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Considering degradation kinetics of pesticides
in plant uptake models: proof of concept
for potato
Zijian Lia* and Peter Fantkeb

Abstract

BACKGROUND: Degradation kinetics of pesticides in plants are crucial for modeling mechanism-based pesticide residual
concentrations. However, due to complex open-field conditions that involve multiple pesticide plant uptake and elimination
processes, it is difficult to directly measure degradation kinetics of pesticides in plants. To address this limitation, we proposed
a modeling approach for estimating degradation rate constants of pesticides in plants, using potato as a model crop. An
operational tool was developed to backward-estimate degradation rate constants, and three pesticides were selected to
perform example simulations.

RESULTS: The simulation results of thiamethoxam indicated that the growth dynamics of the potato had a significant impact on
the degradation kinetic estimates when the pesticide was applied during the early growth stage, as the size of the potato deter-
mined the uptake and elimination kinetics via diffusion. Using mepiquat, we demonstrated that geographical variations in
weather conditions and soil properties led to significant differences in the dissipation kinetics in both potato plants and soil,
which propagated the variability of the degradation rate constant. Simulation results of chlorpyrifos differed between two
reported field studies, which is due to the effect of the vertical distribution of the residue concentration in the soil, which is
not considered in the majority of recent studies.

CONCLUSIONS: Our proposed approach is adaptable to plant growth dynamics, preharvest intervals, and multiple pesticide
application events. In future research, it is expected that the proposed method will enable region-specific inputs to improve
the estimation of the degradation kinetics of pesticides in plants.
© 2022 The Authors. Pest Management Science published by John Wiley & Sons Ltd on behalf of Society of Chemical Industry.
Supporting information may be found in the online version of this article.

Keywords: dissipation; degradation rate constant; plant protection product; pesticide residues

1 INTRODUCTION
The protection of plants from pests, insects, pathogens, diseases,
and weeds by pesticides supports the safety and quality of food.1

Pesticides are designed to affect target living organisms, but also
may harm human health.2–7 As pesticides are predominantly used
in agriculture, the consumption of residue-contaminated plants
(crops) can contribute significantly to the overall exposure of
humans and livestock to pesticides.8–12 This has caused increased
interest in studying the fate of pesticide residues in plants in sup-
port of improving health risk and impact assessments. The fate of
pesticide residues in plant tissues is highly dependent on chemi-
cal species, plant varieties, pesticide application patterns, environ-
mental conditions, and postharvest processing.13,14 Measuring
residue concentrations for numerous active ingredients and plant
species is, however, cumbersome. Instead, modeling approaches
are a promising alternative for evaluating the fate of pesticide res-
idues and predicting residue levels in plants in an efficient man-
ner, and can be evaluated against field measurements.15–21

Pesticide uptakemodels have been studied extensively, ranging
from one-compartment foliar to multi-compartment dynamic

models.8,22–27 These mechanic models evaluate the plant uptake
of pesticides via absorption, transpiration, diffusion, surface depo-
sition, metabolism, and advection processes, performing simula-
tions to predict residual concentrations in various crops and
their components. Among these processes, the metabolism of
pesticide residues in plants is not fully understood,28,29 mainly
due to a lack of data for estimating the degradation kinetics
(e.g. rate constants). Since most environmental assessment tools
for pesticides require such information, this is an important
knowledge gap, despite initial studies evaluating degradation
pathways, modes of action, and pesticide metabolites in plant
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tissues.30 Due to the lack of degradation rates of pesticides in
plant tissues, some plant uptake models do not include the
metabolism route,25,27,31 while other models approximate degra-
dation kinetics using bulk dissipation data to simulate residue
concentrations in plants.8,24,32–34 Both introduce assumptions
regarding metabolism of pesticides in plants, which may hamper
a proper comparison of pesticide residues in different assessment
contexts.
Jacobsen et al.28 evaluated in an illustrative case study the con-

tributions of individual elimination routes to the dissipation of
pesticide residues in plants in order to derive degradation rates.
Their model simulated the dissipation kinetics of pesticides in
wheat and tomato by breaking the dissipation process down into
bulk degradation, growth dilution, and volatilization as frequently
reported main elimination processes. The method employed by
Jacobsen et al.28 shed first light on the evaluation of the degrada-
tion kinetics of pesticides in plant tissues, which can be further
improved for the following reasons. First, the fruits of wheat and
tomato plants grow above ground, reflecting a more dynamic
environment (i.e. sunlight, wind, precipitation, etc.) than for
belowground crops, resulting in a relatively high degree of vari-
ability in the estimated within-plant degradation kinetics. Second,
the fate of pesticides in the fruits of wheat and tomato plants
includes not only metabolism, photolysis, volatilization, and dilu-
tion, but also inter-tissue transport that is influenced by transport
and elimination mechanisms across all plant parts (such as the
root, stem, and leaf).23 Consequently, the estimation of degrada-
tion kinetics must take into account the fate, transport, and distri-
bution of pesticides in the entire plant as well as the surrounding
environmental compartments (soil and air), which can complicate
simulation and propagate uncertainty. In addition, plant growth
dynamics can significantly affect the uptake and elimination of
pesticides in plants, especially during the early growth stage.33

Incorporating growth dynamics into the plant uptake model can
therefore more accurately reflect real-world conditions.
The main goal of our study was to advance the initial modeling

approach used by Jacobsen et al.28 to evaluate the degradation
kinetics of pesticides in plant tissues. Potatoes were selected as
the model crop, with main emphasis on degradation in harvested
potato tubers. The specific objectives of this study are (i) to use a
potato uptake model to investigate the degradation kinetics of
pesticides, (ii) to propose a curve-fitting approach to derive degra-
dation rate constants using the dissipation kinetics of pesticides
(experimental curves), and (iii) to develop an operational tool to
estimate degradation rate constants of pesticides in potatoes.

2 MATERIALS AND METHODS
2.1 General framework
In this study, first-order kinetic rate constants were used to
describe the uptake and elimination processes of pesticides
in potatoes, as the mass gain or loss of pesticides is assumed
proportional to residual concentrations.8,35 Figure 1(A) depicts
the modeling approach for estimating the degradation rate
constants of pesticide residues in potatoes by fitting a curve
to the measured dissipation kinetics. Pesticide residues in
potatoes are determined through considering growth dilution
(elimination), diffusion (uptake and elimination), degradation
(elimination), and active transport (phloem flux).25 Specifically
for organic compounds, the active transport of pesticide resi-
dues into potato tubers via phloem transport is negligible,35

indicating that the majority of pesticide residues are likely

taken up by potatoes through the soil compartment.25 Simulat-
ing the rate constants of dilution and diffusion is possible using
mechanistic process descriptions. In contrast, the degradation
rate constant cannot be modeled directly (demonstrated in
Methods S1 of the Supporting Information) and will be deter-
mined by fitting the simulated and measured curves of pesti-
cide dissipation kinetics in potatoes.
Due to potato growth following a logistic function, the dilu-

tion rate constant (due to tissue and cell growth) can be kept
constant throughout the potato's growth stages.33 In contrast,
the diffusion rate constants for both uptake (from soil to
potato) and elimination (from potato to soil) depend on the
radius of the potato, which can significantly affect the dissipa-
tion kinetics of pesticide residues in potatoes (Fig. 2).33 There-
fore, diffusion rate constants are dependent on time and are
correlated with the dynamics of potato growth. When the
potato reaches maturity [assumed to be half of the potato
growth period (i.e. 40 days) after planting the seedling] (Fig. 1
(B)), the radius is approximately 80% of its maximum value
at harvest. Thus, when pesticide application occurs less
than 40 days prior to harvest [i.e. the time-to-harvest interval
(THI) ≤ 40 days], the radius and diffusion rate constants can
be approximated as time-independent values to facilitate
simulation of the dissipation kinetics. In contrast, when
THI > 40 days, the diffusion rate constants change rapidly
due to the rapid growth of the potato, which is considered to
simulate the time-dependent rate constants of the diffusion
processes. An operational tool (Microsoft Excel) was developed
to backward estimate degradation rate constants of pesticides

Figure 1. (A) Conceptual diagram of the modeling approach for estimat-
ing degradation rate constants of pesticides in plant tissues using pota-
toes as a model plant. (B) Potato radius (m) plotted against time (day)
using a logistic growth function (calculation inputs are provided in Sup-
porting Information, Table S1). THI: time-to-harvest interval. Half of the
potato growth period is selected as the modeling illustration (i.e. 40 days).
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in potatoes, for which the underlying mechanism (more infor-
mation is available in Section 2.6) can be expressed as follows:

MAE experimental data, simulated data
zfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflffl{Input degradation kineticsð Þ

2
64

3
75

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Curve fitting using the operational tool

→min MAEð Þ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
Target output

ð1Þ

where MAE :ð Þ denotes the mean absolute error function, which
fits the experimental and simulated data (by setting degrada-
tion rate constants) to determine the minimal value,
min MAEð Þ. Given that pesticide degradation in plant tissues is
mainly an enzymatic process that is limited by the number of
enzymes produced by plant cells,36 first-order degradation kinet-
ics can be assumed when the residue concentration in plant tis-
sues is lower than the respective enzyme concentration. Since
residual pesticide concentrations in plant tissues are typically
lower than plant enzyme concentrations, the related Michaelis–
Menten enzymatic kinetics of pesticide residue in plant tissues
can be approximated using first-order rate constants. This
approximation has been widely utilized in pesticide fate model-
ing, such as biotransformation inmammalian livers,37,38 biodegra-
dation in crops,8,28 and dissipation in soils.39 In addition, the use of
first-order kinetics can simplify the modeling procedure, allowing
for high-throughput simulations of chemical fate for risk or life-
cycle impact assessment.40–42 In the rather rare case when pesti-
cide residue concentrations are relatively high or plant tissues
cannot supply enough enzymes to metabolize certain chemicals,
other types of degradation kinetics, such as biphasic and zero-
order processes,43 might be considered.

2.2 Potato uptake model with plant growth dynamics
The dissipation process of the pesticide in potatoes (including
uptake and elimination processes) can be expressed by the

following governing equation, which was developed based on
well-established mass-balance-based plant uptake models of
pesticides:8,35

dCp tð Þ
dt

¼ ks�! p tð Þ|fflfflfflfflffl{zfflfflfflfflffl}
Modeling

Cs tð Þ|ffl{zffl}
Experiment

zfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflffl{Uptake from soil

− kp�! s tð Þþkgrow; p|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Modeling

þ kdeg,p|ffl{zffl}
Unknown

2
64

3
75 Cp tð Þ|ffl{zffl}
Experiment

zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Elimination from potato
zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{Dissipation from potato

∀t

� 0tharv½ �
ð2Þ

where Cp tð Þ (in mg kg−1) and Cs tð Þ (in mg kg−1) are pesticide con-
centrations in the potato and soil, respectively as a function of
time (t, day) from planting (t = 0) to harvest (t = tharv); ks�! p tð Þ
(d−1) and kp�! s tð Þ (d−1) are the soil-to-potato uptake and
potato-to-soil elimination rate constants of the pesticide via diffu-
sion, respectively, considering potato growth dynamics; kgrow,p
(d−1) is the dilution rate constant, which is equal to the specific
growth rate of the potato;33,35 and kdeg,p (d

−1) is the degradation
rate constant of the pesticide in the potato. The latter is consid-
ered to be independent of t, since the biodegradation process is
active throughout the growth cycle of the potato.
Therefore, Cs tð Þ can be expressed using the residue's first-order

kinetic dissipation rate in the soil (kdiss,s, d
−1) as follows

Cs tð Þ= 0∀t � 0, tE½ Þ
Cs tapplð Þexp −kdiss,s t−tapplð Þ½ �∀t � tappl , tharv½ �

�
ð3Þ

where tappl (in days) is the time when the pesticide application
occurs; thus, THI equals ‘tH−tE ’. Cs tappl

� �
(inmg kg−1) is the residue

concentration in the soil immediately after pesticide application.
Cs tappl
� �

and kdiss,s can be obtained from field studies.
Thus, ks�! p tð Þ and kp�! s tð Þ can be estimated based on the dif-

fusion process of the pesticide through water phases of the
potato and soil31,35 as follows:

ks�! p tð Þ= 23Deffe

rp tð Þ� �2
Kswρp

∀t� 0, tharv½ � ð4aÞ

kp�! s tð Þ= 23Deffe

rp tð Þ� �2
Kpwρp

∀t� 0, tharv½ � ð4bÞ

where Deffe (m
2 d−1) is the effective diffusivity of the pesticide in

potato tissues; Ksw (in L kg−1) and Kpw (in L kg−1) are the soil–water
and potato–water partition coefficients of the pesticide, respec-
tively; ρp (kg L

−1) is the density of the potato; and rp tð Þ (in meters)
is the radius of the potato, assuming the spherical shape,35 as a
function of t, which can be expressed using the logistic growth
function8,33 as follows:

rp tð Þ= 3MMax
p

4πρpCF

 !1
3

1+
MMax

p −M0
p

M0
p

 !
exp −kgrow,pt
� �" #−1

3

∀t� 0, tharv½ �

ð5Þ
whereMMax

p (in kilograms) andM0
p (in kilograms) are themaximum

and initial masses of the potato, respectively; and CF (1000 Lm3) is
the unit conversion factor.

Figure 2. Schematic of the dissipation kinetics of pesticide residues from
potatoes affected by pesticide application timings (preharvest interval)
and potato growth dynamics.
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2.3 Experimental kinetics of pesticide dissipation in
potatoes
Based on the measured dissipation half-life (HLexpdiss,p, in days) from

field studies, first-order kinetics was used to describe the process
of pesticide residue dissipation in potatoes. The residue concen-
tration in the potato (C exp

p tð Þ, in mg kg−1) can then be expressed
as follows:

C exp
p tð Þ=0∀t� 0, tappl

� � ð6aÞ

C exp
p tð Þ=C exp

p tappl
� �

|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}
Experiment

exp − k expdiss,p|ffl{zffl}
Experiment

t−tappl
� �

2
64

3
75∀t� tappl, tharv

� �

ð6bÞ

where k expdiss,p (d
−1) is the pesticide's dissipation rate constant and

C exp
p tappl
� �

(in mg kg−1) is the pesticide concentration in the
potato immediately after pesticide emission. Both values can be
determined through field experiments.25,44–46

2.4 Estimating degradation rate constants via curve
fitting
Incorporating Eqn (3) into Eqn (2), the model can be expressed as
follows:

Cp tð Þ=0∀t� 0, tappl
� � ð7aÞ

dCp tð Þ
dt

¼ ks�! p tð ÞCs tappl
� �

exp −kdiss; s t−tappl
� �� �

− kp�! s tð Þþkgrow; pþ kdeg,p|ffl{zffl}
Unknown

2
64

3
75Cp tð Þ∀t� tappltharv

� �

ð7bÞ

The kdeg,p value of the pesticide can then be estimated by com-
paring CP tð Þ in Eqn (7b) with C exp

p tð Þ in Eqn (6b). As shown in
Fig. 2, Cp tð Þ will increase after pesticide application from zero to
positive values (the period of zero value is contingent on applica-
tion patterns such as foliar spraying and soil incorporation). Nev-
ertheless, the first-order dissipation kinetics curve obtained from
the experimental data, i.e. C exp

p tð Þ expressed in Eqn (6b), indicates
that C exp

p tð Þ decreases throughout the entire interval of t (i.e. from
pesticide application to crop harvest). In order to conduct the
curve fitting between the proposed model and the experimental
curve, unless the maximum value of Cp tð Þ can be reached very
quickly after pesticide application, Cp tð Þ must be adjusted to a
monotonic function.

2.5 Time-independent diffusion rate constants
(non-dynamic models)
As depicted in Fig. 1, when the THI is less than or equal to half of
the potato's growth cycle (i.e. 40 days), the pesticide diffusion rate
constants can be considered as time-independent values. Then,
Eqn (2) can be rewritten as follows:

dCND
p tð Þ
dt

=kNDs�! pCs tð Þ− kNDp�! s+kgrow,p+k
ND
deg,p

� 	
CND
p tð Þ∀t� 0, tharv½ �

ð8Þ

where CND
P tð Þ (in mg kg−1) denotes the pesticide concentration in

the potato for the non-dynamic model; kNDS�! P (d−1) and kNDp�! s

(d−1) are the time-independent soil-to-potato uptake and
potato-to-soil elimination rate constants via diffusion, respec-
tively; and kNDdeg,p (d

−1) is the degradation rate constant estimated
using the non-dynamic model. Combining with the Cs tð Þ in
Eqn (3), CND

p tð Þ can be solved as shown in Methods S2 of the Sup-

porting Information. Then, kNDdeg,p can be resolved by fitting the
curves of Eqns (6b) and (s2b).
Some pesticides are applied multiple times during the potato's

growth cycle, and the experimental dissipation kinetics curves of
pesticides in potatoes and soil are typically determined after the
final application (i.e. between the last pesticide application and
the potato harvest). In addition, most experiment curves typically
begin at the highest pesticide concentration in potatoes to deter-
mine the first-order dissipation curve, ignoring the pesticide's net
uptake process. With this, CND

p tð Þ in Eqn (8) can be refined as
follows:

dCND,last
p tð Þ
dt

¼ kNDs�! p C
last
s tð Þ|fflfflffl{zfflfflffl}

Experiment

− kNDp�! sþ kgrow; pþ kND,lastdeg,p|fflffl{zfflffl}
Unknown

0
B@

1
CACND,Last

p tð Þ∀t

� tappl; lasttharv
� �

ð9aÞ
Clast
s tð Þ=Clast

s tappl,last
� �

exp −kdiss,s t−tappl,last
� �� �

∀t� tappl,last, tharv
� �

ð9bÞ

where CND,last
p tð Þ (in mg kg−1) and Clast

s tð Þ (mg kg−1) denote pesti-
cide concentrations in the potato and soil as functions of t, respec-
tively, in the non-dynamic model for the most recent pesticide
application; kND,lastdeg,p (d−1) is the degradation rate constant of the

pesticide in the potato for the last pesticide application. Then,
CND,last
p tð Þ in Methods S2, Eqn (s2a) can be solved with initial con-

ditions “Clast
s tappl,last
� �

and CND,last
p tappl,last

� �
” at the time of the last

pesticide application (tappl,last, day), as determined by field studies,
as shown in Methods S2.
Then, the kND,lastdeg,p value of the pesticide residue can be estimated

by fitting CND,last
p tð Þ in Methods S2, Eqn (s3) as follows:

C exp,last
p tð Þ= C exp,last

p tappl; last
� �zfflfflfflfflfflfflfflfflfflfflfflfflffl}|fflfflfflfflfflfflfflfflfflfflfflfflffl{Earlier applications

exp −k exp,lastdiss;p t−tappl; last
� �h i

∀t

� tappl; lasttharv
� �

ð10Þ

where C exp,last
p tð Þ (in mg kg−1) is the pesticide concentration in the

potato as a function of t, described by the first-order dissipation

kinetic rate constant (k exp,lastdiss,p , d−1) determined from the experi-

mental data during the time between the last pesticide applica-
tion and harvest (i.e. t� tappl,last, tharv

� �
). Notably, the majority of

experimental studies assessing the first-order dissipation
kinetics of pesticide residues in potatoes collected potato samples
between the last pesticide application and harvest, which corre-
sponds to the scenario given in Eqn (10).
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2.6 Operationalization
According to Eqn (1), the underlying mechanism of the opera-
tional tool can be expressed as follows:

MAE C exp
p tð Þ|fflfflffl{zfflfflffl}

Experiment

, Cmodel
p t, kdeg,p|ffl{zffl}

Input

0
B@

1
CA

|fflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Modeling

2
6666664

3
7777775
→min MAEð Þ|fflfflfflfflfflfflffl{zfflfflfflfflfflfflffl}

Output

ð11Þ

where Cmodel
p t, kdeg,p

� �
(in mg kg−1) is the modeled pesticide con-

centration in potatoes, which includes the dynamic (i.e. using the
time-dependent radius of potatoes) and non-dynamic (using the
time-independent radius of potatoes) models. In the operational
tool, kdeg,p (the unknown degradation rate constant) is the input
value that users can arbitrarily set to generate MAE values;

MAE C exp
p tð Þ, Cmodel

p t, kdeg,p
� �h i

is the output result, of which the

minimum value (or values close to the minimum value), namely
min MAEð Þ, is the target output. Therefore, min MAEð Þ indicates
that the experimental and modeled curves are very similar, with
the input kdeg,p being the pesticide's estimated degradation rate
constant in potatoes.
The operational tool is provided in the Supporting Information

Spreadsheets S1–S3, and inputs can be adapted upon availability
of refined data such as own experimental data. As there are
currently no analytical solutions for the dynamic model,33 a
finite-approximation approach was proposed to calculate the
time-dependent rate constants sheet-by-sheet in order to per-
form the modeling exercise. Analytical solutions were inserted
into the operational tool to simulate pesticide concentrations in
potatoes for non-dynamic models. We note that experimental
curves of the pesticide dissipation kinetics in potatoes do not typ-
ically include the net uptake stage that is included in the simu-
lated curves (i.e. dynamic and non-dynamic models). Therefore,
when calculating the MAE between experimental and simulated
curves, the adjustment was made to calibrate the time based on
the highest simulated values of the proposed models, as follows:

MAE0 C exp
p tð Þ|fflfflffl{zfflfflffl}

Experiment

, Cmodel
p t+ Δt

z}|{Net uptake stage

|fflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflffl}
Calibtration

, kdeg,p|ffl{zffl}
Input

0
B@

1
CA

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
Modeling

2
6666664

3
7777775
→min MAE0ð Þ|fflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflffl}

Output

ð12Þ

where MAE0 denotes the adjusted MAE, and Δt (in days) is the
period of the net uptake stage of the pesticide in potatoes for
the proposed models. Thus, 0t+Δt0 eliminates the net uptake
stage of the proposed models in order to match the experimental
curve (i.e. a monotonically decreasing function).

2.7 Case study
Wematched the curves between the proposed and the first-order
dissipation kinetic models in an illustrative case study for a neoni-
cotinoid insecticide, a plant growth regulator, and an organo-
phosphate insecticide as example pesticides, using data from
existing field studies. Abd-Alrahman45 evaluated the dissipation
kinetics of thiamethoxam (a broad-spectrum neonicotinoid

insecticide) in potatoes and soil. Due to the lack of clarity on the
THI of thiamethoxam, both dynamic and non-dynamic models
were used to evaluate the degradation kinetics of thiamethoxam
in potatoes. Zhang et al.44 examined the dissipation behaviors of
mepiquat (a plant growth regulator) in potatoes and soil, and their
field studies were conducted in various regions with THIs of less
than 40 days. Thus, the non-dynamic model was utilized to dis-
cuss the estimated degradation kinetics of mepiquat in potatoes
with geographical variations.
Chlorpyrifos, a commonly used organophosphate in potato

fields, was also selected for the modeling exercise due to its high
lipophilicity, which represents a different bioconcentration
behavior in potatoes compared to chemicals with low lipophilicity
(e.g. thiamethoxam and mepiquat).32 Narenderan et al.46 con-
ducted a series of field experiments to evaluate the dissipation
kinetics of commonly used organophosphate insecticides (includ-
ing chlorpyrifos) in potatoes and soil with 21-days THIs. In addi-
tion, Juraske et al.25 proposed a dynamic uptake model to
simulate pesticide concentrations in potatoes with multiple appli-
cation events (the final application event 13 days prior to harvest),
which was evaluated in an experimental study. Consequently, the
improved non-dynamic model was used to estimate the degrada-
tion rate constant of chlorpyrifos in potatoes. Noting that Juraske
et al.25 also measured the growth dynamics of the potato, the
value of 0.06 d−1 was used when simulating their study. Inputs
specific to chemicals and plants are provided in the Methods
S3–S5.

2.8 Model improvement
As environmental factors (e.g. weather conditions) can have a
substantial effect on pesticide degradation kinetics in the soil,
pesticide bioconcentration in plants, and plant growth,39,47–52 it
is necessary to increase the model's flexibility in order to conduct
region-specific evaluation. In this study, rate constants of pesti-
cides in soil and plant tissues were obtained from existing field
research, whose values were climate- and region-specific. Thus,
we modified the uptake or elimination rate constants to achieve
region-specific simulation results. Diffusion-based uptake rate
constants of pesticides in potatoes can be significantly affected
by soil properties, similar to other plants with soil-based exposure
pathways (e.g. foliar vegetation, carrot, and wheat).8,27,53 As a
result, elimination processes representing diffusion as well as dilu-
tion need to be addressed in site-specific assessment of pesticide
degradation rates for potatoes. Potato growth rates are affected
by seasons, locations, soil fertility, and planting methods; hence,
the dilution rate constant of the pesticide in potatoes can exhibit
spatiotemporal patterns. In order to demonstrate the feasibility of
the enhanced model, we estimated the variability interval of dilu-
tion rate constants, which were then incorporated into the pro-
posed operational tool to provide corresponding outputs. Even
though experimental results on pesticide dissipation kinetics in
the soil are already site-specific, dissipation processes in the soil
can be significantly influenced by dynamic environmental factors
(e.g. temperature, humidity, and rainfall events).39 Thus, we also
conducted the variability analysis of the proposed modeling
approach by taking into consideration the variation in pesticide
dissipation rate constants in the soil, which can help improve
the operational tool proposed for site-specific applications. In
addition, field research has revealed that the potato's growth rate
constant (or relative growth rate) can vary over its life cycle,54 con-
trary to existing modeling approaches that assume constant
values.25 33,35 Using time-dependent rate constants as stated in
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Eqn (7b), this issue can also be resolved by the operational tool
proposed. In Methods S6, a stepwise procedure is provided for
improving the application of the model by considering dynamic
environmental factors. Where feasible, users are able to modify
rate constants (e.g. based on local measurements) to get outputs
that are region-, plant-, and chemical-specific.

3 RESULTS AND DISCUSSION
3.1 Degradation kinetics of thiamethoxam in potatoes
In the proposed operational tool, we utilized the experimental
data of Abd-Alrahman45 to evaluate the degradation kinetics of
thiamethoxam in potatoes. Due to the lack of THI data, we varied
the THI values of thiamethoxam in the proposed dynamic and
non-dynamic models in order to discuss the simulated degrada-
tion kinetics of potatoes. Figure 3 depicts the simulated thia-
methoxam concentrations in potatoes using the dynamic and
non-dynamic models, generated by the proposed operational
tool with a default THI of 21 days, which is commonly used for
some insecticides applied to potato fields.55 The simulation
results demonstrated that dynamic and non-dynamic models
generated nearly identical concentration curves for thia-
methoxam in potatoes. When the degradation rate constant was
set to 4 d−1, the MAEs for the dynamic and non-dynamic models
with respect to the experimental curve were 0.01 and 0.03,
respectively. When the THI is 21 days, the potato is already in
thematuration stage and has reached a stable size (assuming that
the duration of the potato's growth cycle is 80 days). This explains
why these twomodels produce similar results (e.g. radius). Conse-
quently, both dynamic and non-dynamic models can be used to
estimate the degradation rate constant of thiamethoxam in pota-
toes. Setting the degradation rate constants to 3 d−1 and 5 d−1 for
the non-dynamicmodel resulted in MAEs of 0.09 and 0.10, respec-
tively, indicating that setting the degradation rate constant to
4 d−1 resulted in a more accurate curve fitting between the simu-
lated and experimental curves. Therefore, 4 d−1 could be used as
the degradation rate constant of thiamethoxam in plant tissues in
this instance.

Inconsistency was observed in the estimated degradation rate
constants between the dynamic and non-dynamic models when
the THI reached 60 days. Figure 3 depicts the simulated thia-
methoxam concentrations in potatoes generated by the dynamic
model with a degradation rate constant of 4 d−1, resulting in an
MAE of 0.35. However, when the degradation rate constant for
the dynamic model was set to 20 d−1, the corresponding MAE
was 0.02 (Fig. 3). The simulation results indicated that a high input
value (i.e. the degradation rate constant of thiamethoxam in pota-
toes) was required if the pesticide was emitted during the early
stage of potato growth (e.g. THI = 60 days) in order to match
the environmental curve. This high input value is linked to the fact
that when the potato is relatively small (i.e. has a small radius), the
uptake process of thiamethoxam from the soil is significantly
enhanced (Fig. 4); consequently, a high degradation rate constant
of thiamethoxam in the potato is expected to match the experi-
mental curve. Even though the rate constant of 20 d−1 existed
mathematically, it was much higher than observed or estimated
dissipation rate constants in plant tissues,56 indicating that Abd-
Alrahman's field study45 was unlikely to have been conducted
under the THI of 60 days. When the THI was set to 40 days, both
dynamic and non-dynamic models yielded similar results
(Supporting Information, Fig. S1) to the scenario where the THI
was 21 days. This is because, at the time of the pesticide applica-
tion (40 days after planting the potato), the potato was very close
to maturity, resulting in a relatively stable size as well as the sim-
ulated diffusion rate constants (Fig. 4). Therefore, we infer that
Abd-Alrahman45 applied thiamethoxam when the potato was at
or near maturity, and the degradation rate constant of 4 d−1 in
potatoes could be used as a preliminary value for simulating thia-
methoxam concentrations in plants.

3.2 Degradation kinetics of mepiquat in potatoes
We observed geological variations in the estimated degradation
kinetics of potatoes for mepiquat. Zhang et al.44 evaluated the dis-
sipation kinetics of mepiquat in potatoes and soil by conducting
field studies in three Chinese regions (Methods S5.2). Based on
experimental data collected in Beijing, the simulation results
(Fig. S2) indicated that the estimated degradation rate constants
of mepiquat in potatoes were extremely high (e.g. 15 d−1). None-
theless, the simulation results (Figs S3 and S4), which were based
on experimental data collected in Hunan and Jiangsu, showed
contradictory outcomes. According to Hunan and Jiangsu field
studies, the estimated degradation rate constants of mepiquat
in potatoes were 1.5 d−1 and 0 d−1, respectively. Notably, the
fitted dissipation kinetics of mepiquat in potatoes (i.e. the experi-
mental curve used in the proposed operational tool) had a rela-
tively low R2 (0.62) compared to those of Hunan and Jiangsu
(0.95). The relatively low R2 value of the experimental curve may
propagate uncertainty in the estimated value of the degradation
rate constant of mepiquat in potatoes. Nonetheless, between
Hunan and Jiangsu, a substantial variation in the estimated degra-
dation rate constant was also observed.
Intriguingly, we discovered some inconsistencies in the experi-

mental data. For instance, the estimated dissipation half-life of
mepiquat in the soil of Beijing (i.e. 4.6 days) was twice that in
the soil of Jiangsu (i.e. 2.2 days),44 indicating that the residue of
mepiquat dissipated more quickly in the soil of Jiangsu. Conse-
quently, after pesticide application, the concentration of mepi-
quat in the soil of Jiangsu decreased more rapidly than in the
soil of Beijing, resulting in a large driving force (i.e. the potato-
to-soil diffusion flux of mepiquat) that ‘pulled’ the mepiquat

Figure 3. Simulated concentrations of thiamethoxam in potatoes by the
dynamic and non-dynamic models, plotted against time and compared to
the experimental concentrations. The proposed operational tool was used
to generate figures. Scenario 1: The time-to-harvest interval (THI, in days)
was determined to be 60 days. The input degradation rate constants were
4 d−1 and 20 d−1, resulting inmean absolute errors (MAEs) (output) of 0.35
and 0.02, respectively. Scenario 2: the time-to-harvest interval (THI) was
determined to be 21 days. For the dynamic and non-dynamic models,
the input degradation rate constant was 4 d−1, resulting in MAEs (output)
of 0.01 and 0.03, respectively.
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residue out of the potatoes in Jiangsu. If the degradation kinetics
of mepiquat in potato tissues of these regions were identical, the
mepiquat dissipation rate measured in Beijing would be lower
than that measured in Jiangsu. However, the field study revealed
that the rate of mepiquat dissipation in Beijing-measured pota-
toes (i.e. the half-life of 2.4 days) was greater than that in Jiangsu
(i.e. the half-life of 3.4 days).44 In addition, regional temperature
differences could account for the geographical variation in
reported half-lives of mepiquat in the soil. Beijing is in northern
China, and the annual average temperature was lower than that
of Jiangsu and Hubei, which are located in southern China, indi-
cating that the half-life of mepiquat in the soil of Beijing should
be longer than that of Hunan and Jiangsu, which is consistent
with the experimental data.44 Nonetheless, if temperature plays
a significant role in the degradation and diffusion kinetics of the
pesticide, then the dissipation kinetics of mepiquat in Beijing
potatoes should be greater than in Hunan and Jiangsu, which is
not supported by the experimental data. Consequently, we
inferred from the experimental data that weather conditions, soil
properties, and potato varieties caused these contradictions. For
instance, mepiquat has a very low lipophilicity (logKOW = −3.6),
so the water content of the soil can have a substantial effect on
the partition coefficient between soil and water, which in turn
influences the uptake and elimination rate constants of mepiquat
via diffusion. Consequently, the geological variation in weather
conditions (e.g. precipitation and humidity) and soil properties
(e.g. water content) can result in a substantial variation in the
measured dissipation kinetics of mepiquat in potatoes and soil.
In addition, weather conditions and soil properties may influence
the growth dynamics (e.g. growth rate) or physiological traits
(e.g. periderm) of plants,57 thereby modifying the uptake or elim-
ination rate constants of the pesticide in plants.32 In addition to
plant growth dynamics, the simulation results of the proposed
model suggested that dynamic factors, such as weather condi-
tions, soil properties, and plant physiology, should be considered.

3.3 Degradation kinetics of chlorpyrifos in potatoes
For the degradation kinetics of chlorpyrifos in potatoes, different
field studies produced inconsistent simulation results. Figure S5
(A)) compares the simulated chlorpyrifos concentrations in
potatoes over time to the experimental concentration curve

(the dissipation kinetics of chlorpyrifos in potatoes). As the simu-
lated concentrations were significantly lower than the experimen-
tal data,46 the degradation rate constant could not be inputted
into the operational tool. The simulation results indicated that
the non-dynamic model proposed by Narenderan et al.46 could
not adequately describe the uptake and elimination behaviors
of chlorpyrifos. This discrepancy between simulation and
experiment may be because the high lipophilicity of chlorpyri-
fos hindered the simulated uptake kinetics (i.e. potato-to-soil
uptake rate constant via diffusion).32 Consequently, using the
current uptake model, the simulated chlorpyrifos concentra-
tions in potatoes could not exceed 5 mg kg−1, as measured in
a field study (Fig. S5(A)). Using the improved non-dynamic
model (i.e. assuming an accumulated concentration of chlor-
pyrifos in potatoes prior to pesticide application resulting from
previous chlorpyrifos applications) (Fig. S5(B)), the simulated
chlorpyrifos concentrations in potatoes matched the experi-
mental curve more closely than the non-dynamic model. In
the enhanced non-dynamic model, the initial concentration
of the pesticide in the potato was set to match experimental
data instead of assuming a zero initial concentration. The cal-
culated degradation rate constant was zero despite the fact
that the simulated chlorpyrifos concentrations were lower
than the experimental data. This was because the simulated
chlorpyrifos uptake kinetics in potatoes were inhibited.
Nevertheless, the simulation results based on the study by Jur-

aske et al.25 were more in line with the experimental data.
Figure 5 depicts the estimated lower and upper limits of the deg-
radation rate constant of chlorpyrifos in potatoes based on the
improved non-dynamic model. The simulation outcomes closely
matched the experimental curves. The MAE is 0.001 when the
degradation rate constant is set to 0.2 d−1. This indicates that
the proposed modeling approach based on current plant uptake
models agrees with the experimental data from Juraske et al.25

Notably, in the study conducted by Juraske et al.,25 pesticide con-
centrations in the soil were simulated as a function of vertical dis-
tance rather than as a homogenous distribution. Since pesticide
residues in the soil are the only source of residues absorbed by
potatoes, accurate measurement or simulation of the pesticide
concentration in the soil matrix is desired. In real-world scenarios,
the pesticide concentration in the soil is vertically distributed after
pesticide application; therefore, homogeneous distribution can-
not be assumed to provide the most accurate estimation of the
pesticide concentration in the soil surrounding potatoes. Most
current field or modeling studies adopted the first-order dissipa-
tion kinetics of the pesticide in the soil, assuming homogeneous
distribution to simplify the calculation process; this should be
improved by adjusting the soil residue concentration based on
the planting depth of tubers. Notably, in order to preserve simplic-
ity, the suggested operational tool intended to fit pesticide
uptake models to experimental studies evaluating the first-order
kinetics of pesticide residues in potatoes. Thus, the simulation
focused on the period between the last pesticide application
and crop harvest. If the experimental study collected samples dur-
ing the whole life cycle of the potato growth, curve fitting can be
extended to include additional pesticide application events in
addition to the final one.

3.4 Model improvement and recommendations
Due to their generally stable environment (i.e. underground envi-
ronment) and well-established uptakemodels that have been val-
idated by extensive field studies, potatoes were used as an initial

Figure 4. Simulated time-dependent uptake (soil-to-potato diffusion)
and elimination (potato-to-soil diffusion) rate constants of thiamethoxam
in potatoes and potato radii, plotted against time. The plots were gener-
ated by the proposed tool based on spreadsheets. The simulation began
at 20 days (immediately after pesticide application) and ended at 80 days
(at harvest), which corresponds to the scenario in which the preharvest
interval of 60 days was utilized.
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model plant in the proposed modeling approach.25,31,35 Other
types of plant uptake or dissipation models should be tested for
their reliability in estimating plant-specific degradation kinetics
in future efforts, notwithstanding the possibility of a high degree
of uncertainty. Root crops (e.g. carrot, beet, and sweet potato)
have more uptake or elimination routes of pesticide residues
(e.g. xylem or phloem transport) than tuber plants, resulting in a
buildup of uncertainty in simulation outputs.53,58 Other under-
ground plants (e.g. groundnuts) have distinctive development
patterns (e.g. geocarpic fruit growth) that complicate the simula-
tion of pesticide degradation kinetics.59 Many aboveground
plants (e.g. wheat, apple, and banana) have multiple exposure
pathways to pesticides, including leaf surface, fruit surface, and
soil, resulting in greater uncertainty in simulation results com-
pared to tuber plants.8,15,18,60–64 However, once well-controlled
experimental data are available, users can add degradation rate
constants as an unknown variable into current plant uptake
models to back-estimate plant-specific pesticide degradation
kinetics for crops other than potato.
Some model input variables are site-specific. For instance, the

growth rate constant of a plant can vary greatly based on plant
variety, environmental conditions, soil fertility, and planting
method.50,52,54,65 During the growth cycle of a plant, even the rel-
ative growth rate can be time-dependent.54 Numerous modeling
studies have assumed constant specific growth rates of plants to

simplify the simulation process, which can be for dietary risk
assessment, especially when high dilution rate constants are
included.8,35,53 Nevertheless, this simplifiedmethodmay overesti-
mate pesticide residue levels in harvested plants. In this study,
time-dependent model inputs can be included into the opera-
tional tool (Methods S6), hence facilitating simulations of real-
world scenarios. Users are able to determine their own model
inputs (e.g. rate constants for plant growth) and generate site-
specific results.

4 CONCLUSIONS
In the present study, a modeling approach to estimating degrada-
tion rate constants in plant tissues was proposed. Based on sev-
eral available plant uptake models for this crop, we utilized
potato as a model plant. By fitting simulation results with experi-
mental data, an operational tool was developed to backward-
estimate the degradation rate constants of pesticides in potatoes.
We conducted case studies for three pesticides that can accom-
modate a variety of experimental conditions (i.e. THI and multiple
application events). Using reported data to perform the modeling
exercise, we suggest that future research should focus on the fol-
lowing aspects in order to improve the degradation kinetics esti-
mate of pesticides in plants:

(i) the growth dynamics of potatoes during the growth stage can
significantly affect the uptake and elimination kinetics of the
pesticide in potatoes, indicating that the pesticide's THI must
be taken into account when evaluating the degradation kinet-
ics of the pesticide in plant tissues;

(ii) geological variations in weather conditions and soil properties
are essential for determining the degradation kinetics of the
pesticide in potatoes, which cannot be ignored in field or
modeling studies;

(iii) the dissipation kinetics of the pesticide in the soil has a signif-
icant effect on the dissipation kinetics of the pesticide in pota-
toes; therefore, a comprehensive investigation of the residue
concentration in the soil, particularly at planting depths of
tubers, is strongly suggested;

(iv) conceiving experimental/modeling studies to directly mea-
sure/predict degradation kinetics of pesticides in plant tis-
sues, such as in vitro culture of plant cells66 and in silico
analysis of the chemical–plant interaction;67

(v) implementing the proposed modeling approach into other
software with specialized functional packages to conduct
more robust parameter evaluation and calibration (e.g. PEST).

With the earlier-mentioned recommendations, the proposed
modeling approach can be further enhanced to be more adapt-
able to environmental conditions (weather and soil properties)
and plant species (aboveground and belowground crops). We
anticipate that plant uptake models for other crops (such as apple
and wheat) will in the future be added into the operational tool
utilizing the simulation mechanism depicted in Eqn (1) in order
to derive degradation rate constants of pesticide residues in other
crops. With the computed degradation rate constants, it is then
possible to determine the simulated dissipation rate constants
of pesticide residues in plants. Consequently, existing modeling
tools can be equipped with the curve-fitting function to simulate
dissipation or degradation rate constants of pesticide residues in
various plant species, which will aid both health risk and life cycle
impact assessments of pesticides.

Figure 5. Simulated chlorpyrifos concentrations in potatoes by the
improved non-dynamic model plotted against time, compared to the
experimental concentration curve. The proposed operational tool was
used to generate figures. The time-to-harvest interval (THI, in days) was
determined to be 13 days. The lower (A) and upper (B) limits for the input
degradation rate constants were 0.2 d−1 and 0.6 d−1, resulting in mean
absolute errors (MAEs) (output) of 0.001 and 0.003, respectively. The
experimental data were obtained from Juraske et al.25
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