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Introduction

Growth of an individual plant is determined by competition with other individuals for
the local resources light, water and nutrients. As plants in their natural environments
are almost always submitted to biotic (e.g. pathogens) and abiotic stresses (e.g. elevated
atmospheric ozone), plants in general are situated in an internal conflict: should they
invest their available assimilates into growth to increase the capacity for further uptake
of external resources or should they invest into defensive compounds to minimize possible

damages caused by biotic or abiotic stresses?

In order to get a tool for testing hypotheses concerning the trade off between growth and
defence on the level of single plants and to assess susceptibility against stress under field
conditions on the level of canopies, a new model was developed that links concepts from
existing plant growth simulation models and a mechanistic approach to simulate environ-
mental effects on secondary metabolite concentrations. This model was called PLATHO
(PLAnts as Tree and Herb Objects), as it considers the general processes common to
all plants and handles different herbaceous and woody species solely as special cases of
the class of plants. The long-term objective of model development is to get a tool that
makes it possible to minimize risks of biotic and abiotic stress and to reduce management

requirements in economic plant systems.
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1 Model overview

PLATHO (PLAnts as Tree and Herb Objects) is a generic plant growth model, which
simulates C- and N-fluxes in shoot and mycorrhizosphere. It considers the general pro-
cesses common to all plants and handles different species solely as special cases of the
class of plants. Functionally equivalent plant species can be simulated by model re-
parameterisation using only different species-specific parameters. Differences in physio-
logical and ecological principles between plant classes (e.g. annuals and trees) are rep-
resented by modifications of single process formulations, without changing the overall
model structure. Thus, PLATHO was developed independent of a species to emphasize

similarities between trees and field crops.

PLATHO works on the level of physiological processes, which are integrated up to the
level of a single plant. It combines a new mechanistic approach to simulate environmen-
tal effects on synthesis of secondary metabolites on the whole plant level with concepts
from other, well established plant growth simulation models, mainly SPASS (Wang 1997;
Wang and Engel 2000; Gayler et al. 2002), CERES (Ritchie et al. 1987), SUCROS (Rab-
binge et al.) and TREEDYN (Bossel 1996). Starting from single plant individuals, each
characterized by an own parameter set, interactions of plants in a canopy are simulated.
Several plant species can be simulated simultaneously during one simulation run. In each
time step, a pool of assimilates available for growth, respiration and defense is calculated,
separately for each individual. The gain of resources resulting from photosynthesis and
retranslocation from storage organs and dying biomass as well as resource consumption
for growth, respiration and defense are calculated in units of glucose. In parallel, water-

and nitrogen uptake by roots are simulated.

All processes simulated by PLATHO are related to temperature and the availability of
the resources light, water and nitrogen. The model requires input data for climate (daily
values of radiation, minimum and maximum temperature, rainfall resp. irrigation and

relative air humidity), soil properties and data relating to fertilisation.

The model can be used to simulate growth of

1. single plant individuals without competition by neighbours

2. plant individuals competing for resources in canopies which are composed of
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e identical individuals (intraspecific competition)

e different individuals of one or more species (inter- or intraspecific competition)

Plant individuals can differ in species, ecophysiological and genetic parameters and in the
start values of their state variables. Plant individuals are arranged in a rectangular grid
with periodical boundary conditions (boundary effects are not considered). The distance
between the individuals is determined by canopy density. Different plant individuals are
simulated simultaneously. Competition effects are simulated considering interactions with

the four next neighbours of each individual (see figure 1).

A A A A A
A A Aj=1 A A
A RSN Ii«—»
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A A A A A

Figure 1: Arrangement of plant indi-
viduals in a rectangular grid and sym-
bols used for calculating interaction
with the next neighbours.

To simulate competition and genetic variation in canopies, more than one individual must
be defined in the input files. These individuals are grouped together in an elementary
grid which is periodically continued on the boundaries. For practical simulation purposes
it is useful to consider only a few different plant individuals (e.g. two species in a mixed
canopy, where all individuals of one species have identical parameters and start values,
or a monoculture with small and tall individuals). Figures 2 and 3 show examples for
elementary grids with three and four different individuals. The degree of competition
between individuals depends on canopy density. If only a single plant individual is defined
in the input files, a grid of identical individuals is simulated. Depending on canopy density

there will be either competition or no competition.



2 TECHNICAL REALIZATION
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Figure 2: Example for periodical
boundary conditions in a 3 species
(individuals) simulation

2 Technical realization
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Figure 3: Example for periodical
boundary conditions in a 4 species
(individuals) simulation

The model structure of PLATHO is highly modular. It is implemented in C within the

development tool Expert-N (Engel and Priesack 1993; Baldioli et al. 1995; Stenger et al.

1999). Expert-N consists of several modules for simulating different processes in the soil-

plant-atmosphere system, which can be coupled together in various combinations. Plant

processes simulated in PLATHO are governed by climate and soil processes, which can

be simulated using modules from Expert-N. The link between PLATHO modules (plant

process) and other modules of Expert-N (soil processes) is realized by defined interfaces.

This model structure makes PLATHO to be a useful research instrument, because it allows

to test several hypothesis for single processes of plant growth by changing single modules.
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3 Process description

Processes simulated by PLATHO are morphological development, phenological develop-
ment, respiration, biomass growth and allocation to biochemical pools, photosynthesis,

water uptake, nitrogen uptake, uptake of ozone and senescence, .

3.1 Morphology and canopy structure

Competition for external resources on the level of single plants relates directly to space
sequestration of the competing individuals. Therefore a simplified plant morphology is
considered within the PLATHO model. It is assumed that all biomass of a plant is located
in a cylinder with flexible height to diameter proportion HD [-], where HD depends on
development stage and competitive situation of the plant (3.1.3). The base area of this
cylinder, Apgn: [m? (3.1.1), defines the influence zone of the plant individual and is
used to calculated competition coefficients C; ; against neighbour individuals (above and
below ground, 3.1.2). Vertical distributions of leaf area (3.1.5) and root length (3.1.7)
are considered using species specific distribution functions. Plants are assumed to be
rotationally symmetric. The symbols used for the calculation of plant morphology are

shown in figure 4.

-
-
-

- H Figure 4: Geometry and symbols
used for calculating plant morphol-
ogy. H [m] is the actual height of
the plant, zr [m] the actual depth
of the root system. N simulation
layers are considered above ground
and L layers below ground. [, is
the deepest rooted soil layer. h [m]is
the height over the ground and z [m]
the depth in the soil. The distance
x [m] from the center of the plant is
used for the calculation of compe-
tition coefficients, Apjan: [m?] is the
basal area of the cylinder and de-
scribes the zone that is influenced
by the plant individual.
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An example for the competitive situation in a mixed canopy (two species with individuals

differing in size) shows figure 5.

v

Figure 5: Example for competition between two species

3.1.1 Plant area

The base area Apjqn: [m?] of the cylinder representing the shape of the plant, is calculated
from stem diameter dg [m] assuming a constant crown-to-stem diameter-ratio reyg [].

However, the radius of a plant cannot exceed the distance between two plants.

2
’ (TC/S ) dS) lf ds < 7‘C/S'\/QQCano
APlant = " (]-)

: 2
ifdg > —=——
Oplant S = Tc/S +/@Canopy

ISE

where 0canopy [plants -m~2] is the density of the canopy.

3.1.2 Calculation of competition coefficients
Plant areas of two individuals ¢ and j are overlapping if the distance d [m] between the
individuals is lower than the sum of both radii r; [m] and r; [m].

The competition coefficient between two (competing) individuals ¢ and j is given by
equation 2, where A, ; (equation 3) is the cross section of both plant areas and x = ¢ (see

figure 6) is given by equation 4.

0 1f7’l+7’]§d

Cij=1 &2 if (ri+r;>d)A(r;—ri < d) (2)

1 iij—TZ‘Zd
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A\ 4

Figure 6: Geometry and symbols used for the calculation of competition coefficient be-
tween individuals ¢ and j. r; is the radius of the zone influenced by individual ¢, d the
distance between individuals and A; ; the intersection of both plant areas. x is the distance
from individual ¢ towards individual j.

with
T £
Aj=2- /\/r?—xde—i— / \/r]z—(rj—:c’)2dx’ (3)
13 d—rj
and
r2 4+ d* —r?
=" ()

2-d
3.1.3 Plant height growth

The calculation of the increment in stem height follows Bossel (1996). Under light com-
petition (C, > 0), plants are assumed to grow in height until they reach the maximum
height-to-diameter ratio H D4, [-]. If HD,,4 has been reached, further growth will
continue at HD = HD,,,,. If there is no competition for light (C; = 0), plants are
assumed to pursue diameter growth until their minimum height-to-diameter H D,;,, [-]
has been reached. A single plant without light competition grows at height-to-diameter
ratio HD = HD,,;,. For annual plants, HD,,,, depends on actual height of the plant.
For trees, H D,,q, is constant during the simulation period. The light competition factor
C, [] is calculated from the competition factors C; ; [-] (see equation 2), the actual leaf

area index LAI; [m?(leaf) - m~?(soil)] (see equation 12) and the actual heights H; [m] of
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the next neighbours:

W~

Ci, - LAIL; -min {1, H;/H;}
1

Cp =1

4
> LAIL
j=1

Case 1 (only diameter growth):

dH
=0 if HD>HD,, or Cr=0AHD>HD,, (6)

Case 2 (only height growth):

dH 4.9
dt:7dtd2 if HD<HDpy, or Cp>0AHD < HD,, (7)
- Qs - ag

Case 3 (height/diameter is constant):

dH 4. Ws
E:ﬁ if Cp,=0AHD=HD,,,or Cr,>0AHD = HD,.. (8)
T 05 - dg

HD is calculated from actual plant height H [m] and stem diameter dg [m]:

H
HD=— 9)
ds

3.1.4 Stem diameter

Stems are assumed to be cylinders having the same height as the plant. Thus stem
diameter dg [m] can be calculated from stem weight Wg [kg] and stem density og [kg -

m~—3:

4-Wg
de=/— 2 10
s W'H'QS ( )

where H [m] is the actual plant height.
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3.1.5 Leaf area and leaf area distribution

Total (living) plant leaf area Ay [m?] is calculated from actual leaf weight Wy, [kg], as-

suming a mean specific leaf weight, A% [kg - m~2 (leaf)]:
AL =WL/\, (11)

For calculating the leaf area index LAT [m?(leaf)-m~2(soil)], total plant leaf area is divided

by the area, which can be potentially covered by the plant:

AL/APlant if APlant > Qg'clmopy
LAI = (12)

. 1
AL * OCanopy if APlant < OCanopy

where Apan: [m?] is the base of the cylinder representing the shape of the plant and

OCanopy 15 [m~2] is the number of plant individuals per square meter.

The cumulative leaf area Aj .., [m?] over height h [m] is assumed to follow a species

specific leaf area distribution function:

Br
1 + e—4-(h/H—pL)

AL,cum(h) = o+

with

(6—4-(1—pL) +1) . (e4.pL +1)
e—4(-pL) — 4L

B = Ar-

B
T T R (13)

where H [m] is the actual plant height and py [-] is an input parameter that describes
the relative height of maximum leaf area density. The species specific form of leaf area

distribution is approximated using different values of py.

The cumulated leaf area index LAI.,, [m*(leaf) - m2(soil)] above h (equation 14) and

leaf area density a, [m?(leaf) - m™'] at height i (equation 15) are derived from Ay, cym(h):

LALym(h) = Azcuim(h) (14)
Plant
aL(h> = iAL,cum(h> (15>

dh
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3.1.6 Specific leaf weight

Specific leaf weight depends strongly on light availability and nitrogen availability within
leaves. In the model it is assumed that in deeper leaf layers, where incoming radiation is
low, plants compensate this scarcity by thinner leaves (increased leaf area per unit leaf
biomass, i.e. decreased specific leaf weight). Further it is assumed that plants compen-
sate also low nitrogen concentrations in leaves by decreasing the specific leaf weight to
maximize photosynthic capacity per unit nitrogen in leaves. Therefore the mean spe-
cific leaf weight, A3, [kg - m™2 (leaf)], is estimated from actual leaf area index LAI,
[m?(leaf) - m™2(soil)] and the mean nitrogen concentration in leaves, vp . [kg(N)-kg].
The dependency of specific leaf weight from height h is assumed to follow an exponential

distribution function.

ANw = max{Arwmar - (1 —an - LAI); )\*Lw,min}

with

o o 2 VL,opt — VL,act — VL,min (16)
N =
4- VL opt * LA]crit

— *

where ay is a function of v, 4 which provides A7, = A7, ;n:, in case of pessimal nitrogen
of leaves (Vi get = Vimin) and LAI > LAI..;. A}, is used to calculated total leaf area
from actual leaf weight (equation 11). The minimal value of mean specific leaf weight is

estimated from minimal and optimal leaf nitrogen concentrations:

* )\Lw,max VL opt + VL min
)\Lw,min = 2 ’ (17>

VL opt

The actual specific leaf weight of leaves at height A follows from the cumulative leaf area

index above h, LAI,(h) [m?(leaf) - m~2(soil)].
)\Lw(h> = )\Lw,max : eiﬂ.LAIwm(h) (18>

# [m?(soil) - m~2(leaf)] describes the decrease in specific leaf weight if the cumulative leaf

area index LAI.,, increases. k is calculated from the relation

. _ 1 LAI o /\Lw,max —r-LAI
Now =7 [ Avalh) dLAL,y, = SRS (1 — k) (19)
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3.1.7 Root system

The calculation of rooting depth is adapted from the CERES model family (Jones and
Kiniry; Villalobos and Hall 1989; Wang 1997). It is assumed that root extension growth
only occurs if root weight increases. The increase of rooted depth zr [m]| depends on
actual temperature, T,,; [°C], and actual soil water content, ,.; [m®-m™3], in the lowest

rooted soil layer [, (see figure 4):

dZR ZR
E =Tzg - fT(lzR) : f@(lzR) ' (1 - ZR,max> (20)
where r,, [m -d™'] is the maximal root extension rate and fr [-] and f, [] are factors

relating to actual temperature and moisture in soil layer [ (equations 27 and 28).

The calculation of root length distribution, [g(l) [m] is also based on the concept of
CERES-models: actually formed biomass of roots (see equation 66) is converted into root
length using a specific root length factor A\;z [m - kg™!| and subsequently distributed to
soil layers (equation 22). The distribution of newly formed root length to rooted soil
layers depends on the species specific root length distribution function w(l) (equation 25)
and on actual distribution of moisture, fy(l) (equation 28) and nitrogen, fy(l) (equation
29), in the soil. In addition, in the PLATHO model this concept is extended consider-
ing underground competition for space sequestration between neighbour individuals by
introducing a further stress factor, Cryp [-], which is estimated from actual root length
density of all individuals present in the respective soil disk (equation 24). The maximal

value of root length density K;p = 3-10* m/m? is taken from Adiku et al. (1996).

The actual loss of root biomass (due to rhizodeposition and senescence, see equation 66
and section 3.7) is also converted to root length and subsequently distributed to rooted soil
layers (equation 23). The die off of roots occurs preferably in soil layers with unfavourable

moisture and nitrogen conditions.

T () —1x() (21)

~_w(l) -min{fe(!), fn(D)} - Crep(l)
lzr
S $ w(t) - min{ fo(1), fx(1)} - Crup ()]

(22)
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lr(l) - max{1 — fo(1),1 — fn(D)}

Igl) =Ar - Wg-A\Rr- o (23)
S talD) - max{1 = fo(0), 1 = Sx (O]
lri()+X3_,Cji I )

Crep(l) = [1- = Lo 24

RLD( ) ( Kig - Aplant : (Zz - 2171) ( )

and
(ar—1)
QR il Z _ R

w(l) = —/ — e (@/BRE

( ) ﬁR 211 (ﬁR)
with

ap = 1+2-pg

ﬁR = PR'ZR . else (25)

(@;1)@
R

zr, [m] denotes the depth of the bottom of soil layer [. Species specific forms of root
distribution are approximated by different values of the parameter pg, which describes

the relative position of maximal root density.

The root surface in soil layer I, ag(l) [m?], is calculated from root length in layer I, Iz(1),

root density, or [kg - m~3], and specific root length, Ap [kg - m™']:

4
arll) = \| =5 1) 20

Reduction functions

Reduction functions relating to soil temperature, soil moisture and mineral nitrogen con-
centration in soil are adapted from the modelling approach used in the SPASS model
(Wang 1997). Dependency of root depth growth on temperature in the lowest rooted
soil layer, T (l.,) [°C] is calculated by help of an optimum function with three cardinal
temperatures Trs min, Trt.opt a0d Tt maa-

0 if Tsoil(lzR) < Trt,min vV Tsoil(lzR) > Trt,max

fr = (27)

2 (Tmm Tom)* =T33, :
T22 if Trt,min S Tsoil(lzR) S Trt,max
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Tmm - Tsoil(lzR) - Trt,min

Tmm - Tsoil(lzR) - Trt,min
Tom - Trt,opt - Trt,min

Ta:m = Trt,max _Trt,min

In2-7,,
sz

The increase in rooting depth as well as root length growth is reduced, if water content

in the respective soil layer, 0, (1) [m3- m~3], decreases below the quarter of the available

field capacity:

0 if  Oaee(l) < Opup(l)
fg(l) = %m it 0 < Qact(l) - prp(l) < i : (ch(l) - prp(l)) (28>
1 1f eact(l> - epwp(l> > i (efc(l) - epwp(l))

Root length growth is also reduced depending on mineral nitrogen concentration, cy(()

[mg-kg™!] in soil:

(29)

0.01 if ex(l) < 1.11 mg-kg™*
fn(l) =

1—1.17-e 05 en® if cn(1) > 1.11 mgkg™!
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3.2 Phenological development

The development of plants depends strongly on environmental factors. In this model, the
influences of temperature, length of the photoperiod and atmospheric ozone concentration
are considered. Six development stages are distinguished (see table 1). Development
stage i is reached, when the biological time ¢ [-] (equation 30) exceeds a threshold sum
of development days D; (D;;; > D;). Biological time is the sum of development days
multiplied with the factors delaying phenological development. One day of biological
time corresponds to one real day with optimal temperature and optimal length of the

light period.

Table 1: Definition of development stages for herbs and trees

Herbs Trees
0 <t < Dy | before germination dormance

D, <tp < D, || germination - emergence breaking of the buds

Dy <tp < Dj | vegetative growing complete unfolding of the leaves

D3 <tp < Dy || begin of fructification maximal efficiency of leaves

Dy <tp < Ds || only seeds/tubers are growing | leaf fall

D5 <tp < Dg || maturity leaf and fruit fall
dact

tp =Y min{frae - fon} (30)

d=1

where fr gev(Tiny Taev,min, Laevopts Ldevmaz) and fyn(ph) are the temperature and daylength
response functions of phenological development (equations 33 and 34). At the end of each

year, tp is set to zero. The actual development rate rg., [d™!] is given by

deeU : fph
v = T 31
S 1)
where
AD:DZ+1_DZ’ ZIO,,5 (32)

is the number of development days in the actual development stage (Dy = 0).
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3.2.1 Influence of air temperature

In order to consider the influence of daily mean air temperature 7,, [°C] on the actual
development rate, a response factor frge, [-] is introduced. fr 4, describes an optimum
function, where the shape of this function is determined by the minimal temperature for
phenological development, Tyey min [°C|, the optimal temperature, Tye, o [°C], and the

maximal temperature, Tyey maz [°C.

0 if T < Taevmin vV Tin > Taevman
o™ 2T Do) T i T i < Tos < Tiewsmas .
with
B In2-T,,
“ Tom
and

Tmm = Tm - Tdev,min
Tom = Tdev,opt _Tdev,min

Ta:m = Tdev,max _Tdev,min

3.2.2 Influence of light

Another factor that affects the rate of development is actual length of the photoperiod.
According to the type of the photoperiodic response, short-day plants, long-day plants
and day-neutral plants are distinguished in PLATHO.

1 for ”day-neutral” plants

1_e*W‘(Ph*phopt+%)

fon = T for "long day” plants (34)

1— e (Ph—phopi+2)
1—e—4

for ”short day” plants

where w is a photoperiod sensitivity coefficient.
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3.2.3 Influence of atmospheric ozone concentration

High atmospheric ozone concentrations can accelerate senescence. In PLATHO therefore
the biological time of the begin of leaf fall, D4 is decreased under high ozone concen-
trations. The effect is assumed to be cumulative and only ozone concentrations above a

critical value co, i+ [ppb] contribute to the acceleration of senescence.

1
D4y = max {D4,o - fos, 3 (Dyyp + DB)} (35)
where
f03 = 1 — O[O3 . [O3 (36>

D, is the number of development days before leaf fall without the effect of ozone, agp,
is a ozone sensitivity coefficient and I, [-] is actual ozone stress intensity (see equation

153).
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3.3 Growth and allocation to biochemical pools

Four aggregated biochemical pools are considered (see figure 7): assimilates (temporarily
existing products of photosynthesis and reserve remobilisation, handled as glucose), which
are immediately available for growth and maintenance processes, reserves, which can be
mobilized if required, defensive compounds (phenylpropanoids in case of apple trees) and
structural biomass. Structural biomass is divided in fine roots, gross roots, stem, branches,
leaves and fruits in case of trees and roots, stem leaves and fruits in case of herbs. Rates
of material fluxes between these pools depend on the actual plant internal availability of
carbon and nitrogen and on the actual demand for growth and defence, which are cal-
culated every time step. All conversion processes are calculated in units of glucose using
biochemical knowledge about energetics and stoichiometries of the dominating reaction
pathways. The amount of assimilates, A, [kg(glucose)], which are available to fulfill the
demands of all energy consuming processes during a time step At [d] is calculated from
actual photosynthesis rate P, [kg(glucose): d~!], potential remobilisation from reserves
R [kg] and the assimilate surplus remaining from the time step before Ayq4 [kg(glucose)].
Maintenance processes take priority over all other processes. Thus, the amount of assim-
ilates, which are available for synthesising structural biomass and defensive compounds

results from
Aav = (Pact +R- TR) - At — DM + Aold (37>

where D)y [kg(glucose)] is the amount of assimilates required for maintenance processes

and 7g [d7!] is the reserves remobilisation rate.
3.3.1 Maintenance

Estimation of the glucose demand for maintenance follows the concepts outlined by Pen-
ning de Vries et al. (1989) and Thornley and Johnson (1990). In the model it is assumed,
that maintenance respiration rate is independent of plant tissue growth. The glucose
requirement for maintenance comprises all energy demands to maintain the functional
and compositional status quo of the plant tissue. Three components of maintenance are
distinguished: turnover of proteins and lipids, maintenance of ion concentrations across

membranes and a component related to metabolic activity.
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photosynthesis T respiration
* I induced \
available “r==
assimilates defensive
(Aav) compounds
A (S)
- 7}
) , — 2
= v permanent @©
g =
> reserves (R) o
o)

structural biomass (W)

J

Figure 7: Fluxes between aggregated biochemical pools
that are considered in the PLATHO model

The amount of glucose my, ; [kg(glucose) - d~'] that is required to resynthesise proteins
and lipids in organ 7 follows from the fractions f, [-] and f; [-] of proteins and lipids
in organ k, the turnover rates k, [d~!] and k; [d™!] of both pools and the actual weight of
organ k, Wy, [kg]:

180 c c
Mk = 55 (fp,k: Ky - ATPp fue -k ATPJ) - Wy (38)

MW, MW,
where carp, = 4 ATP per peptide bond is the ATP cost of protein synthesis from amino
acids and carp; = 7 ATP per tryglyceride is the ATP cost of lipid resynthesis from glycerol
and free fatty acids. MW, = 120 [g - mol™!] and MW, = 900 [g - mol~!] are the average
molecular weights of one amino acid residue and one lipid respectively. The factor 180/36

considers the glucose equivalent of one mol ATP.

Costs to maintain concentrations of ions across membranes, m;,, [kg(glucose) - d71], are

estimated in a similar way:

180 CATPjion
ion,k — 54 Jion,k ® kion : ’ -W 39
Mione = g« Jionk MWy, * (39)

where f;onx [] is the fraction of minerals in organ k, k;., [d7!] is the average ion leakage

rate through membranes, carpion = 1 ATP per ion transported is the ATP cost for ion
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transport and MW, =40 [g - mol_l] is the average relative molecular mass of minerals.

Values of cyrp and MW are taken from Thornley and Johnson (1990).

Gross photosynthesis, P, [kg(CO,) - d~1], is assumed to be a measure for the estimation
of the component of maintenance respiration, m,,.; [kg(glucose) - d~1], that is due to

metabolic activity:

Mmet = Hmet * Pact (40)

where fime [] is the fraction of photosynthetic products that is used for metabolic pro-
cesses. The total demand for maintenance processes in a given time step At than follows
from

DM = (Z(mtufl + mion,i) + mmet) * 2T17_020 . At (41)

3.3.2 Growth and allocation of assimilates to plant organs

Two factors can limit the actual growth rate of the plant: the potential growth rate of the
plant or the plant internal availability of assimilates, ¢ (equation 49), and nitrogen, ¢y
(equation 50). The potential growth of total biomass, G, [kg(glucose)], is calculated by
means of equations 42 and 43. The actual usage of assimilates for synthesizing structural
biomass, Gy [kg(glucose)], is calculated by equation 48, the actual usage for the synthesis
of defensive compounds, Gg [kg(glucose)] by means of equation 67). G, depends on the

actual biological time, tp (equation 30) of the plant:

Herbs:
Tdev'Wseed'fT'At 1fD1§tB<D2

Gpot = (42)
'I"max‘W'fT'At 1fD2§tB<D3

or - Wya - fr- At it D3 <tp < D;
Trees:

0 lfOStB < D
Gpot: Tmaz'W'fT'At if Dl StB <D4 (43)

Tmax'W'fAT'fT'At 1fD4§tB<D6
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T dew actual development rate [d™!] (equation 32)

T'maz maximal growth rate of the plant [kg(glucose)- kg™ - d™1]

Weed seed weight in units of glucose [kg(glucose]

W actual structural biomass of the plant [kg]

fr temperature response function [-]

oF fruit flush rate [kg(glucose)- kg™ - d71]

Wirg vegetative structural biomass at the end of stage 2 [kg]

far (= (Dg — tp)/2) factor relating to growth reduction in autumn [

Gpot 1s divided into demand for growth of structural biomass Dy, [kg(glucose)] and demand

for defence Dg [kg(glucose)], similar to the model approach of Coley et al. (1985):

Dy = Gpor - (1 = 0) (44)
Ds=Gpot- 0 (45)
with

o =0g+ 07 (46>

o [-] is the potential defence investment, which consists of a permanent part oq and an
induced part o;. o is assumed to be greater than zero only in case of actual stress like a
pathogen attack or if the plant internal ozone concentration exceeds the threshold value

of ozone tolerance. oy is a function of stress intensity.

O’]ICL[*Ia (47)

In the PLATHO model, the demand for growth processes takes priority over that for
defence. Assimilates are only allocated to defence either if their available amount exceeds
growth demand, or if availability of nitrogen is lower than the demand required for growth

processes (see section 3.3.3). The actual amount of assimilates, which are used for growth
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of structural biomass results from plant internal availability of assimilates, ¢¢ [-], and

nitrogen, ¢y [-:

Gw = Dw - vc - on (48)
where

pc = min {1, g‘;;} (49)
and

@N:min{l,%a:m} (50)

where N, [kg(N)] is the amount of plant internal nitrogen, which is potentially avail-
able for growth processes (equation 65) and Nyepm, grw [kg(N)] is the demand for nitrogen

required to realise the potential plant organ growth (equation 123).

In a second step, Gy is partitioned to the single plant organs k, where the index k denotes
roots (R), leaves (L), stem (S) and fruits (F) in case of herbaceous plants, and fine roots
(FR), gross roots (GR), leaves (L), branches (B), stem (S) and fruits (F) in case of trees
respectively (equation 51). The partitioning factors fi (3 fr = 1) depend on actual
biological time ¢ of the plant (equations 54 — 63). Due to the endeavour of the plant to
compensate shortages in assimilates or in nitrogen, additional weighting factors w¢ ;, and

wy  are introduced to consider regulation in the allocation pattern.

Jr - Weo Wk

G, = G- 2k fr - WoRWN g oy
where

o ¢ ifk=1,S,B
wey =14 47t if k=R, FR, GR (52)

1 itk=F
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v if k=R, FR
wye =14 YN if k=S, B, GR (53)

1 itk=L,F
v and 7y are parameters which characterise the ability of the plant to regulate the

allocation pattern. If no regulation is considered, these factors are set to 1.

Calculation of partitioning coefficients (herbs):

_ fmpfrs
fRL~fIst+§”is+1 it D1 <tp < Dy
%LW if Dy <tp < Dj
Jn= (Kr—Wg)-f (54)
OR" R—VWR)'JA .
or - Wya H if D3 S lp < D4
0 if D4 S tB < D5
f .
e D1 <tp <D
% if D, <tp < Dj
Ji= (KL=Wy)-f (55)
oL L— L) JA .
i, = Dy <1l <D,
0 if D4 S tB < D5
1 .
TroTrstlostl if D) <tp < D,
1—fr—J1 if Dy <tg < Dy
s = W-f (56)
ML — fr— f if Dy <tp < Dy
0 if Dy <tp < Dj
0 if Dy <tp < Dy
0 if Dy <tp < Ds
fr= 57

l—fs—fr—fo tD3s<tp <Dy

1 ifD4§tB<D5

Calculation of partitioning coefficients (trees):

W if D; <tp < Dg
o (58)

0 else
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fGR = fWood : fugwd

fS - fWood : (]- - fugwd) : (]- - fbrf)

fB = fWood : (1 - fugwd) : fbrf

% if Dy <tp < Dg
fr=

0 else

K Wr) - if Py <tp < Dg
JFr=

0 else
where

1—fre—fo—fr D) <tp<Dsg
fWood:

0 else

frL allometric root to leaf ratio [d™!]

frs allometric leaf to stem ratio [d~!]

OR root flush rate [kg(glucose)- kg=!- d~!]

OFR fine root flush rate [kg(glucose)- kg=1- d~!]
or, leaf flush rate [kg(glucose)- kg™ d=!]

oF fruit flush rate [kg(glucose)- kg™t d!]

Kg growth capacity of roots [kg] (equation 75)
Krr growth capacity of fine roots [kg] (equation 75)
K, growth capacity of leaves [kg] (equation 72)
Krp growth capacity of fruits [kg] (equation 76)
W actual structural biomass of the plant [kg]
Wg actual structural biomass of roots [kg]

Wer actual structural biomass of fine roots [kg]
Wy, actual structural biomass of leaves [kg]

Wg actual structural biomass of fruits [kg]

T'maz maximal growth rate of the plant [kg(glucose)- kg™

1

- dY)

(64)
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Wirg vegetative structural biomass at the end of stage 2 [kg]

fay (= Dy — tp) factor relating to growth reduction in autumn [

The amount of nitrogen, which is potentially available for growth processes, N, [kg], is the
sum of potential nitrogen uptake from soil Ny por [kg] and potential nitrogen mobilisation

from nitrogen reserve pool N, [kg]:

Nav = LVupt,pot + Nmob (65>

where Nyt 0t (equation 127) is calculated from actual root surface, soil nitrogen availabil-
ity and soil moisture conditions. N, (equation 137) results from the difference between
actual and minimal nitrogen concentration in plant organs. The demand for nitrogen,
Niem.grw [kg], 1s derived from the amount of nitrogen required to realize potential plant

organ growth (equation 123).

The total change of structural biomass W}, [kg] of organ k& results from Gy, and the actual

loss rate of living biomass of the respective organ Ay [d~1]:

1
AW, = — - Gw, — \e(I) - Wy - At (66)
Ew,
where the &, [kg(glucose)-kg '] are factors considering the conversion of glucose into
structural biomass of organ k. )y is a function of actual stress intensity I [-] (0 < 1 <1)

and the effectivity of plant defence. The effectivity of plant defence is a function of the

concentration sy of defensive compounds in organ k (see section 3.7).

3.3.3 Defensive compounds

After fulfilling the demand for growth, the conversion of assimilates to defensive com-
pounds can take place. We assume that the formation of defensive compounds, even if
they contain no nitrogen (e.g. phenylpropanoids), depends on the plant internal nitrogen

availability factor ¢u, due to the nitrogen requirements of precursory compounds and
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enzymatic activity. The amount of assimilates converted to defensive compounds, Gg

[kg(glucose)], is derived from

DS()O?V if Aav EGW_FDS
G — (67)
(Acw — Gw) . (,D(JSV if A(w < GW + DS

where

Gw = Z GWk (68>
k

and 0 [-] is a form parameter, which allows the consideration of non-linear relations

between defensive compounds formation and plant internal nitrogen availability. The
total change of the pool of defensive compound, S [kg], results from G, the turnover rate

of defensive compounds 75 [d~! and the actual loss of living biomass.

1
AS:5—-Gs—Ts-S-At—Z)\k'Sk'Wk'At (69>
S

where &g [g(glucose)-g] considers the conversion of glucose to the respective defensive

compound.

3.3.4 Reserves pool

In a final procedure it is checked whether the reserves pool, R [kg((starch)], must be
depleted to meet all demands, or if assimilates are still remaining and can be used to refill
the reserves pool. We assume that all the assimilate surplus from the prior time step, as
well as the actual gain resulting from photosynthesis will be first used. Mobilisation of

reserves will then occur only if the actual demand exceeds these amounts:

= (Paet - At + Agg — Dy — Gw — Gg) -rp - At if x <1

AR — ér
Pact'At+Aold_DM_GW_GS if X>1
with
D G G
Yy = M+ Gw + Gg (70)

Aold + Pact - At
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where &5 [kg(glucose)-kg(starch) '] is the conversion factor from glucose to starch and rg

[d~1] is the relative reserves growth rate.

The new value of A,q [kg(glucose)| follows from the difference between the actual input
into the assimilates pool and the output for assimilate consuming processes (equation 71).

If x > 1, no assimilates will remain in the assimilates pool.
AAgyg = Py - At — Dy — Gw — Gs — AR (71)
3.3.5 Growth capacities

If simulation starts, maximal biomass of leaves, fine roots and, in case of trees, fruits are
calculated. Maximal leaf weight, K, [kg| is estimated from the maximal leaf area index of
the plant, LA, [-], the maximal specific leaf weight, A7, .. [kg'm 2] and the potential

area per single plant, Apjantmaee [M?]:

KL = LA[ma:v : )\Lw,max : APlant,max (72>
with
s H 2 q
A ant,max — i 5 L iy 73
. { e (D 775) 4} )

where gpan: [plants-m™2] is the canopy density, H,q, [m] the maximal height of the plant,
H Dy, [-] the minimal plant height to stem diameter ratio and r¢/s [-]the crown diameter
to stem diameter of the plant. In case of trees, r¢/g is an input parameter; in case of
herbs, r¢/g is calculated from the coefficient fr¢ [-], which gives the maximal leaf to stem

weight ratio:

fLS . Hmaa} * 0s
= 74
TC/S \l LA]maz . /\Lw,max ( )

where gg [kg-m™3] is the density of stem tissue (dry weight). LAI,q, is an input param-

eter. Maximal weight of fine roots, K [kg] and Kpp [kg] respectively, and, in case of
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trees, maximal weight of fruits are estimated from allometeric coefficients fry [-] and frr

[H:
K=K fre (75)
Kr =Ky frL (76)

In case of herbs, growth of compartment stem is also limited:

- H).. 05 K
Ko = : maz oL 77
s g ™
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3.4 Photosynthesis

Three steps are performed to calculate gross photosynthesis rate of the plant:

1. simulation of light distribution in the canopy (section 3.4.1)

2. calculation of radiation absorption per leaf layer and calculation of CO, assimila-

tion(section 3.4.2)

3. integration of CO, assimilation over plant height

Actual photosynthetic capacity per leaf layer in response to external environmental and

plant internal factors is in the last section of this chapter (section 3.4.3).
3.4.1 Light distribution

The calculation of light distribution in a canopy takes place according to the method
described by Kropff and Laar and Wang (1997). It is assumed that photosynthetic active
radiation, ¢par [W-m™2], reaching the top of the canopy, accounts for 50% of global

radiation, ¢, [W-m™2|, at this site (input value).

opar =0.5- ¢, (78)

One part of the photosynthetic active radiation reaches the canopy as direct radiation,

bdparair [W-m™2], the other part reaches the canopy in the form of diffuse radiation,

dpardis [W-m™2].

bpardir = ¢par - (1 — faif) (79)
OraRrdif = OPAR * Jaif (80)
The fraction of diffuse radiation, fus [-] (equation 81), is estimated from the actual

transmissivity of the atmosphere, 74 [-] (equation 82)

0.23 it 74 < 0.75

1.33 — 1.46 - 74 if 74 < 0.75 ATy > 0.35
faig = (81)
1.0 — 2.3(74 — 0.07)2 if 74 < 0.35 A 74 > 0.07
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where 74 is derived from the ratio of global radiation ¢, at the top of the canopy and the

actual value of extra-terrestrial radiation, ¢, [W-m™2].

(82)

¢, at solar time ¢ [d] during a day d of the year, counted from January 1th, is derived
from the solar constant, ¢, = 1370 [W-m~2] (considering the eccentricity of the orbit of
earth) and the actual height of the sun, [ [degree]:

27 - (d + 10)

e(t) =1370-sin - |1+ 0.033 -
¢e(t) sinf- |1+ cos TG

(83)

where [((t,d) depends on the latitude A [degree] of the geographic location of the plant

and the actual declination d, [degree| of the sun:

sin B(t,d) = sin A - sin §5(d) 4 cos A - cos d5(d) - cos 27 (t — 0.5) (84)

21 - 23.45 2m (d + 10
ds(d) = — arcsin [sin t cos ™ (d+ 10) (85)

360 365

If daily input values of global radiation, ¢g [W-m™2] are used instead of actual values ¢,
the distribution of actual global radiation over the day is calculated from the course of

solar height:

65(t) = b - sin 5(t) - (1 4 sin B(t))
E)fsinﬁ(t) (1 4singB(t))dt

(86)

Within the canopy, radiation fluxes attenuate exponentially with the cumulative LA,

(equation 14), countered from the top of the plant downwards.

dpar(h) = (1= 0) - ppar(0) - e 2 EATeun () (87)

where o [] is the reflexion coefficient of the canopy, k [-] the extinction coefficient of ¢ par

and > LAI.,,(h) the total cumulative leaf area index over height A. In the model, three
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components of radiation fluxes are distinguished: the diffuse flux ¢4, [W-m~2], the total
direct flux @gir tor [W-m~2] and the direct component of the direct flux (total direct flux
minus scattered light) ¢gira;r [W-m™2]. Each form of radiation flux has its own extinction

coefficient (equations 91-92). The different light profiles are described in equations 88-90:

4
- (kdif'LAIcum(h)“F Z Ci,j'kdif,j'LAIcum,j (h))
Gaif(h) = dparair - (1 — oaig) - € =t (88)
4
- (kdir,tot'LAIcum(h)+Z Ci,j'kdir,tot,j'LAIcum,j (h))
Gdirtot(h) = dpardir - (1 — 0air) - € =t (89)
4
- (kdir,div"LAICum(h)+ Z Ci,j 'kdir,dir,]’ 'LAIcum,j(h))

¢dir,dir(h> = (bPAR,dir . (1 - Us) e 7=t (90>
where kq;r [-] is the extinction coefficient for diffuse radiation (input),

0.5 kaif

irtot — N o . 91
dirtot 0.8 -sin 3 (91)
is the extinction coefficient for (total) direct radiation,
0.5 - kg

kdir,dir = . ! (92>

sin(3-0.8-+/1— 0,
is the extinction coefficient for direct component of direct radiation,

1—+v1—o0,
Qaif = T —— (93)
1++1—o0,

is the reflexion coefficient for diffuse radiation and

2 0a;
Odir = ——2L (94)

1+2-sinpj

is the reflexion coefficient for direct radiation. o, = 0.2 [-] is the scattering coefficient of
leaves for visible radiation and C;; are the competition coefficients between the regarded

plant ¢ and its neighbours j.
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3.4.2 Radiation absorption and CO, assimilation

The amount of radiation captured by shaded leaves at height h [m] follows from the
derivation of diffuse radiation flux and the scattered component of the direct radiation

flux with respect to the cumulative leaf area index, LAI,,,, [m?(leaf) - m™2(soil)]:

)

Sunlit leaves absorb the flux that shaded leaves absorb as well as the direct component

d(bdzf
" dLAILn

d(bdir,dir

¢a,sh (h) — - dLT

dLAI.um

< d(bdir,tot

h

of the direct flux. The latter component differs for leaves with different orientation:

Susu(h, B) = dun(h) + (1 ) ‘bfs’;’*»ﬁd" sin §' (96)

where sin 3" is the sine of incidence of the direct beam.

The dependency of CO, assimilation from light intensity is described by a negative ex-

ponential function, following Goudriaan and Laar (1994) This function is characterised

by the initial slope (light use efficiency, ¢ m?g 2 / mzgl) and the asymptote (gross
assimilation rate at light saturation, pyu. [kg(COQ)-mfz-h* ], (equation 101)). The COq
assimilation rate per leaf area of shaded leaves at height h follows from equation 97.
Assimilation rate of sunlit leaves is calculated by integration of the rate of radiation

absorption over /' (equation 98).

psh(h) = Pmaz * [1 — €Xp <_5 : M)] (97)

pmax

psu(h) = Pmaz ° /ﬂw(ﬁ/) <1 — exp<5.%5:n71;(f,))> dﬁ/ (98>
0

where w(f’) describes the leaf angle distribution (in case of a spherical leaf angle distri-

bution w(f’) = 1/7).

The fraction of sunlit leaf area at height h, fs,(h) [, is estimated from the extinction
coefficient for the direct component of the direct beam, kg 4ir [-], and the cumulative leaf
area index above h:

4
- kdi'r,di'r LAIcumJF Z Ci,j 'kdir,dir,j LAIcum,j>

fsu(h) =€ < = (99)
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The actual gross photosynthesis rate of the plant, P, (t) [kg(glucose) - d~'] follows from
integration of py, and p,, over plant height h:

Pact(t) =24 % ' / [fsu(h) psu(h) + (1 - fsu(h)) psh(h)] ’ aL(h) dh (100)

The factor 24 considers the conversion of h™' to d™', the factor 30/44 considers the

conversion from COs into glucose. If daily time steps are used, P,.(t) is calculated by

integration over one day using the Gaussian integration method (Kropff and Laar).

3.4.3 Photosynthetic capacity of leaves and responses to external and inter-
nal factors

In the model, the actual rate of photosynthesis at light saturation, pye. [kg(COz) - m=2-

h™'], can be affected by several factors: atmospheric COg-concentration, leaf nitrogen
content, stomatal aperture, temperature, glucose level. Photosynthetic capacity of leaves
can also be reduced in case of damages caused by ozone or leaf pathogens. The model

considers these effects by help of response functions (equations 102-113).

Prmaz = Popt * Pco, - M {®y, 0,0, T, Pm,0} P05 * PPath (101)
where poye [kg(COz) - m™2 - h™'] is the photosynthetic capacity under light saturation,
ambient CO, conditions and optimal physiological conditions.

In the following, the single response factors are explained.

CO, effect:

The response of photosynthetic capacity with respect to concentration of atmospheric

COs is estimated by equation 102:

C; — FO
=min | 2.3, ———— 102
pco, = min ( e FO) (102)
with
C; = 6002 . Rci/ca (103)
and

Ci.amb = CCO2,amb * Rci/ca (1O4>
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©Co, CO4 response factor [

& CO4 concentration in stomatal cavity [ppm]

Ci.amb COs concentration in stomatal cavity under ambient conditions [ppm]
CCO, atmospheric COy concentration [ppm]

CCOy,amb (=340) ambient atmospheric CO5 concentration [ppm]

Iy CO4 compensation point [ppm]

Re e, internal /external CO ratio [-]

Nitrogen:
1 : Vact,L(h) > Vopt,L

pu(h) = § WBELLD - vk < Ve () < Vopr (105)
0 : Vact,L(h> < Vmin,L

where

Vact,L(h) — Vmin,L

n(h) = 106
( ) Vopt,L — Vmin,L ( )
oy (h) leaf nitrogen response factor at height h [-]
Vaet..(h)  actual leaf nitrogen concentration #
Vinin, I minimal leaf nitrogen concentration #
Vopt, L, optimal leaf nitrogen concentration #
v parameter [-]
k parameter [-]
Temperature:
0 it T < Tpsmin VT > Ths max
or = (107)

2'(Tps,act_Tps,min)p'(Tps,opt_Tps,min)p_(T_Tps,min)Qp 3
(Tps,opt_Tps,min)Qp if Tps,min <T S Tps,max
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where

In2

p - l Tps,max_Tps,min (108)
n ( Tps,opt_Tps,min )
or temperature response factor [-]
T actual atmospheric temperature [°C|
Tps.min temperature minimum for photosynthesis [°C]
Tps.opt temperature optimum for photosynthesis [°C]
Tps maz temperature maximum for photosynthesis [°C]
Water relation:
Tact
Pr0 = (109)
? Tpot
©H,0 stomatal aperture response factor [-]
Tt actual transpiration rate [cm?]
Tpot potential transpiration rate [cm?]

Accumulation of assimilates:

Photosynthesis can be limited if the concentration of soluble carbohydrates (equivalent to
Agp in the model) exceeds a critical value l¢. This critical value depends on the nitrogen

concentration in the leaves. It will be smaller if nitrogen is in shortage.

A/ (W + Ws))”} (110)

ngHQO:maX{O;l—< ]

le=024a-¢, (111)
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PCH20 soluble carbohydrates response factor [

A pool of available assimilates (soluble carbohydrates) [kg]
Wy, actual weight of leaves [kg]

Wy actual weight of stem [kg]

le critical value for soluble carbohydrates in leaves [-]

Oy nitrogen response factor [

form parameter [

a (= 0.1) parameter [

Ogzone:

If leaf internal ozone concentration exceeds a critical value, photosynthesis rate is reduced.

po, =max{0;1— Bo, - Lo, } (112)
©0, ozone response factor [

Io, leaf internal ozone concentration [ug - m~3] (equation 153)

Bos ozone sensitivity parameter [-]

Leaf pathogens:

If infestation of leaves by pathogens exceeds a critical value, photosynthesis rate will be

reduced.
1 it Ipr < Ippcrit

P Path = (113)
max {0;1 — Bpan - (Ipr — Ipperat)” 7"} else

OPath response factor [-]

Ipy fraction of infested leaf area [m?(infested leaf area) - m?(total leaf area)]

Ip L crit critical fraction of infested leaf area [m?(infested leaf area) - m?(total leaf area)]
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Brath parameter [-]

QPath parameter [-]

39
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3.5 Transpiration and water uptake

Transpiration of a single plant is treated in the model as the actual water uptake by its

roots. It is either limited

e by root resistance
e by soil resistance for water transport

e or by climatic conditions.

3.5.1 Root resistance

Legitimation by root resistance of water uptake from soil disc [ under plant ¢ results
from the respective root surface ap [m?] of the plants that are present in this disc, and
the maximal water uptake rate per root surface, ¢y [em® - m~2 - d~!]. The fractions of
root surface of the four next neighbours (j = 1...4), that meet disc [ under plant 7,

are calculated using competition factors C;; (see equation 2). Thus, the maximal water

uptake from soil disc [ under plant 4, gy maz (1) [cm?], is:

4
qw,max(l) = (Aroot,i(l) : CW,i + Z Aroot,j(l) : CW,j : Oj,i) . At (114>

j=1
3.5.2 Soil resistance

Limitatation by soil resistance for water transport is introduced using the factor fp(l) [-]

that considers the actual water content, 04 (l) [cm?® - ecm™2], in soil layer I. If O, (1) is

greater than permanent wilting point 6,,({) [cm® - cm™] and lower than field capacity
Oc(l) [em® - cm™?], a linear relationship between water uptake rate and actual water
content is assumed. Water uptake is not limited, if actual water content is greater than
field capacity and lower than water saturation 0,4 (l) [cm® - cm™3]. No water uptake is
possible, if actual water content is lower than permanent wilting point. Furthermore,

water uptake cannot exceed the amount of water, Wy, [cm?], which is actual available for



3 PROCESS DESCRIPTION 41

root water uptake in the soil disc in consideration. Thus, potential water uptake from soil

disc [ under plant i, qw pot(l) [cm?], is:

QW,max(D : fG(l> if QW,max(l) : f@(l> < Wav(l>
qwpot(l) = (115)

W (1) else
where
0 if Ouet (1) < Opup(l)
fol) = § Gd=geld it B, (1) < Buer(l) < Ope(l) (116)
1 if Op(l) < Opee(l) < bsae(l)
and
Wao (1) = (Bact (1) = Opup(D)) * Aptanti - Az(1) - 10°%cm®-m=3 (117)

Aptanti [m?] is the basal area of plant i and Az(l) [m] is the thickness of soil layer [.

If the hydraulic relation W(0) of the soil is known, the more realistic factor fy(l) [-] can

be used instead of fy(l):

0 i Waer (1) > W ()
o) = § iz i (D) < Vaa(l) < Cpup(l) (118)

1 lf \Ilsat(l) S \Ijact(l) S \ijc(l)

where U, (l) [mm] is the actual water potential in soil layer [ and W,,,(l), ¥s.(I) and
U,.(l) [mm] are water potential in soil layer [ at wilting point, at field capacity and at

saturation respectively.
3.5.3 Influence of climatic conditions

Limitation by climatic conditions occurs, if potential water uptake from all soil discs under
plant i is greater than potential transpiration, T,y [cm?]. In this case, water uptake from

each disc is reduced by the same factor.

qW,potU) if Tpot > ; qW,pot(l)

qw,act(l) = (119)

Tro .
qW,pot(l) : W:Ot(l) if Tpot S ;qw,pot(l)
!
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Potential transpiration results from the difference between potential evapotranspiration
and actual evaporation. For calculation of both, potential evapotranspiration and actual
evaporation, Expert-N provides several modules (e.g. Penman-Monteith equation), which
can be linked to the PLATHO model. For calculating the fraction of actual transpiration,
T act [cm3], which is caused by plant i, the actual water uptake from each soil disc is
devided between plant ¢ and the neighbours present in the soil disc according to the

respective water uptake capacity:

L
T‘i,act = Z qW,act(l) ’ CW(Z) (120>
=1

where the root competition factor for water uptake in soil layer [ is:

Cw(l) _ Aroot,i(l) : CW,i (121>

4
Aroot,i(l> : CW,i + Zl Aroot,j (l) : CW,j . Cj,i
j=
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3.6 Nitrogen uptake

e nitrogen demand of the plant
e nitrogen uptake capacity of roots

e nitrogen supply of the soil in root zone.
3.6.1 Nitrogen demand

The total nitrogen demand of a plant, Ny, [kg(N)], is divided into two parts: the first
part, Nyem grow [kg(N)], is due to the nitrogen requirement for growth processes, the sec-
ond part, Ngemopt [kg(N)], accounts for the effort of the plant to optimise the nitrogen

equipment of their organs:

Ndem = Ndem,grw + Ndem,opt (122>
where
1
Ndem,grw = - GWk * Vopt,k (123>
Ew,,
and
Ndem,opt = Z Wk ' (Vk,opt - l/k,act) (124>
k

where the &y, [kg(glucose)-kg™'] are factors considering the conversion of glucose into
structural biomass of organ k, G, [kg(glucose)] are the amount of assimilates allocated
to organ k (equation 51), and Wy [kg] is the actual weight of organ k. Ve and vep

[kg(N)-kg™'] are the actual and optimal nitrogen concentration in organ k.
3.6.2 Potential nitrogen uptake

In order to fulfill these demands, the single soil layers (I = 1...L) can be depleted
according to the nitrogen uptake capacity of roots and the nitrogen supply of the respective
soil layers. Potential maximal uptake from a soil disc | under plant i, Nyptmax [kg(N)]

depends on: i) root surfaces, Ao [m?], of all plants present in this disc; ii) the maximal
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nitrogen uptake rates per unit root surface, (y; [kg(N)m=2-d '] and iii) availability
factors, fn.i(l) [-], that consider the reduction of (x,; depending on potential soil nitrogen

supply in layer I:

4
Nupt,max(l> = (Aroot,’i(l> : gN,i : fN,i + Z Aroot,j@) . Cj,i : CN,]' : fN,j) - At (125>
j=1
with
frnil) =1—e7men® (126)

where 7; are factors dependent on the plant species and cy(l) is the concentration of

mineral N [kg(N) - kg(soil)] in soil disc .

The potential nitrogen uptake, Ny pot(l) [kg(N)], is calculated taking into account soil
moisture conditions using a factor fy(l) [-], that decreases root function in dry soil or,

due to anaerobiosis, if soil is too wet.

Nupt,max(l> . fG(l> if Nupt,max(l) : f@(l) < Nsoil,av@)

Nupt,pot (1) = (127)
Nsoil,av else

where

Nsoil,av(l> = (CN(Z) - CN,min) : Qsoil(l) : Aplant,i . AZ(D (128)

is the amount of available mineral nitrogen in soil disc [ and

eact l 701’“’? l 1
o) O] g, (1) < B (1) < O]

Jo(l) = (129)

esat 79act 3
Tty i Osar(D) = Gaer(l) > Ose(D)

3.6.3 Actual nitrogen uptake

If the total demand, Ngzem, of plant i is greater than its total potential uptake, actual

and potential nitrogen uptake from soil disc [ are identical. If less nitrogen is demanded
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by the plant than could be absorbed by its roots, potential uptake from soil disc [ will be

reduced in each layer by the same factor:

L
Nupt,pot(l) : CN(Z) if Ndem 2 l; Nupt,pot@) : CNU)

Nuypt(l) = (130)

Nupt,pot(l) : CN(Z) "L Naem else
>~ Nupt,pot (1)-Cn (1)
=1

where

CN(Z) _ Aroot,i(l> ' CN,i (131>

4
Aroot,i(l) : CN,i + '21 Aroot,j@) : gN,j . Cj,i
J:

are nitrogen competion factors for each soil layer. The total nitrogen uptake of plant 7 is
L

Nupti = Y Nupe (1) (132)
=1

3.6.4 Nitrogen distribution in the plant

The distribution of nitrogen between plant organs k is governed by the actual sink strength
of the single organs. Changes in nitrogen content Ny [kg| of organ k result from the
increment of new nitrogen, N, [kg], the translocation of mobile nitrogen, Ny [kg],

and nitrogen losses due to senescence:
ANk - Ninc,k - Ntrans,k - )\k ' Wk; * Vmin,k (133>

where W}, [kg] is actual structural biomass, A\; [d7!] is the actual death rate and vy,

[kg kg~!] is the minimal nitrogen concentration of organ k.

Nupt+Nmob—Ndem, .
szm opt Sl Wk : (Vopt,k - Vact,k) + AWk * Vopt,k if Nupt + Nmob > Ndem,grw

Niner = (134)
AW Vopt i else
Nmob,k if Ndem Z Nmob + Nupt
Ntrans,k = Nmob,k ' W if Nupt < Ndem < Nmob + Nupt (135>

0 if Nyem < Ny
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Nomov [kg(N)] denotes the amount of mobile nitrogen, which can be translocated in other
parts of the plant. N,k [kg(N)] is the part of mobile nitrogen, which is located in organ
k.

Nmob,k = Wk : (Vact,k - Vmin,k) TN At (136>

and

Ninob = Z Nmob,k (137>
k

The actual nitrogen concentration in organ k, vex [kg(N) -kg™'], is calculated in equation

138:
Vactk = 75, (138)

3.6.5 Nitrogen distribution in leaves

In the PLATHO model it is assumed, that leaf nitrogen, Ny, [kg(N)], is not distributed
homogeneously in the leaf compartment, but is distributed over plant height in a way
that optimises light use rate by leaves. As maximal photosynthesis rate per unit leaf area
is strongly related to leaf nitrogen content (see equation 101), nitrogen will accumulated

in the upper leaf layers.

. v +v ;
VL, min if VL act < Loopt 2 Lamin A wL(h) S W)\l

VL min + w . (wL(h) — W)\l) if VL act < W A wL(h) > W)\l
v(h) = (139)

v —VL mi . v R
I/L7mz'n _'_ L,OP;V)\QL,mzn . wL(h) lf VL,act 2 L,opt 5 L,min /\wL(h> S I/I/‘)\2

: VLo t+VL,min
VL,opt 1f VL,act Z E 2 A wL(h) > W)\2

with

2 (VL,act - VL,min)

VL opt — VL,min

Wy =Wy - [1— (140)
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and

W)Q —9. WL . VL opt — VL,act (141>

VL opt — VL,min

wr(h) [kg] is the cumulative leaf weight at height h. It is calculated from leaf area density,
ar(h) [m? - m™!] (equation 15), and specific leaf weight, Az (h) [kg - m™2] (equation 18):

w(h) = / ar(h') - Ap(R') di (142)
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3.7 Biomass loss and senescence

The actual loss rate, A\, [d7!], of organ k is the sum of loss rates due to senescence and

damages caused by stress.
Ak; = )\k,snc + /\k,l,pot - 5k(8k) (143)

where Ay sne [d7!] is the actual loss rate of organ k due to senescence, g s ot [d71] is the
potential loss rate of organ k due to stress in case of no defence (equation 151) and e(sy,)

[d™'] describes the reduction of Ag 1,0 due to the defence effectivity (equation 152).
3.7.1 Relative death rate of leaves

Senescence of leaves occurs due to aging or if leaves shade each other. In the model, the

relative death rate of leaf biomass, Az sne [d™1], is set to be the larger one of both factors:
AL,snc = max {/\age + )\shade} (144>

In the model senescence due to aging starts if biological time, ¢ [-], reaches the critical
value Dy (see section 3.2). Death rate depends on air temperature (high temperatures

accelerate senescence) and nitrogen concentration in leaves, vy, 4 [kg(N) - kg™1].

)\L,O'fT'% lftB<D4
Aage = 145
Y Wig (5B ) e if Dy <ty < D )
L3 " \Ds—D,4 T VL aet 4="B 5

Ao [d71] is the leaf loss rate, Wy, 3 [kg] the leaf dry weight at the end of stage 3, fr a tem-
perature response factor (input), vz o [kg(N) - kg™'] the optimal nitrogen concentration

in leaves.

Senescence caused by shading occurs, if the leaf area index, LAI [m?(leaf) - m~2(soil)],
reaches a critical value LAI.; [m?(leaf) - m~2(soil)], which depends on actual nitrogen
concentration in leaves. In case of high leaf nitrogen concentrations, leaves can survive

under lower light conditions.

)\L,O . ( LA )2 : fT if LAI > LA]crit

LAIcrit

/\shade - ( 146)

Ao fr else
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where

LA]crit = LA]crit,O : VL act (147>

VL opt

LAIit0 [m?(leaf) - m™2(soil)] is the critical leaf area index in case of optimal leaf nitrogen

concentration.

3.7.2 Relative death rate of fine roots

The death rate of root biomass is related to the relative turnover rate, Ago [d7'] and on

nitrogen concentration of roots, vg . [kgkg .

)\R,snc = )‘R,O ' YR opt (148>
VR,act

3.7.3 Fruit fall

Fruit fall of trees occurs if biological time, tp [-|, reaches Ds (see section 3.2). The loss

rate, Ar [d71], is assumed to be proportional to the actual development rate, rge, [d71].

0 iftB<D5

)\F,snc = (149)

min {1, 7574} if 1y > D;

where W [kg] is the actual fruit weight and Wgy [kg] is the fruit weight at the end of

stage 4.

3.7.4 Biomass loss of woody plant organs

In case of trees, a permanent biomass loss rate of woody plant organs (k = S, B, GR) is

assumed due to the die off of the bark.

)\k,snc = )\k,O : fT (15())
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3.7.5 Biomass loss caused by pathogens

The potential biomass loss rate of an organ k, A s 0 [d7'], caused by pathogen diseases
is a function of stress intensity I [-] (0 < I < 1). In the PLATHO model, only stress
induced biomass loss of leaves and fine roots are considered. In case of pathogen diseases,
I [] is a forcing function (input) that describes the fraction of leaves or fine roots that

1

is infected with the pathogen *. The intensity and form of potential biomass loss rate

Me1pot [d71] on a pathogen disease is described by two input parameters ny, and v;.
Ak Lpot(1) = np - I (151)

Due to the effectivity of defensive compounds in leaves or fine roots, the potential biomass
loss rate is reduced. This stress reduction is a function of concentration of defensive
compounds, s, [kg - kg™!], in the infected plant organ k. This function is also described

by help of two input parameters m. and ..
er(sg) = me - sh° (152)
3.7.6 Biomass loss caused by ozone

In case of ozone stress (only leaf damage is considered), intensity of stress, I [-], is
calculated as a cumulative effect of leaf internal ozone co,; [pgkg™!] concentrations

exceeding a critical value co, 1ot [gkg™]:

Ji F(t) d 153

where
0 if COg,L(t/) < CO3,L,crit
F (t’ ) = (154)

cos,L(t") — cognerit 1 Coy,L(t) > €Oy Lcrit

Leaf damage caused by ozone is also calculated by means of equation 151. A reduction
of the damage is only considered in a indirect way, as leaf internal ozone is degraded by

defensive compounds in leaves (see equation 155).

13 dynamic model of intensity of pathogen diseases including a feedback mechanism of plant reaction
to pathogens is not yet integrated in the PLATHO model
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3.8 Ozone uptake

In order to take into account the relation between ozone exposition and plant reaction,
a simple ozone uptake model is integrated in PLATHO. The calculation of leaf internal
ozone concentration follows Trapp et al. (1994), who proposes a model for the uptake
of xenobiotics into plants. The uptake rate is assumed to be proportional to leaf area,
Ap [m?], conductivity of leaves for ozone, go, [m s7!], and to the concentration gradient
between atmosphere, co, [ug m™3], and leaf material, co, 1 [pg kg™']. In PLATHO, a
second order reaction kinetic is assumed for the degradation of leaf internal ozone by
defensive compounds in leaves, s; [kg-kg™']. Ao, [d71-(kg'kg™)~!] considers that two

molecules of ascorbate are required per molecule ozone (Van der Vliet et al. 1995).

dcong _ AL *Jos (CO3 - ]?i,:) Y e s (155)
dt WL O3 Os3,L L

Kra [(ugkg™)/(pngm=3)] is the equilibrium distribution coefficient between the gaseous
phase and the cell wall. As ozone is taken up almost solely via stomata (Kerstiens and
Lendzian 1989), conductivity for ozone can be estimated from conductivity for water
vapour, gg,o [m-d~!]. gm0 depends on actaul arperture of the stomata and is estimated
from actual transpiration rate, g, [kg-d™!] and the difference of water concentration in

stomatal cavities and atmosphere.

18
905 = gm0 || 72 (156)
with
0 = o (157)

2 Ap - (PA—h-PA)
and
7.5-T

107557

PA =611 (158)

461 - (T + 273)

where PA [kg m™3] is the saturation concentration of water vapour, h [%/100] the actual

relative air humidity and 7" [°C] the actual air temperature. The equilibrium distribution
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coefficient between atmosphere and leaves, K4 [(ug-kg™") - (ug - m™3)], depends also

from temperature:

AH-(T—20) _g.7..L=20

Kpa(T) = Kpa(T = 20) - ¢ F2os@2 = 154 10% . ¢ 07777 (159)

where T is actual air temperature [°C] and K 4(T = 20) = 15.4 (Plochel et al. 2000). AH
is the enthalpy of dissolution (16319 J-mol™!) and R the universal gas constant (8.314
J-K~tmol ™).
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A List of variables
Symbol Meaning Unit Equation
Ago pool of assimilates kg(glucose) 37
Ap total leaf area m? 11
AL cum(h) cumulative leaf area over h m? 13
Apiant soil area covered by plant m? 1
Aol assimilate surplus from prior time step kg(glucose) 71
ar(h) leaf area density m?/m 15
ar(l) root surface in soil layer [ m? 26
Ci; competition coefficient between individuals 7 - 2
and j
CL light competition factor - 5
Cn(1) nitrogen competition factor in soil layer [ — 131
Crrp(l) root length density stress factor in soil layer - 24
[
Cw(l) water competition factor in soil layer [ — 121
CCo, actual atmospheric CO, concentration ppm input
i leaf internal CO5 concentration ppm 103
Ci.amb leaf internal COs concentration at ambient ppm 104
COg4 conditions
en(l) concentration of mineral nitrogen in soil layer kg(N)-kg™'  extern
[
CN min minimal concentration of mineral nitrogen in  kg(N) - kg™! input
soil layer [
COs atmospheric O3 concentration ppb input
COs,L leaf internal O3 concentration ppb 155
COg.crit critical leaf internal O3 concentration ppb input
D; phenological development days until stage ¢ — input
Dy phenological development days until stage 4 - 35
Dy phenological development days until stage 4, - input

)

without the effect of ozone
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Symbol Meaning Unit Equation
Dy assimilates required for maintenance — 41
Dg demand for defensive compounds kg (glucose) 45
Dy demand for growth of structural biomass kg (glucose) 44
d day number -
Aoct actual day number -
dg stem diameter m 10
fors allometric branch fraction - input
Jebn fraction of carbohydrates in structural dry kiécﬁgfyogstrt?re)s) input
matter
faif fraction of diffuse radiation at the top of the - 81
canopyk
frr allometric fruit to leaves ratio (trees) d-! input
fx partitioning coefficients to organ k - 54 — 63
frig fraction of lignins in structural dry matter kgkégdggr?liar}:t)er) input
frip fraction of lipids in structural dry matter ke lzir(;i?riljizer) input
fLs allometric leaf to stem ratio d-t input
frnin fraction of minerals in structural dry matter kgg((gf}lfirrlrelﬁ’lc?r) input
foac fraction of organic acids in structural dry kl%g((()zlgr;nrir(ljaiséf)s ) input
matter
fn nitrogen response factor - 29, 126
fos ozone response factor - 36
foh photoperiod response factor - 34
fprt fraction of proteins in structural dry matter k;;{gé éf;orfleaiase)r) input
fre allometric (fine) root to leaf ratio d—! input
fsu(h) fraction of sunlit leaves at height h -] 99
fr temperature response factor - 27
I7,dev temperature response factor of phenological — 33

development
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Symbol Meaning Unit Equation

fugwd allometric underground wood fraction — input

fo soil moisture response factor — 28, 129

fu water potential response factor - 118

Gpot potential growth of total biomass kg (glucose) 42,43

Gs actual assimilate consumption for synthesis kg (glucose) 67
of defensive compounds

Gw actual assimilate consumption for growth of kg (glucose) 48
structural biomass

Gw, actual assimilate consumption for structural kg (glucose) 51
growth of organ k

9o, conductivity of leaves for ozone k m-d ! 156

H plant height m 6-8

HD height to diameter ratio - 9

HD,in minimal height to diameter ratio - input

HD, o maximal height to diameter ratio - input

h height m

I intensity of plant stress 0-1 input

Ip; intensity of plant stress caused by leaf 0-1 input
pathogens

Ipr.crit critical intensity of plant stress caused by leaf 0-1 input
pathogens

Ipr intensity of plant stress caused by root 0-1 input
pathogens

Ip R crit critical intensity of plant stress caused by 0-1 input
root pathogens

Ky, maximal weight of organ k kg 72,75, 76

k index for plant organ. k = R (roots), S - -

(stem), L (leaves), F (fruits/tubers) in case
of herbs, or k = FR (fine roots), GR (gross
roots), S (stem), B (branches), L (leaves), F
(fruits) in case of trees
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Symbol Meaning Unit Equation
Kaif light extinction coefficient for diffuse radia- — input
tion
Edir.dir light extinction coefficient for direct compo- — 92
nent of direct radiation
Edirtot light extinction coefficient for total direct ra- — 91
diation
Kion average ion leakage rate d-! input
Etip turnover rate of lipids d—1 input
Eprt turnover rate of proteins d-! input
LAI leaf area index mQ(lquf) 12
m2(soil)
LAI.m(h)  cumulative leaf area index over h mz(le?f) 14
m2(soil)
LAI.;(h) critical leaf area m2(leajf) input
m2(soil)
LAIL maximal leaf area index mQ(leajf) input
m2(soil)
l. critical value of soluble carbohydrates in - 111
leaves with respect to photosynthesis
Ir(l) root length density in soil layer [ m 21
My rate of assimilate consumption to resynthe- kg (glucose)-d™* 38
sise proteins and lipids in organ &
Miion. k rate of assimilate consumption to maintain kg (glucos.e)-d*1 39
ionic concentrations in organ k
Momet rate of assimilate consumption due to kg (glucose)-d~* 40
metabolic activities
me parameter for efficiency of plant defense - input
Ny available plant internal nitrogen kg (N) 65
Niem total nitrogen demand of the plant kg (N) 122
Nem, grw nitrogen demand for growth kg (N) 123
Naem, opt difference between optimal and actual nitro- kg (N) 123
gen level in the plant
Ny nitrogen content in organ k kg (N) 133
Npob potential plant internal nitrogen mobilisation kg (N) 137
Ninob ke potential nitrogen mobilisation in organ k kg (N) 136
Ninck increment of nitrogen content in organ k kg (N) 134
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Symbol Meaning Unit Equation
Nisoit,av available mineral nitrogen in soil disc [ kg (N) 128
Nirans.k translocation of mobile nitrogen of organ k kg (N) 135
Noupe (1) actual nitrogen uptake from soil kg (N) 130
Nopt actual nitrogen uptake kg (N) 132
Nupt.maz maximal nitrogen uptake from soil kg (N) 125
Nupt pot potential nitrogen uptake from soil kg (N) 127
n index for leaf layer - -
ny parameter for potential damage in case of — input

stress
ph(d) photoperiod of day d m extern
Phopt optimal photoperiod for development h input
DL relative maximum of leaf area density (0-1) input
PR relative maximum of root length density (0-1) input
P,. actual gross assimilation rate kg(COy)-d™! 100
Prmaz actual maximal assimilation rate kg(COy)-m~2-h~! 101
Dopt maximal assimilation rate under optimal kg(COs)-m~2-h~! input
conditions

Dsh assimilation rate of shaded leaves kg(COy)-m—2-h~? 97
Psu assimilation rate of sunlit leaves kg(COg)-m2-h~? 98
qw.act (1) actual water uptake rate from soil disc [ cm? 119
qw.maz (1) maximal water uptake rate from soil disc [ cm? 114
qwpot (1) potential water uptake rate from soil disc [ cm? 115
R pool of reserves kg(starch) 70
Re /e, leaf internal/external CO, ratio - input
rc/s crown to stem diameter ratio - input, 74
T dew actual development rate d-! 32
Tmaz maximal plant growth rate d—1 input
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Symbol Meaning Unit  Equation
TFR/L potential fine root to leaf ratio — input
TR relative reserves growth rate d! input
T2p maximal root extension rate % input
S pool of defensive compounds kg 69
Sk concentration of defensive compounds in or- kg-kg™
gan k
T actual air Temperature °C input
T daily mean air temperature °C input
Tt actual transpiration cm? 120
Thot actual transpiration cm? extern
Tiev.maz maximal temperature for phenological devel- °C input
opment
T iev,min minimal temperature for phenological devel- °C input
opment
T dev,opt optimal temperature for phenological devel- °C input
opment
Tps maz maximal temperature for photosynthesis °C input
s min minimal temperature for photosynthesis °C input
Ths opt optimal temperature for photosynthesis °C input
Tt maz maximal temperature for root extension °C input
Tt min minimal temperature for root extension °C input
Tt opt optimal temperature for root extension °C input
Teou(l) soil temperature in layer [ °C extern
t time days
tp biological time - 30
W (= X W) total structural plant biomass kg -
W (1) available water in soil disc [ cm? 117
Wy fruit biomass at the end of stage 4 kg —
Wi dry weight of organ k kg 66
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Symbol Meaning Unit Equation

Weed seed weight in units of glucose kg (glucose) input

Wi vegetative structural biomass at the end of kg intern
stage 2

wr(h) cumulative leaf weight under height h kg 142

z soil depth m intern

Z depth of soil layer [ m input

ZR rooting depth m 20

2Rmaz maximal rooting depth m input

QO ozone sensitivity parameter of development kg -ug=t-d! input

Bos ozone sensitivity parameter of photosynthe- kg -pug~? input
sis

I} solar height degree 84

Iy COy compensation point ppm input

Yo parameter for regulation of allocation in case — input
of plant internal C shortage

YN parameter for regulation of allocation in case — input
of plant internal N shortage

5. (1) thickness of soil layer [ m input

) parameter for defensive compounds forma- — input
tion

O declination of the sun degree 85

€ light use efficiency % / % input

n parameter considering the effect of soil nitro- kgg’kg(NY1 input
gen availability on nitrogen uptake rate per
unit root surface

(N maximal nitrogen uptake rate krigl\(? input

Cw maximal water uptake rate r(;gl?i input

Oact (1) actual water content in layer [ g—gi extern

(1) water content in layer [ at field capacity g%i extern

puwp(l) water content in layer at permanent wilting 8—%2 extern

point [
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Symbol Meaning Unit Equation
Osat (1) water content in layer [ at water saturation 832 extern
A latitude of the location degree input
Aage loss rate of leaves due to aging d—! 145
Ak actual loss rate of organ k d—! 143
A sne actual loss rate of organ k due to senescence d—! 144,148-150
Ak, T pot potential loss rate of organ k£ due to stress d-! 151
A0 turnover rate of orgen k d—! input
AR specific root length m-kg ! input
ALw(h) specific leaf weight of leaves at height h kg-m 2 18
A Lw,maz maximal specific leaf weight kg-m—2 input
Aw mean specific leaf weight kg-m 2 19
AL w.min minimal mean specific leaf weight kg-m ™2 17
AD, leaf internal ozone degradation rate d=t(kg-kg 1)t input
Ashade loss rate of leaves due to shading d-! 145
T parameter for efficiency of plant defense - input
Mmet fraction of gross photosynthesis used for — input
metabolic processes
vy parameter for potential damage in case of — input
stress
Vact k actual nitrogen concentration in organ k kg(N)-kg™! 138
Vacet,1.() actual nitrogen concentration in leaves at kg(N)-kg™! 138
height h
Vinin, minimal nitrogen concentration in organ k kg(N)-kg_1 input
Vopt.k optimal nitrogen concentration in organ k kg(N)-kg™! input
Ew,, growth efficiency of organ k %;COSG) input
&s efficiency of synthesis of defensive com- %gcose) input
pounds
ér efficiency of conversion of glucose to starch % input
leaf reflexion coefficient for diffuse radiation - 93

Odif
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Symbol Meaning Unit Equation
Odir leaf reflexion coefficient for direct radiation — 94
oF fruit filling rate d—! input
or, leaf flush rate d—t input
Oplant canopy density pl%gts input
OR root density kg-m—3 input
0s0it(1) soil density in soil layer kg-m~3 input
O(F)R (fine) root flush rate d—! input
0s stem density kg-m~3 input
o potential defence investment - 46
O leaf scattering coefficient - input
0o potential permanent defence investment — input
or potential induced defence investment - 47
TA atmospheric transmissivity - 82
™~ nitrogen mobilisation rate d-! input
TR reserves mobilisation rate d—! input
Ts turnover rate of defensive compounds d—t input
OPAR photosynthetic active radiation W-m~2 78
OPARdif diffuse component of photosynthetic active W-m—?2 80
radiation
DPAR,dir direct component of photosynthetic active W-m—2 79
radiation
Oe extraterrestrial radiation W-m 2 83
Ga,sh radiation absorption by shaded leaves W-m~2(leaf) 95
Ga,su radiation absorption by sunlit leaves W-m~2(leaf) 96
Gais(h) flux of diffuse photosynthetic active radiation W-m~? 88
at height h
Gir 1ot (1) flux of total direct photosynthetic active ra- W-m—2 89

diation at height A
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Symbol Meaning Unit  Equation

Gdir,dir (1) flux of direct component of direct photosyn- W-m~2 90
thetic active radiation at height A

bq global radiation W-m 2 input

wo plant internal C availability - 49

ON plant internal N availability - 50

©Co, atmospheric CO5 response factor of photo- — 102
synthetic capacity

Oy leaf nitrogen response factor of photosyn- - 105
thetic capacity

oT temperature response factor of photosyn- - 107
thetic capacity

PH,0 stomatal aperture response factor of photo- — 109
synthetic capacity

OCHL0 soluble sugars response factor of photosyn- - 110
thetic capacity

00 ozone response factor of photosynthetic ca- — 112
pacity

PPath leaf pathogens response factor of photosyn- — 113
thetic capacity

w photoperiodism sensitivity parameter - input




