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Abstract
Dichloro-diphenyl-trichloroethane (DDT) has been extensively used to control malaria during World War II as well as the 
other agricultural pests. DDT persists in the environment and accumulates in many living organisms. Also, the degrada-
tion products of DDT, which have also a similar chemical structure, could pose the same risk to the environment and 
human health. Measuring DDT and its degradation products in the environment could be challenging and costs money 
and time. Thus, modeling is an alternative method used by researchers to estimate the environmental relevant levels of 
the contaminants. The present study estimates the uptake levels of DDT and its degradation products i.e. o,p′-DDE and 
p,p′-DDE by crop-specific models (e.g. root, potato, leafy vegetables, cereal, fruit-tree models) in the root, potato, leaves, 
fruit, cereal, and water compartments by using the known environmental concentrations of DDT and its degradation 
products (µg kg−1) in soil sampled from Soke, Aydin. According to the crop-specific model results, predicted accumulation 
levels of DDT and its degradation products were found mainly in leafy vegetables, roots, cereals, and potato. The highest 
concentration levels were found in leafy vegetables in soil, followed by root, cereals, and potato respectively; however, 
leaves, fruits, and water had a low amount of accumulation of DDT and its degradation products. Further models are 
needed to evaluate risk assessment of the environmental compounds to human health and the environment.
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1  Introduction

DDT (dichloro-diphenyl-trichloroethane) is a well-known 
insecticide that was among the nine organochlorine pes-
ticides which were named as “dirty dozen” and was clas-
sified as a persistent organic pollutants (POPs) in 2004 at 
the Stockholm Convention [3]. DDT was first used in 1939 
and distributed to other countries around the 1940s [22, 
28]. DDT was the most prominent insecticide applied in 
the study area (Soke, Aydin province, Turkey) throughout 
the years [27]. One of the main uses of DDT worldwide was 
to control mosquito, which has been used widely used in 
75 countries [16]. Mosquito is one of the major vectors 
to transmit malaria to humans, which caused millions of 

deaths [14]. DDT was also used broadly to control insects 
in agriculture as well as tick control in farm animals i.e. 
cattle, sheep, goat, etc. [1, 15, 30, 32]. In the mid-1960s, 
approximately 80,000 tons of DDT was applied to the 
environment in the United States [20]. It has been stated 
that China was responsible for 20% of the total global pro-
duction of DDT between 1950 and 1983 [11, 17, 33]. DDT 
was banned in the United States in the early 1970s, and 
10 years later DDT was also banned in Turkey,however, 
DDT has been used in sub-Saharan Africa until recently 
[22, 27, 29]. Further, a study showed that commercially 
available Dicofol, an acaricide, formulations could contain 
14.3% of the total DDT and its degradation product, which 
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could suggest that DDT contamination could also occur 
from Dicofol application [27].

DDT primarily consist of 65–80% of p,p′-DDT, 
15–21% of o,p′-DDT, 4% of p,p′-DDD, and 1.5% of 
1-(p-chlorophenyl)-2,2,2-trichloroethanol [13]. DDT deg-
radation products are the result of aerobic biotic degra-
dation, abiotic dehydrochlorination, and photochemical 
decomposition [12, 22]. According to the U.S. Geological 
Survey report, the major degradation products were p,p′-
DDE (60% in urban and 48% in rural areas), which followed 
by p,p′-DDD, p,p′-DDT, o,p′-DDD, o,p′-DDT, and o,p′-DDE 
[22]. Some degradation products of DDT are more persis-
tent than DDT itself, including DDE. DDE was also found in 
soil 10 years after a DDT application [22].

DDT and its degradation products are persistent in the 
environment and can cause detrimental effects to humans, 
plants, and animals that contact with it in the soil, air, and 
water [26]. DDT can be taken up via plant roots and accu-
mulate in lipophilic plant parts such as waxes and seeds 
[5, 6]. In addition, DDT and its degradation products have 
a high affinity for soil, water, and air particles and can 
move from one compartment to another [8]. DDT and its 
degradation products have a significant impact on plants, 
animals, and humans, as DDT accumulates in the food 
chain [34]. DDT has negative impacts on human health 
and can contribute to diseases and disorders in neurologi-
cal, immunological, and reproductive systems and it is a 
known endocrine disrupter and carcinogen [2, 21]. In the 
1960s, it was shown that DDT and its degradation products 
e.g. DDE and DDD (1,1-dichloro-2,2-bis(p-chlorophenyl)-
ethane) detected in high concentrations in mammalian 
adipose tissues [22]. DDT and its degradation products 
accumulate in adipose tissues because of their chemical 
structures [7]. Studies have shown that DDT can be found 
in human milk, an important nutrient source for human 
infants,its presence in mother’s milk can have serious con-
sequences for human infants [4, 31].

Models for environmental contaminants could save 
time and cost with providing invaluable information to 
understand the potential contamination levels and fate 
of compounds [3]. Environmental contaminants modeling 
have been extensively investigated and several models 
are available to estimate DDT and degradation product 
concentrations in the soil such as BETR and CliMoChem 
models and Monte Carlo simulations [3, 18, 19]. One of 
the modeling approaches that is exclusively used nowa-
days is crop-specific models which provide an estimation 
of the fate of chemicals i.e. degradation and uptake [10]. 
Legind and Trapp [10] used a new model framework to 
estimate the dietary intake of children (4–5 years old) and 
women (14–75 years old) by using crop-specific models. 
The study evaluated the intake of three environmental 
contaminants including benzo(a)pyrene, 2,3,7,8-TCDD, 

and dodecyl benzenesulfonic acid from their measured 
background concentrations in soil and air [10]. The present 
study aimed to evaluate the levels of DDT and its degrada-
tion products (i.e. o,p′-DDE and p,p′-DDE) contamination 
on root, potato, leaves, fruit, cereal, and water by applying 
crop-specific models including root, potato, leafy vegeta-
bles, cereal, fruit-tree models [10] on analyzed soil samples 
collected in Soke, Aydin, Turkey [26] where intensive agri-
cultural practices and past DDT applications have taken 
place in the production of a broad range of products such 
as olive, wheat, cotton, and tomato.

2 � Materials and methods

2.1 � Input data

The chemical and physical properties of DDT permit it to 
highly accumulate in soils with lipophilic characteristics. 
In soils, environmental conditions support DDT degrada-
tion to its primary and secondary degradation products 
[26]. Turgut et al. [26] sampled soil samples from 74 loca-
tions in Soke, Aydin with different soil layers (depth) i.e. 
0–30 cm, 30–60 cm, and 60–90 cm. The study results indi-
cated that p,p′-DDT, p,p′-DDE, and o,p′-DDE levels were 
varied from 0.17–1.92 µg kg−1, 0.003–0.24 µg kg−1, and 
0.018–0.48 µg kg−1 in different soil layers [26]. Sum values 
of the levels for p,p′-DDT, p,p′-DDE, and o,p′-DDE were used 
in crop-specific model which created by Legind and Trapp 
[10] to estimate plant uptake of p,p′-DDT, p,p′-DDE, and 
o,p′-DDE and their possible levels. The calculations were 
done by using a spreadsheet on Excel file and the param-
eters i.e. physical and chemical properties of p,p′-DDT, p,p′-
DDE, and o,p′-DDE were obtained from EPI suite software 
(available online: https​://www.epa.gov/oppt/expos​ure/
pubs/episu​itedl​.htm). All data files can be obtained from 
Dr. Stefan Trapp at the Technical University of Denmark 
upon request. Also, all equation parameters and details 
are available and can be obtained from Legind and Trapp 
[10]. The physical and chemical properties of p,p′-DDT, p,p′-
DDE, and o,p′-DDE are given in Table 1.

2.2 � Model descriptions

2.2.1 � Root model

Our work as presented in this paper is based on models 
published by Legind and Trapp [10]. In the study, the 
authors provided mathematical models for the partition-
ing of TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin), dode-
cyl benzenesulfonic acid (linear alkylbenzene sulfonate, 
LAS) and benzo[a]pyrene (BaP) and their model predic-
tions in the diet was calculated with plant roots, potato, 
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leafy vegetables, cereals, and tree fruit models. We have 
calculated the concentration of DDT and its degradation 
products in the study area according to those models and 
presented the data here, following the descriptions of the 
mentioned models above. In the crop-specific model, the 
concentrations of chemicals in roots, potato, vegetables, 
fruits, and cereals can be estimated separately while some 
earlier models consider one generic plant model which 
consists of roots and leaves [10].

The uptake of DDT and its degradation products from 
the soil into plants was described with the root and soil 
equation from the model that Legind and Trapp [10] devel-
oped. The chemical equilibrium between soil water and 
wet bulk soil Kws is described as:

where Cw (mg L−1) is the concentration of the chemical 
in the soil water; Cs (mg kg−1) is the concentration of the 
chemical in wet bulk soil; pwet (kg L−1) is the density of the 
wet soil; OC (kg kg−1) is the fraction of organic carbon in 
the wet bulk soil; KOC (L kg−1) is the partition coefficient 
between organic carbon and water which estimated from 
the octanol–water coefficient (KOW). pdry (kg L−1) is the den-
sity of the dry soil, Ws and Gs (L L−1) are the volume fraction 
of water and gas in soil, and KAW (L kg−1) is the partition 
coefficient between air and water.

Legind and Trapp [10] described the phase equilibrium 
between roots and water as KRW (L kg−1), and modeled it 
according to the following equation:

(1)

CW

CS
= KWS =

�wet

OC × KOC × �dry +WS + GS × KAW

(

kg L−1
)

(2)KRW =
CR

CW
= WR + LR × a × KOwb + GR × KAW

where CR (mg (kg fresh weight) −1) is the concentration 
of the pesticide in the root; CW (mg L−1) is its concentra-
tion in water; WR (L kg−1) is the water content of the root; 
LR (kg kg−1) is the lipid content of the root, KOW is the 
octanol–water coefficient, GR (L kg−1) is the gas content 
of the root; KAW is the partition coefficient between air 
and water (air phase could be neglected unless high KAW 
observed, b (for roots) is equal to 0.77, and a is equal to p 
octanol−1 (L kg−1) is equal to 1.22.

2.2.2 � Potato model

Legind and Trapp [10] provided a model that describes the 
diffusion process of environmental contaminants from soil 
to potatoes:

where CP (mg kg−1) is the concentration in plant, Cw (mg 
L−1) is equal to the chemical concentration in water; W (L 
kg−1) is the water content of potato, fCH (L kg−1) is the frac-
tion of solids in the potato that are carbohydrates; KCH is 
the partition coefficient of carbohydrates to water L (kg 
kg−1) is the lipid content of potato; ɑ is equal to 1/poctanol, 
which is equal to 1.22 L kg−1; b, the (difference between 
root lipids and n-octanol is equal to 0.77; GP (L kg−1) is the 
gaseous content of potato, and KAW is the partition coef-
ficient between air and water.

2.2.3 � Leafy vegetables model

Legind and Trapp [10] provided a model that describes the 
diffusion rate of the environmental contaminants from soil 
to leafy vegetable, which we applied to DDT and its degra-
dation products:

where L is the index for leaves; W is the index for soil water; 
A is the index for air; Q is the transpiration stream (L d−1); 
TSCF is the transpiration stream concentration factor (L 
L−1) CW is the concentration of the chemical of interest in 
the soil water (mg L−1); g is the conductance for diffusive 
transfer between leaves and air (m d−1); CA is the concen-
tration of the chemical in air (mg m−3); KLA is the partition 
coefficient between leaves and air (m3 kg−1); p is the den-
sity of leaves (kg m−3); km is the first-order rate of degrada-
tion (d−1); ML is the mass of chemicals in leaves (mg); fP is 

(3)

KPW =
CP

CW
= W + fCH × KCH + L × a × KOWb + GP × KAW

(4)

dmL

dt
= +QL × TSCF × CW + g × AL ×

(

1 − fp
)

× CA

+
vdep + AL

2
× fp × CA −

gxAL

KLA
× CL − km ×ML

Table 1   Physical and chemical properties of DDT and its degrada-
tion products (o,p′-DDE and p,p′-DDE)

a EPI suite software (available online: https​://www.epa.gov/oppt/
expos​ure/pubs/episu​itedl​.htm)

o,p′-DDE p,p′-DDE p,p′-DDT (Total DDT)

Parametersa

 Molar mass (g/mol) 318.03 318.03 354.49
 Melting point (°C) 77 89 109
 Vapor pressure (Pa) 8.27 × 10–4 8 × 10–4 2.13 × 10–5

 log Kow (L L−1) 6.00 6.51 6.91
 Kaw (L L−1) 0.05 0.05 0.0016

https://www.epa.gov/oppt/exposure/pubs/episuitedl.htm
https://www.epa.gov/oppt/exposure/pubs/episuitedl.htm
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the fraction of the chemical adsorbed on soil particles, and 
vdep is the deposition velocity of particles on leaves (m d−1).

2.2.4 � Cereal model

The uptake of chemicals and its degradation products was 
modeled by using the Legind and Trapp [10] cereal model:

where CC is the concentration of the chemical of interest in 
cereal (mg kg−1 fresh weight); CA is its concentration in air 
(mg m−3); WC (L kg−1), LC (kg kg−1), GC (L kg−1) and CHC (kg 
kg−1) are respectively the water, lipid, air and carbohydrate 
concentrations in cereals; ɑ is 1/poctanol is equal to 0.22 L 
kg−1; KOW is the partition between octanol and water; b for 
cereal is the same as for leaves and is equal to 0.95; KAW is 
the partition coefficient between air and water, and KCH is 
the partition coefficient of carbohydrates to water.

2.2.5 � Fruit tree model

The differential equation for fruit concentration was calcu-
lated by Legind and Trapp [10] fruit tree model:

where F is the index for fruits; QF is the sum of the phloem 
and xylem flow (L d−1); KFW is the partition coefficient 
between fruits and water (L kg−1); PF is the permeability 
for exchange between fruits and air (m d−1).

(5)

KCA =
CC

CA
=

WC + LC × a × KOWb + GC × KAW + CHC × KCH × �CH

KAW × 1000

(6)CF =
QF × Cxy3 + AF × PF ×

(1−fP)×CA
KAW

+
vdep×AF×fP×CA

2

1000×AF×PF

KFW
+ k ×MF

3 � Results and discussion

DDT and its degradation products were detected in soil 
samples collected from the Soke region of Aydin, Turkey 
[26]. The crop-specific models result showed that DDT 
and its degradation products primarily accumulate in the 
root, potato tuber, leafy vegetables with soil and cereals 
compared to leaves fruits, and water. Thus, we infer that 
soil plays a crucial role in the accumulation of DDT and 
its degradation products in plants. DDT and its degrada-
tion products accumulated in plant parts where the soil is 
in direct contact, as compared to plant parts held above 
the soil, such as fruits and leaves Fig. 1. Legind et al. [9] 
estimated methomyl insecticide uptake and transloca-
tion on pepper through drip irrigation. Study results indi-
cated that modeled estimations by crop-specific model 
demonstrated quite similar results compared to measured 
levels of methomyl in pepper fruit [9]. This could strongly 
indicate that uptake models i.e. crop-specific models can 
be used to predict and estimate contaminant levels in 
food including cereal, potato, fruit, vegetables. In addi-
tion, crop-specific models could be used to estimate the 
potential exposure of chemicals to adults and children in 
the environment through food intake [10]. The study con-
cluded that a crop-specific model was found to be more 
relevant compared to TGD (the Guidance Document, a risk 
assessment procedure) in estimating the dietary exposure 
of TCDD, BaP, and LAS for both children and adults [10]. 
Trapp et al. [25] conducted a study to test the diffusion 
of PAHs i.e. naphthalene, phenanthrene, anthracene, and 
fluoranthene in carrot and potato by using potato model. 
A study indicated that mass transfer of the chemicals 
occurs mainly via pore water and the mass transfer ratio 
between plant tissue and water does not depend on the 
hydrophobicity of the chemical [25]. In addition to that 
model, results were in agreement with the field results 

Fig. 1   Estimated levels of DDT 
(p,p′-DDT) and its metabolites 
(i.e. o,p′-DDE, p,p′-DDE) in plant 
parts including root, potato, 
leaves with soil, leaves, fruit, 
cereals, and water (mg kg−1). 
Sum of p,p′-DDT, o,p′-DDE, and 
p,p′-DDE is given as Total DDT. 
Accumulation of DDT and its 
metabolites primarily occurred 
in the root, potato, leaves with 
soil and cereals and levels in 
leaves, fruit, and water was 
found minimal 0.000000
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and suggested that methods were convenient to esti-
mate non-volatile organic chemicals in various plants [25]. 
Trapp [24] first introduced the fruit tree model (a math-
ematical model for uptake of organic compounds from 
soil and air) and the study indicated that model consists 
of eight compartments including two soil compartments, 
fine roots, thick roots, stem, leaves, fruits, and air that this 
model could be useful to predict the accumulation of envi-
ronmental contaminants into plants. For this reason, we 
assumed that using a crop-specific model would be an 
appropriate approach to estimate the levels of DDT and 
its degradation products p,p′-DDE and o,p′-DDE in the 
present study.

The results lead us to affirm that leafy vegetables pro-
duced in the area with a prior history of DDT application 
may contain reduced concentrations of DDT and its deg-
radation products. p,p′-DDT (2.0 × 10–5 mg kg−1) accumu-
lates in leaves with soil more compared to other degrada-
tion products p,p′-DDE (2.7 × 10−6 mg kg−1) and o,p′-DDE 
(7.0 × 10−6  mg  kg−1). Furthermore, the results show a 
reduction of the concentration of DDT and its degradation 
products in roots with concentration of 2.0 × 10–6 mg kg−1 
for p,p′-DDT followed by o,p′-DDE (1.3 × 10–6 mg kg−1) and 
p,p′-DDE (2.0 × 10–7 mg kg−1). Also, the concentration in 
potato tuber was found lower than the root concentra-
tion of the compounds. The concentration of p,p′-DDT 
in potato was 1.0 × 10–6  mg  kg−1; however, o,p′-DDE 
was found higher than p,p′-DDT with a concentration of 
1.3 × 10–6 mg kg−1. We attribute this reduction to the feed-
ing of the potato tuber by the phloem; perhaps much of 
the DDT and its degradation products are partitioned by 
the potato root tissues or leaves before they reach the 
tubers. DDT and its degradation products accumulated 
less in cereals compared to leaves with soil and root. Babu 
et al. [1] found a similar concentration ratio on basmati 
rice. Soil concentrations of p,p′-DDE and p,p′-DDT was 
higher compared to plant compartments which followed 
as husk, straw, grain and root [1]. The difference in the 
degree of accumulation in different plants and plant parts 
is related to the chemical structures of these compounds 
as well as the physiology of the plants and the proper-
ties of the soils analyzed. Note the apparent role that soil 
plays in the compartmentalization of the studies com-
pounds in the various plant parts. Leaves contaminated 
with soil showed greater concentrations than roots, and 
roots showed greater concentrations than the phloem-fed 
potato tubers. The concentration of the DDT degradation 
products changed in different models o,p′-DDE was higher 
than other degradation products in root and potato mod-
els, while p,p′-DDT was found higher in leaves with soil and 
cereals. Also, the study indicated that polar, non-volatile 
compounds transported from soil to fruits while lipophilic 
compounds accumulate from air into fruit based on the 

fruit tree model [24]. This could be the reason that the pre-
sent study results indicated very low accumulation levels 
into fruit and leaves. However, the deposition through the 
air can be neglected [9] due to low levels of DDT in the 
air because DDT has not been used since the 1980s [27]. 
Another study suggested that very lipophilic compounds 
such as DDT have a very low diffusion rate and they mostly 
remain in the peel or root of the vegetables [23]. This could 
be the reason the small traces of DDT and its degradation 
products were seen in root and potato compartments in 
the present study.

4 � Conclusion

The present study summarizes the uptake of DDT and its 
degradation products (p,p′-DDE and o,p′-DDE) from con-
taminated soil into plant compartments i.e. leaves, fruit, 
roots, cereal, potato, and water via crop-specific models. 
The concentrations of DDT and its degradation products 
in soil were obtained from Turgut et al. [26] and estimated 
levels were calculated by using the crop-specific model 
[10]. Model outputs indicated that o,p′-DDE, p,p′-DDE, and 
p,p′-DDT primarily accumulated in the leafy vegetables in 
soil, root, cereal, and potato. However, estimated levels 
of DDT and its degradation products in leaves, fruit, and 
water were minimal and negligible. Also, it is important to 
know the contamination levels of DDT and its degradation 
products to understand the potential impact on the envi-
ronment and human health via the consumption of plants 
from the areas where DDT has been applied. Thus, further 
studies are needed to estimate the exposure of DDT and its 
degradation products through diet in such areas as previ-
ously highlighted [10].

Models are useful tools to predict the fate of the envi-
ronmental contaminants as well as providing invaluable 
information for potential outcomes to the human popula-
tion [3, 10, 18]. In addition, some models could be precise 
to predict the environmental levels of certain contami-
nants [9]. Furthermore, models could be used for practical 
purposes including application rates, pre-harvest intervals 
[9], in addition to estimating the environmental relevant 
levels of compounds and how to design remediation and 
removal practices. For this reason, using the models could 
help us to understand better about the environmental 
contaminants and could also save time, money, and effort 
regarding analytical measurements for environmentally 
relevant concentrations. Furthermore, the uptake of com-
pounds is mainly depending on several parameters and 
conditions, which could potentially result in large varia-
tions and uncertainty [9]. This could tell us that there is a 
need to improve the model certainties with further stud-
ies and improved models that would give us strengthen 
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outcome. Furthermore, this model can also help to remedi-
ate the contaminated soils by rotating the crops variety to 
minimize the uptake of the environmental contaminants.
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