutch and Chinese 
standards, the lower concentrations of individual OCI residues in the soil indicate negligible to slight soil 
pollution, assuming local farmers follow local pesticide use regulations. However, a maximum of 78.24 μg kg− 1 

ΣAldrines and 35.57 μg kg− 1 ΣHCHs were detected (1–4 residues) in 60 % of brinjal, 28 % of cucumber, 29 % of 
sponge gourd, and 20 % of lady’s finger samples, which could be a result of either historical or current OCI 
applications, or both. A strong positive correlation between aldrines in subsoils and cucurbit vegetables indicates 
greater bioaccumulation. Cow milk samples contained up to 6.96 μg kg− 1 ΣDDTs, which resulted either from 
rationing contaminated vegetables or grazing on contaminated land. Individual OCI in both vegetables and cow’s 
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milk was below the respective maximum residue limits of US and FAO/WHO CODEX and poses little or no risk to 
human health. However, combined exposure to multiple pesticides could increase human health risks. A cu
mulative health risk assessment of multiple pesticide residues is suggested to assess the suitability of those soils 
for cultivation and grazing, as well as the safety of vegetables and cow’s milk for human consumption.   

1. Introduction 

Organochlorine insecticides (OCIs) are chemically stable xenobiotic 
compounds (Bergkvist et al., 2012; Oehme, 1991). OCIs first became 
widely used in the 1950s in agriculture and health sectors because of 
their effectiveness, lower price, and wider-range of insect-controlling 
efficiency (Oliveira et al., 2016; Zehra et al., 2015; Zhi et al., 2015). 
Regardless of their benefits to eradicate unwanted insects and ensure 
food security, these OCIs compounds are currently grouped as persistent 
organic pollutants (POPs) because of their intensive widespread use 
which has polluted soils as well as the environment (Silva et al., 2019). 

Soil is a repository of agricultural OCIs since soil absorbs most of the 
OCIs and their degradation products which ends up depositing higher 
concentrations of compounds in subsoils than in top soils (Bhandari 
et al., 2020; Zhang et al., 2006). Crops can uptake OCIs from soils which 
could in turn make the crops potentially toxic for human and livestock 
consumption (Clostre et al., 2015). Although the fate, behaviour, and 
distribution of OCIs is greatly influenced by soil properties, the persis
tence, lipophilic properties and chronic toxicity of OCIs enable their 
bioaccumulations and biomagnifications in the environment and food 
chains, posing a threat to humans as well as animals (Bettinetti et al., 
2016; Miglioranza et al., 2013). Thus, these synthetic chemicals have 
become an alarming global issue causing many countries to have begun 
restricting the use of OCIs starting in the 1970s and 1980s (Oliveira 
et al., 2016; Xu et al., 2013; Zhi et al., 2015). 

Until the early 1980’s, the supply of pesticides was subsidized in 
Bangladesh which encouraged farmers to intensify their use of some 
OCIs like DDT, aldrin, dieldrin, chlordane, heptachlor, HCH and HCB. 
Bangladeshi farmers used OCIs for over three decades to increase agri
cultural production. The agricultural use of DDT had been prohibited in 
Bangladesh since the early 1980s but the official manufacturing was 
sustained until 1991, mainly for controlling malaria vectors. However, 
dieldrin, heptachlor and chlordane were used from 1986 to 1997 
(Bergkvist et al., 2012; DoE, 2007). Later, the Stockholm Convention 
Treaty initiated by the United Nations Environment Programme (UNEP) 
in 2001 to forbid or restrict twelve identified POPs, namely poly
chlorinated biphenyls (PCBs) polychlorinated dibenzo-p-dioxins, poly
chlorinated dibenzofurans and nine OCIs (DDT, aldrin, dieldrin, endrin, 
chlordane, heptachlor, hexachlorobenzene, mirex, and toxaphene). Af
terwards hexachlorocyclohexane, pentachlorobenzene, pentachloro
phenol chlordecone, endosulfan and lindane were included in the list of 
restricted compounds (UNEP, 2015). The Stockholm Convention Treaty 
was ratified by Bangladesh in 2007 (Bergkvist et al., 2012). Although 
restricted in many countries, OCIs could have been used or could be 
currently used illegally in crop production and in controlling insect 
vectors in some developing countries (Bhandari et al., 2020; Bigus et al., 
2014; Oyekunle et al., 2011; Yuan et al., 2015). The limited enforcement 
of existing regulations (Bangladesh Pesticide Ordinance, 1971; Pesticide 
Rules, 1985; Bangladesh Environmental Conservation Act, 1995; 
Bangladesh Environment Conservation Rules,1997) (Uddin et al., 2016) 
and farmers’ lack of knowledge and awareness of the risks of applying 
OCIs (Akter et al., 2018) might explain the recent illegal use of banned 
OCIs in crop cultivation in Bangladesh. 

Both the historical residues and the current indiscriminate applica
tion of banned OCIs have drawn global attention due to the potential 
risks that these compounds pose to human health and the environment 
(Bettinetti et al., 2016; Jiang et al., 2009; Zehra et al., 2015). Public 
concern was raised after reports on the sporadic detection of different 
levels of OCI contamination in soil (Uddin et al., 2016), water (Islam 

et al., 2007), breast milk (Bergkvist et al., 2012; Haque et al., 2017), beef 
and dairy milk (Haque et al., 2017) and fresh and dried fish samples 
(Haque et al., 2017; Hussain et al., 2018) from different areas of 
Bangladesh, although most of the OCIs detected in these studies have 
been restricted or banned for import and use since 1997 (DoE, 2007). 
Commercial vegetable production in North-Western (NW) Bangladesh 
has exposed the farm ecosystems to extensive OCI use for >20 years in 
the past. However, information about the occurrence and sources of soil 
OCI residues and their distribution in the terrestrial food chains, espe
cially in the intensive vegetable production areas in Bangladesh, is very 
limited. The assessment of OCI residue occurrence, frequency and con
centration levels in the terrestrial ecosystem is necessary to reveal or 
predict the sources and entry points of these banned or restricted pol
lutants in the terrestrial food chain. 

The current study was aimed to investigate the occurrence and 
concentrations of some frequent OCI residues from previously used OCIs 
in soils, their bioaccumulation in vegetables and cow’s milk obtained 
from an intensive horticultural production area in the NW regions of 
Bangladesh. Hence, the study investigated the soil pollution status based 
on the presence of 23 frequent OCI residues of DDTs, HCHs, Aldrines, 
Endosulfans, Heptachlors, Chlordanes, Chlordecone and Mirex in 
collected soils of two depths of the selected vegetable fields from the 
study area. We also aimed to assess the safety of vegetables grown on the 
soils as well as the safety of cow’s milk from cows allowed to graze on 
the polluted soils in the study area based on maximum acceptable res
idue limits. 

2. Methods 

2.1. Study area and sampling scheme 

The research was conducted in the Islampur Upazila region of the 
Jamalpur district, located in the north-western part of Bangladesh 
(25.0833◦N, 89.7917◦E) (Fig. 1). It is one of the major intensively 
managed vegetable growing areas in North-western Bangladesh. The 
climate of this area is tropical, with characteristic dry (November to 
February with winter and less precipitation) and wet (May to September 
with heavy monsoon rainfall and flooding) seasons having 2041 mm 
mean rainfall and 25.4 ◦C mean temperature. The study area is located 
in the Old Brahmaputra Floodplain (Agro Ecological Zone-9), which has 
amassed considerable amounts of old Brahmaputra river sediments, 
resulting in silt loams to silty clay loams soils with low to moderate 
organic matter content and moderately acidic (pH 5.1–5.6) topsoils and 
neutral subsoils (BBS, 2011b). 

Two major vegetable growing communities, namely the Palbandha 
union (A) and the Char Goalini union (B) (Fig. 1) were selected for the 
study after consultations with the local Agricultural Extension Office. 
The Palbandha union encompasses 1534 ha of land and a population of 
13,389 in 3570 households. The Char Goalini union comprises 1778 ha 
of land and a population of 18,282 in 4197 households (BBS, 2011a). 
Most of the vegetable farmers have small split farm holdings with 200 
m2 to 10,000 m2 of cultivated land. In each area, vegetable farms were 
carefully chosen for this study, and a total of 57 fields were selected. The 
selection criteria were a previous survey (Akter et al., 2018) and the 
history of vegetable farming (farming for at least 20 years with a history 
of OCI application). A variety of vegetables were grown in the selected 
sampling fields with different crop rotations every year (Akter et al., 
2018). Eight of the most commonly cultivated vegetables were selected 
for the study, namely: bitter gourd, brinjal, chilli, cucumber, lady’s 
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finger, ridge gourd, sponge gourd, and yard-long bean. In the study area, 
a few farm families were found to rear dairy cattle, which were generally 
grazed on fallow vegetable fields and fed either on grass or the vegeta
tion left in fields after harvesting. Soil and vegetable samples were 
collected from the 57 small vegetable farm holdings (Fig. 2) between 
December 2014 and June 2015. Milk samples from the cows on the 
farms were also collected. 

2.2. Sampling strategies 

Since most vegetable fields were irregular in shape and size, with 
irregular square or rectangular portions, three to five subsamples of 
topsoil and subsoil weighing one kg each were randomly gathered with a 
soil auger from a depth of 0–15 cm and 15–50 cm depth, respectively, 
combined to make one composite topsoil and one subsoil sample for 
each sample site weighing one kg, and transported to the laboratory. 
Foreign bodies were removed from the collected soil samples and 
crushed after air-drying at ambient temperature. The soil samples were 
then stored at -18 ◦C after being sieved with a 100-mesh sieve until 
analysis could be carried out. The soil physical characteristics for each 
site were also analysed. Organic matter (OM) was measured by dry 
ashing at 550 ◦C (Salehi et al., 2011). Soil pH was analysed using a 
standard method (Silva et al., 2019). Soil particle size analysis was done 
following the Bouyoucos’ hydrometer method (Bouyoucos, 1962). 

From each vegetable field, a total of >1 kg of vegetable sample (three 
to five vegetable units were harvested from the area around the sites 
where soil samples were taken) was randomly collected. One mixed 
sample from each vegetable farm was placed in a labelled plastic 
container, carried to and stored in the laboratory at -18 ◦C until analysis 
could be carried out following the European Commission Vegetable 
Sample Collection Guidelines set for each type of vegetable (European 
Commission, 2012). 

A total of 30 fresh cow’s milk samples, 15 from each of the two 
selected unions, were collected in 50 mL Greiner tubes. The tubes were 
then labelled with the individual cow and stored in a freezer at -18 ◦C 
until analysis. 

2.3. Selection of organochlorine residues for analysis 

The initial list of organochlorine residues was compiled by consid
ering the compounds with higher soil persistence that had been most 
frequently used in the past, including those compounds banned by the 
Stockholm Convention. The main metabolites from the active com
pounds were selected for analysis. However, due to logistical, financial, 
and analytical limitations, a few compounds listed initially were 
excluded. Compounds were prioritized for the ability to be analysed by a 
multi-residue analysis method. The final list consisted of 23 OCI resi
dues, hereafter called analytes (Supplementary Table 1), which were 
analysed for each of the 57 topsoil, 57 subsoil, 57 vegetable, and 30 
cow’s milk samples. 

2.4. Chemicals and reagents used 

The reference standard solutions (2000 μg/mL) of OCIs, including 
DDTs (p,ṕ-DDT, p,ṕ-DDE, p,ṕ-DDD, o,ṕ-DDT, o,ṕ-DDE and o,ṕ-DDD), al
drins (aldrin, dieldrin, endrin and endrin-ketone), HCHs (alpha, beta, 
and gamma-HCH or lindane), endosulfans (alpha- and beta-endosulfan, 
endosulfan-sulfate), hexachlorobenzene (HCB), chlordanes (cis- and 
trans-chlordane), chlordecone, heptachlor and heptachlor epoxide (cis), 
and mirex were prepared using reference compounds obtained from Dr. 
Ehrenstofer and Riedel-de-Haen (Germany). All stock-solutions, with 
the exception of Alpha HCH, were prepared in acetonitrile. Alpha HCH 
was dissolved in acetone. All solvents were of analytical reagent grade. 
Individual compound stock-solutions were combined into one mixture 
and diluted with acetonitrile to obtain the desired concentrations. Acetic 
acid (CH3COOH; ≥99.8 %) and Acetonitrile (C2H3N; 99.95 % LC grade) 
were purchased from Biosolve BV (The Netherlands) and Actu-All 
Chemicals (The Netherlands), respectively. Sodium Acetate from 
Merck (Darmstadt, Germany) and Sodium Acetate from VWR Interna
tional (Leuven, Belgium) were used. Primary secondary amine sorbent 
(PSA) and C18 sorbent from Agilent Technologies Netherlands B.V. (The 
Netherlands) were purchased and used. 

2.5. Sample extraction and clean-up 

Thawing of the soil, vegetables, and cow’s milk samples was done on 

Fig. 1. Geographical map indicating the study locations in Islampur upazila of Jamalpur district) (A) Palbandha union and (B) Char Goalini union.  
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the previous day of the pesticide residues extraction. Once thawed, 
visually homogenous samples were obtained by stirring the samples 
with a spoon. The modified QuEChERS approach was adapted to extract 
the organochlorine insecticides from the soil, vegetable, and cow’s milk 
samples, following the methodology identical to the one developed and 
reported by previous researchers from Wageningen Food Safety 
Research (Anastassiades et al., 2003; Anastassiades et al., 2007; Lehotay 
et al., 2010; Lehotay et al., 2005; Mol et al., 2008). For soil samples, the 
process involved mixing 5 g (air-dried weight) of a homogenized soil 
sample together with 5 mL of Millipore water. For vegetables, the pro
cess involved mixing 2.5 g (fresh weight) of a homogenized vegetable 
sample together with 7.5 mL of Millipore water. Homogenized cow’s 
milk sample of 2.5 mL was mixed together with 7.5 mL of Millipore 
water in a polypropylene (PP) tube of 50 mL capacity. The PP tube was 
then shaken by hand after addition of 10 mL of the extraction solvent 
(CH3CN + 1 % HAc) to the tube. Then the mixture in the PP tube was 
agitated for 30 min in an end-over-end shaker, after which phase sep
aration was induced by adding 1 g of sodium acetate and 4 g of mag
nesium sulphate in to the tube. The tube was then vortexed, followed by 
centrifugation at 3500 rpm for 5 min and collection of the resulting 
supernatant. 

For the dispersive SPE clean-up step for GC–MS/MS analysis, 250 μL 
of the supernatant and 250 μL of the extraction solvent were transferred 
into an Eppendorf tube containing 38 mg of C18, 50 mg of primary 
secondary amine (PSA), and 150 mg of magnesium sulphate. Later, 38 
μL of an injection standard in the GC–MS/MS analysis, PCB-198 (1 μg/ 
mL), was added to the Eppendorf tube. After thorough mixing, centri
fugation of the Eppendorf tube was done at 13,000 rpm for 15 min, and 

150 μL of the resultant clean supernatant was taken for analysis in a vial 
made of amber glass. 

2.6. GC–MS/MS analysis 

Injection of 5 μL cleaned extract was done into a Bruker 300 GC- 
triple quadrupole MS (GC–MS/MS) system from Bruker (Bremen, Ger
many). The Cl-Pesticide column used was 30 mm × 0.25 mm size and 
0.25 μm film-thickness and purchased from Restek (Bellefonte, PA, 
USA). The injector of the GC–MS/MS system was used in PTV mode. The 
oven program of the GC was initiated at 60 ◦C for 2 min. Then, the oven 
temperature was raised to 150 ◦C with increments of 20 ◦C per minutes. 
The temperature was further increased to 280 ◦C with increments of 
10 ◦C per minutes and finally to 320 ◦C with increments of 25 ◦C per 
minutes. This final temperature was maintained for 2 min. 

The guidance document on analytical quality control and method 
validation procedures for pesticide residue analysis in food and feed 
(European Commission, 2015) was followed during the chemical de
terminations and the quality control of the analytical results. Briefly, a 
set of multipesticides, matrix matched and calibration standards were 
prepared. A calibration curve of calibration standards (0, 2.5, 10, 25, 50 
and 100 ng mL− 1) was injected at the beginning of each batch of anal
ysis. Satisfactory linearity of response versus concentration was pre
sented by the calibration curves, with correlation coefficients above 
0.99 and residuals of response lower than ±20 %. Fortified blank soils (3 
to 6), as well as samples of vegetables and cow’s milk obtained from a 
previous study and analysed during the method development phase of 
the current study and deficient in any of the tested residues were also 

Fig. 2. Study locations showing specific vegetable fields selected for sampling in the Palbandha union (top) and the Char Goalini union (bottom).  
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included in each sample sequence. These soils, vegetable and milk 
samples were spiked with the mixture solutions of the reference stan
dards and analysed. 

The method that was applied to our samples used the default spiking 
levels of 0.01 and 0.05 mg kg− 1 (Silva et al., 2019). Based on the signals 
for the fortified samples at the 0.01 mg kg− 1 level, for each compound, 
an LOQ was established based on the s/n ratio of the most intense 
transition. The established LOQs ranged between 0.0025 and 0.01 mg 
kg− 1. An overview of all the LODs and LOQs for the compounds analysed 
using the GC–MS/MS based multi-method is listed in Supplementary 
Table 1. Each of the analytes was recognized based on retention time, 
shape of the peak for particular reference standard, and the ion ratio 
within ±30 % of the mean ion ratio for the calibration standards. The 
GC–MS/MS analyte response was normalized based on the PCB-198 

response. The analyte concentration was determined according to 
bracketing calibration, with a matrix-matched calibration standard (10 
ng mL− 1) tested every 10–15 injections/samples following modified 
GC–MS/MS based multi-method (Silva et al., 2019). 

2.7. Statistical analysis 

Data analysis was done using STATISTICA version12 and GraphPad 
Prism 6 software. As each compound was analysed in duplicate, the 
average concentration of both aliquots was regarded as the concentra
tion in the sample. The concentration in each of the two aliquots was 
within ±35 % of the average concentration of both aliquots. Sporadi
cally, where the compound concentration was ≥LOQ in single aliquots, 
this value ≥LOQ was regarded as the concentration of the sample, as 

Fig. 3. Occurrence of different OCI residues in subsoils (A), topsoils (B), vegetables (C), and cow’s milk matrixes (D); Frequency of occurrence of OCI residues in 
different matrixes (E) and in soils from different vegetable fields, vegetables from different fields and cow’s milk from two different locations (F). 
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both the values less than or equal to or above LOQ were marginal to the 
LOQ value. To avoid underestimating OCI concentrations in different 
matrixes, only pesticide residue concentration ≥ LOQ was taken in the 
analysis of data (Sun et al., 2016). Levene’s test was performed to check 
the normality of data. Normally distributed data were analysed using 
one-way ANOVA followed by Tukey’s Honestly Significant Difference 
(HSD) test to compare the numbers and concentrations of pesticides in 
different matrixes. Mann Whitney-U test using the STATISTICA 
version12 software was performed for data not normally distributed. 
When significant variation was seen at the 95 % confidence level (p <
0.05), the Bonferroni posthoc test was performed. In the figures, the 
total pesticide content in topsoil, subsoil, and vegetables were aggre
gated by concentration (μg kg− 1). The OCI hotspot maps considering 
these categories were generated using ArcGIS 10.4 software. Probable 
relationships between the occurrences and concentrations of OCIs in 
soils with soil physicochemical properties and the OCI concentrations in 
vegetables with the soil OCI levels were explored by Principal compo
nent analysis (PCA) and correlation analysis (Spearman’s coefficients) 
using XLSTAT 2020.3.1.18 trial version. 

The composition quotients or isomeric ratios are a good indicator of 
pollution status in the environment to differentiate the application sta
tus of OCIs used in the cultivated soils of the research area (Atuanya and 
Aborisade, 2017; Joseph et al., 2020; Kumar et al., 2018; Wang et al., 
2016; Wang et al., 2010; Yu et al., 2013). The historical and current 
applications of banned OCIs were distinguished according to the 
threshold values used earlier (Atuanya and Aborisade, 2017; Wang 
et al., 2016; Wang et al., 2010). Therefore, the residue composition 
quotients of different OCIs were calculated. 

3. Results 

3.1. Occurrences of OCI residues in soils, vegetables, and cow’s milk 

Among the 23 analytes tested, 17 types of OCI residues were detected 
in subsoils, 3 in topsoils, 4 in vegetables, and 2 in cow’s milk (Figs. 3E, F, 
and 6E; Supplementary Table 2). At least one OCI residue was detected 
in 19 % of subsoils, 21 % of topsoils, 23 % of vegetables, and 7 % of 
cow’s milk samples analysed (Fig. 3E and F). The number of OCI 

residues varied significantly in different matrixes (p < 0.001; Fig. 4). OCI 
residues were found more frequently in the subsoils (15–50 cm depth) 
than in the topsoils (0–15 cm depth) (Fig. 3A, B, and E). All eight OCI 
groups were detected in subsoils, whereas only ΣDDT was detected in 
topsoils (Fig. 3A and B; Supplementary Table 3). A large number of OCI 
residues (>10 residues) were detected in 19 % of the tested subsoils 
(Fig. 3E). Subsoil samples from fields of brinjal (40 %), cucumber (33 
%), lady’s finger (20 %) and sponge gourd (21 %) contained detectable 
OCI residues (Fig. 3F). 

The number of OCI residues detected in soils from brinjal, cucumber, 
lady’s finger and sponge gourd fields did not vary significantly (p > 0.05; 
Fig. 4). A maximum of 3 to 5 compounds were found in 16 % of the 
tested vegetables (Fig. 3E). The most frequently detected residues, 
aldrin, dieldrin, endrin, and HCB, were found in almost all positive 
vegetables tested (60 % of brinjal, 28 % of cucumber, 20 % of lady’s 
finger, and 29 % of sponge gourd samples) (Fig. 3F). The number of OCI 
residues detected in these vegetables did not vary significantly (p >
0.05; Fig. 4). A maximum of 1 to 2 compounds were found in 7 % of the 
tested cow’s milks (Fig. 3E). DDT metabolites p,p’-DDE and o,p’-DDE 
were exclusively found in the tested cow’s milk (Figs. 3D and 6E). 

The categorization of the OCI residues and their concentrations 
detected in different matrixes revealed that ΣDDTs (o,p’-DDT, o,p’-DDD, 
and o,p’-DDE), ΣAldrines (Endrin ketone), ΣEndosulfans, ΣHCHs, 
ΣChlordanes, ΣHeptachlors, chlordecone and mirex were 15 %, 5 %, 16 
%, 31 %, 11 %, 13 %, 4 % and 5 % of total ΣOCIs detected in the subsoil 
matrix, respectively (Figs.6A and 7C). However, only ΣDDTs (p,p’-DDT, 
p,p’-DDD, and p,p’-DDE) were found in topsoils (Figs.6B, E, and 7B). 
ΣAldrines (aldrin, dieldrin, and endrin) and ΣHCHs (HCB) were 87 % 
and 13 %, respectively, of total ΣOCIs detected in vegetables (Figs.6C, E, 
and 7A), and only ΣDDTs (o,p’-DDE and p,p’-DDE) were found in tested 
cow’s milks (Figs.6D and E). 

3.2. Concentration and distribution of the residues of organochlorine 
insecticide in soils, vegetables, and cow’s milk matrixes 

ΣOCIs concentration detected in different matrixes varied signifi
cantly (p < 0.001, Fig. 5). The highest concentration of ΣOCI was 
detected in subsoils, and the lowest was in cow’s milk (Fig. 5 and 

Fig. 4. Box plots for comparisons of average OCI residues number in different matrixes, in soils from different fields of vegetable and vegetables from different fields 
with p values. Different letters indicate significant differences among different matrixes. Median values are indicated by concrete lines within the box while box 
borders demonstrate the 5–95 percentiles. The highest and lowest data values are indicated by Box whiskers. 
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Supplementary Table 3). 
The concentrations of ΣOCIs in subsoils and topsoils matrixes ranged 

from 39.81 to 468.94 μg kg− 1 and from 5.96 to 68.16 μg kg− 1, respec
tively (Supplementary Table 3). However, no significant variation was 
observed in ΣOCI concentrations detected in soils from different groups 
of vegetable fields (p = 0.258, Fig. 5). The concentration of ΣDDTs 
detected in subsoils and topsoils matrixes ranged from 6.12 to 68.13 and 
from 5.96 to 68.15 μg kg− 1, respectively (Fig. 6E; Supplementary 
Table 3). Among the different DDT metabolites present in soils, o,p’-DDT 
(8.45 ± 6.36 μg kg− 1) was found in 91 % of tested positive subsoils, and 
both o,p’-DDD (9.50 ± 7.30 μg kg− 1) and o,p’-DDE (9.64 ± 7.42 μg 
kg− 1) were found in 100 % of the positive subsoil samples (Supple
mentary Table 2). The topsoils showed different metabolites of DDT 
than the subsoils. Among the ΣDDTs in topsoils, p,p’-DDT (8.96 ± 6.17 
μg kg− 1) was found in 83.33 % of the positive samples, and both p,p’- 
DDD (9 ± 7.25 μg kg− 1) and p,p’-DDE (9.29 ± 7.33 μg kg− 1) were in 100 
% of the positive samples (Supplementary Table 2). In general, topsoils 
(0–15 cm) contained higher concentrations and numbers of DDTs and 
their degradation product residues than subsoils (15–50 cm). 

Among the ΣAldrines, only endrin ketone (the degradation product 
of endrin) was detected in subsoils with concentrations ranging from 
2.95 to 25.44 μg kg− 1 (Fig. 6E and Supplementary Table 3). ΣAldrines 
were absent in the topsoils of the research area. Subsoils ΣHCHs con
centrations ranged from 11.35 to 150.41 μg kg− 1 (Fig. 6A and Supple
mentary Table 3). Among the ΣHCHs in subsoils, gamma- 
hexachlorocyclohexane (Ɣ-HCH) or lindane (13.04 ± 10.36 μg kg− 1), 
α-HCH (15.38 ± 12.40 μg kg− 1), and β-HCH (9.82 ± 7.82 μg kg− 1) were 
present in 100 % of tested positive subsoils, and HCB was present (23.64 
± 18.55 μg kg− 1) in 73 % of tested positive subsoils (Supplementary 
Table 2). 

The concentrations of ΣEndosulfans, ΣChlordanes, ΣHeptachlors, 
Chlordecone, and Mirex detected only in subsoils matrix ranged from 

3.38 to 77.81, 4.18 to 49.99, 7.27 to 54.88, 11.17 to 20.51, and 2.52 to 
21.78 μg kg− 1, respectively (Fig. 6A and Supplementary Table 3). 
Different isomeric forms of endosulfans with their metabolite (endo
sulfan sulphate) were present in the subsoils of the study area. α-endo
sulfan (11.07 ± 8.41 μg kg− 1) was present in 100 % of the positive 
samples (Fig. 6E and Supplementary Table 2). Whereas β-endosulfan 
(12.19 ± 8.13 μg kg− 1) and endosulfan sulfate (10.36 ± 7.34 μg kg− 1) 
were both present in 82 % of the positive subsoil samples (Fig. 6E and 
Supplementary Table 2). Among the ΣChlordanes, cis-chlordane (10.57 
± 7.75 μg kg− 1) was found in 91 % of the positive subsoil samples and 
trans-chlordane (10.35 ± 7.76 μg kg− 1) in 100 % of the positive subsoil 
samples (Fig. 6E and Supplementary Table 2). Among the ΣHeptachlors, 
Heptachlor (12.83 ± 9.92 μg kg− 1) and its metabolite Heptachlor 
epoxide (10.72 ± 8.24 μg kg− 1) were present in 100 % of the positive 
subsoil samples (Fig. 6E and Supplementary Table 2). 

The concentrations of ΣOCIs in vegetable matrixes ranged from 5.42 
to 93.22 μg kg− 1 (Supplementary Table 3). However, no significant 
variation was observed in ΣOCI concentrations detected in different 
vegetables (p = 0.454; Fig. 5). ΣDDTs, ΣEndosulfans, ΣChlordanes, 
ΣHeptachlors, Chlordecone, and Mirex residues were absent in vege
table matrixes (Fig. 6E; Supplementary Table 3). ΣAldrines concentra
tions detected in vegetable matrixes varied from 2.86 to 78.24 μg kg− 1 

(Fig. 6E and Supplementary Table 3). Aldrin (13.93 ± 11.60 μg kg− 1), 
dieldrin (11.60 ± 6.97 μg kg− 1), and endrin (12.21 ± 6.49 μg kg− 1) 
were present in the collected vegetable samples, but endrin ketone was 
absent. 60 % of collected brinjal (36.28 ± 29.04 μg kg− 1), 28 % of cu
cumber (33.30 ± 35.01 μg kg− 1), 29 % of sponge gourd (20.92 ± 24.66 
μg kg− 1), and 20 % of lady’s finger (21.88 μg kg− 1) were the vegetables 
that contained ΣAldrines (Supplementary Table 3). ΣHCHs concentra
tions detected in vegetables varied from 2.56 to 35.57 μg kg− 1 (Fig. 6C 
and Supplementary Table 3). Among the ΣHCHs, only HCB was present 
in the vegetable matrix, where brinjal (20 %, 2.56 μg kg− 1) and sponge 

Fig. 5. Box plots for comparisons of average ΣOCI residues concentration in different matrixes, in soils from different fields of vegetable and in different groups of 
vegetables with p values. Different letters indicate significant differences among different matrixes. Median values are indicated by concrete lines within the box 
while box borders demonstrate the 5–95 percentiles. The highest and lowest data values are indicated by Box whiskers. 
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gourd (29 %, 13.09 ± 15.13 μg kg− 1) were the major vegetables 
contaminated with ΣHCHs (Supplementary Table 2). 

Among the ΣOCIs, ΣDDTs were detected in the cow’s milk matrix in 
concentrations ranging from 2.92 to 6.96 μg kg− 1 (Fig. 6E; Supple
mentary Table 3). DDT metabolites p,p’-DDE (3.44 μg kg− 1) and o,p’- 
DDE (3.00 μg kg− 1) were also present in cow’s milk (Supplementary 
Table 2). 

3.3. Correlations between soil physicochemical properties with OCI 
residues detected in soils and vegetables 

The analyses of physicochemical properties of subsoils and topsoils 
revealed that topsoils (pH ranging from 4.55 to 6.94 with a mean value 
of 5.74 ± 0.53) were significantly more acidic (p < 0.01) than subsoils 
(pH ranging from 5.18 to 6.87 with a mean value of 6.33 ± 0.41) 
(Supplementary Table 4 and 5). Moreover, the topsoils contained 
significantly more (p < 0.01) organic carbon and organic matter 
(ranging from 0.85 to 1.85 % with a mean value of 1.34 ± 0.25 % and 
1.46 %–3.19 % with a mean value of 2.31 ± 0.44 %, respectively) than 

Fig. 6. Distribution of different ΣOCI concentrations in subsoil (15–50 cm) (A), topsoil (0–15 cm) (B), vegetable (C) and cow’s milk (D) matrixes; and box plots for 
concentrations of different OCIs and their metabolites in different matrixes (E). Median values are indicated by concrete lines within the box while box borders 
demonstrate the 5–95 percentiles. The highest and lowest data values are indicated by Box whiskers. 
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corresponding subsoils (ranging from 0.58 to 1.65 % with a mean value 
of 1.14 ± 0.25 % and 0.99–2.84 % with a mean value of 1.96 ± 0.42 %, 
respectively) (Supplementary Table 4 and 5). The soil texture of both 
topsoils and subsoils were mainly silty loam but significant site differ
ences in percentages of sand were observed in subsoils. 

The Spearman correlation analysis was performed to understand the 
relationship between physicochemical properties of soil and detected 

OCI residues in subsoils, topsoils, and vegetables (Supplementary 
Table 6). The frequency and concentrations of ΣOCIs in soils were 
weakly correlated with soil properties, while the correlation between 
subsoil pH and subsoil ΣOCI frequency and concentrations were nega
tive but statistically significant (p < 0.05) for ΣEndosulfans, ΣHCHs and 
Mirex concentrations. Negative correlation between ΣOCI frequency 
with % organic matter, % clay, and % silt of topsoils were statistically 

Fig. 7. OCI hotspots in vegetable (A), topsoil (0–15 cm) (B) and subsoil (15–50 cm) matrixes (C) of Palbandha union (left) and the Char Goalini union (right). The 
pie-charts represent the fraction of OCIs with pesticide concentration in each sample. The OCI concentration thresholds of 0, 10, 20, 50 and 100 μg kg− 1 were used for 
the vegetable matrix depicted in (A); OCI concentration thresholds of 0, 5, 15, 30 and 75 μg kg− 1 were used for the topsoil matrix in (B); OCI concentration thresholds 
of 0, 50, 100, 200 and 500 μg kg− 1 were used for the subsoil matrix in (C). The size of the pie-charts symbolizes the total OCI content, with larger circles equivalent to 
a greater concentration of OCIs in respective samples. 
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significant (p < 0.01). Moreover, the ΣOCI frequency in vegetables was 
negatively correlated with % organic matter, % clay and % silt of sub
soils and % organic matter, % clay, % silt and % sand of topsoils. The 
correlations were statistically significant. 

ΣOCI frequency and ΣOCI concentrations in subsoils had statistically 
significant strong positive correlation (p < 0.01), while the correlation 
between ΣOCI frequency and ΣOCI concentrations in topsoils was also 
statistically positive (p < 0.05). Statistically significant strong positive 

correlation was observed between ΣDDT concentrations in subsoils and 
topsoils (p < 0.01). Positive correlation found between ΣOCI frequency 
in subsoils and ΣOCI concentrations in vegetables was statistically sig
nificant (p < 0.05), while the ΣOCI concentration in subsoils and ΣOCI 
concentrations in vegetables were also strongly positively correlated and 
the correlation was statistically significant (p < 0.01). In the relationship 
between detected pesticide residues in topsoil and subsoil, only ΣDDTs 
showed statistically significant positive correlations. The rest of the OCI 

Fig. 8. Loading plots of PCA showed loadings of the frequency and average concentrations of detected OCIs and their metabolites in soil with soil physicochemical 
properties at two soil depths (A), in vegetables (B) and the relationship of detected OCI concentrations in subsoil and vegetables (C). 
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residues were detected only in subsoils. Hence, no correlation was 
observed between other OCIs detected in topsoils and subsoils. More
over, no correlation was observed between ΣDDT residues in soil and 
vegetables. Statistically significant apparent positive relationship were 
found between ΣAldrines in subsoils and vegetables (p < 0.01). How
ever, strong positive correlations were absent between ΣHCHs in sub
soils and vegetables (p > 0.05). 

Principal component analysis (PCA) revealed that the three principal 
components (PC) explained 84.50 %, 90.47 % and 95.89 % of the total 
variance remains in the data set. F1 accounted for the larger fraction of 
the data variance (53.04 %), (55.24 %) and (70.30 %) while F2 
explained (31.46 %), (35.23 %) and (21.36 %), respectively, having 
fewer data variations. For the PCA in Fig. 8(A), Σo,p’-DDT concentra
tion, soil ΣOCI concentration, soil OCI frequency and soil pH were 
strongly correlated with each other but negatively correlated with Σp,p’- 
DDT concentrations in soil and soil depth. For the PCA in Fig. 8(B), 
concentrations of ΣOCIs and ΣAldrines in vegetables were strongly 
correlated with each other while ΣHCHs in vegetables and vegetable 
types were strongly correlated with each other. For the PCA in Fig. 8(C), 
Σsubsoil Aldrines and Σvegetable Aldrines were also strongly positively 
correlated with each other while Σsubsoil HCHs and Σvegetable HCHs 
were weakly correlated. 

4. Discussion 

4.1. OCI pollution status in soils, vegetables, and cow’s milk matrixes 

Earlier studies have detected the highly persistent OCIs in soils 
(Aiyesanmi and Idowu, 2012; Fosu-Mensah et al., 2016; Jiang et al., 
2009; Mishra et al., 2012; Oyekunle et al., 2011). A greater diversity and 
higher concentrations of most of the detected OCIs were found in sub
soils as compared to topsoils in a study area in China (Bai et al., 2015; 
Gereslassie et al., 2019). Varieties of OCI metabolites from different 
sampling sites might be influenced by different OCI usage patterns of the 
individual farmers or landowners (Bai et al., 2015). In Bangladesh, there 
were no set standard limits, environmental standards, or ecological risk 
values for minimum amounts of OCI residue in the contaminated soils 
during a particular period. The concentrations of DDTs in topsoils and 
DDTs, Aldrines, Endosulfans, HCHs, Chlordanes, and Heptachlors in 
most subsoil samples from the study area were above the Dutch target 
value for unpolluted soil, but below the Dutch intervention values 
(Supplementary Table 7) (The Netherlands Ministry of Housing, 2000). 
However, the levels of ΣDDT detected in agricultural soils in the study 
area were consistent with a few reported cases in other Asian countries 
(Bhandari et al., 2020; Jiang et al., 2009; Zhang et al., 2006). Moreover, 
based on Chinese soil environmental quality standards (Ma et al., 2016; 
Shi et al., 2005), we found negligible DDT contamination (<50 μg kg− 1) 
in around 90 % of the total positive subsoil and topsoil samples. We 
found lower HCH contamination (50–500 μg kg− 1) in around 45 % of the 
samples and negligible HCH contamination (<50 μg kg− 1) in around 45 
% of the total positive soil samples. Therefore, the soils in the study area 
were only barely contaminated by OCIs and were thus suitable for 
growing several crops. 

The lower concentration levels of OCIs detected in this area suggest 
that the declining levels of soil OCI concentrations could be a result of 
vegetable farmers in the study area complying with local regulations 
concerning the use of banned pesticides in agriculture. Reports on recent 
detection of DDT and other OCI residues in locally produced vegetables 
in Bangladesh are currently not available (Hossain et al., 2015). How
ever, DDT isomers along with metabolites were the major OCIs found in 
Bangladeshi (Haque et al., 2017) and Indian cow’s milk samples (John 
et al., 2001; Kaushik et al., 2014; Nag and Raikwar, 2008; Pandit and 
Sahu, 2002; Régo et al., 2019). Among the OCIs detected, aldrin, and 
dieldrin levels in brinjal, cucumber, and sponge gourd; HCHs particu
larly HCB in brinjal and sponge gourd; and DDT metabolites in the cow’s 
milks obtained from the study region were lower than Maximum 

Residue Levels (MRL) for United States Markets (BCGLOBAL, 2020) and 
the FAO/WHO CODEX (Supplementary Table 8). 

The detection of OCIs in vegetables from the study area was not 
completely unexpected. Dieldrin, endrin, different HCH isomers, and 
HCB metabolites were also found in vegetables and fruits in Turkey and 
were below the MRLs (Dursun and Köysüren, 2014). Levels of dieldrin, 
aldrin, endrin, and its metabolites present in commonly grown horti
cultural crops in Nigeria were higher than the EU/UK regulatory limits 
(Adeleye et al., 2019) and recent use of these groups of OCIs by farmers 
was suspected. The presence of DDT metabolites in the milk samples was 
not surprising since DDTs bio-accumulate and are biomagnified in ani
mal fat tissues (Bergkvist et al., 2012; Kuba et al., 2015; Wong et al., 
2005). Some researchers have detected p,p’-DDE in cow’s milk samples 
from several areas of Bangladesh (Haque et al., 2017). DDT isomers 
along with metabolites, especially DDE, were also present in cow’s milk 
from Brazil (Heck et al., 2007), Jordan (Salem et al., 2009), Uganda 
(Kampire et al., 2011), Spain (Luzardo et al., 2012), Ethiopia (Waktola 
et al., 2014), and Greece (Tsakiris et al., 2015). 

We analysed 1 soil and vegetable sample in each field but our sample 
is composite sample which were combined with different sampling sites. 
Meanwhile, due to the restriction of sampling and transportation, we 
have to compromise our analysis. The presence of multiple OCI residues 
in soils from the various fields, vegetables, and cow’s milk samples in the 
present study area was within or close to the individual regulatory 
limits, or MRLs. However, the bioaccumulation prospective of multiple 
OCIs raises severe health concerns for agricultural workers along with 
consumers who might be exposed through farming activities and 
contaminated food chains. Moreover, some vegetables and other crops 
have the potential to uptake the OCI residues through their root systems 
and translocate them into the food chain. There should be continuous 
inspection of OCI residues in soils, and agricultural food commodities, 
including vegetables and cow’s milk. Modified cropping patterns using 
substitute crops that have poorly developed root systems and short 
vegetation cycles or non-edible crops could be planted in places where 
OCI residues remain in the subsoils. 

4.2. Possible sources and fate of OCI residues in soil matrixes 

The most important source of OCI pollution in agricultural soil is the 
direct uses of OCIs in agricultural crop production (Qu et al., 2016) or 
the discharge of OCIs from manufacturing industries, storage facilities, 
or transport (Tao et al., 2008). The absence of pesticide manufacturing 
or storage facilities in the study area that would produce or store OCIs 
over the last few decades indicates that, the occurrence of OCIs in the 
agricultural soils may be primarily connected with historical or recent 
illegal applications, since most OCIs are currently banned for use in 
agriculture (DoE, 2007). OCIs stemming from historical applications 
have leached from the topsoil and accumulated in subsoils where there 
is limited exposure to environmental factors that would facilitate 
biodegradation. Any suspected recent illegal application of OCIs could 
be related to the fact that these compounds are cheaper and more 
effective in controlling a broad spectrum of insect pests (Adeleye et al., 
2019). 

The isomeric ratios or composition quotients of detected OCI me
tabolites and parent compounds (Li et al., 2006; Qiu et al., 2004; Qiu 
et al., 2005) indicate that the ΣDDTs in the subsoils of the study area 
might be from historical applications (DDE + DDD)/DDT ratios were >
1in 100 % of samples), and in topsoils the ΣDDTs could be from both 
historical and recent illegal applications (DDE + DDD)/DDT ratios were 
> 1 in 90 % of samples) (Supplementary Table 9). The DDTs detected in 
topsoils might stem from technical DDT (as the ratios of o,p’-DDT/ p,p’- 
DDT were zero), and those in subsoils could be from dicofol (as higher 
ratios of o,p’-DDT/p,p’-DDT were found) (Supplementary Table 9). 
Moreover, 0.14 mg kg− 1 dicofol was detected in cucumber samples in 
Bangladesh (Alamgir Zaman Chowdhury et al., 2013). The degradation 
of DDT in subsoils (DDD/DDE ratios were > 1 in 54.54 % of positive 
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samples) and topsoils (DDD/DDE ratios were < 1 in 58.33 % of positive 
samples) in the study area was mainly under anaerobic and aerobic 
conditions, respectively, which was consistent with the ploughing 
methods used locally (Ma et al., 2016). This strongly supported the 
possibility that the DDT residues detected in this research came from 
historical DDT applications in the study area. Although the applications 
of DDT have been prohibited in Bangladesh since the 1980s, it might still 
be in use in some regions. Current applications of DDT in the terrestrial 
ecosystem have been revealed in several Asian countries like India, 
Pakistan, and Nepal (Alamdar et al., 2013; Bhandari et al., 2020; Syed 
et al., 2013). Further research is essential to explore whether there are as 
yet unidentified DDT inputs, in addition to dicofol, still being used in 
Bangladesh. 

The presence of endrin ketone, a metabolite of endrin (Buah-Kwofie 
and Humphries, 2017), in the subsoil samples of the vegetable fields in 
this study reflects the historical applications of endrin in vegetable 
cultivation. There could be more recent applications of technical 
endosulfan (α-endosulfan/β-endosulfan ratios were > 1 in around 20 % 
of the positive samples) (Supplementary Table 10), along with its his
torical usage in the study area (Atuanya and Aborisade, 2017; Ouyang 
et al., 2012). Again, endosulfan sulphate, which was also present in 
subsoils, indicated the historical applications of this compound as an 
OCI in the study area since α-endosulfan and β-endosulfan can be easily 
metabolised into more persistent endosulfan sulphate (Joseph et al., 
2020). The HCH source of the subsoils of current study area might be the 
historical applications of a technical product and/or the current uses of 
γ-HCH or lindane (the ratios of α-HCH/γ-HCH varied from 1.02 to 1.25, 
much less than technical HCH) (Supplementary Table 10) (Yang et al., 
2010). The ratios of β− /(α + γ)-HCH for all subsoil samples were below 
0.5, indicating historical use of HCHs (Liu et al., 2012). Moreover, the 
prevalence of HCB as an abundant isomer of HCH in current study in
dicates the metabolite of ɣ-HCH (lindane) (Arias et al., 2011; Manz et al., 
2001). Lindane has been forbidden for use in crop production by the 
Bangladesh government since 1997 (DoE, 2007). The samples with 
HCHs residues suggest that the subsoils contamination with HCHs was 
due to the past applications of technical HCHs or the degradation 
product of ɣ-HCH from current illegal applications, either intentionally 
or as impurities in other pesticide formulations (Qiu et al., 2004; Thakur 
and Pathania, 2020). The α-chlordane/γ-chlordane ratios from about 80 
% of the positive subsoils in this study were < 1 but >0.77, and the 
remaining 20 % of subsoils had a ratio > 1 (Supplementary Table 10), 
indicating the possibility that the chlordane residues detected were 
derived from both recent illegal applications as well as historical ones 
(Zhang et al., 2006; Zhao et al., 2013), since Chlordane 40WP has been 
banned for use in Bangladesh since 1997 (DoE, 2007). Similar concen
trations of more toxic metabolite heptachlor epoxide and the main 
compound heptachlor in subsoils of the study area indicate the wide 
historical application of heptachlor and the active degradation of hep
tachlor in the subsoils, as heptachlor has been banned in Bangladesh 
since 1997 (DoE, 2007). The distribution of Chlordecone and mirex in 
the subsoils of the study area might be derived from historical or recent 
illegal applications, either intentionally as direct applications or unin
tentionally as adulterants of other pesticides, since these compounds had 
never been imported or used in the area, thus they were never registered 
in Bangladesh (DoE, 2007). The present study also revealed a very weak 
correlation between the frequency and concentrations of ΣOCIs in soils 
and the soil physicochemical properties. 

4.3. Transfer of OCI residues from the soil to the food chain 

For OCI residues detected in vegetables, both ΣAldrines and ΣHCHs 
showed a positive correlation with corresponding subsoil residues. 
Moreover, the statistically significant strong positive correlation be
tween ΣAldrines in subsoils and vegetables, particularly in cucurbit 
samples, indicates either the recent use of these compounds in vegetable 
cultivation in the study area or the uptake and bioaccumulation of these 

compounds by crop plants grown in contaminated soils. The Bio Accu
mulation Factors (BAF) of ΣAldrines from subsoils to vegetables were >
1 (3.67 ± 1.40, ranging from 1.38 to 5.77, Supplementary Table 11), 
indicating the bioaccumulation of ΣAldrines in vegetables from the 
subsoils of the study area. Crop plants from the Cucurbitaceae family, 
like zucchini, cucumber, squash, pumpkin, and melon, are able to up
take and bioaccumulate dieldrin and endrin residues from contaminated 
soils (Donnarumma et al., 2009; Jorgenson, 2001; Otani et al., 2007). 
Along with the cucurbits, jute (Tiliaceae) also showed higher concen
tration (approximately 250 μg kg− 1) of dieldrin, and a small uptake and 
bioaccumulation of endrin (Otani et al., 2007). The Cucurbitaceae crops 
have much higher bioaccumulation factors for dieldrin than non- 
Cucurbitaceae crops except for potatoes (Solanum tuberosum L.), car
rots (Dancus carota L.), Japanese radishes (Raphanus sativus L.), and 
komatsunas (Brassica campestris var. perviridis) and are inappropriate 
for growing in dieldrin-polluted fields (Saito et al., 2012). Tomato, 
cabbage, celery, lettuce, kidney bean, and other non-cucurbit crops were 
suggested as alternative crops (Donnarumma et al., 2009; Otani et al., 
2007; Yamamoto, 1973) that can be grown in dieldrin-contaminated 
fields similar to the fields in this study area. Substitute crops could be 
grown in organochlorine-polluted soils to reduce further health risks. In 
addition, cultivation of hyper-accumulating crops such as jute could be 
suggested for bioremediation of dieldrin-contaminated fields. 

The BAF of ΣHCHs from subsoils to vegetables was 0.16 ± 0.27, 
which ranged from 0.00 to 0.62 (Supplementary Table 11), indicating 
the bioaccumulation of ΣHCHs from recent applications in vegetable 
cultivation in the study area. Crops have been shown to bioaccumulate 
HCB in their roots and in lower stems with larger residues linked to the 
higher lipid concentration of plants (Scheunert et al., 1983; Smelt and 
Leistra, 1974). However, it is also assumed that direct diffusion of 
gaseous HCB in soil into plant roots might happen or that plant foliage 
can take up the evaporated HCB (Ecker and Horak, 1994). Some studies 
with different arguments suggest non-significant HCB translocation 
from either roots or shoots, and the residues in roots and shoots were 
associated only with root uptake from the soil and foliar uptake, 
respectively (Schroll et al., 1994). However, Ecker and Horak (1994) 
reported that oil pumpkin roots can uptake HCB and translocate to the 
shoots. 

Grazing dairy cattle on perennial grass or weeds grown on OCI 
contaminated agricultural soil might be a potential source of OCI found 
in cow’s milk (Haque et al., 2017). When cattle were allowed to graze on 
land previously used as orchards, residues of DDE were detectable in 
milk fat (Willett et al., 1993). Cows feeding on the rejected parts or by- 
products of organochlorine-contaminated vegetables could also explain 
the residues found in milk, to some extent (Bushra et al., 2014). Agri
cultural soils with a history of intensive OCI application are thus not 
suitable for forage production or cattle grazing without first eliminating 
residues through remedial action. 

4.4. Potential risks of multiple OCI residues in the terrestrial food chain 
for human health 

Concern over the potential effects of pesticide residues in the 
terrestrial food chain on human health has grown due to the risks 
associated with cumulative exposure to multiple pesticides. Although 
trace amounts of highly persistent OCIs in contaminated soils in our 
study may pose a lower occupational health risk to humans, the presence 
of multiple residues, as well as their uptake and bioaccumulation in crop 
plants, continues to threaten overall food safety, both nationally and 
internationally. It is concerning that multiple OCI residues were found in 
the vegetables and cow milk in our study, which are below the indi
vidual substance-by-substance MRLs but highly hazardous to mammals 
and have been linked to negative human health effects. When highly 
persistent pesticide residues, such as OCIs, are ingested through 
contaminated foods, they can cause acute poisoning, but these cases are 
uncommon (Mendes et al., 2005). For over a century, the cumulative 
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effects of repeated low-level exposures to pesticide residues in food have 
generated concern and sparked political and scientific debate, but they 
have largely gone unnoticed. Chronic health impacts, including damage 
to the brain and neurological system, cancer and other tumors, birth 
abnormalities, infertility and other reproductive problems, liver, kidney, 
lung, and other organ damage, can result from long-term exposure to 
pesticide residues (Melanda and Galiciolli, 2022). 

Although it is very difficult to predict the effects of long-term low- 
level exposures to multiple OCI residues, there may be a correlation 
between the rising number of cancer patients in Bangladesh (NICRH, 
2022) and lifetime low-level exposures to multiple pesticide residues 
from eating contaminated food and engaging in agricultural practices on 
contaminated lands. In Bangladesh, men from intensive cropping areas 
who worked primarily in agriculture made up the majority of newly 
registered cancer patients between 2018 and 2020 (NICRH, 2022). 

We require integrated risk assessments that take into account the 
combined effects of these various pesticide residue mixtures in the real 
world in order to better understand the risks to human health. The 
development and harmonization of methodologies to assess the cumu
lative adverse effects of pesticide mixtures in a scientific manner should 
serve as the foundation for risk management. Since the 1980s, methods 
have been developed to estimate the risks associated with dietary 
exposure to multiple pesticides. These methods rely on the dose-addition 
of substances within a mixture that have similar biological activity but 
differ in potency. The primary difficulty lies in defining a cumulative 
assessment group (CAG), which is largely dependent upon a reliable and 
excellent toxicological database. Because of the process’s intricacy, 
regulatory agencies have not yet harmonized, and the procedure is not 
used to determine maximum residue levels (Caldas, 2023). The majority 
of studies carried out globally have only indicated possible health risks 
from cumulative exposure when extremely conservative assessment 
assumptions were made. Duan et al. (2021) proposed a cumulative 
exposure assessment approach where data on pesticide residues are 
sufficient, but the individual dietary consumption is inadequate (Duan 
et al., 2021). Some authors also suggested considering an additional 
assessment factor to account for the additive, but also potential syner
gistic simultaneous pesticide mixture risk during pesticide risk assess
ment (Weisner et al., 2021). 

5. Conclusions 

This study quantified OCI residues in soils, vegetables, and cow’s 
milk from an intensive vegetable producing area of NW Bangladesh. 
Negligible to low contamination levels of currently banned highly 
persistent OCI residues like ΣDDTs, ΣAldrines, ΣEndosulfans, ΣHCHs, 
and ΣHeptachlors were detected in soils, indicating extensive applica
tion of these OCIs for vegetable production in the study area. The 
presence of OCI residues stems from both historical use of the com
pounds and from current applications, especially ΣEndosulfans, as 
indicated by source analysis. The highly persistent OCI compounds take 
years to decompose, and some of them degrade into more toxic com
pounds in soil. Their bioaccumulation capacity makes these OCIs serious 
potential health threats to farmers exposed to them during farming ac
tivities as well as consumers consuming contaminated food. Non-edible 
hyperaccumulating crops like jute could be cultivated for the bioreme
diation of polluted fields. Non-cucurbitaceous, shallow rooted and quick 
growing vegetables could be suggested as substitute crops for the study 
area. Organochlorine-contaminated agricultural soils are not suitable 
for forage production or cattle grazing without taking remedial action to 
eliminate residues. The levels of the OCIs like Aldrines and HCHs 
detected in vegetables and DDT metabolites (p,p’- and o,p’-DDE) in 
cow’s milk were lower than the MRLs for these compounds. However, 
the detected residues in vegetables and milk could pose the threat of 
both carcinogenic and non-carcinogenic chronic toxicity and health 
risks to consumers, as multiple insecticide residues may exceed the 
MRLs for single residue concentrations. It is apparent that the multiple 

OCI compounds raise serious health concerns regarding both vegetables 
and cow’s milk, which are regularly consumed by young children and 
pregnant women. Human risk assessments and MRLs for multiple resi
dues are grossly lacking and should be more closely examined. There
fore, more emphasis should be given to routine analysis of insecticide 
residues in soil as well as residues in commonly consumed food com
modities, including vegetables and cow’s milk in Bangladesh. There is 
also a strong need for legal enforcement of insecticide regulations and 
maximum residue limits for pesticide mixtures. In addition, farmers and 
other stakeholders should be trained with the aim of discouraging the 
illegal use of banned insecticides and encouraging farmers to follow the 
compulsory pre-harvest intervals for vegetable production. 
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Developments in QuEChERS Methodology for Pesticide Multiresidue Analysis, 
pp. 439–458. 

Arias, A.H., Pereyra, M.T., Marcovecchio, J.E., 2011. Multi-year monitoring of estuarine 
sediments as ultimate sink for DDT, HCH, and other organochlorinated pesticides in 
Argentina. Environ. Monit. Assess. 172, 17–32. 

Atuanya, E., Aborisade, W., 2017. Pesticide pollution status in cocoa plantation soil. 
Glob. J. Environ. Sci. Manag. 3, 287–298. 

Bai, J., Lu, Q., Zhao, Q., Wang, J., Gao, Z., Zhang, G., 2015. Organochlorine pesticides 
(OCPs) in wetland soils under different land uses along a 100-year chronosequence 
of reclamation in a Chinese estuary. Sci. Rep. 5, 17624. 

BBS, 2011a. Population and Housing Census-2011. 2. Statistics and Information Division, 
Ministry of Planning. 

BBS, 2011b. Yearbook of Agricultural Statistics of Bangladesh, 2011. Bangladesh Bureau 
of Statistics (BBS), Statistics and Informatics Division, Ministry of Planning, 
Government of the People’s Republic of Bangladesh Dhaka, p. 320. 

BCGLOBAL, 2020. Pesticide MRLs. https://bcglobal.bryantchristie.com/db#pesticides/q 
uery.2020. 

Bergkvist, C., Aune, M., Nilsson, I., Sandanger, T.M., Hamadani, J.D., Tofail, F., et al., 
2012. Occurrence and levels of organochlorine compounds in human breast milk in 
Bangladesh. Chemosphere 88, 784–790. 

Bettinetti, R., Quadroni, S., Boggio, E., Galassi, S., 2016. Recent DDT and PCB 
contamination in the sediment and biota of the Como Bay (Lake Como, Italy). Sci. 
Total Environ. 542, 404–410. 

Bhandari, G., Atreya, K., Scheepers, P., Geissen, V., 2020. Concentration and distribution 
of pesticide residues in soil: non-dietary human health risk assessment. Chemosphere 
253, 126594. 
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