Chapter 7. Crop Growth Modeling - Introducing GENECROP as a Framework

Modeling the effects of injuries caused by pests (diseases, insects, and weeds) on crop growth
and yield requires, as a first stage, the modeling of growth and yield of a crop in absence of injuries.
This chapter will take you through the main processes involved in crop growth, how these processes
are represented in a quantitative and dynamic manner, and how they are implemented into a simple
model, which you can explore and run. This chapter starts with the RI-RUE paradigm, which has
strong connections with the modeling of yield losses, and provides a very simple and robust framework

to address crop growth under a set of biophysical constraints.

The RI-RUE concept

RI is the radiation intercepted by the crop canopy and can be written in a simple way using
Beer's law (Monsi and Saeki, 1953, see also, Goudriaan and van Laar, 1994; Whisler et al., 1986;
Thornley and France, 2007) as:

RI, = RAD, x (1—e ¥ ) (7.1)

where RAD is the global solar radiation, that is, the incident radiation above the canopy; k is the
extinction coefficient; and LA/ is the Leaf Area Index (i.e., the area of leaf per area of ground soil,
dimension = [L>.L?] with units m>m”). The parameter k depends on the direction of the radiation and
on the orientation of the leaves. Average values for canopies with erect and horizontal leaves are about
0.6 and 0.8, respectively (Penning de Vries et al., 1989). The intercepted radiation increases with LAI,
but the rate of increase diminishes as LAI increases. For a given value of LAI, the intercepted radiation

is larger for canopies with horizontal than erect leaves (Fig. 7.1).

15

RI= RAD x [1- exp(-k x LAl)]
RAD = 15 MJ/im?

Radiation intectepted (MG/nf)

Figure 7.1. Relationships between radiation intercepted and LAI



Monteith (1977) established a robust, linear relationship between the accumulated crop biomass
and RI. He introduced the concept of Radiation Use Efficiency (RUE), which can empirically be
estimated as the slope value from the linear regression of accumulated biomass over accumulated RI.
RUE represents the conversion of radiation energy into biomass. In other words, RUE represents the
amount of dry biomass (DBM) produced per unit of radiation energy intercepted by the crop canopy.
An RUE value for crops under non-limiting conditions is about 1.4 g-MIJ", or approximately 2.8-3.2
g:-MJ" of photosynthetically active radiation (PAR; Monteith, 1977). Using Monteith's framework, the

accumulated dry biomass over a time interval [0, t], (DBM) can therefore be written as:
t
DBM, = [RI, x RUE, xdt (7.2)
0

This framework establishing relationships between crop growth, radiation interception, and
RUE has been used in a very wide range of examples to model crop growth in a simple way (e.g.,
Johnson et al., 1986; Sinclair, 1986; Steer et al., 1993; Richter et al., 2001; Kiniri et al., 2004). This
framework is used here because it has also enabled addressing the effects of harmful organisms on

crop growth in a generic, synthetic manner (see Chapter 8).

Main processes involved in crop growth captured into a simple crop growth simulation model for

attainable growth and yield — GENECROP

Model system and structure

The time step of the GENECROP model is one day, and the system modeled is 1 m” of crop.
The different processes determining crop growth are embedded into the model in three components,
which deal with: (1) the dynamics of crop development, (2) the accumulation of crop biomass, and (3)
the growth in numbers of tillers (or shoots). A complete listing of the program can be found in
Appendix 7.1.

The model structure can be explored by opening the STELLA model GENECROP.STMX and
clicking on the "explore model" button. The model equations can be viewed by selecting the
"equation” level on the left part of the panel when opening the file. The flowchart of the model is given

in Fig. 7.2.
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Figure 7.2. Flowchart of GENECROP, a generic model for attainable crop growth.

The main processes involved over the course of a crop cycle are: photosynthesis, biomass partitioning
in growing plants, leaf senescence, and yield build-up. Most of these processes are driven by crop
development.

As discussed in the earlier parts of this module, the level of detail in modeling which is
required to simulate and understand the behavior of a system needs to be carefully pondered. This
principle applies here, where these processes need to be seen from the point of view of our needs
(modeling crop growth so that injuries caused by pests can be accounted for, and, eventually yield
losses, computed), and to our ability (to what extent shall we be able to parameterize the processes
induced by injuries caused by pests?). Crop growth modeling is a field of research and application in

its own right, in which we cannot enter in detail here. Some references are given at this end of this



chapter for the interested reader. Lines of investigation in this field (some of which are very current)

include:

the root/shoot relationships

the remobilization of carbohydrates as harvestable organs grow

the detailed analysis of nutrient and water efficiencies in their contribution to growth

the physiological effects of symbionts in enhancing crop growth

the interaction between plants in heterogeneous systems (inter- and intra-specific diversity)

the use of models as aids to chart the path of molecular or conventional breeding (e.g., Yin et
al., 2004)

The choice was made in this chapter to focus on a structure that retains the key elements of a

simplified system (a growing crop stand), that nevertheless allows one to quantitatively account for the

effects of crop harmful organisms. Therefore, the processes accounted for and their level of detail have

been included in GENECROP so that (1) they can be represented in the simplest possible way, while

(2) being able to include the different damage mechanisms by which crop growth and yield are

affected by disease (pest) injuries.

The flowchart in Fig. 7.2 may seem rather complicated to the unaccustomed eye. Yet this

flowchart, and the system it represents, actually is based on quite a limited series of processes, which

have been used in a large number of crop systems:

1.

Crop growth occurs. It depends on the amount of radiation, which the canopy is able to
intercept at any level of its growth (over time, crops intercept very little, then quite a lot, and
progressively less radiation as leaves are successively very young, fully established, and
senescing).

The intercepted radiation is converted into carbohydrates through photosynthesis.

The accumulated carbohydrates are partitioned towards the different organs of a growing crop:
leaves, roots, stems, and storage (harvestable) organs.

This partitioning process is dependent on the development stage of a crop. Young crops will
allocate much of their early "earnings" through photosynthesis to roots and leaves; later-on,
stems and leaves will become important investment organs; and towards the end of a crop cycle
much of the photosynthates will be allocated to the storage (harvestable) organs. In other
words, the growth of different organs is made dependent upon development. Physiological
development in turn is made (as is often done) dependent on temperature.

For the sake of tracking the dynamic effects of damage mechanisms, a small set of variables are

introduced to monitor the dynamics of shoots (or tillers, in the case of a cereal crop).



The different symbols used in GENECROP and their meanings are shown in Table 7.1.

Table 7.1. Variables, acronyms, and examples of units in the GENECROP crop growth simulation

model
Variable type Acronym Meaning Units
State variables LEAFB Leaf biomass gm”
POOL Pool of biomass produced from photosynthesis gm”
REPTIL Number of reproductive tillers (shoots) Ntil-m”
ROOTB Root biomass gm’
STEMB Stem biomass gm”
STEMP Sum of temperature above threshold °C-day
STORB Storage organ biomass gm’
VTIL Number of vegetative tillers (shoots) Ntil-m”
Rates DTEMP Rate of increase in sum of temperature °C
PARTL Rate of partitioning of assimilates towards g-m”-day’
leaves
PARTR Rate of partitioning of assimilates towards roots g-m-day’
PARTSO Rate of partitioning of assimilates towards g-m”-day’
storage organs
PARTS Rate of partitioning of assimilates towards stems g-m’-day’
RMAT Rate of tiller (shoot) maturity Ntil-m”-day”
RG Rate of crop growth g-m”-day’
RMORTV Rate of mortality of vegetative tillers (shoots) Ntil-m”-day’
RMORTR Rate of mortality of reproductive tillers (shoots) Ntil-m*-day
RSENL Rate of leaf senescence g-m”-day’
RTIL Rate of tillering (of shoot emergence) Ntil-m”-day”
RTRANSLOC | Rate of translocation of carbohydrates from g-m”’-day’
stems to storage organs
LAI Leaf area index m’m”
Computed TOTIL Total number of tillers Ntil-m”
variables k Coefficient of light extinction -
Parameters FST Fraction of sterile tillers (shoots) after flowering -




MAXTIL Maximum number of tillers (shoots) Ntil-m”
RRMAT Relative rate of tiller maturity Nitil-Ntil
STW Dry biomass of a new tiller (shoot) g-Ntil”
TBASE Temperature threshold for crop development °C
TFLOW Sum of temperature above threshold to reach °C-day
flowering stage
TMAT Sum of temperature above threshold to reach °C-day
crop maturity
RAD Daily global radiation MJ-m” -day’
Driving functions | TMIN Daily minimum temperature °C
Weather TMAX Daily maximum temperature °C
CPL Coefficient of partitioning of assimilates towards -
leaves
Interpolated CPR Coefficient of partitioning of assimilates towards -
variables roots
CPSO Coefficient of partitioning of assimilates towards -
storage organs
CPS Coefficient of partitioning of assimilates towards -
stems
DVE Fraction of assimilates allocated to the -
production of new tillers (shoots)
DVS Development Stage -
RRSENL Relative rate of leaf senescence gg’
RUE Radiation Use efficiency g-MJ"
SLA Specific Leaf Area m’g’

Crop development

Unlike growth, which is a continuous process of accumulation, crop development, or crop

phenology, is the progress of a given crop trough successive discrete stages over a crop cycle. Two

major stages can be distinguished in general: the vegetative and the reproductive stages. Crop

development is critical when modeling crop growth, because it determines many physiological

processes and parameters directly. For example, the partitioning of assimilates towards the different

organs directly depends on the crop development stage.




Following Penning de Vries et al. (1989), the representation of crop development can be made
in a very simple way, by using a quantitative scale from 0 (emergence) to 1 (flowering) and 2
(maturity).

Crop development mainly depends on temperature, and the development stage DVS of a given
crop can be computed as:

DVS, = STEMP, /TFLOW if STEMP, < TFLOW (7.3)

and

DVS, =1+[(STEMP, —TFLOW )/(TMAT —TFLOW)] if STEMP, > TFLOW (7.4)

Where STEMP, is the sum of temperature above the crop-specific threshold temperature (TBASE),
TFLOW is the sum of temperature required to reach the flowering stage, and TMAT is the sum of
temperature required to reach maturity. The schematic relationship between sum of temperature and

development stage is given in Fig. 7.3.
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Figure 7.3. Schematic relationship between sum of temperature and development stage.
TFLOW: sum of temperature needed to reach the flowering development stage; TMAT: sum of
temperature needed to reach the maturity development stage. The development stage scale is

defined as 0 = emergence, 1 = flowering, and 2 = maturity



Photosynthesis
Photosynthesis allows the production of assimilates that are made available for plant growth,
using radiation energy. The computation of the rate of growth (RG) according to photosynthesis can be

done in a synthetic way (e.g., Van Keulen et al., 1982; Sinclair and Muchow, 1999) as:
RG, = RUE, x RAD, x (1 —e " ) (7.5)

where RAD is the daily global solar radiation; RUE is the radiation use efficiency (Monteith, 1977,
Sinclair and Muchow, 1999), that is, the amount of assimilates produced per quantity of radiation
intercepted by the canopy. The term [1 - exp(-k x LAI)] is the proportion of light intercepted by the
crop, following Beer’s law; and £ is the coefficient of light extinction. Note that equation (7.5) reflects
the same processes embedded in the framework developed by Monteith (equation 7.2).

Crop growth models developed to address crop physiological processes at a finer level of detail
have incorporated respiration and transpiration (to, e.g., analyze the effects of water stress or of pests
affecting transpiration; e.g., Penning de Vries et al., 1989; Goudriaan and van Laar, 1994). Here, the
approach using RUE is used, because it allows capturing and analyzing in a synthetic way a number of
physiological processes in crop growth.

LAI can be computed from the dry biomass of leaves (LEAFB):

LAI, = SLA, x LEAFB, (7.6)

where SLA is the specific leaf area (i.e., the leaf area per unit of leaf dry biomass) and is a function of
the crop development stage. Young leaves are in general thinner, and thus have a higher SLA than
older leaves. It is therefore expected that SLA declines over time.

Radiation use efficiency, RUE, represents the overall efficiency of the crop to convert plant
biomass from intercepted light. RUE thus encapsulates the efficiency of several processes: gross
photosynthesis, respiration, transportation of photosynthates before on-site biosynthesis, and synthesis
of complex molecules from photosynthates (e.g., proteins, lipids, polysaccharides). RUE varies
depending on (1) the efficiency of photosynthesis, which depends on the concentration of leaf N and
on water availability (Penning de Vries et al., 1989), and; (2) the respective proportion of the different
types of organic components synthesized from photosynthates: the energy required for the biosynthesis
of a given compound depends on the type of organic group it belongs to (Penning de Vries et al.,

1989). For example, lipids require much more energy (that is, more glucose) to be synthesized than



carbohydrates, the proteins being in an intermediate position (Penning de Vries et al., 1989). The
proportion of compounds synthesized depends on the crop development stage.
Thus, RUE varies depending on the crop species, on the crop development stage, and on nutrients and
water supply of a crop (Sinclair and Muchow, 1999).

The amount of assimilates that are made available for plant growth (POOL) is accumulated

daily at the rate of growth, RG:
POOL,,, = POOL, +(RG, x At) (7.7)

Partitioning of assimilates
Assimilates that are accumulated daily are partitioned to the different plant organs. Most crop
plants develop four broad types of organs: leaves, stems, roots, and storage organs (e.g., grains,

tubers). The increase in dry biomass of the different crop organs can be computed as follows:

LEAFB,,, = LEAFB, + (PARTL, x At) (7.8)
STEMB,,,, = STEMB, + (PARTS, x At) (7.9)
ROOTB,, , = ROOTB, +(PARTR, x At) (7.10)
STORB,, , = STORB, + (PARTSO, x At) (7.11)

where PARTL, PARTS, PARTR, and PARTSO are the daily flows of assimilates towards leaves, stems,
roots, and storage organs, respectively. These flows depend on coefficients of partitioning, which in

turn depend on the development stage:

PARTL, = POOL, xCPL, x(1-CPR,) (7.12)
PARTS, = POOL, x CPS, x(1-CPR,) (7.13)
PARTR, = POOL, xCPR, (7.14)
PARTSO, = POOL, xCPSO, x(1-CPR,) (7.15)

where CPL, CPS, CPR, and CPSO are the partitioning coefficients of assimilates to leaves, stems,
roots, and storage organs, respectively, at the development stage at date . CPL, CPST, and CPSO
represent partitioning coefficients relative to the biomass partitioned above ground. CPR represents the

coefficient of partitioning towards roots, relative to the total plant biomass.



Assimilates produced by photosynthesis are therefore partitioned towards the plant organs, and

equation (7.7) becomes:

POOL,,,, = POOL, +[(RG, — PARTL, — PARTS, - PARTR, — PARTSO,)x At]  (7.16)

In general, partitioning towards roots, stems, and leaves occurs until flowering. From this stage

onwards, most, if not all, assimilates are partitioned towards the storage organs (Fig. 7.4).
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Figure 7.4. Typical dynamics of partitioning of assimilates towards the different organs in the

case of a cereal.

Leaf senescence

Leaf senescence refers to physiological ageing and occurs towards the end of the crop cycle.
Leaf senescence can be represented by a loss of leaf dry biomass (RSENL), which can be made
proportional to a relative rate of leaf senescence (RRSENL) and to the dry biomass of leaves (LEAFB),
with RRSENL depending on the development stage.

RSENL, = RRSENL, x LEAFB, (7.17)



Thus equation (7.8) becomes:

LEAFB,, , = LEAFB, + ((PARTL, — RSENL, )x At) (7.18)

t+At

Accumulation and redistribution of reserves

Carbohydrates can be stored in stems or roots before being translocated towards storage organs
(Penning de Vries et al., 1989). In the case of cereals, this can be translated in a simple way by
simulating a flow of biomass from the stems towards the storage organs after flowering. Equations
(7.9) and (7.11) thus become:

STEMB,

t+At

= STEMB, + ((PARTST, — RTRANSLOC, ) x At) (7.19)
STORB

... = STORB, + ((PARTSO, + RTRANSLOC,) x At)) (7.20)
where RTRANSLOC  is the daily rate of translocation of starch from stems to storage organs.
RTRANSLOC, varies with the development stage, and is proportional to the dry biomass of stem at

flowering.

Dynamics of tillers (or shoots)

In the following, we shall refer to tillers or plant shoots in an equivalent manner, as
GENECROP can be used equivalently for a cereal (where the aerial part of a plant — the unit of a crop
stand — consists of tillers as sub-units) or a dicotyledon (where shoots could be considered instead as
sub-units) crop. Crop growth simulation models do not usually consider the dynamics of plant sub-
units, since consideration of the functioning of a system's unit is sufficient to understand the behavior
of the system at the higher level of integration (Penning de Vries and Van Laar, 1982). When aiming at
simulating the effects of pest injuries on crop growth, however, the simulation of tiller (or shoot)
dynamics may allow direct and relevant simulation of the way injuries affect tiller (shoot) mortality.
The tiller (shoot) dynamic can be modeled by considering first vegetative tillers (shoots), which
multiply during the tillering (shoot emission) phase. The tillering rate is assumed to be proportional to

the rates of leaf and stem growth:

RTIL, = (PARTL, + PARTS, )x STW (7.21)



where RTIL is the tillering rate; PARTL is the rate of leaf growth; PARTS is the rate of stem growth;
STW is the dry biomass of one new tiller.

During the tillering phase, leaf and stem growth contribute progressively less to generating new
tillers, and more to leaf production, leaf expansion, and stem elongation. Tiller production is therefore
seen in the model to compete with tiller growth, with respect to assimilate allocation to stems and
leaves. This is reflected by introducing the factor (1-(VTIL/MAXTIL)) in equation (7.21), where VTIL
and MAXTIL represent the number of vegetative tillers and the maximum number of tillers,
respectively. Tillering is furthermore governed by crop development: when the crop reaches the
maximum tillering stage, assimilates are not allocated for tillering any more. This is reflected by a
multiplicative term, DVE, which is made dependent on development stage. Equation (7.21) thus

becomes:

RTIL, = (PARTL, + PARTS, )x STW x [1 - (VTIL,/ MAXTIL)]x DVE, (7.22)

The shift from the vegetative phase to the reproductive phase corresponds to the maturation of
vegetative tillers (shoots), which become reproductive. This is reflected by a rate of maturity (RMAT;
which depends on development stage), which flows from the number of vegetative tillers (VTIL) to the

number of reproductive tillers (REPTIL):

RMAT, = RRMAT xVTIL, (7.23)

where RRMAT is the relative rate of tiller maturity.

A fraction of the vegetative tillers, FST, may remain vegetative and not produce any storage
organ. Furthermore, between maximum tillering and flowering stages, some of the younger tillers die,
due to competition for light and nutrients with the other tillers. The dynamics of vegetative tillers and

of reproductive tillers is described by equations (7.24) and (7.25), respectively:

VTIL,,, =VTIL, +(RTIL, —RMORTYV, — RMAT, )x At (7.24)
REPTIL,,,, = REPTIL, +(RMAT, — RMORTR, )x At (7.25)

with:
RMORTYV, = RRMORT, xVTIL, (7.26)

RMORTR, = RRMORT, x REPTIL, (7.27)



where RRMORT , is the relative rate of tiller mortality, and depends on development stage.

Model parameters

The simulation starts at 15 days after crop establishment (DACE), and ends when DVS reaches
2. Model inputs and parameters have been chosen to be within the range of values found for crops (or
cereals) under favorable environments.

Weather variables used as inputs (driving functions) are daily minimum and maximum
temperature (which drive the development stage) and daily radiation (which drives the rate of crop
growth). Minimum and maximum temperature have been set to 24°C and 30°C, respectively, and are
kept constant over the duration of the simulation for the sake of simplicity. Global radiation is also
constant over time, and has been set to 17 mJ -m’z-day'l.

Parameters for crop development have been set to 1500 °C-day and 2000 °C-day for TFLOW
and TMAT, respectively, and to 8°C for TBASE (threshold temperature under which the crop does not
develop). The main parameters for crop growth have been set to the following values:

RUE = 1.2 g¢:MJ" (value for a crop under favorable conditions; Monteith, 1977; Sinclair and

Muchow, 1999)

k = 0.6 (value for a canopy with erect leaves; Goudriaan, 1977)

SLA decreases from 0.037 to 0.018 m* g'1 from emergence (DVS=0) to flowering (DVS=1),

and from 0.018 to 0.017 m”-g" from flowering to maturity (derived from Willocquet et al.,

2004).

Coefficients of partitioning towards the different organs according to the development stage are

derived from Willocquet et al. (2004). The maximum number of tillers has been set to 900 tillers-m”.

Simulations
The STELLA model GENECROP.STMX will allow you to:
e explore the model structure and equations,
e explore the model inputs,
e explore the model outputs, and

e run the model with varying values of RUE, so as to observe the effects these changes have on

the dynamics of the crop growth and on final yield.

The simulated crop growth using GENECROP is displayed in Fig. 7.5.
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Figure 7.5. Simulated outputs of biomass (upper graph) and number of tillers (lower graph)

using GENECROP

The model outputs reflect the hypotheses captured in the different equations of the model. Crop
reaches maturity when DVS equals 2, that is, at 105 days after crop establishment (DACE). The
biomass of roots increases regularly until 51 DACE, then tapers off at around 60 DACE. Leaf biomass
increases according to a sigmoid-like shape until flowering (which occurs at 77 DACE), and then
declines as leaf senescence takes place. Stem biomass increases regularly until flowering, and then
declines nearly linearly as carbohydrates are translocated towards the storage organs. The dry biomass
of storage organs increases exponentially, and then nearly linearly, when all assimilates are partitioned
towards these organs towards the end of the crop cycle. The final yield is about 700 g-m”, that is, 7
t-ha'.

The number of vegetative tillers increases until maximum tillering, then decreases because of
tiller mortality due to competition, and finally decreases because vegetative tillers become

reproductive. The number of reproductive tillers increases when vegetative tillers reach the



reproductive stage, and then remains at the same level until the end of the crop cycle, about 500

tillers-m”.

Concluding remarks
The reader will have noticed that this chapter deals with annual crops, with a definite tinge
towards cereals. This is a reflection of the authors' main interest, but mainly because such systems are
comparatively simple. Complication (but not necessarily complexity) may emerge when:
e one considers crops whose lifespan is long and/or covers several seasons, such as cassava,
sugarcane, alfalfa, pyrethrum, or banana;
e the focus of research concerns perennials, e.g., fruit trees, grapevine, or blueberries;
e crop species or genotypes with indeterminate growth are considered, such as tomatoes or beans.
Many of the ideas that have been forwarded in this chapter are relevant to such crops, however.
One, in particular, is the remobilization of carbohydrates from one season to the other, which, for
example, explains the yearly oscillations of coffee yield in a plantation, the associated variation of
coffee susceptibility to rust, and so, the yearly oscillations of coffee rust epidemics (Avelino et al.,
2004).

Summary

This chapter describes:

e The RI-RUE concept.

e The main processes involved in crop growth.

e How they are captured in a quantitative and dynamic way into a generic simulation model,
GENECROP.

e The equations, parameters, and flowchart of GENECROP.

e Includes the STELLA file, which can be used to explore the model structure and the effect of some

parameters on the simulated dynamics of the model variables.
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Exercises and questions
1. What is the difference between (crop) growth and development?

2. What is the dimension of a rate of crop growth? What is the dimension of a rate of crop

development?

3. The increase in crop biomass directly depends on several factors, including
a. leaf biomass
b. radiation
c. LAI

d. temperature

4. Radiation Use Efficiency, RUE can be expressed with the unit(s)

a. [g.MJ'.m?]
b. [gMI']
c. [Mlg'.m?]

d. [gMJ'.m”day-1]

5. Crop development

a. represents changes in crop biomass



b. mainly depends on temperature
c. mainly depends on radiation

d. determines the partitioning of assimilates towards plant organs

Answers to exercises and questions

1. Crop growth is the accumulation (and possibly decrease) of biomass over time; whereas crop
development represents the passing of a crop (seen as a cohort, i.e., a population of plants which
have a similar development stage at a given point of time) through the successive development
stages of its life cycle. For instance, in cereals, development spans from seeds and their

germination, to ripening of ears.

2. The rate of crop growth is measured as a quantity of biomass [M] per unit time [T], so a rate of crop
growth is measured as: [M.T"]. Development is, by essence, a qualitative attribute, and so does not
have dimension [ - ], so a rate of development is [T"].

3. b: radiation, and c: LAI

4.b: [gMI'].

5. b: mainly depends on temperature, and d: determines the partitioning of assimilates towards plant

organs.



Appendix 7.1. Program listing of GENECROP

LeafB(t) = LeafB(t - dt) + (PartL - RSenL) * dt
INIT LeafB =10

INFLOWS:

PartL. = CPL*Pool

OUTFLOWS:

RSenL = rrsen*LeafB

MaxStemb(t) = MaxStemb(t - dt) + (rmaxstemb) * dt
INIT MaxStemb = 6

INFLOWS:

rmaxstemb = PartLLS

Pool(t) = Pool(t - dt) + (RGrowth - PartS - PartL - PartSO - PartR) * dt
INIT Pool =0

INFLOWS:

RGrowth = RAD*RUE*(1-EXP(-k*LAI))
OUTFLOWS:

PartS = CPS*Pool

PartL = CPL*Pool

PartSO = CPP*Pool

PartR = CPR*Pool

REPTIL(t) = REPTIL(t - dt) + (Rmat - Rmortr) * dt
INIT REPTIL =0

INFLOWS:

Rmat = if DVS<0.8 or DVS>1 then O else if VTIL<FST*Totil then 0 else RRMAT*VTIL
OUTFLOWS:

Rmortr = rrmort*REPTIL

RootB(t) = RootB(t - dt) + (PartR) * dt

INIT RootB =5

INFLOWS:

PartR = CPR*Pool

StemB(t) = StemB(t - dt) + (PartS - RTransloc) * dt
INIT StemB =6

INFLOWS:



PartS = CPS*Pool

OUTFLOWS:

RTransloc = IF(DVS>1) then ddist else 0
STEMP(t) = STEMP(t - dt) + (Dtemp) * dt

INIT STEMP = 320

INFLOWS:

Dtemp = (TMAX+TMIN)/2)-TBASE

StorB(t) = StorB(t - dt) + (PartSO + RTransloc) * dt
INIT StorB =0

INFLOWS:

PartSO = CPP*Pool

RTransloc = IF(DVS>1) then ddist else 0

VTIL(t) = VTIL(t - dt) + (Rtil - Rmat - Rmrtv) * dt
INIT VTIL = 250

INFLOWS:

Rtil = PartLS*STW*(1-(VTIL/Maxtil))*DVE
OUTFLOWS:

Rmat = if DVS<0.8 or DVS>1 then 0 else if VTIL<FST*Totil then 0 else RRMAT*VTIL
Rmrtv = (rrmort*VTIL)

CPL = CPPL*(1-CPR)

CPP = CPPP*(1-CPR)

CPS = (1-CPL-CPP)*(1-CPR)

ddist = 0.005*MaxStemb

DVS = if stemp<TFLOW then STEMP/TFLOW ELSE 1+((STEMP-TFLOW)/(TMAT-TFLOW))
FST =0.05

k=0.6

LAI = LeafB*SLA

Maxtil = 900

PartLS = PartL+PartS

RAD =17

RRMAT =0.3

RUE=1.2

STW =20

TBASE =8



TFLOW = 1500

TMAT = 2000

TMAX =30

TMIN =24

Totil = VTIL+REPTIL

CPPL = GRAPH(DVYS)

(0.00, 0.55), (0.1, 0.536), (0.2, 0.521), (0.3, 0.507), (0.4, 0.493), (0.5, 0.479), (0.6, 0.464), (0.7, 0.45),
(0.8, 0.3), (0.9, 0.15), (1, 0.00), (1.10, 0.00), (1.20, 0.00), (1.30, 0.00), (1.40, 0.00), (1.50, 0.00), (1.60,
0.00), (1.70, 0.00), (1.80, 0.00), (1.90, 0.00), (2.00, 0.00)

CPPP = GRAPH(DVS)

(0.00, 0.00), (0.05, 0.00), (0.1, 0.00), (0.15, 0.00), (0.2, 0.00), (0.25, 0.00), (0.3, 0.00), (0.35, 0.00),
(0.4, 0.00), (0.45, 0.00), (0.5, 0.00), (0.55, 0.00), (0.6, 0.00), (0.65, 0.00), (0.7, 0.00), (0.75, 0.00), (0.8,
0.143), (0.85, 0.286), (0.9, 0.429), (0.95, 0.571), (1.00, 0.714), (1.05, 0.857), (1.10, 1.00), (1.15, 1.00),
(1.20, 1.00), (1.25, 1.00), (1.30, 1.00), (1.35, 1.00), (1.40, 1.00), (1.45, 1.00), (1.50, 1.00), (1.55, 1.00),
(1.60, 1.00), (1.65, 1.00), (1.70, 1.00), (1.75, 1.00), (1.80, 1.00), (1.85, 1.00), (1.90, 1.00), (1.95, 1.00),
(2.00, 1.00)

CPR = GRAPH(DVS)

(0.00, 0.3), (0.1, 0.263), (0.2, 0.225), (0.3, 0.188), (0.4, 0.15), (0.5, 0.112), (0.6, 0.075), (0.7, 0.038),
(0.8, 0.00), (0.9, 0.00), (1, 0.00), (1.10, 0.00), (1.20, 0.00), (1.30, 0.00), (1.40, 0.00), (1.50, 0.00),
(1.60, 0.00), (1.70, 0.00), (1.80, 0.00), (1.90, 0.00), (2.00, 0.00)

DVE = GRAPH(DVS)

(0.00, 1.00), (0.4, 1.00), (0.8, 0.00), (1.20, 0.00), (1.60, 0.00), (2.00, 0.00)

rrmort = GRAPH(DVS)

(0.00, 0.00), (0.1, 0.00), (0.2, 0.00), (0.3, 0.00), (0.4, 0.00), (0.5, 0.02), (0.6, 0.02), (0.7, 0.02), (0.8,
0.02), (0.9, 0.02), (1, 0.00), (1.10, 0.00), (1.20, 0.00), (1.30, 0.00), (1.40, 0.00), (1.50, 0.00), (1.60,
0.00), (1.70, 0.00), (1.80, 0.00), (1.90, 0.00), (2.00, 0.00)

rrsen = GRAPH(DVY)

(0.00, 0.00), (0.1, 0.00), (0.2, 0.00), (0.3, 0.00), (0.4, 0.00), (0.5, 0.00), (0.6, 0.00), (0.7, 0.00), (0.8,
0.00), (0.9, 0.00), (1, 0.00), (1.10, 0.013), (1.20, 0.026), (1.30, 0.04), (1.40, 0.04), (1.50, 0.04), (1.60,
0.04), (1.70, 0.04), (1.80, 0.04), (1.90, 0.04), (2.00, 0.04)

SLA = GRAPH(DVS)

(0.00, 0.037), (1.00, 0.018), (2.00, 0.017)



