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Abstract Degradation-resistant chemical contaminants
of health concern such as dichlorodiphenyltrichloroeth-
ane (DDT) pesticides and polychlorinated biphenyls
(PCBs) in the environment are redistributed between
different environmental compartments, where they par-
tition between biotic heterotrophic routes and abiotic
features (water and immobile soil components). Their
fate and the potential risk they pose is a function of
translocation, interaction, environmental behavior, and
bio-translation/activities. In this study, the partitioning,
translocation, bio-translation pathways of 3-DDTand 6-
PCB congeners in dosed soils cultured root and leaf
vegetables were investigated to predict their soil–
vegetable mobility, depuration, and exposure risk. Re-
sults showed that PCB_110 and PCB_180 were the least
and highest PCBs concentrated in both the leaf and root
vegetables. The variations in the 3-DDT and 6-PCB
concentrations in the leaf and root vegetables may be
attributed to differences in their solubility and
partitioning. Total residual mass fraction 3-DDT taken
up by the leaf and root vegetables indicated time-
dependent preferentiality in pesticide-type vascular tis-
sue translocation to the vegetables. Mann–Whitney non-
parametric test showed evidence of spatial variations in

levels of the 3-DDT and 6-PCBs across the farmland;
however, the variations in the distribution were not
significant (PFML1–FML6 <<Pstat). Risk factors for 3-
PCBs and 3-DDT tend to 1(f < 1.0), while that for
PCBs_149, 153, and _180 were far less than 0.4
(<1.0). It is therefore uncertain that any immediate
health risks could arise from exposure to vegetables
containing such congener levels. Continuous exposure
to an extrapolated estimate of 25% vegetable population
has a 20 ± 10% probability of leading to undesirable
chronic effects.
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1 Introduction

The environment and its biological components (biotic
features) are burdened with the continuous anthropo-
genic release and discharge of inorganic and organic
contaminants. This is of concern because many wastes’
and contaminants’ natural degradation processes that
may lead to their mineralization or de-hazarding occurs
at a relatively slow rate compared to the rate at which the
environment is dosed/loaded with contaminants.
Humans and other biotic components of the environ-
ment can be exposed to deleterious chemical, biological,
physical, or psychosocial consequences of exposure to
hazardous and toxic contaminants in air, water, and soil
since many of these environmental degradation-resistant
chemical materials may be bioactive. Their presence in
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biotic systems can also initiate many undesirable meta-
bolic processes or inhibit some vital metabolic processes
with attendant classic effects such as endocrine disrup-
tion, neurodegeneration, carcinogenesis, mutagenesis/
genotoxicity, and many more.

The Food and Agriculture Organization of the United
Nations summed up that “soil pollution is a hidden
reality” (Rodríguez-Eugenio et al. 2018). Soil is a sink
of contaminant pool that serves as a redistribution path-
way. Anthropogenic contaminants of health concern
include ultra-trace/trace–level pollutant groups such as
persistent organic pollutants and diverse array of chem-
ical substances classified as emerging environmental
contaminants. These include pesticides, polychlorinated
biphenyls, perfluorinated compounds, brominated flame
retardants, water disinfection byproducts, gasoline addi-
tives, polycyclic aromatic hydrocarbons, engineered
nanomaterials, human and veterinary pharmaceuticals
and nutraceuticals, cosmetics and personal care prod-
ucts, and UV-filters, which inadvertently reach the en-
vironment via different sources/routes (Dorne et al.
2009). While the presence many of these contaminants
is said to be the result of human activities, certain
environmental contamination is caused by the purpose-
ful intentional use and application of potentially con-
taminating materials such as pesticides, pharmaceuticals
and personal care products (PPCPs), and many other
chemical substances for economic and health benefits.

Once these degradation-resistant contaminant mate-
rials reach different compartments of the environment,
they are redistributed between different abiotic phases,
where they partition between biotic features, soil solu-
tion, and their immobile soil/sediment-adsorbed compo-
nents (Olatunji et al. 2014). The possible risk they cause
is a function of their translocation, environmental be-
havior, fate, biotic/abiotic interactions, bioactivities, and
bio-translation. To be able to facilitate environmental
and human health, there is a need to understand labile
tracking, partitioning, and uptake pattern of these micro-
contaminants based on their physical and chemical
properties, plant physiology, and contaminant
depuration.

In this study, the concentrations, partitioning, trans-
location, and bio-translation pathways of 6-
polychlorinated biphenyl (PCB) congeners: 2, 2′, 4,
4′,6-pentachlorobiphenyl (PCB_110); 2, 3′, 4, 4′, 5-
pentachlorobiphenyl (PCB_118); 2, 2′, 3, 4, 4′, 5-
hexachlorobiphenyl (PCB_138); 2, 2′, 3, 4′, 5′, 6-
hexechlorobiphenyl (PCB_149); 2, 2′,4, 4′,5, 5′-

hexachlorobiphenyl (PCB_153); and 2, 2′,3, 4, 4′, 5,
5′-heptachlorobiphenyl (PCB_180); and 3-DDT pesti-
cides: 4, 4′-dichlorodiphenyltrichloroethane (DDT); 4,
4′-dichlorodiphenyldichloroethylene (DDE); and 4, 4′-
dichlorodiphenyldichloroethane (DDD) in some root
and leaf vegetables, cultured on dosed soils were inves-
tigated. This is to understand and predict the 6-PCBs
and 3-DDT pesticide soil–vegetable mobility and trans-
location behavior and depuration, to facilitate an empir-
ical potential risk evaluation of contaminated plants
grown on pesticide-treated soils, possible heterotrophic
transfer pathways, and human health risk.

2 Materials and Method

2.1 Chemicals and Standard Reference Materials

Analytical-grade acetonitrile, acetone, and acetic acid
(purity > 98%) purchased from Sigma Aldrich were
used throughout for sample preparations and analysis.
Reference standards of PCB_110 (2, 2′, 4, 4′, 6-
pentachlorobiphenyl), PCB_118 (2, 3′, 4, 4′, 5-
pentachlorobiphenyl), PCB_138 (2, 2′, 3, 4, 4′, 5-
hexachlorobiphenyl), PCB_149 (2, 2′, 3, 4′, 5′, 6-
hexachlorobiphenyl), PCB_153 (2, 2′, 4, 4′, 5, 5′-
hexachlorobiphenyl), and PCB_180 (2, 2′, 3, 4, 4′, 5,
5′-heptachlorobiphenyl) (≫99.9% purity) and 4,4′-DDT
(4,4′-dichlorodiphenyltrichloroethane), 4,4′-DDE (4,4′-
dichlorodiphenyldichloroethylene), and 4,4′-DDD (4,4′-
dichlorodiphenyldichloroethane), used for instrumental
calibration, were purchased fromRestek Inc. Deuterated
pp’DDT-d8 (dichlorodiphenyltrichloroethane-d8) used
as internal standards were bought from Sigma Aldrich,
Germany. Solid-phase clean-up cartridge and kits
(prepacked fritted tubes containing polymeric reverse
phase (PRP) column), 50-mL Teflon centrifuge/
extraction tube, and 15-mLTeflon centrifuge tubes were
obtained from PhenomenexR.

2.2 Collection and Preparation of Vegetable and Soil
Samples

Farmland soils and vegetable seedlings (spinach—
Spinacia oleracea, cabbage—Brassica oleracea, let-
tuce—Lactuca sativa, dhanial—Coriandrum sativum,
celery—Apium graveolens, parsley—Petroselinum
crispum, and kale—B. oleracea) and root vegetables
(carrot—Daucus carota, cauliflower—B. oleracea,

407 Page 2 of 18 Water Air Soil Pollut (2020) 231: 407



radish—Raphanus raphanistrum , broccoli—
B. oleracea , turnip—B. rapa , leek—All ium
ampeloprasum, and spring onion—Allium cepa) were
collected from the Philippi horticultural farm area in
Cape Town (geo-referenced 18.5304588 E and −
34.0154588 SS).

The farmland soils were collected from six sampling
points (FML1, FML2, FML3, FML4, FML5, and
FML6), with the geo-reference coordinates of each
farmland soil collection site detailed (Table 1).

Top soils for soil quality characterization were taken
at 0–15 mm, while soil samples for grain size distribu-
tion evaluation were taken at 0–15 mm; 15–30 and 30–
60-mm sub-stratum were placed into air porous bags
using a stainless steel hand trowel. Each of the collected
soil was well labelledwith respect to location, strata, and
purpose and stored and transferred to the nursery/screen
house and geotechnical laboratory as applicable.

2.3 Soil Potting and Plant Culturing and Pesticide
Application

The soils collected from each of the 6 farm soil sampling
sites within the farm area were separately composited by
mixing and processed to achieve a loose, well-drained
friable soil mixture with an evenly adjusted textural
property that facilitates good moisture retention capaci-
ty. About 10 kg of each processed composited soil was
apportioned in a sequence of 6 × 3 number perforated
pots onwhich seedlings of each leaf vegetable type were
planted in a 1 × 3 × 6 replicate sets and another 6 × 3 sets
of 10 kg composite pots of processed soils, on which
each type of root vegetable seedlings were planted per
1 × 3 × 6 sets.

Before the planting of the vegetables, each of the
potted soils was one-time dosed with 5 μg/g of each of
the 3-DDT pesticides and 6-PCB mixture, homogenized,
and amply wetted morning and evening for 7 days to
allow for dissolution, distribution, soil silting and com-
paction. Thereafter, seedlings of the different 7 leaf and 7
root vegetables bought from the Philippi horticultural
farm nursery were each planted in each1 × 3 set of pots
for each of the 6 soils, and subjected to daily wetting for
6 days, to sustain and ensure the plants survives. The
potted plants were then subjected to daily wetting and
nurtured for 30 days, after which the potted vegetables
and soils were monitored for the administered pesticides.

2.4 Vegetable Harvest (After 30 Days)

Leaves of the vegetables were stripped into pre-cleaned
aluminum foils, labelled, and kept in a cooler at temper-
atures below 4 °C for transfer to the Laboratory. Root
vegetables were up-rooted from the potted soils into
aluminum foils as well, labelled, and kept in a cooler.
The collected leaf and root vegetables were frozen at −
20 °C in the refrigerator in the Laboratory until analysis.
All samples were processed within 48 h. of collection.

2.5 Soil Physicochemical Evaluations

2.5.1 Grain Size Analysis

Grain size analysis of the soil samples was determined by
conducting particle size distribution on the dried and sorted
soil samples through gradient sieve analysis. About 250 g
of each sediment sample was weighed and loaded on the
top of integrated sieves consisting of graduation of 1000,
500, 250, 125, and 63 μm nest sieves, and agitated at a
revolution of 1000 rpm for 3 min, as described by Folk
(1980) for fluvial sediments. Thereafter, residual fraction
retained by each of the sieves was weighed, recorded, and
converted to relative percentages of the total mass (250 g).
The masses were then classified into percent sand, silt, and
clay base on aggregation described by Acin-Carrera et al.
(2013), followed by the use of textural triangle for soil
grouping classification.

2.5.2 Physical and Chemical Characterization
of Farmland Soil

The physical and chemical characteristics of farmland
soils, including soil pH (in-situ), conductivity (in-situ),

Farm block Geo-reference coordinates Remark

FML1 34.036061 S, 18.565123 E Top soil (0–15 cm)
and subsurface soil at
15–30 cm and
30–60 cm

FML2 34.016285 S, 18.531823 E -ditto-

FML3 34.048984 S, 18.538428 E -ditto-

FML4 34.010182 S, 18.552166 E -ditto-

FML5 34.064182 S, 18.542223 E -ditto-

FML6 34.059147 S, 18.582501 E -ditto-
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and alkalinity (salinity), moisture content, organic car-
bon, soil nutrients (N-NO3

−, P-PO4
3−, S-SO4

2−, and
Cl−) were measured upon transfer to the laboratory.
Before this, the soils were sorted to remove vegetative
and detritusmaterials and then air-dried in the laboratory
at ambient conditions. Thereafter, the dried soil samples
were pulverized and sieved to obtain <2-mm particle
size distribution.

Soil pH and EC was determined by inserting a pre-
calibrated electrode of a pH meter (HANNA Instrument
HI9813-6) into a 1:5 mixture of soil and water as de-
scribed by Quevauviller et al. 2006 and direct insertion
of a conductivity meter (HANNA Instrument HI98331
Soil Test™) into the soil–water slurry (Li et al. 2016),
respectively.

The farmland soils’ alkalinity (i.e., CO3
2− and

HCO3
− alkalinity) were evaluated by titrating water-

soluble CO3
2− and HCO3

− extracts from soils using
standard 0.01 M standard solution of hydrochloric acid
(using methyl orange and phenolphthalein and indica-
tors) as described by Khoiyangbam and Gupta (2015).

Soil moisture content was determined thermo-gravi-
metrically, by heating 1 g soil sample at 100 °C in a Hot
Air Oven (Scientific) until constant weight. Total organ-
ic carbon (TOC) of farmland soil was measured using
the rapid dichromate oxidation method of Walkley and
Black (1934) as modified by Schumacher (2002).

The soils with N and P content were extracted into
multiple element extracting solution, prepared by
mixing some chemical solution in a compromise pro-
portion, for optimum extraction described by Scharf and
Alley (1988). About 5 g of each soil sample was
weighed into different conical flasks. A 25-mL
extracting solution was added to each flask and placed
on an orbital shaker at 1500 rpm for 1.5 h. The resulting
slurries were centrifuged to separate the soil residues
from the extracting solutions. The decanted supernatants
were analysed for soluble N and P nutrients (N, P) using
colorimetric protocol as outlined by Kleinman et al.
(2001).

2.5.3 Extraction of Pesticides from Potted Soils
and Vegetables

The 6-PCBs and 3-DDTwere extracted according to the
method described by Olatunji (2019). About 10-mL,
10% acetic acid acidified Milli-Q-water and 10-mL,
10% acetic acid acidified acetonitrile was added to 5 g
of each of the pulverized soil samples in glass centrifuge

tubes. Each of the mix was homogenized at 2000 rpm
for 2 min on a vortex. Thereafter, a mixture consisting of
about 1.5 g NaCl and 6 g MgSO4, was added to each of
the homogenate and vortexed for another 2 min. This
was followed by the addition of 20 mL of a mixture of
high purity acetonitrile and acetone (60:40). The ho-
mogenates were mixed and left to equilibrate on an
orbital shaker for 10 min and then allowed to stand for
20 min. The PCBs and DDT mass extracts in
acetonitrile–acetone were decanted from each soil resi-
due and concentrated to near dryness under a nitrogen
stream. Each of the <0.5 mL concentrates was
reconstituted to 1 mL in acetonitrile for analysis.

Each leaf and root vegetable type was split into two
portions. A split portion of each vegetable was washed
with clean water and dried at ambient laboratory condi-
tions, while the other portion of each vegetable type was
dried as-is without washing. Afterwards, each of the
dried leaves and root vegetables was crushed into pow-
dered fines and stored in a 20-mL well-labelled glass
vial until use. Residues of PCBs and DDT in the vege-
table samples were leached into 20 mL acetonitrile as
described herein. About 5 g of each homogenized veg-
etable samples were weighed into glass centrifuge tubes
and spiked with 100 μL of 10 ppm internal standard.
This was followed by the addition of 10 mL of Milli-Q-
water, and 10 mL of 10% acetic acid–acidified acetoni-
trile. Each of the sample mixtures was homogenized at
2000 rpm for 3 min on a vortex. Each homogenate
mixture was allowed to stand for 15 min, followed by
the addition of a mixture of 1.5 g NaCl and 6 g MgSO4,
thoroughly mixed and vortexed for another 3 min. The
resulting homogenates were allowed to stand for about
5 min and then centrifuged again at 2000 rpm for 5 min.
The PCBs and DDT mass extract in acetonitrile super-
natant was decanted from the soil residue. This was
followed by the extraction of the PCBs and DDT
analytes from the acetonitrile extracts using the
prepacked polymeric reverse phase (PRP) solid phase
extraction column. The recovered extract in acetonitrile
was concentrated to <0.5 mL under a nitrogen stream
and reconstituted to 1 mL in acetonitrile for analysis.

2.6 Analysis of 6-PCBs and 3-DDT Congeners
in the Leaf and Root Vegetables, and Soil Extracts

The acetonitrile–acetone extracts obtained from the leaf
and root vegetables and from the soil samples, respec-
tively, were analyzed for PCB_110, PCB_118,
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PCB_138, PCB_149, PCB_153, PCB_180, 4,4′-DDT,
4,4′-DDE, and 4,4′-DDD, using a gas chromatograph
(Agilent Technologies; 6890N) fitted with an
autosampler and coupled a mass spectrometry detector
(5975) (GC-MSD) as previously described by Olatunji
(2019).

2.6.1 Statistical Analysis

The data collected from this study were subjected to
descriptive statistics to characterize randomly scattered,
around a central value, multiple measurement data to
generate information that best lean towards estimated
expected true value. The data were also subjected to
entity relationship-predictive inferential statistics using
t test for bias/reliability of data, one-way analysis of
variance (ANOVA), and Duncan multiple range test
(DMRT) (Statistica 7.0, StatSoft). The results were
interpreted based on homogeneous groups at p < 0.05
significance level.

2.7 Ecological Risk Evaluation of Potential Hazard
to Human and Animal Health

Human, animal, and ecological risks of the 6-PCB con-
geners and 3DDT pesticides were assessed using the
method of health risk assessment suggested by the Na-
tional Research Council (NRC), US National Academy
of Science (NAS), and the USEPA (US EPA 2004a;
NRC 1983) with slight modification. Briefly, ecological
risk and potential hazard to human animal health were
evaluated using predictive PCB and pesticide ecological
risk assessment tools based on indices of concentration
ratios (ICRs) and uncertainty analysis (UA). This allows
for a more realistic and detailed exposure assessment to
chemicals via different exposure routes and, especially
in dietary preferences, taking into account regional var-
iations in food consumption patterns. The probabilistic
ICR and UA, which quantifies variabilities and uncer-
tainty in exposure, may provide a near-sensitive real-
time statistical inference.

factors (TLF/BAF/C) and hazard factor/hazard quotient
(HQ/HF). These indices were calculated using the fol-
lowing equations:

BAF ¼ Cp

Cs
; ð1Þ

TLF=BAF=C ¼ Concentration in plant; Cp

Concentration in soil; Cs
; ð2Þ

HF=HQ ¼ Exposure concentration in plant;CE

Reference concentration;RFC
; ð3Þ

where RFC ¼ NOAEC=UF uncertainty factorsð Þ ; ð4Þ
However, the uncertainty factor of 100 × BAF was

used, and the value varies for each of the DDTand PCB
congeners since the capacity of the vegetables to take-up
and accumulate them differs.

These index ratios and values were used to determine
the risk quotient (RQ) to estimate the level of concern
(LOC) as a means to estimate and suggest the likelihood
to results in adverse effects.

RQ ¼ Predicted exposure concentration PECð Þ
Toxicity estimated effect levels−PNECð Þ ð5Þ

Exposure levels for the PCBs and DDT was
benchmarked, using the Agency for Toxic Substances
and Disease Control (ATSDR) tolerance no-observable-
effect concentration level (NOEL) reference values of
0.2–3.0 mg/kg and 0.05–1.0 mg/kg, respectively, across
different ingestible food sources (ATSDRR 20000).

3 Results and Discussion

A major outlook of the results obtained from this study
relies on spatial variability in the textural and physico-
chemical characteristics of the farmland soils. Thus, the
analytical homogeneity of examined and analyzed sam-
ple replicates sets the limits of data accuracy as well as
the reliability of results.
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cumulation, and residue levels to estimate appropriate
index ratios such as translocation and bioaccumulation



3.1 Grain Size Analysis (Particle Size Distribution)

The variation in the percentage composition of silt and
clay in comparison with percentage composition of the
dominant sand indicates the agriculture relevance of
elevated silt and clay soil composition. This implies that
the agricultural farm soil area is typically loamy sand
with % sand: silt: clay range—73.72% (FML6) to
83.73% (FML3) :9 .23% (FML3) to 19.16%
(FML6):3.87% (FML3) to 9.19% (FML5)—respective-
ly, to sandy loam with % sand: silt: clay range—68.17%
(FML1) to 74.45% (FML5):11.10% (FML5) to 27.72%
(FML1):7.10% (FML5) to 17.01 (FML1), respectively.
Some discrete parchments of predominantly loam soil
were observed around FML2 (sand, 64.87%: silt,
20.84%: and clay, 15.29%) and fine gritty sandy soil
around FML5 (sand, 83.35%: silt, 8.36%: and clay,
7.92%), and FML6 (sand, 83.51%: silt, 11.37%: and
clay, 5.02%) (Table 2).

The particle size distribution of the farmland soils
underscores its geomorphic significance, especially in
terms of fluid, essential nutrients, and electrolytes dy-
namics and their transport or translocation mechanisms
in working agricultural farm soils. According to Poppe
et al. (2000), “grain size is the predominant controlling
factor in soil-sediment geochemistry, and that, ions de-
rived frommineral weathering and pollution sources are
preferentially adsorbed onto clay component due to its
high surface area, with respect to volume ratio of any
particle size class”.

Sustainable methods in the practice of agriculture
take into consideration the consequences of these pro-
cesses in respect of soil ecosystems, plants, and minerals
(Velde and Meunier 2008). The dynamics of nutrient/
mineral and contaminant translocational uptake by
plants, which can be slow or as rapid as the growing
season, and their surface and subsurface soil transport,
however, presents environmental and sustainable agri-
cultural concerns.

3.2 Physicochemical Characteristics of the Farmland
Soils

The physicochemical characteristics of soils is an im-
portant factor in the determining material (nutrient and
pollutants), water solubility, and availability in soil and
thus their uptake by plants. Soils in the study area are
slightly alkaline, with pH that ranged between 7.4 and
7.8 (Table 3). Extreme soil pH and alkalinity affect

nutrients and materials availability to plants. For exam-
ple, acidic soils (pH <5) result in the deficiency of
certain essential nutrients such as Ca, P, Mg, while Mn
and Al which are toxic to plants become readily avail-
able. On the other hand, alkaline soils also result in less
availability of phosphorus and most micronutrients.
Most of the farm soils tested (74.7%) had pH within
7.4–7.8, slightly above the optimum 5.5-to-7.0 range,
were considered adequate to facilitate material availabil-
ity for the sustenance of healthy plant growth. This may
not be unconnected to the soil nutrient management
process that involves occasional liming.

Electrical conductivity (EC) predisposes those spatial
properties of soils that influence crop productivity. It
also facilitates an understanding of spatial soil–water–
plant relationships, with its measurement used frequent-
ly to characterize field variability in precision agricul-
ture (Stadler et al. 2015; Corwin and Lesch 2003). The
observed soil ECs ranged between 63 and 71 μS/cm.

Exchangeable bases K, Ca, and Mg at the sites were
2.93, 0.09, and 1.2 mg/kg at site FML1; 3.29, 1.16, and
0.91 mg/kg at site FML2; 2.27, 2.71, and 0.96 mg/kg at

Table 2 Particle size distribution of 6 selected farmland soils at
the Philippi Agricultural area in Cape Town

Sample location
geo-reference
coordinates

Depth
(cm)

%
Sand

%
Silt

%
Clay

Textural
class

FML1 0–15 71.30 27.72 15.95 SL

34.036061 S,
18.565123 E

15–30 71.54 12.95 15.30 SL

30–60 68.17 14.80 17.02 SL

FML2 0–15 64.87 20.84 15.29 L

34.016285 S,
18.531823 E

15–30 76.12 14.35 9.53 LS

30–60 81.76 8.99 9.25 S

FML3 0–15 82.01 14.12 3.87 LS

34.048984 S,
18.538428 E

15–30 81.61 12.41 5.98 LS

30–60 83.73 9.23 7.04 LS

FML4 0–15 73.99 11.10 14.91 SL

34.010182 S,
18.552166 E

15–30 70.18 13.78 16.04 SL

30–60 69.69 13.09 15.22 SL

FML5 0–15 83.35 8.36 7.92 S

34.064182 S,
18.542223 E

15–30 74.45 18.25 7.10 SL

30–60 77.53 13.28 9.19 LS

FML6 0–15 83.51 11.37 5.02 S

34.059147 S,
18.582501 E

15–30 73.72 19.16 7.12 LS

30–60 76.61 14.92 8.47 LS

LS loamy sand, SL sandy loam, S sand
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site FML3; 5.09, 1.18, and 0.95 mg/kg at site FML4;
4.15, 0.86, and 0.75mg/kg at site FML5; and 4.45, 1.28,
and 0.88 mg/kg at site FML6, respectively. Excess K in
soil do not have any effect and impact negatively on
plants and soils.

Cation exchange capacity (CEC) were 65 mg/kg
(FML1), 69 mg/kg (FML2), 71 mg/kg (FML3),
64 mg/kg (FML4), 63 mg/kg (FML5), and 65 mg/kg
(FML6), and were not significantly different (P > 0.05)
from one site to another. A high CEC value is indicative
of high soil net negative charge density and the capacity
of soil to hold more cations or cationic nutrients/mate-
rials. The relative positive or negative charge density on
the exchange sites (low or high CEC values) also deter-
mines the resultant soil pH. Study results showed mod-
erate CEC values, which are consistent with the sandy
nature of the loamy farmland soil. Nutrient/material
retention is expected to be optimum, although low pH
sandy soils are susceptible to leaching of nutrients.

Soil organic carbon (SOC) is the component of soil
organic matter of plant and animal origin, which defines
soil structure, biological and physical health, and fertil-
ity, based on the amount of carbon stored in the soil. It is
also responsible for the release of nutrients, as well as
acting as a buffer against harmful substances in soils.
The organic C content of the agricultural farmland was
lower than the 5% average of the mass of upper soil
layers and ranged between 2.87% at site FML4 and
4.10% at site FML2. Soil organic carbon content of
good soils should be >10%, while heavily exploited

soils may have soil organic carbon content levels de-
pleted to <1% (Zhao et al. 2018; CSIRO 2018). Al-
though organic carbon of the Philippi Horticultural soils
varied from one point to another, there were no signif-
icant difference levels observed in farmland soils
betweeen sites FML1 and FML2; sites FML3 and
FML6; and sites FML4 and FML5. Also, the spatial
and lower depth concentration levels of organic C,
available P, and other measured parameters are not
significantly different (P > 0.05) from one aother.

Soil nitrogen levels hold a controlling influence on
soil pH by dictating the acidity or alkalinity of soil
depending on the nitrogen speciation after soil nitrifica-
tion. Plant-available forms of nitrogen in soils include
ammonium–N (NH4–N) and nitrate–N (NO3–N). How-
ever, soil concentrations of NO3–N and NH4–N are
biological activity-dependent, hence fluctuates with
changes in soil moisture composition and temperatures
(Horneck et al. 2011). Total nitrogen (N) levels in the
farmland soils were high—FML1, 0.76 mg/kg; FML2,
0.46 mg/kg; FML3, 0.70 mg/kg; FML4, 0.48 mg/kg;
FML5, 0.33 mg/kg; and FML6, 0.29 mg/kg—and sig-
nificantly variable. Farmland for commercial agriculture
requires 5–10 ppm NO3–N and probably higher up to
30 ppm for some crops. This requires soil nitrogen
mineralization of 60 kg ha−1 for infertile soils with less
than 0.9% organic carbon and 100 kg ha−1 for fertile
soils with greater than 1.8% organic carbon.

The availability of water-soluble P is often limited in
high Ca-rich soils (Penn and Camberato 2019; Weeks Jr

Table 3 Physicochemical properties of the Phillippi horticultural farmland soil area and the P and F values obtained from one-way analysis
of variance (ANOVA)

Farm sites pH EC
(μS/cm)

Organic C Total N Available P
(mg/kg)

K
(mg/kg)

Ca
(mg/kg)

Mg
(mg/kg)

CEC
(mg/kg)

FML1 7.7 65 3.84a 0.72a 2.81a 2.93a 0.90 1.02 8.38a

FML2 7.8 69 4.10a 0.46b 2.43a 3.29a 1.16 0.91 8.21a

FML3 7.5 71 3.58b 0.70a 2.66a 2.27 2.71 0.96 9.46

FML4 7.6 64 2.87 0.48b 2.15b 5.09 1.18 0.95 8.01a

FML5 7.7 63 3.20b 0.33c 1.92b 4.15b 0.86 0.75 7.70

FML6 7.4 65 3.45b 0.29c 3.95 4.45b 1.28 0.88 8.93

SE 0.16 0.03 0.17 0.90 0.91 0.29 0.52 2.15

Stand Error 0.13 0.02 0.12 0.65 0.82 0.24 0.41 1.68

Significance (F) NS * NS NS NS NS NS *

NS not significant (P > 0.05), FML farmland; 1–6 site identification

*Significant (P < 0.05);

Means on the same column and treatment having same letter are not significant
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and Hettiarachchi 2019). The levels of available phos-
phorus (P) in the investigated soils were however mod-
erate and ranged between 1.92 mg/kg at site FML5 and
3.95 mg/kg at site FML6. Phosphorus levels detected at
sites FML1, FML2, FML3, and FML4 are not signifi-
cantly different from one another, while these levels are
significantly different from those of sites FML5 and
FML6. Phosphorus level in agricultural soils is recom-
mended to range between 30 and 50 ppm; however,
>50 ppm P in soil may be beneficial as this offsets
harvesting or removal of the crop, while excessive levels
possess an environmental threat to water bodies.

3.3 Concentration Levels of PCB Congeners and DDT
in Leaf and Root Vegetables

The efficiency of the GC-MS method for the determi-
nation of the 6-PCBs and 3-DDT was previously de-
scribed (Olatunji 2019). The retention time, validation
characteristics, and the SRM m/z characteristic frag-
mentation pattern for qualifying and quantifying each
of the individual analyte ions, parent and product
masses, and their collision energies as determined by
means of six online injections are presented in Table 4.

The quantity of PCBs and DDT congeners observed
in the analysed leaf and root vegetables were relatively
lower than the concentration dose administered on the
soil on which they are planted. This implies that the
pesticides were largely retained in the soils, due to
possible strong interaction with soil fines and organic
matter, fromwhere they may be desorbed into soil water
which in turn may facilitate their subsurface or
horizontal soil migration or transfer depending on soil
condition and physicochemical characteristics.
Dissolved pesticides in soil water can also reach plants
and other exposed biological species via uptake.
However, the quantity of the pesticides taken up and
translocated by the vegetables is probably associated
with the relative solubility of the pesticides in soil
water. Williams et al. (2000) reported that high water
solubility of pesticides facilitate their uptake.

The concentrations of PCB and DDT congeners de-
tected in leaves of the different vegetable types planted
on soil treated with different PDBs and DDT doses
varied (Table 5). The leaf concentrations of PCB_110,
PCB_118, PCB_138, PCB_149, PCB_153, and
PCB_180 were ranged: 13.85 ± 9.15–31.45 ± 16.11 ng/
g; 16.37 ± 9.07–24.33 ± 11.02 ng/g; 10.53 ± 6.70–
17.38 ± 7.33 ng/g; 10.47 ± 4.20–22.39 ± 6.83 ng/g;

13.20 ± 5.07–21.40 ± 7.00 ng/g, and 11.87 ± 4.12–
20.32 ± 6.98 ng/g respectively. The 4,4′-DDD, 4,4′-
DDE, and 4,4′-DDT concentrations were 8.74 ± 4.85–
19.16 ± 6.79 ng/g; 9.17 ± 4.12–12.95 ± 4.45 ng/g, and
15.95 ± 5.77–24.89 ± 7.45 ng/g, respectively.

In the distribution pattern and pathways of the 3-
DDT and 6-PCBs, their mechanism of uptake by the
vegetables is not very clear. However, the variations in
the concentrations of the 3-DDTand 6-PCBs detected in
the leaf and root vegetables in the different vegetable
pots may be attributed to the differences in the solubility
and partition of the congeners based on the potted soil
particle structures, order/soil class, soil characteristics,
porosity, and hydrodynamic inequalities. The differen-
tial uptake of the different contaminants by the vegeta-
bles may also be plant-specific, synergistically mediat-
ed, or biologically mediated. The total residual mass
fraction of the pesticides taken up by the leaf and root
vegetables indicates preferentiality in the time it takes
each pesticide components translocating from the soil
through the roots, via the vascular tissues of midrib/
petiole/stipule/stem systems of the vegetable plants to
the leaves. The resident time of each pesticide in each
transfer plant is however independent of its total travel
time characteristics in different organs of the vegetables,
as occasioned by the nature of their molecular interac-
tion with regard to cellular compositions and the cellular
phospholipid barriers.

One way analysis of variance (ANOVA) conducted
on the composite concentrations of the DDT and PCB
congeners in the leaf and root vegetables revealed sig-
nificant correlation (P < 0.05) of ϒ2 > 0.60–ϒ2 > 0.75,
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Cauliflower was noted to hold the least concentra-
tions of the different PCB and DDT congeners in the
root vegetables except for PCB_110 (11.85 ± 8.36 ng/g)
which was least retained by turnip, while carrot retained
the highest amount of all the congeners, with PCB_110,
(30.97 ± 11.14 ng/g) having the highest retained PCB
concentration (Table 6). The concentration levels of the
investigated PCBs in cauliflower and carrot were
ranged: PCB_118, 16.49 ± 6.31–25.28 ± 7.90 ng/g;
PCB_138, 11.26 ± 7.33–16.47 ± 6.97 ng/g; PCB_149,
13.97 ± 7.70–19.74 ± 8.47 ng/g; PCB_153, 13.57 ±
5.11–19.27 ± 8.66 ng/g, PCB_180, 11.68 ± 6.40–
18.43 ± 8.10 ng/g, respectively. DDT pesticide concen-
trations in cauliflower and carrot were 9.73 ± 2.22–
17.44 ± 4.43 ng/g (4,4′-DDD), 9.07 ± 3.63–12.75 ±
2.57 ng/g (4,4′-DDE), and 17.06 ± 5.97–27.34 ±
8.64 ng/g (4,4′-DDT), respectively.



Table 4 Retention time and qualifying and quantifying ion characteristics of 3-DDT and 6-PCB congeners

Compound Sensitivity Linearity

Quantifying
ion

Retention
time (min)

MRM
parent
mass

MRM
product
mass

Collision
energy

Standard
deviation (σ)

Slope LOD
(μg/L)

LOQ
(μg/L)

Coefficient of
regression (R2)

4,4′-DDE Qualify ion
(Q1)

18.61 316 246 20 1.09 83,900.3 0.028 0.084 0.9943

4,4′-DDD Qualify ion
(Q1)

19.29 235 165 22 3.42 111,684 0.052 0.156 0.9990

4,4′-DDT Qualify ion
(Q1)

19.46 235 165 22 3.28 111,684 0.016 0.048 0.9943

4,4′-DDT_d8 Qualify ion
(Q1)

19.41 243 173 25

PCB_110 Qualify ion
(Q1)

18.75 324 254 24 5.52 24,427.4 0.075 0.225 0.9943

PCB_118 Qualify ion
(Q1)

19.30 324 254 26 1.37 24,427.4 0.018 0.054 0.9943

PCB_138 Qualify ion
(Q1)

19.15 360 290 18 2.50 24,427.4 0.034 0.102 0.9943

PCB_149 Qualify ion
(Q1)

19.65 358 288 20 1.65 24,427.4 0.022 0.066 0.9943

PCB_153 Qualify ion
(Q1)

20.09 358 288 22 1.64 24,427.4 0.022 0.066 0.9943

PCB_180 Qualify ion
(Q1)

21.31 394 324 30 1.98 24,427.4 0.027 0.081 0.9943
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respectively, with soil concentration levels. Multivariate
regression model revealed also strong relationships be-
tween ∑DDT and ∑PCB concentration levels in the
soils, class type of the farm site soil, and the adminis-
tered pesticide and PCB load. Non-parametric Mann–
Whitney test conducted on the data obtained to deter-
mine if there are evidence of spatial variations in the
detected concentrations of the 3-DDT and 6-PCBs in the
soils since the data were not normally distributed,
showed that PFML1–FML6 <<Pstat. This implies that no
significant difference exists in the concentration distri-
bution of the DDT and PCBs in the leaf and root
vegetables, although PFML5 and PFML6 < PFML1, PFML2,
P

FML3
, and PFML4.

3.4 Concentration Levels of PCB Congeners and DDT
in the Farmland Soils

PCBs and pesticide residue analysis conducted on ex-
perimental potted soils showed that a relatively larger
proportion of the administered pesticides are retained in
the soil (Kd > 0.5). The lowest residual concentrations
(ng/g) of PCB_110, PCB_118, and PCB_138 were
observed at site FML3, while the highest was at site

FML6: 36.32–44.45 ng/g; 44.71–54.80 ng/g, and
55.89–68.49 ng/g, respectively (Table 7). The least
and highest concentrations of PCB_149, PCB_153,
and PCB_180 were observed at sites FML5 and
FML6, respectively, with concentrations ranging be-
tween 35.55 and 80.95 ng/g; 40.40 and 89.95 ng/g;
and 47.40 and 112.44 ng/g, respectively. The concen-
tration of DDT were 23.34–39.18 ng/g (4,4′-DDD);
28.01–47.51 (4,4′-DDE), and 38.91–65.98 ng/g (4,4′-
DDT), with the least and highest residual pesticide
concentrations observed at site FML3 and site FML6,
respectively (Table 7).

The persistence of the DDT and PCBs in soils is well
documented (Neuwirthová et al. 2019; Kampire et al.
2017; IARC 2016; Odukkathil and Vasudevan 2013).
The presence of DDT, PCBs, and many other persistent
organic pollutants (POPs) in soil could be due to agri-
cultural use as functional pest control chemicals, aged
application, or deposition due to contamination from
long-range transport from diffuse sources as facilitated
by vapor pressure/volatilization potential and climatic
influences. According to Odukkathil and Vasudevan
(2013), ubiquitous pesticides such as dichlorodiphenyl-
trichloroethane (DDT), hexachlorocyclohexane (HCH),
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endosulfan, benzene hexachloride (BHC), and atrazine
are less bioavailable and persist in soil and sediments,
with half-lives ranging from 100 to 200 days. Once in
the soil, they undergo relative partitioning between soil
particles leading to their sorption and soil water disso-
lution, which may lead to leaching or uptake by plants.
Soil-sorbed contaminants can further undergo degrada-
tion or may resist degradation. This accounts for the
relative soil residual concentrations that may be present
in soils intentionally treated with pesticides and soils
receiving unintentional pesticide doses.

3.5 Pesticide Accumulation, Transport and Fate

Pesticides are one of the persistent organic pollutants
that are of an environmental health concern due to their
occurrence in various ecosystems (Olatunji et al. 2014).
The retention and fate of pesticides on unsaturated and
saturated farmland soil preempt the basis for their up-
take by plants, as well as their sorption and leaching
pattern. Study results showed that heterogeneity in grain
size distribution and soil texture influences variability in
the retention capacity of the soil for the 6-PCB and 3-
DDT congeners. Consequently, the occurrence levels of
the 3-DDT and 6-PCBs in the different farm site soils
varied. The stabilization of organochlorine compounds,
especially the PCBs were noted to vary with the number
of chlorine atoms present in the compound, and the
position of chlorine as a substituent on the aromatic
rings. This in effect results in the differential in the
solubility of the compound as well as its soil–plant
mobility and/or migration and plant uptake rate.

According to Pérez-Lucas et al. (2018), “a highly
soluble pesticide will tend to readily leach into ground-
water”. The rate at which pesticides leach in saturated or
unsaturated soils is dependent on the influence of pref-
erential flow, soil porosity/hydrodynamics, and
pesticide solubility in soil water. Consequently, the
subsurface and possible arrival time within the deeper
subsurface or groundwater zone relies on soil pedology,
and this varies from one topsoil and subsurface soil
pedon composition/type to another. However, the total
pesticide residence time in the unsaturated and saturated
soils is almost independent of their migration character-
istics. Utermann et al. (1990) proposed “linear equilib-
rium adsorption and first-order decay” in entire soils or
preferentially slow flow regions of unsaturated soils” to
estimate and predict groundwater pollution risk. There-
fore, the migration or leaching of pesticides will reflect

their time-delayed travel time characteristics in the un-
saturated and saturated farmland soils.

Transfer function concepts, which take into consid-
eration chemicals with widely varying properties and
fate under different hypothetical transport characteristics
in soil layers, also support the preferential migration of
the leached pesticides through different subsurface soil
with different characteristics. The shortest travel times
of highly retarded and short-lived pesticides, therefore,
exhibit a strong influence of preferential flow on the
transfer rate of the total residual pesticide mass fraction.

3.6 Pesticides Depuration in the Leaf and Root
Vegetables

The process of pesticides break down into simpler com-
pounds that are usually less toxic, or their persistence
starts as soon as the pesticides are applied. Thus, early
and rapid depuration of pesticides, which reduces their
resident concentrations in cells and tissues of plants,
would not allow for response signalling and thus their
non-toxicity. Cellular and tissue depuration process of
pesticides within different substrates in biological sys-
tems is not very rapid and complicated by the differ-
ences in plant and animal metabolism, as well as meta-
bolic variation between individual species. This sug-
gests possible residence life that could be calculated on
a realistic basis to indicated differences in contaminant
dissipation rates in different substrate and in different
species. With this in mind, the observed concentrations
of 4,4′-DDD and 4,4′-DDE measured in the vegetables
may be an additive summation of the applied dose and
the product of metabolic functions. This probably could
be the reason for the higher concentrations of 4,4′-DDD
detected in the leaf and root vegetables, as well as the
residual concentrations in the soils. Hence, a time base
functional loss of 4,4′-DDT and 4,4′-DDE and a build-
up of 4,4′-DDD are suggested.

Regulatory documents may hold the key to an un-
derstanding of pesticide metabolism in plants and soils.
Plant metabolism is differentiated into primary and
secondary metabolisms. Secondary metabolism
involving natural products, phytochemicals, or
specialized metabolites generate secondary metabolites
that result in the dissipation and depuration of
pesticides. This underpins important plant traits such
as resistance, abiotic stress tolerance, toxicity,
nutritional quality, and flavor. Karas et al. (2015) sug-
gested four kinetic model fits (single first-order kinetic
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model and 3 biphasic models: hockey-stick, first-order
multi-compartment model, and the double first-order in
the parallel model) that may be applied in an attempt to
understand pesticide depuration in soils and plants.
However, this study is limited concerning the metabo-
lism of pesticides; hence, residues of the parent com-
pound were only investigated.

3.7 Molecular Pesticides Accumulation in Leaf
and Root Vegetables

The bioavailability and accumulation of the DDT com-
pounds and PCB congeners depend on numerous fac-
tors within the cells of the vegetables. These include the
transportation of substrate across the cell membrane,
enzymatic reactions, bio-surfactant production, as well
as environment conditions such as pH, temperature, and
the availability of electron acceptor (Lawal 2017;
Providenti et al. 1993). Study results indicated that the
uptake and accumulation of the 6-PCBs and 3-DDT
pesticides by the leaf and root vegetables were variable.
The ability of leaf vegetables to accumulate the DDT
and PCB congeners was higher than that observed for
root vegetables. This may not be unconnected with
insignia character of plants, which targets plant leaves
(being the photosynthetic and metabolic site) as the
primary destination of materials taken up by plants in
soil water.

The calculated BAF values for all the PCBs and DDT
did not reveal any pattern or uptake preference. Spinach
concentrated the least amount of the PCB congeners,
with those grown on FML1, FML4, and FML6 soils
having the least BAF of 0.11 for PCB_180 and reaching
a maximum of 0.66 for PCB_110 in FML3. Kale veg-
etables accumulated the highest amount of PCB_110,
with BAF that ranged 0.70 in FML1 to 0.87 in FML3,
followed by PCB_118. The least amount of the PCB
congeners translocated from the soil to the leaves of the

Table 7 Concentrations (ng/g) of 6-PCBs and 3-DDT in farm soils

Top soil 4, 4′-DDD 4, 4′-DDE 4, 4′-DDT PCB_110 PCB_118 PCB_138 PCB_149 PCB_153 PCB_180

FML1 30.55 36.50 50.91 40.12 49.39 61.74 74.09 82.95 103.70

FML2 26.83 31.39 44.06 40.23 49.51 61.90 58.03 68.31 80.61

FML3 23.34 28.01 38.91 36.32 44.71 55.89 36.41 41.22 48.55

FML4 24.90 41.12 57.66 40.56 49.92 62.40 75.33 85.66 107.05

FML5 32.65 39.32 54.43 39.40 48.50 60.62 35.55 40.30 47.40

FML6 39.18 47.51 65.98 44.52 54.80 68.49 80.95 89.95 112.44
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vegetables was 10% (PCB_180), while the uptake of
PCB_110 and PCB_118 were highest reaching up to
35% and 88%, respectively. In all, about 65% of the
potted leaf vegetables translocated less than 40% of each
of the PCB congener’s dose administered on the potted
soils. The BAF values obtained for DDT in the leaf
vegetables indicated higher translocation than the PCB
congeners. Spinach showed the least tendency to accu-
mulate the DDT pesticides with BAF, 0.20 for 4,4′-
DDE at FML6, while the highest value was 0.41 for
4,4′-DDT at FML3. The most accumulated pesticide by
all the leaf vegetables was 4,4′-DDD reaching BAF 0.82
in Parsley (FML3). This was followed by 4,4′-DDT
with BAFmin and BAFmax of 0.24 in spinach at FML6
and 0.63 in lettuce, celery, and kale at FML3, respec-
tively. BAF values for 4,4′-DDE in all the vegetables
were generally lower than those of 4,4′-DDT and 4,4′-
DDD. This could be due to the poor environmental
stability of 4,4′-DDE. Unlike PCBs, which were ob-
served to generally have poor plant translocation, DDT
pesticide uptake by the vegetables were higher, with
more than 51% of the leaf vegetables having BAF ≥
0.4. More than 85% of the vegetables grown on FML3
soils accumulated >50% of the administered DDT dose,
possibly due to FML3 soil characteristics or soil condi-
tions. The leaf vegetable plant uptake trend for the DDT
and PCB congeners was parsley > celery > lettuce >
kale > dhanial > cabbage > spinach.

The least and highest DDT translocated into the root
vegetables were 19% and 70%, respectively. Cauliflow-
er showed poor accumulation capacity, concentrating
the least amount of DDT in the potted soils of all the
sampling sites (BAF = 0.19, 4,4′-DDE (FML6) to 0.44,
4,4′-DDT (FML3)), while carrot had the highest con-
centration (BAF = 0.27, 4,4′-DDE (FML6) to 0.70, 4,4′-
DDT (FML3)). This showed the ease with which DDT
was taken up by carrot, with the least translocation of
25% in FML6 to a maximum of about 70% in FML3.



The order of DDT translocation from soil was 4,4′-
DDD > 4,4′-DDT > 4,4′-DDE. This may be attributed
to the probable differentials in pesticide metabolism by
the different root and leaf vegetables, and this in turn
affects their rate of depuration. In all, only about 44% of
the root vegetables had more than 40% of the DDT
pesticides applied on the potted soil taken up, while
>55% had less than 40% DDT uptake, with BAF lying
between 0.19 and 0.39.

A large proportion of the PCB congener’s dose applied
onto the potted soils collected across the farmlandwere not
taken up or translocated by the root vegetables except for
PCB_110 in all root vegetables (except for cauliflower and
turnip) and PCB_118 in leek, spring onion, and carrot.
About 80% of the root vegetables tested had BAF values
<0.4. Cauliflower had the least PCB uptake with BAF that
ranged between 0.10, PCB_180 (FML6) and 0.27,
PCB_110 and in turnip in FML6 as well. Carrot, on the
other hand, showed higher uptake of the PCB congeners
with PCB_110 being the most translocated followed by
PCB_118. The least BAF observed for carrot was 0.16,
PCB_180 (FML6), while the highest BAF was 0.77,
PCB_110 and PCB_118 (FML1 and FML2). This implies
that most of the applied PCBs were largely confined to the
dosed soils with less than 20% translocation, except for
PCB_110 and PCB_118. Thus, the poor plant PCB uptake
and translocation could be due to reasons including strong
soil–PCB sorption, poor bioavailability due to solubility
issues, and resistance to uptake. The order of the PCB
congeners translocation in the root vegetables was
PCB_110 > PCB_118 > PCB_138 > PCB_149 >
PCB_153 > PCB_180, while the uptake trend for the DDT
and PCB congeners was carrot > spring onion > leek >
turnip > broccoli > radish > cauliflower.

In general, PCB_180 and 4,4′-DDE were the least
concentrated PCBs in the leaf and root vegetables, while
PCB_110 and 4,4′-DDD were the most concentrated.
This is consistent with other reports, which suggest
higher water solubility of the lower-end PCB congeners
compared with the upper-end PCBs. Solubility and mo-
bility and/or translocation of different pesticides may,
therefore, be bulk structure dependent.

3.8 Pesticides Toxicity and Human-Environmental
(Ecological) Risk Evaluation

Persisting pesticides can result in undesirable toxic effects
in exposed non-target organisms in the soil, or distort the
ecological health and balancewithin the sphere of pesticide

residue contamination. Exposure of humans and animals
via heterotrophic transfer through ingestion of vegetables
planted on pesticide-treated soils is inevitable.Many health
hazards including short-term effects such as headaches and
nausea, to chronic long-term effects such as cancer, repro-
ductive harm, and endocrine disruption have been attrib-
uted to human and animal exposure (PAN 2017; Jayaraj
et al. 2016). The damage caused by pesticides, POP, and
many PPCPs is a function of their solubility, the extent of
sorption/ mobility in soil solution and their interaction
(reversible or irreversible) with biotic and abiotic features
(Grossberger et al. 2014; Yu et al. 2013).

The human, animal, and ecological risks of the 6-
PCBs and 3-DDT indices used in this study allow for a
more realistic and detailed exposure assessment to
chemicals via different exposure routes. The index ratios
took to account time-bound relative residue concentra-
tion levels and accumulation along translocation routes
in estimating translocation or bioaccumulation factor,
and hazard quotient (HQ) and risk quotient (RQ) of
contaminants. The HQ and RQ are used as bases to
suggest the likelihood to results in adverse effects; how-
ever, it does not estimate the potential exposure risk.
Risk factors for PCB_110, PCB_118, PCB_138, 4,4′-
DDT, 4,4′-DDE, and 4,4′-DDD tends to 1 (f < 1.0),
while those for PCB_149, PCB_153, and PCB_180
were far less than 0.4 (<<1.0) (Tables 8 and 9). There-
fore, the probability of induction of adverse human
health effect or any toxic stress by the pesticides via
heterotrophic transfer is low, thus uncertain.

According to the US EPA (2004b), the margin be-
tween the estimated maximum pesticide environmental
concentration in a matrix or source and the least uptake
concentration at which an adverse effect might occur is
simply an index ratio of concentrations. It follows that
the larger the relative differences between the concen-
trations of the PCBs and pesticides in comparative ma-
trices (i.e., exposed feature and the pesticide-
contaminated matrix), the more uncertain that it would
elicit an adverse response. The greater the RQ value, the
more likely that an adverse effect may occur. However,
this is limited because it is pretty difficult to know
whether the RQ value is underest imated or
overestimated; hence, it may be difficult to infer what
the RQ value connote in terms of toxicity. Furthermore,
it does not account for toxicities of formulations, syner-
gies, additivity, or potentiation. It is therefore uncertain
that exposure to vegetables containing levels of DDT
compounds and PCB congeners detected in the leaf and
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root vegetables could cause any immediate health risks.
Howbeit, continuous exposure at a 20 ± 10% probability
level may be undesirable as this may lead to chronic
effect from oral consumption of an extrapolate estimate
of 25% potentially exposed vegetable population. Un-
certainty analysis in respect of the margin of exposure of
humans and other ecological species to the investigated
pesticides suggests the need for an integrated approach
to correctly estimate and ascertain the PCBs and DDT
congeners’ potential human and ecological risk.

Although short-term soil bioassays of the investigat-
ed compounds may not reveal their full toxicity poten-
tial; their bioavailability and uptake pattern, retention
capacity of plant organelle, and the rate of depuration
could be suggestive of the potentially toxic effects that
can possibly be induced on vegetation, especially veg-
etables planted on soils treated with pesticides. Uptake,
translocation rate, and distribution pattern in different
plants could be used to predict the likelihood of hetero-
trophic transfer and toxicities at higher trophic levels. A
suspected mechanism for PCBs and DDT toxicity de-
pends on plant lipid and fat content and the nature of the
lipid membrane around cellular walls. This could facil-
itate either the retention or diffusion of PCBs/DDT from
roots to stem cells and then to active metabolic sites.

4 Conclusion
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The persistence of pesticides in soils and different bio-
organic mixtures of substrates, as well as in vascular
cells/tissues along the material translocation pathways
and those retained within the phospholipid membrane of
the vegetable cells vary depending on the pesticides or
PCB congener types and the metabolism characteristic
of the plant. Among the leaf vegetables investigated,
parsley appeared to have high affinity and holding ca-
pacity to retain most of the DDT and PCBs congeners,
with spinach retaining the least. Carrot has the highest
capacity to retain the DDT and PCB congeners among
the root vegetables, while cauliflower had the least
capacity. Generally, PCB_180 had the least PCB con-
centration in both the leaf and root vegetables, while
PCB_110 was the most accumulated and consistent
with other reports. 4,4′-DDE was the least concentrated
in all the leaf and root vegetables (BAF ranged 0.20,
spinach (leaf) to 0.46, parsley and carrot), while 4,4′-
DDD was the most concentrated with BAF that ranged
from 0.22, spinach to 0.82, parsley.
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In the distribution pattern and pathways of the 3-DDT
and 6-PCBs, their mechanism of uptake by the vegetables
is not very clear. The total residual mass fraction of the
pesticides taken up by the leaf and root vegetables
showed a time-bound preference for translocating each
of the pesticides from the soil through the roots via the
vascular tissues of the vegetable plants to the leaves. The
differential uptake of the different contaminants by the
vegetables may be plant-specific, synergistically mediat-
ed, or biologically mediated. Non-parametric Mann–
Whitney provided evidence of no significant (PFML1–

FML6 <<Pstat) spatial variations in the detected concentra-
tions of the 3-DDT and 6-PCBs across the horticultural
farmland soils, although PFML5 and PFML6 < PFML1,
PFML2, PFML3, and PFML4. The residual concentration of
each PCBs andDDT in different organs of each vegetable
types is dependent on the nature of their molecular inter-
action with respect to cellular compositions and the cel-
lular phospholipid barriers.

Risk factors for PCB_110, PCB_118, PCB_138, 4, 4′-
DDT, 4, 4′-DDE, and 4, 4′-DDD tends to 1 (f< 1.0), while
those for PCBs_149, PCB_153, and PCB_180 were far
less than 0.4 (<<1.0). Therefore, the probability of induc-
tion of adverse human health effect or any toxic stress by
the pesticides via heterotrophic transfer is low. It is uncer-
tain that exposure to DDT and PCB congener levels
detected in the leaf and root vegetables could cause any
immediate health risks; howbeit, continuous exposure at a
20 ± 10%probability levelmay be undesirable, as thismay
lead to chronic effect from oral consumption of an extrap-
olate estimate 25% potentially exposed vegetable popula-
tion. The dissipation of pesticides and PCBs in soils fol-
lows different approaches, involving volatilization, soil
sorption, leaching, and many other processes. DDT and
PCB congeners’ dissipation in the dosed potted soil seem
to follow the general horizontal/vertical transport patterns
except for the amount strongly sorbed on to soil (Kd > 0.5),
which is partly responsible for its long persistence.
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