Pesticide bioconcentration modelling for fruit trees
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Abstract

The model presented allows simulating the pesticide concentration in fruit trees and estimating the
pesticide bioconcentration factor in fruits of woody species. The model allows estimating the pestiide
uptake by plants through the wakr tmnspiration stream and also the time in which maximum pesticide
concentration occur in the fruits. The equation proposed presents the reltionships between
bioconcentration factor (BCF) and the following varables: phnt water transpiration volume (Q), pesticide
transpiration stream concentration factor (TSCF), pesticide stem-water partition coefficient (Kwooa,w), SEM

dry biomass (M) and pesticide dissipation rate in the soil-plant system (kggs). The modeling started and
was dewloped from a previous model “Fruit Tree Mode I’ (FTM), reported by Trapp and collaborators i

2003, to which was added the hypothesis that the pesticide degradation in the soil follows a fist order
kinetc equation. The model fitness was evaluated through the sensitivity analysis of the pesticide BCF
valwes in fruits with respect to the model entry data varmbilty.
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Introduction

In general, the fruit tree production mam gement includes the use of pestcides. Brazilis one of the
world’s greatest consumers and exporters of fresh fruits and fruit juices and ranks among the world’s ten
greaest pesticide users (Armas et al, 2005). Therefore, the Brazlan government concern about fruit
quality relted to pestcide concentration in fruits produced in Brazl and exported to other countries
comes with the greatexpec tations of Brazlan people and foreigners, consumers of fresh fruits.

Mathe matical models might contribute to prevent concentrations of toxic substnces in fruits of
plants cuktivated with pesticides and suggest that such substances must be systematically monitored in
good agriculture practce programs. Several mathematcal models have been developed to simuhte the
uptake of substances by phnts (Fujisawa etal, 2002; Hung and Mackay, 1997; Matthies and Behrendt,
1995; Paterson and Mackay, 1995; Riederer, 1995; Trapp, 1995; Trapp and Matthies, 1995; Trapp and
Matthies, 1998; Trapp and McFarlne, 1995; Trapp etal., 2003; Trapp and Pussemier, 1991). There are
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dels developed to simubte kaf uptake (Trapp and Matthies, 1995), the ones to simuhte root uptake

Thpp etal, 2003) and others to simulte both kaf and root uptake (Fujisawa etal., 2002).

A substance bioconcentration is de fired as the concentration increase inside and/or on the surface

of an organism (or in specific tissues) in relation to the substance concentration in the extermal medium
(OECD, 1981). This research work aimed at modeling the bicconcentration and estimating the pesticide
BCF value in fruits woody trees. The pesticides considered in this study are non-ionic organic compounds-

degrding i the soil.

Material and Methods
Hypoth esis for the FTM-p model

The pesticide bioconcentration modeling in fruits was developed from the original model named
Fruit Tree Model (FTM), according to Trapp etal (2003), and consisted of adding to & the hypothesis that
pesticides degrade in the soil according to a first order kinetc equation. The FTM-p modeling supposes
that the pesticide dilution processes due to plant growth, pesticide metabolism in the phntand pestiide
degradation in the soil are described by first order kinetic equations. In both FTM and FTM-p models, the
ar/pestcide exchange by diffusion through the xykm/phloem, wood-bark and fruits were neglected.
Thus, the pesticide transport into the plant was considered a passive process occurring through the phnt

transpiration stream. Both models were also supposed for woody and perennial frut trees.

The F TM-p mod eling from FTM model

Pesticide is transported via transpirtion stream to all plant parts (roots, sems, leaves and fruits).
In the plnt, the pesticide is transformed through metabolic processes, diluted in function of plant growth a
adsorbed in the woody parts. Thus, the pestiide totalbaknce mass in the plant was cakuhted by
(Trappetal, 2003):

d—’";lgl:, B IR, iJK!*— )

where m .nh” (f) (mgday' ha™) & the pesticide totalmass in the stem per hectare, Q (1 day' ha') s
the water transpration rate (transpration stream) by phnts, C“ (mg ') & the pestcide concentraton n
the transpration stream, M (kg ha™) & the stem total dry mass, k, (day') & the pestic e transformation
rate n the stem, £, (day') & the phnt growth rate, G, (mg kg') ® the pesticide concentration n the

stemand K,,,, (Ikg') & the stem-water pesticide partiion coeffic nt.
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The pestcide concentraton n the transpration stream was estimated from the pesticide

coucentration in the soil solution and from the pestc ide transpration stream concentration factor, using

the expresson C .SCF ', ,where C (mgI') 5 the pesticide concentraton in the soil soluton

and TSCF s the pestcde concentration factor in the transpration stream. The TSCF valie was estmated
from the octanobwater parttion coeffcent given by the expression (Burken and Schnoor, 1998)

!_05 Kmv'.‘50 r
7SCF ID.756e 258 , where g K, © the logarthm of the octanolwater parttion coeffcient.

The K valie was estmmated from the octanobwater parttion coeffcent given by the expression
.O;II'. BN (A )

It was supposed that the pestcide degradation rate n the soil solution at the phnt rizosphere can

Vol 1

(Trapp etal, 2001) K,

Tavi

be descrbed by a frst order kinetic equation given by:

l C'e | 1 -
.<lm< R

. CSmr
(lKOC . ‘AW/

(mg kg") & the pestcde mitn [concentration n bulk soil, k, (day™) & the pesticide dissipation daily rate

where Cy | (mg I') & the soil solution pestcide initialconcentration, C},

n the soil, [[li (kg I') and .(kg I') are the soldensiies n a humid basis and dry basis, respectively.
K,y © the pestcide air-water partition coefficient. The coefficents f,, (g g”), J, and f, are the soil

volume tric fractons of organic carbon, water and ar, respectively. The parameter K . (1 kg') & the

pesticide organic carbon-water parttion coeffcient and was estimated by the expression (EUSES, 1996)
K.a; I]OM 1] [ N ]
It was supposed that the pesticide int @ lconcentration i the soilsolution s known and the one n

the phnt s null, that s, C, (0) ",' and C (O).). Under these condtions and consdering

(I
m,,, (1) .\/I", (1), the resolution of Eq. (1) that descrbes the pestcide concentration in the stems s
given by:

l;z l a L&
Chjen * ©)
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where the constants A (I kg' day') and B (day') are given by A Wscr and
M

B .k! l)l% Constant A & the pestcide uptake rate by phnts and constant B § the
Toel 01

pestcide dsspation rate from the phnt. From Eq (3) the pestiide concentraton n the frui was
estimated by the equation given by:

oo (,)‘Zﬂh/;émcmm ®) sigen G [elw ../]

4
Wood IV Kﬂ'zmd,”' (8.3 ) ( )

where C .:‘r (1) (mg kg' day' of frut fresh mass) 5 the frut daily pestiide concentraton and

T

Qrhioen(1kg") & the volume of water fow i the phloem necessary to produce 1.0 kg of fresh frug (Trapp
et al, 2003). The Eq. (4) allows estimating the time necessary to reach maximum pesticide concentration

n frut and the frut maximum concentration. The time to reach maximum pestcide concentration in fruit

5 given by ¢! n(B)=1(k1). And the frui maximum concentration was cakuhted by
B !

el .
The pesticide bioconcentration n fruit was estimated suppos ng steady state equilibrum of the

quotient between the pesticide concentration in soil solution and in fruis and was cakuhted by:

cC

BCF m g"‘(t) (5

where BCF (1 kg') & the pesticide biconcentration factor n frut. For the solition of Eq. (1) and to

cakuhte the limi of Eq. (S5) t was supposed that the pesticide degradation rate i soil & bwer than the
pestcide dss pation rate from phnt, that &, k <B. In ths case, the limt for Eq. (5) & given by:

ser - AR, olb,. Wscr @
k'ull(E.X) Q.HJ .<1.,AI.‘/I

where & ',. .C lx (day™) & the pestcide dissipation rate from the soikphnt system, which albws

estimating the half-life time of pesticide disipation in the soil-phnt system, ¢, (day), by the equaton

t, W)k,




esults and Discussion

‘umerical simulation

The pesticide paclobutrazoland a hypothetical mango crop were sekcted to illustrate the pesticide
.CF vabie estimate n fruts using the FTM-p model In mango orchards, the pestcide pacbbutrazol &
ko used as growth reguhtor to control phnt growth, maximize mango production, reduce the mumber of
uts and turn easier the orchard ckaning procedures. Soil application of paclobutrazol has been found to
> more responsive n regard to suppressig the vegetative growth and enhanc ing the reproductive growth
. mango than folar applcaton (Sngh, 2000). Sharma and Awasthi (2005) stated that there & an
nvironmenta | contamiation rsk in areas where paclobutrazol & regubrly applied, because ths pesti de .
ssidue might persst i the soilfor a bng period of time. The application of paclobutrazol n the Brazilan
ortheastern semiarid regon has become a common practie in commercial mango orchards. The
hyscalchemical characterstcs (mtrinsic properties) of pacbbutrazol were obtaned from Syracuse

.esearch Corporation (SRC, 2006) (http //www.svrres.c om/esc/physde mo.htm) and are presented n Tabke

‘abe 1 - Physicalchemial characterstcs of pacbbutrazol growth regubtor used n the FTM-p to
imulte the paclbbutrazol BCF vahie m fruts.

‘ommon name: pac lobutrazol

‘hemical Abstracts name: (R* R*)-(¥)-B-[(4-chlorophenyl))methyl]-o-(1,1-dimethylethyl)-1 H-1,2,4 -
-iazole-1-ethanol

"AS:76738-62-0

UPAC nane: (2RS, 3 RS)-1 -(4-chlorophenyl)-4,4 -dimethyl-2-(1 H-1 ,2 4-triazol-1 -yl)pentan-3 -0l

“hemicalstructure:
e r o &
©\ "Coon @ Ny
CHz—iéH (CH3)3  + CHpe éH (CHa)s

i b

N

(2539)- (2R3R)-
Aokcuhbr formuk: C,sH, CN; O
Aobr mass:293.8 g mol’
/apour pressure: 9.999178 x 107 Pa at 20C
Vater solbility: 26 mg I' at 20°C

o X1 Dk
gk, =32

The folowing assumptions were made to run the FTM-p model: for the estimation of BCF vale,

n mnital pacbbutrazol concentration of 1.0 mg kg' of soil a five-years-od mango orchard was
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considered with a total plnt dry mass of 6,250.00 kg ha”, corresponding to 250 phnts per hectare, wih
25 kg dry mass per phnt; transpraton stream was estimated in 20,548.00 1day” ha™ (750 mm year' ha™);
phnt growth rate was estimated n 2.74.0’S da™ (0.01 per year) and a pacbbutrazol metabolsm rate n
mango phnts of 0.0462 day' (the metabolsm rate was based on half-life average vakies of organi
compounds in phnts estimated by Cousins and Mackay, 2001); the estimated water fow valuie necessary
to produce 1.0 kg of fresh fruit was 5 kg, based on the mango plnt water demand ncrease durng frut
develbpment period; the estimated pacobutrazol degradation rate n soil was 0.0073 day', corresponding

to a half-life of 95 days, experimentally determined n soik from traditional Brazilan mango produc ng

areas (Siva et al 2003); the pacbbutrazol metabolsm rate m mango phnts and half-life time n soil

resuted the dbsipation rate n soilphnt system of 0.0389 day' (k,,,), what corresponded to the

dss pation half-life time of 18 days in the soilphnt system.

The soil data used m the simuhtion were obtaned from a Brazilan mango produc ing semi-arid
regon, located at the Submédib Sdo Francsco River, clbse to Petrolna municpal dstrict, State of
Permmbuco, Brazil In general the mango orchards are establshed m soik wih the follbbw ing attrbutes,
experimentally determined in soilsampks from the 0-0.20 m depth hyer (Pessc, 2003): organic carbon =
0.007 g g'; volumetrc water content at field capacity =0.15 g g'; ar volumetric content =0.08 g g'; soil
denstty i a dry bass = 1.51 kg I'; soil density n a humid bass = 1.76 kg I'.

Numerical Results and Discussion

The organic carbon-water partition coefficient vahie of 492,00 1kg’, estimated through Eq. (9),
indicated that pacbbutrazol has moderate affinty wih the soil organic matter, what might turn diffcuk is
transbcation from soilsolution to fruits (Chiou etal, 2001). The vakie of 4.56x10"° obtained for the ar-
water parttion coeffcient, estimated wih the data from Tabk 1, mdiated that pacbbutrazol 5 not
vohtik at room temperature (Trapp and Harlnd, 1995). The TSCF value of 0.625, estimated through Eq.

(3), ndicated that paclbutrazol has good mobility i the xykm, what & an important property for phnt
growth regubtors (Lever et al, 1981). The stem-water parttion coeffcient valhe of 570 1 kg’
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Koosaw IB7.0) ndcated that pacbbutrazol has a sgnificant affinty with the woody plant materal
Trapp etal, 2001).

The paclobutrazol concentration n mango fruits (Cr,,i) sinubted by FTM-p model 5 illstrated
1Fig. 1. Intally, fruit concentration & null, ncreases continuously until a maximum va e and after that
lecreases with time. This pattern 5 due to the degradaton frst order knetic model supposed for the
acbbutrazol concentration in the soil solution (Cs,;), to ts dissipation rate from the phnt (B) and to its

iptake rate nto the phnt (4). At the 27" day (1" .7) after mcbbutrazol application to the soil, is

Frait

:oncentraton n fruit reaches the simuhted max imum value of 0.11 mg kg

The pacbbutrazol bioconcentration in the fruit 5 presented m Fig. 2, and & defined as the quotient
etween the concentraton in fruit and the concentraton n soil solution, BCF() i ,...(t)/C, ¢). This
igure also shows that ths quotient e quilibrium state & reached for a Imit vahe of 1.87 1kg”, and ths &
he paclobutrazol BCF value for the mango fruit. This valie can ako be obta med drectly from Eq. (6).
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Figure 2 - Pacbbutrazol growth reguhtor bioconcentration factor in mango fruits simulted by means of
FTM-p, BCcFO)IF ,.,.)/ C,(0) .

Fig. 2 shows that, mtally, the pacbbutrazol bbconcentration kinetcs in mango fruits & zero,
ncreases continuously following an assocative exponentil pattern and & limited on the upper part by an

asymptote at the kvel of 1.87 kg™ paralkIto the time axis. Such pattern reaching a phteau at the kvelof
BCF value is a consequence of the fact that the FTM-p model negkcts the pestcide transformation
processes  the fruit. If the model would incorporate the terms of such processes, the BCF vale could be
estimated by the quotent between the fruit uptake rate and elimmnation rate experimentally determined.
Sancho et al (2003) amalyzing samples of pears obtaned from the fruit market n Spain, did not
find any paclobutrazol residues m fruits, but did find paclobutrazol residues at the concentraton kvel of
5.0 pg g' in pear sampks colkected from Spanish commercial orchards i which paclobutrazol had been

appled to pear trees. Pacbbutrazol residues were ako found m appk pulp and dry concentrated juce at
12-fold higher kvek than n the non-processed fresh juce (IUPAC, 1994). Osuna-Garc et al (2001)
found pacbbutrazol traces m Mexican mango fruits (commercal ‘tommy atkns”) treated with
pacbbutrazolrates during two consecutive years, but did not find any residue when phnts were treated n
akternated years. In China, Chua et al (2005) ako found paclobutrazol residues in commercil appk

juces.

FTM-p model sensitivity analysis

Trapp et al (2003) eva lhated the FTM model scns'tisl/'ty as concerned to the entry parameters and
corcluded that the model & “robust” with respect to phnt transpraton and growth rates and stem dry
biomass volume. Trapp et al (2003) ako agreed that uncertanties n these parameter valies do not

significantly affect the BCF vakie n fruts for organic compounds in the range 0.8 gk ,, 0. The

539

——
[ —



authors specuhted that uncertamtes m BCF value might be assocmted to the xenobiotic metaboli
processes in the phntand vohtilization.

The sensttivity analyss of FTM-p mode | can be run drectly through Eq. (6), because the pesticide
BCF value n fruits s dependent on the water volume m the phloem per | kg of fresh fruit (Qpyion), on the
transpiration rate (Q) and on the transpration stream concentration factor (T SCF). Also. the pestic de
BCF value was observed to be mversely dependent to s dissipation rate from the soikphnt system (k z55),
to its phnt-water parttion coefficent (K, ) and to the phnt dry biomass (M). Some of the
senstivity analys s results rehted to the entry data varabilty are illustrated m Figs. 3 and 4. This
analyss was run
with the paclbutrazoland mango phnt data.

The dagramcolor bars in Fig. 3 shows the BCF value varnbility in mango fruits derived from the
joint senstvity analyss of Qand M. Ths dagram allows inferring that there s no significant varabilty
n paclobutrazol BCF value in mango fruits m consequence of the jomt varnbility of the transpration rate
and dry biomass phnt values. There 5 no swgnifcant mflence of Q varnbilty on the cakulus of
paclobutrazol BCF value in mango fruit for the tmnspration rate mtervalusually occurring in adult mango
orchards, around 22,000.00 1 day’ ha'. Also, there & no significant nflience of mango phnt dry biomass
varabiltty on the cakulis of paclobutrazol BCF value for the M values wsually occurring in adult mango
orchards. around 6,000.00 kg ha”. Once known that the volume of water in the phloem stream necessary
to produce | kg of fresh fruit (Oppuen) is dependent on Q, it might be a ko inferred that the varmbility on
Opiroon Values do not significantly affect the pac lobutra zol mango fruit BCF values.

The dagram color bars m Fig. 4 shows the pestcide BCF value varmbilty in mango fruits
resutant from the jomt analyss of pesticide £, and

bgK,, . This dagram shows that no significant varabilty s observed on the mango fruit pes.ide BCF
values for pestcides with log K, 1.0 and

bg K ,, B s (Fig. 4). However, the same dagram and color bars are mdicating there ® significant
varability on mango fruit pesticide BCF values in function of the varability on pesticide dissipation rate
n soikphnt system for pesticdes n the mnge 1.0 ‘g Ko B (Fig. 4). This 5 a consequence of a

non-linear rehtion of TSCF and Ky a0 with log Koy parameters. The optimum pesticide transport from

soilto fruits occurs for pesticde with log Ky around 2.2.

ey
Pl

540



BCF (Ikg)

10000

000

8000

7000

6000

5000

M(kg/ha)

4000 g

3000

Q(fday/ha) it

Figure 3 - Diagrm representing the joint rehtion of mango phnt dry biomass (M) and transpiration rate
(0) with the paclbutrazol bioconcentration factor (BCF) in mango fruits sinubted by means of FTM-p

BCF (i/kg)

LogKow

Figure 4 - Diagram representing the joint reltion of pest cide octanokwater partition coefficient (logKpy)
and the pesticide dissipation rate in the soikphnt system (k z¢5) with the pestcide bioconcentration factor

(BCF) m mango fruits simuhted by means of FTM-p.




Summarizing, the FTM-p model senstivity analyss shows that the model & “robust” aganst
ancertanties in the physological parameters values of trees (Q, Qpuwen @nd M) and to the soil-phnt system
Iss pation rate of pestcides in logK | . and log K ..5 (Fig. 4). Uncertanties n the cakulus of
nango fruit pestcide BCF value might be assocamted with uncertamties n the pesticde dissipation and

ransformation rates m fruits and that were not mode kd i ths study.

Conclusions
The FTM-p model presented in ths work allows estimating the pesticide BCF vale m fruits of

woody and perennalplants. Pestides are organic compounds subgct to degrading reactions in soils and

are taken up by phnts from the soil solution through the water transpration stream The modek FTM and

’

FTM-p are conservative because both hypotheses neglct the pesticide transformation processes in the
fruit. Probably. if both modek would incorporate the equation terms rehted to such processes, the BCF
value might be cakuhted as the quotent between the pesticide uptake rate and elimmation rate by the
fruit. The term added to the FTM model correspondent to the pestcide degradation m the soil, during
development of FTM-p model, allowed concluding that pestcide BCF value m mango fruits do not
depend on the soil pesticde concentration and on the fresh fruit mass, but s rehted to the pesticide
physica kchemial characterstics (Ko, kzgs) and to the phnt physiolgical parameters (M and Q). The
sensttivity analyss of FTM-p model ndicates that pesticides with 1.0 .)gK“ .,5 present optimal
conditions to bioconcentrate m fruits of woody and perennil plants. And also, that the FTM-p model &
“robust™ with respect to the phant dry biomass values (M) and water transpration rate (Q). This analyss

ako indicates that the model might be senstive to the pestcide dissipation rate m the soil-phant system

(kegs) for pest des with l.O.og K,, l.S (Fig. 4). The results of the senstivity ana lys s can be applied

to prevent fruit contammation with pesticides with logK,, around 2.2. Feld and hboratory experiments

must be carried out in order to validate the use of Eq. (6) presented n ths work.
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