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FOREWORD

The uptake, transport, and accumulation of organic and inorganic
chemicals by plants are influenced by characteristics of the plant,
properties of the chemical, properties of the soil, and by prevailing
environmental conditions. Complex interrelationships exist betwe:E thf

>

physical, chemical, and physiological processes that occur in s
plant tissues and the response of these processes to environm 1
an

conditions, such as the daily cycle of radiation, evaporati
temperature. The uptake is further influenced by the avajag 1ty of
the chemical at the root surface, determined in turn by

%. ort char-
acteristics of the soil. Also important is the beha@r N the chemi- \O

air

cal in the rhizosphere and the ease with which it mo across limiting

membranes at the root surface. &
This report describes the development of g pI§ tive simulator

o xQ
for the uptake of xenobiotic chemicals by pl&from the soil solu-@
tion. The model is based on definition of ant as a set of\cQm
partments separated from each other by thi@ﬁbranei. Movemen X
water and solutes between compartments y m ﬁlow a iPru-
sion. The compartments represent major s for igéhmulatl f water
and solutes. Anatomical features e compagié (] and.gza manner in

which they are connected are desc y a s S of ¢ ons based
i . i :ﬁ\@ data use allbrate and

on conservation of mass Experym
then validate the model. é & @

This publlcatlo orts b s of es supported, in part, by
Research Grant C 1¥40-01- athe Model of the Bioaccumula-
tion of Xenobio, E{annlc cals ts" from the Corvallis
Environmental R arch ry o) e Unlted States Environmental
Protection to t artmen Soil Science at Oregon State
Universit y the gon A wltural Experiment Station.
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MATHEMATICAL MODEL OF PLANT UPTAKE OF ORGANIC CHEMICALS
SUMMARY
Uptake, in-plant transport, and local accumulation of organic

chemicals by plants are influenced by plant characteristics,

of the chemical and the soil, and by environmental cond1t1 valua-
tions of plant contamination required by regulatory ag@ cannot be Q
made experimentally for the many thousands of xenothc chemicals in \O
existence or being developed. A predictive simu ‘r in the form of\®

mathematical model would provide a valuab 1 for such ev ((p
For this reason, a mathematical model QQ e, Transl &n
Accumulation, Biodegradation) was 1n1ng eric

plant as a set of adjacent compa ts re fajor pools

involved in transport and %atlm@ olutes The model

consists of one root 1\ lb rtments, and three

leaf compartments. pﬁ@.t is vided into two transport
‘é‘ " o

compartments, Q) oem, and a storage compart-

ment. In W n, tv@npartme@ odel the root volume outside the
Caspaq 1p, on r the ’@rent free space and one for the cell

.
al es the X ical dimensions of the compartments and

phy51ca%1d che 2 coefficients were chosen from the literature.

% he c@ e sys

equations, which describes uptake and accumula-

, cons s 24 differential equations which are solved in terms
Qth al mass in each compartment as a function of time. The
solu ocedure is also developed and presented.

For calibration purposes, concentrations measured in roots, stems,
and leaves were compared with model predictions, while model parameters

were changed until no further improvement in matching model predictions



with experimental results was obtained. This exercise revealed impor-
tant plant behavior that was not accounted for in the original formula-
tion of the model and, as such, showed the value of the model for
elucidating plant response. @’
The model satisfactorily predicted the observed uptak &istri-
bution patterns for bromacil in soybean plants, at the «% growth

and under the environmental conditions used in the Qeriments involv-

O

ing a range of transpiration rates. This indica@:bat the model 1s\®

flexible enough to provide an accurate re@ation of uptakeX e
influence of transpiration rate on the and&nslocaagﬁ > thi
chemical. Parameter values used 1 modeL elec

literature and experimental obger '@unc&@l well in these
ér?ately

simulations and they are ed 1\ model. The

atl Q diffusion when used

S

chemical parameters
in the model also y & satf\@ory suggesting that they
are also aPPI‘O\!@ appb Fina Qﬁe calibration, although of

limited sco V‘l

picture actu ptake rns for bromacil in soybeans used in

wed the mo &quatlons yielded an accurate

theQx rlmit'g) The %&etlcal exercise of compiling the model is

to be %onstr Q step in learning how to predict the fate of

%\enobl® ontamixlon in plants. The model shows excellent promise

forfutdre \§§®—Iowever additional testing and validation are needed.

‘<\Q



DEVELOPMENT OF THE MODEL

Introduction

The processes of plant uptake, translocation, accumulation, and

biodegradation (UTAB) of xenobiotic chemicals are important in %?-

ing the environmental risks involved in the use of those ck

Since it is impossible to study each chemical with eac
environment, a mathematical model for predicting erQonmental behavior\
would be a valuable tool for risk assessment. @a model, when us@
to explain experimental results, would alsahe clarify physlo 1
thra atlon o 1men-

mechanisms and, when validated, would q

tal results to hypothetical scena 1501‘ 15 t Scription

of a model developed for thes \ es ar@@ a@o’f the model to

experimental results

Whole plant expe \O whi nece to evaluate UTAB, do
not allow descrete atlo\Qhe a tic and symplastic
regions, n iol prop x@ f individual plant parts

such as me perm{ tles @ans are required to quantify indi-
onr

vidual t t r@ isms i ectly by employing procedures which
e

thss 1

1ned Q ccep wRole plant experimental techniques. A mathe-
1w

1c mobx\@ plants exist (Boersma et al., 1988a,b). None are

ext@t is information from experimental results
Xﬁerve this goal. At present, few models of xeno-

Q rent ilable in which all the major plant parts function simul-
tan Qn an integrated manner and operate under accepted mechanis-
tic Tules at the macroscale.
A few mechanistic models of translocation have been formulated

based on the Minch transport theory (Eschich et al., 1972; Christy and



Ferrier, 1973; Ferrier and Christy, 1975; Goeschl et al., 1976; Tyree
et al., 1979; Weir, 1981). These models consider transport from a

single source region to a single sink region and the equations are

limited to processes which occur in the sieve tubes. These mod hatre
served as a valuable starting point for the model presented her Our
objective was to construct a model for the transport of ce organic

solute in a plant, based on principles of conservaty of mass. The

model is a first approximation of solute transpo@rough a complex @
set of physiological compartments. Because: the large number&()

processes involved, simplifying assume

d to e made
average Fickian membrane and xylem% trapsGQproce b

set off artments, each repre-

The model defi 1ant‘. Q
senting Pertlne@tl& (Fl&l@%nd 2). The compartments

are separat ounda ed thickness and area and distin-

included.

guished phy%& and c}Qﬁl properties that determine passage

of d sol : t of water and solutes between compart-
a

%s occurs@ ass f
%\tricte ortu of the path, selective permeability
& (re ta

dvective flow) or diffusion and is re-

rtitioning with tissue components (sorption).

A\
@O Formul‘a’ n of the model was based on identification of appropri-

te c@nents and determining thelr physical and chemical character-

ered here subdivides a soybean plant-soil system into the major pools:

soil solution, root, stem, and leaf. Although the soybean was selected
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Fig@ onceptualization of the plant shown in Figure 1 in terms of

compartments used for the mathematical model. Definitions
of symbols are in Tables 1 and 2.



as the test species, a choice based on availability of experimental
data, the model can be parameterized for most terrestrial vascular
plants.

Major segments of the pathway of water and solute transp @

through the generic plant are identified in Figure 1 and th?g es-
efined in

ponding system of compartments is in Figure 2. Symbols Q

Tables 1 and 2. The fluid flow rules are summarigz n Table 3. Each

compartment is considered to be a well—stirr& ith a uniform ®

concentration. The compartments are separa barriers for w

chemical and physical characteristics C@Qith Rect to, Qease

with which water and solutes can p% Thos @rences descrlbed

in terms of their reflection c fAlent, ition @1c1ent and
hydraulic conductivity. TQ pertle{ the c@ments of concern
are volume, area of cc&\ etwe& partm sorptlon coefficient,

and coefficient for %t orde;®ss pr

@ence o@mgartments
W@guxes One mo O%ible 3) are driven by the water poten-

Qadlent crefted b}@poratlon from the substomatal cavity and
\ gate ughou&plant to the soil solution. Water moves
%3 ong ransp on stream via mass flow and to storage volumes in

(Q ing c a diffusion. Water also moves through the phloem
Qat way en by pressure gradients. Both pathways are accounted for
e . Solutes follow the same paths and partition into storage

compartments at rates determined by physical characteristics of the

particular chemical.



Table 1. Notation used in the model.

A Contact area between compartments (cm2).
B Sorption coefficient; describes the immobilization of the ute’:

by reversible sorption to cell walls or large molecules j e
compartment (dimensionless). &

C Concentration of solute in compartment (p.g/cm3) Q?~

D Diffusion coefficient (cm2/h)

QST Rate of stora 3 Q ®\'0
: ge (cm3/h) O x5

Q}:S)T Rate of mobilization from storage ((%& \
M Mass of solute in compartment (p. Q 60

v Volume of compartment (cm3) %

Q Water flow rate through em subco ent

Ax length of fluid flo or me connecting
compartments (cm)

g Reflection coﬁ&nt fo sport hemlcal between compart-
ient

ments. he eab he solute when the re-
flectlon c ef its ma alue of one. The membrane
is nonse thaé, aﬁo the solute to pass unimpeded
with w ter hen t 1ect]® efficient is equal to zero
(di ess)
0

Rgggzc nsta er loss processes in compartment; de-

es i 1zat solute by incorporation into structural
materla 0ss o ute due to metabolism (1l/h)

%—"‘
\ o)
O
R
A\



Table 2. Definitions of symbols and subscripts used to identify
compartments, mass of chemical in compartments, and concen-
trations.

. _®
Compartment Compartment name Mass in Conc %ons
number comp. (Mj) i)

Hg g
-1 Soil M1 Q C-1 \O
0 Root free volume M Co %
1 Root exterior cells M7 C1 \
2 Root xXylem lumen Qz C2 @
3 Root storage 3 c ()
4 Root phloem lumen 0 My o, é
5 Bottom stem xXylem 1ume[O Ms . 6
6 Bottom stem storage M Q 6
7 Bottom stem phloem @ @ Cy
8 Mid stem xylem 1 x{ Cg
9 Mid stem Co
10 Mid stem €10
11 Top stem M11
12 Top stem C12
13 Top s C13

‘ 14 Leaf 1em 1 l\ O 14 C14

15 torage M15 C15
| 16 hlo Q Mi6 C16
17 ea xyl @ M17 C17
1 \
19 Veaf 2 em 1um@ M19 C19
20 % L lem 1

eaf
stora M21 C21
phr umen M22 C22

SRS
\2\ 6 :\}@Q
A << 0 \@




Table 3. Fluid flow rules. Qy1, Q15, and Qg are specified transpiration rates (cm3/h) where

the fractions of total transpiration allocated to each leaf cluster are f; to Q11, £2

to le, and f3 to ng.

stem phloem lumen 2\0

Flow rule Region connected PS
‘ Q1 = Q11 + Q95 + Q4g Soil-root xylem lumen &
Q2 = (1 + £4)Q17 + (1 + £3)Q15 + (1 + £3)Q1g Root Xylem lumen-bottom stem Xylem
| Q3 = £9 Q11 + £2 Q15 + £3 Q19 Bottom stem phloem lumen-root umen
‘ Qs = Q3 Root phloem lumen-root xylem L
Qs = (1 + £3)Q15 + (1 + £3)Q;9 Bottom stem xylem lumen-my stem ¥ lem lumen
Qs = £3 Q15 + £3 Q49 Mid stem phloem lumen
i Q7 = (1 + £3)Q1g Top stem xylem lumen em xylem lumen
‘ Qg = £3 Q19 Top stem phloem en stem phloem lumen
Qg = (1 + £41)Q77 Bottom stem e\lumen-leaf 1 xylem lumen ®
Q0 = £7 Q11 Leaf 1 xylem en-Yeaf 1 phloem 0
Q11 = specified « Leaf 1 @ion rat,e.(cmslh) Q\
‘ Q2 = £7 Q11 Leaf 1 @ lumen-bog stem phlo
Q3 = (1 + £2)O15 Mid stewi@fem lum xylem
Q4 = £2 Q15 e xylem 1 x 2 phloem
| Q15 = specified « k trans % rate (t®)¢
‘ Q16 = £2 Q15 L&f 2 phl e@en-mid s& oem lumen
Q17 = (1 + £3)Q19 Top ste lume -l% lem lumen
Q18 = £3 Qg Leaf lumen-r& hloem lumen
Qg = specified « L Kranspirat,l te (cm3/h)
Q20 = £3 Q19 & &;@ phloem @‘top stem phloem lumen
+ O\ O
V> <N
The open Q)y for®\er and @te movement between the cortex
cells of

&of th \Ssue

tb&ater a XS ute movement from the rooting solution to the endo-
.

dermis\ e

¢

S,

The next compartment (1) also lies outside the endodermis and

%Vt hai%@ termed\aMe "apparent free space” and is
.

compri@

a

t provi&s' structu%\support while allowing free water and

1
\%.\te mo

celb ang spaces which form a sponge-like materi-

t. T parent free space is typically about 7 percent

vd'+e but because of its structure accounts for most of

apparent free space is the first plant compartment in the

consists primarily of the cortex cells, but also includes the epidermis

| and the root hairs. Solutes and water move into these cells and

10



migrate towards the endodermis via the symplasm. The cortex cells
provide surfaces for adsorption and partitioning of the various organic
chemicals with the lipoprotein membranes. They also provide a reactive
.
environment where cytoplasmic enzymes catalyze some of the b& off the
xenobiotic chemicals of interest.
Analysis of experimental data, described later on@his paper, Q

indicates the importance of these first two compa Q)ts in the upt:ake®\.O

Qhe roots occurx&%\.

during the first hours of exposure. This tributed to fil\@} of
e

process. An extremely rapid uptake of bromacjl

3
the apparent free space by the bromacj n aini@glutio Q‘l

transpiration stream was initiate@urtbez{\;@ the ap nt free
space completely permeates th c&ex, SO %t all Q,’are immediate-
ly bathed in the bromacilO%ing K@on a @ffusion and/or
active transport into e cell@occur on as exposure is
initiated. ¢ Q O
N @D

Following\@zt @\&Jmpar@s are Xylem, phloem, and stor-

age compa W of r{@ follo y the stem compartments and then

.
the 1% artmE@ fromGQ water and volatile pollutants pass to
.
theQmosphel\iQhe Vﬂ% hase. Solutes travel the same path as

%1‘, ex hey l@Qrb to various materials in the root, stem, and
\eaves@ they \ﬂartition between water and the cellulose lipids

& aﬁroteif\\elhe cell membranes. Many solutes do not evaporate in
.

Qhe stoanO cavity and are thus deposited or further translocated via

th to other areas in the plant.

n addition to the xylem pathway, water moves through the phloem.
Connections between xylem and phloem in this model occur in the leaf

compartments and in the root. Phloem also connects with the storage

11



compartments. Connection of leaf apoplast and leaf phloem was based on
studies by Jachetta et al. (1986a,b). These connections allow water to

pass from root phloem to root xylem and vice versa by either mass flow

| .
or diffusion between the two compartments. «
to

Part of the volume of each compartment is available fv

solute which passes through the xylem or phloem. Stor@\ stems was Q
described by McCrady et al. (1987), storage in leanby Jachetta et \O
al. (1986a,b). \a

The mathematical description of rate Qﬁrage of chemlca\@g
tprage @es

several transport processes of Wh O\ the mo mportant.

Details of these processes Nno urrent nown. \ hose to repre-
Elrst t

age of

based on the assumption that transpor

sent the storage processe rans ates, which
include diffusion-con \ pro but r@ so include mass flow.
Storage and mo atlon ®1c1e re defined to lump to-

gether several\gport @r g in plant structures of
which ge% rope@ cannot951ly be measured and where the
trlbu

of ea Qhanlsm to the total process is not

relatiyve
knoQ The c&gon co@\ent of the mass transport is
6 Q L] . L] - 1
@ D AX A (l-oa) (1)

(mas@@YTe <
PO @
<<

fusion coefficient (cmz/hr), K is the partition
\dlmen51onless), A is the cross-sectional area (cm? ), AC is

Qration (p,g/cm3), Ax (cm) is the distance over which AC
ex& and o is the compound specific membrane reflection coefficient.

When A and Ax are not known, this may be written as

12



= {% (1 - a)} AC. (2)

The quantity (DKA/AX)(l - o) is sometimes referred to as the permeabil-

ity coefficient and has the units of cm3/hr which is also the&z@f
T

the storage and mobilization coefficients used in our mode
storage and mobilization coefficients may thus be thou as coeffi-

cients describing the effective diffusion process \!Qe the cross-

this interpretation the storage and mobil coefficients ai
proportional to the cross-sectional ar Qstorage compa @ and

inversely proportional to the thlc ; the @Qme aééwhich

transport occurs. The coefficj en por@l to (1 - o).
Values for the storage co ed experimental-
ly. These values are 1 mental conditions

th
such as root temper? wate 0 ent1 @te of water flow, and
1ca1

properties of t‘r@ &

Q Mass ce Equations
Q‘n al mo ported here is an adaptation of concepts

%ented i rller ts (Boersma et al., 1988a,b). Development

tarts 1 the rp\ssentatlon of a generic plant (Figure 1) by a

& sys«m of C\\i@ments (Figure 2). Mathematical symbols in Figure 2

def n Tables 1 and 2. Numerical subscripts were used rather
than Qlc notations to avoid the confusion that such notations can
lead™o. Table 3 lists the fluid flow rules for the plant.

Development of the first five mass balance equations is now shown

in detail. The remaining mass balance equations which were developed

13
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NP0
/\<<<> X

in a similar manner are in Appendix 1. Figure 2 shows the numbering
scheme of the compartments representing the various plant regions. The
subscripts on the fluid flows can also be used as indicators for the

- ’-
intercompartmental parameter for chemical transport. In the& eghti -
cal model the term "mass transport" is used to describe th ansport

of chemical due to diffusion, advection, and/or a.ctive@esses. This

xS
ion, and ac tive®\

was done in accordance with concepts of transportj%lling (Seagrave,

1971). The approach lumps diffusion, pa551ve ad
first-order transport together in one ger@ irst-order term.

of knowledge generally precludes the a ion o tl'w act 6%
passive processes, especially at @acrom\@
\ 0

Soil Compartment Qs K@
Beginning with t &\1 com nt (F)@ 2) the first mass
o

balance equation 1? Q
d[e V 1(1 + B ] Q inst olls time rate of change
k @ @ phase plus reversibly bound
cheNjfal mass (ug/h)

DO : 0‘ te of diffusion of chemical
1\(;Q) \Omass across the soil/root

interface (ug/h)

@Q rate of mass transport across the

soil/root interface (ug/h)

- 1§ Qk rate of irreversible first order
\\ loss processes operating in the

soil compartment (ug/h) (3)

wher%tzubscript -1 identifies the soil compartment and 0 is the
root:free space.

The relationship between the concentration of chemical in the free

phase and its mass in the soil compartment is

14



M,=-el+B)V,C, (pg) (4)

and similarly in the compartment simulating the free space of the

cortex @’
= 5
M, (1 + BO) Yy Co - (pg) & (5)
Solving equation (4) for C.q in terms of M_1 and solvir@jation (5) q
for Cp in terms of Mp with subsequent substitution Qc_l and Cp into 0
equation (3) yields

dM

S

I a1 Mo+ a1 0 My 0 . 60\ (6)

and a.] o are defined by
: oo nY O &
®1,-17 eV @z A s\ OQ/M 7

(1/h) (8)

.- N\

-1,0 Bo)oﬁ Q.
BN

wheQa_l,_l a teriz \he total chemical transport from the soil

@artmeb%mpar@ -1) to the root-free space and a.] (¢ charac-

%teriz@ffusi\g\&nsport from the root-free space back to the soil
& c rtmen \@
.

£~ xQ

Fr. ce of the Roots

he second mass balance equation defines the time rate of change
of the chemical mass in the free space of the root cortex. The trans-

port pathways into and out of this region are shown in Figure 2.

15



/QZ*

Compound is assumed to be brought into this region by advective flow
due to the transpiration stream and by diffusion which occurs in re-

sponse to gradients which exist between the soil solution, or nutrient

.
solution, and the free space of the cortex. The compound may er
passively (diffusion) or actively taken up by the cells of cortex

which make up compartment 1. Forward and backward tra coeffi-

cients with dimensions of volume rate of flow (c 3 define transportz\o

into and out of storage. If the uptake of (@) y the exterior \
root cell stem compartment is by diffusiqn 1y% then Q%@ is th\()

.
product of a membrane diffusion coefft (cm?/ «end a ctive

interfacial area (cm2) divided b aract @ membr e) thickness

(cm). The result may be mult{ ie &%tlon 1c1ent and a

transmission coefficient ow gr across the cortex

cells and free space&\xlllbr@ndltl@@ Backward transport
.

coefficients are %1y def\Q g
Putting rentl: cognl @ocess and transport rules to-

gether 1® m &btalns

.
O 0 ,H@Qmeous time rate of change of
<:) phase plus reversibly bound
\ emical mass in the free space of
6 che cortex (ug/h)

0 AO O \@ rate of diffusion of chemical mass

Aﬁ ] T C across the soil/ root interface (ug/h)

—

soil/root interface (pg/h)

QQO C'Q’ rate of mass transport across the

N

rate of first-order loss due to

- C
0 storage (ug/h)
¥ QST C rate of first-order gain due to
b0 "1 mobilization from storage (ug/h)

16



- Q1 -0y G rate of mass transport across
the endodermis (pg/h)

D1 Al rate of diffusion of chemical

- (Co - CZ) mass across the cortex/root

1 xylem interface (pg/h) @
, .
A My - rate of all other first-order &
0 . . .
irreversible processes in the
free space of the cortex (ug/h) (9

Define chemical masses in the compartments as follc? :
g

My = (L+B) V) €y @
M, = (1L +B) V,C, 6& (ng) \011)
| ' O

Solving equations (10) and (11) for CQerms and s tuting
.

for C.1, Cp, C1, and C9 into equ\%(% \s the @cmd mass

balance equation %
Mo O %
— _ 12
ac ~ %,-1 M1 %o o +$@Ml * Q 2 o+ (k8) (12)
.

where the "matrik e ments'&r'e\defil@

.
_ 0 , .
a‘**&@:. OQ ~ (1/h) (13)

Py Aol (1/h) (14)

0,0 5
O

ao,lé\'&%wl ’ (1/hr) (15)
\Q

a = T (1/h) (16)

17



Storage Volume of Root Cortex

The third mass balance equation defines the time rate of change of
chemical mass in the cells of the root cortex. Uptake of compound may
4 -
be by diffusion and/or active mass transport. The balance ecK nWis
made up of three first-order processes:
dMl instantaneous time rate of change o@a
4 = phase plus reversibly bound chegfcal Wass
in the root cortex storage co ment (pg/h)
rate of first-order loss e@storage
(ng/h) c)@
+ Q C rate of first-order ue to, \
b0 "1 Sqs .
mobilization from ﬁ. pg@. 6
- A M rate of all o first- & c@irreve@e
11 ) N\ i
processes, 1\ ng me ism, @tbe

cell vol of Mhe cor pg/h

[¢)

(17)

Chemical masses in the co‘ ents inn &Qiber as follows:
@

N s

M - (1 +@ . &Q) (10)

Substitu%y th% indiﬁegoncentrations yields
N Q\\’ O |
18
dtQal,O MQ\J" 1 Ml%\ (1%

Q®$= (]’ 0’ Vo %)

0
)V1+)‘1] ] (20)

18



Root Xvylem Compartment

The fourth mass balance equation defines the time rate of change

of mass in the compartment simulating the root xXylem. The transport

pathways and processes into and out of this compartment are s 1 ¢
Figure 2. The flows are self explanatory.

The mass balance equation for the root xylem compas: g
dM,, instantaneous time ra%f change \O
ac of free phase Plus ibly bound \®

chemical mass ig t bot xylem
compartment (y& c)@
D. A rate of difNsi)n of chemical maé\

(Cy - C)) across t /xylemiigterfa
A 0 2
1 (1g/h) @ O

r
D, A éte of sion emical mass
4 4

+ (c, -¢C \ acros root 1@ /root xylem

ansport from root

of m
\Eﬁoem é@ xylem (pg/h)
@Qrat@& 1iffusion of chemical mass
Q a

from root xylem adjacent stem

emn interface (pg/h)
&

ate of mass transport from root

"5 O
2
2 6\ xylem to adjacent stem xylem (ug/h)

storage (pg/h)

%4_ Q § \Qk rate of first-order gain due to

T c 6 Q rate of first-order loss due to
N\ 9.0 %,

mobilization from root storage
(ng/h)

Q )‘2 K\,Q rate of all other first-order

irreversible processes in

Q root xylem compartment (gg/h) (21)

Define masses in the three compartments as follows:

My = (1 + By) Vy Gy, (rg) (22)

19



=
I

= + v 23
4 (1 34) 4 C4 ’ (g) (23)
= + \Y 24
M5 = (1 BS) 5 C5 . (pg) (24)

.
The fourth mass balance equation for the time rate of change f%

dMp/dt is obtained by solving each of equations (22), (23)% (24)

for its compartment concentration Cj in terms of its,co tment mass Q

Mj, substituting the result into equation (21), O%llecting common @\
terms. The result is: &

™ \ (25)
—% o, 25
ac ~P2,0Mo T Myt gty ta az@:; 0

| D. A

2X11 +Q (1L - 01)0% K& \Q. .

2,07 v Q1+ BK\ ; \O Q%

R Q O

D) &4 AN, D 2\ % ST
2 4 +@%+Q_2((T® 0 il (27)
(28)
(29)
(30)

20



Root Storage Compartment

The equation for the time rate of change of mass in the root

storage compartment yields the fifth mass balance equation:
dM3 instantaneous time rate of chan ‘Q’
= of free plus reversibly bound &
chemical mass in the root st
compartment (ug/h)
ST rate of first-order 1 Q
Q C
f1 "2 storage from root X to root \
storage compartmex@ h) \Q
ST rate of firstygder gain due to
-Q5 C cqs .
bl "3 mobilization{roM root storage t 0
root xylemN\gom rtment (pg/h) 0
D)

+Q rate of t-ord 1¥ss due
£f2 74 sto from ro oem t ot
compa t (p .
- Q e of f rder due to
b2 73 blll from storage to
root com nt (pg/h)

) )‘3 M3 : &\ f allQr r flrst order

ocesses in root

e ersi
Q orage rtment (pg/h) (31)

Mo, M M4 we 1ned @&quatlons (11), (23), and (24).

Solv1§ for c@&ntratlooz, C3, and C4, respectively, and sub-
chg\:ggtcs i \Qlon (31) yields,

Q M, (32)
QO @% (33)
43,3 7 ° [M + A3] ) (34)

Vy(1l + Bjy)

21



%
3,4 7V, (1 + B,)

System of Equations @

(35)

The remaining 19 mass balance equations with corresp matrlx
elements were derived in a similar manner. The comple ting of all g
24 mass balance equations is given in Appendix 1. Qe total chemical O

mass in each compartment is defined for i = 6 702, by
M, = (L+B,)V, C,. Q \C@
i i i

The possibility of loss of mass due t atll Qn froméves is

included by stating: \%

rate of loss
via volatilization

where Hq is the @'\less law c t for the chemical
compound being @ cnm /h) @ effective chemical diffusion
coefficient of e com in t undary layer over the leaf sur-

face, @g/g)é&he conc@?ﬂtlon of the chemical compound in the

? out51 he bo Qr layer, Ax]] (cm) is the thickness of the
ndary l

and A cm2) is the effective area of volatilization.

— - (37)

%\lules \ t t10n (37), were also written for leaves 2 and 3.
& qul (3 @lt ws communication with the atmosphere and incorpora-

<<Qn

and

O

wve humidity.

; Xpherlc conditions such as wind speed, and air temperature,

22



Solution Method

The complete system of 24 differential equations in 24 unknowns

can be written in matrix form as

@
dM

dt

with initial conditions summarized as QQ Oq
- 3 \
o) = ¥, . Q) <0

where M is the 24 x 1 vector of unknown magfeNat time t, S is b(%{

1 vector of sources which may have non ries &t positiogs , 17,
. b
and 20, A is the 24 by 24 irreduci spgr nsfer@ X, which

is real, weakly diagonally domlM has \}ve d&@rﬁl entries,

and whose off diagonal entif%e e1t®051t @ zero (Varga,

1962), and M, is the& 1t1§ ical masses.
The system of ons g\Q y eq @) (38) is linear and has

constant coeffl@ arbi lice Ty, to Ty hours. As
such this s has a e cor@&)us solution vector M(t) (Boyce
and DiP @1965)&uh ele@ Mj(t) of M(t) is itself a linear

co gm of a()ost 2 entary exponential functions. Because

X\

gnment %appropr@ weighting factors is not practical with

® rre@ ledg q‘ chose to approximate the solution numerically.
ethod

m d below is now enjoying a renewed interest and usage

Qp Q\allablllty of microcomputers with large storage, high

spee double precision arithmetic. It is a useful method for
largh, sparse, arrays with constant coefficients such as frequently

arise in biological and control systems.

23



Define the matrix exponential function, sometimes called the
fundamental solution matrix, to be

«©

2
eAt=I+ 5 (At) .

4
=1 At @00)
A

This series serves as the basis for the numerical solutior?~ d,
although it is useful for computing only for small val time t

(Boyce and DiPrima, 1965), where I is the identiterix. Boyce and

O

DiPrima (1965) prove many important properties this matrix exi@

nential function, such as & \C)
0 * 0
i) differentiation: %@ A eAtQ’ 6 (41)
O &

ii) commutation: \%t =%} \@’ (42)
iii) commutation: % A-{®= eAt\'® (43)
Rewrite equatio@Oas &O Q
an v O
SO >
&Q)

'At,Qe inverse matrix of eAt (Boyce and

and matri Wply {i
.
DiPriQ@S), axoecas‘t Qsttem into the form
@)
Q(e_m -At
% o S PA N (45)
N~ O x9@
&%Next,@rimp@:\'ﬂh the time line a lattice of points tg, t1, to,...
éat to’\\, t] = At, to = 2At, t3 = 3At,..., then multiply both

3 . .
Qsides&\.@uation (45) by the differential dt, and integrate both sides

be@ the two time points t,, tp4], to obtain:

<
1

24



= <A " (e - e ) S (46)
- .
At:1'1+l &
Matrix multiply left both sides of equation (46) by e o oNyain
the explicit recursion formula QE

AAt

D
(47)®\

AAL -1
b—!(tn+1) = e b—!(tn) - A (I - e

h O<< X
Note that no approximation has as yet been gady, Equation (47) i€j®
exact solution of the original differe@ stem,®but the sl¥j¥on
.
consists of M evaluated only on a %r sqt ®Qne pb& Define
the constant vector W via the for ®\\ \@0
W= -l (1 - eAAt) Oi @ \@’ (48)

Clearly, on the discrle \set gf 1 pOin§t1,t2. ..
- t \ g 49
b.!(tn+l) —\6~(tn)& @ (49)
which is@ mensé@, fir t-czQer, nonhomogeneous, difference

systeiN\(VIga, 1@Jacque\ 72).
Qathema Ra'l indt@% shows that the unique solution to system
\C@ is 5

@— @\T‘ G SRS S ¢ S U Y (50)

t is a positive 24 x 24 array with a spectral radius
modulus of the maximum eigenvalue) less than 1, eAAl is said to be a
convergent array since, as n + o, (eAAt)yn 5 7 the array of zero

elements (Varga, 1962). It can be shown that
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lim M (tn) = -A S

>0

which follows directly from equation (50).

. *
Equation (49) is used for computational purposes. The a @a-

tion is made because eAAl can only be computed to the doubv ision
c

limits of the computer. A useful method for carrying @h omputa- q
tion is to observe that 7 Q E\O
AAL -AAt -AAL O \
AAt N N N N.-1 N 1.N
M e NN s e MM o qee & \c@
Qrge éu‘gh so SQ
max % <1 % \\ ,
1<i<24 \ 0 5@
(Ward, 1977, Moler and w@i 197@@ é\,a

The key to comp\&g\xp M'&thgh edision is to first
e&rix 2 ntial function definition

40 to the doub e0151o mlts o&@é computer. Next, compute

(exp[ AA% \ the v se-s al;Qexponential matrix function via the

class@ fac atlcm Ql Lasﬁly, raise exp[-AAt:/N]'1 to the

A . Ot}&scall hods exist (Golub and Van Loan, 1983). Time
\%chlng @ Qa

where N is chosen to be a power of 2,

-a. . At

(52)

compute exp[-AAtZN] in

o8]

stable scheme in that any small perturbation

% intro d int 'E\PB data at some time ty) > 0, propagates in a bounded
Qéon as\\lwe exceeds ty, arbitrarily large (Varga, 1962).

Effective Concentrations

In most experimental situations it is difficult, if not impossi-

ble, to sample the phloem, xylem, or storage compartments individually
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to determine concentrations (p.g/cm3) at points in time. For example,
when evaluating accumulation by leaves it is usually most convenient to
harvest groups of leaves and obtain an average concentration (DPM/g) or

. o
(ug/g) for the group. An average or "effective tissue conce&\@\"

can then be obtained by dividing the chemical mass presenv e wet

ion (pg/cm3) Q

can be obtained when the density is known. Assumichat the density

of most plant parts of young soybean plants is @, effective co%&'0
A -

trations (pg/cm3) are defined as below. Q definition, (t\n
.
cates concentration at time t and OA @c es tboyerall E@ge

concentration for the indicated p@ part:#\\o @
.
i) in the roots, \ @. \@
@i N

mass of tissue (pug/g). An effective volume-based con

Croots(t) = lzosv\o Q@ (53)

%‘5@&) {%Qi/ié &Q (54)
Q .

NFRET

o OF - 50
X 2)

\% Qste 5& iZ11 Mi/581 Vi (6)
NN

QOK iii).\l’\\the stem, '
\é\.’& 13 13 (57

Cstem 0a(®) = 125 M;/3Zs Vi

iv) in the individual leaf clusters,
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APPLICATION TO EXPERIMENTS

Introduction

This part of the manuscript describes the application of the model
to previously obtained experimental data on uptake of the hegpind
Bromacil® by soybean plants (Glycine max) (McFarlane and &
1987). The purpose of this exercise was to calibrate del Q
\O

Calibration of mathematical models generalli Qsmts of using the

model in a parameter estimation or system id tion mode for

application to a set of experimentally oﬁ data sets. X@ence
rg or cé@on of

"goodness of fit," e.g. mean squ rror or’@ squar viation.

on the values of parameters is guided

Several different system dr1v§g rlable y be @Jed (Godfrey and
m

diSteffano, 1987). Idea]@ e mod. devel first, then experi-
ments are designed a 1le o@ test @ ssumptions on which the
model is based (Bo . of fit between model

prediction an\Qgrlmen xeasur assessed and the model may
be chang %Vataln ved ma@ng between model prediction and

Addi¢d 1 seerxperlments are then designed for

Qng the &g) %\Dresent case, previously obtained data were

\%d andd odel adapted to allow for peculiar experimental

% diff Ra.\u. s of seven uptake experiments involving three
b&a011 \x rations and three transpiration rates were available.

expe

Experimental Procedures

Soybean [Glycine max (L.) Merr. dwarf cultivar Fiskeby v] plants
were grown in a hydroponic nursery (McFarlane and Pfleeger, 1986) in a

greenhouse until leaves at the eleventh or twelfth node were just
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starting to develop. All lateral stems were removed as they initiated.
The nutrient solution was a modified, half-strength, Hoagland solution
(Berry, 1978) with a pH of 6.0 and electrical conductivity'of 1.2 dS/m.
Plants of similar size were transferred to the exposure chamb ¢

scribed by McFarlane and Pfleeger (1987). Plants were acc?it d for

three days to the conditions of the controlled enviro ior to Q
adding 14C-labeled bromacil (U- 1406H13BrN202) C\Qwutrlent solution. \O

The specific activity of the treatment stoc 6*106 Bq/mmol
@@

bromacil as measured by liquid sc1nt111aQ lysis and gas/N

*

chromatography. The treatment was st @i@ltlon

amount of bromacil stock solutlon ded to QK the d
concentration in each plant e e cham @ntrations used
in each of the three expe %are \ dition to other
environmental paramet \ oot re wa tored by periodically
sampling the hydro i solut g for 1l4¢ activity. Each
sample was an @ in t ate a analytical variation in

counting @Vte s was n@ 1arger than 3 percent of the mean.

.
0 uti e wa&ntained automatically at 6.5 liters by
.

ang tr ith nutrient solution but without bromacil.

ce br a@Q approximately proportional to the transpira-

% tion che as lost at a faster rate from the solution with a
& trans\\ on rate than from one with a low transpiration rate.
(< )

uptake was measured by periodically removing plants from
ege, sgzzfnber for determination of 1%4C concentration of the plant parts.
The stems were cut at the crown, the leaves removed, and fresh weights
were determined for leaves, stems, and roots. The tissues were freeze

dried. Roots and leaf tissues were ground to a powder, then subsamples

30



Table 4. Environmental parameters and plant functions during uptake
test (BROM3).

Parameter Units Value CV%

BROM1 BROM3 Bkﬁi :
Photosynthetic pmol/s m2 350 350 ; S
Photon flux Q

(PPF)*

Air Temperature C 23 @Q 23 @

Specific humidity g/m3 &
(low tr.) 16
(medium tr.) . 120
(high tr.) O

Windspeed m/s

co2 mmol/m3

Transpiration 3 é @
(low) cm3/h @ & AN

1.2 10
(medium) @ 5.7
(high) \ 5\0 7.00 9.5 7.3
Bromacil m3 ‘\Q Q 06.180 0.058
concentration o » \ ‘
bathing soluti\ Q @
7 (D f&
; LY U
Light N/off ‘&s 24/0 1@9
DY P O
werQJtained nd“Burned Packard 306 sample oxidizer. The CO2 was
ected nalyz@Qr l4c activity by liciuid scintillation count-

%ing. @mater&\J&as not easily ground because of its fibrous

n e, the *@ segments were selected from the lower, middle, and
.

top po@s’of each plant and oxidized without powdering. Attention

wa &1 to the possibility of chemical loss during drying and as a

result of incomplete combustion in the oxidation step. Quality assur-

ance tests confirmed that less than 1 percent was lost in either

procedure.
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Transformation of bromacil was tested by evaluation of thin-layer
chromatographs made from plant extracts and from the hydroponic solu-
tion. Only bromacil was found in the nutrient solution and roots, but
about 5 percent of the l4C activity in the leaves was determi o, Be
associated with another chemical. This result was also fogpd ™ other

X:

ribution Q

to the total lé4c activity, and since all the broma was accounted for\

in this study, it was assumed that the results ted on the basi @

of DPM are an accurate description of the moveyent patterns of&

in the test plants. Q e
Three experiments with broma uplake we nduct@ ach with
some different aspect in tim ng c &rat]\r'@r’ experimental

studies (McFarlane et al., 1987). Since this was a sm

conditions (Table 4). Th wledge i) fro %’flrst experiment

(BROM1) led to the de @hlch included three
exposure chambers éﬂth \Qfere spiration rate. In the
5

final experlmen 11 wa@ dically added to each

chamber so he c tratlo the nutrient solutions remained
aPPI'OQ @ thro@ the exposure. In the first two
d1V eave ms, and root segments were analyzed. In
1ast te samp re pooled and subsamples representing plant
%\[eglo e ana @

KSlnce e&pes of experlments were conducted, namely, one with

Q reas Xomacﬂ concentration and one with constant bromacil con-

cent Q the mathematical model was formulated in a manner which
allo¥wed either condition to exist in the simulation.

Results of the three experiments include measurements of transpi-

ration rates, leaf areas, wet mass of harvested plant parts (Table 5),
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Table 5. Measured transpiration rates, leaf areas, and wet masses of
roots, stems, and leaves for three experiments with different
bromacil concentrations. The data shown are averages of
several measurements obtained during an experimental period of
220 hrs for BROM5, 55 hrs for BROM3, and 72 hrs for BROMI.

Number in parenthesis following leaf area and mass of we 1a’nt
material is estimated standard error (ese). &
§
Wet mass of p arts

Experiment Leaf area  Transp rate Roots St Leaves g
y 4 \< )
cm? cm3/cm2 hr g O
765 (103) 2.61 x 10-3 24.7 (3.& 4.5 (0.8) 16.7
BROMS 725 (122) 7.82 x 10-3  31.1 (983) 6.5 (1.4) 17
825 (116) 8.85 x 10-3  31.5 6.6 (1.1)

1578 (250) 2.77 x 10- %.5 (
BROM3 1761 (261) 4.32 x 1Q-3 6.5 (
5 .

1794 (160) .26 x

BROM1 845 (110) 8 .6\5@0-3

and concentratlog radlo@ed bron@ in the separately harvested

plant parts as ctlo xpos ime (Table 6). The transpiration

rates sho%yable K&ere ob@ by measuring the volume of water
lost i meas t 10@13 Table 5 indicates that the plants of
M3 ex ent w&)out twice as large as those of BROM1 and

% ROMS @)krlment had the lowest bromacil concentration. The
Q@.\ ed ccm\\tratlon of radio-labeled bromacil in the tank was

250 KS@ which corresponds to 0.058 ug bromacil/ecm3 solution

The BROM3 experiment used an initial bromacil concentration

&) (6. 3)6&1 (0.6) 21.3 (2.1)

whlch was 3.1 times higher (0.180 pg/cm3) and BROM1 used an initial

bromacil concentration which was 9.1 times higher (0.528 p.g/cm3).
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Table 5 lists the average biomass of plant parts present during
each experiment. The question of growth was of concern with these
experiments, particularly with BROM5 which lasted eight days. Measure-
ment showed that there was not a systematic increase in biomassddyprimg
the time of the experiments. This was confirmed by means and Bgtimated

standard errors (ese) of leaf areas and wet masses whigie calculat-
> 3

ed for each measurement sequence. The decision wa?l hat all

A
ts with respec\@
to plant growth, & 0®

Measurements of radioactivity in @rvested plant DPM
per unit of wet mass (Table 6) show tthre‘za l‘oadi@élt%d
bromacil with time. The Clz‘-lab@romaé"b@s cou@do and reported

as DPM per whole tissue regl%’l‘hls @ agg@alue for a
region and does not gl&\@conm ion of % individual leaf or

O

The model yfs slgned\\llow tion of three separate stem

experiments could be treated as steady-state exp@e

stem compartments.

and leaf co \ents 1@ pla@&;d simulations were run in this
mode. &PUC &c mpar tgfeENc® were summed, because measurements

in thil armer Q effective bromacil concentration of the

% tZssue /g w 1ned to be the total DPM measured in the wet
\ ssue& ed by !@vet mass of this tissue in grams. This assumes

tha t tissue can be equated to the volume of that

Q ue i %Xe density of wet tissue, excluding air spaces, is
g/cx\" he definitions follow from equations (53-61). Measurements
ofwconcentration can be converted into mg per cm3 by using the

conversion factor of 1.82 x 10-3 mg.of bromacil per DPM. The factor
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Table 6. Bromacil concentrations in DPM per gram wet biomass.

BROMS
Low Medium High
Time Roots Stems Leaves Roots Stems Leaves Roots t mg Leaves
(hr)  memeeme e DPM/g wet mass ---------- V ---------------
8 5,149 3,654 507 5,537 9,495 2,079 Q@ 5,233 3,4
26 7,058 11,864 3,473 6,767 9,565 10,221 65 10,12 1
50 8,315 18,634 7,262 22,303 22,88 8,239 25,086 & 1
122 36,793 26,293 12,521 33,252 49 10,485 32,68 Y247
145 16,094 35,815 30,148 15,039 30,124 13,950 38 0 6,952
169 18,041 36,512 35,009 18,652 38,244 081 16,993 122,381
193 19,876 60,609 33,155 19,139 32, 37 277 16,253 133,190
218 51,010 42 686 41 4‘7 21, 234 15 140,209
O Q 6
Low dium ¢ q‘ High
Time Roots Shoots R\ S o ROOtS Shoots
L (b_ @
(hr) --meeeeeee e - e O:-- DPM t mas@ ----------------------
3.0 12,616 536 \ 1 % 12,521 1,792
7.0 15,651 2,72 1 . 78 13,237 6,060
15.0 14,550 6, \&79 st 13,926 14,119
23.0 16,218 . \ ,452 %3,162 15,683 18,236
31.0 16,614 7 21,732y 15,803 17.046 29237
39..0 20,542 , 926 19 19,661 16,876 32,068
47.0 21,38 \) @ 26 21,601 21,085 27,770
55.0 17.7 2 K Q $* 33,074 18,006 36,435
»
BROM1 0 ¢ O
Q \ Stems Leaves
Time % ank >e&oots tom Mid Top Bottom Mid Top
@ & ----------------- DPM/g wet mass -----------------------------o-
& {51 625 \2 : 0.0 0.0 0.0 0.0 0.0
9,186 4,737 11,158 7,002 4,667 904 1,171 837
4. 27 8 ¢ 33,009 32,563 29,252 17,878 14,817 12,808 14,929
8.0 32,007 47,592 42,421 31,172 43,027 40,659 58,762
24.0 40,982 62,247 64,403 48,477 128,911 107,338 81,505
48.0 » 200 44 497 86,676 86,590 90,527 259,725 254,319 414,127
72.0 175 52,554 85,225 81.675 88,982 370,528 368,820 628,669
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follows from:

0.05834 (ug/cm3)/3200 (DPM/cm3) = 1.82 x 10-5 (mg/DPM).

Qualitative Overview of Results @’
&

An initially very rapid increase in concentration occ ed N¥n the
roots (Figure 3) with all experiments, followed by a sl Eate of Q
increase which remained nearly constant with time. Qe rapid increase \O
during the first few hours of exposure was attri@ to the fillin%b®

the free space of the root cortex with the §atMng solution, Wixa

concurrent rapid entry of solute into tex §fl§ Thi@
in a

permeation occurred as the transpi ion strea\ i t@ thing
solution immediately upon expo ur@tbe &on.@’rapid in-

crease indicates a large v or the age %tient during the

early part of the upt&\ ess @nalle&xes during the time

following the initi?k) ding.‘\o O
Concentrai\ils il the&\ comp @bs of the BROM5 and BROM3
e 4) not sh ge rapid initial increase that was

experiment i

. ’ - . L3
found% oot ¢o rtmen owever, a rapid increase in concen-
tra id o

.
ugith t% M1 experiment, with plants exposed to the

% conce&ion o@%nacil in the bathing solution (Table 4). The

% crea@\ stem *&entrations was nearly linear for all three experi-
menﬁ durin\gfirst 50 hours of exposure. Concentrations in the
t

.
Qg com gents were higher than in the root compartments, suggesting
that %ﬁ

e coefficients for the stem compartments were higher than
for ;e root compartments and that the ratio of forward storage coeffi-

cient (Qp) to backward storage coefficient (Qf) was higher.
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r®» 3. Measured bromacil concentrations in the root compartments.

Details of the experimental procedures are in the text. The
curves shown were drawn by hand to emphasize trends in
increase in concentration. The graphs show an initial rapid
rise in concentration, followed by a linear increase with
time.
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igur \%easured bromacil concentrations in the stem compartments.
etails of the experimental procedures are in the text.
Curves were drawn by hand to emphasize trends in increase in

concentrations.

The graphs show a linear increase in con-

centration during the exposure period.
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Results for the leaf compartments show a delayed arrival of the
bromacil when compared to the root and stem compartments (Figure 5).
Results for the BROM3 experiment are not shown because stems and, leaves

.
were analyzed together. Concentrations in the leaf compartn& wfre

still low after 10 hours of exposure. Storage in the lea artments

continued in an apparent linear manner. This linear i@se persisted g

over the entire 200-hour exposure period of the experiment. ®\O
Concentrations at the end of 50 hours o re plotted as @\'

functions of solution concentrations (Fl© show that concé\qation
e con

effects may occur with bromacil uptakO

in a nonlinear manner with increa 1 exposfx}(@ncentra for all
three plant parts. The relatigns p had @a ly \@ve exponent for
roots and stems, but a st@ ositi @nent leaves.

ibrati

The purp the llé’ng e)&e was to develop procedures for

txatlon eased

describi eans thhematQ models, plant uptake of organic
chemigal T mor 01f1c§ bromacil uptake by soybean seedlings.
Up@ behav& embe in the storage and mobilization coeffi-

nts arG% cali Qon of the model was therefore with respect to
% thes flCle
& Calib \@ of mathematical models ideally consists of using the
Qmodel i Parameter estimation mode. Numerical procedures are used to
& parameter values which provide simulation results closely
approximating experimental results. Convergence on the values of the
parameters is guided by some measure or criterion of "goodness of fit,"

€.g. mean square error or mean square deviation. For this study the
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. Measured bromacil concentrations in the leaf compartments

for the BROM1 and BROMS5 experiments. Curves were drawn by
hand to emphasize trends. Results suggest a linear rate of
uptake in these experiments with constant transpiration
rates.
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number of data points was not sufficient‘to follow this ideal proce-
dure. Since model development is a recent activity, this circumstance
is not unusual. Godfrey and diSteffano (1987) recently addressed the
.

problem and describe procedures for finding parameters using L& te
data sets.

According to recommended procedures, the data of th@cake exper-
iments were first used to gain insight into the pr to be modeled.
This was initiated earlier in the manuscript &Qalitative anal%

sis of the experimental results. This an@ as also used to\()

initial values of the parameters. Thus i terati pcocedub ided

at each step by comparison of 51mu n and K@mental a, was
used to systematically adjust a b1 V@S unt\@reement be-

tween simulation and measu ults @taln @bout 50 sets of

simulations were neede&) rrive Qe set orage coefficients

which gave accept bl%reemen h eXP TN tal results. Providing

mathematical p at th orage @icients obtained in this

manner are @551b1e Qnother set of values, different

from t own @wou d@Qan equally good fit to the data, may
N

exisQ \' %
\% s a m resolution model. As such, it requires

alues 1ar ber of geometric and physiologic parameters which
Lée obta efore calibration with respect to storage coeffi-
cients ¢ egln Values of the parameters were chosen on the basis of

a "v&ized" plant with a total leaf area of 1000 cm? and then scaled
according to measured plant sizes. Leaf areas were in the range 800 to

1,800 cm? (Table 2). This approach was used in earlier reports
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(Boersma et al., 1988a,b,c) and values for anatomical features of

soybean plants were derived from these reports.

Volumes of Compartments / @’
&

Literature data and experimental results indicated tlv gener-
ic soybean plant with a leaf area of 1,000 em? would Q- root volume Q

of 25 cm3, a stem volume of 6 cm3, and a leaf VOlLQf 25 cm3

(Boersma, 1988a). The experimental plants corr@xded approximatel ®
to these values in terms of ratios and a@ values (Table \C)
ulat

next step in setting up the data base n was t

volumes of all compartments of th Qfor. xper b The
procedure for doing so is det 11 Tab'%M ThK ple shown in
Table 7 is for BROMS5, me ranspir first step was to
change from wet mas n th %ﬁnptlon of a tissue
density excluding &aces Q to The first column in

Table 7 shows @ grega \plume plant part of the normal-
ized plan :! 25 c r the ‘ 6 cm3 for the stems, and 25 cm3

for the econd n shows the percent of each of these

.
Qs occu& sub@rtments. These percentages were chosen

m lite e rep The root was divided into the region outside

% rmis s*&ex) and the region inside the endodermis (xylem +
ph em + s\é\;@) Seventy-five percent was allocated to the cortex

Q Qbe t to the stele. Then volumes of cortex and stele were

divided. Of the cortex volume, 85 percent was allocated to
cell¥*volume and 15 percent to apparent free space. The stele was sub-

divided into 4 percent xylem, 93 percent storage, and 3 percent phloem.
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Table 7. Basis for calculating the compartment volumes of the experi-
mental plants. The example shown is BROM5, medium transpira-

tion rate.

Base Fraction to
Compartment name and number volume compartment

Base

volumes

olumes
M$
& d.)

ROOT 52’ Q?’v e’
Root apparent free space (0) 0. 0.15 3.499
Root cortex cells (1) ' Qs 938 19.8 6@.\
Root xylem (2) 0.25 0.250 0.
Root storage (3) &93 5.813
Root phloem (4) 0 0.03 4 0.188 O\Q 233
O %5.00 1.160
Bottom stem xylem (5) \ 0. 73535\} @176 0.191
Bottom stem storage (6) @ 0.9%x0.101 4,443
Bottom stem phloem (7) O 0.132 0.143
Mid stem xylem (8) &\ Oo 1820 4 0.044 0.047
Mid stem storage (9) <:> 0. 1.016 1.100
Mid stem phloem v q 0.03 0.033 0.035
Top stem xylem C) Q 083 0.04 0.020 0.0217
Top stem (12) @ O 0.93 0.463 0.5047
Top stem %1\ (13 Q’ 0.03  0.015 0.0162
‘\O 6.000 6.500
LEAF %
clust ylem 0.5 0.01 0.125 0.087
@af cl§ (15) 0.98 12.250 8.477
& Leaf h (16) 0.01 0.125 .0.087
1uster ylem (17) 0.3 0.01 0.075 0.052
é‘e@clu ® storage (18) 0.98 7.350 5.086
Leaf ¢ Q 2 phloem (19) 0.01 0.075 0.052
Le %‘;?ﬁster 3 xylem (20) 0.2 0.01 0.050 0.035
Leaf cluster 3 storage (21) 0.98 4.900 3.391
Leaf cluster 3 phloem (22) 0.01 0.050 0.035
25.000 17.300
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Stem volume was allocated as follows: 73.5 percent to bottom stem
segment, 18.2 percent to middle stem segment, and 8.3 percent to upper
stem segment. The volume of each stem segment was divided into 3

.
percent for phloem, 4 percent for xylem, and 93 percent for & €

percent to lower, middle, and upper leaf, respectively.@: f these g
volumes was divided into 1 percent phloem, 1 percenleem, and 95 \O

Total leaf volume was divided into 50 percent, 30 percent, v
o

percent storage

The volumes used for simulation were &alculated by sc&()
the base values from Table 7 in propor. o vol s‘derlv Qm
measured plant mass (Table 5) usi inear \@ For @mple, with

the medium transpiration rate f\)MS the@an roo\@s was 31.1 g
(Table 5). The volumes oQi compa emts (1 0 through 4) were
th

obtained by multlpllc Vol %root compartment shown

in Table 7 by the d nt (31 % ). This yielded the root
compartment V(\@ shown @1 n in Table 4. The sum of
these vol ould { 1 cm?. e scale factor for the stem com-

partmqut NME (6. a& @and (17.3/25 = 0.692) for the leaf

COHQUHGHCS \ same @edure was used to obtain volumes for the
T exp %‘n & 8 summarizes the other geometric parameters

&used @e UTA simulation runs.

.
QCheml a @ Pth:.cal Parameters

ormation available for bromacil suggested setting sorption
parameters, first-order irreversible loss process param:ters, and

reflection coefficients all equal to zero. This information must be
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Table 8.

Values of parameters used in UTAB 4.6 for geometric and chemical properties for each

compartmental boundary and fluid flow rate.

O

Diffusion Fluid flow"
Index Regions connected Area Thickness coeff. rate
*
(cm?) (cm) (cm2/h) (cm3/
0 Soil/apparent free space 6,350 0.00375 0.0036 671
1 Soil/root xylem 3,180 0.0001 1.8 x 1077 5.671
2 Root xylem/bottom stem xylem 0.00784 0.5 0. 6 6.975
3 Bottom stem phloem/root phloem 0.0056 0.5 1.304 \
4 Root phloem/root xylem 1.0 0.001 3 - 1.304 %
5 Bottom stem xylem/mid stem xylem 0.00504 1.0 N 3.29 @
6 Mid stem phloem/ 0.00360 1.0 & 0.0036 0.453
bottom stem phloem \0
7 Mid stem xylem/top stem Xylem 0.00284 o 0.0086 @
Top stem phloem/mid stem phloem 0.00203 6 ¢
9 Bottom stem xylem/leaf 1 xylem 0.00784 10%8 36 6
10 Leaf 1 xylem/leaf 1 phloem 5.0 %0.001 ’\Qx 1073 @.8505
11 Leaf 1 xylem/atmosphere 10.0\ 1.0 \ 0.0036 @ ® 2.835
12 Leaf 1 phloem/bottom stem phloem 0056 10.0, @ 0.00\ 0.8505
13 Mid stem xylem/leaf 2 xylem 04 0.@ 2.041
14 Leaf 2 xylem/leaf 2 phloem 0 0 & - 0.3402
15 Leaf 2 xylem/atmosphere 6.0 K.O 60038 1.701
16 Leaf 2 phloem/mid stem ]A 0.00&0 8.0 Q 0.0036 0.3402
17 Top stem xylem/leaf 3 xyl ,o,@ 5.0 O 0.0036 1.249
18 Leaf 3 xylem/leaf 3 0 3.6 x 1079 0.1135
19 Leaf 3 xylem/aifnosphe§e &,0 Q 0.0036 1.135
20 Leaf 3 phloeK m phloelo 0.00203 @1 0.0036 0.1135
L N D‘ A

*Fluid flow

"

O.l, QTR =

A4 &I
e calcu a& ing
3/hr/p!®

ecuNd o the

st
??mi@?w
©

(=

(¢} n a

%9& Tra;:g&

del contains a p

ph@low. In order to r

this ratio for each leaf.

phloem depends on environme

fo #n Table 3, with £; = 0.3, f; = 0.2, and f3 =

.\0

1. 1Initial concentrations of bromacil were

cept in the "soil compartment."

arameter for the ratio of xylem flow to
un the model, it was necessary to choose
The rate of water transport in xylem and

ntal conditions and vigor of growth. Under
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the constant environmental conditions of the experimental chambers the
xylem and phloem flow rates could be assumed to remain constant. The
ratio of xylem to phloem flow has been measured in many experiments
(Noble, 1983). Based on these reports the ratio was set highe e

oldest leaf and smallest in the youngest leaf, as follows: v—— 0.3,

fg = 0.2, and f3 = 0.1, respectively. Q g

Concentration of Bromacil in Bathing Solution O \Z

In the BROM3 experiment the concentr@f bromacil in th\
atel@o’nstant @s

bathing solution was maintained to be

condition was simulated in the mod settim @ volum the soil
compartment very large (1.0 x T itla\'%s of bromacil
set at 3.2 x 1013 DPM so t e 1n1t oncen\@n was 3,200 DPM/
cm3 which is equal to rlm condlt f 0.058 pg/cm . The
amount of bromacil p by %s duri he 200-hour simulation

time was negli 1\0 latlv the bromacil remaining in the

soil compart For and B 1 the soil volume was set equal to

6,400 cmo ch wa& vol the root chambers, and the initial
a 1on those@t e experiments (Table 4).

anspi n Rate\o

Qhe to e of transpiration measured experimentally (Table 5).

Q redQ§ were allocated to the three leaves in approximate pro-
e

portlo af area, i.e. 50 percent to leaf 1, 30 percent to leaf 2,

and 2™ percent to leaf 3.
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Storage Coefficients

The objective of the calibration procedure was to find plausible

values of the storage coefficients. Important qualitative obseryations
srg .

may be derived from Figures 3 through 5 and from literature JQP

The value of storage coefficients for molecules such as gl may be

approximated from the relationship Q = (DKA/Ax) (eq at@z with o = Q
0). For such molecules D = 0.036 cm?/hr. Assumn Q= 0, Ax = 0.1 cnﬁ\o
and A = 1.0 cm? obtains Q = 0.360 cm3/hr fo amgace area of 1 ¢
There are many uncertainties with this e@ﬁ The value fo\gs
for a dilute solution. Furthermore, @ part W surfég)f cells

are available for diffusion, ma\t smal n sho Diffusion
at

it

[

may be limited by partitionin m e sur@ In the exper-
&

oul k uch larger than

1 cm2. However, th&x of%\ 60 cm prov1des a useful esti-
mate for the 1r© 1muth1'&

In the 1 the r of 1nc& in bromacil concentration at

iments, the surface area

the med%ylspir\&o@rate anQow-exposure concentration (BROMS)

DS
was @ximate@LOOa @Q’M/g-hr (Figure 5). This corresponds to
(0 Q;

0 x 103\1')PM/g- @ .82 x 10-5) ug/DPM — 1.82 x 10°3 pg/g-hr =

vol *Brage volume of 10 cm3 the rate would be 0.0182 pg/hr.

@ 700182 .g -hr. \@s is the rate that would apply to 1 cm3 of storage
Qé 1ncre%\1n concentration is the consequence of Qf and Qp, thus

w1th@0 5 Qf the necessary Qf should be 0. 036 cm3/hr Based on
% “onsiderations, the initial guesses of Qf = 0.10 cm3/hr and Qp =
0.05 cm3/hr were used for stems and leaves.

Other considerations were that bromacil moves readily from trans-

port vessels to surrounding tissues as indicated by the rapid increase
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in concentrations in roots and stems following exposure. Storage

coefficients for phloem and xylem may therefore be assumed to be equal

to each other for a given tissue. Finally, we assumed that the storage
.

and mobilization coefficients are proportional to storage VOlBE:;h is

proportionality derives from the volume to surface area rel%s ip

indicated in equation 1. Q

49



DISCUSSION

Introduction

Simulations rapldly achieved the condition where the correct total
mass of chemical was stored in the plant as a function of ti @
cating that the overall process was correctly described a Q
physical and chemical parameters were correct. Howe e measured Q
distribution between the three plant parts was nonedlately simulat\o
ed. This distribution is determined by stor<: fficients. Pro @

with obtaining agreement between simulat

from tabulation of the ratio of 51mu once§§lon (@\uded by
e

experimentally measured concentr%n (Cex

d experlments

The quotients shown in

f @nal run in the

"eyeball™ curve—fitting atlon dure storage coeffici-

ents which resulted \ ca&@&on P. re are in Table 10.

Figures 7 th 13 sh mula% Olld lines) and measured
i

(data po 1nts\@entra X’for

medium h tr setatlon @ respectively), BROM3 (Figures 10,

11, @n , and&ll (F@Qﬂi) Ratios of simulated concentrations

deed by Qed co rations (Table 9), indicate that experiment-

\ resub% all ﬁlments were simulated with equal success. The

b\ ulated.\g. the important features of the uptake behavior
ealed \\@ experiments.

Q dditional step in the analysis was the effort to find struc-

gures 7, 8, and 9 for low,

he storage coefficients found by the calibration procedure.
Important considerations were to look for the relationship between
storage coefficients and size of compartments, possible effects of

concentration and/or transpiration rates, and differences, if any,
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Table 9. Simulated concentrations (Cg) divided by measured concentrations (Cexp)
at three transpiration rates.

BROMS

Low Medium .
Time Roots Stems Leaves Roots Stems Leaves Roots& Leaves

A
(hr)  ------meieiieieiii e Ratio Cg/Cexp Q?~ -------------
8 20.93 1.37 3.15 20.97 -0.64 1.71 1 1.40 <3§:2>
26 0.88 1.21 1.54 1.04 1.62 1.1 Q 1.03 1.84 \
50 -0.97 1.26 1.47 0.00 1.01 1.€z:> 1.11 1.08 (2?»
122 0.00 1.05 1.06 1.21  -0.92 1. 1.33 1 13
145 20.95 1.15 1.10 1.12 1.06 /(i.lo 1.09 20.73
1 1 0
0 1 1

169 -0.94 .20 .11 -0.98 -0.86 10 -0.97 -0.74
.04 1 1. 31 1.09 09 -0.77

193 -0.94 .00 .34
BROM3 O 74)
Low edi High
Time Roots Shoots ots \@ Roots Shoots

13 -0.87 1.82

.87 1.04 1.17

1.49 1.10 -0.99

1.25 1.07 1.12

1.35 1.07 -0.90

1.31 1.16 -0.99

1.40 -1.00 1.33

1.04 1.24 1.16

Leaves

Bottom Mid Top
K \ Ratio Cg/Cexp ------=----=-=----==-------
{Qs<:> - {25» -0.64 -0.96 1.56 6.24 5.96 9.44
4 5&2 -0.64 -0.63 1.26 1.37 2.16 2.20
8.0 \ \o3 -0.74 -0.75 1.25 -0.92 1.35 1.12
24.0 0.96 1.10 1.02 1.63 -0.89 1.50 2.4
48.0 1.09 -0.98 1.02 1.14 -0.85 1.22 -0.9
72.0 1.08 1.06 1.20 1.28 -0.86 1.22 -0.91
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Table 10. Values of storage (forward) and mobilization (backward)
transfer coefficient determined by the calibration procedure
used in the text.

Compartment Volume Q-f

BROMS-1ow
Root cortex 15.75 2

Root storage 5
Stem bottom 3
Stem middle 0
Stem top 0.347
Leaf bottom 8
Leaf middle 4
Leaf top 3

~J
[e)}
N
e o oNolNoNoNolN ol

BROMS -medium
Root cortex 19.83

0.
Root storage 7.231 % 0.
Stem bottom 4.4430 09
Stem middle 1. &K 0y
Stem top Q02 \
Leaf bottom % .
Leaf middle .U86 . .
Leaf top O .3910\, 0 . .
BROMS -hi gh \> @ é

Root cortex

2 8
@Q? Q& Qo
Root sto e . 324e 0.
Stem o O O

4. 51 N
St Ql 1. 6
em mip e \ %

. 5 3 1.9

Q 0.375 0.031 12.1

Root sto&% 10.579 0.270 0.027 10.0
Stem 9.440 0.577 0.264 2.2
Stem miNdle 2.338 0.146 0.074 2.0
Stem top 1.066 0.065 06.522 2.0
Leaf bottom 28.155 0.217 0.027 8.0
Leaf middle 16.893 0.168 0.021 8.0
Leaf top 11.262 0.130 0.016 8.1



Table 10. Continued.
Ratio
Compartment Volume Q-f Q-b Qf/QW
4
3
cm3 cm3/hr cm3/hr ,&

BROM3 -medium
Root cortex 36.02 25.000 13.0 ?* 1.9

0.320 0. 15.2
Root storage 13.136 0.270 .0 13.5
Stem bottom 10.793 0.657 Q&zs 2.0 \
Stem middle 2.673 1 0.167 084 2 %
Stem top 1.219 0.077 00.036 25.‘{'
Leaf bottom 32.188 0.230 0.029
Leaf middle 19.313 0.17 0.022 71
Leaf top 12.875 0.16 0.018 \ 7.8

S, O S s . 0 .......
BROM3-high Q Q. 6
Root cortex 30.54 15 O 13.00 .

1.9
6} 260 5\\ 0. 02 13.0
Root storage 11.137 \ 0.20 10.0
Stem bottom 10.212 0. 10 2.0
Stem middle 2.5 % 8 \'@0.080 2.0
Stem top 1.@ Q 70 0.036 1.9
Leaf bottom \ 00.225 9 0.028 8.0
Leaf middle &2 9 5\ 0. Q 0.022 7.9
Leaf top 12%M79 0\9 0. 0.017 8.1
BROM1 ( )
Root cortex \ 19 Kl 7000 11.000 1.5
\/ O .120 0.027 A
Root stor & 75 0.085 0.018 4.7
Stem bot o 4.170 Q 0.168 0.140 1.2
Stem 1.8 :O 0.032 0.027 1.2
Ste 0.017 0.015 1.1
af ottom \' %7 0.220 0.020 11.0
@ middl @2 0.170 0.017 10.0
\ top b 175 0.100 0.010 10.0

N &S f@‘*
A R\\4
&
R
A\
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between the three plant parts. To prepare for this analysis the ratios

Qf/Qb shown in Table 10 were reordered as shown in Table 11.

Roots @

Root concentrations increased rapidly during the flrstv
f rapid

exposure (Figures 7 through 13). The duration of this

@ o . :
uptake decreased with increasing concentration of tQathing solution. \O

This uptake pattern was reproduced by the model b ing large stora%'

coefficients during this initial period. é&ge storage coe 10

cients were changed to lower values af

ours 51mu1a¢
BROM5, 8 hours for BROM3, and 6 ho'%or BRON1 e upt ehavior
T

ed xhe 1@1 entry of
Thi@um t@ratlon rate for

BROM5 was 5.7 cm3/hr %s 23.3 cm3, consist-
ing of 3.5 cm3 appa &

; tk&@ vol . ,
ee sh. Q O‘?cortex volume. At the
indicated trans ::?nr wa@ e 3.5 cm3 of apparent free
space would M&she &

reflected the rapid uptake whic

solution into the root-free

Uptake after that time repre-

sents rap orageé he COfQCGllS.
Qe nstK us e @&e would not occur under field conditions,

%vt wherf plll taminant occurred so that contaminated water

nﬁ@hould be run as done here. More likely is the

the ro one over a short period of time. For such condi-

hyMlow-level, chronic exposure such as occurs where plants

are gr&\"géln contamlnant soil water. The chronic exposure should be
mod&using the smaller storage coefficients. Following the rapid

initial uptake, storage continued in the root cortex and storage com-

partment of the root stele at a lower rate.

61



Table 11. Ratios Qf/Qp for individual plant parts. The transpiration
rate for each experiment is listed at the top of each data
column in the units of 10-3 cm /cm2 hr.

BROMS BROM3
Compartment (2.61) (7.82) (8.85) (2.77) (4.32) (SN 65)

Roots cortex 16.1 9.0 5.3 12.1 15.20;. 4.4

Roots storage 21.1 7.6 5.2 10.0 q 10.0 4.7 \(>

Stems bottom 8.1 2.7 2.6 2.2 2.0 1@
middle 6.7 2.5 2.6 2 2.0
top 7.5 2.5 2.6 1.9 0

Leaves bottom 8.0 8.3 7.9 QO .9 8%\ 11.0
middle 7.8 7.9 8.0 10.0

' b o
top 8.0 8.2 7 O 10.0

N\ @‘
A relationship between%ge co@@nt @e root cortex
and the root storage ent ot ap The storage coeffi-
cients decreased Qsp:.r rate @Qle BROM5 and BROM3 exper-

iments, but a ea Z latioNghip was®g> . However, when the

ratio of Q Qb s ev as ction of transpiration rate (Fig-

ure 14) atlon as f ® This ratio is a measure of storage

Q 1gher o 1nd @g more rapid storage. A similar transpi-

ion ra e@ enden % not found with the storage coefficients of

% te com nts (Table 11). These results indicate that the

& r o sto hs higher at the low transpiration rate. While the '
Q ’é;t points is small, the decreasing rate of storage with

ncr&' rate of transpiration was observed with all experiments
whe the comparison could be made. Reasons for this relationship are
not clear to us at this time. Other reports have suggested that uptake

is independent of transpiration rate.
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Stems
The relationship between storage coefficients and stem volumes was
found to be linear (Figure 15). The same relationship applied to all
i ¢
experiments except BROMS, low transpiration rate. The prop& ngkity
in the absence of a transpiration or concentration effect lects the

proportionality of storage with surface area, as was ously dis-
Leaves 0& \
Storage coefficients of leaves relate Qleaf \69‘ in an

exponential manner (Figure 16). %relat% was t ame for
BROMS5 and BROM3 experiments Sut\ad &@r expn\’ for the BROM1

experiment. The differ@ tween{ ROM1 N e other two experi-
ments may indicate @en rat fect. &mage coefficients did

cussed.

not increase with 1ncre COH(QQthH from BROM5 to BROM3,
but increase Q‘t 50 t by a31ng the concentration from
BROM3 \wf Th centrag effect may result from an affect of

q l’ .
‘Q @ ssug verccurs at the much higher concentrations
the

Qw B@l\ experiment. This effect was also shown
\% gu e @Q
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65



0.25 - é{ ,&(&O

.
Fl@. Forward storage coefficients for leaf compartments plotted
Q as a function of volumes of leaf storage compartments.
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SENSITIVITY ANALYSIS
Introduction

One of the best methods for choosing the parameters in a sensitiv-

.
ity study of a mathematical model is the factorial design (Bo&@,
f

1978). This "experimental design" is practical when the nu?g

independent parameters is less than or equal to 10. Ho, UTAB 4.6 q
contains more than 200 independent parameters. It Qherefore not \0
practical to choose a factorial design for varyin e parameters. }b\,Q.

is also nearly impossible to set up and sol &\ closed form, a\@of
sensitivity equations as described by B@Qﬂﬁ@o‘r purp@Qf

this report only some of the indivi paramQ@which @1mportant

.
to the uptake, accumulation, a Nslocat@\roce&@were varied.

The results of changing th ramete @ compr g with BROM5 medium

transpiration rate as&\ ren&@ulati&ineteen sets of
T

simulations were ma? e pa{'\ ters w ere evaluated and their

values are in TJ\@ . R@s are@n n Figures 17 through 27.
Q¥ & o

0 o Tr iration Rate

L g

Qe tranxir'g?on ra%\sed for the reference simulation was that
e BROb%lium @Qiration rate (Table 12). The curves labeled

&&f in&re 17 “éespond to this transpiration value. The curve

labeQed A C(Xk@nds to the simulation with the low transpiration
.

Qat , whi téle curve labeled B corresponds to the simulation with the
hig plration rate. Simulations show an increase in concentration
in all three plant parts as a result of increasing the transpiration
rate and a decrease in all three plant parts as a result of decreasing

the transpiration rates. On a relative basis, the effect of increasing
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Table 12. Values of parameters used in the sensitivity simulations. The
data base for BROM5 medium transpiration rate was the refer-
ence level for these simulations.

Parameter changed Curve Values used .

Transpiration rate Ref BROMS Med Trans (2.61 x 1 3/cm2 hr)
A BROM5 Low Trans (7.82 3/cm hr)
B BROMS High Trans (8.8 c

m /cm hr) q
Ratio (phloem/xylem) Ref £1=0.3, f2=0.2, Ql \
A f1=0.15, fp=0. 320.1 \@»

B £1=0, f£2=0 ,§
Diffusion coefficient Ref 3x .10°/ sz/hr\\f:)

across Casparian strip A 8 x 1070 6nZ/h

S8

Reflection coefficient Ref
for Casparian strip A

B%
Reflection coefficient

of leaf membrane

separating phloem a
xylem
Constant (Qf/QbOE R&' All nd Qp's as in Table 8

s and Qp's + by 2
Qf's and Qp's times 2
Varla&Qb) && Ref %11 Qf's and Qp's as in Table 8

All Qf's and Qp's + by 2
All Qf's and Qp's times 2

p ion C c1ent ef All B's = 0.0
n roo B(1)=B(3)=0.5
B(1)=B(3)=1.0
F - rder ates Ref All X's = 0.0 (1/hr)
A A15=0.0016, Xx18=0.00175, A91=0.0018
N B A15=0.0032, 218=0.0035, X21=0.0036
C A15=0.0064, Xx18=0.0070, X91=0.0072

,gz;;g?o
AN
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Sensitivity Analysis Transpiration Leaves
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ure’ 17. Simulations showing the effect of changing the transpiration
rate. Reference simulation was with BROM5 medium
transpiration rate, Tr = 5.67 cm3/hr. Comparisons are with
low transpiration rate Tr = 2.00 cm3/hr (curves A) and high
transpiration rate, Tr = 7.80 cm3/hr (curves B).
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the transpiration rate was much smaller than the effect of decreasing
the transpiration rate. The decrease in the transpiration rate by 67
percent decreased the concentration at 200 hours in the leaves

.
(curve A) from 1.57 x 106 to 8.09 x 102 dpm/gm, in the stems&&
1

2.23 x 103 to 1.14 x 102 dpm/gm, and in the roots from 5.2

3.26 x 102 dpm/gm. On the other hand, increasing the @piration q
rate by 13 percent (curve B) produced a correspchQ increase in the 2\0

concentrations of the three plant regions & eases in concem
tions were from 1.57 x 106 to 1.93 x 106®g in the leaves, xg)

2.23 x 103 to 2.78 x 103 dpm/g in thes and om 5. 216
6.31 x 102 dpm/g in the roots. T% simul Q how @ the effects

of increasing transpiration rEeXre no @ear @ncrease in

5to

concentrations diminishe ncent{ s bef‘@lgher

m Transport Rate

The ratl\ oem neport (&' em transport rate) is a mea-

e chele in the plant. A higher ratio

.
meana@ chem@ccumu@ in the leaves readily enters the
KA

m pathw & ough %c\”n it is transported back to the roots. The
\%)ecta % @Qw ratio increases the concentrations in the

1eav® concentrations in stems and roots, whereas a high

éo decr\x the concentrations in the leaves and increases concen-
.

t
n

rat stems and roots. Results agreed with these expectations
%& . Simulation with the ratios equal to zero (curve A), i.e.
o phloem transport, showed the expected increase in concentrations in
the leaves and decrease in stems and roots. The decrease in concentra-

tions in stems and roots were large, namely from 2.23 x 102 to 5.12 x
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Sensitivity Analysis Fractions Leaves
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Fig@w. Simulations showing the effects of changing the ratios of

phloem transport rate divided by xylem transport rate.

Reference simulation was with the fractions set to f] =

0.3; fo = 0.2, f3 = 0.1. Simulation A: f] = 0.0; fp = 0.0,

f3 = 0.0, and Simulation B: f] = 0.15; f9 = 0.15, and f3 = -

6.1.
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104 dpm/g in the stems and from 5.21 x 102 to 2.63 x 103 dpm/g in the
roots. The increase in the leaves was dramatic, namely from 1.57 x 106
to 3.52 x 106 dpm/g. Simulation with the phloem/xXylem ratio greater
than zero showed the expected increase in the stems, namely& ’3 X

105 to 2.52 x 103 dpm/g, but there was no change in the c trations

in the roots when compared with the reference simulat@ Concentra- g
tion in the leaves were lowest with the referenc:%ulation. The fac\o

that for ratios greater than 0.1 the concentpat in the roots di

4

respond to the further increases indicates

h this process i\(cy

*

1s beibrecycle icient-
ly fast so that storage is the r imitir@ess. '@small in-

TS
crease in concentrations in e&v s re@ive to\@teference curve,
% b

namely from 1.57 x 106 tO 106@, is@buted to the fact
that the slower req&ikresulr&@a lon&sidence time in the

3
leaves which there%creie'\Qe lea&age of bromacil.
Q% effici@of the Casparian Strip
.
QY 5>

is simgl¥Ption tb iffusion coefficient of the Casparian

SQ was c}&%e;. Thi%\efficient determines the rate at which
\%ﬁfusioogoss t@Qparian strip can occur. The value of this
& coef@nt isd@rtant with respect to diffusion from the root xylem

phloe artments back to the root cortex. The role played by
.

G

longer a rate-limiting process. Com

©

o

this ¢ ?cient can be learned from the mass balance equations, spe-

| x1}’ equations (9) and (21). The expectation was that a decrease
in the diffusion coefficient would increase the amount of chemical in
the plant and therefore increase the concentrations in all compart-

ments. Similarly, an increase in the diffusion coefficient at the
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Casparian strip was expected to decrease the total amount of chemical

in the plant and therefore produce a decrease in the concentraticns in

all plant compartments. These expectations were borne out by the

simulations shown in Figure 19. The effects were not linear, %’

The effect of increasing the diffusion coefficient by a fac%f 10

was somewhat larger than that of decreasing it by the sa actor. g
Increasing the coefficient decreased the concentr % at 200 hours 1n®\0
the leaves from 1.57 x 106 to 1.18 x 10° dpm/&Qhe stems from ®\'

2.23 x 102 to 1.60 x 105 dpm/gm, and in tRe Ngot® from 5.21 x 10 <:)

4.25 x 103 dpm/gm. Increasing the dif@n coef ent 1n%Qd the
concentrations in the leaves from % ’&\ 3 X 10@?m/gm, in

the stems from 2.23 x 102 to 3. >105 dpot/&pr, and @e roots from

5.21 x 109 to 7.07 x 105

s
The refle coeffi@ i a&r&ure of the ease of passing
across th@lan A rethion coefficient equal to zero

allows@c emlc& pasgs @ eded, a reflection coefficient equal
does nolk allow a em1ca1 to pass this barrier. All plant

%@s wer cte@; influenced equally by changes in the reflec-

ion c icien +the Casparian strip. This expectation was con-
é by tl'\\esults (Figure 20). With the reflection coefficient
Qqual @, concentrations in leaves decreased from 1.57 x 106 to
.@6 dpm/gm, in the stems from 2.23 x 105 to 2.01 x 102 dpm/gm,
and in the roots from 5.21 x 103 to 4.83 x 102 dpm/gm. Setting the
reflection equal to 0.7 further decreased concentrations, namely from

1.57 x 106 to 1.03 x 106 dpm/gm in the leaves, from 2.23 x 10° to
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Sensitivity Analysis Diffusivity Leaves
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Sensitivity Analysis Sigma, CpSt Leaves
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Fig@ZO. Simulation showing effects of changing the reflection
coefficient of the boundary representing the Casparian
strip. Reference simulation was with o = 0.0.
Simulation A: a = 0.2; simulation B: o = 0.7.
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1.46 x 102 dpm/gm in the stems, and from 5.21 x 103 to 3.91 x

105 dpm/gm in the roots.

Reflection Coefficients in the Leaf Membranes Separating X\LL@
. /\

Phloem Pathway v
The reflection coefficient of the membrane separ@ ylem and Q

phloem pathways is a measure of the ease with whithe chemical can \
enter the phloem pathway. An increase in this @ctlon coeff1c1e @
in the leaves was expected to increase corNenWations in the 1

despite the "choking-off" effect an i Q

§ tra-
tions in the leaf xylem increase der these @w ition ereby driv-

ing more compound into stor . oncentr Xﬂ @ and roots were
étry in @ phl x@stem was decreased

ents e expectations were

expected to decrease as
by the increasing re

confirmed by the &1ons \@ure en ws that concentrations

increased in\@aves Q crea
the ref@Vevel @the retlon coefficient equal to zero to
1

on w = 0. T small A larger change occurred with

tems and roots. Changes from

Qeflect folc@ = 0.7. With these simulations the total

%ount o ica tBe plant was the same so that increases in leaf

& congc, tlons%esponded to decreases in stem and root concentra-

Storage Coefficients

The role played by the storage and mobilization coefficients was
discussed in detail in the text of this report. The values of the

storage coefficients, Qf's, and the mobilization coefficients, Qp's,
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Sensitivity Analysis Sigma, Leaf
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Simulations showing the effects of changing the reflection
coefficients of the membranes in the leaves which separate
phloem from xylem (o1Q, 014, and 018).

Reference simulation

was with the three coefficients equal to zero. Simulation A,
o's equal to 0.2; Simulation B, o's equal to 0.7.
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were increased by a factor of 2 (curves B) in one simulation and de-
creased by a factor of 2 (curves A) in the second simulatijon. With
these changes the ratios Qf/Qp remained the same. Figure 22 shoys that
the simultaneous increase of Qf's and Qp's by a factor of 2 jcg :*1
the concentrations in leaves, while decreasing concentrati in the

stems and increasing concentrations in the roots. The@eases in the

leaves was from 1.57 x 106 to 2.07 X 106 dpm/gmdeecrease in the 2\0
the increase i%&

The ratio (Qf}\&)}f

the leaves was higher than for the ot.wo pla @arts 6 t an
increase by a factor of 2 resulte% 1ncre%0torage ince more of

the chemical taken up by th n was s in t@ves less
remained available for s 1n st &d ro @In the competition
for chemical to be s&& the s& ere Qnost strongly effected,

stems was from 2.23 x 103 to 1.94 x 103 dpm&
m

roots was from 5.21 x 103 to 5.45 x 102 P

When wval (Qf/(@vere d @sed by a factor of 2, uptake in
the 1eaf% sed, é #d the u e in the roots; however, uptake by
ncrea, Thg ation resulted in a lower concentrations

Qe 1eave as expec%\ Reasons for the increases in stems and

\%rease&oo s not clear. ' Since the ratios were not changed
& 1 conc* ions at very long time values are the same for all

élatlon \ bwever, the rate at which equilibrium concentrations are

Q achle@eﬁends on the ratio (Qf/Qp)-
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Sensitivity Analysis Constant Qf/Qb Ratio Leaves
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Fig ,§:>? Simulations showing the effect of increasing or decreasing
z: ' values of the forward (Qp) and backward (Qp) coefficients
while maintaining the same ratio Qf/Qp. The reference
simulation was with all Qf’s and Qy's as in Table 8. For
Simulation A, all coefficients were divided by two; for

Simulation B, all storage coefficients were multiplied by
two.
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Change in the Ratio Qf/Qp
When the ratio Qf/Qp was changed, equilibrium concentrations, as
well as rates of approach to equilibrium, changed in each plant part.
With the ratio increased by a factor of 2 (curves B), storage i Nr ;ed
>

and the increases were similar for all three plant parts. W e 23

shows that the increases were from 1.57 x 10® to 2.18 dpm/gm for q
leaves, from 2.23 x 103 to 3.00 x lOv5 dpm/gm for :Qs, and from 5.21 X®O

10° to 7.78 x 102 dpm/gm for roots. Concen i decreased in al@
atios, and the 0

plant parts by decreasing the Qf/Qp (cur@ \
decreases were about the same for eacl@ par 'Rhe deﬁgs were

from 1.57 x 106 to 1.00 x 106 dpm%ﬁor 1e§§' rom 2. @ 105 to

1.46 x 102 dpm/gm for stems, d om 5.2 x 10° dpm/gm
for roots. Oé K@ \'@

Sorption C%Fc:.ents &he Rze‘Qorage Compartments
Q)oeffl&

The sorp all @war equilibrium sorption to

occur. %tht i Qvalent that of increasing the volume of a

comp in wh sor tJOchrs Figure 24 shows simulations w1th

Q)rptlon Qlc:.en%& the root storage compartments set equal to

and Resu]@ngure 24) indicate that these changes did not
% chan conc tions of the leaves and stems, but concentrations
0&16 roo\\@artments increased, as was expected. The increase was

from g\f ’105 to 6.47 x 10> dpm/gm for B} = B3 = 0.5, and from 5.21 x

50 x 102 dpm/gm for B] = B3 = 1.0.

80



Sensitivity Analysis Variable Qf/Qb Ratio Leaves
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e%.' Simulations showing the effects of changing the ratios of
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forward storage coefficients to the backward storage coeffi-

Q cients

cients

the Qp

. Reference simulation was with all storage coeffi-
as shown in Table 8. For Simulation A, all forward
storage coefficients (Qf) were divided by two while leavin,

the same; for Simulation B, all forward storage

coefficients were multiplied by two, while leaving the Qp’s
the same.
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Sensitivity Analysis Volume Coefficients Leaves
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Q ure eSimulations showing the effects of changing the sorption

g
\\" coefficients (B's) in the root compartments. These coeffi-

rr¥rrirrrrrryryrrryrrrrrryrJyrryrrrourr

cients immobilize chemical so that the coefficient has an
Q effect that is similar to that of increasing or decreasing
the volume of the compartment. Reference simulation was
with values of the sorption coefficients B = 0. Simula-
tion A, sorption coefficients of the two root compartments,
Bl = B3 = 0.5; Simulation B, sorption coefficient of the two
root compartments, B] = B3 = 1.0. '
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. Simulations showing effects of changing the rates of first-

order loss ()A) in the leaves.

Reference simulation was

with all A’'s equal to zero. Simulation A: A15 = 0.0016,
218 = 0.00175, Xp1 = 0.0018; simulation B: X35 = 0.0032,
218 = 0.0035, Ap91 = 0.0036; simulation C: X15 = 0.0064,

A18 = 0.0070, X971 = 0.0072.
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Rate of First Order losses

This simulation shows the result of allowing first-order loss
processes to operate. In the reference simulation, the rate of first-
- ’.
order loss were zero in all compartments. For the simulatl& in

Figure 25, values of the coefficient, A, were as shown inve 12.
e

Appendix I, equations (15), (18), and (21), indicate @o played by Q

this coefficient. The effects were most pronourn n the leaves, \
which was expected since values were not cha geg stem and root @\
compartments. An increase in the value o s the effect of\()

. -
decreasing the concentration. As the@s ess 6¢1ess c al
available in the leaves, the redj ibutio ‘\Q\e chem@ by the

3
phloem pathway is affected s§t&, incre gly, @oncentration in
the stem compartments sh@ decrea@oncex&@i’ons in the root

compartments starte&\low a C&Qse as@g.

v ‘\Q QO
\O < §§mbine€?ﬁects
In Vion {&@ limiteQet of sensitivity simulations, two
’ .
%n werE 0 in w@Qseveral parameters were changed from the

Qence d&set at t%\ame time. The sets of parameters for each of
\%ese t aulati®Qre in Table 13. Results are in Figures 26 and

& 27. @simula% in Figure 26 is labelled "combined high" and the

&latio &gure 27 is labelled "combined low." This terminology

.
Q deri®8m the high concentrations with the simulation in Figure 27

@ low concentrations with the simulations in Figure 27.

The most influential parameter in these simulations was clearly the

imu
e

S
r

diffusion coefficient at the Casparian strip. The diffusion coefficient

of the simulation labelled "combined high" was the lower of the two
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simulations and that was two orders of magnitude lower than with the
simulation referred to as "combined low." The diffusion coefficient at
the Casparian strip determines the rate of diffusion back to the
bathing solution of the root medium. With the high diffusion @0
coefficient, the rate of backward diffusion was high. This

increased as the concentration of the nutrient solution @E

D

concentrations in all three plant parts approached a%ady state with \

the "combined low" simulation, whereas the. conc nt@ons of the ®\'
reference simulation and the "combined hig}é\ation continueé\q)
e

increase. The lower rate of increase i once tions
combined low" simulations was also art cau ?hlgh ue of
first-order loss rate in the 1 %];e hl%&nce ons in the
roots with the "combined h mulat erlve art from high

value of the sorption & nts e roo&artments The very
stems

low concentration in

Q low" simulations
resulted from tle\@' ow 6 of t e@l m/xylem transport rate and
the high r w coe nt at @ root surface.

Q) Q’

Q
R +\"’°
<<C)K \\Q
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Table 13. Values of the parameters used for simulations in which
several parameters were changed for an evaluation of com-
bined effects.

Value of parameters N
Simulation in Simulatjén
Parameter Fig. 26 Flg

Transpiration (cm3/cm2/hr)

Phloem/Xylem transport rate

Diffusion coefficient (cmz/hr)

Reflection coefficient, root
Reflection coefficient, leaf
Ratio: Qf/Qp

Sorption coefficient, ro

First order loss rate
leaves

A‘\

xé‘&e@s

- 8.85 x 10-3 '@XSZX103

£1=0.30; f9=0.20, Qf1=f2=f3=0.0 \
£-0.10 O ,@

1—18}(& 18x106\(b'
Q_o S

18=0.2
Qpr=0.50 times

efere eference
xﬂ&o\’bm

D

0 00 A15 = 0.00640
= 0. x18 = 0.00700
2] = d91 = 0.00720
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Figure 26. Simulations showing the combined effects of changing several
parameters at the same time. Reference simulation was with
data set for BROM5 medium transportation rate (Table 8).

Values of parameters used for this simulation are in
Table 13.
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Simulation showing the combined effects of changing several
parameters. Reference simulation was with data set for
BROM5 medium transpiration rate (Table 8). Values of
parameters used for this simulation are in Table 13.
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CONCLUSIONS
The model satisfactorily predicted the observed uptake and distri-
bution patterns for bromacil in soybean plants at the stage of growth

and under the environmental conditions used in the experiments&@v’-

ing a range of transpiration rates. This indicates that th@ 1

£ OQ

transpiration rate on the uptake and translocatlon hls chemical.

provides an accurate representation of uptake and the i

Parameter values used in the model for compartme e were selectei@
from literature and experimental observat@w functioned M\

these simulations and they are appropri ppli n the The
chemical parameters for storage, 11z ffus en used
in the model also yielded satlsfa& that they
are also appropriately applj 1na11: Sh 1on although of
limited scope, showed atlon ded an accurate

picture of the actu pate 1@ 11 in soybeans used in
these experlmentO e theQ ical e é of compiling the model is

shown to be V ructj
xenobioti amln&\ in pl

del sh exceéa;promlse for future use. However, addi-
%l testu@nd vaé@xon are needed. Mathematical models can be

@ d pn@gvely ‘&ombination with experimental results to obtain
o

th\@c)wn coefficients. Unfortunately, the parameters
t

ep 1n nlng how to predict the fate of

* \ . .
chan ize compartments usually cannot be estimated uniquely

from "%ﬁ

of comrtments exceeds two (Godfrey and diSteffano, 1987). When using

or "wash-out" type of experimental data when the number

large system models for determination of unknown coefficients, experi-

ments must be carefully designed so that input/output information
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(variables) can be measured over time for fixed environmental condi-
tions. The input/output information so obtained would best be used in
an optimization scheme based on a nonlinear least squares or minimum

. . *
residual square error criterion to identify as many as possu& he

characterizing parameters. An optimization scheme could e used

here because the data set was of the "lumped" type. equirements
must be firmly kept in mind when contemplating uf% models. E\O
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APPENDIX 1

DEFINITIONS OF THE NON-ZERO COEFFICIENTS, ajj-

Soil compartment @,
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4) Root phloem lumen compartment
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6) Bottom stem storage compartment
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8) Mid stem xylem lumen compartment

Tac = 3,5 M5 tag g Mgt ag g Mg+ ag gg Myg A 17 My
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10) Mid stem phloem_ lumen compartment
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12) Top

stem storage compartment
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19) Leaf 2 cluster phloem lumen compartment
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21) Leaf 3 cluster storage compartment
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