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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 between the
physical, chemical, and physiological processes that occur in specific
plant tissues and the response of these processes to environmental
conditions, such as the daily cycle of radiation, evaporation, and air
temperature. The uptake is further influenced by the availability of
the chemical at the root surface, determined in turn by transport char-
acteristics of the soil. Also important is the behavior of the chemical
in the rhizosphere and the ease with which it moves across limiting
membranes at the root surface.

Progress with understanding the interrelationships between rate of
uptake and soil, plant, and atmospheric conditions can be made by using
mathematical models. The development of a predictive simulator for the
uptake of xenobiotic chemicals by plants from the soil solution is
reported in this document. The model is based on definition of the
plant as a set of compartments separated from each other by thin mem-
branes. Movement of water and solutes between compartments occurs by
mass flow and diffusion. The compartments are chosen to represent major
pools for accumulation of water and solutes. The major pools considered
in this model are the soil solution, root, stem, and leaf. Each com-
partment is characterized by its volume, thickness of cell wall, diffu-
sion, reflection and partition coefficients of the cell membranes,
sorption of chemical to cell wall or free phase molecules, and loss of
chemical due to immobilization by growth of tissue or to degradation.

Anatomical features of the compartments and the manner in which
they are connected are described by a series of equations based on
conservation of mass. Simulations demonstrate the role of several
coefficients of the model on transport and tissue retention; specifical-
ly, effects of partition coefficients, reflection coefficients, first-
order loss rates, compartment volumes, and rates of transpiration flux
are evaluated.
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FIGURES

Figure 1. Diagram of young soybean plant showing the anatomical compo-
nents employed for the development of a compartment model
that can be used to simulate transport problems.

Figure 2. The compartments and transport pathways for water, Jw, and a
trace organic solute, Js, employed for the schematic repre-
sentation of a single-leaf soybean plant.

Figure 3.	 Schematic diagram of two compartments separated by a mem-
brane. Symbols correspond to those used for development of
the mathematical formalism of the simulation model.

Figure 4.	 Sketch of plant with three leaves, with the compartments
shown in Figure 5.

Figure 5.	 Compartments for model applied to plant with three leaves.

Figure 6.	 Mass of chemical in the root (M), stem (0), and leaf (A),
compartments and whole plant (• obtained by simulation with
A – 0. Rows show effect of decreasing values of K1 , 1 and
K1,2, columns show effects of increasing ratio K1, 1/K1,2.

Figure 7. Mass of chemical in the root (I), stem (0), and leaf (A)
compartments and whole plant •), obtained by simulation
with A – 0.03.

Figure 8,	 Mass of chemical in the root (I), stem (0), and leaf (A)
compartments and whole plant (•) obtained by simulation with

– 0.00. Simulations show effect of the reflection coeffi-
cient a.

Figure 9. Mass of chemical in the free phase (A) and the sum of mass
in the free phase and that lost from the free phase (•) in
root, stem, and leaf compartments and in the whole plant.
Simulations were with A – 0.02.

Figure 10. Mass of chemical in the whole plant including that in free
phase (40) and mass lost from free phase (A) obtained by
simulation with A – 0.02 (top row) and A – 0.07 (bottom
row). The constant difference between the two lines in the
graphs is the mass of chemical in the free phase.

Figure 11. Mass of chemical in the root (0), stem (A), and leaf (•)
compartments obtained by simulation with A – 0.03. Rows
show effect of changing volumes of root and leaf compart-
ments, columns show effect of increasing ratio K20,1/K20,2•



FIGURES (Continued)

Figure 12. The mass of chemical in the root (0), stem (A) and leaf (o)
compartments obtained by simulation with A = 0.00. Rows
show effect of decreasing the flux at the root surface,
columns show effects of decreasing ratio of fluxes through
phloem and xylem.

Figure 13. Mass of chemical in the root (0), stem (A), and leaf (o)
compartments. Curve for leaf compartments (o) is the sum of
the three leaves. Basic data set is in Table 8; special
conditions are indicated in figures.

Figure 14. Mass of chemical in the root (0), stem (A), and leaf (o)
compartments. Curve for leaf compartments (o) is the sum of
the three leaves, except in 13d where mass in individual
leaves is shown. Basic data set is in Table 8; special
conditions are indicated in figures.

Figure 15. Mass of chemical in the root (A) and stem (o) compartment
(15a, 15d), and leaf 1 (o), leaf 2 (o), and leaf 3 (A)
compartments (15a, 15c). Basic data set is in Table 8;
special conditions are indicated in figures.

Figure 16. Mass of chemical in the root (A) and stem (o) compartment
(16a, 16d), and leaf 1 (0), leaf 2 (A), and leaf 3 (o)
compartments (16a, 16c). Basic data set is in Table 8;
special conditions are indicated in figures.

Figure 17. Mass of chemical in the root (0), stem (A), and leaf (o)
compartments. Basic data set is in Table 8; special condi-
tions are indicated in figures. Figure shows effect of leaf
volume and A on uptake and distribution of chemical.

Figure 18. Mass of chemical in the root (0), stem (A), and leaf (o)
compartments. Basic data set is in Table 8; special condi-
tions are indicated in figures. Figure shows effect of leaf
volume and A on uptake and distribution of chemical.
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Table 1.	 Mass balance equations for the single-leaf conceptualization.

Table 2. Mass balance equations in linear system notation.

Table 3.	 Definitions of the non-zero coefficients, aid.

Table 4. Mass balance equations for the three-leaf conceptualization.

Table 5.	 Transport-transfer matrix coefficients.

Table 6. Data set used for simulations. Each simulation involved the
change of one or more values in this table. The structure of
the three-leaf model was used with transport to leaves 1 and
2 blocked.

Table 6a. Output obtained with data set in Table 6.

Table 7.	 Chemical mass (dimensionless) in the free phase in each plant
part and in the whole plant at equilibrium conditions.

Table 8. Data set used for simulations. Each simulation involved the
change of one or more values in this table.

Table 8a. Output obtained with data set in Table 8.

Table 9.	 Estimation of steady-state concentration of chemical mass
(dimensionless) in the free phase in each plant part and in
the whole plant. Results are for simulations shown in
Figures 13 through 18.
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MODEL OF COUPLED TRANSPORT

OF WATER AND SOLUTES IN PLANTS

STATEMENT OF PROBLEM

The processes of uptake, transport, and accumulation of xenobiotic

organic chemicals by plants are central to the role of these compounds

in plant protection or control. Management decisions regarding the

registration and use of xenobiotic agents are often based on properties

of the biological transport and accumulation of these substances.

Chemical mobility influences the effectiveness of the chemical. Appli-

cation rate, timing, and method of application impact on accumulation.

For these reasons, experimental knowledge of mobility and accumulation

is required for each individual chemical compound, for each individual

plant species, and for a range of environmental conditions. Mathemati-

cal models can serve as useful tools to understand and predict experi-

mental phenomena, and thus enhance the information derived from experi-

ments. Furthermore, when properly validated and proven, mathematical

models can be used for extrapolation of experimental results and thus

increase efficiency of an experimental program. This report describes a

model for simulation of simultaneous transport of water and a xeno-

biotic solute species in plants. Examples of applications of the model

are given.

Transport of Xenobiotic Chemicals in Plants 

The symplast and the apoplast are the two major domains available

for movement of chemicals in plants. Xenobiotic organic chemicals



2

transported through these domains are exposed to the fundamentally

different properties of these media (Ashton and Crafts, 1973; Edgington

and Peterson, 1977). The symplast is the total volume of the living

tissue of the plant. It is bounded by the plasmalemma, and is essen-

tially continuous throughout the plant due to plasmodesmata connecting

the individual protoplasts. The apoplast constitutes the total non-

living tissue of the plant, mainly consisting of the cell wall continuum

that is outside the plasmalemma.

Xenobiotic compounds are transported either exclusively in the

symplast, exclusively in the apoplast, or in both the symplast and apop-

last (Edgington and Peterson, 1977; Jachetta et al., 1986a, 1986b).

Compounds that move in the symplast when applied to the leaves are

transported throughout the plant in the phloem. Conversely, compounds

that are transported in the apoplast when applied to the roots are

carried into the leaves by the transpiration stream and accumulate in

the apoplast of the leaves (Jachetta et al., 1986a). There is virtually

no movement of apoplast-transported compounds out of the leaves. Chemi-

cals which move in both domains of the plant are termed ambimobile

(Edgington and Peterson, 1977).

It has been assumed that translocation and accumulation patterns of

toxic organic chemicals depend on site of application and ability to

penetrate the plasmalemma. Chemicals displaying the symplastic pattern

of translocation are able to penetrate the plasmalemma due to their high

membrane permeability. Chemicals displaying the apoplastic pattern of

transport are unable to penetrate the plasmalemma and therefore excluded

from the symplast. Recent investigations, however, have shown that some

compounds which display apoplastic transport patterns readily penetrate
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the plasmalemma (Tyree et al., 1979), and it has been suggested that

these compounds cannot be retained in the phloem for downward transpor-

tation due to their high membrane permeability. If this is indeed the

case, then the question arises: what are the properties of compounds

displaying the symplastic transport pattern if increased membrane perme-

ability discourages phloem mobility?

There are at least two ways that xenobiotic compounds can become

phloem mobile that do not involve active carrier-mediated processes.

One possible mechanism is the weak acid hypothesis (Chrisp, 1972) where-

in weak acids that are undissociated at low pH are able to diffuse

through the plasmalemma due to their lipid solubility. Once inside the

symplast, the chemical dissociates at the higher pH and is thereby ren-

dered membrane-impermeable, which locks the compound in the symplast.

The second mechanism is the intermediate permeability hypothesis (Tyree

et al., 1979) wherein a compound of relatively low membrane permeability

achieves phloem mobility since the phloem represents a low concentration

sink resulting in an overall flux into the phloem. The chemical com-

pound, once inside the phloem, diffuses out slowly enough to reach a

destination at some distance in the plant.

Part of the uncertainty of the relationship of chemical properties

of xenobiotic compounds to mechanism of mobility and accumulation in the

plant is the result of the lack of knowledge of transport processes

throughout the plant. Furthermore, the whole plant experiments that are

necessary for the evaluation of xenobiotic mobility can not experimen-

tally isolate and indirectly examine membrane permeabilities in the

various organs of the plant. We require the means to indirectly quanti-

fy individual transport mechanisms employing accredited whole plant



experimental techniques. A mathematical model would serve this goal.

At present few mathematical models of xenobiotic mobility in plants

exist. One is the model of Tyree et al. (1979) wherein the intermediate

permeability hypothesis is tested by adapting a model of phloem trans-

location of photosynthetic assimilate (Tyree and Dainty, 1975) to the

mobility in the phloem of the nematicide oxamyl. This modeling approach

illustrates the correspondence between photosynthetic assimilate parti-

tioning models and models of xenobiotic chemical partitioning in the

plant. For this reason several of the modeling techniques employed in

assimilate partitioning studies will be examined to assess their suit-

ability to being adapted as research tools and predictive models of

uptake of toxic substances and their transport and accumulation in

plants.

Mathematical Models of Transport and Partitioning in Plants 

Mathematical models may be classified as either mechanistic, pheno-

menological, or empirical. Mechanistic models are couched in terms of

the analysis of the action of forces on matter or material systems, and

the coefficients of the model correspond to precisely defined and mea-

surable physical properties of the system. Phenomenological models deal

with the description and classification of experimental phenomena and

the coefficients either may be only partially based upon physical pro-

perties or may be aggregates of physically based coefficients. In

formulating phenomenological models the structure and mathematical

expressions of the model are not physically dependent, but values of the

coefficients are expected to correspond to physical realities. Empiri-

cal models redescribe data, are guided by experience rather than by
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theory, and as such the coefficients of an empirical model do not have

any physical basis.

Most empirical models of partitioning in plants are process-based

dynamic simulators (de Witt et al., 1970; Curry, 1971; Hesketh et al.,

1972; Fick et al., 1973; Curry et al., 1975; Vanderlip and Arkin, 1977;

Loomis et al., 1979; Sheehy et al., 1979; Reynolds and Thornley, 1982;

and others). In these models, sets of state variables for the amount of

carbon, nitrogen, or other chemical species in various plant parts are

updated with time by rate variables controlling the flow between com-

partments. The values of the rate variables are empirical functions of

environmental and physiological properties of the system. Process-based

dynamic simulators are widely employed and differ in their structural

detail and the manner in which the rate variables are controlled. These

models are, however, only predictive in nature and have no applicability

as research tools.

An empirical model of translocation was recently presented by

Minchin (1978, 1979), who constructed time series analysis equations

from phloem transport data. The model is not based upon hypotheses of

phloem function and is independent of loading and unloading processes.

Phenomenological models are mathematical equations that describe

physical systems of which the precise responses are not clearly known

and cannot be specifically quantified. These models use experimental

data to determine coefficient values, and the coefficients of the sets

of equations are either only partially based on physically meaningful

properties or are aggregates of physically based coefficients. In

formulating phenomenological models the structure and mathematical

expressions of the model are not physically dependent, but values of the
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coefficients are expected to correspond to physical realities. Phenom-

enological models of partitioning and translocation are either purely

compartmental (Outlaw et al., 1975; Bell and Incoll, 1982; Minchin and

Thorpe, 1982) or lumped compartmental, where appropriate combinations of

coefficients appear as single coefficients (Thornley, 1972; Thornley,

1976).

Mechanistic models provide a mathematical description of the action

of forces of nature on matter or on material systems. The coefficients

of the model correspond to precisely defined physical properties of the

system, and these coefficients can in theory be measured. A mechanistic

model for translocation and partitioning would be a set of equations

based on complete current knowledge and understanding of all physiologi-

cal processes that are involved.

Mechanistic models of translocation have been formed according to

the Minch transport theory (Eschrich et al., 1972; Christy and Ferrier,

1973; Ferrier and Christy, 1975; Goeschl et al., 1976; Tyree et al.,

1979; Weir, 1981). These mathematical models consider transport from a

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

limited to processes occurring in the sieve tube only. These limita-

tions result from the mathematical structure that these models employ.

The models have no value when additional processes such as assimilation

and storage in source regions, storage and consumption in sink regions,

and partitioning in the plant to various competing organs are consid-

ered.
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THEORY

General Considerations 

The model presented in this report is based on definition of the

plant as a set of compartments separated from each other by thin mem-

branes. Movement of water and solutes between compartments occurs by

mass flow and by diffusion. The compartments represent pertinent plant

tissues, separated from each other by boundaries representing cell walls

and membranes with specified thickness and physical and chemical proper-

ties with respect to passage of water and solutes.

The first step in the formulation of the model is the identifica-

tion of the compartments, determination of their physical and chemical

characteristics, and of the manner in which compartments are to be con-

nected. The compartments are chosen to represent major pools for accu-

mulation of water and solutes. The example considered here subdivides a

soybean plant into the following major pools: soil solution, root,

stem, and leaf.

Structure of the Model

The pathway of water and solute through the plant is identified in

Figure 1. Water is sorbed by the root from the soil. It flows, driven

by a potential gradient, across the root through the stem to the leaf

where it evaporates from the walls of mesophyll cells lining the inter-

cellular spaces. The compartments traversed by the water are described

by following its path through the plant. In the nomenclature to be

used, the apoplast and symplast designations do not include the vascular

tissues which are referred to separately as xylem and phloem. This was
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Figure 1. Diagram of young soybean plant showing the anatomical compo-
nents employed for the development of a compartment model
that can be used to simulate transport problems.
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done to allow for the fundamental differences between modes of transport

through the vascular system and across cell walls.

Compartments are shown in Figure 2. Each is considered to be a

well-stirred tank with a uniform concentration. The compartments are

separated by barriers for which chemical and physical characteristics

with respect to the ease with which water and solutes can pass must be

specified, including reflection coefficients, partition coefficients,

and hydraulic conductivities. The properties of the compartments that

are of concern are: volume, area of contact between compartments, zero

order loss processes, and sorption processes.

Sequence of compartments 

Water enters roots from the soil via root hairs and epidermal

cells. Driven by potential gradients, it flows along cell walls and

through intercellular spaces until the endodermis with its Casparian

strip is reached. This part of the flow path is represented by the

compartment "root apoplast." Because the flow is along cell walls, the

apoplast compartment is represented as having a large pathlength (ix)

separating it from the soil solution.

After passing the Casparian strip, water moves through pericycle

cells to reach the xylem. All cells to be passed before entering the

xylem are combined in the compartment referred to as the "root

symplast."

From the "root symplast" the water enters the "root xylem" which

connects to the "stem xylem" which in turn connects to the "leaf xylem."

The leaf xylem discharges water to the walls of the mesophyll cells and

from these cell walls to the mesophyll "symplast." Most of the water
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evaporates from the surfaces of the mesophyll cell walls. Solute enters

into the symplast by diffusion from the apoplast. In addition to the

xylem pathway, water moves through the phloem, or food transport system.

Water enters the "leaf phloem" compartment from the leaf apoplast,

thence flows through the "stem phloem" to the "root phloem." The "root

phloem" and the "root symplast" are connected. This connection was

chosen because of the existence of the Casperian strip.

Definitions 

Ai	 Contact area between compartments (cm2).

Bi	 Sorption coefficient for compartment i; describes the immobiliza-

tion of the solute by reversible sorbtion to cell walls or large

molecules in the compartment (dimensionless).

Ci	 Concentration of solute in compartment i (pg cm-3)

Di	 Diffusion coefficient (cm 2 s-1)

Js	 Rate of active uptake of solute (s-1)

Ki e l Partition coefficient for transport into compartment i; ratio

(solubility in the membrane/solubility in water); pertains to

passive transport and defines the relative ease of penetration of

a membrane; ratio depends on the lipid solubility of molecules

(dimensionless).

Ki , 2 Partition coefficient for transport out of compartment i.

Mi	 Mass of solute in compartment i (g)

Vi	Volume of compartment i (cm3)

qi	 Flux (cm3 cm- 2 s-l)
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ai	 Reflection coefficient for compartment i; ease with which solute

crosses membrane. The membrane is impermeable to the solute when

the reflection coefficient has its maximum value of one. The mem-

brane is non-selective; that is, it allows the solute to pass with

water when the reflection coefficient is equal to zero (dimension-

less).

Ai	 Rate constant for first-order processes in compartment i; de-

scribes immobilization of solute by incorporation into structural

material or loss of solute due to metabolism (s-1)
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MATHEMATICAL FORMALISM

Transport Equations 

The equations of the model follow from consideration of Figure 3,

showing two compartments separated by a membrane. For transport across

simple, thin, membranes, the following boundary conditions generally

hold.

Left side interface:

ac	 ac

	

4- (1 - (712)gmbC2)1	
(1)(-D1 ax

1 
4- (1 - a12 )qmb Cld = (-D 2 ax

	x–O	 x-0

K1,1C 1 (0,t)	 C 2 (0 ' t)

Right side interface:

ac 2	ac3(-D2 ax + (1 - a23 )qmb C 2 ) 1 – (-D 3 ax 4- (1 - (723)gmbC3)1	 (2)

	

x–Ax	 x–Ax

C
2 (Ax ' t) – K1,2C 3 (Ax ' t)

where:

C1(x,t) – chemical concentration in the compartment on the "left-hand

side" of the membrane (pg cm-3);

C2(x,t) – chemical concentration distribution in the membrane (pg cm-3);

C3(x,t) – chemical concentration in the compartment on the "right-hand

side" of the membrane (pg cm-3);

Di	 – diffusion coefficient in compartment 1 (cm 2 s-1);

D2	 = diffusion coefficient in the membrane (cm 2 s-1);

D3	 = diffusion coefficient in compartment 3 (cm 2 s-1);

gmb	 = average hydrodynamic "convective flow" velocity (cm s-1);
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b

x=0
	

x=Ax

Figure 3. Schematic diagram of two compartments separated by a mem-
brane. Symbols correspond to those used for development of
the mathematical formalism of the simulation model.
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61,1	 - reflection coefficient at Cl-membrane interface (dimension-

less);

61,2	 - reflection coefficient at C3-membrane interface (dimension-

less);

K1 , 1	 = partition coefficient at C1-membrane interface (dimension-

less).

K1 , 2	 - partition coefficient at C3-membrane interface (dimension-

less).

The boundary conditions are approximated by difference rules in the

following way

D--	 (C	 - C1 ) + (1 -	 Ax ' (C2Ax	 2
-	

- C-F
0	 ( 1 - cr)qmb C20 (3)A1x 20	 1	 ldbC20 

C20 - K1,1C
20
	 (4)

fr -	 r+1 (r	 r+
- -Ax "2Ax 	 20'	 (1-°)qmbC2Ax	 Ax 	-2x'	 (1-6)qmbC2Ax	 (5)

C 2Ax g K
1,2

C
2Ax
	 (6)

where C1 and C3 are the solute concentrations one membrane thickness

(Ax cm) away from the boundaries x 0 and x - Ax of the membrane it-

self. Solving these four equations for CI° and CiAx in terms of C1 and

C3 obtains

D 1 D2 D

Ax 11Ax

)2 D 1 1
2	 C 3

AZ_____

4_	
-	 (1	 -	 a)cimb 	 (1Ax K1,2

- K1.2C20 -
A

\1

(7)

and
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D	 D	 D_.1. c r  	 + 2 _
Ax	 (1 - a)cl.mb	

Di
(1 - K1 )) + '2o' CiAx 3tx K

1.1	 1.1	 Ax 
C 2Ax	 A

where

A D
1	 D2 1

-	
1) •+	 -	 (1

(
Ax K1,1	 Ax - a)qm

b (K1,1

2r

Ax

	 D

4-	 - a - a)gmb (1	 K
,2

))
2

Ax1,2	 1

1 

It is assumed that the fluid and chemical properties of compart-

ments 1 and 3 are the same, so that D1 – D3, and al,2 = 01,3 = a. It is

also assumed that D1 >> D2 and that D1 is large so that no concentration

gradients exist across either compartments 1 or 3. This means that

compartments 1 and 3 can be viewed as well-stirred vessels.

As D1 -n large

UK
1.2

Ax2 1

C20 -n 	 – K1,1C1

and

C 2Ax (10)
IK1

1	
2)

c
3

.1Ax

1 2 C 3

[K	 K	 Ax
1,1	 1,2

Then, C20 -n C1 and C2Ax2 -+ C3 so that the chemical mass flow (pg/s)

through the membrane becomes

(8)

1

(K1,1K )
1,2 Ax

2

(9)
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D2
Qmb – -A K [ 

(K1 2--	 C - C ) - (1 - a) qmbC1)mb 1,1 Ax K1,1 3	 1

where Qmb is the mass flow rate and Amb is the characteristic permeation

area of the membrane. The membrane itself is assumed to store a negli-

gible amount of the chemical.

Equation 11 is used for building the compartmental model for chemi-

cal uptake by a plant. The principle of mass balance (conservation of

mass) is used on every compartment. For the model presented here the

assumptions are that the rate of water flow between compartments remains

constant and that the compartment volumes are constant for all time.

Beginning with compartment 1, the "root apoplast," the chemical mass

balance principle yields, as the first mass balance equation:

dC	 K	 K
V1 (1 + B

1
)	

Idt
1	 1D71

;
1,1 

(c
	 K1.2 C 1 ) + K1,1q1

(1 - a1)C0)A11	 (C0	 K1,11

Instantaneous 	 Mass transport of chemical into compart-
time rate of	 ment 1 via diffusive and mass flow,
change of	 – respectively, from compartment 0, "soil
chemical mass	 water" (pg/hr)
in compart-
ment (1)
(µg/hr)

ID2
K2 1 K2 (C -	 C2) + K2,1q2 (1 - a2 )C 1)A2 - AlViCi	(12)
AX2	 1 K2,1

mass transport of chemical
out of the compartment via
diffusive and mass flow,
repectively, to compart-
ment 2, "root symplast"
(µg/hr)	 -

[

all first order
loss processes
that occur in
compartment 1
(pg/hr)
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The chemical masses in compartments 1 and 2 indicated in equation (12)

are defined to be

M1 = V1(1 + B1)C1	 (13)

and

M2	 V2(1 + B2)C2,	 (14)

where B1 and B2 are sorption coefficients that describe the immobiliza-

tion of the solute by reversible sorption to cell walls or large mole-

cules in the compartment. The mass balance equations for the remaining

compartments are written in like fashion by following the flow path in a

systematic manner. The complete set of mass balance equations for the

single-leaf conceptualization is given in Table 1. The mass balance

system displayed in linear system notation is shown in Table 2. The

transport-transfer coefficients, aid, are defined in Table 3.



19

Table 1.	 Mass balance equations for the single-leaf conceptualization.

Compartment 1: Root Apoplast

dC D 1K1 1 K1,2
al)C0 + J s)A1

V1 (1 + B1 ) dt
I	 Axl	 (C0 C

1 ) + K1,1q
1 (1K1,1

(D2K
2 1 K2.2

Ax2	
(C 1 K

21

Compartment 2: Root Symplast

dC 2	 (D2K2V
2 (1 + B2

) 
dt	 (C -	 C2) + K2,1q2 (1 - a 2 )C1) A2

	

Ax 

1

2	
1 KK

22,21

f
D 34K34 1	 K34.2+ c------"- (C 32 - K

34,1
	Ax34	C2) + K341 34

,q_.(1 - a34 )C32) A34

	

D
3K3 1	 K3.2(C 2 -	 C3) + K3,1 41 3 (1 - a3 )C 2) A3 - A 2V C

	

Ax3	 K31

Compartment 3: Root Xylem

dC
3

D
iLlaa (C2

Ax	 23

K3
K3,1q 3 (1 - a3 )C 2) A3V3(1 + B3 ) dt

-	 C3)
3

K
,1

- q4C 3A4 - A3V3C3

Compartment 4: Stem Xylem. Section 1
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Table 1. Continued.

Compartment 5 Stem Xylem. Section 1

dC,
0 A AX	 === 0 A Ax K 7C	 0.A Ax K1 4 4 dt	 1 	 4 r 4 -	 4 4 rC 5

Compartment 6: Stem Xylem. Section 2

Compartment 7: Stem Xylem. Section 2 

dC
7

01A6Ax6Kr7C6 - 0
1

A
6

Ax
6KrC

76 dt

Compartment 8: Stem Xylem. Sectiorl 3

Compartment 9: Stem Xylem, Section 3 

dC,
--20 A Ax	 0

1
A

8Ax8
K

r
7C

8
 - 0

1
A

8Ax
8

K
rC

98 8 dt

Compartment 10: Stem Xylem. Section 4

dC

Compartment 11: Stem Xylem. Section 4
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Table 1. Continued.

Compartment 12: Stem Xylem. Section 5 

Compartment 13: Stem Xylem. Section 5 

130 1A12Ax12 dt – 0 1A12Ax
12Kr7C

12 
- 0 1A12Ax 12KrC 13

Compartment 14: Stem Xylem. Section 6 

dC

Compartment 15: Stem Xylem, Section 6 

0 A Ax	 - 0 A Ax K

	

1 14 14 dt	 951A1411x14Kr7C14 	 1 14 14 rC 15

Compartment 16: Leaf Xylem

dC 16
V16 (1 + B 16 ) dt	 q16C14A16

D
17K

17.1 (C	 -K17.2
,1 C17) + K17,017 (1 - a17)C

	

I Ax17	
16 K17

dC

dC 15
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Table 1. Continued.

Compartment 17: Leaf Apoplast

C 17 	 K	
K17.2	) 	 17 _ I 17 17 1

	

V
17 (1 + B

17	 dt	 (C	 -	 C17) + K17,1q17 (1 - al7 17l Ax17	 16 K171

-ID18K18 1	 K18.2 , ,	 ,
l 0x 8	(C17 	 n.81 + 18,1c1 18 (1 - a18 )C 17) A18

	

17	
181

I19K 9 1 K19.2
0x19	 17	 K

19,1
C 19 ) + K19,1q19 (1 - a19)C17)A19 - A17V17C17

Compartment 18: Leaf Symplast

V1 -(1 + B	
dt
C 18	 I 8K18 1 (C	 11alc ) + K4418	 17 K18,1	 18018(1 - al8)C17)A18 AleC18

coT13,4r,...tT,P. 19) Leaf ?h19eT

dC	 D19 029-3J.1
K

19.2 V19 (1 + B
'1	 (C	 - 	 C 19 ) + K19,1 q

AX19	 17 K
191

c120C19 A20 - A19V19C19

Compartment 20: Stem Phloem. Section 6

A20Ax
20 dt s -20- 19	 20- 20	 '2 20 20 r (7C20 - C21) - A2ex	 0 20

(C	 - C )A	 - 6 A Ax K

Compartment 21: Stem Phloem. Section 6 

dC
21

°2A20Ax20 dt – 6 2A Ax oKr7C20 - 20KrC 21
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Table 1. Continued.

Compartment 22: Stem Phloem. Section 5 

dC22
A22Ax22 dt	 (122(C20	 C 22 )A22	 °2A22AX22Kr (7C22 - C2

Compartment 23: Stem Phloem. Section 5 

dC 23
°2A24Ax24 dt	 4.2A22Ax22Kr7C22 °2A22Ax221(rC23

Compartment 24: Stem Phloem Section 4

Compartment 25: Stem Phloem. Section 4

dC
25

= 	 - 66 2A24Ax24 dt	 '2A 24Ax 24K r7C 24 '2A 24Ax 24K rC 25

Compartment 26: Stem Phloem. Section 3

dC
26

Compartment 27: Stem Phloem. Section 3

dC
27

4:2A26Ax26 dt	 412A26Ax26Kr7 C 26 - 412A26Ax26KrC27

Compartment 28: Stem Phloem, Section 2 
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Table 1. Continued.

Compartment 29: Stem Phloem. Section 2

dC 29
02A28Ax28Kr7C284) 2A28Ax28 dt	 4'2A286x2erC29

Compartment 30: Stem Phloem. Section 1

dC

Compartment 31: Stem Phloem. Section 1

dC31
0
2A30Ax30 dt	  – 0 A Ax K 7C - 0 A Ax K C2 30 30 r 30	 2 30 30 r 31

Compartment 32: Root Phloem

V32 (1 + B )	 q32 C30 A323 dCdt

_

	

D
31 

K
211	

-
,	 K33.21_

t Ax33	 (C32 	C33) + K33,1q33 (1 - a33)C32)A33

	

32	
331

D Ax

K
	(C32	 K

34 ,1
- K34 2 C2 ) + K34 q34 (1 - a34)C32)A34

34 

- A 32V32 C
32

Compartment 33: Root Storage 

	

V33 (1 + B ) dt
dC33 – 

tI
D

33
K
33'1	 K332

(C 32	 ,
C33) + K33,1 q33 (1 - a33)C32)A3333	 Ax33	 K331
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Table 2. Mass balance equations in linear system notation.

dt — a1,1c1 
+ a

1,2c2 + b1,1

dc2
— a

2,1c1 + a
2,2c2 + a2,3c3 + a

2,8c
8dt

dt
	

2c2 + a
3,3 c3 + a3,4c4

dc4
—a4,3c3 + a4,4c4 + a4,5c5dt

dc 5
— a5,4c4 + a

5,5c 5dt

dc6
—a6,4c4 + a

6,6
c
6 + a

6,7c
7dt

dc7
— a

7,6c
6 + a

7,7 c
7dt

dc 8
— a

8,6c
6 

+ a
8,8c

7 + a
8,9

c
9dt

dc9
= a

9,8c8 + a
9,9 c 9dt

del°
dt	 a10,8c8	 a10,10c10	 a10,11c11

dc11
dt — a11,10c10 + a11,11c 11

dc
1
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Table 2. Continued.

dc12
dt	 a12,10c10	 a• 12,12c1 + a12,13c13

dc13
dt 

- a
13,12c12	 a• 13,13c13

dc14
dt	 a14,12c12 + a14,14c14 + a14,15c15

dc15
dt	 a15,14c14	 a15,15c15

dc16

dt	 16,14c14 + 16,16c16 + a16,17
c
17

dc
,11 a
dt	 -17,16c16	 a• 17,17c17	 a17,18°18	 417,19c19

dc
1r8

Ra18,17 c 17 a18,18c18dt

dc19
dt a 9,17c17 + a

19,19c19 + a19,20c 20

dc20
dt a20, 19 c 19 a20,20c 20 a20,21c21

dc 21
dt a21,20c20 a21,21c21

dc22
dt - a22,20c20 a22,22c22 a22,23c23
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Table 2. Continued.

dc23

dt 
- a

23,22c22	 a• 23,23c23

dc24
dt	 a• 24,22c22	 a• 24,24c24	 a24,25c25

dc25

dt 	 a25,24
c
24 

+ a
25,25c25

dc
26

dt	 a• 26,24c24	 a26,26c26	 a• 26,27c27

dc
27

dt	 a• 27,26c26	 a• 27,27c27

dc28
dt	 a• 28,26c26	 a28,28c28	 a• 28,29c29

dc29
dt	 a• 29,28c28	 a29,29c29

dc
30
dt = a30,28c28	 a• 30,30c30	 a• 30,31c31

dc
31
dt - a31,30c30 

+ a
31,31c31

dc32

dt	 a• 32,2c2	 a32,30c30	 a32,32c32

dc33
dt - a33,32 c

32 + a
33,33 c 33



a1,2	 b1,1 –V(12+
 + B

1 )1

D
2

K
2 2

A
2

Ax

28

Table 3. Definitions of the non-zero coefficients, aid.

[D
1K

1 1A1	 (D2K2 1 + K
2,1q 2 (1	 62 ) ) A2	AlVliAxi	Ax

2a
1,1 – -

V
1 (1 + B1)

1

r,K1 1
( Ax1 + K1. 01 (1 - al ))A1 C0 + JsAl

V1 (1 + B1)

D	 AI 2K 2.1 2
2,1q 2 (1	 a2))A2+ 

Ax2
V2 (1 + B

2 )

D
34K

34.2A
34 ID

3,
K

3.1 K3,1q3(1 - a3 ))A3+ A 2 V2
2.22

A
2A +

Ax34 x3

a2,3 –

V2 (1 + B

D
3

K
3.2A

3 	 D34K34 1
34,1q34 (1 - °34 ) , A34 34Ax	 + 

3 	 ( Ax34
a2,32V2 (1 + B

2 )	 V
2

(1 + B2 )

a3,2

D 

K3 1 A3+ K
3,1 3 (1 -a3 )

)
2

V3 (1 + B3 )

D
33.2A

3
+ q

4A4 + A
3 V3Ax3a3,3

V3 (1 + B3 )

–
a4,3

q4	 q
Kr7 + A4 ), a

4,5 =Ax4 '	 a
4,4 – -(

Ax4 
+

a2,1 –

– -,2 2
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Table 3.	 Continued.

a5,4 Kr7,

c16

a5,5 = -Kr

(16a -6,4 Ax
6

'
a
6,6 

- -(. x	 + 0 K 7 + A6),a 6	 1 r	 a
6,7 

- 0
1

K
r

a7,6 Kr7,

Q 8

a
7,7 

- -K
r

(18
a8,6 Ax8' a8,8	 -(Ax8 	°1Kr7 "8 ) '	

a
8,9 

- 0
1
K
r

a9,8 Kr7,

q1

a
9,9 

- -K
r

q 1
a10,8

Ax1

0 

0'
a10,10 - -(Ax

10

	
a10,11	 4)1Kr

0 
+ 0 1Kr7 + A10)'	

-

a11,10

a12,10

K 7,r

(1 12

-K
r

a
11,11

(112

Ax12'
a
12,12	

- (A	
="x12 + 0 1

K
r7 + A 12 ) '	 a12,13	 41Kr

al312, Kr7,

q14

a13,13 - -Kr

q14a14,12 Ax
14

' (a
14,14	 + 0

1
K
r
7 + A14)	

a 14,15 = /51Kr- Ax14

a15,14 Kr7, a13,15 = -Kr
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Table 3. Continued.

D 17K17 1
q 16 A16	 Ax17

	+ K17,1q17 (1 - a17)

al6,14	 '	 a16,16 – -V16 (1 + B16 )	 V16 (1 + B16 )

A17 + A 16V16 

D
17

K
17.2

A
17

Axa16,17 –	 17
V16 (1 + B16 )

D
17

K
 17.1

al7,16

+ K17,
(	

Ax
17

q17 (1 - al7))A17

V17 (1 + B17 )

a17,17 –

D	 K	 A17 17.2 17 ,D_ _K

A1Ax17

[

x18	
"18,018(1 - a18 )

(1 + B17)

D	 K
19 19.1

Ax
19 	

+ K19,019 (1 - a19 ) A19 + A17 V17

V17 (1 + B17 )

D
18

K
18.2

A
18 D

19
K

19.2
A

19

al7,18 Ax18	 ,	 –	
Ax

(1 + B	 ) 17,19 V(1 + B)171

a18,17

ID18K18 1

	

	 (D
18

K
18.2

A
/8 

+ A
18

V
18)+ K18,018 (1 - °18))A18Ax18 	 Ax

18 
V18 (1 + B18 )	

a18,18 V18 (1 + B18 )

ID 19K19 1 + K191q19 (1 -	 JA19ala	 Ax1919,17
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Table 3. Continued.

019K19.2A19
	  + q

20 
A
20 

+ A
19 

V
19

)t Ax19al9,19
9(1 + B

19
)

a20,19

a21,20

a22,20

a
23,22

a24,22

a25,24

a26,24

a27,26

a28,26

cl 20 a
20,20

a21,21 -

a
22,22

a23,23 -

a24,24

a
25,25

a26,2

a
27,27 

a28,28

(1 20

'

,

a20,21

a22,23

-a24,25

-a26,27

-a28,29

-412Kr

/52Kr

412Kr

95 2Kr

(1)2Kr

0x20
'

Kr7,

(1 22

- -(Ax
20 + °2Kr7 + A 20 ),

-Kr

(122
0x

22
'

= Kr7
'

(124

-(+ 0 K 7 + A	 )

Ax22	 2 r	 22

-Kr

q24
-

Ax24

Kr

(1 26

 ' -‘	 + 0
2

K
r

7 + A
24

)Ax
,

24

-K
r

(126
Ax 2

K

'
6	 7 + 

(Ax26 
+ '2K r	 26)

-K
r

,q28
Ax 2 	' - `Ax

28 	
°2Kr7	 A 28 ),



q30	 q30
a30,28	 Ax30'	 a30,30 – -Ax

30 + °2Kr7 + A 30 ),	 a30,31	 °2Kr

033K33.2A331

t	 Ax33. 
(1 + B32

)
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Table 3. Continued.

a29,28	 Kr7,
	 a29,29	 -Kr

a31,30 – Kr'
	

a31,31 – -Kr

a32,30	 c132 A32 

V- (1 +3 B 32 ) B32 )

(D 33K33.1(D 34K34 1+ K	 q (1-a ))A +	 + K	 q (1-a ))A + A I Ax	 33,1 33	 33	 33	 Ax	 34,1 34	 34	 34	 32V 34
33a32,32

V32 (1 + B32 )

a32,33

034K34.2A34)

ll	 Ax
	a32,2

	

	 4 

(1 +4B

033K33.1 + K33,1q33 (1 - a3 ) A33a	 Ax333 3 ,32

(D33K33.2A33
+ A

33 V33a33,33	 Ax33V33 (1 + B
33

)

V33(1 + B33)
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MODEL APPLIED TO PLANT WITH MULTIPLE LEAVES

The three-leaf model was developed as an alternative to the previ-

ously presented one-leaf model. Figure 4 shows a sketch of the proposed

three-leaf model while Figure 5 shows a conceptualization of this alter-

native. The major changes in the previously discussed model for this

alternative are: 1) the three-leaf structure, 2) the differing number of

stem compartments representing each stem-leaf subsystem, and 3) writing

the mass balance equation in terms of accumulated "mass" instead of

"concentration."

We wish to eventually incorporate growth effects into a general

soybean-chemical uptake and fate model. This is more easily achieved by

writing the chemical flows in terms of total mass in each compartment,

which is the sum of free plus sorbed masses. This approach is used for

the model described here. This approach does not imply that the alter-

native model is better than the model expresed in the form of concentra-

tions. The models are simply two distinct models.

Proceeding as was done with development of the concentration-based

model, the mass balance equation for compartment 1 is written as:

1,2 V (1 1+ B )	 + K1,1q 1 (1 - a1 )C0+ Js)A,  

[

Mass transport of chemical into com-
partment 1 via diffusive and mass

- flow from compartment 0, "soil water"
(pg/hr)

Instantaneous
time rate of
change of
chemical mass
in compart-
ment (1)
(pg/br)  

1
dmi

- [Idt	 (Ax 1, o 
-

1	 1	 1



A lV1 V(1 + B1 )1

mi (15)

34

D 2 M
2	M1 M1

6737t1 (K2'1 V1(1+B1) 	 2,2 V2 (1+B2 ) 	 K2,02 (1 - 62 ) Vi(l+B1))A2

mass transport of chemical
out of the compartment via
diffusive and mass flow,
repectively, to compart-
ment 2, root symplasm

_(pg/hr)

[ all first order
-	 loss processes

that occur in
compartment 1
(pg/hr)

Table 4 summarizes the mass balance equations for the alternative model.

Table 5 lists the linear system transport-transfer coefficients (aid)

used in the computer program PLANT3V3.
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Figure 4. Sketch of plant with three leaves, with the compartments
shown in Figure 5.
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Figure 5. Compartments for model applied to plant with three leaves.
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Table 4. Mass balance equations for the three-leaf conceptualization.

Compartment 1: Root Apoplast

dM
1	 fy	 c 	 v	 	 1	v

dt	 IL.0 1 0	 –R:0,1 V
1

(1+B1 )j 	1(1 - 60,1 )C0	 js]A0,10,1	 "

M1 f„
LAxl ,2 e ' 1 1	 1	 2• 2 V(1+B)	 KR:1,2 V(1+B2 )

1
j	 K141,2q1,2 (1 - a1,2 ) Vi(1+131)1

A
1,2

- A
1 1 + B

Compartment 2: Root Symplast

dM2 _ r	
K	 ,2q1,2

aaf,	 1	 2	 1 
141dt	 LAx

12 1.41,2 V1 (1+B1 )	 KR:1,2 V2 (1+B 2 ))	 (1 - 61,2) V1 (1+B1 )]A1,2

[D14.2 
r 

2	

M14	 M2	 1
x14 r`L . 14" 2 V14 (1+B 14 ) KR:14,2 V2 (1+B

2
)J

M14 
KL:14,2q14,2 (1 - 614 ' 2 ) V14 (1+B 14 )] A1,2

_	 2 
Ax23 r142,3 V2 (1+B) - KR:2,3 V3 (1+B	 )

M2
	  A

K142,3 q2,3 (1 - 62,3 ) V2(1+B2)
1
r2,3

2 
- A2 1 + B

2

M 1
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Table 4. Continued.

Compartment 3: Root Xylem

dM3	 1D	 M2 	M3	 ) ,	
mULLiv 	 2  A

dt 	 LAx23t"L;2,3 V2 (1+B2 )	 KR;2,3 V3(1+B3) + '1.42,3 c12,3 (1 - (72,3 ) V2 (1+B 2 )l2,3

	

M3 	M3 
- (1 3,4A3, V

3 (1+B
3 ) - A 3 1 + B

3

Compartment 4: Main Stem Xylem. 1st Section

dM4	M3	M4	M4 
dt – c1 3,4A3,4 V3 (1+B3 ) - c14,5A4,5 V4 (1+B4) - q4,16A4,16 V4(1+B4)

M4 _ 
A4 1 + B

4

**Note! q3,4A3,4 –	 ,q4,5A,,	 a
4 D + '4,16A4,16

Compartment 5: Main Stem Xylem. 2nd Section

dM5	M4	M5	M5 
dt 	 q4,5A4,5 V4 (1+B4) - q5,24A5,24 V5 (1+B5 ) - c1 5,6A5,6 V5(1+B5)

M
5 - A5 1 + B5

**Note! q4,5A4, , – a
D	 '56A5,6 + q5,24A5,24

Compartment 6: Main Stem Xylem. 3rd Section (Leaf 3) 

dM
6	M5	M6	M6 

dt – c1 5,6A5,6 V5 (1+B5 ) - c16,7A6,7 V6 (1+B6 ) - A6 1 + B6
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Table 4.	 Continued.

Compartment 7:	 Leaf 3. Xylem

dM7	M6
dt	 q 6,7A6,7 V6(1+B6)

M

(:: 8	 IKL-7,8
8

M 7
L	 7,8	 V7 (1+B 7 ) KR;7,8 V8 (1+B8 )

1
j

v
''L;7,07,8

(1 -	 07, 8 V7 (1+B 7 )] A7,

M
7 

A 7 1 + B
7

Compartment 8: Leaf 3. Apoplasm

dM8	D7 M7 EL,..a_ + KI4, 07,8 (1 - a7,_)
8 V7 (1+8 7 )] A7,8dt - Ax7,8( L;7,8 V7 (1+B 7 )	 KR;7 , 8 V8 (1+B8))7

D8.9 M8 M	
1

- LAx89 i.•	 9 V8"	 8 (1+B8 KR;8,9 V9 (1+B
9

)
)

M8	 lA
KL;8,08,9 (1	 a", -)Y V8(1+Bd8,9

M8 LAJ22,
8.L[6,3(	 1"	 10	 (1+B810 " V 8

M10	 1
- K• R ;8,10 V10 (14-B 10 )J

M8
	 lA+ K_L8,10q8,10 (1	 a• 8,10 ) V8(1+B8)j-8,10

M8 
A 8 1 + B

8

**Note! q7,8A7,8	 4trans3 G-8,10A8,10	 q8,9A8,9
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Table 4. Continued.

Compartment 9: Leaf 3. Symplasm

dM9 = LjLa	 m8	mf	 8 	 A

dt	 LAx	 L-89 V (1+B )8 9

	

'	 8	 8	 R; 8,9 V9 ( 1:B9 ) j 	 KL; 8,9 '8,9	 8,9 V (1+B8 )
l
j 8,9a	 (1 - a

M9
- A9 1 + B9

Compartment 10: Leaf 3. Phloem

dM10 m
8	FLdLE,	 M10	 1

dt	 LAx
8,10 rL;8,10 V8

(1+B	 - K_x;5,10 V10 (1+B10 )J

M8
	  A

KL;8,108,10 (1 - 68,10 ) V (1+B )r8,10

M10	 M10 
q• 10,11A10,11 V10(1+1310) 	 A 10 1 + B10

Compartment 11: Main Stem Phloem. 3rd Section

dM11	 M10	 m11 m11 
dt	 -(110,11A10,11 V10 (1+B10 )	 q11,12A11,12 V 11 (1+B 11 )	 A ll 1 + B11

Compartment 12: Main Stem Phloem. 2nd Section

dm1
2	M11	 M29	 M12 

dt	 q• 11,12A11,12 V11(1+B11)	 q29,12A29,12 V29 (1+B29 )	 A l2 1 + B12

M12 
q• 12,13Al2,13 1 + B12

**Note! a
'12,13Al2,13	 q11,12A11,12	 q29,12A29,12



M13- A
13 1 + B

13
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Table 4. Continued.

Compartment 13: Main Stem Phloem, 1st Section

dM
13 	 M

12	 M
23	 M

13 
dt	 q12,13Al2,13 V12(1+B12) + q23,13A23,13 V23(1+B23)	 q13,14 V

13 (1+B13

**Note! a

	

'13,14A13,14	 q12,13Al2,13	 q23,13A23,13

Compartment 14: Root Phloem

dM14 	 M
13 

dt	 q13,14A13,14 V13(1+B13)

M14 

LAx14,2 (KL;14,2 V14(1+B14)

14,2KL;14,2 (1 -

M2 
KR;14,2 V2 (1+B2 ))

M
14	 1

614,2 ) 	A14,2V14(14314)]

M14 M15 )_ pA,aL

15iKAx14 L . 14" 15 V14 (1+B 14 )	 R;14 ' 15 V15 (1+B15

+q
4,15KL

;
14,15 (1

M14 M14
a14,15 ) V14 (1+B 14 d A14,2	 A 14 1 + B14

Compartment 15:	 Root Storage

M15

dM15 	 14
dt	

LAx14,15(
K
L;14,15 V14(1+1314 )KR;14,15 V15(1+B15)

+
1L;14,15q14,15(1

M 14
- 15

M15- a
14,15 ) V14 (1+B 14 )1 A

14,15 1 + B15
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Table 4. Continued.

Compartment 16: Leaf 1 Stem Xylem. 1st Section

	

dM
16	 M4 	M16	

M16 
	dt	 q4,16A4,16 V4 (1+B4 )	 ,17A16,17 V16(1+B16)	 A 16 1 + B16

Compartment 17: Leaf 1 Stem Xylem. 2nd Section

	

dM17	 M16	 M
17	

M17 
	dt	 q16,17A16,17 V

16 (1+B16 )	 q17,18A17,18 V17(1+B17)	 A17 1 + B
17

Compartment 18: Leaf 1. Leaf Xylem

	

dM
18	 M

17 
	dt	 q17,18A

17,18 V
17 (1+B

17 )

ar 	
M18	 	 M19	)_	

i
Laz _ r v

&)c18,19 rL;18,19 V18 (1+B18 )
	 R;18,19 V19(1+B1

M18 M18 + K
L;18,19q18,19(1 - (718,19) V18(14-B18 )IA18,19	 A 18 1 + B18
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Table 4. Continued.

Compartment 19: Leaf 1. Leaf Apoplasm

dM19 M18	 M19	 )

dt	 Ax18

HULLI,a19 fic
418,19 V18 (1+818 ) - KR:18,18 V19 (1+8 19 )

M18+ K_L:18,1018,1 (1 - a18,19) V18(144518)-1 A18,19

m19	
m20 _

L;19,20 V19 (1+819 ) - KR:19,20 V20(1+820)
)

1219,20(

M19 + K_L:19,20 11 19,20 (1 - a19,20 ) V19(1+819)]A19,20

M19	 m21_ plaaL v

Ax19,211"L ; 19 ' 21 V19 (1+819	;19,21 V21(1+821) 
)

M19 
V19 (1+8 19 )] A19,21

M19
A l9+ K_	

- 619,21 )L:19,21q 19,21 (1	1 + B19

Compartment 20:	 Leaf 1. Leaf Symplasm

dM2
.

m
19	 M20v= paa2

dt	 Ax
19,2 111:19,20 V

19 (1+8 1 )	 KR:19,20 V	 (1+B	 ) 
)

20	 20

m1
m20+ K_	 - A 20L:19,2019,20 (1	1V19 (1+819 )] A19,20- 619,20 ) + B20
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Table 4. Continued.

Compartment 21: Leaf 1. Leaf Phloem

dM
21 M

19	 M21 = Laialry
dt	 ;19,21 V '0.+B6x19,21 I;19,21 V

19 (1+B
19	 21	 21

	

M19	 ,
KL;19,21q19,21 (1 - a19,21 ) V19 (1+B19 )119,21

M21	 M
21 

q• 21,22A21,22 V21 (1+B2 )	 21 1 + B21

Compartment 22: Leaf 1. Stem Section 2 - Phloem

dM
12	 M

21	 M22	 M22 
dt	 c121,22A21

'
22 V

21 (1+B21 )	 q22,23A22,23 V22(1+B22)	 A 22 1 + B22

Compartment 23: Leaf 1 Stem Section - Phloem

dM
23	 M

22	 M
23	

M
23 

dt	 q• 22,23A22,23 V22 (1+B22 )	 q23,13A23,13 V23 (1+B23 )	 "23 1 + B23

Compartment 24: Leaf 2 Stem Section 1 - Xylem

dM24	M5	M24	 M24 
dt	 4• 5,24 A5,24 V5(1+B5) 	 q24,25A24,25 V24 (1+B24 ) - A24 1 + B24
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Table 4. Continued.

Compartment 25: Leaf 2. Leaf Xylem

dM25-	 M24 
dt	 q24,25A24,25 V24 (1+B

24 )

M25	
M

26	 1

Ax25,26 (KL;25,26 V25 (1+B25 )	 KR;25,26 V26(1+B )j

m25
M25 + K_

L;25,2025,26 (1 - 625,26 ) V25 (1+B25 )] A25,26 - A 25 1 + B25

Compartment 26: Leaf 2. Leaf Aooplasm

dM26 _	
M25	 M26	 )

dt	 ,26[ ;2526 V (1+B ) - KR;25 ' 26 V26 (1+B26 )ex25	 "	 25	 25

M25	 A+ K_
L25,2025,26 (1 - 625,26 ) V25(1+B25)l25,26

M
26	 M27	 1

Ax26,27 1 L ;26,27 V26 (1+B26 )	 KR;26,27 V27 (1+B27 )j

M26 + K_
1426,27 (1 26,27 (1 - 026,27))IA26,27V26(1+1326

26	 m28 pA 

826

Lja_f,
Ax

,2 rL;26,28 V 
26	 26(1

M

+B)	 KR;26,28 V28(1+B28)1j

M26 	1	
M26 + K_L;26,2026,28 (1 - 026,28) V26(144326)J A26,28 - A 26 1 + B26
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Table 4. Continued.

Compartment 27:	 Leaf 2. Leaf Symplasm

dM2 M
27

dt Ax
2627,rL;26,27 V	 (1-61-B	 )	 KR;26 , 27 V

27
(1+B

2726	 26

M2K_
-

M
27+ L;26,27 q26,27 (1	(726,27) V26(14-1326 )IA26,27 A 27 1 + B27

Compartment 28:	 Leaf 2. Leaf Phloem

dM
Za 	 25.1	

M
26	 M

28p4K
dt	 Ax26,28	 L;26,28 V26 (1+B26 )	 ;26,28 V28(1+B28) 

)

M26+ K_
L;26,28q 26,28 (1	- (726,28)

V26(1-1-B2	
]A26,28

M
2	M28

q28,29A28,29 V28(1
8

+B28) 	- A28 1 + B28

Compartment 29:	 Leaf 2. Stem Section 1 - Phloem

M29
dM

29 M
28 M

29
dt	 q28,29A28,29 V28 (1+B28 )	 q29,12A29 ' 12 V29(1+B29)	 A 29 1 + B29
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Table 5. Transport-transfer matrix coefficients.

Compartment 1: Root Apoplast

D0.1KR:0.1A0.1 D
 . (L:

Ax	
1 21 _ 1 2 

11:1,2 c1 1,2 (1 - a1,2+1,2	 AlV1
a1,1	 0,1	 Ax

1.2

D1.2KR:1.2A1.2 
a1,2	 Ax1,2V2 (1+B

2 ) ' [[

D0 1
K

L-0 1 
'+K _ 	 q	 (1 - a10))C0 + J s]A0,1Ax

0,1	
L:0,1 0,1

Compartment 2: Root Symplast

K_ 1- 21 2 R	 (	 a	 )" + K L;1,2q1,2-1 - 1,2+ 1 2,a2,1	 D Ax 
1.2 

V
1 (1 + B1 )

D 1.2KR:1.2A1.2	 D 14.2KR:14.2A14.2	 (D2.3KL: 2.3	 , (1-a	 ))A	 + A V
Ax

1.2	 Ax14.2	
Ax2 3	

I'L;2,3q2,3'	 2,3	 2,3	 2 2a2,2 - -
V2 (1 + B2 )

a2,3	 D2.3KR:2.3A2.3  ,
Ax2,3 V3 (1 + B3)

I
D

14.2KL:14.2 

Ax14.2	
-L;14,2q14,2(1	 al4,2)1A14,2

a2,14	 V14
(1 + B14

)

V 1 (1 + B1 )



Table 5. Continued.
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Compartment 3: Root Xylem

D

C 

2.3IC
L:2.3 

L
L Ax2.3	 + K_ :2.3 2.3 (1 - c12.3)]A23a

3,2 –
V2 (1 + B2 )

rD2.3KR . 2 3 
L A2, 	 ' 3 + A

2.3q
3.4 +a33	 -

Compartment 4: Main Stem Xylem. 1st Section

a4 3 =  
q3.4A3.4  ,	 a4,4– - [4 .5A4.5 + q

4.16A4.16 
+ A

4V4]
'	 V

3 (1 + B
3	V4 (1 + B4)

Compartment 5: Main Stem. Xylem. 2nd Section

a	 –  q4.5A4.5  ,	 a55	 - r5.24A5.24	 c1 5.6A5.6	 A5V5]5 ' 4	 V4 (1 + B4 )
	

,	
V5 (1 + B

5 )

Compartment 6: Main Stem Xylem. 3rd Section

a6,5	 c15.6A5.6'
	

a6,6– - r1 6.7A6.7	 A6V61
V5 (1 + B5 )	 L V6 (1 + B6 ) ]

V
3 (1 + B

3 )
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Table 5. Continued.

Compartment 7: Leaf 3 Xylem

a	 –  q6.7
A
6.7 76	 V

6
(1 + B

6
)

D	 _ 

,	 {[ 7AX "7.8	 KL
a77 = - 7.8	 ;7,07,8(1 - 07,8 ) ] A7,8	 A7V7Ia7 

	a7,8	 D7.8KR:7.8A7.8 
Ax7,8V8 (1 + B

8 )

Compartment 8: Leaf 3 Apoplasm

rp7.8KL:7.8 

	

7	 L Ax7.8,	 KL;7,07,8(1 - 078)a8

1
D7.8KR:7.8	 D8.9KL.8 9

Ax	 A7,8 + [ Ax • • + KL;8,08,9(1-°8,9)]A8,9

a8,8 = -	 7'8	 8.9
V8 (1 + B8 )

D8.10K
L:8.10

L	 Ax8.10	
1- 08,10 ) ] A8,10	 A8V8

V8 (1 + B8 )

a8,9	 D8.9KR:8.9A8.9  ,
Ax8,9V9 (1 + B9)

D
,	 8.10KR:8.10A8.10a810 

Ax8,10V10 (1	B10)

V
7 (1 + B

7
)

A7,8

V
7 (1 + B7 )



D K_F 8.9 L:8.9 
L Ax

8.9	
+	 0K

L:8,8,9(1
a9,8

68 ,9) 8,9

V8( 1 + B8 )
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Table 5. Continued.

Compartment 9: Leaf 3. Symplasm

fp8.9KR:8.9 A8,9 + A9V9a9,9	 - 	 Ax
8.9

V9 (1 + B9 )

Compartment 10: Leaf 3. Phloem

D	 K_F 8.10 L:8.10 
L	 Ax810.	 Li.48,108,10(1 - 68,10 ) A8,10

al08
V8 (1 + B

8 )

D
8.101(R:8.10

L Ax
8.10	

A8,10 + q
10,11A10,11 + A

10V
10

al0,10
V10 (1 + B

10
)

Compartment 11: Main Stem Phloem. 3rd Section

10,	 q10.11A
10.11,	 11	 - Fq11•12A11.12 

+ A
11V11a11	 al1,V

10 (1 + B10 )	 L	 V
12

(1 + B
12

)



51

Table 5. Continued.

Compartment 12: Main Stem Phloem. 2nd Section

,	 q11.12A11.12,a1211 V 11 (1 + B11 ) 12,	 r12
.

13Al2.13	 Al2V12]
al2

V12(1 4- B12)

,	 q29,12A29.12 al229 V29 (1 + B29 )

Compartment 13: Main Stem Phloem, 1st Section

12,	 q12.13Al2.13'al3 V12(1 + B12
) 13,l3a	

r13.14A13,14	 A13V13]
 V13 (1 + B13)

,	 q23.13A23.13 a1223 V23 (1 + B23
)

Compartment 14: Root Phloem

,	 q13.14A13,14,al413 V13 (1 + B13)
=,	 D14.2KR:14.2A14.2 al42	 A (1 + B )"'xl4,2V2	 2

frD
142KL:14.2 + q

14,2KL;14,2 (1 - a14,2 dA14,2a14,14 –	 IL	 f4.2 
V14 (1 + B14 )

D
14.15KL:14.15 

.	
+ q

14,15KL;14,15 (1 - a14,15
diti14,15 

+ A 14v14
+ L Ax1415 

V14 (1 + B14 )

D14.15KR:14.15A14,15 al4,15 = A (1 + B15)x14,15V15
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Table 5. Continued.

Compartment 15: Root Storage

rD
14.15KL:14.15 

Ax14.15	
+ K

L;14,15 41 14,15 (1 	1714,15+14,15a
15,14 –

al515 = - D14. 
x14

15KR

.

:

15

14.15
A14,15 + Al5V15

,	1
A 

I

Compartment 16: Leaf 1 Stem Xylem. Section 1

a16,4	 414.16A4.16,
V4 (1 + B4)

ql	 A	 + A V6.17 16.17	 1616]al6,16	 I
L	 V16(1 + B 16 )16

Compartment 17: Leaf 1 Stem Xylem, Section 2

16,	 q16.17A16.17,	 - [q17.18A17.18	 Al7V171al7	 a
17 , 17

V 16 (1 4- B16 ) 	V17
(1 + B17 )	 j

Compartment 18: Leaf Xylem

al8,17	 q17.1821117.18V17(1	 B17)

D
18.19KL:18.19	 v

Ax18.19	 "L;18,194118,19(1 - 4718,19+18,19	 Al8
al8,18

V
18 (1 + B

18 )

J°
D,o

818,19 –	 .IYIK:18.19A18.19

Ax18,19V19 (1 + B19)

V14 (1 + B
14 )

V15 (1 + B
15 )
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Table 5. Continued.

Comp artment 19: Leaf 1 Leaf Apoplasm

18.19
K
L:18.19	 v

's1.;18,19 (1 18,19 (1 - 618,19+18,19
a	 Ll9,18	 Ax18.19

ID18.19KR:18.19	 r19.20KL:19.20	 vt
18.19	

A
18,19	 Ax

19.20	
11;19,20(119,20(1 - (119,20

dA
19,20

a	 - -19,19
V 19 (1 + B19 )

D 19.21KL:19.21 

Ax19.21 ;19,21419,21 (1 - 619,21 ) ] A19,21	 Al9V19

V 19 (1 + B19 ) 

- D 19.20KR:19.20A19,20,	 D19.21KR:19.21A19.21 a19,20	 a19 21 –Ax
19,20V20

(1 + B
20

)	 A
''3(19,21V 21 (1 4- B21)

Compartment 20: Leaf 1 Leaf Symplasm

[

	 	 v
- L	 Ax1920	 1, 9.19 20 (1 19,20 (1 - '9.19,20

dA19,20
a20,19

V19 (1 + B19 )

a ,20 – -	
Ax19,20	 A19,20 + A 20V20

20	

1
t

D19.20KR:19 ' 20 

V20 (1 + B20 )

V
18 (1 + B18 )
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Table 5. Continued.

Compartment 21: Leaf 1 Leaf Phloem

D
19.21KL:19.21 

L	 x
19.21	 ;19,21q19,21(1	 '719,21+19,21a 	

+
21,19

a21,21

ID19.21KR:19.21A19.21 

.	 q21,22A21,22	 A21V21Ax
1921  

V
21 (1 + B

21 )

Compartment 22: Leaf 1 Stem Section 2 Phloem

V
19 (1 + B

19 )

,	 q21.22A21.22,a2221
V21(1 + B21)

,	 - fq23.23A22.23	 A22V221Ja2222
V22 (1 + B22 )

Compartment 23: Leaf 1 Stem Section 1 Phloem

,	 q22.23A22.23,a2322
V (1 +

22	 B22)
a23,23	 - fq23.13A23.13 + A 23V231J

V23 (1 + B23 )

Compartment 24: Leaf 2 Stem Section 1 Xylem

a24,5	
c1 5 24A5 24	 a24,24	 - fq24.25A

24.25 + A24V241J
V (1 + B )5	 5	 V24 (1 + B

24 )
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Table 5. Continued.

Compartment 25: Leaf 2 Leaf Xylem

q24.25A24.25 

	

a25,24	 V24 (1	 B24)

I
F

D
2526KL:25.26 v

L	 x25.26	 —L;25,2025,26(1	 625,26 ) ] A25,26	 A25V251
a25,25 V25 (1 + B25 )

D25,26KR:25.26A25.26 

	

a25,26	 A

x25,26V26(1 + B26)

Compartment 26: Leaf 2 Leaf Apoplasm

D
25.26KL:25.26 

L	 Ax2526	 ;25,2025,26(1	 (725,26)]A25,26a	 —
26,25

V 25 (1 + B25 )

I
D25.26KR:25.26A25.26 D 26.27KL:26.27 

	

Ax25.26	 Ax26 27	
+ KL;26,27 q26,27 (1	'726,27+26,27a26,26 —

V26 (1 + B26 )

D 26.28KL:26.28	 v

Ax26,28	 "L;26,2026,28(1	 626,28 ) ] A 26,28	 A26V26

V26 (1 + B26 )

,	 D26.27A26,27KR:26.27,a2627	 A
(1 + B27)"x26,27V27

D
,	

26.28KR:26.28A26.28
a2628 

Ax26,28V28 (1 + B28)
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Table 5. Continued.

Compartment 27: Leaf 2 Leaf Symplasm

I 26.27KL:26.27 
_L	

2627	
+ K

Ax	 1426,27(126,27(1 - (726,27dA26,27. a27,26
V26 (1 + B

26 )

I
D26.27KR

27

:26.27 

	

.	

A
26,27 + A27V271Ax26

Compartment 28: 	 Leaf 2 Leaf Phloem

a	 –
28,26

I
D

26.281(1426,28
- 4726,28dA26,28

+ K_L	 Ax
26.28	 1426,2026,28(1

V26 (1 + B
26 )

:26,28A26.28[D
26,28K

Ax26.28
+ q28,29A28,29 + A 28V28

a28,28 = -
V

28 (1 + B
28 )

Compartment 29: Leaf 2 Stem Section 1 Phloem

	

28,	 c128 29A28.29,	 - r29.12A29.12	 A29V291

	

a29	 a29 , 29V28 (1 + B 28 )	 V29 (1 + B)	 j29

a27,27
V
27

(1 + B
27

)



57

Scaled linear systems 

The mass balance equations used to model the complete system are

linear in the chemical masses. It follows that upon writing each mass

Mi as

Mi	 M X.,
	 (16)

i	 1,2,3...,N where N = number of compartments, a new linear scaled

mass balance system is obtained. The constant M can have the dimensions

of mass so that Xi is a dimensionless, relative, mass of compound in the

ith compartment. Since the linear mass balance system can be written in

compact summation convention form, for i 	 1,2,...,N

dM.	 N

dt	 –1	 j1 - .Z a..M. + S.,J

with only S1 being non-zero in this work. Upon substituting for Mi,

Mi Mxi, obtains

dxi
1

- .E a. x. + 	 S.dt	 J-1 ij	 M

By carefully choosing the scale factor M it is possible to have the new

first source term S1/M = 1. A general relative mass solution vector

X(t) can then be found, which would apply across many systems.

Fitting experimental results 

Either system consists of a set of coupled ordinary first-order

differential equations in the mass in a system of compartments. Numeri-

cal integration over time yields individual compartment chemical com-

pound masses. These masses can be compared with experimental data and

(17)

(18)
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when combined with coefficient search techniques can be used to obtain

values of coefficients such as K, a, or A.
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VALUES OF ANATOMICAL PROPERTIES

Solution of the set of equations requires knowledge of anatomical

properties (measured or estimated) of the leaf and root tissues. A

solution was developed based on consideration of 1 cm 2 leaf area.

Corresponding values were sought for the root, stem, and leaf compart-

ments required to absorb the amount of water evaporated from 1 cm2 of

leaf surface. We recognize that a great diversity exists in each type

of plant tissue and that each plant, in each different environment, is

unique. Nevertheless, average values were selected to represent a

typical plant functioning in an average manner.

Leaves

Apoplast and symplast

A typical soybean leaf mesophyll cell is cylindrical, approximately

1.5 x 10- 3 cm diameter and 3.5 x 10- 3 cm long with both dimensions

including the cell wall (Fisher, 1967). The total volume of an individ-

ual cell is then 6.19 x 10- 9 cm3 . The cell walls are 4.0 x 10- 5 cm

thick (Nobel, 1974) so that calculations based on a cylindrical shell

using these dimensions yield 12% of the total volume assigned to the

cell wall and 88% of the total volume assigned to the cytoplasm and

vacuole. The total tissue volume of a soybean leaf is 53% of the leaf

volume (El-Sharkawy and Hesketh, 1965). For the 1 cm2 leaf segment that

is approximately 1.33 x 10- 2 cm thick (Fisher, 1967), the total tissue

volume is 7.05 x 10- 3 cm3 . Using the cell wall and cytoplasm percent-

ages obtained for a single cell, the leaf symplast volume of a 1 cm2

leaf segment equals 6.18 x 10- 3 cm3 and the leaf apoplast volume equals

0.85 x 10- 3 cm3 . Dividing the total tissue volume by the volume per
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cell yields 1.14 x 10 6 cells per cm2 leaf surface. Calculation of the

inner surface area of the cylindrical shell represents the cell wall/

cytoplasm contact area for an individual cell and yields 1.53 x 10-5

cm2 . This results in an overall apoplast/symplast contact area of

17 cm2 for a 1 cm2 leaf area.

Xylem and phloem

The fine veins in a soybean leaf circumscribe individual areoles of

approximately rectangular dimension equal to 1.6 x 10- 2 cm by 2.4 x

10- 2 cm (Fisher, 1967). A segment of soybean leaf with surface area of

1 cm2 is then composed of 2,604 areoles and each areole is served by

4.0 x 10- 2 cm of fine veins (0.5 times the perimeter of a single

areole). These fine veins are composed of phloem elements having cross

sectional areas equal to 2.0 x 10- 7 cm2 (Fisher, 1970a). The ratio of

xylem to phloem cross sectional area is approximately 1.4 (Bell, 1934;

Fisher, 1967), yielding a cross sectional area for the xylem of 2.8 x

10- 7 cm2 in the fine veins. The lengths of xylem and phloem elements in

a 1 cm2 leaf segment is given by the product of the lengths serving a

single areole and the number of areoles, or 104.0 cm. The xylem and

phloem elements are cylindrical so that the product of the cross sec-

tional areas and the lengths of the elements equals the volumes of leaf

xylem and phloem. These are 2.91 x 10- 5 cm3 and 2.08 x 10- 5 cm3 , re-

spectively. Also, the leaf xylem and phloem surface areas are 0.195 cm2

and 0.165 cm2 , respectively.



61

Roots

Apoplast and symplast 

The cortical cells of a soybean root are approximately 4.0 x

10- 3 cm in diameter and approximately 1.25 x 10- 2 cm in length (Molz and

Boyer, 1978) with both dimensions including the cell wall. The total

volume of an individual cell is then 1.57 x 10- 7 cm3 . The cell wall in

the root is assumed to be the same thickness as in the leaf so that

using the same calculation procedure shows that 4.5% of the total cell

volume is cell wall and 95.5% is cytoplasm. Each cm2 leaf segment

requires 6.35 cm2 of root surface area (Eavis and Taylor, 1979) for

supply of water and nutrients. With a mean soybean root diameter of

3.16 x 10- 2 cm (Blizzard and Boyer, 1980) this results in a root length

of 63.96 cm. Calculation of the cylindrical volume of the root yields a

total root volume per 1 cm2 leaf area of 5.02 x 10- 2 cm3 . Approximately

4% of this total root volume is composed of vascular tissue (Bell,

1934). Subtraction of the volume corresponding to the 4%, from the

total volume gives a total cortical tissue volume of 4.82 x 10- 2 cm3.

Using the percentages of cell wall volume and cytoplasm volume obtained

for individual cortical cells results in a total symplast volume of

4.6 x 10- 2 cm3 and total apoplast volume of 2.2 x 10- 3 cm3 . Dividing

the total cortical tissue volume by the volume per individual cell

yields 3.07 x 10 5 cortical cells per root segment. Calculation of the

surface area of the inner shell of a cylindrical cortical root cell

gives the cell wall/cytoplasm contact area per cell of 1.77 x 10- 4 cm2.

This multiplied by the number of cells yields a total root symplast/

apoplast contact area of 54.3 cm2.
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Xylem and phloem

The total vascular cross sectional area of the root is 4% of the

root cross sectional area (Bell, 1934). For an average root with a mean

diameter of 3.16 x 10- 2 cm (Blizzard and Boyer, 1980) the cross section-

al area is 7.84 x 10- 4 cm2 of which 3.14 x 10- 5 cm2 is vascular tissue.

If we assume the cross sectional area ratio of the root xylem and phloem

to be similar to the ratio in leaves and stems, the cross sectional

areas of root xylem and root phloem are 1.83 x 10- 5 cm2 and 1.31 x

10- 5 cm2 , respectively. Using these areas and a root length of 63.96 cm

yields volumes of the root xylem and root phloem equal to 1.17 x

10- 3 cm3 and 8.38 x 10- 4 cm3 , respectively. Passage from the root xylem

and phloem into the cortical region of the root occurs through the

endodermis. The endodermis diameter is approximately 1.3 times the root

vascular diameter (Bell, 1934). For a root vascular diameter of 6.32 x

10- 3 cm the endodermis diameter is 8.22 x 10- 3 cm. Over the 63.96 cm

length of the root, assuming a regular cylinder, the external endodermis

area equals 1.65 cm2.

Soil Volume 

We assume a root density equal to 1 cm of root length for each cm3

soil. This yields a soil cylinder of radius equal to 5.64 x 10- 1 cm

surrounding the individual root (McCoy et al., 1984), and 63.96 cm 3 of

soil supply the 1 cm 2 leaf segment. If we further assume that the soil

has a volumetric water content of 0.4 cm3 cm- 3 , then the total volume of

water for dissolving a solute and for supplying the transpiration demand

is 25.6 cm3.
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Stems

Xylem and phloem

The 1 cm2 soybean leaf segment is served by a phloem cross section-

al area in the stem of 9.25 x 10- 6 cm2 (Fisher, 1970b) with a corre-

sponding xylem cross sectional area (ratio of xylem to phloem area of

1.4) of 1.30 x 10- 5 cm2.

e
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SIMULATIONS

Plant with One Leaf

Simulations demonstrated the use of the model and the consequences

of changes in the values of model parameters. All simulations are

perturbations of the basic data set in Table 6. Figures 6 through 12

show the calculated mass of chemical in roots, stems, leaves, or in the

whole plant as a function of time. Solid lines were obtained by simula-

tion. The concentration of the free phase in all compartments reaches a

steady state, or equilibrium concentration. These are listed in Table 7

for all simulations.

Roots are made up of compartments 1, 2, 3, 14, and 15 (Figure 5);

stems are compartments 4, 5, 6, 13, 22, and 23, and leaves are compart-

ments 18, 19, 20, and 21. Volumes, contact areas, and membrane thick-

nesses are as stated in text or in the figures. The rate of 0.1 cm3

cm- 2 hr- 1 was used for the transpiration rate per unit leaf area in most

simulations. Fluxes across each boundary were calculated based on this

rate. This rate is higher than generally measured in laboratory experi-

ments, but occurs during periods with high evaporative demand in the

field. Consequences of lowering the indicated rate are discussed in

this section. The diffusion coefficient was set to 0.018 cm 2 hr-1.

We call attention to earlier discussions about the model as a

scaled linear system. All simulations were made with the concentration

of the inflow solution equal to 1.0 (mass/unit volume). Results with

specified concentrations of the inflow solution are obtained by multi-

plying the mass scales of Figures 6 through 12 by the specified concen-

trations, according to equation 18. For example, with the concentration
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Table 6. Data set used for simulations. Each simulation involved the

change of one or more values in this table. The structure of the

three-leaf model was used with transport to leaves 1 and 2
blocked.

1 2 3 4 5 6 7 8 9
.6350E+01 .4720E+02 .1670E+01 .1080E-02 .1080E-02 .1080E-02 .1080E-02 .1000E+00 .2400E+02

10

.8360E-01

19

11

.1080E-03

20

12

.1080E-03

21

13

.1080E-03

22

14

.1080E+00

23

15

.3000E-02

24

16

.1080E-02

25

17

.1080E-02

26

18
.1080E-02

27
.1000E+00 .2400E+02 .8360E-01 .1080E-03 .1080E-03 .1080E-02 .1080E-02 .1000E+00 .2400E+02

28 29 30 31 32
.8360E-01 .1080E-03 .1080E-03 .1080E-03 .8258E+00 n Area

1 2 3 4 5 6 7 8 9
.2000E+00 .5000E-01 .3000E-01 .5000E+00 .5000E+01 .5000E+01 .5000E+00 .1000E-02 .1000E-02

10

.1000E-02

19

11

.5000E+00

20

12

.5000E+01

21

13

.5000E+01

22

14

.5000E+00

23

15

.1000E-02

24

16

.5000E+01

25

17

.5000E+01

26

18
.5000E+00

27
.1000E-02 .1000E-02 .1000E-02 .5000E+00 .5000E+01 .5000E+01 .5000E+00 .1000E-02 .1000E-02

28 29 30 31 32
.1000E-02 .5000E+00 .5000E+01 .5000E+01 .1000E-02 •	 Delta

I 2 3 4 5 6 7 8 9
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00

10

.0000E+00

19

11

.0000E+00

20

12

.0000E+00

21

13

.0000E+00

22

14

.0000E+00

23

15

.0000E+00

24

16

.0000E+00

25

17

.0000E+00

26

18
.0000E+00

27
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00

28 29 30 31 32
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 •	 Sipa

1 2 3 4 5 6 7 8 9
.1800E-02 .1800E-02 .1800E-02 .1800E-02 .1800E-02 .1800E-02 .1800E-02 .1800E-02 .1800E-02

10

.1800E-02

19

11

.1800E-02

20

12

.1800E-02

21

13

.1800E-02

22

14

.1800E-02

23

15

.1800E-02

24

16

.1800E-02

25

17

.1800E-02

26

18
.1800E-02

27
.1800E-02 .1800E-02 .1800E-02 .1800E-02 .1800E-02 .1800E-02 .1800E-02 .1800E-02 .1800E-02

28 29 30 31 32
.1800E-02 .1800E-02 .1800E-02 .1800E-02 .1800E-02 •	 Diffu

1 2 3 4 5 6 7 8 9
.1000E+02 .1000E+00 .1000E+00 .1000E+00 .1000E+00 .1000E+00 .1000E+00 .1000E+00 .1000E+00

10

.1000E+00
19

11

.1000E+00

20

12

.1000E+00
21

13

.1000E+00

22

14

.1000E+00
23

15

.1000E+00

24

16

.1000E+00

25

17

.1000E+00

26

18
.1000E+00

27
.1000E+00 .1000E+00 .1000E+00 .1000E+00 .1000E+00 .1000E+00 .1000E+00 .1000E+00 .1000E+00

28 29 30 31 32
.1000E+00 .1000E+00 .1000E+00 .1000E+00 .1000E+00 •	 Kr

1 2 3 4 5 6 7 8 9
.1000E+02 .1000E+00 .1000E+00 .1000E+00 .1000E+00 .1000E+00 .1000E+00 .1000E+00 .1000E+00

10	 11	 12	 13	 14	 15	 16	 17	 18
1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00

19	 20	 21	 22	 23	 24	 25	 26	 27
.1000E+00 .1000E+00	 .1000E+00 .1000E+00 .1000E+00 .1000E+00 	 .1000E+00	 .1000E+00 .1000E+00

28	 29	 30	 31	 32
1000E+00 .1000E+00 .1000E+00 .1000E+00 .1000E+00

	
• K1
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Table 6.	 Continued.

.1000E+01
n Condo

1 2 3 4 3 6 7 8 9
.2190E-02 .4600E-01 .1180E-02 .5400E-03 .5400E-02 .5400E-02 .1490E-02 .5050E-02 .3400E-01

10 11 12 13 14 15 16 17 18
.1060E-03 .5400E-04 .5400E-03 .5400E-03 .9280E-05 .1000E-02 .5400E-02 .5400E-02 .1490E-02

19 20 21 22 23 24 25 26 27
.5050E-02

28
.3400E-01

29
.1060E-03 .5400E-04 .5400E-03 .5400E-02 .1490E-02 .5050E-02 .3400E-01

.1060E-03 .5400E-04
•	 Vo l

1 2 3 4 5 6 7 8 9
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00

10 11 12 13 14 15 16 17 18
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00

19 20 21 22 23 24 25 26 27
.0000E+00

28
.0000E+00

29
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00

.0000E+00 .0000E+00

1 2 3 4 5 6 7 8 9
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00

10 11 12 13 14 15 16 17 18
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 4000E+00

19 20 21 22 23 24 25 26 27
0000E+00

28
.0000E+00

ri
.0000E+00 .0000E+00 .0000E+00 .0000E+00 ,0000E+00 .0000E+00 .0000E+00

.0000E+00 .0000E+00 •	 Lambda

.0000E+00
•	 Is

1 2 3
.1000E+01 .0000E+00 .0000E+00 n Frac

1 2 3
.1000E+00 .0000E+00 .0000E+00 n Transp

1 2 3 4 5 6 7 8 9
.1575E-01 .2119E-02 .1198E+00 .1852E+03 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00

10 11 12 •	 13 14 15 16 17 18
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .9259E+00 .0000E+00 .1852E+03 .1852E+03 .1852E+03

19 20 21 22 23 24 25 26 27
.2000E+01 .0000E+00 .1196E+01 .9259E+03 .9259E+03 .0000E+00 .0000E+00 .0000E+00 .0000E+00

28 29 30 31 32
.0000E+00 .0000E+00 .0000E+00 .9259E+03 .1211E+00 .q

1 2 3 4 5 6 7 8 9
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00

10 11 12 13 14 15 16 17 18
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00

19 20 21 22 23 24 25 26 27
a000E+00

28
.0000E+00

29
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00

.0000E+00 .0000E+00	
n initial
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Table 6a.	 Output obtained with data set in Table 6.

ties roots

aroused	 Mass

+	 stags	 +	 lean	 +	 leaf2 +	 loaf3
Total

+	 'alba& •	 plant inflce
.3000E+01 .1330E+00 .5015E-02 .1048E+00 .0000E+00 .0000E+00 .0000E+00 .2428E+00 .2457E+00
.6000E+01 .1407E+00 .5482E-02 .1412E+00 .0000E+00 .0000E+00 .0000E+00 .2874E+00 .2903E+00
.9000E+01 .1429E+00 .5613E-02 .1514E+00 .0000E+00 .0000E+00 .0000E+00 .2999E+00 .3028E+00
.1200E+02 .1435E+00 .5649E-02 .1542E+00 .0000E+00 .0000E+00 .0000E+00 .3034E+00 .3063E+00
.1500E+02 .1437E+00 .5659E-02 .1550E+00 .0000E+00 .0000E+00 .0000E+00 .3044E+00 .3072E+00
.1800E+02 .1437E+00 .5662E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3046E+00 .3075E+00
.2100E+02 .1437E+00 .5663E-02 .1153E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.2400E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.2700E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.3000E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.3300E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.3600E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.3900E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.4200E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.4500E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.4000E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.5100E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3041E+00 .3076E+00
.5400E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.5700E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00

000E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.6300E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.6600E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.6900E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.7200E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.7500E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.7800E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.8100E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.8400E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.8700E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.9000E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.9300E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.9600E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
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Table 6a.	 Continued.

flee roots

Grouped	 Mass

+	 stems	 •	 leafl

with

•	 leaf2

Lasbda

•	 lesf3 plant inflow
.3000E+01 .1330E+00 .5015E-02 .1048E+00 .0000E+00 .0000E+00 .24211E+00 .2457E+00
.6000E+01 .1407E+00 .5482E-02 .1412E+00 .0000E+00 .0000E+00 .2674E+00 .2903E+00.9000E+01 .1429E+00 .5613E-02 .1514E+00 .0000E+00 .0000E+00 .2999E+00 .3020E+00.1200E+02 .1435E+00 .5649E-02 .1542E+00 .0000E+00 .0000E+00 .3034E+00 .3063E+00.1500E+02 .1437E+00 .5659E-02 .1550E+00 .0000E+00 .0000E+00 .3044E+00 .3072E+00.1800E+02 .1437E+00 .5662E-02 .1553E+00 .0000E+00 .0000E+00 .3046E+00 .3075E+00.2100E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
.2400E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.2700E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.3000E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.3300E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.3600E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.3900E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.4200E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.4500E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.4800E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.5100E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.5400E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.5700E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.6000E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00300E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.6600E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.6900E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.7200E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.7500E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.7800E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.0100E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.04001+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.11700E+02 .1437F+00 .5663E-02- .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.9000E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.9300E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00.9600E+02 .1437E+00 .5663E-02 .1553E+00 .0000E+00 .0000E+00 .3047E+00 .3076E+00
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of the inflow solution, Co – 1 pmol cm- 3 , the mass scales in Figures 6

through 12 would be pmol.

The reader is alerted to the fact that the scales used for mass are

not the same in all diagrams. This makes comparisons more demanding but

avoids the problem of having some of the graphs showing the time course

of mass compressed near the time axis.

While several simulations are shown to emphasize the importance of

some parameters, it must be kept in mind that the model is highly inter-

active. Changes in one parameter or in one compartment have conse-

quences throughout the entire set of compartments. The model contains a

large number of parameter values and not all combinations could be

discussed.

Format and input data

All simulations in this report were perturbations of the basic data

set in Table 6. Variables for which data are shown are in right-hand

margin. Data are shown below compartment number. Figures 6 through 12

show results of simulations. The coefficient that was different from

those in Table 6 are in each figure. The free phase mass in each com-

partment at 96 hrs was also recorded (Table 7).

Partition coefficient. K

Simulations presented in Figure 6 demonstrate the importance of the

partition coefficient, K, on the rate of accumulation of mass in roots,

stem, and leaf compartments. Loss of chemical from the free solution

due to growth or metabolism was not simulated (A = 0) and all solute

taken up remained in the free phase.
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Table 7. Chemical mass (dimensionless) in the free phase in each
plant part and in the whole plant at equilibrium condi-
tions.

Simulation*
Plant part

PlantRoot Stem Leaf

6a 0.1437 0.0057 0.1554 0.3034
b 0.1437 0.0057 0.1554 0.3034
c 1.4370 0.0566 1.5540 3.0476
d 1.4370 0.0566 1.5540 3.0476

7a 1.3830 0.0566 1.5540 2.9936
b 1.3830 0.0566 1.5540 2.9936
c 0.1438 0.0566 1.3250 1.5254
d 0.1437 0.0566 1.3250 1.5254

8a 0.1438 0.0057 1.3250 1.4720
b 0.1361 0.0054 1.2520 1.3935
c 0.1438 0.0057 1.3250 1.4720
d 0.1356 0.0018 0.6975 0.8349

9a 0.0572 0.0022 0.3995 0.4589
b 0.0559 0.0022 0.3899 0.4480
c 0.0572 0.0022 0.3995 0.4589
d 0.0762 0.0009 0.2559 0.3330

10a 0.0782 0.0040 0.1380 0.2202
b 0.0776 0.0040 0.1368 0.2184
c 0.0630 0.0024 0.0603 0.1257
d 0.0470 0.0024 0.0742 0.1236

lla 0.1437 0.0057 0.1554 0.3048
b 0.1088 0.0057 0.2012 0.3157
c 0.0471 0.0018 0.2928 0.3417
d 0.0324 0.0016 0.3225 0.3565

12a 0.1437 0.0057 0.1554 0.3048
b 0.1382 0.0095 0.1306 0.2783
c 0.1438 0.0083 0.2245 0.3766
d 0.1384 0.0151 0.2459 0.3994

*Simulation numbers correspond to Figures 6 through 10.
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The role of the partition coefficient is most easily understood by

looking at equation 12, which shows that change in concentration in a

compartment is due to a diffusion term and a mass flow term. When the

concentration in the first compartment (root apoplast), C1, is higher

than the concentration in the soil solution, Co, a diffusion gradient

exists towards the soil solution and solute leaves the apoplast by

diffusion toward the soil compartment while entering by mass flow from

it. That condition puts an upper limit on the free phase concentration

of all compartments in the plant. Once the equilibrium concentration in

compartment 1, at which influx equals efflux at the interface between

plant and soil, has been reached, the concentration of the free phase

remains constant in all compartments and therefore the total mass re-

mains constant. The time required to reach this condition depends on K

values. With K1,1 - K1,2 - 10.0 (Figure 6a) equilibrium was approached

after about 15 hrs, but with K1 , 1 - K1,2 0.1 (Figure 6b) only after

about 100 hrs. The smaller the value of the partition coefficient, the

longer it takes to achieve equilibrium. This can also be ascertained by

looking at equation 12, which shows that both the flux term and the

diffusion term are multiplied by K1 , 1. However, equilibrium concentra-

tions for simulations 4a and 4b are the same (Table 7).

Different values for Ki e l and Ki,2

Equation 12 shows that the rate of gain in mass in a compartment is

increased when the partition coefficient at the inflow interface of

compartment i, Ki , i, is higher than the partition coefficient at the

outflow interface, Ki , 2. When that condition prevails it is easier for

the chemical to go from the membrane into the compartment than from the
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compartment into the membrane. Simulations 6c and 6d show the effect of

increasing the ratio K1j/K1 , 2, while keeping Kij constant. Setting

Kij – 10.0 and K1 , 2 – 1.0 yielded an equilibrium concentration 10 times

larger than with the ratio equal to 1 (Figure 6a; Table 7). With that

condition specified, it is easier for the chemical to enter the root

apoplast than it is to leave that compartment.

The mass of chemical in compartments is the same for the same

K1,1/K1,2 ratios, only the time to reach equilibrium differs. This can

be seen in Figure 6 and Table 1 by comparing simulation 6a with 6b and

simulation 6c with 6d. Simulation 6d was still far from equilibrium at

96 hrs.

A difference between values of Ki e l (inflow interface) and Ki,2

(outflow) interface is more likely to exist in compartment 2 than in

compartment 1. Figure 7a shows the simulation with K2 , 1 = 10 and K2 , 2 –

1.0 whereas Figure 7b shows the simulation with K2 , 1 – 0.1 and K2 , 2 –

0.01. Comparison of simulation 6c with 7a and simulation 6d with 7b,

shows that the consequence of imposing the ratio Kij/Ki , 2 – 10 on com-

partment 2 rather than on compartment 1 is a much slower rate of in-

crease of chemical mass in the plant. But equilibrium concentrations

are nearly the same (Table 7). With simulation 6c equilibrium was at-

tained after 15 hs, but with simulation 7a equilibrium was still far

from having been attained at 90 hrs.

Finally, consequences of changing the ratio of K values for com-

partment 20 were evaluated (Figures 7c and 7d). The observed two re-

sults from that change were a larger fraction of the chemical mass in

the leaf compartment, and a slower rate of increase than with simula-

tions 7a and 7b. With simulations 7c and 7d nearly all the chemical
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mass was in the leaf compartments. The total mass in the plant was

lower (Table 7).

Reflection coefficient, a 

Figure 8 shows simulations with changes in the reflection coeffi-

cient, a. Simulation 8a is identical to simulation 7c, simulation 8b

shows results with a2 – 1.0, implying according to equation 12 that the

contribution of the mass flow component to this compartment was zero.

Water passed the boundary, but chemical was reflected. Distribution

resulting from simulations 8a and 8b were identical, indicating a negli-

gible contribution of mass flow into the apoplast compartment. Diffu-

sion is the dominant mechanism for crossing the boundary between com-

partments 1 and 2. Results were different with the reflection coeffi-

cient of compartment 1 equal to zero (al = 0) (Figure 8c). A large

reduction in the rate at which chemical mass accumulated in all the

compartments was noted, but the equilibrium concentrations were the same

(Table 7). The reflection coefficient is important for entering com-

partment 1, but not for the remaining compartments because of the large

value of Axi. This observation was further substantiated by simula-

tion 8d, where reflection coefficients in all compartments were equal to

1. Equilibrium concentrations were much lower with ai = 0.

Rate of loss coefficient. A 

Figures 9 and 10 show simulations with A greater than zero, de-

scribing the condition where chemical is taken from the free phase by

chemical binding, growth, or transformation. The incorporation of

mineral nutrients into new plant tissue is a parallel example to growth
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loss of some organic compounds. Recent experience with nitrobenzene and

dinitrobenzene (McFarlane et al., 1987) demonstrated that absorption was

followed by chemical transformation and binding, and that transformation

was the dominant feature controlling distribution.

Simulations in Figure 9 show mass in the free phase and mass lost

according to processes described by A in the root (a), leaf (b), stem

(c) compartments and in the plant as a whole (d). The mass in the free

phase remained constant with time, while the mass lost from the free

phase continued to increase. Chemical mass at equilibrium in each plant

part is in Table 7. The rate of increase of mass lost from the free

phase differed between compartments. This is because the rate is pro-

portional to the volume and to the free phase concentration. After an

initial equilibration time, the rate of accumulation in each compartment

became constant and proportional to A.

Figure 10 shows simulations with A – 0.02 and A = 0.07. Only mass

in the whole plant and mass lost from the free phase are shown. The

constant difference between the two curves in each graph is the mass in

the free phase. Rows in each figure compare values of K and columns

show the effect of changing the value of A. Increasing the value of A

increases mass in each compartment, although not in the same ratio.

This is because equilibrium concentrations were lower (Table 7).

Sizes of compartments. V

Figure 11 shows simulations in which volume of root symplast (com-

partment 2) was decreased and that of leaf symplast (compartment 20) was

increased, while the total volume of all compartments remained the same.

Mass of chemical in root, leaf, and stem compartments are shown but not
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the totals. Differences in partitioning between root and leaf compart-

ments resulted from the change in the sizes of the compartments (Fig-

ures lla and b), indicating that partitioning is sensitive to compart-

ment sizes. The total mass of chemical in the plant increased, but very

little (Table 7).

Simulations llc and d show the effect of changing volumes of root

and leaf compartments with A remaining constant at 0.03. The equilibri-

um concentration in the root compartment was very low while that of the

leaf compartment increased.

Flux, a

Figure 12 shows the effect of decreasing the flux (q) at the root

surface from 100 to 25% (A vs B and C vs D) and decreasing the rate of

flow in the phloem (A vs C and B vs D). Rows show simulations with the

influx equal to 100% of the rate used in all previous simulations and

25% of that rate. The rate of accumulation decreased with decreasing

the flux, but not in the proportion the flux decreased. For example, by

decreasing the flux from 100% to 25%, the decrease in mass units at

96 hrs was from 0.142 to 0.072 in roots and from 1.154 to 0.068 in

leaves. This occurred because when q was 100% a higher free phase

concentration existed so that diffusion was a larger portion of the

inflow. When the flux was decreased, a larger fraction of the inflow

mass was accumulated by the plant. However, the equilibrium concentra-

tions (Table 7) were nearly the same, even though the rate of inflow was

lower with simulation b.

Columns show consequences of changing in the ratio of flow rate in

phloem to that in xylem (qpill/qxy)• Changing that ratio from 1.00 to
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0.25, i.e. decreasing the flux in the phloem, had several major conse-

quences. The partitioning between roots and leaf changed, with the leaf

accumulating more chemical mass while the mass in the roots was the same

as with the ratio equal to 1.00. Decreasing flux in the phloem in-

creased mass in the plant at all times. Finally we note that with

simulation 12d mass in the plant at equilibrium was higher than with

simulation 12c.
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Plant with Three Leaves 

Basic data set

Application of the plant uptake model to a plant with three leaves

is discussed. A sketch of such a plant was shown in Figure 4 and the

compartments with the compartmental numbering system is shown in Fig-

ure 5. The root is made up of compartments 1, 2, 3, 14, and 15. The

stem xylem is made up of compartments 4, 5, 6, 16, 17, and 24, and com-

partments 11, 12, 13, 22, 23, and 29 form the stem phloem. The leaf

compartments are grouped as follows: for leaf 1, compartments 18, 19,

20, and 21; for leaf 2, compartments 25, 26, 27, and 28; and for leaf 3,

compartments 7, 8, 9, and 10.

The basic data used for the simulations with the three-leaf model,

including volumes, contact areas, and membrane thicknesses, are as

stated in the chapter on anatomical properties and are tabulated in

Table 8. The transpiration rate per unit leaf area was 0.05 cm3/cm2/hr

in most simulations. For some simulations different transpiration rates

for individual leaves were used. Fluxes across each compartmental

boundary were calculated based on this transpiration rate and the cross

sectional areas. The diffusion coefficient was set at 0.0018 cm2/hr.

All simulations were made with the concentration of the inflow

solution equal to 1.0 mass units per unit volume. Results with concen-

trations of the inflow solution other than 1.0 [M/L 3 ] can be obtained,

according to equations 18, by multiplying the mass scales of the figures

by the concentrations specified in the problem statement. For example,

with the concentration of the inflow solution C0 – 1 pmol/cm3 , the

scales in Figures 13 through 18 would be in pmols.
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We alert the reader to the fact that the scales used for accumulat-

ed mass are not the same in all diagrams. This was done to show changes

in mass more clearly. The approach makes comparisons between results

more demanding, but avoids the problem of having some of the graphs show

the time course of mass compressed near the time axis.

Simulations are shown to emphasize the importance of certain param-

eters. It must be kept in mind that the model is highly interactive.

Changes in one parameter or in one compartment have consequences

throughout all compartments. The model contains a large number of

parameter values and not all combinations could be shown and discussed.

Format and input data

All simulations discussed in the following examples are perturba-

tions of the basic data set shown in Table 8. In this table, the vari-

ables for which the data are shown are in the right-hand margin. The

pertinent data are shown below the compartment number. An example

output is in Table 8a. Figures 13 through 18 show results of simula-

tions. Where values of coefficients were used that are different from

those in Table 8, they are shown in each figure. The steady state

estimation of the free phase mass in each compartment is shown in

Table 9. The output numbers in Table 9 correspond to graphs in

Figures 13 through 18.

Partition coefficient. K

Simulations executed to demonstrate the importance of the partition

coefficient on the rate of accumulation of chemical mass in root, stem,

and leaf compartments are shown in Figure 13. In each of the six
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Table 8. Data set used for simulations. Each simulation involved the

change of one or more values in this table.

	

1	 2	 3	 4	 5	 6	 7	 8	 9

.6350E+01	 .4720E+02	 .1670E+01	 .1080E-02	 .1080E-02	 .1080E-02	 .1080E-02	 .1000E+00	 .2400E+02

	

10	 11	 12	 13	 14	 15	 16	 17	 18
8360E-01	 .1080E-03	 .1080E-03	 .1080E-03	 .1080E+00	 .3000E-02	 .1080E-02	 .1080E-02	 .1080E-02

	

19	 20	 21	 22	 23	 24	 25	 26	 27
.1000E+00	 .2400E+02	 .8360E-01	 .1080E-03	 .1080E-03	 .1080E-02	 .1080E-02	 .1000E+00	 .2400E+02

	

28	 29	 30	 31	 32
.8360E-01	 .1080E-03 .1080E-03 .1080E-03 .8258E+00

	
= Area

	

1	 2	 3	 4	 5	 6	 7	 8	 9
.2000E+00	 .5000E-01	 .3000E-01	 .5000E+00 .5000E+01	 .5000E+01	 .5000E+00	 .1000E-02	 .1000E-02

	

10	 11	 12	 13	 14	 15	 16	 17	 18
1000E-02 .5000E+00 .5000E+01 	 .5000E+01	 .5000E+00 .1000E-02	 .5000E+01	 .5000E+01	 .5000E+00

	

19	 20	 21	 22	 23	 24	 25	 26	 27
1000E-02 .1000E-02 .1000E-02 .5000E+00 .5000E+01	 .5000E+01	 .5000E+00 .1000E-02 .1000E-02

	

28	 29	 30	 31	 32 '

1000E-02 .5000E+00 .5000E+01 .5000E+01 .1000E-02
	

= Delta a

	

1	 2	 3	 4	 5	 6	 7	 II	 9
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00

	

10	 11	 12	 13	 14	 15	 16	 17	 18
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00

	

19	 20	 21	 22	 23	 24	 25	 26	 27
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00

	

28	 29	 30	 31	 32

.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00
	

= Sipa

	

1	 2	 3	 4	 5	 6	 7	 8	 9

.1800E-02	 .1800E-02	 .1800E-02	 .1800E-02	 .1800E-02	 .1800E-02	 .1800E-02	 .1800E-02	 .1800E-02

	

10	 11	 12	 13	 14	 • 15	 16	 17	 18
.1800E-02	 .1800E-02	 .1800E-02	 .1800E-02	 .1800E-02	 .1800E-02	 .1800E-02	 .1800E-02	 .1800E-02

	

19	 20	 21	 22	 23	 24	 25	 26	 27
.1800E-02	 .1800E-02	 .1800E-02	 .1800E-02	 .1800E-02	 .1800E-02	 .1800E-02	 .1800E-02	 .1800E-02

	

28	 29	 30	 31	 32
.1800E-02	 .1800E-02	 .1800E-02	 .1800E-02	 .1800E-02

	
= Diffu

	

1	 2	 3	 4	 5	 6	 7	 8	 9

1000E+00	 .1000E+02	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00

	

10	 11	 12	 13	 14	 15	 16	 17	 18

.1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00

	

19	 20	 21	 22	 23	 24	 25	 26	 27

.1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00

	

28	 29	 30	 31	 32

.1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00
	

=Kr

	1	 2	 3	 4	 5	 6	 7	 9	 9

.1000E+00	 .1000E+02	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E400	 .1000E+00	 .1000E+00

	

10	 11	 12	 13	 14	 15	 16	 17	 18

.1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00

	

19	 20	 21	 22	 23	 24	 25	 26	 27

.1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00

	

28	 29	 30	 31	 32

.1000E+00	 .1000E+00	 .1000E+00	 .1000E+00	 .1000E+00
	

=K1
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Table 8. Continued.

1000E+01	 = ConcO

	

1	 2	 3	 4	 5	 6	 7	 8	 9
.2190E-02	 .4600E-01	 .1180E-02	 .5400E-03	 .5400E-02	 .5400E-02	 .1490E-02	 .5050E-02	 .3400E-01

	

10	 11	 12	 13	 14	 15	 16	 17	 18
.1060E-03 .5400E-04 .5400E-03	 .5400E-03 .9280E-05 .1000E-02 .5400E-02 .5400E-02 .1490E-02

	

19	 20	 21	 22	 23	 24	 25	 26	 27
.5050E-02 .3400E-01	 .1060E-03	 .5400E-04	 .5400E-03	 .5400E-02	 .1490E-02	 .5050E-02	 .3400E-01

	

26	 29
1060E-03 .5400E-04
	

= Vol

	1	 2	 3	 4	 5	 6	 7	 8	 9
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 	 .0000E+00	 .0000E+00

	

10	 11	 12	 13	 14	 15	 16	 17	 18
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00

	

19	 20	 21	 22	 23	 24	 25	 26	 27
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00

	

28	 29
0000E+00 .0000E400

	

1	 2	 3	 4	 5	 6	 7	 8	 9
0000E+00	 .0000E+00 .0000E+00	 .0000E+00	 .0000E+00 .0000E+00	 .0000E+00 .0000E+00	 .0000E+00

	

10	 11	 12	 13	 14	 15	 16	 17	 18
.0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 	 .0000E+00

	

19	 20	 21	 22	 23	 24	 25	 26	 27
0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00 .0000E+00

	

28	 29
.0000E+00 .0000E+00
	

= Lambda

.0000E+00	 = Js

	

1	 2	 3
1000E+01	 .1000E+01	 .1000E+01	 = Frac

	

1	 2	 3
.5000E-01	 .5000E-01	 .5000E-01	 = Transp

	

1	 2	 3	 4	 5	 6	 7	 B	 9
2362E-01	 .3178E-02	 .1796E+00	 .2778E+03	 .1852E+03	 .9259E+02	 .9259E+02	 .1000E+01	 .0000E+00

	

10	 11	 12	 13	 14	 15	 16	 17	 18
.5981E+00	 .4630E+03	 .4630E403	 .9259E+03	 .1389E+01	 .0000E+00	 .9259E+02	 .9259E+02	 .9259E+02

	

19	 20	 21	 22	 23	 24	 25	 26	 27
1000E+01	 .0000E+00	 .5981E+00	 .4630E+03	 .4630E+03	 .9259E+02	 .9259E+02	 .1000E+01	 .0000E+00

	

28	 29	 30	 31	 32
5981E+00	 .4630E+03	 .4630E+03	 .4630E+03	 .1816E400
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Table 8a. Output obtained with data set in Table 8.

time roots

Grouped	 Mass

+	 stems	 +	 leafl	 +	 leaf2 +	 leaf3

Total

+	 lased&	 z	 plant inflow
.3000E+01 .2773E-01 .2109E-02 .8857E-02 .8963E-02 .8963E-02 .0000E+00 .5662E-01 .5662E-01
.6000E+01 .4304E-01 .3368E-02 .2023E-01 .2033E-01 .2033E-01 .0000E+00 .1073E+00 .1073E+00
.9000E+01 .5678E-01 .4499E-02 .3063E-01 .3072E-01 .3072E-01 .0000E+00 .1534E+00 .1534E+00
.1200E+02 .6927E-01 .5527E-02 .4009E-01 .4018E-01 .4018E-01 .0000E+00 .1952E+00 .1952E+00
.1500E+02 .8063E-01 .6461E-02 .4870E-01 .4877E-01 .4877E-01 .0000E+00 .2333E+00 .2333E+00
.1800E+02 .9095E-01 .7311E-02 .5652E-01 .5659E-01 .5659E-01 .0000E+00 .2680E+00 .2680E+00
.2100E+02 .1003E+00 .8084E-02 .6364E-01 .6370E-01 .6370E-01 .0000E+00 .2995E+00 .2995E+00
.2400E+02 .1089E+00 .8787E-02 .7011E-01 .7017E-01 .7017E-01 .0000E+00 .3281E+00 .3281E+00
.2700E+02 .1167E+00 .9426E-02 .7599E-01 .7604E-01 .7604E-01 .0000E+00 .3542E+00 .3542E+00
.3000E+02 .1237E+00 .1001E-01 .8134E-01 .8139E-01 .8139E-01 .0000E+00 .3778E+00 .3778E+00
.3300E+02 .1301E+00 .1054E-01 .8621E-01 .8625E-01 .8625E-01 .0000E+00 .3994E+00 .3994E+00
.3600E+02 .1360E+00 .1102E-01 .9063E-01 .9067E-01 .9067E-01 .0000E+00 .4190E+00 .4190E+00
.3900E+02 .1413E+00 .1145E-01 .9466E-01 .9469E-01 .9469E-01 .0000E+00 .4368E+00 .4368E+00
.4200E+02 .1461E+00 .1185E-01 .9832E-01 .9835E-01 .9835E-01 .0000E+00 .4530E+00 .4530E+00
.4500E+02 .1505E+00 .1221E-01 .1016E+00 .1017E+00 .1017E+00 .0000E+00 .4677E+00 .4677E+00
.4800E+02 .1545E+00 .1254E-01 .1047E+00 .1047E+00 .1047E+00 .0000E+00 .4811E+00 .4811E+00
.5100E+02 .1581E+00 .1284E-01 .1074E+00 .1074E+00 .1074E+00 .0000E+00 .4933E+00 .4933E+00
.5400E+02 .1614E+00 .1311E-01 .1099E+00 .1099E+00 .1099E+00 .0000E+00 .5043E+00 .5043E+00
.5700E+02 .1644E+00 .1336E-01 .1122E+00 .1122E+00 .1122E+00 .0000E+00 .5144E+00 .5144E+00
.6000E+02 .1672E+00 .1358E-01 .1143E+00 .1143E+00 .1143E+00 .0000E+00 .5236E+00 .5236E+00
.6300E+02 .1696E+00 .1379E-01 .1161E+00 .1162E+00 .1162E+00 .0000E+00 .5319E+00 .5319E+00
.6600E+02 .1719E+00 .1397E-01 .1179E+00 .1179E+00 .1179E+00 .0000E+00 .5395E+00 .5395E+00
.6900E+02 .1740E+00 .1414E-01 .1194E+00 .1194E+00 .1194E+00 .0000E+00 .5464E+00 .5464E+00
.7200E+02 .1758E+00 .1430E-01 .1208E+00 .1208E+00 .1208E+00 .0000E+00 .5526E+00 .5526E+00
.7500E+02 .1775E+00 .1444E-01 .1221E+00 .1221E+00 .1221E+00 .0000E+00 .5583E+00 .5583E+00
.7800E+02 .1791E+00 .1456E-01 .1233E+00 .1233E+00 .1233E+00 .0000E+00 .5635E+00 .5635E+00
.8100E+02 .1805E+00 .1468E-01 .1243E+00 .1244E+00 .1244E+00 .0000E+00 .5682E+00 .5682E+00
.8400E+02 .1817E+00 .1478E-01 .1253E+00 .1253E+00 .1253E+00 .0000E+00 .5725E+00 .5725E+00
.8700E+02 .1829E+00 .1488E-01 .1262E+00 .1262E+00 .1262E+00 .0000E+00 .5764E+00 .5764E+00
.9000E+02 .1840E+00 .1497E-01 .1270E+00 .1270E+00 .1270E+00 .0000E+00 .5799E+00 .5799E+00
.9300E+02 .1849E+00 .1505E-01 .1277E+00 .1277E+00 .1277E+00 .0000E+00 .5831E+00 .5831E+00
.9600E+02 .1858E+00 .1512E-01 .1284E+00 .1284E+00 .1284E+00 .0000E+00 .5861E+00 .5861E+00
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Table 8a. Continued.

STEADY	 STATE	 ESTIKATIOM

I	 2	 3	 4	 5	 6	 7	 B	 9

7937E-02 .1814E+00 .6008E-03 .2750E-03 .2750E-02 .2750E-02 .5874E-02 .1669E-01 .1123E+00

10	 11	 12	 13	 14	 15	 16	 17	 18

1079E-03 .5499E-04 .5499E-03 .5499E-03 .4191E-04 .4516E-02 .2750E-02 .2750E-02 .5874E-02

19	 20	 21	 22	 23	 24	 25	 26	 27

1669E-01 .1123E+00 .1079E-03 .5499E-04 .5499E-03 .2750E-02 .5874E-02 .1669E-01 .1123E+00

28	 29

.1079E-03 .5499E-04

Root = .1945E+00	 stem = .1584E-01

leaf! = .1350E+00	 leaf2 = .1350E+00	 leaf3 = .1350E+00
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Table 9. Estimation of steady-state concentration of chemical
mass (dimensionless) in the free phase in each plant
part and in the whole plant. Results are for simula-
tions shown in Figures 13 through 18.

No.

Plant part

Root Stem Leaf 1 Leaf 2 Leaf 3

13-A 0.1945 0.0158 0.1350 0.1350 0.1350
13-B 0.1945 0.0158 0.1350 0.1350 0.1350
13-C 1.8740 0.1584 1.3500 1.3500 1.3500
13-D 1.8740 0.1584 1.3500 1.3500 1.3500
13-E 0.1g45 0.0158 1.1460 1.1460 1.1460
13-F 0.1945 0.0158 1.1460 1.1460 1.1460

14-A 0.1222 0.0099 0.0805 0.0805 0.0805
14-B 0.0546 0.0043 0.2212 0.2213 0.2213
14-C 0.1075 0.0087 ---
14-D --- 0.0726 0.0691 0.0644
14-E 0.1945 0.0158 0.1350 0.1350 0.1350
14-F 0.1472 0.0158 0.1747 0.1747 0.1747

15-A 0.1472 0.0158
15-B --- 0.1747 0.7826 0.3531
15-C 0.1472 0.0158 ---
15-D 0.1747 0.0987 0.0557

16-A 0.1884 0.0175
16-B --- --- 0.1492 0.1052 0.0837
16-C 0.1170 0.0107 ---
16-D 0.0901 0.0586 0.0400

17-A 0.0615 0.0065
17-B --- --- 0.0706 0.2239 0.1157
17-C 0.1153 0.0124 --- ---
17-D 0.1323 0.0745 0.0419

18-A 0.1462 0.0175
18-B --- --- 0.1930 0.0770 0.0347
18-C 0.1166 0.0142 --- ---
18-D 0.1527 0.0598 0.0263
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diagrams, three lines for chemical mass are shown; one each for stem

compartments, root compartments, and leaf compartments. All three

leaves had the same size compartments and transpiration rates. Curves

for the leaf compartments show the accumulated mass summed for the three

leaves. Estimation of steady-state concentrations in the free phase are

in Table 9. In these simulations, loss of chemical from the free phase

solution due to growth or metabolism was not considered (A – 0) and all

solute taken up by the plant remained in the free phase solution.

The role of the partition coefficient is most easily evaluated by

looking at equation 12, which shows that changes in the concentration in

a compartment are due to a diffusion term and a mass flow term. When

the concentration in compartment 1 (root apoplast), C1, is higher than

the concentration in the soil solution, Co, a diffusion gradient exists

towards the soil solution and solute taken up with the transpiration

stream leaves the apoplast by diffusion towards the soil compartment.

That condition puts an upper limit on free phase concentrations in all

compartments of the plant and therefore on the total mass of chemical in

the plant. This upper limit is reached once the equilibrium concentra-

tion in compartment 1 is reached. The equilibrium concentration is the

concentration at which influx equals efflux at the interface between

plant and soil. When this condition has been attained, there is no net

gain of chemical in the plant unless losses occur due to growth or

decomposition processes. Thus all simulations approach an equilibrium

condition.

The time required to reach the equilibrium concentration depends on

several variables, including the partition coefficient. A high value of

the partition coefficient indicates that the chemical passes membranes
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with ease, whereas a low value indicates that the membrane is a barrier

to entry of the chemical. This behavior was shown in the simulations

with the plant with one leaf (Figure 6). The response is different

here. Figures 13a and 13b show the same rate of accumulation of chemi-

cal mass even though the partition coefficients differed by a factor of

100. With the one-leaf simulation (Figure 6), the rate of accumulation

was much slower with K – 0.1 than with K – 10.0. Close examination of

Figure 13 does indicate a slightly slower rate of accumulation with K

0.1. The rate of uptake by the stem and leaves is controlled by the

concentration in the root compartments. The root compartments gained

chemical mass at a much slower rate with the three-leaf plant, because

more mass is taken up by the leaves. For the simulations 13a and 13b

the concentration of the root compartments is controlled by the flux to

the leaves and not by the partition coefficient. Equilibrium concentra-

tions of root compartments in simulations 6a and 13a were similar, with

13a being somewhat higher.

Different values for Kij and Ki,2

Equation 12 shows that the rate of gain of mass in a compartment

increases when the partition coefficient at the inflow interface of

compartment Ki e l is higher than the partition coefficient at the outflow

interface Ki , 2. When that condition prevails, it is easier for the

chemical to go from the membrane into the compartment than from the

compartment back into the membrane. Figures 13a vs 13c and 13b vs 13d

show the effect of increasing the ratio K2 , 1/K2 , 2 with K2 , 1 held con-

stant. Comparisons of Figures 13a and 13c shows that setting K2 , 1 = 10

and K2 , 2 = 1 resulted in a more rapid increase in mass but a slower
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approach to achievement of the steady state. Table 9 shows that the

equilibrium concentrations with K2 ,1/K2,2 – 10 are about 10 times larger

than with this ratio equal to one. With K2 , 1/K2 , 2 – 10, it is easier

for the chemical to enter the root apoplast than it is to leave that

compartment. As a result, higher equilibrium concentrations are possi-

ble, but it takes longer to reach them. There is little difference

between simulations 13c and 13d. The same similarity was observed

between Figures 13a and 13b. The time to reach equilibrium is the same

for simulations 13c and 13d. The explanation for this similarity in

behavior, notwithstanding the large difference between the values of the

partition coefficients, is the same as given for 13a vs 13b. The rate

of accumulation of chemical mass is controlled more by the efflux rate

from the root compartment to the leaf compartment than by the partition

coefficient.

Figures 13e and 13f show consequences of changing the ratio

K20,

compartments that control entry of the chemical into the phloem stream.

This change allows the chemical to accumulate in the leaf symplast

compartments. Equilibrium concentrations in the leaves (Table 9) are

lower than with simulations 13c and 13d, but higher than with simula-

tions 13a and 13b. Again, the rate of gain of chemical mass by the

leaves is the same for 13e and 13f. This also occurred with the one-

leaf model (Figures 7c and 7d).

Rate of loss coefficient. A 

Figures 14a through 14d show simulations with A > 0, describing

conditions where chemical is taken from the free phase solution by

l/K20,2 and similarly for compartments 27 and 9. These are the
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chemical binding, growth, or transformation to a form in which the

chemical no longer affects the rate of uptake. The incorporation of

mineral nutrients into new plant tissue is a parallel example to growth

loss of chemical compounds.

Simulation 14a is compared with simulation 13b. Steady-state

concentration of the free phase for both simulations are in Table 9.

The steady-state concentrations are much lower in simulation 14a. This

is so because chemical is removed from the free phase. Since the rate

of loss is proportional to the concentration, mass is lost from the free

phase at a constant rate once the equilibrium concentration has been

attained. From that time on, the summed mass increases at a constant

rate. This constant rate was reached at about 60 hrs with simulation

14a and much earlier with simulation 14b.

Simulation 14b is compared with simulation 13f. Steady state

concentrations are much lower with simulation 14b (Table 9). However,

the rate of accumulation is very similar during the first 96 hrs. The

much lower free phase concentrations result from the loss due to A.

Simulations 14c and 14d show the consequences of using different A

values for each of the three leaves using the same data set as with

Figure 14a. Summed mass in stem and root compartments are shown in

Figure 14c and in leaf compartments in Figure 14d. The leaf with the

highest A value (leaf 3) has the most accumulated mass, but the lowest

steady state concentration.

Simulations 14e and 14f show consequences of changing volumes of

root and leaf compartments using the same basic data set as with Fig-

ure 13a. Therefore 13a and 14e are identical. Decreasing the volume of

the root symplast compartment and increasing the volume of leaf symplast
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compartments changes the distribution of the mass in the plant. More of

the chemical is in the leaves with the larger leaf compartments.

Table 9 shows the consequences of this change on the equilibrium concen-

trations in the compartments.

Leaf size

Figure 15 shows the effect of changing symplast volumes of leaves

on the rate of accumulation of chemical mass in the plant and on the

distribution of the chemical mass between the three leaves. Figures 15a

and 15b can be compared in a general way with Figures 13a, 13b, and 14e.

Input data for 15a and 15b were the same as for 13a and 13b, except for

the size of leaf symplast compartments. Sizes of leaf symplast compart-

ments were V20 – 0.046, V9 – 0.100, and V27 – 0.230. Equilibrium con-

centrations are in Table 9. The result shows a higher steady-state

concentration in leaf compartments and a slower rate of approaching the

steady-state concentration.

Figures 15c and 15d show consequences of smaller leaf sizes. In

this case V20 – 0.046 is the largest leaf compartment, V27 – 0.023, and

V9 – 0.010. Steady-state concentrations (Table 9) were approached more

rapidly with this simulation.

Transpiration rate 

Figures 16a and 16b show the effect of using different transpira-

tion rates for the leaves. The transpiration rates are shown in percent

of the rate of 0.05 cm 3/cm2/hr, which was used in the simulations shown

in Figure 13, 14, and 15. Equilibrium concentrations are in Table 9.
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Figures 16c and 16d show the same simulations as Figures 16a and

16b, but with A - 0.02 in all compartments except in the leaf compart-

ments when A was as shown in Figure 16d, namely 0.01 for leaf 1, 0.03

for leaf 2, and 0.06 for leaf 3.

Figure 16b emphasizes that the leaf with the highest transpiration

rate accumulates chemical mass most rapidly and has the highest steady-

state concentration. However the transpiration effect is easily over-

whelmed by the rate of loss coefficient as shown in Figure 16d.

Size of leaf compartments 

Figure 17 shows simulations in which size of leaf compartments and

values of rate of loss coefficient, A were changed. Note that values of

compartment size and rate of loss differ between Figures 17b and 17c.

Rate of loss and leaf size 

Figure 18 shows additional simulation. These demonstrate the

effect of size of leaf compartment (Fig. 18b) and effect of A with size

of leaf compartments.
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CONCLUDING REMARKS

The mathematical analysis of the uptake, transport, and accumula-

tion of solute by plants represents more than a simulation of transport

and partitioning processes. A mathematical model should also provide a

research tool to examine physiological functions in response to specific

organic compounds in processes not accessible to direct experimental

analysis in whole plants. The utility of a mathematical model in this

capacity arises from estimating the values of coefficients which de-

scribe these functions. The approach combines the strengths of the

coefficient estimation techniques of compartmental modeling with the

physical and physiological based model and offers the current best

approach to the satisfaction of the dual roles of a mathematical model.

Models for the transport of water and solute in soil (Ungs et al.,

1985) for saturated and unsaturated water flow, solute adsorption/

desorption processes, would couple in a straightforward fashion to the

plant model. The plant model may be readily extended to a multiple root

system by assigning root compartment dimensions according to the root

density distribution. The instantaneous value of soil water and solute

concentration may then be calculated by the soil water and solute model

which would in turn continuously interact with the plant.

The three mechanisms that drive chemical movement in the plant are

diffusion, convection, and carrier, mediated active transport. Chemical

metabolism occurs through enzymatic processes. The three additive terms

employed in the network thermodynamic model for the flux of solute

between physiological pools in the plant correspond to these precise

mechanisms. They are the diffusive term controlled by solute permeabil-

ity and the concentration difference, a convective term controlled by
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the water flux and a reflection/retardation coefficient, and an active

term employing Michaelis-Menten kinetics. Chemical metabolism is also

described by an active Michaelis-Menten sink term in the flux equation.

Physiological processes such as transpiration, photosynthesis, translo-

cation, respiration, and growth clearly participate in solute movement

in the plant and as illustrated in the example, these processes also

enter directly into the network thermodynamic model. Of possibly more

significance is the effect of the physiological state of one component

affecting the transport coefficients of a second. This is illustrated

by the measured diurnal cycling of the water permeability of the root,

presumed to occur due to changes in the root carbohydrate status. These

processes may be assessed by employing the full transient network ther-

modynamic model, the proper experimental data, and coefficient identifi-

cation techniques.
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