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Introduction
The need for models predicting the uptake and transport of chemicals in plants occurs in many
disciplines, to mention some:
- Pesticide design. Pesticide uptake and fate inside of plants are of large economical and ecological
interest.
- Risk assessment. The uptake of chemicals (pesticides or environmental contaminants) into plants
may lead to residues that are a hazard to human health and ecosystems. There is a large interest in
the prediction of the amount and type of these residues.
- Ecotoxicology. The toxicity of chemicals depends on the doses at the target. Therefore, the uptake
and transport of chemicals in plants are a pre-requisite for a toxic effect, e.g. of non-target plants
near pesticide spray applications.
- Environmental biotechnology. Environmental biotechnology, e.g. the cleaning of polluted
wastewater and soils using plants and associated microbes, is an emerging area called
phytoremediation. Knowledge about transport and fate of pollutants is needed to define the best
clean-up strategy.
- Plant physiology. The physiological processes inside plants and the primary and secondary
metabolism involve chemicals, which are transported across membranes and by the vascular system
of the plants. These plant-born chemicals follow the same physico-chemical laws as xenobiotics.
However, plants have developed special transport systems for chemicals essential in their
metabolism, whereas this is not likely for xenobiotic compounds.
The above and other relevant applications make it worth developing and using mathematical models
for the prediction of chemical uptake into plants, and the resulting effects. This script for PhD
courses summarizes processes, models and equations, gives example data sets, example
calculations, and contains exercises. A few of these exercises will be done during the course, but it
is not expected that you do all of them. If you do so, you can compare your results with mine, I
will trade my solutions against yours :-) The most important equations are marked by red numbers,
but this is not consistent because the script was changed several times, and equations were not
renumbered. Sorry.
What can be done by hand calculations can also be done with excel in a spread-sheet. During the
course we will do most exercises with computers, where the models are applied. Course participants
and all that ask for will receive the models as files in an open (and hopefully error-free) version.
What you receive is free for your use. Please do not duplicate without asking. If you find mistakes
or if something is unclear, please tell me or mail to me: stt@env.dtu.dk
Good luck and have fun,

Lyngby May 2013
Most of this script was taken from papers published earlier. If so, it is cited in the text. You
may as well read them.
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How plants function
Most of our plants have the three
organs roots, stems, and leaves. From
time to time, flowers and fruits occur.
The role of roots is to anchor the
plant in the soil and to take up water
and nutrients. The role the of stems is
to transport the water upwards, and to
bring the leaves to the light. The role
of the leaves is to take up sunlight
and CO2, and to make photosynthesis.
When the plant takes up carbon
dioxide from atmosphere, water is
evaporating. Only a very small
fraction (<2%) of the water taken up
by roots is actually taken up into
plant cells.
Most plants we know are “vascular
plants”, which means they have two
transport systems inside: the xylem
and the phloem. The xylem is a dead
pipe system. Water is drawn upwards
by physical forces. The phloem is
composed of living cells, the sieve
tubes. Flux in phloem occurs from the
leaves to all growing points of the
plant, and to the fruits. In the phloem,
sugar and other essential substances
are transported, e.g., to the fruits.
Figure: Uptake and transport processes in plants.
Uptake pathways of chemicals into plants
The structure that enables plants to extract
water and nutrients from soil and to
exchange gases with the air allows
chemicals to enter the plant and to be
transported inside.
Several uptake processes are known and
occur simultaneously (Figure):
Uptake with soil water and translocation
upwards in the xylem; diffusion in gas or
water phase into roots; direct soil contact;
particle deposition from soil or air; phloem
transport; gas flux out of the soil and into
the aerial tissue; direct exchange with air.

Figure: Uptake pathways of chemicals into plants.
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The “standard model” for uptake from soil and air into plants

Figure. Principle of the standard model
The “standard model” is our basic approach, the concept underlying all our models (with various
additions and modifications). The assumption is that all processes (if not mentioned otherwise) are
“passive”. That means, the plant does not add energy to move chemicals. Occuring processes are
based on advection (with the water flow) or on diffusion (and equilibration, partitioning).
Step 1 is equilibration in soil: Any compound can be present adsorbed at the soil matrix, or in the
soil water (and gas phase). Only the substance fraction in soil water (and gas; which we do not
consider for the moment because it is in most cases irrelevant) is mobile and can be taken up. The
distribution between soil pore water and soil solids is known as Kd, distribution coefficient (unit
mg/kg : mg/L = L/kg). In our models, we use the Kd to calculate the KSW, partition coefficient
(total) soil to water.
Step 2: The root takes up the water, and substances dissolved in this water. If the substances cross
the root cell membrane faster than water, then all substance dissolved in the soil water is moving
with this water into fine roots. Fine roots are root hairs and root tips with an enourmous surface,
thus enabling substance exchange.
Step 3: From fine roots, water flows into thicker roots, which do themselves take up only little
water but contain the transport system upwards, the xylem. At the entrance, the xylem sap (which is
water) is still equilibrated with fine roots and thus soil, and has the same concentration as soil pore
water. What adsorbs in the thick roots stays there. Thus, at the outflow, the xylem sap is
equilibrated with the thick roots, and the concentration ratio is described by the partiion coefficient
root to water KRW.
Step 4: The same game repeats for the stem. Only, that wood adsorbs in its own way (and we have a
regression equation for this. Stem (and often also thick roots, think of carrot tips, radice, ... all have
contact to air) exchanges with air, which can lead to loss or uptake of compounds.
Step 5: All that is not retained in stem is then transported into leaves (with xylem) or into fruits
(with xylem and phloem). Except for very polar compounds that have limited mobility across cell
membranes, we do assume that xylem and phloem are equilibrated and have the same substance
concentration.
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Leaves, as fruits, are the end of the xylem pipe. All substance transported there remains, unless it is
metabolised or volatilises to air.
Addidtion 1: All plant compartments grow - very little water flow without photosynthesis, both are
coupled - and by this the plant compartments and their capacity for substance uptake increase
permanently, until the plant enters the ripening phase. Growth is in the easier model versions
considered as exponential dilution process (first-order growth rate), in the more complex dynamic
models we assume a logistic growth. Water uptake and transpiration are coupled by the water use
efficiency to this growth.
Addition 2: All living plant cells may also metabolize (or exclude with enzyme pumps) compounds
in reach of the enzymes. This is either described by a first order (exponential decay) degradation
rate, or by the Michaelis-Menten kinetics.
More additions: Other processes considered are particle deposition from air and from soil (soil
resuspension). Active uptake processes (via transport enzymes) could be formulated as MichaelisMenten kinetics but to be honest in my 20 years of modeling I did not have that case, except the
homeostasis (constant inner concentration) of some heavy metals (zinc, copper), which is, however,
much easier described by a constant. The opposite, pumping out, seems more common, it is known
to occur for sodium chloride (salt, Trapp et al. 2008), and sodium fluoride (Lauge Clausen, in
progress).
That was the processes only in the plant. Processes in soil are also of relevance, but we will not so
much focus on this (the recent dynamic model versions have been coupled to a soil water and solute
transport model).
All processes need to be formulated, described in mathematical terms, parameterised with data, the
occuring differential equation system has to be solved and the equations need to be implemented in
a computer program (which has to be tested, errors need to be found and removed).
That is what this is all about, let’s start.
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Plant Input Data
The models presented below are based on the physiology of plants, and therefore they need real
data. Within twenty years of model evolution, the models developed towards easy and available
data input. Still, retrieving the input data from literature or measuring these data in experiments can
be a tough business, therefore some simple rules here.
Most plants are rather similar in their architecture: roots, stems, leaves, and eventually fruits or
grains. Besides, most plants are also quite similar in their performance, when it comes to extraction
of CO2 from atmosphere and water from soil. Therefore, there are ranges of data or combinations of
data which are "typical", and which are helpful to estimate data for the models.
Rules of thumb
a) Mass, leaf area, growth rates
- 50% of plant mass (excluding wood) is below surface - i.e. root mass is similar to shoot mass.
- an excellent harvest is 100 dezitons (100 * 100 kg = 10 000 kg) per hektar, a good harvest is 50
dezitons per hektar (5 000 kg/ha). One hektar is 10 000 m2, thus 0.5 to 1 kg corn per m2 is
harvested. Corn is about 50% of the above-ground plant mass (the other 50% is straw). This means
that 1 - 2 kg/m2 is a usual crop yield and plant mass.
- The most effective leaf area (area of leaves divided by soil surface area) is 4 (i.e. 4 m2 of leaves
per m2 of soil). Below, light is not used efficiently, above, leaf area is higher than required to use
light efficiently. Some plants, for example trees, will nonetheless preoduce a higher leaf area - just
in case nasty insect will start to eat them. Thus, the realistic range of leaf area is 0 to 8 m2/m2.
- 1 g of leaf is 100 cm2 area (measured for willow leaves), with 50% of shoot mass is leaves this
gives a leaf area of 5 m2 per kg shoot.
- Common plants need between 200 and 1000 L of water, in average 500 L, to produce 1 kg of dry
plant matter.
- Green plants have about 90% water content (ripe corn: 15%)
- 1 kg plant mass (fresh weigh) requires thus 50 L transpired water.
- 1 kg plant mass requires 50 to 60 days for growth
- a meadow doubles its biomass in 3 weeks, a maize field in (minimum) 3 days - average is 1 week.
- 2/3rd of precipitation is evapotranspired (means: evaporating from soil and transpired from
plants). Let's say 75% is transpiration, 2 L precipitation per day (730 L/m 2 and year), hereof 2/3rd
and 75% = 1 L/d transpiration in average.
Plant mass per m2
roots 1 kg
leaves + stem 1 kg
fruits 0.5 kg
Transpiration
1 L d-1 m-2
Growth rate
0.1 d-1 (doubling in 1 week) for field crops
0.035 d-1 (doubling in 3 weeks) for meadows
In steady-state modeling, the data need to fit together, i.e. they should be taken from the same point
in time. A possibility is the harvest, but it may also be another time-point, e.g., the end of
exponential growth. It is most of all the ratios (area to mass, transpiration to mass) that count, rarely
the absolute values. If you enter values for individual plants - please take large care that the ratios
between mass, transpiration and leaf area are reasonable and or near the given values - otherwise,
they are most likely non-realistic or not representative.
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Table 1. Parameterization of the leafy vegetables model, normalized to 1 m2 (data taken from the original publication
(Trapp and Matthies, 1995; Trapp 2002).
Parameter
Symbol
Value
Unit
Original
Unit
1995
Root mass

MR

1

kg

none

Shoot mass

ML

1

kg

0.002

Root density

ρ

1

kg L-1

none

Leaf area

A

5

m2

5

m2

Shoot density

ρ

500

kg m-3

500

kg m-3

Transpiration

Q

1

L d-1

1.15 x 10-8

m3 s-1

Roots lipid content

LR

0.025

kg kg-1

none

0.89

-1

none

-1

0.01

m3 m-3

Roots water content

WR

L kg

kg kg

m3

Shoots lipid content

LL

0.02

Shoots water content

WL

0.8

L kg-1

0.8

m3 m-3
m d-1

Conductance

g

calculated

m d-1

86.4

Groth rate roots

kR

0.1

d-1

none

-1

0.035

d-1
d

Growth rate shoots

kL

0.035

Time to harvest (shoots)

t

60

d

60

0.35

-1

L kg

none

0.01-0.001

kg/kg

none

Soil pore water content

PW

Attached soil at leaves

d

Soil organic carbon

OC

0.02

kg/kg

0.01

kg/kg

Soil dry density

S,dry

1.6

kg/L

1.3

kg/L

Values differ for each individual plant ... which makes it a bit challenging to predict plant uptake.
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Chemical data for exercises
143 000 chemicals have been preregistered for REACH. We selected 3 chemicals for the exercises.
Data are listed in Table 1.
MTBE Methyl tertiary butyl ether is a gasoline additive. It is the second most produced chemical in
the US (probably world-wide). MTBE is quite persistent and provides problems in groundwater.
The chemical is water soluble and has a high vapour pressure.
TBA Terbutylazine is a herbicide of the triazine type (like atrazine). Triazines are taken up via roots
and disturb photosynthesis. TBA is not very water soluble and therefore relatively “lipophilic”. The
vapour pressure is low. It is highly toxic to most plants (herbicide).
BaP Benzo(a)pyrene is a polycyclic aromatic hydrocarbon. It is the longest known and one of the
strongest carcinogens. Its sources are incomplete burning processes from heating, traffic, industry,
and smoking. It occurs practically everywhere in the environment. It is very lipophilic and has a
relatively low vapour pressure.

Methyl tertiary butyl ether MTBE

Terbutylazine TBA

Benzo(a)pyrene BaP

Table 1: Partition coefficient between octanol and water KOW, and between air and water KAW.
Chemical
KOW
log KOW
KAW
MTBE
13.8
1.14
0.0175
Terbutylazine
1622
3.21
1.6 x 10-6
Benzo(a)pyrene
1 348 963
6.13
1.39 x 10-5
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CHAPTER 1: Chemical Equilibrium
Based on the books Trapp & Matthies: Chemodynamics and Environmental Modeling. Heidelberg:
Springer, 1998.

1A About Equilibrium ____________________________________________________________
Air, water and hydrophobic phases (not mixable with water) are found in the biotic and abiotic
environment. The calculation of equilibrium partition coefficients allows the estimation of the
diffusion tendency of a chemical. The equilibrium is the condition with the highest entropy, a
condition, which is only approximately reached within finite time periods. Diffusion processes
always go towards higher entropy, i.e. to equilibrium. The smaller the scale, the closer are the
concentrations to equilibrium (local equilibrium).

Partitioning between lipid phases and water
The equilibrium partitioning between a hydrophobic phase (lipids, oils, etc.) and water is described
by the n-octanol-water partition coefficient KOW (m3 : m3).
KOW = CO/CW
CO is the equilibrium concentration of a substance in n-octanol (kg m-3), and CW is that in water (kg
m-3). The KOW is used as a predictor for the partitioning between lipid phases in the environment
and water. Measured values are available for many compounds.

Partitioning between air (gas phase) and water
The partitioning of a liquid between air and water describes the Henry's law constant H. It can be
calculated from solubility in water S and saturation vapour pressure pS:
H = pS/S
H is the Henry's law constant (Pa m3 mol-1), pS is the saturation vapor pressure (Pa) and S the
solubility in water (mol m-3). The partition coefficient air to water KAW (= non-dimensional Henry's
Law Constant) is then:
KAW = H/(R T) = CA/CW
CA is the equilibrium concentration in air (kg m-3), CW is the equilibrium concentration in water (kg
m-3), R is the universal gas constant (8.314 J mol-1 K-1) and T is the temperature (K). Values of KAW
can vary by many orders of magnitude (Table 1).
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Multimedia partitioning
If the equilibrium concentration ratio between lipid and water is CLipid / CWater = KOW and that
between air and water is CAir / CWater = KAW and if furthermore the concentration of MTBE in air is
1 mg m-3, what is the equilibrium concentration in air, water and in a lipid droplet?
Example calculation for MTBE
CAir = 1 mg m-3
CAir / CWater = KAW → CWater = CAir / KAW = 1 mg m-3 / 0.0175 = 57 mg/m3 = 0.057 mg/L
CLipid / CWater = KOW → CLipid = CWater x KOW = 0.057 mg/L x 13.8 = 0.788 mg/L

Exercise 1A
If the concentrations of in air of terbutylazine and of benzo(a)pyrene are 1 ng m -3, what are the
equilibrium concentrations in air, water and in a lipid droplet?

1B Partitioning in soil

___________________________________________________________

Soil is composed of water, the “soil matrix”, and gas pores – a typical multimedia system. Uptake
into plants is often related to the concentration of a chemical in soil water. This makes sense, when
the chemicals are taken up with the transpired water. However, what is the concentration in the soil
pore water, related to the total, “bulk soil” concentration?
Sorption to soil matrix.
Sorption to solids is described by the empirical Freundlich relation:
x/mM = K CW1/n
x is the adsorbed amount of chemical (mg), mM is the mass of sorbent, here the soil matrix M (kg),
K is the proportionality factor (Freundlich constant) (L water / kg soil), C W is the equilibrium
concentration in the aqueous solution (mg/L water) and n is a measure of non-linearity of the
relation. For small concentrations, values of n are close to one. The Freundlich constant can then be
seen as the slope of the linear adsorption/desorption isotherm. It is often called the distribution
coefficient Kd between soil matrix and water.
x/mM = CM = Kd CW
CM is the concentration sorbed to the soil matrix (mg/kg).
The Kd of organic chemicals is related to the fraction of organic carbon in soil OC:
Kd = OC x KOC
KOC see below
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Bulk soil. The natural bulk soil consists of soil matrix, soil solution and soil gas. We need to
consider that.
The concentration ratio of dry soil (= soil matrix, index M) to water is as before:
CM / CW = Kd

[mg/kg : mg/L = L/kg]

For a liter of dry soil (index Mvol), we multiply with the dry soil density dry [kg/L]
CMVol [mg/L] / CW [mg/L] = Kd x dry

[mg/L : mg/L = L/L]

For wet soil (CSoilVol), we add the pore water fraction PW [L/L] and gas pore fraction PA [L/L]:
CSoilVol / CW = Kd x dry + PW +PA x KAW

[mg/L : mg/L = L/L]

Now we go back to the unit mg/kg for the soil concentration (CSoil). We achieve that by dividing by
the wet soil density wet (= dry + PW), unit kg/L:
CSoil / CW = (Kd x dry + PW +PA x KAW)/wet

[mg/kg : mg/L = L/kg]

When we turn this around, we finally have the concentration ratio between water (mg/L) and wet
soil (mg/kg) KWS:
CW / CSoil = KWS = wet / (Kd x dry + PW +PA x KAW)

[mg/L : mg/kg = kg/L]

for chemical equilibrium. The relation describes the concentration ratio between bulk soil (wet soil)
and soil water. Replacing the Kd by OC x KOC gives us the expression we can use to calculate the
dissolved concentration of a chemical in soil (mg/L) from the total concentration in soil (mg/kg, wet
weight):

CW
ρ wet
1

 K WS 
C Soil OC  K OC  ρ dry  PW  K AW  PA
K SW

Equation 1

As defined, CW (mg L-1) is the concentration of the chemical in soil water and CSoil (mg kg-1) is the
concentration of the chemical in bulk (total) soil. wet is the density of the wet soil (kg/L), OC (also
named fOC) is the fraction of organic carbon (kg/kg), dry is the density of the dry soil, and PW and
PA are the volume fractions of water and air in the soil (L/L). K AW is the partition coefficient
between air and water (also named dimensionless Henry's Law constant) and KOC is the partition
coefficient between organic carbon and water and can be estimated from:
log K OC  0.81 log K OW  0.1
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Example calculation MTBE
The concentration of MTBE in wet soil is 1 mg/kg. The log KOW is 1.14. What is the concentration
in soil solution (data Table 2)?
KOC = 100.81 log KOW + 0.1 = 100.81 x 1.14 + 0.1 = 10.55
CW 



ρ wet
 C soil
OC  K OC  ρ dry  PW  K AW  PA

1.95 kg/L
 1mg / kg
0.02 kg/kg  10.5L / kg  1.6kg / L  0.35L / L  0.1L / L  0.0175L / L

= 2.8 mg/L
This is higher than in bulk soil! Can that be? Of course: MTBE is quite water soluble, and most of it
is found in the soil water. But this soil has only 0.35 L water per L soil. Therefore, the concentration
in 1 kg soil is lower than in 1 L of pure water in equilibrium.
Table 2: Soil data, Danish standard soil.
Parameter
Symbol
Soil wet density
wet
Organic carbon content
OC
Soil pore water
PW
Soil gas pores
PA
Soil dry density
dry

Value
1.95
0.02
0.35
0.1
wet - PW

Unit
kg/L
kg/kg
L/L
L/L
kg/L

Exercise 1B Soil concentrations
The concentration of BaP and TBA in wet soil is 1 mg/kg.
a) What is the concentration in soil solution? (Eq. 1)
b) What is the concentration in dry soil?
Don't get confused
An alternative formulation for KSW is often used, e.g. by Don Mackay in his fugacity models, where
the density of solids is given as 2.5 kg/L (or 2500 kg m-3). This is the density of the pure solid - i.e.
without pores. This is different from the dry soil density above, which is the density with pores. We
use this second density because it is much easier to measure. If the density of the pure solid is
multiplied with the volume fraction of the solid, the values are quite similar (0.6 L/L x 2.5 kg/L =
1.5 kg/L).
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1C Root concentration factor RCF

___________________________________________

Briggs
et
al.
(1982)
pulverized
(“mazerated”) barley roots and made
shaking experiments in water with
chemicals of different KOW. They
expressed the result as “root concentration
factor” RCF:
RCF

concentrat ion _ in _ roots _(mg / kg)
concentrat ion _ in _ water _(mg / L)

The RCF increased with KOW (Figure).
The fit curve between RCF and KOW is
log (RCF - 0.82) = 0.77 log KOW - 1.52
or RCF = 0.82 + 0.03 KOW0.77
Figure: log RCF vs log KOW →
Equilibrium between concentration in roots CR (mg kg-1) and water CW (mg L-1) = KRW
The RCF can be rewritten as KRW (L/kg), which describes the equilibrium partitioning between root
concentration CR (mg/kg fresh weight) and water CW (mg/L). The partitioning occurs into the water,
the lipid and the gas phase of the root:
KRW = WR + LR a KOW b

+ PA(root) KAW

Equation 2

KOW is the equilibrium partition coefficient between n-octanol and water, W and L are water and
lipid content of the plant root, 'b' for roots is 0.77, ‘a' = 1/Octanol = 1.22 L/kg. Partitioning into the
gas phase of the root, PA(root), is usually negligible.
Table 3: Water and lipid content of carrots.
Parameter
Symbol
Value
Unit
Carrot water content
WR
0.89
L/kg
Carrot lipid content (*)
LR
0.025
kg/kg
Carrot air pores
PA(carrot)
0.05
L/kg
(*) This lipid content includes all lipid-like compounds, not only fat and oil, but also waxes like
suberin and cutin.
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Example 1C Root concentration factor of MTBE
By Briggs’ equation
log (RCF - 0.82) = 0.77 log KOW - 1.52
log(RCF – 0.82) = 0.77 x 1.14 – 1.52 = -0.6422
RCF – 0.82 = 10-0.6422 = 0.22
RCF = 0.82 + 0.22 = 1.04 mg kg-1 / mg L-1
or RCF = 0.82 + 0.03 KOW0.77 = 0.82 + 0.03 x 13.80.77 = 1.04 mg kg-1 / mg L-1 (identical)
By Trapp’s equation (Eq 2)
KRW = WR + LR a KOW b

+ PA(root) KAW

KRW = 0.89 L kg-1 + 0.025 kg kg-1 x 1.22 L kg-1 x 13.80.77 (+ 0.05 L kg-1 x 0.0175) = 1.12 L kg-1
(marginal differences, due to the higher water content)

Exercise 1C
1Ca) Calculate the RCF and the KRW of BaP and TBA for carrots with the data given in Tables 1
and 3.
1Cb) Which root phase is the most important (water, lipids or gas) for the sorption of BaP?
1Cc) Calculate the chemical equilibrium between carrots and soil for MTBE, TBA and BaP with
the data in Table 1, 2, 3.
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Before Chapter 2: Linear differential equations

To establish a mass balance is easy:
Change of mass = input - loss

For a constant input and a loss proportional to the chemical's mass:
dm/dt = I - k m
where m is the mass (mg), t is time (d), I is the input (mg/d) and k is the loss rate (d-1).
The solution of this linear differential equation is

m(t )  m(0)  e  kt 

I
(1  e  kt )
k

For t-->oo, the solution reaches steady state (dm/dt = 0), which is I/k.
120

Example

100

m2: m(0) = 100, k = 0.2, I = 2, I/k = 10

mass m

m1: m(0) = 100, k = 0.2, I = 0, I/k = 0

80
60
40

m3: m(0) = 0, k = 0.2, I = 2, I/k = 10
20

m4: m(0) = 50, k = 0.2, I = 2, I/k = 10

0
0

5

10

15

20

Time
m1

From mass to concentration

m2

m3

m4

From the chemical's mass, get the chemical's concentration C by dividing through the mass of the
sample M (kg, for solids) or the volume V (L) for liquids and gases:
C = m/M or C = m/V
It follows that d(C x M)/dt = dm/dt = I - k m
For constant M, write M x dC/dt = I - k m and
dC/dt = I/M - k m/M = I/M - k C
with the solution

C (t )  C (0)  e  kt 

I
(1  e  kt )
kM
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From mass to concentration for growing plants
Plants either grow (and transpire) or they die. But how to solve
d(C x M)/dt = dm/dt = I - k m

Plant mass,
concentration

for a non-constant plant mass M? The equation needs to be integrated for both C and M. Not easy.
But there is a "trick":
A figure in chapter 8 shows the typical logistic growth of an annual plant. Directly after
germination of the seed, the growth is quite limited (lag phase). It follows a phase of exponential
growth. This phase lasts until about half of the life time, followed by slowed growth, ripening,
decay.
100

If we plot concentration (C = m/M) of a chemical with
initial and constant chemical mass m, we can see the
dilution by growth:

75
50
25

m = const.

0
0

24

48
Time

M (kg)

72

M(t) = M(0) x e+kt where k is the growth rate
C = m/M = C(0) x e-kt

m/M (mg/kg)

The dilution is like exponential decay. In the differential
equation, we can consider this by a first order rate.
Example
d(C x M)/dt = I
dC/dt = I/M - k C
where k is the growth rate. If two first order rates appear, e.g., a metabolism rate kM and a growth
rate kG, the rates can be added:
k = kM + kG
Typical half-times for doubling in summer are about 1 week, corresponding to a growth rate of
about 0.1 d-1. In our models, this trick is only valid when the ratio of plant mass to plant
transpiration is approximately constant. This is often fulfilled during the exponential growth phase
(i.e. for plants before ripening).
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CHAPTER 2 Dynamic Root Uptake Model for Neutral Lipophilic Organics
Based on the article Trapp S (2002): Dynamic root uptake model for neutral lipophilic organics.
Environmental Toxicology and Chemistry 21, 203-206.
2.1 Thick root model
The “carrot model” calculates uptake into root with the transpiration
water.
change of chemical mass in roots = +flux in with water – flux out with
water
dm R
 CW  Q  C Xy  Q
dt

mR is the mass of chemical in roots, Q is the transpiration stream (L/d),
CXY is the concentration in the xylem (mg/L) at the outflow of the root.
Diffusive uptake is not considered (the carrot is peeled!).
From mass, we get the concentration as before by dividing through the
mass of the root M:
d (C R  M ) dm R

 CW  Q  C Xy  Q
dt
dt

If growth is exponential, and the ratio Q/M (transpiration to plant mass) is constant, the growth by
exponential dilution can be considered by a first-order growth rate k (d-1):
dC R
 CW  Q / M  C Xy  Q / M  k  C R
dt

If the xylem sap is in equilibrium with the root, the concentration CXy = CR/KRW. Then,
dC R
 CW  Q / M  C R / K RW  Q / M  k  C R
dt

Setting this to steady-state (dCR/dt = 0) gives us
CW  Q / M  C R  (

Q
 k)
K RW  M

And we solve for the concentration in the root CR:
CR 

Q
CW
Q
 kM
K RW
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The ratio of the concentration in soil water CW to that in bulk soil CSoil is KWS, and for the
bioconcentration factor BCF between carrot and bulk soil follows:

C
C
Q
BCF  R  R  K WS 
 K WS
Q
C Soil CW
 kM
K RW

Equation 3

Limitations: The model approach is limited to non-ionising compounds.
The parameterization of the model is for 1 m2 soil, with 1 kg roots, a transpiration of 1 L d-1 (or 1.2
L/d, when grains and fruits are considered) and a root growth rate of 0.1 d-1. This parameterization
seems idealized, but the values are within what is realistic.
Table 4: More data for carrots, for an area of 1 m2.
Parameter
Symbol
Value
Transpiration stream
Q
1 or 1.2
Root mass
M
1
1st order growth rate
k
0.1

Unit
L/d
kg
d-1

Example calculation for MTBE
C
C
Q
BCF  R  R  K WS 
 K WS
Q
C Soil CW
 kM
K RW

What we have from before: KWS = 2.8 kg/L; KRW = 1.12 L/kg
BCF 

Q
Q
 kM
K RW

 K WS 

1L / d
1L / d

1.12 L / kg

 0.1d 1 1kg

 K WS  1.0 L / kg  2.8kg / L  2.8kg / kg

and CR = CSoil x BCF

Exercise 2
2.1 Calculate CR with the carrot model for the chemicals BaP and TBA for CSoil = 1 mg/kg wet wt.
2.2 What is CR / CW if the growth rate of root k = 0 d-1?
2.3 Why is CR with the carrot model (ex. 2.1) close to KRW x KWS (ex. 1C) for MTBE, but not for
BaP? (or: why is MTBE in the carrot model close to equilibrium, but not BaP?)
2.4 How can the BCF root-to-soil be converted from fresh / wet weight to dry / dry weight?
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2.2 Reduced uptake due to slow permeability (update 2013)
In the latest edition of the standard model, we use a reduced uptake of very polar compounds (log
Kow < -2). This was necessary for pharmaceuticals, which are often very polar (common
antobiotics are zwitterions). It goes like this:

dC R
 F  CW  Q / M  C R / K RW  Q / M  k  C R
dt
F (-) is a correction factor. For very polar chemicals (usually ionic), uptake into the root is slower
than that of water, for all others, F equals 1. We solve for the concentration in the root CR:
CR 

F Q
CW
Q
 kM
K RW

This is implemented in the new standard model 2013 only. The effects are a lower uptake (and a
lower TSCF) for very polar compounds, such as anions and cations.
The correction factor, F, is calculated according to

F

PR ,Chem
PR ,Water

with F < 1 (advective uptake is never faster than with water)

where PR,Chem (m s-1) and PR,Water (m s-1) is the root membrane permeability towards chemical and
water, respectively. The latter one is estimated from plant physiology and PR,Chem is estimated from
log Kow. The equation used is the same as the one later used in the cell model, namely
log PR,Chem  log KOW  6.7

A default value of 2.2x10-9 m/s is used for the permeability of the root towards water, PR,Water.
Permeability of roots to water
The hydrostatic gradient (from transpiration) is the driving force for water movement in roots and across membranes.
The hydraulic resistance of the root is distributed over the living tissue of the root.
Per definition, mass flux Q (m3/s) is area A (m2) times permeability P (m/s).
Estimates of specific surface area of wheat roots ranges from 0.005 – 0.02 m2/g fw (Kaur and Sadana 2010; Mejri et al.
2010; Saidi et al. 2010). The latter value for Triticum aestivum was applied and permeability of roots to water was
calculated from the root mass and transpiration values, e.g., in the buckets model (PR,Water = QR / AR). This resulted in
permeabilities ranging from 3.4 x 10 -11 m/s (July) to 3.7 x 10-9 m/s (March), with an average of 2.2 x 10-9 m/s, this is
within the range of measured permeabilities for barley.
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2.3 The regression of Travis and Arms (T&A)
After all these equations, the reader might wish for an easier method. Well, there is one. Travis and
Arms (1988) established a regression that estimates uptake of neutral organic chemicals into aboveground plants. The regression has been obtained from a range of empirical data acquired by the
authors from literature. Mainly data from uptake of pesticides with a log KOW ranging from 1.15 to
9.35 were used but no particular type of vegetation was targeted in the original study. The
regression was derived for above-ground vegetation (e.g., grass), but to our experience it works
more for roots. The form of the regression is:
log BV (dry wt) = 1.588 – 0.578 log KOW
where BV is the bioconcentration factor vegetation and is the concentration ratio between plants
(dry wt) and soil (dry wt). The BV can be converted into wet weight bioconcentration factors
(BCF) using BCF (wet) = BV (dry) x (1 - W) x wet / dry where W is the water content of the
plants, and  is the density of the soil.
The regression of Travis and Arms needs little efforts to calculate BCFs. Therefore, it might serve
as an "early warning". A real disadvantage of the T&A regression is that it can not consider any
contribution from air! It should only be used when the contamination clearly is soil born.
The regression of Travis & Arms was established for above-ground plants. Therefore, it may
surprise that the result of this regression (if translated to fresh weight) is very similar to the result of
the potato model, and close to the root model (see Figure).
C root (mg/kg ww)

10
1
0.1
0.01
0.001
0.0001
0

2

4

6

8

log Kow
T&A
root model

RCF
potato model

Figure: Calculated BCF fresh weight using the regression of Travis & Arms (T&A), the root model
and the potato model, in comparison to the RCF (equilibrium).
Example: BCF of MTBE with the Travis and Arms regression
log BV (dry wt) = 1.588 – 0.578 x 1.14 = 0.92 →BV (dry) = 100.92 = 8.32
Now which plant do we chose to calculate wet weight? OK, carrots; W = 0.89
BCF (wet) = BV (dry) x (1 – 0.89) x 1.95 / 1.6 = 1.11

Compare: Carrot model BCF was 2.8.

Exercise: What are dry and wet weight BCF with the regression of Travis and Arms for carrots and
for TBA and BaP?
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CHAPTER 3 Translocation upwards
On the way from soil to xylem, where
the water is translocated upwards, the
water (and any solutes) must pass either
one
cell
(and
therefore
one
biomembrane), or the “Casparian
strip”. This strip, which separates the
outer root (“cortex”) from the inner
root, is a waxy layer. Only very
lipophilic compounds pass it.
The biomembranes have “aquaporines”, which are special “doors”
through which the water, but only
water, can quickly pass (= facilitated
diffusion). Chemicals need to diffuse
across
the
biomembranes.
Biomembranes are lipid bilayers, and
lipophilic chemicals can pass faster (see before, section 2.2).
The water, which is taken up by the roots, does not stay there but is translocated in the xylem to the
leaves and evaporates there. Only 1-2 % is taken up into the plant cells. Chemicals, which are
dissolved in the “transpiration stream” (= the xylem sap), can be moved upwards, too.
The 'Transpiration Stream Concentration Factor' TSCF is defined as the concentration ratio between
xylem sap and external solution (soil water).
TSCF = CXy/CW

Equation 4

The most recent TSCF-estimation equation is a sigmoid curve from Dettenmaier et al. (2009)
TSCF 

11
11  2.6 log K OW

Eq. 4a

Earlier TSCF-estimates give bell-shaped relation to log KOW, Briggs et al. (1982) for barley

 - (log K OW - 1.78) 2 
TSCF  0.784  exp 

2.44



Eq. 4b

and Burken and Schnoor (1998) for poplar trees

 - (log K OW - 2.50) 2 
TSCF  0.756  exp 

2.58



Eq. 4c

The TSCF can also be calculated from the root model (next section). This gives a sigmoid curve
similar to eq. 4a.
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Calculation of “TSCF”

The TSCF can also be calculated with the root model. Remember: CXy = CR / KRW and

F Q
CW
Q
 kM
K RW

CR 

and therefore

C Xy

TSCF

or

C Xy

CW



CW



F  Q / K RW
Q
 kM
K RW

Eq. 4d

F Q
Q  k  M  K RW

(in this form of the equation it can be seen immediately that the concentration in xylem goes down
when the KRW (log KOW) is high)
and related to bulk soil

C Xy
CSoil



CR
F Q
 KWS / K RW 
 KWS / K RW
Q
CW
 kM
K RW

1.2

This “calculated TSCF” (eq. 4d) is
sigmoid, as Dettenmaier's TSCF-curve
(the calculated curves declines at log
Kow < -2 due to factor F). For high log
KOW, it is also similar to the empirical
curves of Briggs et al. (4b) and Burken
and Schnoor (4c) (Figure).

TSCF

0.8

0.4

Note that the calculated TSCF changes
with plant parameters (Q, k, KRW and
M).

0
-1

1

3

5

log Kow
Briggs fit

B&S fit

TSCF calc

Dettenmaier
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Figure: Comparison of empirical and
calculated TSCF; ‘Briggs fit’ is eq. 4b;
‘B+S fit’ is Burken and Schnoor
(1998) eq. 4c; ‘CXY‘ is calculated with
eq. 4d; Dettenmaier is eq. 4a.

TSCF for very polar compounds, with slow uptake, low log Kow
The factor F for slow uptake only is relevant for very polar compounds (log Kow low). At low log
Kow, permeability PChem is low, and chemicals are taken up less fast than water. The calculated
TSCF falls for log Kow < -2, and the graph looks like this:

This is very new and needs experimental confirmation.
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Example calculation: TSCF of MTBE

Dettenmaier's equation (eq. 4a):

TSCF 

11
11
11


 0.79 L/L
logKOW
1.14
11  2.97
11  2.6
11  2.6

Briggs’ equation (eq. 4b):
 - (log K OW - 1.78) 2 
 - (1.14 - 1.78) 2 
 0.41
TSCF  0.784  exp 

0
.
784

exp
)  0.784  0.85  0.66 L / L


  0.784  exp(
2.44
2.44
2.44





Burken & Schnoor’s equation (eq. 4 c)

 - (log K OW - 2.50)2 
 - (1.14 - 2.50)2 
TSCF  0.756  exp 

0
.
756

exp


  0.37 L / L
2.58
2.58




Trapp’s equation (4d) with Q = 1 L/d (F = 1):

C Xy
CW

1L / d
Q / K RW
1.12 L / kg


 0.90 L / L
1
Q
1L / d

0
.
1
d

1
kg
 kM
1.12 L / kg
K RW

All three models would predict good translocation of MTBE.

Exercise 3
3.1What is the TSCF (CXy/CW) using Briggs equation and the root model for TBA and BaP?
3.2 What is the concentration ratio between xylem sap and bulk soil for these two compounds?
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CHAPTER 4 Exchange Leaves-Air
The function of the leaves is gas
exchange with air. Therefore, leaves
have a high surface to volume ratio.
Chemicals in air come onto/into the
leaves by various ways: Gaseous
deposition through the cuticle; gaseous
exchange through the stomata; dry
particulate deposition; wet particulate
deposition. Inside the leaves, several
more resistances exist (epidermis,
intercellular water and air, deeper
cells). The Figure depicts these resistances. The deposition velocities for all
this uptake pathways depend crucially
on chemical and environmental
properties.
A rough estimate (which is used as
default for gases and particles) is that
the deposition velocity from leaves to
air, the conductance g, is about 10-3 m
s-1 for gaseous and particulate
deposition. For details see Riederer in
Trapp & McFarlane 1995.
Figure: Resistances for uptake from air (from Riederer, in Trapp & McFarlane 1995).
The diffusive equilibrium between leaves and air is reached when

CL
 K LA / 
C Air
KLA is the partition coefficient leaves to air (in the unit mg/m3 leaves to mg/m3 air), and  is the
density of the leaves (kg/m3). CL has the unit mg/kg, and CAir has the unit mg/m3.
Furthermore, KLA = K*LW/KAW
The units have to be considered. Similar to the root-water partition coefficient, we can define a
partition coefficient leaves to water [L kg-1]:
KLW = W + L a KOW b

with a = 1.22 L/kg and b = 0.95 for leaves.

However, KAW is in the unit [m3 m-3]. We require a unit correction
K*LW [L L-1 = m3 m-3] = KLW [L kg-1] x L [kg L-1] where L is the density here in the unit kg L-1
The diffusive flux between leaves and air is calculated with the 1st Law of Fick
change of mass in leaves = + uptake from air - loss to air

25

dm L
C 
 ( A  g  C Air  A  g  L
) [mg d-1]
dt
K LA
where A is the leaf area (m2).

Example calculation: Equilibrium leaf-air for benzo(a)pyrene
A = 5 m2,  = 500 kg m-3, W = 0.8 L/kg, L = 0.02 kg/kg
Chemical BaP → log KOW = 6.13, KAW = 1.35 x 10-5
If CAir = 2 ng m-3 and the concentration in leaf is 1 mg/kg – is there uptake or loss of BaP?
(K*LW = W + L a KOW b) x L = (0.8 + 0.02 x 1.22 x 1 348 962 0.95)x 0.5 kg L-1 = 8 126 L L-1
KLA = K*LW/KAW = 8 125 / 1.35 x 10-5 = 5.85 x 108 (mg/m3 leaf : mg/m3 air)
KLA/ = 6 x 108 (mg/m3 leaf : mg/m3 air) / 500 kg/m3 leaf = 1.2 x 106 (m3 air / kg leaf)
(as can be seen, the density is there for formal reasons; the value is divided out; only factor 1000
remains, for m3 L; yes, it's confusing. An alternative is to calculate with SI units kg and m3 from
the beginning).

Exercise Chapter 4:
Calculate the equilibrium leaves to air for MTBE and TBA, please.
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CHAPTER 5 Model for uptake into leaves
Based on Trapp S and Matthies M (1995): Generic One-Compartment Model for Uptake of
Organic Chemicals by Foliar Vegetation. Environmental Science and Technology 29 (9), 23332338; erratum 30, 360.
5.1 Mass Balance
This model is for the uptake of neutral organic substances into leafy vegetable or green fodder. The
main objective of the model was the integration into multi-media fate models, which are used in
risk assessment of new and existing chemicals. The model was adopted in the Technical Guidance
Documents (TGD) of the European Union System for the Evaluation of Substances (EUSES) (EC
1996, 2003). Here, we reformulated transport from roots to leaves, which was originally calculated
using the TSCF.
For leafy vegetables, there is uptake from soil via the xylem and exchange with air (as before).
The change of mass in leaves = + translocation from roots + uptake from air - loss to air

dmL
C  g  A 
 Q  C Xy  C Air  g  A  L
dt
K LA
where mL (mg) is the mass of chemical in leaves, Q (L/d) is the transpiration stream to leaves, CXy
(mg/L) is the concentration in xylem, CAir (mg m-3) is the concentration in air (here, no difference is
made between particulate and gas form), g is the conductivity of leaves (m/d, = permeability), A is
the leaf area (m2, up and downside), CL is the concentration in leaves (mg/kg),  is the leaf density
(kg m-3) and KLA is the partition coefficient leaves to air (m3 / kg), as described in the previous
section. CXy is CR / KRW, as described above
The differential equation for the concentration in leaves considers again additionally the dilution by
exponential growth with the rate kGrowth (d-1):

C gA
dC L
C
C  g  A 
Q

 R  Air
 k Growth  C L  L
dt
M L K RW
ML
K LA  M L

Equation 5

where L is the index for leaves. The chemical concentration in the xylem sap, CXy, can be calculated
by two ways: using the root model (see Chapter 3, Modeling of TSCF) or using the TSCF, see
there.
The equation can be rewritten and gives the standard linear differential equation

dC L
 b  aC L
dt

with the standard solution

C L (t ) C L (0)  e at 

b
(1  e at )
a

and the steady-state solution
b
C L (t  ) 
a
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where

a

A g  
 k Growth
K LA  M L

and

b

C
Q
A
 R  C Air  g 
M L K RW
ML

5.2 Input data
Table. Parameterization of the leafy vegetables model, normalized to 1 m2 (data taken from the
original publication, Trapp & Matthies 1995).
Parameter
Symbol
Value
Unit
Shoot mass
ML
1
kg
Leaf area
A
5
m2
Shoot density
500
kg/m3

Transpiration
Q
1
L/d
Lipid content
L
0.02
kg/kg
Water content
W
0.8
L/kg
Conductance
g
10-3
m s-1
Growth rate
kL
0.035
d-1
Time to harvest
t
60
d

5.3 Example calculation
Benzo(a)pyrene again. CSoil is 1 mg/kg and CAir is 1 ng m-3. What is the concentration in leaves?
Step 1: Concentration in xylem sap CXy
CW is 0.5 x 10-3 mg/L (from exercise 1); TSCF (Briggs) = 0.00036 (from exercise 3)
CXy = TSCF x CW = 1.8x10-7 mg/L.
or CXy from root model, exercise 3.1 (preferred): (BCF with Q = 1.2 L/d)
CXy = CW x BCFRoot-Water/KRW = 0.5 x 10-3 mg/L x 9.94 L/kg / 1600 L/kg = 0.5 x 10-3 mg/L x 6.2 x
10-3 L/L = 3.1 x 10-6 mg/L
Both methods give similar (i.e very low) concentrations in xylem sap.
Step 2: Loss term

a

A g  
 k Growth
K LA  M L

= 5 m2 x 10-3 x 86400 m d-1 x 500 kg m-3/(0.6 x 109 m3 : m3 x 1 kg) + 0.035 d-1 =0.035 d-1
Loss is mainly due to growth dilution.
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Step 3: Input term

b  C Xy  Q / M L  C A  g 

A
ML

= 3.1 x 10-6 mg/L x 1 L/d / 1kg + 10-6 mg m-3 x 10-3 x 86400 m d-1 x 5 m2 / 1 kg
= 3.1 x 10-6 mg kg-1 d-1 + 0.000432 mg kg-1 d-1 = 0.000432 mg kg-1 d-1

Question in between: Is the uptake of BaP into this plant from soil or from air?
From an inspection of this last line it can be seen that uptake into leaves from air is more than
100times faster than from soil water: 4.32x10-4 / 3.1 x 10-6 = 133

Step 4: Concentration at harvest
Finally, the concentration in leaves at t = 60 days is
C L (t ) C L (0)  e at 

b
0.00043mgkg 1d 1
(1  e at )  0 
(1  e 0.0353x 60 )  0.012  (1  0.12)  0.011mg / kg
1
a
0.035d

And steady-state: b/a = 0.00043 mg kg-1 d-1/0.035 d-1 = 0.012 mg/kg.
(That means that after 60 days, steady-state is almost reached. This will be the same for all
compounds, because the loss rate is determined by growth of plants, and that is independent of the
chemical.)
The following two sections (5.4 Particles and 5.5 Conductance) are not part of the reading for
course 12906 - but the one or the other may be interested in an exact formulation of these
processes.
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5.4 Including particle deposition
The more recent model versions separate uptake from air via gas and particle deposition.
The change of mass in leaves = + translocation from stem + uptake from air by gaseous diffusion + uptake from air by
particle deposition - loss to air by gaseous diffusion

dmL
 QL  TSCF  CW  g  AL  (1  f p )  C A  vdep  AL  f P  C A
dt
g  AL

 C L  k m  mL
K LA
For the concentration follows:

v  AL
dC L
Q
g  AL
  L  TSCF  CW 
 (1  f P )  C A  dep
 f P  CA
dt
ML
ML
ML


g  AL
 CL  k  CL
K LA  M L

where L is the index for leaves, W for soil water and A for air; Q is the transpiration stream (L d-1), TSCF is the
transpiration stream concentration factor (L L-1), CW is the concentration of chemical in soil water (mg L-1), g is the
conductance for diffusive transfer between leaves and air (m d -1), CA is the concentration in air (mg m-3), KLA is the
partition coefficient between leaves and air (m3 kg-1), ρ is the density of leaves (kg m-3), km is a first-order rate for
degradation (d-1) and mL (mg) is the mass of chemical in leaves. fP is the fraction adsorbed on particles, vdep is the
deposition velocity (m d-1) of particles on leaves and k (d-1) is the sum of growth rate and degradation rate, k = kG + km.
By default we chose the deposition velocity of particles vdep at 1 mm/s (10-3 m/s). This is the value given by the TA
Luft for fine particles with diameter < 5 m (Trapp & Matthies 1998). Fortunately, this is the same value as the default
value for conductance (also 1 mm/s). Thus, differentiating between particle and gas deposition or not does not make
that big difference (except for loss from leaves, which is higher for gases).
Calculation of particulate fraction in air fP
The partition coefficient to particles KP results from the multiplication of KOC with organic carbon content and density
and was calculated by a method derived from Harner and Bidleman and corrected as recommended by Götz et al.
(details see in Trapp et al. 2010, SI, or Franco and Trapp 2010, SI).

K PW  0.54  KOW  OC   S , A
where KPW is the partition coefficient between aerosols and water in air (m3 m-3).
Formulated in the activity concept, the bulk capacity of gas phase in air (m3/m3) BG = KAW. The bulk capacity of the
solid phase in air BS is = S x KP. The fraction at particles fP is then easily derived from
fP = BS/(BG + BS)
Of course, if we don’t include water, the fraction at gas phase is the remaining, f G = 1 - fP
Data: OC of aerosols is 0.1 g/g, density is 2 kg/L, S in air is 2x10-9 m3/m3 for urban areas, Franco and Trapp give only
2x10-11 m3/m3 taken from Mackay’s book “Multimedia Environmental Models: The Fugacity Approach” (Lewis 2001).
In older versions, the Junge equation was used. Then,

fP 

10 4
p S  10 4

where 10-4 is the product of Junge constant and particle surface area (EC, 2003), and pS is the saturation vapor pressure
(Pa). For solids (TM > T), the sub-cooled liquid vapor pressure pS,l should be used, with
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ps

p s ,l 
e

6.79(1

Tm
)
T

where TM is the melting point (K) and T is the temperature (K). The disadvantage of the Junge equation is that it is only
based on vapor pressure - and needs that as additional input data.

5.5 Estimation of conductance
The conductance g (m d-1) is the exchange velocity between leaves and air. It can be calculated from various
resistances, which leads to rather complex calculations, more complex than the whole rest of the model. Thus, for
simplicity, a default value of 1 mm/s (86.4 m d-1) was recommended in Trapp & Matthies (1995). The specific value of
conductance depends on properties of the chemical, the plant and the environment (Riederer 1995). In a numerical fourcompartment version of the plant uptake model ("PlantX") (Trapp et al. 1994, Trapp 1995), but also in the Fruit Tree
Model (Trapp 2007), conductance g was estimated from the parallel pathways through stomata and cuticles (Trapp
1995). In some recent versions of the standard model, an additional resistance due to an aqueous layer inside the leaf
was added. This was done because measured leaf-air exchange of volatile organic carbons VOC tended to be much
slower than the estimated exchange, which was very rapid for compounds with high K AW via the stomatal pathway
(Riederer 1995).
The definition of the proper exchange velocity between leaves and air has a basic problem: where to start, and where to
end? A chemical in air only has to overcome the air boundary layer between leaf surface and turbulent atmosphere, and
can then adsorb on the leaf surface, which is a waxy layer named cuticle. On the other hand, a chemical transported via
transpiration stream into the leaf is far from the cuticle: the transpiration stream ends in the apoplast (dead inner space)
between the leaf cells, from where it can move symplastically (inside the cells) or apoplastically (in the space between
the cells) until it reaches either the barrier of the cuticle, or the holes of the stomata. Thus, three different phases provide
resistance (aqueous phase, lipid phase and gas phase), and two pathways are in parallel (stomatal and cuticular pathway)
(see Figure).

Figure. Scheme of resistances between leaf and air.

Stomata. The role of the stomata is gas exchange, and while the stomata are open, carbon dioxide is taken up and water
is lost. The conductance of the stomata (including the air boundary layer) can thus be calculated from the transpiration
of the plant (Trapp 2007):

gS 

A  (C H 2O , sat

Q
18

 rh  C H 2O , sat )
M
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where g is in m d-1 if A, the leaf surface, is in m2; Q, the transpiration stream, in kg d-1 (approx. L d-1); and CH2O,sat, the
saturation concentration of water in air, is in kg m-3. Furthermore, rh is the relative humidity (-) and M (g mol-1) is the
molar mass of the chemical.
However, water does not need to cross the aqueous layer in the apoplast of the leaf (it is providing this layer). The
permeability Paqua (m d-1) of the aqueous layer is

Paqua 

DO2  32

M

z

where z is the thickness (including tortuosity) of the aqueous layer in the interior of the leaf (default 0.5 mm = 5 x 10 -4
m) and DO2 is the diffusion coefficient of oxygen in water (1.728 x 10 -4 m2 d-1) (Trapp and Matthies 1998). Resistances
in series add, and permeability is related to water and not to gas phase. This is corrected by dividing with K AW. Thus,
the total resistance of the stomatal pathway, gS,total, is

g S ,total 

1

gC



1
K AW

Paqua

Cuticle. The cuticle is an amorphous layer of waxes and its function is avoid water loss when stomata are closed. The
more lipophilic a compound, the higher its permeability across the cuticle barrier (Kerler and Schönherr 1988):

PC  100.704log Kow11.2

(m s-1)

The next resistance is by the air boundary layer, for which was found (Thompsen 1983, cited in Trapp 2007)

g Air 

1
300

200
M

(m s-1)

It can be shown that the aqueous layer is in most cases not of relevance for the cuticle pathway. Thus, the total
conductance of the cuticular pathway is

g C ,total 

86400
K AW

PC

 1

(m d-1)

g Air

Both conductances are parallel and therefore added to receive the overall conductance g:

g  g C ,total  g S ,total
Simulations with the old or the new standard model can either be done using the default conductance (g is 1 mm/s =
86.4 m d-1), or the specific, calculated conductance.
Excursion: Default or calculated conductance ?
Figure 6 shows the calculation of conductance.
The permeabilities (of cuticle, of aqueous layer) are divided by K AW, therefore this parameter has a very high impact on
conductance, and g versus KAW is displayed. But log Kow has an impact, too, because the cuticle permeability depends
critically on the lipophilicity. Thus, the calculated g is shown for medium (log Kow is 2) and highly (log Kow is 6)
lipophilic compounds. For the latter, the exchange through cuticle dominates for all low and semi-volatile compounds,
i.e. for KAW ≤ 10-3. For the low-volatile compounds (KAW ≤ 10-5 L/L), transfer is limited by the transfer through the air
boundary layer and approaches gAir (748 m d-1). More volatile lipophilic compounds (K AW ≥ 0.01 L/L) are preferably
exchanged through the stomatal pathway. Then, the aqueous layer inside the leaf becomes limiting and the
consideration of P Aqua makes a big difference. Without, the conductance is at minimum 10 m d -1. In this case, the range
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of g-values is between 750 m d-1 for the non-volatile and 10 m d-1 for the volatile compounds, and a default value for g
of 86.4 m d-1 would be justified. However, with Paqua, conductance g falls with increasing KAW to values below 0.1 m d1
, the deviations from the default value are considerable for very volatile compounds.
For the compounds with log Kow at 2, the cuticle is the faster transfer pathway only if K AW is low (≤ 10-6 L/L). For very
low KAW (10-9 L/L), the air boundary layer is again limiting. For medium lipophilic compounds with K AW between 10-5
and 0.01 L/L, the stomata itself is limiting the transfer, and g is at 10 m d -1. For even more volatile compounds (K AW >
0.01 L/L), the aqueous layer inside the leaf provides the main resistance, and conductance falls with increasing K AW.
Due to the effect of Paqua, the deviations from the suggested default value are quite large for volatile compounds.
It may be concluded that for lipophilic and less- or non-volatile compounds, the cuticle pathway is exchange limiting,
with a maximum conductance equal to the conductance of the air boundary layer (here 748 m d -1). The less lipophilic
the compounds, the more relevant is the stomatal pathway, and g is near 10 m d -1 for a wide variety of substance
properties (but KAW < 0.01 L/L). The newly introduced resistance of the inner leaf is only relevant for very volatile
compounds (KAW > 0.01 L/L), independently of the log Kow. The default value g of 86.4 m d -1 is justified (with a
deviation less than factor 10) except for volatile compounds with K AW > 0.01 L/L. Generally, the conductance plays a
minor role for non-volatile compounds and if concentration in air is in equilibrium to soil (Fig. 5).

1.0E+03

Log Kow 6

Conductivity g (m/d)

Conductivity g (m/d)

From a practical point of view, the inaccuracy of the default g for volatile, non-lipophilic compounds is not very
relevant: generally, the human exposure to volatiles via plant uptake is small. To this class of compounds belong most
solvents. An example is benzene, which has a log Kow of 2.12 and a K AW of 0.23 (Rippen 1992). The equilibrium
concentration in air is 0.18 mg/L, for a soil concentration of 1 mg/kg, and the calculated concentration in leaves is 2.6
mg/kg. This means the human exposure with inhalation of 10 m3 air per day is 1813 mg, while the ingestion of 1 kg
vegetable food would only contribute with 2.6 mg to the daily uptake of this substance. To the same conclusion, i.e. the
ingestion of benzene via the food chain pathway is not significant, came also Collins et al. (2000). The calculation with
calculated g (0.9 m/d) and default g (86.4 m/d) do not differ, because the leaves are close to equilibrium to air in any
case. However, the calculated concentrations in leaves differ if concentrations in air are close to zero. Then, uptake into
leaves is from soil via translocation, and the larger g, the larger the loss rate to air. Using the default g gives a
concentration in leaves of only 2.1 x 10-5 mg/kg; with calculated g, 2.1 x 10-3 mg/kg results. The loss rate with default g
is 30000 d-1, corresponding to a half-time of benzene in leaves of only 0.03 minutes. The calculated g as described
above leads to a loss rate of 307 d-1, or a half-life of 3.3 min. Reported loss from cabbage leaves was "majority ... within
10 min" (Collins et al. 1998, cited in Collins et al. 2000). Thus, the calculated g is in this case far more accurate.
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Figure. Calculation of conductance g (m d-1) for log KAW in the range -9 to 1 (KAW from 10-9 to 1 L/L) and log Kow is 2
(left Figure) and 6 (right Figure).; gC is the conductance of cuticle; gS is teh conductance of stomata; + g aqua is with
additional resistance of an aqueous layer in the leaf interior. g total is the sum of g C and gS (including gaqua). Molar mass
set to 100 g/mol.
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5.6 Uptake by soil resuspension
Until now, the model lacks one important pathway: deposition of soil on leaves. Many green
vegetables are contaminated by attached soil (e.g., lettuce). To consider this, there is always a
default soil-to-plant transfer with particles of 1% attached soil assumed, which means a minimum
BCF plant/soil of 0.01 (wet wt. based):
BCF with soil = BCF model + 0.01 kg/kg
For cereals, such as wheat and corn, we use a lower value, namely 0.001 kg/kg. This small amount
of soil particles is usually mixed in at harvest (a very dusty thing for corn).

Exercise 5
5.1 Calculate the concentration of BaP in leafy vegetable for a concentration in air = 0 ng m-3.
5.2 Calculate the steady-state concentration of TBA and MTBE in leafy vegetable for a
concentration in air = 0 ng m-3 and a concentration in soil of 1 mg/kg (wet wt.).
5.3 Calculate the concentration of TBA and MTBE in leafy vegetable for a concentration in air = 1
ng m-3 and a concentration in soil of 1 mg/kg (wet wt.).
5.4 If 1% soil is attached – what is then the BCF ?
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CHAPTER 6 The Standard Plant Uptake Model
Since some years, we (at DTU) use a "standard model" that combines the models for roots and
leaves. The standard plant uptake model considers uptake from soil and air into plants and includes
the compartments soil, roots and leaves (or fruits or grains) and consists of four differential
equations (excl. soil).
The standard model is implemented in three versions: Once as steady-state solution. Once as
dynamic model with analytical solutions ("cascade model"). And once coupled to the soil transport
model BUCKETS. These solutions are somewhat complex and are described in the next chapters.
Finally, there is also a numerical model that allows free input function and non-exponential growth
(Rein et al. 2011).

6.1 Mass balances
Soil
In steady-state we take soil concentration as constant in the standard model. In the dynamic model
approaches, we apply a mass balance for soil:
Change of contaminant mass in soil is deposition from air minus leaching, run-off, volatilization,
degradation and uptake into roots. Division by soil mass, MS, results in the concentration in soil
(compartment 1):

dC1
I
 1  k1  C1
dt
M1

Eq. 6a

where I1 (mg d-1) is input to soil (including deposition from air), and k1 (d-1) is the sum of all firstorder loss rates from soil.
Roots
The mass balance for advective uptake into thick roots is
Change of contaminant mass in roots is influx with water minus outflux with xylem sap. The root is
described with the following equation:

dmR
 F  Q  CW  Q  C Xy  k met  mR
dt
where mR is the mass of contaminant in roots (mg), Q is the transpiration stream (L d-1), kmet is the
first-order rate constant for metabolism of compound (d-1), CW is the concentration in soil pore
water (mg L-1) and CXy is the concentration in the xylem at the outflow of the root (mg L-1). If the
xylem sap is in equilibrium with the root, the concentration is CXy = CR/KRW. KRW (L kg-1) is the
partition coefficient between root and water. The concentration in soil pore water, CW, is CS xKWS.
Substituting these expressions into the above equation gives (factor F for slow uptake has been
omitted here!):
d (C R  M R ) dmR
Q

 Q  KWS  CS 
 C R  k met  C R  M R
dt
dt
K RW
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If plant growth is exponential, and the ratio Q/MR (transpiration stream Q to root mass MR) is
constant, the growth by exponential dilution can be considered by a first-order growth rate kR (d-1).
The rate kR is the sum of the loss processes and the growth dilution. The concentration in roots
results by dividing with the mass of the root:
dC R
Q
Q

 KWS  CS 
 CR  k R  CR
dt
MR
M R  K RW

with the "classical" steady-state solution (Trapp 2002) being

CR 

Q
Q
K RW

 kR M R

 KWS  C S

The dynamic analytical solution is

C R (t )  C R (0)  e kt 

I
(1  e kt )
kM

Eq. 6b

where CR(0) is the initial concentration in root, I is the sum of all constant input terms to roots
(advective flux from soil), and k is the sum of all loss terms (advective flux to shoots, metabolism
and growth dilution).
How to find I and k?
All terms in the differential independent of CR are summarized to I; all terms dependent on CR are
summarized to k.

I  Q  KWS  CS plus input into roots (if this occurs)
Q
k
 kR
M R  K RW
Leaves
The mass balance for leaves is
Change of contaminant mass in leaves is influx with transpiration water plus gaseous and
particulate deposition from air minus diffusion to air. This results in the following equation:
A v
dmL
Q

C R  AL  g L  (1  f P )  C A  L dep  f P  C A
dt
K RW
2


AL  g L  1000 L m 3
 C L  k met ,L  mL
K LA

where AL is leaf area (m2) (ups, here it is divided by factor 2 for particle deposition only on the top side; never
mind, just set vdep = 2*g and nothing changes, sorry), KLA is the partition coefficient between leaves and air
(L kg-1), CA is the total concentration in air (mg m-3) and fP (-) is the fraction of the total
concentration in air that is adsorbed on particles. Uptake from air can either be by diffusive
exchange in the gas phase with conductance gL (m d-1), or by deposition of particles on the surface
of the leaves (A/2) with velocity vdep (m d-1). For the sake of simplicity, we may set g to 10-3 m/s
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and vdep to 2 x 10-3 m/s, so that gaseous and particle deposition have the same value. The factor
1000 stems from the conversion of m3 to L.
For constant conditions, the concentration in leaves is

AL  v dep
dC L
A g
Q

 CR  L
 (1  f P )  C A 
 fP  CA
dt
M L  K RW
ML
2 M L


AL  g L  1000 L m 3
 CL  k L  CL
K LA  M L

where kL (d-1) again is the first-order rate that includes growth dilution and biotic and abiotic
(photolysis) degradation processes.
The steady-state solution (only applicable if concentrations in soil, root and air are constant) is

CL 

I
k ML

where CL is the steady-state concentration in leaves, I is the sum of all constant input terms (flux
from roots, diffusion and deposition from air), and k is the sum of all loss terms (diffusive loss to
air, metabolism and growth dilution).
The dynamic analytical solution (in case of constant concentrations in soil and air) is
I
Eq. 6c
(1  e kt )
k ML
where CL(0) is the initial concentration in leaves. If concentrations in soil and roots are not constant,
a coupled differential equation system has to be solved, see below.
C L (t )  C L (0)  e kt 

Fruits or grains
Mass balances for fruit and grain can be set up analogous to leaves. However, the processes and
parameters differ. For the uptake into fruits and grains, the following balances are used (Trapp
2007):
dmF
Q
A  PF
A  PF
 F  CR  F
 C Air  1000  F
 C F  k met , F  mF
dt
K RW
K AW
K FW

where F is the index for fruits. The differential equation for the concentration is
dCF
QF
A  PF
A  PF

 CR  F
 C Air  1000  F
 CF  k F  CF
dt
M F K RW
M F K AW
M F K FW

The solution is analog to leaves:
C F (t )  C F (0)  e kt 

I
(1  e kt )
k  MF

Eq. 6d
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6.2 Input data
Many input data are the same for the steady state and the dynamic model version. Most of them
were taken from the carrot model (Trapp 2002) and the leafy vegetables model (Trapp and Matthies
1995) (Table 1).
Table 1. Input data set for the standard model for the calculation of plant uptake (normalised to 1
m2 of soil).
Parameter
Symbol
Value
Unit
Soil

Soil wet density
1.95
kgww L-1
wet
Organic carbon content
OC
0.02
kg kgww-1
Soil water content
θ
0.35
L L-1
1.6
kgdw L-1
Soil dry density (wet - θ )
dry
Mass of soil
MS
1000
kgww
Roots
Water content of roots
WR
0.89
L kg-1
Lipid content of roots
LR
0.025
kg kgww-1
Transpiration stream
Q
1.2
L d-1
Root mass
MR
1
kgww
st
1 order growth rate
kR
0.1
d-1
Leaves
Leaf mass
ML
1
kgww
Leaf area
AL
5
m2
Shoot density
1000
kgww m-3
L
Transpiration stream
QL
1.0
L d-1
Lipid content leaves
LL
0.02
kg kgww-1
Water content leaves
WL
0.8
L kg-1
Conductance leaves
gL
86.4
m d-1
Deposition velocity from air
vdep
86.4
m d-1
Growth rate leaves
kL
0.035
d-1
Time to harvest
tL
60
d
Attached soil
R
0.01
kg/kg
Grains or fruits
Fruit mass
MF
1
kgww
Fruit area
AF
1
m2
Fruit density
1000
kgww m-3
F
Phloem and Transpiration stream to
QF
0.2
L d-1
fruits
Lipid content fruits
LF
0.02
kg kgww-1
Water content fruits
WF
0.15
L kg-1
Conductance fruits
gF
86.4
m d-1
Deposition velocity from air
vdep
86.4
m d-1
Growth rate fruits
kF
0.035
d-1
Time to harvest
tF
60
d
Attached soil
R
0.001
kg/kg

38

Exercises to Chapter 6
Sensitivity Analysis
A sensitivity analysis shows which input parameters have an effect on the result. "Sensitive"
parameters should be selceted with care, while the others ... well, they don't count and can be
roughly estimated. Thus, a sensitivity analysis can save a lot of time and money. But the sensitivity
of the models depends also laregly on teh chemical that is siumlated.
1) Take the "Standard model", enter the data for benzo(a)pyrene, with concentration in air is 1
ng/m3 (10-6 mg/m3) and in soil is 1 mg/kg.
Now change all plant related parameters - first of roots, then of leaves - plus 10%. Write down how
much the initial result changes. Set back the parameter to default and continue with the next.
Which plant parameters are the most relevant ?
2) Take the "Standard model", enter the data for TBA, with concentration in air is 100 ng/m3 (10-4
mg/m3) and in soil is 1 mg/kg.
Now change all plant related parameters - first of roots, then of leaves - + - 10%. Write down how
much the initial result changes. Set back the parameter to default and continue with the next.
Which plant parameters are the most relevant ?
3) Stay with TBA. Double Transpiration Q, root mass MR, leaf mass ML and leaf area AL at the
same time. What happens?
4) Back to benzo(a)pyrene and the default scenario, with concentration in air is 1 ng/m 3 (10-6
mg/m3) and in soil is 1 mg/kg. Set soil resuspension to zero (cell E25). How much of BaP is taken
up from soil, and how much from air? How can you find out (there are two possibilities)?
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Risk assessment for uptake from consumption of food
Models for transfer into major food crops are
combined with regional food baskets to give
the exposure of the population, which can be
compared to tolerable risks based on health
considerations. Backwards, tolerable concentrations of pollutants in soil for the agricultural
production and gardening can be derived. The
approach might be used to derive rational soil
quality standards for a large variety of
chemicals with reasonable effort (Figure).

Daily Dietary Intake (DDI). For the calculation of the daily dietary intake (DDI), the consumption
of vegetable is multiplied with the calculated concentration in the crop types, i.e. root vegetable,
fruits, potatoes and leafy vegetable. The daily dietary intake DDI is then
DDI [mg/d] = ∑i concentration in crop(i) [mg kg-1] x amount of crop(i) consumed [kg d-1]
The consumption data for most European countries are known (e.g., from pesticide risk
assessment), and often available. Below, find data for Denmark and Czech republic.
Table: Average consumption and 90% percentile for a child (4-13 years) and a woman (14-75
years) from Denmark. Data from Legind & Trapp 2009.
-1

Root vegetables (kg d )
-1
Potatoes (kg d )
-1
Lettuce w. soil (kg d )
-1
Other leafy veget. (kg d )
-1
Tree fruits (kg d )
-1
Cereal products (kg d )
-1
Milk (kg d )
-1
Meat (kg d )
-1
Fish (kg d )
-1
Air (m3 d )
-1
Soil (kg d )
-1
Water (L d )
Bodyweight (kg)

Child mean
0.033
0.073
0.007
0.008
0.127
0.205
0.500
0.109
0.012
10.700
0.0001
0.900
35.1

Child 90%
0.058
0.141
0.012
0.013
0.229
0.282
0.823
0.187
0.028
28.8
0.0002
1.5
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Woman
mean
0.043
0.09
0.009
0.01
0.137
0.195
0.303
0.113
0.017
11.3
0.00005
1.4
67.3

Woman 90%
0.074
0.168
0.015
0.017
0.262
0.284
0.612
0.199
0.038
38.4
0.0003
2.3

Table: Average consumption [g person-1 d-1] of vegetables and fruits in CZ (Ruprich et al. 2000).
Type of crop
Beans
Leafy vegetable
Root vegetable
Potatoes
Tree fruit
Other fruit
Nuts
Sum

Typical species
Consumption (%)
pea, beans, lens
3.5
1.9
lettuce, spinach, rhubarb
2.4
1.3
carrot, celery, parsley
13.5
7.1
potatoes and potato products
97.4
51.5
apples, pears
62.7
33.1
berries
6.7
3.5
hazelnuts
3.1
1.6
all
189.3
100

Acceptable Daily Intake (ADI). “Dosis facit venunum (Paracelsus, 16th century) – everything is
toxic, it is only the dosis that makes a thing a poison or a remedy. An acceptable daily intake of
benzo(a)pyrene BaP, the chemical used in the Urban Gardening exercise, investigation has to be
defined by human toxicologists. For BaP we found:
A "virtually safe dose of BaP as a marker of the mixture of carcinogenic PAH in food would be in
the range 0.06 to 0.5 ng BaP kg-1 bw d-1" (EC 2002). If we chose the lowest value of this virtually
safe dose as acceptable, the acceptable daily intake of BaP via food for an adult weighing 70 kg
would be 4.2 ng d-1. If the upper limit of the virtually safe dose is used, the ADI of BaP would be 35
ng d-1. (The unit “ng BaP kg-1 bw d-1“ means nanogram benzo(a)pyrene per kilogram bodyweight
and day)
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CHAPTER 7 One hour math
Whether or not the steady-state approach is applicable depends also on the type of input function.
Only for constant input, steady-state may be used. For non-constant input, the analytical solution of
the differential equation system succeeds for pulse input and constant-over-time input function
(Figure a and b). If the input is irregular (Figure c) and cannot be described by a pulse input of by a
rectangular input function, the numerical integration of the equations is the only method of solution.
The differential equations for soil, root, leaves and metabolites formed in leaves are a coupled
differential equation system. Several analytical solutions for various input functions exist. This
section will deal with analytical solutions
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Figure. Different input functions and their consequence for the resulting concentration course; a) repeated
pulse input plus constant background; b) input from quasi-constant external source (changing at t = 30 units)
and c) irregular, variable input function. Loss rate k in all three examples 0.2 per time unit.

Don’t be afraid of the math - all solutions are already implemented and programmed. Just use them!
7.1 Analytical solution for dynamic simulations
Matrix format
The considered ordinary linear differential equations for soil, roots and leaves are of the general
form:

dC
 kC  b
dt
for a given compartment, where C (mg kg-1) is concentration, k (d-1) is a first-order loss rate
constant and b (mg d-1 kg-1) is constant input from external sources into the compartment, with b =
I/M, i.e. input I (mg d-1) divided by compartment mass M (kg). If two or more compartments are
linearly related, this leads to a matrix of the general form


 
dC
 AC  b
dt
For 4 matrix elements, i.e. 4 compartments, the respective diagonal matrix is given by:

 k1
 
dC  k12

dt  0
 0

0
 k2
k 23
0

0
0
 k3
k34

0 

0  
C  b
0 
 k 4 

Equation 7
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with vector of concentration C (mg kg-1), transfer rate constants kij (d-1) are the transfer rates from
compartment i to j, loss rate constants ki (d-1) are the sum of all first-order loss processes in
compartment i and b is the input vector (mg kg-1 d-1). The matrix elements k and b can be derived
from the differential equations (for concentrations) above.
The formulation as matrix is mathematically identical to
dC1
dt
dC 2
dt
dC3
dt
dC 4
dt

 k1C1  b1

Eq. 7a

  k12C1  k 2 C 2  b2

Eq. 7b

  k 23C 2  k 3C3  b3

Eq. 7c

  k 34C3  k 4 C 4  b4

Eq. 7c

Such diagonal matrices can be solved analytically, depending on the initial conditions and the input
function (Trapp and Matthies 1998). Compartment 1 is soil, 2 is root, 3 is leaves (or fruits) and 4 is
metabolite in leaves (or fruits). Other combinations are possible.
Steady-state solution
Linear differential equations approach steady state for t → ∞, i.e. the change of concentration with
time is zero, dC/dt = 0. The steady-state solutions for matrix equations 1 (soil), 2 (roots) and 3
(leaves) with continuous input are as follows:
C1 (t  ) 

I1
b
 1
k1M 1 k1

C2 (t  ) 

I2
k
 12 C1 (t  )
k2 M 2 k2

C3 (t  ) 

I3
k
 23 C2 (t  )
k3 M 3 k3

etc.
The steady-state solution follows the general scheme:

Cn (t  ) 

k
In
 n1,n  Cn 1 (t  )
kn M n
kn

where n is the compartment number.
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Pulse input
The analytical solutions for the differential equations 1 (soil), 2 (roots) and 3 (leaves) for a pulse
input is the same as for initial concentrations C(0) ≠ 0:

C1 (t )  C1 (0)  e  k1t

Eq. 8a

 e  k1t
e  k 2t 
  C 2 (0)  e k2t
C 2 (t )  k12C1 (0)  

 (k 2  k1 ) (k1  k 2 ) 

Eq. 8b



e  k1t
e  k2t
e  k3t
C3 (t )  k12k 23C1 (0)



 (k1  k 2 )(k1  k3 ) (k 2  k1 )(k 2  k3 ) (k3  k1 )(k3  k 2 ) 
 e k2t
e k3t 

 k 23C2 (0)  

 ( k3  k 2 ) ( k 2  k3 ) 

Eq. 8c

 C3 (0)  e k3t
The general solution scheme for pulse input to soil only, i.e. C1(0) ≠ 0 and Cn(0) = 0 with n > 2 is as
follows:



k
t


n 1
e j
n

Cn (t )  C1 (0)   ki ,i 1  n

i 1
 j 1  (k k  k j ) 
 k 1,k  j


Eq. 8d

and for pulse input into all compartments, i.e. Cn(0) ≠ 0 with n > 1:





k
t
n1
n 1
n
e j


 k nt
Cn (t )    Ca (0)   ki ,i1  
  Cn (0)  e
a 1
j a
i a

 (kk  k j ) 
k  a ,k  j



Eq. 8e

Constant input for some time
The common analytical solution for one compartment with constant input b and initial condition
C(0) = C0, is:

C t   C0  e kt 



b
1  e kt
k



Eq. 9

The analytical solutions for C(t) in the 4 compartments, with initial condition Cn(0) ≠ 0
(compartment i) are:
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C1 t  





b1
1  e k1t  C1 0  e k1t
k1



C2 t   A  e

 k1t

e

 k 2t

  B  1  e   C 0 e
 k 2t

Eq. 9a
 k 2t

Eq. 9b

2

























B

k12b1  k1b2
k1 k 2

C3 t   D  e k1t  e k3t  E  e k 2t  e k3t  F  1  e k3t  C3 0  e k3t



Eq. 9c



C4 t   G  e k1t  e k 4t  H  e k 2t  e k 4t  I  e k3t  e k 4t  J  1  e k 4t  C4 0  e k 4t Eq. 9d
with:

A

C1 0k12 k1  k12b1
k 2  k1 k1

k23 C2 0  A  B 
k3  k 2
k
G  D 34
k 4  k1
k
H  E 34
k4  k2

k 23
k3  k1
k B  b3
F  23
k3
k C 0  D  E  F 
I  34 3
k 4  k3
k F  b4
J  34
k4
DA

E

Looks difficult, but is not. This is the solution programmed in the "Cascade" model.

General solution
The equations were obtained by integration. Further compartments can be added by further
integration, or by applying the general scheme. The analytical matrix solution with initial
concentrations Cn(0) ≠ 0 and constant input terms bn, for n ≥ 2 and t0 = 0, follows the scheme:


 


 


k jt
k jt
knt
 
n 1  n
n 1  n 1
n

e
e
1 e


 
Cn t     ki ,i 1  Ca 0   n
 ba  n
 ba    m
n

ma j a
a 1  i  a
j a


k s  kk  k j   
kk  k j 
kl






s i
k  a,
k a,
l a

 

k j
k j

 

b
 Cn 0  e  k n t  n 1  e k n t
Equation 10
kn





Even though complex, this solution allows the direct calculation of concentrations in all
compartments at any time t and for pulse- and/or constant input.
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Combination of all solutions and superposition
Also for repeated applications there is a solution. This is a situation in which one, two or more
subsequent pulse inputs occur. In that case, the resulting concentration can be calculated by adding
the concentrations resulting from steady state and one, two or more pulse inputs. To this purpose,
the simulation is split up into several periods. The concentration vector C(t) at the end of a specific
period serves as initial concentration vector C(0) for the next period. This refers to concentrations in
any compartment (i.e. soil, roots and leaves).
Concentrations are additive. This means, concentrations resulting from constant background
contamination (e.g., from air) add to those concentrations from pulse- or constant input. Constant
input can also be used to simulate "rectangular" input functions, by splitting the simulation up into
several periods with different constant input. During each period, the conditions and parameters
need to be constant, but they may differ from one to the other period. This allows to simulate
seasonal changes, or day/night conditions, or other non-constant conditions. This solution is
implemented in the “Multi-Cascade model” (Rein et al. 2011).
Example
The application of the cascade model allows to combine steady-state input, pulse input and input
constant over time. Several periods can be combined. The figure shows a simulation result for pulse
input to soil and constant input from air. The concentrations in roots follow closely those in soil.
But in leaves, the pulse in soil and roots leads to a very small response, because in this scenario the
compound enters the leaves from air.
1.0E+00

C(t)

1.0E-01
1.0E-02
1.0E-03
1.0E-04
0

500

1000

1500

Real time (d)
C soil

Croot

Cleaf

Figure. Dynamic simulation of repeated application of a medium lipophilic, low volatile compound with pulse
input plus constant background from air.

46

CHAPTER 8 Dynamic Multi-Cascade model
The Multi-Cascade model is based on analytical solution of pulse- and constant input into a 4 x 4
system of soil, roots, stem and leaves (fruits). The simulation is split up into n periods. The
concentration vector C(t) at the end of a specific period serves as initial concentration vector C(0)
for the next period. This refers to concentrations in any compartment (i.e. soil, roots and leaves).
This allows to simulate multiple inputs, and change of input data during simulation. This approach
is also the basics for the field-scale BUCKETS model.
The cascade model is a way to run non-linear differential equation systems with a (piece-wise)
linearized and analytically solved matrix solution. Even though the math is at a first glance
shocking, it is, once implemented, a very practical tool that is superior in most cases to numerical
implementation. Not only allows this solution method the implementation of a spread-sheet version
(in excel), also the code is comparatively small. Alternatives would be implemenations in Matlab or
Fortran or Python - which we all had, but the excel version is “most wanted”.
We consider uptake from soil and air into plants and include the compartments soil, roots, stem,
leaves and fruits. The following processes can be considered:











continuous and/or pulse input into any compartment
degradation, ageing, leaching, run-off and plant uptake, resulting in loss from soil
uptake into roots with the transpiration water
optionally: diffusion into roots
growth dilution, degradation and metabolism in roots, stem, leaves and fruits
translocation from roots to the stem, and from the stem to leaves and fruits with the transpiration
stream
loss from leaves and gain for fruits by phloem flux
loss from stem, leaves and fruits to air
gaseous and particle deposition from air to soil, stem, leaves, fruits
optionally: transport to root, stem, leaves and fruits with attached soil

Figure 1. Structure of the Multi-Cascade crop model, with transfer rate constants kij (d-1) (transfer
from compartment i to j), total loss rate constant ki (d-1), constant external input b (mg kg-1 d-1).
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In the code, differential equations were formulated as concentrations. The underlying mass balance
equations are given in Tab. 1. The matrix elements derived from - for concentrations - are given in
Tab. 2.
Table 1. Mass balance equations for change of compound mass m in root, stem, leaves and fruits (indices R, St, L and F)
with time t (from Rein et al. 2011).
Root
6a
dm
Q

 Q  KWS  CS 
 CR  k R , deg  mR
dt
K RW
dm R ,diff
A P
 1000  AR PR  K WS C S  1000 R R C R
dt
K RW
dmSt
A P
Q
Q

CR 
C St  St St C A  1  f P   ASt v depC A  f P
dt
K RW
K StW
K AW
R

Root

Stem

ASt PSt
C St  k St,deg mSt
K StW
Q
A P
A P
 L C St  L L C A  (1  f P )  AL vdepC A  f P  1000 L L C L  k L ,deg mL
K StW
K AW
K LW
Q
A P
A P
 F C St  F F C A  (1  f P )  AF vdepC A  f P  1000 F F C F  k F ,deg mF
K StW
K AW
K FW

6b

7

 1000
Leaf

Fruit

dmL
dt
dmF
dt

8

9

Notes: Equation 6b, dmR,diff/dt: mass balance describing solely diffusion into/out of the roots; C: concentration (mg kg-1)
in the plant compartments, in soil (CS) and in air (CA, mg m-3); Q: transpiration (L d-1); A: surface area (m2); P:
permeability (m d-1); KAW: air-water partition coefficient (L L-1); KWS: partition coefficient between water and soil (kg L1
), KiW: partition coefficients (L kg-1) between plant compartment i and water, details see [9]; ki,deg: first-order
degradation rate constant (d-1) in plant compartment i; fP: fraction of particles (-), vdep: particle deposition velocity (m d1
).
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Matrix elements considered in the Multi-Cascade model
Compartment
Loss rate constants ki (d-1) and total constant input bi (mg/d)
Soil
Q
Q
Q K
A P

k1 

Root

Stem

Leaves

Fruits



runoff

leach

MS



WS

 1000

S

S

S , wet

MS

(1  f P ) AS vdep f P 
I
 A P
 C A  ext ,1
b1   S S S , wet

K AW KWS M S
MS 
MS

Q
k2 
 k R  k R ,deg
M R  K RW
b2 

I ext , 2
MR

k3 

A P
Q
 1000 St St  k St  k St,deg
M St K StW
M St K StW

I
 A P 1  f P  AStvdep f P 
 C A  ext ,3
b3   St St

M St 
M St
 K AW M St
A P
k 4 a  1000 L L  k L  k L,deg
M L K LW

I
 A P 1  f P  AL vdep f P 
 C A  ext , 4 a
b4 a   L L

ML 
ML
 K AW M L
A P
k 4b  1000 F F  k F  k F ,deg
M F K FW

I
 A P 1  f P  AF vdep f P 
 C A  ext , 4b
b4b   F F

MF 
MF
 K AW M F

Transfer rates kij (d-1)

 k S ,deg

k12 

Q  K WS
MS

k 23 

Q
M St K RW

k 34a 

QL
M L K StW

k 34b 

QF
M F K FW

Notes: Qrunoff and Qleach are runoff and leaching rate, respectively (L d -1), MS is soil mass (kg), AS is surface area of soil
(m2), PS is permeability of soil (m d-1), S,wet is wet density of soil (kg L-1), kS,deg is degradation rate constant in soil (d-1);
Iext,I is external constant input to compartment i (mg d-1); diffusive loss from soil (second term of k1) and input to soil
from air (first term of b1).
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Dynamic process: Growth and transpiration of plants
(taken from Rein et al. 2011, you can as well read that; in appendix 1 of this paper, the derivation of the data set is
explained; references refer to Rein et al. 2011).
From agricultural production it is known that many annual crops, such as wheat, show a logistic growth curve [22-23].
This means, initial growth is exponential, but towards ripening, the growth slows down and finally stops. Accordingly,
the change of plant mass M (kg) with time t (d) can be expressed as

dM
 kM
dt


M 
1 

 M max 

(1)

where k (d-1) is the rate constant for exponential growth and Mmax (kg) is the maximum plant mass. Plant mass as a
function of time can be calculated by integrating the growth function. With the initial plant mass M0 follows

M t  

M max

(2)

M
 k t
1   max  1  e
 M0


Transpiration Q (L d-1) of plants is closely related to growth via the transpiration coefficient TC (L kg-1) [24], and can be
calculated as

Q  TC 

dM
 TC  k  M
dt


M
1 
 M max





(3)

where Q is the water flux through the roots and out of the stem, related via TC to the change of total plant mass. Typical
values of the transpiration coefficient TC for crop plants in humid areas range from 200 to 900 (default 500) L transpired
water per kg produced biomass (dry weight) [24]. Considering e.g. trees or annual seed crops, water flux into leaves and
fruits, QL and QF, can be calculated from total (xylem) flow Q by averaging with the respective (green) surface areas,
where phloem flux adds for fruits [9] and subtracts for leaves:

AL
dM F

 TC , Ph
AL  AF
dt
AF
dM F
QF  Q 

 TC , Ph
AL  AF
dt
QL  Q 

(4)

(5)

where AL and AF (m2) are the surface areas of leaves and fruits (obtained by multiplying leaf and fruit mass ML and MF
(kg) with specific leaf and fruit area SLA and SFA (m2 kg-1), respectively), dMF/dt (kg d-1) is the change of fruit dry
mass and TC,Ph (L kg-1) is phloem flux per fruit dry mass (10 L kg -1was assumed for TC,Ph, according to [9]). The phloem
flux flows from leaves via stem to fruits. Under the assumption of phase equilibrium to xylem flux [9, 25], the mass
flow can be subtracted from the flow to leaves and added to the flow to fruits.
As an illustrative example, Figure 2 shows simulated growth and transpiration of spring wheat with data related to 1 m 2
(details on the parameterisation see Appendix 1). The initial mass is 5 x 10-3 kg (5 g for seeds), and growth is
exponential for time t < 70 d, with growth rates specific to the different plant parts (Appendix 1). The growth of total
plant mass is maximal at t = 90 d, where also the induced Gaussian-like curve for transpiration Q (in roots and stem)
shows its peak. Water fluxes to leaves and fruits (corn) differ due to specific growth characteristics and processes, as
explained above. For t > 135 d, growth almost stops (final mass of 1.3 kg dry weight). Translated to reality, this is the
phase, in which the fruit (corn) ripe, while leaves decay and the plant dries out. The optimum harvest time depends on
the ripening of the corn. It has to be noted that the modelled growth curves are idealised, as real-life growth depends
very much on weather, and growth rates are not constant. Storms, grazing or parasite calamities may also lead to a loss
of biomass, i.e. to negative growth.
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Figure 2. Simulated growth and transpiration of spring wheat. M: total plant mass (dry weight dw), Q: transpiration in
roots and stem, QL: transpiration in leaves, QF: transpiration plus phloem flux to fruits.
Table 3. Size-independent plant parameters.
Parameter
Transpiration coefficient
Diffusion length, aq. boundary layer
Relative air humidity
Temperature
Root degradation rate constant
Root water content
Root lipid content
Root gas pores
Root bulk density
Stem degradation rate constant
Stem water content
Stem lipid content
Stem bulk density
Leaf degradation rate constant
Leaf water content
Leaf lipid content
Leaf bulk density
Corn degradation rate constant
Corn water content
Corn lipid content
Corn bulk density

Symbol
TC
dx
rh
T
kR,deg
WR
LR
G R

R

kSt,deg
WSt
LSt

St

kL,deg
WL
LL

L

kF,deg
WF
LF

F

Value
500
-4
5 x 10
0.5
20
0
0.89
0.025
0.1
1
0
0.8
0.02
0.5
0
0.8
0.02
0.5
0
0.5
0.02
1
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Unit
-1
L kg (dw)
m
°C
-1
d
-1
gg
-1
gg
-1
LL
-1
kg L
-1
d
-1
gg
-1
gg
-1
kg L
-1
d
-1
gg
-1
gg
-1
kg L
-1
d
-1
gg
-1
gg
-1
kg L

Table 4. Size-dependent and growth-related plant parameters, normalised to 1 m2 field; dw is dry weight.
Parameter
Carrots ( = root)
Initial root mass
Final root mass
Root growth rate constant
Final root radius
Number of carrots
Spring wheat
Initial root mass
Final root mass
Root growth rate constant
Initial stem mass
Final stem mass
Stem growth rate constant
Specific stem area
Initial leaf mass
Final leaf mass
Leaf growth rate constant
Specific leaf area
Initial corn mass
Final corn mass
Corn growth rate constant
Specific corn area

Symbol

Value

MR,0
MR,max
kR
rR
n

0.001
1
0.1
0.015
36

MR,0
MR,max
kR
MSt,0
MSt,max
kSt
SStA
ML,0
ML,max
kL
SLA
MF,0
MF,max
kF
SCA

0.0025
0.25
0.075
0.00125
0.45
0.08
10
0.00125
0.05
0.08
30
-6
5.6 x 10
0.56
0.14
2

Unit
kg (dw)
kg (dw)
-1
d
m
kg (dw)
kg (dw)
-1
d
kg (dw)
kg (dw)
-1
d
2
-1
m kg (dw)
kg (dw)
kg (dw)
-1
d
2
-1
m kg (dw)
kg (dw)
kg (dw)
-1
d
2
-1
m kg (dw)

Exercises
1) Find k and b for leaves (compartment 3) from this differential equation:

AL  v dep
dC L
A g
Q

 CR  L
 (1  f P )  C A 
 fP  CA
dt
M L  K RW
ML
2 M L
AL  g L  1000 L m 3

 CL  k L  CL
K LA  M L
More exercises with computer ("Cascade model").
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CHAPTER 9 Coupling to a Tipping Buckets model for transport of water in soil
adapted from Legind et al. (2012), see also Trapp & Eggen (2013)

In this chapter, the coupling of the multi-cascade model to a soil transport model is presented. This allows
field simulations with real input data and is our latest modeling tool.

The discrete Tipping Buckets water balance model considers five soil layers located above the groundwater
table, for which the water balance is calculated. The soil layers are considered to be a series of "tipping
buckets", which have an upper and lower limit for water storage capacity: the water content at the upper limit
is the field capacity FC (L), that at the lower limit is the permanent wilting point PWP (L). Flow is
discontinuous, i.e. the soil layers are considered as buckets that can be filled up to field capacity, after which
they tip, and by putting the soil layers in series, tipping buckets arise that transport water and solutes.
Transpiration, i.e. water extraction by plants, is calculated from plant growth (see there). It is assumed that
plant roots always extract water from the highest possible soil layer, and until the PWP is reached.
Precipitation, evaporation and transpiration were considered and calculation was done in eight steps as
2

detailed in the following. All calculations were done for an area of 1 m .

Step 1: Initial (absolute) water content in the top soil layer (soil layer 1) WIni1 (L) is obtained from initial
volumetric water content W,Ini1 (L L ) and the volume of soil layer 1 VS1 (L) as
-1

WIni1 = W,Ini1 x VS1

(1)

-1

-1

-1

Step 2: Infiltration Inf (L d ) is calculated from precipitation P (L d ) and evaporation E (L d ) (soil layer 1):

 P E

Inf  
 0


if P  E
if P  E

(2)

Step 3: After infiltration, a new water content WInf1 (L) is established in soil layer 1:
WInf1 = WIni1 + Inf x ∆t

(3)

where ∆t (d) is the length of the time period.
Step 4: Leaching from soil layer 1, Leach1 (L), occurs if the water content is now above field capacity FC (L):

 W  FC
1
 Inf 1
Leach1  
 0


if WInf 1  FC 1
if FC 1  0

(4)

Step 5: After leaching, the water content of soil layer 1 changes to WLeach1 (L):
WLeach1 = WInf1 - Leach1

(5)

Step 6: Transpiration, i.e. water flux to plants from soil layer 1 q1 (L), takes place if the water content is now
above the permanent wilting point PWP1 (L):


if WLeach1  PWP1
 0

q1   WLeach1  PWP1 if WLeach1  PWP1

 Q  t
if WLeach1  PWP1


and

WLeach1  PWP1  Q  t

and

WLeach1  PWP1  Q  t

-1

where Q (L d ) is the total transpiration of the plant in this period (see next section).
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(6)

Step 7: After transpiration, again a new water content Wq1 (L) is established in soil layer 1:
Wq1 = WLeach - q1

(7)

Step 8: Finally, remaining transpiration qTotal-1 (L), i.e. transpiration water that needs to be taken from deeper
soil layers, is obtained by:
qTotal-1 = Q x ∆t – q1

(8)

For the next soil layers (soil layer i, with i > 1), steps 3 to 8 are repeated. However, Step 3 (Eq. 3) is the new
water content of layer i due to leaching from above:
WInf,i = WIni,i + Leachi-1

(9)

Step 6 (Eq. 6) changes to


if WLeach,i  PWPi
 0

qi   WLeach,i  PWPi if WLeach,i  PWPi

 qTotal (i 1)
if WLeach,i  PWPi


and

WLeach,i  PWPi  qTotal (i 1)

and

WLeach,i  PWPi  qTotal (i 1)

(10)

and Step 8 (Eq. 8) changes to
qTotal-i = qTotal-(i-1) – qi

(11)

The water balance was established iteratively for all soil layers i in each time period p. The calculated water
content after transpiration from one time period (Wq,i,p) was entered as initial water content for the following
time period (WIni,i,p+1).
If the plant does not find sufficient water in the five soil layers (i.e., Q > qi), it is assumed that the remaining
water required for transpiration is drawn from groundwater. This does not affect water or substance content
of the five soil layers. In the present model formulation we assume that the groundwater has the same
substance concentration as the lowest soil layer.

Solute transport in soil
Solutes passively follow the water movement. The change of solute concentration in soil is given by input
from air and pulse emissions (amendment application) to soil layer 1 minus loss of solute by leaching and
plant uptake via transpiration. As heavy metals are considered in this study, loss by degradation and by
*

volatilization from the top layer are not of relevance. In discrete form, the concentration in soil layer 1, C S,1
-1

(mg L ) (referred to the volume of bulk soil, VS), at time t is:

C S*,1 t   C S*,1 t  1 


AS vdep
VS 1

t C A, p 

Leach1 t   q1 t 
KWS1  C S*,1 t  1
VS ,1

AS PAS *
Rain  C Rain
I
C S ,1 t  1t 
t 
VS 1
VS 1
VS ,1

(12)
*

2

where C S,1(t-1) is metal concentration in soil layer 1 at time t-1 (preceding time period), AS (1 m ) is the
-1

-3

surface area of the soil, vdep (m d ) is the deposition velocity of particles, CA,p (mg m ) is the total
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-3

concentration at particles in air (mg m ), PAS is the diffusive (gas) exchange velocity between soil and air
-1

(gaseous concentration in air is neglected), Rain is the precipitation in the period (L d ), CRain is the
-1

concentration in rain (mg L ) and I (mg) is a pulse input (from amendment application). The water to dry soil
partition coefficient KWS1 (-) in soil layer 1 was calculated as

KWS 1 

1

(13)

K d   S1,dry
-1

where Kd (L kg dw ) is the dry soil to water partition coefficient and ρS,dry is the density of dry soil. The
change of concentration in the second and following soil layers (index i, with i > 1) is given by influx of solute
from the upper soil layer via leachate minus loss by leaching to deeper soil layers and transpiration. Soil
*

concentration C S,i at time t is accordingly:

C S*,i t   C S*,i t  1 

Leachi t   qi t 
Leachi 1 t 
KWS ,i 1 C S*,i 1 t  1 
KWS ,i  C S*,i t  1
VS ,i
VS ,i
*

(14)

-1

The volume-based concentrations in bulk soil, C S (mg L ) can be converted to soil dry weight, CS (mg kg
-1

-1

dw ), by dividing by the dry soil density ρS,dry (kg dw L ). For solutes, the Courant criterion needs to be
fulfilled, which says that in one step not more compound can flow out of a layer than is in it. This limits
thickness of the layers and time step.
Plant Uptake. The fate of the chemical in plants is simulated with the Multi-Cascade model (same equations
as above). The input from soil to plants is via transpiration stream: the sum of chemical dissolved in the
transpired water is constant input (for that period) into the roots. From then on the simulation proceeds as
described. Additional input is via the soil resuspension factor at the end of the simulation period. There is no
transport back from plant to soil, and the simulation stops when the plant is harvested. Note that, due to the
matrix solution, changing soil volume, and negative plant growth, can not be considered.
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From Legind et al. or Trapp & Eggen 2012 SI: Field simulation study and model parameterization
Table. Meteorological input data, averaged per half-month, measured in Feucherolle, France, between 1999
and 2000.

Month
Aug
Aug
Sep
Sep
Oct
Oct
Nov
Nov
Dec
Dec
Jan
Jan
Feb
Feb
March
March
April
April
May
May
June
June
July
July

End day (d)
15
31
46
61
76
92
107
122
137
153
168
184
199
212
227
243
258
273
288
304
319
334
349
365

Precip (L/d)
6.31
0.30
2.71
4.86
1.19
1.88
1.52
1.31
3.25
6.34
0.72
0.50
1.67
1.97
0.67
1.85
3.28
3.20
3.89
2.20
2.95
0.04
6.21
3.09

Evap (L/d) Air temp (°C)
1.71
22.1
1.60
19.8
1.39
20.7
0.94
17.2
0.69
13.5
0.56
11.7
0.34
9.2
0.21
5.6
0.23
7.0
0.19
4.7
0.19
5.3
0.23
3.7
0.28
6.2
0.48
6.7
0.63
8.0
0.74
9.0
0.88
9.5
1.04
12.8
1.33
18.2
1.24
16.8
1.39
18.6
1.78
19.8
1.21
18.0
1.53
19.0

Table. Properties of soil layers. Depth, dry density S,dry, field capacity FC, permanent wilting point PWP and
organic carbon OC of soil layers; typical values, except OC (Trapp & Eggen 2013).
Depth

S,dry

FC

PWP

OC

cm

kg/L

L/L

L/L

g/g

1

0-20

1.3

0.35

0.15

0.007

2

20-40

1.3

0.35

0.15

0.0035

3

40-60

1.3

0.35

0.15

0.0035

4

60-80

1.3

0.35

0.15

0.0035

5

80-100

1.3

0.35

0.15

0.0035

Soil layer

Table. Plant parameters for the field simulation (year 1999/2000, winter wheat).
Parameter
Transpiration coefficient
Final root mass
Final mass of stem
Final leaf mass
Final mass of grains

Unit
-1

L kg fw

Value

Source

100

Larcher (1996)

-1

-2

2.35

Legind et al. (2012)

-1

-2

2.33

Legind et al. (2012)

-1

-2

0.26

Legind et al. (2012)

-1

-2

1.45

Legind et al. (2012)

kg fw m
kg fw m
kg fw m
kg fw m
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Water balance. The water balance is shown in Figures below. Precipitation occurs all over the year, but with
a minimum in June and high rainfall in July (top Figure). Evaporation from soil surface is highest in August
1999 (bare soil) and spring 2000, but none in summer 2000 (vegetated soil). This is because the water in the
top soil layer is depleted. Transpiration of water occurs as long as the plant grows, that is from May to June,
with peak end of May. Leaching of water to groundwater occurs in the cold season, from October to April, but
stops as soon as transpiration gets higher. Harvest is in July

The water content WC of the soil layers at the end of the half-month periods is seen in the middle Figure. All
layers start with WC at the permanent wilting point (WC is 0.15 L/L, not shown), but soil layer 1 (top) and 2
are filled up within the first 15 days, due to heavy rainfall the first August weeks. It takes until October to refill
layer 3, 4 and 5, and in this order. Until the start of the growth season, the soil remains water-saturated.
Then the soil layers are rapidly depleted, starting with the top soil layer in March and all layers until May. In
July, due to heavy rainfall and while the plants are ripening, the 3 top layers refill partly.
The driver for the depletion of the soil layers from water is the transpiration. The lowest Figure shows the
water uptake by roots for the five soil layers in the period between March and July. The difference between
FC and PWP corresponds to 40 L water per layer, and that is the maximum that can be taken up during a
period of two weeks. During March, the crops can satisfy their water needs from the top soil layer 1. In April,
layer 2 is also depleted. In May, transpiration peaks with up to 12 L/d, and water is drawn from all five layers.
Second half of May, the soil layers are empty, and additional 134 L of water are taken from below 1 m depth.
Rainfall in June provides water for uptake in layer 1 and (little) 2. End of June is dry, and very little water is
available. However, plants get into the ripening phase, where the water needs is low.
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Figure. Elements of the water balance. Periods last 1/2 month each. Top a) Precipitation, actual
evaporation, leaching out of soil layer 5, transpiration by plants, all in L/d. Middle b) Water content of the five
soil layers over time, unit L/L; upper limit field capacity is 0.35 L/L, lower limit permanent wilting point at 0.15
L/L. Bottom c) transpiration separated for the five soil layers. Unit is L (per period, 1/2 month).
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CHAPTER 10 Other Models
10.1 The Potato Model
The potato model was described in Trapp et al. (2007). It is based on a solution for diffusion into a
sphere. Diffusion coefficients in potatoes are estimated from partitioning to potato tissue and
tortuosity.
Diffusion coefficient in potato tissue
Under the assumption that diffusion only takes place in the water-filled pores (this implies that
transport in solids and in air filled pores is negligible, which is the case due to small air pore space
of potatoes), the effective diffusion coefficient in the potato tissue, DP, is

DP  DW  TW  fW
where TW is a tortuosity coefficient to account for the porosity of the medium, and fW (kg L-1) is the
fraction of chemical dissolved in the water phase of plant tissue, calculated as

fW 

CW , P
CP



W
K PW

where CW,P (mg/L) is the concentration of the chemical in the water phase of the potato tissue, CP is
the total concentration in potato tissue (mg/kg) and W is the pore water fraction of the potato tissue
(L kg-1). The tortuosity factor is calculated using the method of Millington and Quirk:

T

W 10 / 3
(W  G ) 2

 W 4/3

where G is the gas pore volume fraction (L kg-1), which is small and neglectable. It should be noted
that this expression is not unit-true (it probably originates from a regression), which is ignored here.
Summarized,

DP 

DW  W 7 / 3
K PW

KPW is the partition coefficient potato to water. Potato is composed of water, carbohydrates and
traces of lipids. The phase equilibrium to water (the partition coefficient potato to water), KPW (L
kg-1), can be estimated from
K PW 

CP
b
 W  f CH  K CH  L  a  K OW
CW

where CP (mg kg-1 fresh weight) and CW (mg L-1) are the chemical concentrations in potato and
water; W is the water content of potato (L kg-1); fCH is the fraction of carbohydrates; L is the lipid
content (including waxes and lignin) (kg kg-1); b is an empirical value describing differences
between root lipids and n-octanol and is 0.77 (as in the root model), a = 1/Octanol = 1.22 L kg-1; KCH
is the partition coefficient of carbohydrates to water. Chiou et al. (2001) give values for KCH = 0.1
for log KOW < 0 to KCH = 3 for log KOW > 3. The carbohydrate fraction usually plays a minor role.
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Uptake model for potato
The diffusion coefficients in potatoes can be used to estimate the accumulation of pollutants in this
foodstuff. We consider the potato to be a sphere and assume a purely diffusive uptake from soil
through the peel.
Generally, the uptake of chemicals from a surrounding medium into an organism can be described
by a compartment system:

dC2
 k1C1  k 2 C2
dt
where k1 is an uptake rate and k2 is a depuration rate. In our case, compartment 1 is the soil, and
compartment 2 is the potato. In steady-state (dC/dt = 0), this leads to the equation for the
bioconcentration factor BCF

BCF 

C 2 k1

C1 k 2

This BCF describes the situation when forward- and back-diffusion are balanced; the situation is
equivalent to phase equilibrium.
The equilibrium BCF of potatoes (kg kg-1) in soil can be calculated from
BCF 

C P K PW

C S K SW

From the radial diffusion model, an estimate for k2 can be deduced

k2 

23  DP
R2

R is the radius of the potato (m). Now follows for k1

k1  k 2  BCF
These equations describe the equilibrium between uptake and depuration of a compound, which is
here identical to the equilibrium between potato and soil. Additional processes, i.e. 1st order
degradation, may be added. For potatoes, dilution by growth is relevant. For exponential growth,
the growth rate kG can be added to the depuration rate, and the steady-state concentration ratio
(bioaccumulation with growth) BCF*, is

BCF * 

k1
k 2  kG

Equation 11

This BCF* is used as "potato model" and considers diffusive in- and outflux plus dilution by
growth. It is thus similar to the root model, which considers advective in- and outflux plus dilution
by growth.
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Table. Data for BCF calculation for potato
Parameter
Symbol
W
Potato water content
L
Potato lipid content
fCH
Potato fraction of carbohydrates
kGrowth
Potato growth rate *
R
Potato radius
fOC
Soil organic carbon content
WS
Soil pore water
Soil wet density
wet
Soil dry density
dry
* calculated from a potato doubling time of 5 days.

Value
0.778
0.001
0.154
0.139
0.04
0.02
0.35
1.95
1.6

Unit
-1
L kg
-1
kg kg
-1
kg kg
-1
d
m
-1
kg kg
-1
LL
-1
kg L
-1
kg L

The Figure shows a calculation of the BCF and BCF* potato to soil versus log KOW using the data
given in the Table. For very polar compounds, the calculated BCF is > 1, due to the higher water
content of potatoes, compared to soil. For more lipophilic compounds, the BCF decreases. This is
due to the low lipid content of potatoes (0.1%), relative to the organic carbon OC of soil (2%). For
log KOW > 4 there is an increasing difference between BCF (equilibrium) and BCF* (with growth).
This is because the depuration rate k2 (calculated from the diffusion coefficient in potatoes)
decreases with increasing log KOW (increasing KPW), while the growth rate is independent of
chemical properties.

BCF potato-soil

10
1
0.1
0.01
0.001
0.0001
1

2

3

4

5

6

7

log Kow
equilibrium

with growth

Figure. Calculated BCF potato to soil with growth ("potato model") and without growth (chemical
equilibrium).

Exercises to Chapter 10.1
Sensitive parameters
Open the potato model (it's part of "Plant uptake models 12.xls").
1) What is the BCF* for BaP, TBA and MTBE?
2) What is the difference of BCF (equilibrium) and BCF* (dynamic solution) for BaP and MTBE?
Why is the ratio BCF/BCF* not constant?
3) BaP. Which of the four plant parameters radius R, water content W, lipid content L and
carbohydrate content fCH is least important?
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CHAPTER 10.2 The "Fruit Tree model"
There are two versions of the fruit tree model: the first version (Trapp et al. 2003) considers solely
uptake from soil into fruits. The second version (Trapp 2007) considers additionally exchange to
air. This second Fruit Tree model uses a new approach (units, processes, implementation), which is
the basis for all subsequent models from our team.
Fruit trees are complex organisms, and the Fruit Tree model is also quite complex. It is composed
of eight compartments (see Figure). We refer therefore to the reference (Trapp 2007) and apologize
for not describing the model here in this script. It would take about 30 pages - i.e. half of the script.

Figure. Structure of the Fruit Tree model.
An important outcome of the Fruit Tree model is that polar, non-volatile compounds accumulate in
fruits from soil; if uptake is from air, it is non-polar (lipophilic) non-volatile compounds (see
Figure).
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Figure. Result of the Fruit Tree model for (left side) concentration in soil is 1 mg/kg, air is zero and
(right side) concentration in soil is zero and concentration in air is 1 g/m3.
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CHAPTER 11 Ionic Compounds
(based on the Trapp (2004), Trapp & Horobin (2005), Trapp et al. (2008))
Some compounds, if dissolved in water, increase the electric conductivity and were named
"electrolytes". Electrolytes comprise acids, bases, ampholytes and salts. A further separation is
possible into weak and strong electrolytes, the former being partly dissociated in aqueous solution
under normal pH conditions, while the latter dissociate (almost) completely.
Between 20% and 50% of all organic compounds on the market are electrolytes. Some product
classes are typically ionizable compounds. For example, systemic herbicides are typically weak
acids (Hsu and Kleier 1996) and systemic fungicides are weak bases (Chamberlain et al. 1998).
Many pharmaceuticals are weak bases (in particular those derived from alkaloids) or ampholytes
(Newton and Kluza 1978). Detergents are often of a cationic or anionic type.
Only a few plant uptake models are applicable to ionic or ionizable organic compounds (Trapp
2004). To mention are the model of Kleier (1988) for phloem transport, the Satchivi model for
pesticide spray application (Satchivi et al. 2000 ab) and the Fick-Nernst-Planck model ("Cell
model") by Trapp (2000, 2004).
The organic ionics have unique properties and undergo processes which are different from those of
neutral compounds:
- ionizable compounds occur in (at least) two species, namely the neutral and the ionic molecule
- the concentration ratios of these two or more species change with pH
- ions are attracted or repelled by electrical fields, while neutral compounds are unaffected
- different permeabilities of neutral and ionic molecules may lead to accumulation of electrolytes
inside living cells, which is known as ion trap effect.
- ions, and in particular multivalent ions, are subject to larger changes in their "active
concentration" (the activity) with ionic strength (in sea water or in body fluids) than neutral
compounds
- ions are much more polar than the corresponding neutral molecules
- ions have no measurable vapor pressure and thus do not tend to volatilize. If formed in atmosphere
they thus partition irreversibly to aerosol particles, fog, rain or snow.
To describe their transport, we use an approach based on the activity of ions. The basics is the socalled "cell model".

Basic concept
The following equations relate to monovalent ions. For bivalent ions see Trapp, Rosania et al.
(2008).
Dissociation
The activity ratio between ionic (index d) and neutral molecule (index n) is calculated by the
Henderson-Hasselbalch equation:
log

ad
 i ( pH  pK a )
an
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where a is the activity, d is the index for dissociated (synonym ionic), n for neutral, i is +1 for acids
and -1 for bases; pKa is the negative logarithm (log10) of the dissociation constant. It follows for the
fraction of neutral molecules Fn that
Fn 

1
1  10

i ( pH  pKa)

In pure water, the fraction of dissociated molecules Fd is 1 - Fn. Else, the Henderson-Hasselbalch
equation applies: Fd  10 i ( pH pK )
a

Fn

From concentration to activity
For solutes, it is convenient to use activity in the unit mol L-1 or mol m-3. In non-dilute solutions,
molecules interact with each other. The chemical potential is reduced, due to these interactions, and,
for ions, the activity a is lower than the concentration C:
a  C

where  is the activity coefficient (-). The activity coefficient of the ion, d, can be calculated with
the modified Debye-Hückel equation. Several approximations exist, among them the Davies
approximation:


I
log  d   A  z 2 
 0.3  I  for I ≤ 0.5 M
1 I


where A depends on ambient pressure and temperature, A = 0.5 for 15 to 20° and 1 atm. With an
ionic strength I of 0.3 M, d is 0.74 for a monovalent and 0.30 for a bivalent ion.
For neutral compounds, too, the activity differs from the dissolved concentration at high ionic
strength. The activity coefficient of the neutral compound, n, is found by the Setchenov equation:
 n  10 kI

where k is the Setchenov-coefficient, that increases with the size of the molecule. For smaller
molecules, k = 0.2 (taken as default), and n in plant saps with I = 0.3 M is 1.23. This means, in
water with high ionic strength, the activity of neutral molecules is higher than in salt-free water.
This is the reason for the well-known "out-salt"-effect of neutral organic chemicals in salt water.
Activity and adsorption
Not only in pure water, but in all phases, activity is related to the truly dissolved concentration. If,
for example in soil or in plant cells, the molecule is partly adsorbed, the activity can still be
calculated. The relation between the activity a (kg m-3) of free (truly dissolved) molecules and the
total concentration Ct (kg m-3) can generally be defined by fractions f, which consider dissociation,
ionic strength and sorption to lipids, so that a  f  Ct .
The total (measurable) concentration Ct of the compound is comprised of the neutral (n) and
dissociated (d) molecules, both kinds can be free (Cfree) in solution or sorbed (Cads):
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Ct = W × Cfree,n + L × Cads,n + W × Cfree,d + L × Cads,d
where W and L are the volumetric fractions of water and lipids (L L-1).
With L × Cads = K × Cfree we can write
Ct = W × Cfree,n + Kn × Cfree,n + W × Cfree,d + Kd × Cfree,d
Furthermore, using Henderson-Hasselbalch's equation and a =  × Cfree, we receive for the relation
between the activity an of the neutral molecules and the total concentration the "activity capacity" f:
f n  a n / Ct 

1
W /  n  K n /  n  10

i ( pH  pKa)

 (W  K d ) /  d

The respective relation for the ions, with ad  an  10i ( pH  pKa) is f d  ad / Ct  f n10i ( pH pKa) .
The values of Kn and Kd are calculated from lipid content using the log Kow:
K n  L  K OW ,n

K d  L  K OW .d
Note that the Kd here describes the adsorption of the dissociated molecules and is not related to the
Kd (distribution coefficient in soil).
Diffusive exchange of electrolytes across membranes
The diffusive flux of neutral molecules (index n) across membranes, Jn, is described by Fick’s 1st
Law of Diffusion:

J n  Pn (a n,o an,i )
where J is the unit net flux of the neutral molecules n from outside (o) to inside (i) of the membrane
(kg m-2 s-1), Pn is the permeability of the membrane (m s-1) for neutral molecules, and a is the
activity of the compound (kg m-3).
The unit net flux of the ions (index d, for dissociated) across electrically charged membranes, Jd, is
described by the Nernst-Planck equation. An analytical solution for constant electrical fields is
(Goldman 1943, Hodgkin and Katz 1949, Briggs et al. 1961)
J d  Pd

N
( a d , o  a d ,i e N )
e 1
N

where Pd is the permeability of the membrane (m s-1) for dissociated molecules, N = z E F / (R T); z
is the electric charge (synonym valency, for acids -, for bases +), F is the Faraday constant (96
484.4 C mol-1), E is the membrane potential (V), R is the universal gas constant (8.314 J mol-1 K-1)
and T is the absolute temperature (K).
The total flux J of the compound across the membrane is the sum of the fluxes of the neutral
molecule and the ion, Jn and Jd:
J  Pn (an,o  an,i )  Pd

N
(ad ,o  ad ,i e N )
e 1
N
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Diffusive equilibrium for ionisable compounds
Let us generally define the endpoint of diffusion as the equilibrium between compartments (i.e. the
state with the highest entropy). The driving force for diffusive exchange is the activity gradient. It
follows that diffusive exchange stops when ao = ai, activities are equal. For neutral compounds
J n  Pn (a n,o an,i )  0  an,o  an,i

where o denotes outside and i inside the compartment. For concentrations, using a = f ×C

C t , o f n , o  C t , i f n ,i
It follows that the equilibrium partition coefficient KEq,n of neutral compounds is the inverse ratio of
the activity capacity values f:
C t ,i
C t ,o



f n ,o
f n ,i

 K ioEq ,n

For ions, too, the flux stops when equilibrium is reached. But diffusion is calculated with the
Nernst-Plank-equation, thus
J d  Pd

N
( a d , o  a d ,i e N )
e 1
N

The endpoint of diffusion is reached, with N = z E F / (R T), when

ai , d
ao , d

e

 zEF
RT

This is the well-known Nernst ratio (Nernst, 1889). Due to the exponential relation, the theoretical
accumulation can be quite high, in particular for high electrical potentials, and for polyvalent bases
(z ≥ +2). For example, with a field of -120 mV (-0.12 V), the equilibrium activity ratio is 115 for z
= +1, but 13 373 for z = +2.
Thus, if only ions are present, for the concentration ratio follows

Ct ,i
Ct , o



f d ,o
f d ,i

e

 zEF
RT

 K ioEq ,d

Equilibrium in binary systems
Diffusion of both neutral compound and ion is calculated with the above equation. With a  f  C ,
the flux into the compartment is
J i  Pn f n,o Co  Pd

N
f d ,o C o
e 1
N
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and the flux out is
J o  Pn f n,i Ci  Pd

N
f d ,i e N C i
e 1
N

In equilibrium, influx and outflux are equal, and therefore

K

Eq
io

f n,o  Pn  f d ,o  Pd  N /( e N  1)
Ci


Co f n,i  Pn  f d ,i  Pd  e N  N /( e N  1)

Equation 13: Equilibrium electrolytes

For dissociating compounds, the equilibrium concentration ratio is a complex function of the
fractions in solution, f, the permeabilities for diffusive exchange, P, and of valency z and charge E
zEF
(because N 
).
RT
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Cell Model
The cell model describes distribution within a cell. This may be a plant cell (cytosol, lipids, vacuole,
mitochondria, nucleus) or an animal cell (cytosol, lipids, lysosome, mitochondria, nucleus). The
major difference is that the acidic vacuole of plants covers about 50% to 90% of the cell volume,
while the similar organelle in animals, the acidic lysosome, only covers 0.5% - 1 %.
Steady-state solution
In the absence of degradative processes, the steady-state concentration ratio between cytoplasm and
outside is identical to the flux equilibrium, KioEq, where o is outside the cell and i is the cytoplasm.
For the partitioning between cytosol and soil, Kcs, soil is o outside and cytosol is i inside. For the
partition coefficient between vacuole and cytosol, Kvc, cytosol is o outside and vacuole is i inside.
Similarly, for xylem and phloem, cytosol is the outside compartment.
To derive the overall partition coefficient between xylem (and phloem; and vacuole) and soil
solution, the partition coefficient xylem to cytosol is multiplied with the partition coefficient cytosol
to soil solution:
C
Cytosol to soil
K CS  C
CS
C
Vacuole to soil
KVS  KVC  K CS  V
CS
C Xy
Xylem to soil
K XyS  K XyC  K CS 
CS
C
Phloem to soil
K PhS  K PhC  K CS  Ph
CS
Dynamic solution
If o denotes the outside of the cell, c the inside, m the mitochondria (or any other organelle), and J
the corresponding unit fluxes across surface area A, then the
change of mass in the cytoplasm mc =
+ flux from outside – flux to outside – flux to mitochondria + flux from mitochondria
dmc
Eq. 14a cytoplasm
 Ac  J o,c  Ac  J c ,o  Am  J c,m  Am  J m,c
dt
change of mass in the mitochondria mm = + flux to mitochondria – flux to cytoplasm
dmm
Eq. 14b mitochondria
 Am  J c ,m  Am  J m,c
dt
Concentration C = m/V, where V is the volume, and therefore
dCc
 Ac  J o,c / Vc  Ac  J c ,o / Vc  Am  J c ,m / Vc  Am  J m,c / Vc
dt

dCm
 Am  J c ,m / Vm  Am  J m,c / Vm
dt

Eq. 14c

Eq. 14d
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In the cell model, this coupled linear differential equation system is solved analytically. All
equations are implemented as a spread-sheet version.

Figure. Molecule species and model processes in the soil - solution - cell system shown for a weak acid. AH
is the neutral molecule, A is the dissociated anion, f( ) means "function of". Source: Trapp (200. 2004)

11.2 Electrolytes in soil
The soil pH varies usually between 4 and 10, with most soils being slightly acidic (pH 6 to 7). The
ratio between neutral and dissociated compound is calculated as described by the HendersonHasselbalch equation.
The Koc of electrolytes is calculated using special regressions (Franco and Trapp 2008), namely
log K OC  0.54 log K OW  1.11 for the acid, neutral molecule
Eq. 15a
log K OC  0.33 log K OW  1.82 for the base, neutral molecule
Eq. 15b
log K OC  0.11 log K OW  1.54 for the anion
Eq. 15c
log K OC  0.47 log K OW  1.95 for the cation or
Eq. 15d
log K OC  pK a0.65  f 0.14

Eq. 15e

where log KOW is the octanol-water partition coefficient of the neutral molecule, and f is calculated
from the apparent KOW at pH 7 (the DpH=7): f = D/(D +1).
From the regressions follows that anions sorb only weakly. Cations show the strongest sorption, for
a given log Kow. The first regression for cations considers the lipopihlic interactions, while the
second does more consider the electrical attraction to organic matter.
The log D is composed of the contribution of the neutral molecule, KOW,n and the contribution of the
ionic molecule, KOW,d
D  Fn  K OW ,n  Fd  KOW ,d

From experimental values, the average relation between log KOW,n and log KOW,d was found to be
log KOW,d = log KOW,n − 3.5.
69

Concentration in soil pore water of ionizable compounds
For a liter of dry soil (index Mvol), we had (in section 1)
C Mvol / CW  K OC  OC   dry

where concentration in soil matrix, CMVol and in soil pore water, CW were in the unit [mg/L]. This
changes for weak electrolytes to

C Mvol / CW  ( f n  K OC ,n  f d  K OC ,d )  OC   dry
Consequently follows for the concentration ratio between water (mg/L water) and wet soil (mg/kg)
KWS of weak electrolytes:

CW
 wet
 K WS 
 f n  K OC ,n  f d  K OC ,d  OC   dry  PW
C Soil

[mg/L : mg/kg

= kg soil /L water]
Equation 16 a

Advective fluxes (namely: the uptake of water by roots) are related to the dissolved concentration
CW. Diffusive exchange, however, will be related to the activity a of a compound. We can write for
the relation fn between activity an [mg/L] and total concentration in bulk soil Csoil [mg/kg]
f n  an / CSoil 

PW /  n  K OC ,n  OC   dry /  n  10

 wet
i ( pH  pKa)

 PW /  d  10i ( pH  pKa)  K OC ,d  OC   dry /  d
Equation 16 b

Again holds for fd (fraction of freely dissolving ions)
f d  ad / Ct  f n10i ( pH pKa)

11.3 Data for a plant cell
The major compartments of plant cells are cytosol (< 10% to 50% of volume) and vacuoles (50% to
90% of volume), and both consist of an aqueous and a lipid fraction and are surrounded by a
biomembrane (see Figure). Plant cells are additionally surrounded by a cell wall and a
biomembrane called plasmalemma. The charge at the outside biomembrane of plant cells is about 120 mV. The cell sap (cytosol) has neutral pH (pH 7 to 7.4). Vacuoles are acidic (pH 4 to 5.5) and
surrounded by a membrane called tonoplast. The tonoplast is positively charged, relative to the
cytosol, with +20 mV in average. The ionic strength inside plant cells is 0.3 mol/L. Note that the
phloem sap is alkaline (pH 8) and the xylem sap is acidic (pH 5.5). Instead a mitochondrium and a
vacuole, also phloem and xylem can be calculated with the standard cell model (but I do not know
about the electrical charges at the respective biomembranes). As last compartment, chloroplast was
added. The chloroplast, which can make up to 40% of volume (in cells that make photosynthesis) is
actually a two-part compartment. Properties entered - high negative charge like mitochondrion, but
at the same time very low pH like vacuole - is for the thylakoid (the inner part).
Permeabilities
Important parameters in the cell model are the permeabilities of neutral compound and ion. Before a
chemical can enter the cytoplasm, it must cross the cell wall and the plasmalemma, both are in
series. The cell wall may be considered as an unstirred aqueous layer with polysaccharides
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providing additional resistance. A permeability value of 0.25 mm s-1 was calculated earlier (Trapp
2000). The permeability of an aqueous layer (“Paqua” in the model) is higher and therefore
disregarded here.
The permeability of biomembranes Pn (m s-1) for neutral organic compounds is calculated from the
compound lipophilicity. From diffusion velocities and membrane thickness, the following equation
was derived (Trapp 2004):
log Pn  log K OW ,n  6.7

log Pd  log K OW ,d  6.7  log K OW ,n  10.2

Similar regressions have been suggested by Kleier et aliii (Hsu and Kleier 1996).
For the permeability of the neutral molecule, Pn, the log KOW of the neutral molecule is used, and
for the permeability of the dissociated molecules, Pd, the log KOW of the ion (which is 3.5 log units
lowered). Therefore, the membrane permeability of ions Pd is always factor 3162times lower than
the corresponding Pn.
The data used in the "Cell Model Plant" are shown in the Table below.
Table. Data set for Cytosol and vacuole (xylem) of a plant cell used in the standard cell model for plants.
Cytosol
Mitochondria Vacuole
Chloroplast
(phloem)
(xylem)
Diameter
2E-05
1.1E-05
4.E-05
3.E-05 m
Volume
6.54E-17
5.2E-19
5.24E-16
5.24E-19 m3
area
7.85E-11
3.1E-12
3.14E-10
3.14E-12 m2
% volume
ca. 10
ca. 1
50-90
30-46 %
pH inside
7.4
8
5.5
4.5-5.5
pH outside
variable
7.4
7.4
7.4
lipid
0.05
0.05
0.05
0.13 g/g
water
0.95
0.95
0.95
0.87 g/g
Ion strength
0.3
0.3
0.3
0.3 mol
+0.02
E
-0.12
-.16 (-0.03)
(+0.12)
-0.1 V
Chloroplast data: Vredenberg WJ, Tonk WJM. 1975. On the steady-state electrical potential difference across the thylakoid
membranes of chloroplasts in illuminated plant cells. Biochimica et Biophysica Acta, 387:580-587. Charge: cytosol to

outside; all others to cytosol.
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11.4 Plant uptake models for electrolytes
Excerpt from Trapp S. Bioaccumulation of polar and ionizable compounds in plants. in: J.
Devillers, Ed.: Ecotoxicology Modeling. Springer, Dordrecht, 2009
In order to derive a dynamic model for plant uptake of electrolytes, the cell model was coupled to
the simple standard model described in Chapter 6. The cell model calculates the partition
coefficients, i.e. root to water KRW, leaves to water KLW, leaves to air KLA, Xylem to root KXyR,
Phloem to root KPhloR etc. These partition coefficients are then entered into the simple standard
model - and that's it.
Soil
The soil pH varies usually between 4 and 10, with most soils being slightly acidic (pH 6 to 7). The
ratio between neutral and dissociated compound is calculated as described by the HendersonHasselbalch equation.
The Koc of electrolytes is calculated using special regressions (Franco and Trapp 2008), namely

log K OC  0.11 log K OW  1.54 for the anion
log K OC  0.47 log K OW  1.95
for the cation, linear regression
pKa0.65 f 0.14
for the cation, nonlinear regression; f = D at pH 7 / (D at pH 7+1)
log KOC  10
log K OC  0.54 log K OW  1.11
for the acid, neutral molecule
log KOC  0.37 log KOW  1.70 for the base, neutral molecule

log K OC  log( n  10 0.37log Pn 1.70  ion  10 pKa

0.65

 f 0.14

)

As can be seen, cations show the strongest sorption, for a given log Kow.
You do not need to program this yourselves, you can use the Koc model at Antonio’s website:
http://homepage.env.dtu.dk/stt/Homepage%20anf/Website.htm

Roots
The mass balance for roots can also be written as
dC R
 C Xy ,in  Q / M  C Xy ,out  Q / M  k  C R
dt

For ionisable compounds, the concentration in xylem inflow is not necessarily equal to that in soil
pore water, because pH and electric field change at the root membrane, thus
C Xy ,in  K XyC KCS CS  F  K XyS CS

with C is index for cytosol, S for bulk soil and Xy for xylem. F is reduction factor for slow
permeability, see above. The concentration at the outflow of the xylem is in flux equilibrium to
root. Root cells are actually composed of cytosol and vacuoles, so that
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K XyR 

C Xy ,out
CcVc  CvVv
Vc  Vv

The new differential equation is

dC R
 F  K XyS CS  Q / M  K XyR C R  Q / M  k  C R
dt
which gives, in steady-state, for the bioconcentration in roots
BCF 

C R F  K XyS  Q

CS
K XyR Q  kM

Equation IX Root model for electrolytes

and for the concentration in the xylem outflux

C Xy  C R  K XyR

(mg L-1).

This model is still in development, so the processes might also be formulated differently. In order to
derive a valid model, dedicated experiments would be helpful but lack.
Shoots (leaves)
The mass balance of the shoots is + flux from soil ± exchange with air, and is reformulated for
ionisable compounds.
Transport of electrolytes from soil into shoots
The flux of chemical from soil into shoots via xylem is the concentration in the xylem sap
multiplied with the flow of water

dm
 C Xy  Q
dt
CXy has been calculated in the previous section.
Deposition from air
Concentration in air is an input data, and the deposition from air is (as before for the neutral
compounds):

dm
 A  g  C Air
dt
Loss to air
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To describe loss to air of weak electrolytes is tricky: only the neutral fraction of the compound will
volatilize (ions do not have a measurable vapor pressure). But how to find this fraction? The mass
balance will calculate the total concentration in leaves. But the distribution between neutral and
dissociated molecule will change within the cell compartments: cytosol, vacuole and xylem have
different properties. What happens? The xylem brings the solution upwards into the leaves. It will
require only diffusion through a few cells to reach either the holes of the stomata, or the cuticle.
Both are apoplast (outside the living cells). It is activity of the neutral molecules that drives
volatilization, and we relate it to cytosol.
We defined before:
a) the fraction of neutral compound in the cytosol (equation V, activity)
f n ,C  a n ,C / C t ,C 

1
W /  n  K n /  n  W  10 i ( pH  pKa) /  d  K d /  d

where K are the partition coefficients between lipids and solution, i.e.
b
K d  L  K OW
,d
.

b
K n  L  K OW
,n

and

b) the activity ratio between vacuoles and cytosol (equations VII and VIII)

f n,C  Pn  f d ,C  Pd  N /( e N  1)
CV

 KVC
CC
f n,V  Pn  f d ,V  Pd  e N  N /( e N  1)
c) the volume ratio cytosol to vacuole, which is an input data (1:9).
The total concentration in leaves is
C V  CV VV
CL  C C
VC  VV

VV
CV
 RV
 K CV
With volume ratio VC
and concentration ratio CC
follows
CC
VC  RV VC
1  RV
 K CL 

CL
VC  KVC RV VC 1  KVC RV

The activity of the neutral molecule in the cytosol is

an,C  f n,C  CC

or

an,C  f n,C  KCLCL

What is missing is to relate this to the activity in air. For neutral compounds, the ratio of activity in
air to the activity in water (cell solution) in equilibrium is

an , Air
 K AW
an ,W
Now the loss by diffusion to air is
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dm
 A  g  an,C  K AW
dt
Comparison to the method for neutral compounds
Compare this to the previous solution for neutral compounds

dm
  CL
  K AW  CL
 A g 
 A g 
dt
K LA
K LW
KLW was defined as

K LW 

CL
C
CW  L
CW , or
K LW

where CW is the concentration in the water phase in equilibrium with leaves. Per definition,
a  CW . Thus, if the activity coefficient  would be neglected (or set to 1), the equation for the
neutrals is

dm
  CL
 A g 
 A  g    K AW  CW
dt
K LA
This equation is identical to the equation derived for the electrolytes, except the unit of C L, here mg
kg-1, there mg L-1.

Shoots
The mass balance equation leads again to an inhomogeneous linear differential equation

dC L
 aC L  b
dt

Equation X Shoot model electrolytes

where loss rate a is

a

A  g  f n,C  K CL  K AW
VL

k

and source term b is

b  C Xy  Q / VL  C Air  g 

A
VL

The steady-state solution (t = ∞) is
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C L (t  ) 

b
a

Fruits
For fruits, the approach is modified: the xylem flow into fruits is only 0.1×Q (flow to shoots), plus
additional 0.1×Q for the phloem flow. The concentration in the phloem is calculated by using KPhC,
else as was done for xylem. The fruit surface area is 0.05 times the leaf area.
Parameterization of the plant uptake model for electrolytes
The data follows the suggestions in earlier work (Trapp and Matthies 1995, Trapp 2000, 2002).
Table 2a. Properties of the cell organelles as input data for the electrolyte plant model (Trapp
2000).
Parameter
Volume V
Surface area A
pH
Potential E
Ionic strength I
Water fraction W
Lipid fraction L

Cytosol
0.1
100
7.0
-0.12
0.3
0.943
0.02

Vacuole
0.9
100
5.5
-0.1
0.3
0.943
0.02

Xylem
0.023
20
5.5
0
0.01
1
0

Phloem
0.023
20
8
-0.12
0.3
1
0

Unit
L
2
m
(-)
V (to outside)
M
L/L
L/L

Table 2b. Properties of roots, shoots and fruits as input data for the electrolyte plant model.
Parameter
Symbol
Value
Unit
Reference
-1
Xylem flow to shoots Q
1
Ld
Trapp (2002)
-1
Growth rate
k
0.1
d
typical value
a)
Sorption parameter
b
0.85
Briggs et al. (1982)
-1
Growth rate roots
k
0.1
d
Trapp (2002)
2
Leaf area
A
5
m
Trapp and Matthies (1995)
Shoot volume
VL
1
L
typical value
-1
Growth rate leaves
k
0.035
d
Trapp and Matthies (1995)
-1
Xylem flow to fruits
QF
0.1
Ld
estimate
-1
Phloem flow to fruits QPh
0.1
Ld
estimate
Fruit volume
VF
0.5
L
estimate
2
Fruit surface area
AF
0.25
m
estimate
a) a compromise of the two values 0.77 and 0.95 of Briggs et al. 1982.

Exercises
1 Ion trap
a) Use the "Standard cell model" for plants. Enter data for the veterinary antibiotics trimethoprim
(log Kow 0.70, pKa 7.2, z 1, i 1). Set the pH outside (cell B32) to 5, 7 and 9. What happens to
concentrations in the cell and BCF?
b) Use the "Standard cell model" for plants. Enter data for the pesticide 2,4-D (log Kow 3, pKa 3, z
-1, i -1). Set the pH outside (cell B32) to 5, 7 and 9. What happens to concentrations in the cell and
BCF?
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2 Kinetics of uptake
Enter data for a base: log Kow 2, 0 -2, -4; pKa 12; z 1; i 1. Outside pH is 7. What are concentrations
at t = oo ? How fast is the uptake at the various log Kow-values?
3 Dissociation of bivalent ionics
A bivalent electrolyte, acid or base, has two dissociation processes (shown for the base):

H HB 



K1



H 2 B

H B 

HB 


K2

2



with two corresponding pKa–values, pKa1 and pKa2, giving the activity ratios
ad 1
 10 a ( pKa1  pH )
an
ad 2
 10 a ( pKa 2  pH )
ad 1

(the parameter a here is the opposite of i above, i.e. a is +1 for bases and -1 for acids; this doesn't
matter much).
What is the fraction of neutral compound, the fraction of the mono-dissociated compound and the
fraction of the completely (bi-)dissociated compound?

77

CHAPTER 12 Addition of metabolism and biodegradation
(based on Larsen et al. 2005 and Trapp, Feificova et al. 2008, salt paper)
So far we considered only first-order dacy rates (in form of a rate k that sums up metabolism and
growth dilution). However, enzyme reactions typically follow the Michelis-Menten kinetics, which
is only in some cases first order.
Michaelis-Menten kinetics
Let us assume that solutes dissolved in water are taken up into plants passively with the water,
unless there is a mechanism to discriminate (or concentrate) the solutes. The plant may either
metabolise or actively (by use of energy and enzymes) "pump out" undesired solutes from root
cells. The kinetics of enzymatic processes can be described by the Michaelis-Menten equation:

v

v max C
M
KM C

where v (g/d) is the removal rate of the substrate of concentration C (g/L), vmax (g d-1 kg-1) is the
maximal removal rate per plant mass, KM (g/L) is the half-saturation constant and M is the mass of
the plant (kg). This equation (the Michaelis-Menten kinetics) will lead to a first-order (exponential
decay) curve when C < KM; but it will lead to a linear decay when C > KM (see Figure).

Figure. Michaelis-Menten kinetics can be exponential (for C

< KM) or linear (for C > KM).

Michaelis-Menten in the mass balance
In the absence of metabolic removal by the plants, and if the uptake occurs exclusively with the
transpiration stream, the change of chemical mass m in the roots with time is inflow minus outflow
(root model, section 2, equation 3):

dm
 CW  Q  C Xy  Q
dt
where CW and CXy (g/L) are the concentrations of the chemical in the external solution and in the
xylem sap, and Q (L/d) is the flow of water with the transpiration stream. We assume furthermore,
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that the concentration in the root, CR, is related to the concentration in the xylem CXy by a constant
factor KRW. Thus, the mass balance is:

dmR
Q
 CW  Q  C R 
dt
K RW
where KRW (L/kg) is the concentration ratio between root tissue and transpiration stream.
Substituting chemical mass mR in the roots by CR/MR, where MR is the mass of roots (kg), results in
the differential equation for the chemical concentration in roots without metabolism, as we had it in
the Chapter 2 (root model):

dC R
Q
Q
 CW 
 CR 
 k R  CR
dt
MR
M R  K RW
where kR is the growth rate of the roots (1/d).
Adding the term for enzymatic removal yields for the mass of chemical

v  CR
dm
Q
 CW  Q  C R 
 max
MR
dt
K RW K M  C R
and for the concentration

v  CR
dC R
Q
Q
 CW 
 CR 
 max
 k R  CR
dt
MR
M R  K RW K M  C R
This is a non-linear equation, which describes uptake and metabolism of chemicals by plants.
In steady-state (dCR/dt = 0), we obtain

0

K M  Q  CW Q  CW  C R K M  Q  C R
C R2  Q



 K M  k R  C R  k R  C R2  vmax  C R
MR
MR
M R  K RW
M R  K RW

which leads to a quadratic equation of the general form aC 2  bC  c  0 with the two real
solutions

 b  b 2  4ac
C1 
2a
C2 

 b  b 2  4ac
2a

where

Q
M R  K RW
C Q
KM  Q
b W

 k R  K M  vmax
MR
M R  K RW
a  k R 
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c

CW  K M  Q
MR

Only the first solution C1, gives realistic (i.e. positive) values. The concentration in the roots CR (mg
kg-1) is proportional to the concentration in the xylem CXy (mg L-1)

C Xy 

CR
K RW

where KRW is the partition coefficient root to water (L kg-1).

Application
This equation was successfully used to describe uptake and metabolism of cyanide (Larsen et al.
2005), and uptake and "pumping-out" of NaCl (Trapp, Feificova et al. 2008).
In the study by Larsen et al., the Michaelis-Menten parameter (vmax, KM) were determined for
willow trees by using a closed-bottle test with plant material inside. The parameters could be used
to predict accumulation and toxicity of cyanide in living willow trees (see Figures).

Figure. Relation between external concentration of free cyanide and concentration in roots of exposed
willow trees. At low concentrations, all CN taken up by the trees is metabolized. Above a certain external
concentration, the enzyme system is overloaded, CN breaks through, and the plants die. Left side:
theoretical prediction using the model and measured Michaelis-Menten parameters (vmax, KM); right side:
comparison to experimental results. From Larsen et al. (2005).

In our study, the concentration of salt in solutions with trees (NaCl) and the toxicity to trees were
determined simultaneously. At low external salt concentrations, the external concentrations
increased when the plants transpired water. At high doses, the concentration remained almost
constant. The explanation was that the trees are able to pump low amounts of salt out of their root
cells, back into solution. At higher dose, this defense system collapses, and salt accumulates inside
trees. This was correlated to toxic effects (Figures). The Michaelis-Menten parameters (vmax, KM)
were determined by model fit ("inverse modeling").
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Figure. Relation between external concentration of salt (NaCl) and concentration in roots of exposed willow
trees. At low concentrations, all NaCl taken up by the trees is pumped out again. Above a certain external
concentration, the enzyme system is overloaded, salt breaks through, and the plants die. Left side: large
concentration range. Right side: zoom. From Trapp, Feificova et al. (2008).

How to find the breakthrough-point and the enzyme capacity
Inverse modeling to determine Michaelis-Menten parameters is actually a very elegant method:
Different to experiments with single cells or isolated enzymes, the real in vivo metabolic capacity of
the plants is determined.
For salt, we did like this: We have defined the breakthrough-point as the external concentration
above which the plant cannot exclude salt. The breakthrough-point must therefore be connected to
the maximal enzyme capacity vmax. Under the assumption that CW >> KM (as obtained by the fit) and
that KRW = 1 (salt does not adsorb to lipids in the cell), the mass balance simplifies to a linear
differential equation:

dm
 CW  Q  C R  Q  vmax  M R
dt
In steady-state holds
M
C R  CW  v max  R
Q
We could thus calculate vmax from this linearized solution by entering CW0 for the point where CR =
0 (the regression crosses the x-axis, CW0 is the x-axis intercept) and find

v max  CW 0 

Q
MR

The values for vmax calculated by this approach, were an average vmax for all experiments of 18.9 g
kg-1 d-1, which is quite close to the value fitted using the model directly (best fit), 20 g kg-1 d-1. It
has to be noted that the removal v (g d-1) is the product of vmax and root mass M, so the values may
differ for individual trees.
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We must admit that, despite intense search, we haven't seen often a good Michaelis-Menten
kinetics. The more usual case is that bacteria degrade compounds, or a combination of plants and
bacteria. Very often, the bacteria sit on roots (root zone degradation) or even inside the plants
("endiphytic bacteria"), and it seems as if plants would degrade the compound. But from the
kinetics it can be seen which organism class "does the job", because bacterial degradation follows
the Monod kinetics.
Kinetics of bacterial degradation - Monod kinetics
We know from the Endegrade project that millions of bacteria live on, but also in plants, mostly in
roots. It is often difficult to decide whether an observed degradation is really by plant cells, or by
attached bacteria. This opens opportunities: plants can be “vaccinated” with degrader bacteria to
degrade pollutants (phytoremediation) or pesticides. See work of Jaco Vangronsveld et al. for more.
Most bacteria are heterotrophic organisms, that means, they need an organic substrate to feed on.
This substrate can be xenobiotics, which are then used as nutrient source by degrader bacteria.
Bacteria have developed a wide range of enzymes that can chemically alter xenobiotics.
Xenobiotics can hereby be used as electron acceptor, electron donator, as energy source or as
precursor for other molecules.
The growth of bacteria depends on the availability of substrate. The bacterial growth or decay is
described by the Monod kinetics plus a decay term:

dB  max  C  B

 kdeath  B
dt
KS  C
where B is the bacterial mass (kg), max is the maximal growth rate of the bacteria, C is the substrate
concentration (mg/L), KS is the half-growth concentration (i.e., the concentration where the growth
is half of the maximum) and kdeath is a first order rate describing the death of bacterial cells by
arbitrary events, e.g., by grazing protozoa.
During growth, the bacteria metabolize the substrate. The kinetics of the enzymatic reaction can
again be described by the Michaelis-Menten kinetics.
The mass balance equation for the substrate mass m (mg) is then

v C
dm
  max
B
dt
KM  C
where vmax has the unit mg (kg bacteria)-1 d-1. As for plants, this enzymatic reaction velocity has an
upper limit. The relation between bacterial mass produced and chemical mass consumed is known
as growth yield Y [here: kg bacteria / mg chemical], and vmax can be expressed as

vmax 

 max
Y

This introduced into the latter equation gives

 C B
dm
  max

dt
KM  C Y
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This last equation shows that the loss of mass by bacterial metabolism has no upper limit, because
the number of bacteria B can increase, as long as substrate mass m of concentration C is available
(and some other resources, such as nutrients etc.). Therefore, the reaction velocity of the bacterial
degradation has (mathematically) no upper limit. In reality, there might be an inhibition of the
bacterial growth at higher xenobiotics' concentrations.
However, from an inspection of the bacterial growth equation it can be seen that the degradation by
bacteria has a lower limit: If the substrate concentration is from the beginning too low to allow a
growth of degrader bacteria, the number of bacteria will decline, and thus also the bacterial
degrader capacity. Therefore, higher xenobiotics pollution might be degraded faster and more
complete, than low contamination (see Figure).
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Figure. Bacterial population B and substrate concentration C at low (left) and high (right) initial C.

Comparison of Mass Balances of Plants and Bacteria
It is an interesting exercise to compare the degradation of a xenobiotic, which can be metabolized
by both bacteria and plants. The conclusions from thsi area:
- It is not only the presence of degrader pathways in plants or bacteria, that decides about the role
the organisms play in biodegradation. Kinetic aspects need to be considered, too.
- Even if plants are able to detoxify a xenobiotic substrate, plants always have an upper limit for
their detoxification capacity.
- Bacteria, which depend on the availability of substrate for their growth, have a lower limit for their
degradation capacity. Below this limit, a growth on that substrate is no more possible under
environmental conditions.
- Plants are not suited to treat "hot spots" of pollution: First, because toxic effects are to be
expected; second, because their metabolism is limited and slow at high pollution levels.
- Bacteria are well-suited to treat "hot spots". However, at low substrate concentrations, e.g.,
pesticides in the nanogram/L level in groundwater, bacteria may fail to degrade to "null"-levels.
- Plants might be favorable for low contamination levels (e.g., after initial clean-up of a site, as final
polishing step), because their metabolic capacity does not decrease with the pollution level.
- A combination of bacteria and plants might be most useful in bioremediation.
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Final words
This is a very condensed guide to plant uptake modeling of chemicals. If you are interested in the
topic, or wish to go deeper, have a look at the original literature. You may contact me
(stt@env.dtu.dk) to get copies of papers, excel files and help of any kind. For students free of
charge.
Thank you so much for your interest
Stefan
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