A General concept

FORMIND 3.0 is an individual-based, spatially explicit and process-based model designed
for simulating species-rich vegetation communities. This document introduces only a
specific version of FORMIND 3.0 (SVN-Built 1619) which simulates forest dynamics at
Mt. Kilimanjaro, Tanzania. For a full model description of FORMIND 3.0 please go to
www.formind.org. The full description shows the entire range of different model versions,
which can be currently applied (i.e. the choices of different geometries of the vegetation,
of the climatic zone or of various disturbance events).

In FORMIND 3.0 vegetation is simulated on an area of size Ag..., which is a composite
of regularly ordered, quadratic patches of size Apuen [m?] uniquely described by their
location within the area (Fig. 1). Individual trees grow within the patches, but do not
have spatially explicit positions within a patch.

simulated area

Figure 1: Illustration of the simulated area and its composition of regqularly ordered patches.
Individual trees do not have spatially explicit positions within the patches. Only for an illustrative
purpose, we show positioned trees on an exemplary patch.

The trees change their size during the simulation according to a type-specific set of eco-
physiological and morphological parameters used within the modelled processes. The
modelled processes are simulated on different levels: (i) area-level, (ii) patch-level or (iii)
on the level of a single tree .

Within each time step t,, the following main processes are calculated:


http://www.formind.org

e Chapter C - Recruitment and establishment
Establishment of recruited seeds is modelled on the patch-level, whereby the recruit-
ment of new trees is simulated on the area-level.

e Chapter D - Mortality
First, an event-driven mortality due to crowding can take place on the patch-level.
Afterwards, mortality affects each trees including the chance of a dying tree to fall
down and damage other trees

e Chapter I - Growth
The growth of a single tree is determined by its gross productivity, respiration and
type-specific morphological parameters. Respiration is calculated on the level of an
individual. An increase in biomass per tree is modelled as the difference between
gross photosynthesis and respiration. The allocation of the resulting biomass in-
crease (including the increase of geometrical properties according to chapter B) act
on the level of a tree .

The modelled processes, which are summarized within the above mentioned main pro-
cesses, are scheduled in a serial way. For details on the modelled processes and their
schedule see Fig. 2.

Periodic boundary conditions are used. That means processes leaving one side of the
simulation area are entering the area on the opposite side again.

For the purpose of calculations within the processes of light climate and crowding mor-

tality, the above-ground space is discretized into vertical height layers of constant width
Ah. Table 1 shows general input parameters.

Table 1: General and technical parameters.

Name Symbol ~ Value Unit Reference
Simulation time tend 4500  year -

Time step ty 1 year -
Simulation area Agrea 25 hectare -

Patch area Apaten 400 m?

Number PFTs MaxGrp 16 - -

Width of height layers Ah 0.5 m -
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Figure 2: Block diagram of the modelled processes. Different colours indicate the spatial scale
on which each process is calculated (blue = area, green = patch, orange= individual). Italic
written boxes show processes which are simulated with time steps of higher resolution than t,.
Numbers in brackets within each box show the serial order of their calculation within one time

step ty,. Grey frames that underly these boxes group them according to the above mentioned main
processes and their corresponding chapters.
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B Geometry

Although individual trees in real forests should not have necessarily identical shapes, we
model each tree by a cylindrical stem and a cylindrical crown (Fig. 3). The geometry
of an individual can be described completely by the following size characteristics: stem
diameter (D), height (H), crown diameter (Cp), crown length (C) and crown projection
area (Cy4) as shown in Fig. 3.
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Figure 3: Geometrical representation of a single tree . The following abbreviations describe
size characteristics of the modelled tree geometry: D - stem diameter, H - height, Cp - crown
diameter, Cr, - crown length, C'4 crown projection area.

These size characteristics are functionally related to each other. In the following, we de-
scribe the functional relationships used. Parameters of the described relationships can
vary between different tree types.

B.1 Height - Stem Diameter - Relationship
The height H [m] of a tree relates to its stem diameter D [cm] by:

H = hy - D™, (1)

where hy and h; are type-specific parameters.



B.2 Crown length - Height - Relationship
The crown length Cf, [m] of a tree is modelled as a fraction of its height H [m]:

CL = C0 H, (2)

where ¢ is a type-specific parameter.

B.3 Crown diameter - Stem diameter - Relationship
The second dimension of the cylindrical crown, i.e. the crown diameter Cp [m] of a tree
relates to its stem diameter D [cm] by:

Cp = cap - D — cao, (3)

where cqg, cq1 and cgo are type-specific parameters.

B.4 Crown area - Crown diameter - Relationship

The crown projection area Cy [m?]

cylindrical crown:

of a tree is simply the ground area of the modelled

™

Ca= 1 O3 (4)

B.5 Aboveground biomass - Stem diameter - Relationship

The aboveground volume of a tree captures biomass (i.e. organic dry matter).  Above-
ground biomass B [topu] of a tree is calculated in relation to its stem diameter D [m]
and height H [m] by:

B:Z-DQ-H~f-B, (5)
4 o

whereby the calculation simply represents the volume of the tree stem (according to its
geometry) multiplied by three factors, which describe the biomass content more concisely.

Firstly, f [-] denotes a type-specific form factor, which accounts for deviations of the
stem from a cylindrical shape. Secondly, the parameter p in [topy/m®] represents the
wood density, which describes how much organic dry matter per unit of volume the stem
contains. Thirdly, the division by the parameter o [topa/topa], which represents the
fraction of total aboveground biomass attributed to the stem, results then in the total
aboveground biomass B.



In contrast to the constant parameters p and o, the form factor f [-] can change during
the growth of an individual with respect to its stem diameter D [cm)] :

f:fO'Dfla (6)

whereby fo and f; are type-specific parameters.

B.6 Leaf area index - Stem diameter - Relationship

In general, aboveground biomass is divided between woody biomass captured in the stem
and green biomass captured in the crown leaves. Important for the photosynthetic pro-
duction of a tree is the green biomass captured in crown leaves. As leaves absorb radiation
for photosynthesis, the total amount of one-sided leaf area per unit of crown projection
area (i.e. the individual’s leaf area index) is of main interest. The leaf area index LA[
[m?/m?] of a tree relates functionally to its stem diameter D [cm] by:

LAI =1, - D", (7)

whereby [y and [; are type-specific parameters.

All parameters mentioned above are listed in Tab.2.

B.7 Maximum Values

The trees cannot grow indefinitely in FORMIND 3.0 . Therefore, we introduce the fol-
lowing maximum values for a plausible geometry of a mature individual:

e maximum stem diameter D,,,, [m]
e maximum height H,,,, [m]

e maximum biomass Bi,a. [topa]

Either the maximum stem diameter or the maximum height is given as a type-specific
input parameter. Those two maximum values, which are not predefined, are then derived
using the functional relationships mentioned in section B.1 and section B.5. The maximum
values are used in section F. In this study maximum height is predefined for each plant
functional type (see Table 2).



Table 2: Summary of the type-specific geometrical parameters for all plant functional types

(PFT).

References: 'field data 2 Dislich et al., 2009 3 Nenninger, 2006 4 Riiger et al., 2007

Symbol PFT1 PFT2 PFT3 PFT4 PFT5 PFTG6

Hypax 96 33 33 28 16 16 I
ho 3.298 464  4.82 4927  4.35 3.00 1
hy 0.57  0.41 0.44 0.43 0.34 0.60 1
o 0.30 24
Cdo 0.60 1
can 0.68 !
Cad 0.00 1
p 0.55 0.54 0.41 0.40 0.52 0.47 1
o 0.70 2,3
fo 0.77 2
fi -0.18 2
lo 2.00 2
I 0.10 2




C Recruitment and Establishment

C.1 Global in-growth rates

The number of recruited seeds is assumed to be brought into the local community from
an intact forest community surrounding the simulated area. This number Ngeeq [1/yr hal
is thereby a constant type-specific parameter independent of the density of individuals
already existing on the simulated area.

The recruited seeds directly enter the seed pool, but they may only germinate and establish
in the next time step. FEach patch is assigned an own seed pool. The recruited seeds are
distributed uniformly across the patches and added to the corresponding seed pool in an

amount of: N
N, ol = seed ' ]
poot L#patchesJ ®)

If the number of ingrowing seeds N4 is not a multiple of the number of patches #patches,
a certain number of seeds will remain which are distributed randomly to the patches. For
this, the patches are considered one by one incrementally starting with the first. Within
each considered patch and for each remaining seed, which has not been distributed yet, its
probability of assignment to the currently considered patch is compared with a random
number (uniformly distributed in [0;1]). In the case of successful assignment (i.e. random
number < 1/#patches), the seed number per patch N,y is incremented and the number
of remaining seeds decremented. At the end, the last patch receives all remaining seeds.

Before the start of the simulation, N;,;; seeds already existing in the seed pool per patch
(i.e. Npoot = Ninit) can be defined for each type, which may germinate and establish as
seedlings already in the first time step.

C.2 Germination of seeds

Before seeds can germinate from the seed pool and establish successfully, light and space
conditions are checked. Per type a minimum number of seeds can be withheld in the seed
pool, which is by default set to 0.

For determining the light conditions, the incoming irradiance on the floor is divided by
the incoming irradiance above canopy (see section E for their calculation). This results
in the percentage of incoming irradiance on the floor /;,,,, which is possibly reduced due
to shading of already existing individuals. Dependent on a minimum percentage of light
Iseeq required for seed germination and seedling establishment for each type, it is checked



whether Iy, is sufficient:

N _ Npool 7[floor > [seed (9>
e 0 7Ifloor < ]seed ’

whereby Nge,p, is the number of germinated seedlings.

If light requirements are not sufficient for seeds of a specific type, they remain in the seed
pool and may germinate in future time step as far as conditions become favorable. By
this, seeds may accumulate in the seed pool if light conditions remain unfavorable over a
period of time.

Seeds waiting in the seed pool for favorable germination conditions may be affected by
seed pool mortality. For each type a mortality rate M., [1/y:] is defined prior to the start
of the simulation. A rate of M,,, = 0 represents, for example, an unlimited accumulation
of seeds in times of unfavorable conditions. In contrast, a rate of Mp,,; = 1 would not
allow any accumulation of seeds in the seed pool.

The density of germinated seedlings can be additionally regulated. Thereby, for each type
and patch the number Ny, is truncated at a predefined value max geps.

C.3 Establishment of seedlings

If light requirements are fulfilled for successful seedling germination, it is secondly checked
whether enough space is available for their establishment. Germinated seedlings start with
a predetermined stem diameter D,,;,, irrespective of type or species. Using the chosen
functional relationships describing the geometry of an individual (see section B), their
corresponding height H,,;, can be calculated. If space at the respective height is already
filled by more than 100% with existing individuals, none of the germinated seedlings would
be able to establish:

N {Ngm COA <1 | (10)

0 LCCA > 1

whereby N, is the number of successfully established seedlings and C'C'A; denotes the
cumulative crown area at the height layer [ (of width Ah [m]) which correspond to H,p:

Hmin
[ = . 11
B 1)
See section D for the calculation of the cumulative crown area C'C'A of all height layer of
the aboveground discretized space.




Table 3: Summary of the type-specific recruitment parameters for all plant functional types
(PFT).
References: ' Riiger, 2006 2 calibrated

Symbol PFT1 PFT2 PFT3 PFT4 PFT5 PFT6

Lseed 0.03 0.01 0.05 0.20 0.03 0.20 I
Nieed 30 156 21 300 2 200 2
Dyin, 0.02 2
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D Mortality

In FORMIND 3.0 trees can die due to different reasons. The following different types of
mortality occur in a serial way:

e crowding mortality caused by limited space
e background mortality Mp
e mortality caused by disturbances due to a falling tree

Individual trees of the same type and age, which are located in the same patch, are
summarized in this section by a so-called cohort. Each cohort is uniquely described by
its type, the number of identical trees (N), their age and the size of one single tree (i.e.
aboveground biomass). In this section, the number of identical trees in a cohort change
due to mortality processes. In the following, we describe these types of mortality in more
detail.

D.1 Crowding mortality

Crowding occurs, if at any height layer the cumulative crown area of all trees on a patch
exceeds Apqien. At first, the cumulative crown area CCA [m?/m?] of all trees on a patch
is calculated for each height layer i relative to the patch area A,qtcn:

Sl — > Ca (12)

Apatch

all individuals

with Ly in<i<lmax

where C'4 is the crown area of a tree (see section B). Thereby, each tree occupies only a

limited amount of height layers (i.e. between layer l,,;, and l,,4,) defined by the individ-
ual’s crown length Cp, [m] and its height H [m]:

b = %J (13)
%mzlﬁi§2J (14)

Mortality due to crowding is calculated per tree represented by a reduction factor R.
[-]. This individual reduction factor is calculated based on those height layers, which the
individual’s crown is occupying (Fig. 4).
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Figure 4: Illustration of crowding on the example of two single trees . The limits of each crown
are shown by lyin (Treel), lmax (Treel), Lpin (Tree2) and lya. (Tree2). The vertically discretized
aboveground space into height layers of width Ah [m] is coloured differently according to the sum
of the crown projection areas of both individuals occupying the layers. The darker the colour is,
the more crowns occupy the respective height layer. This is calculated by the cumulative crown
area CCA [-] relative to the patch area, which is illustrated on the right side. The mazimum
of CCA is used to calculate the reduction factor R. for each individual. In this example, the
reduction factor for each of both trees is calculated based on the 5. height layer from the bottom
(equal to layer lyin (Treel) and lyqeqz (Tree2)).
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The reduction factor R, is determined by the reciprocal of the maximum cumulative crown
area according to those height layers between the individual limits I,,,;, and ly,4.:

1
max (CCA;)

ie[lminﬂmaw]

R. =

(15)

If the maximum cumulative crown area of any height layer, which the individual’s crown
is occupying, exceeds Apgen (i.e. CCA; > 1), the individual reduction factor R. falls
below the threshold of 0.99. In this case, the number of dying identical trees per cohort
N¢ is calculated by:

Ne =N (1—-R,). (16)

Mortality due to crowding (or self-thinning) can be interpreted as competition for space.
For the purpose of time saving, the reduction factor R. is calculated not directly before
crowding mortality occurs. The vertical discretization of the aboveground space is not
only important for the calculation of the reduction factor R, of individuals, but also for
the light climate calculations. For this purpose, we move the calculation of R, to that of
the light climate (see chapter E).

D.2 DMortality occurring in each time step

In contrast to the event-driven crowding mortality, a mortality rate per tree is activated
in each time step t,. This mortality rate M is calculated as the sum of the background
mortality rate Mp and two further mortality rates dependent on the stem diameter Mp
as well as its increment M;:

M = Mg+ Mp + M;j. (17)

The background mortality Mp [}/yr] is a type-specific constant input parameter.

The mortality rate Mp dependent on the stem diameter is inactive in this model version:
Mp = 0. (18)

The mortality rate M; dependent on the increment of the stem diameter per time step is
inactive in this model version:

M; = 0. (19)

The trees per patch die according to their mortality rate M - either stochastically or
deterministically.

Deterministic dying is active if the number of individuals per cohort is greater than
a predefined number N,, and if the stem diameter of each individual is smaller than a
predefined threshold D,,. In this case, the number of dying trees per cohort is determined

by:

13



Ny = N - M, (20)

where N is the number of trees per cohort, Ny is the number of dying trees per cohort
and M is the calculated mortality rate per time step t,. The number of dying trees Ny
is rounded by [Ny + 0.5].

In the contrary case, stochastic dying is performed (i.e. N < Nj; or D > D,;). That
means, for each tree the mortality rate M represents its probability of dying (i.e. by
comparing a random number from a uniform distribution in the range of [0;1] with the
mortality rate M):

N
Ny =Y b, (21)
j=1

where N is the number of trees per cohort, Ny is the number of dying trees per cohort,
M is the calculated mortality rate per time step t, and r is a random number from a
uniform distribution in the range of [0;1]. The symbol §,,; is defined as:

1 r<M
Soar = = 29
M {o r>M (22)

Tree falling and resulting damages of affected trees

If one tree falls, neighboring trees can be destroyed as well. A dying tree falls down with
probability ff.;. The falling target depends on falling direction and on tree height H.
Falling direction DIR (drawn from a uniform distribution in the range of [0°,360°]) is
chosen randomly. The target coordinates of the falling tree (2 fqu, Ysqu) are determined in
the following way:

, DIR

Tfall = Ttree + H sin (2 ™ %) (23)
DIR

Ytall = Ytree + H cos (2 T 360 ) (24)

whereby (Zyree, Yiree) is the standing position of the falling tree . With this target coordi-
nates the affected patch is determined. All smaller trees (tree height < H) in this target
patch are dying with a probability M j..,:

Mdam = CA/Apatciw (25)

14



whereby Cy is the crown area of the falling tree and A,q., the area of the target patch.

The trees in the target patch die according to the damage rate My,,, - either stochastically
or deterministically. Deterministic dying is active if the number of trees per cohort is
greater than 100. In this case, the number of dying trees per cohort N is determined by
multiplying number of trees N per cohort with damage rate M4, .

Np =N - Maam, (26)
The number of dying trees N is rounded by | Ng + 0.5].
In the contrary case (less than 100 trees per cohort), stochastic dying is performed. That
means, for each tree the damage rate My, represents its probability of dying (i.e. by

comparing a random number from a uniform distribution in the range of [0; 1] with the
damage rate).

N
NF = Z 5erama (27>
=1

where N is the number of trees per cohort, Ng is the number of dying trees per cohort,
M am is the damage rate per time step t, and r is a random number from a uniform
distribution in the range of [0;1]. The symbol 0y, is defined as:

1 r < Mdam
Oy = T 28
M{iam {O ,T > Mdam ( )

Table 4: Summary of the type-specific mortality parameters for all plant functional types (PFT).
References: 'calibrated ? Brokaw, 1985

Symbol PFT 1 PFT2 PFT3 PFT4 PFT5 PFTG6
Mg 0.015 0.030 0.029  0.040 0.021 0.045 1
frau 0.40 2

D.3 Overall change in number of trees per cohort

Overall, per time step ¢, and for each cohort the change in the number of trees per cohort
N is determined by:
dN/dt = —(N¢ + Ny + Ng), (29)

15



where N¢ is the number of trees dying due to crowding, Ny is the number of trees dying
due to regularly mortality and N is the number of trees dying due to damages caused
by a falling tree .

The amount of above ground carbon Sy,,¢ [t¢/hal, which results from the death of trees
within the current time step is calculated by:

Smort = 0.44- Y~ (N + Ny + Np) - B, (30)

all cohorts

where B is the above ground biomass of the tree (see section B). We assume that 1 g
organic dry matter contains 44 % carbon [Larcher, 2001].

16



E Competition and environmental limitations

E.1 Light climate

A single tree on a patch receives full incoming radiation. An increasing number of indi-
vidual trees of differing heights on a patch results in shading within the canopy. Higher
trees partly intercept radiation, which is not available for smaller individuals. Thus, with
decreasing height from the canopy down to the ground, radiation is increasingly attenu-
ated. We call this vertical distribution of light availability within a patch ’light climate’.

To calculate the light availability in different heights within the canopy, the vertical dis-
cretization of the above-ground space is used (i.e. height layers of constant width Ah).
For each patch and height layer, the leaf area accumulated by all trees on the patch
is calculated. Each tree contributes parts of its crown leaf area to those height layers,
which are occupied by its crown (i.e. height layers from [, t0 ly4.). These limits are
determined by the individual’s crown length 'y and its height H:

b = %J (31)
o — {%J | (32)

The number of height layers a tree is occupying by its crown (#4yer) can then be calculated
by:
#laye’r = lmax - lmzn (33)

For those height layers between [,,;, and [,,,.., an individual’s leaf area contributes equally
to each layer 4:
I LAI -Cy

' #layer 7

whereby L; [m?] represents the contribution of an tree ’s leaf area to the layer i, LAI [-]
is the leaf area index of the tree (see section B.6) and C4 [m?] is crown projection area of
the tree ’s crown. The multiplication of LAI by C4 results in the leaf area in [m?] of an
single tree .

Summing up all contributions of the trees ’ leaf area per patch to their respective occupied
height layers and relative to the patch area, results in the patch-based leaf area index Li
-] per layer i:

(34)

p |

- 1
ApatCh all ir;duals

with Uy in<i<lmax

17



where L; [m?] represents the leaf area contribution of an tree to the height layer i and
Apaten, [m?] denotes the area of a patch.

Using this information, the radiation each tree is able to intercept can be determined.
Light attenuation through the canopy is calculated using the approach of [Monsi and
Saeki, 1953]. The incoming radiation I;,4 on top of a tree (i.e. on top of the height layer
lmaz the tree is reaching) is calculated by:

Ling = Io - exp (—k 3 L) , (36)

i>lmaz

where the sum in the exponent accumulates the patch-based leaf area indices of all height
layers above the individual’s height. The parameter k£ denotes the light extinction coeffi-
cient [-] of a tree , Iy [umol (photons)/m? s] is the daily radiation above canopy averaged
from sunrise to sunset during the vegetation period and L; -] represents the patch-based
leaf area index of height layer i.

Treel 10 Tree2 Height A

Ah{

linax (Treel) —

lmin (Treel) — — lmax (Tree2)

— 1min (Tree2)

Available light

Figure 5: Illustration of the light climate on the example of two single trees . The limits of
each crown are shown by lyin (Treel), lpasx (Treel), Lpin (Tree2) and lya. (Tree2). The vertically
discretized aboveground space into height layers of width Ah [m] is coloured differently according
to the available radiation. The lighter the colour is, the more attenuated the radiation is, which
results from the absorption by higher individuals’ leaves. On the right hand side the decrease of
available light from the canopy to the floor is illustrated by the grey polygon. Thereby, attenuation
is greatest in the height layer both trees occupy by their crowns (i.e. layer Ly, (Treel) and

lmaz (Tree?2)).

By determining the available radiation for each single tree , competition for light between
trees is considered.
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Table 5: Summary of the light climate parameters.
References: ‘climate data provided by DFG Kili project (T. Nauss) 2Huth and Ditzer, 2000

Symbol value
1y 860 1
k 0.7 2
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F  Growth of a tree

F.1 Interim photosynthesis

Based on the incoming irradiance on top of a tree I;,4 (see section E), organic dry matter
is produced via gross photosynthesis. In this section the interim photosynthesis is calcu-
lated without reduction due to limited soil water availability nor temperature effects.

The interim gross photosynthesis P;,; of an individual is modelled using the approach of
[Thornley and Johnson, 1990]. It is based on the single-leaf photosynthesis modelled by a
Michaelis-Menten function — a typical saturation function describing the relation between
the radiation I;., available on top of a leaf and its gross photosynthetic rate P :

« - Ileaf * Pmaz

-Pleaf<]leaf) = o - ]l ; Tp ’

(37)

where « is the quantum efficiency, also known as the initial slope of the type-specific light
response curve, Ij.q¢ is the incoming irradiance on top of the surface of a single leaf within
the individual’s crown and p,,4. is the maximum leaf gross photosynthetic rate.

To obtain the incoming irradiance on top of the surface of a single leaf I;.,s, the available
irradiance I;,4 on top of the entire individual has to be modified:

k —k-L
L 3
[ Lina e (38)

Jieag (L)
where k [-] is the type-specific light extinction coefficient, m [-] represents the transmission
coefficient and I;,; denotes the available incoming irradiance on top of a tree .

The first part % Iing in eqn. (38) is correcting the incoming irradiance in order to obtain
those parts, which can be absorbed by a leaf. The second part e %L in eqn. (38) accounts
for self-shading within the individual’s crown. As the leaves of an individual are assumed
to be homogeneously distributed within its crown, some leaves will be shaded by higher
ones within the crown. Thereby, L = 0 represents the top of the individual and L = LAI
represents the bottom of the individual’s crown with LAI being its leaf area index (see
section B).

To obtain the interim gross photosynthetic rate of a tree per year P4, the single-leaf
photosynthesis of eqn. (37) is integrated over the individual’s leaf area index LAI (see
section B):

LAI
Pt — / Proas(Tias (L))dL. (39)
0
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The integration results in the interim photosynthesis of an tree per year [Thornley and
Johnson, 1990]:
max k ]zn 'max 11—
po o Prar g 0k Tia ¥ Praa(l=m)
k ak Lipg e FLA 4+ pe (1 —m)
To convert the interim photosynthesis P, from [umolco,/m?s| to [topar/y], Pina has

to be multiplied by the individual’s crown area C4 (see section B), the type-specific
photosynthetic active period ¢, and finally a conversion factor cygm:

(40)

P’ind : CYA - 60 - 60 - lday * Pact * Podm s (41>

where the multiplication by 60 - 60 accounts for the conversion from seconds to hours.
The factor l4q, [h] represents the mean day length during the vegetation period ¢qq [d]
(see section E). The conversion factor @ug, = 0.63 - 44 - 1072 includes the molar mass of

COs, the conversion from g to t and the conversion from C'O, to organic dry mass O DM
[Larcher, 2001].

F.2 Gross primary production

The gross primary production GPP of a tree is calculated from the interim photosynthesis
Pina [topn/y] (see section F.1):

GPP = Py o1 ow, (42)

where ¢y denotes the reduction factor accounting for limited soil water and ¢ represents
the limitation factor of air temperature effect. Both factors range between 0 and 1 and
thus, only reducing G PP in times of unfavorable conditions. Climatic effects on GPP are
not active in this model version (both factors are 1).

Table 6: Summary of the type-specific photosynthetic parameters for all plant functional types
(PFT).

References: 'climate data provided by DFG Kili project (T. Nauss) ?Cai et al., 2005 3 Fischer
et al., 2014 *Dislich et al., 2009 5 Zhang et al., 2012 % Riger, 2006 7 calibrated

Symbol PFT 1 PFT2 PFT3 PFT4 PFT5 PFTG6

lday 12 I
Pact 360 1

Pmez 20 31 68 110 70 120 2345
a 036 028 023 020 030 020 2567
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F.3 Biomass increment of a tree

Gross primary production GPP of eqn. (42) is first used for the maintenance of the already
existing aboveground biomass of an tree . Costs for maintenance are modelled as biomass
losses in terms of maintenance respiration R,, [topar/y]. The remaining productivity
(GPP — R,,) is then available for growth of new aboveground biomass. Costs for the
production of new structural tissue are modelled also as biomass losses in terms of growth
respiration. This results in the net productivity AB [Dislich et al., 2009]:

AB = (1—r,) (GPP —R,,), (43)

where 7, [-] represents a constant parameter describing the fraction of (GPP — R,,)
attributed to growth respiration. In contrast, maintenance respiration R, is modelled
proportionally to the already existing aboveground biomass of a tree (see section F.4).

F.4 Maintenance respiration

The maintenance respiration R, of a tree is calculated inversely by rearranging eqn. (43):

AB

R,, = GPP — .
1—mr,

(44)

Maintenance respiration R, is further modelled proportional to the already existing
aboveground biomass B [topy] of an individual:

R, =Kkr-Tm - B, (45)

where 7, denotes the maintenance respiration rate [1/y] and kr represents a limitation
factor dependent on air temperature. Climatic effects on respiration are not active in this
model version (kp = 1).

Combining equation (44) with equation (45) and arranging in terms of the respiration

rate r,, results in:
1 AB
= . PP — . 4
R G (10

The maintenance respiration rate r,, of eqn. (46) is calculated using the assumption of
full resource availability. Thereby, it is assumed that full resource availability (i.e. no
limitation by shading, soil water or air temperature) results in the observed maxima of
field measurements of stem diameter increments:

B B(D+g¢(D)) - B
=g (Pmd(fo) - (1—R,) ) ’

(47)
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where this equation can be obtained by substituting in eqn. (46) (i) w7 by 1, (ii) GPP by
the gross productivity under full resource availability Pj,q4(1y) (see eqn. 41) with I as the
full available incoming irradiance and (iii) AB by the biomass increment derived from the
maximum stem diameter increment under full resource availability D + g(D) using the
individual’s geometry (see section B). See section F.5 for different modelling approaches
of the mazximum diameter growth curve g(D).

F.5 Maximum diameter growth curve

In the field, diameter increments can be determined by calculating the differences between
two measurements of the stem diameter per tree (at two distinct observation dates). The
increments are then usually plotted with the measured stem diameter of the first observa-
tion date to get an impression of how much a tree of stem diameter D is able to increase
(see Fig. 6 for an example).

Such point clouds as illustrated in Fig. 6 can be described by functional relationships.
Please note, that you have to adjust the increments according to a time step of 1 year.
That means, if there is a period of e.g. 5 years between both observation dates of stem
diameter measurements, you would have to correct the increments with respect to the
smaller time scale.

Only a few information of the measured diameter increment curve are needed to derive:

e maximum diameter increment AD,,,, [m/y]
e stem diameter Dap,, .. [% of Dyaz], which reaches AD,,q,

e maximum diameter increment ADp, . [% of AD,,,,] of the smallest possible tree

maximum diameter increment ADp  [% of AD,,,,] of the biggest possible tree
(with D = Dinag)

Based on these characteristics, the coefficients of the growth function g(D) can be calcu-
lated explicitly. In this model version, a Chanter approach is chosen as maximum growth
curve.

Chanter approach

This approach describes the growth function g(D) as follows:
D

) e D, (48)

g(D):aO-D-<1—

maxr
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stem diameter
increment AD [m/y]

A

stem diameter
> D [m]

Dmin DADmax Dmax

Figure 6: Illustration of a measured diameter growth curve. Points represent illustrative mea-
surements. The solid line represents a fitted growth function to the maximum values of the

measurements. Dotted lines show important characteristics which would be needed for the first
approach.

where ag and a; are the type-specific coefficients, which are calculated by:

Dmaz—2(DA Dy az Pmaz)
D —(D -D
e max ( ADmax mam) . Dmax . ADmax

(Dmam - (IDADmaz : Dmax)) : (DADmM : Dmaaz)

Dmaac -2 (DADmax . Dmaac)
Dmax : (DADmaw : Dmam) - (DADm(m : Dmaz)27

whereby D, is calculated out of maximum height (see section B.7).

Please note, when determining the type-specific coefficients prior to the start of the sim-
ulation, that the curve represents growth under full resource availability. That means,
not all measurements should be fitted, but only the maximum diameter increments (see
Fischer, 2010 p. 55 for an example).
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Table 7: Summary of the type-specific growth and respiration parameters for all plant functional
types (PFT).
References: 'calibrated > Ryan, 1991

Symbol PFT 1 PFT 2 PFIT'3 PFT4 PFT5 PFTG6

AD,... 0012 0.012 0.019 0.029 0.011 0.029 !
Dapp.. 33 34 23 60 33 60 !
Tg 0.25 2
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G Carbon cycle

The calculation of the carbon cycle in FORMIND 3.0 uses a simple compartment approach
consisting of the following explicit carbon stocks:

e living forest stock, which equals the amount of carbon of alive trees
e deadwood stock Sg.qq, which equals the amount of carbon of dead trees

e slow decomposing soil stock Sy, which accounts for the amount of carbon decom-
posed slowly from the deadwood stock

o fast decomposing soil stock Sfqs, Which accounts for the amount of carbon decom-
posed fast from the deadwood stock

""""""""""""""""" »| atmosphere  |e------------eommeoomeoonaaans

mortality

(chapter D)
decomposition

—
:(chapter F.4) E é
: A i
<< R
s P 8
=B :
8:*E :‘;
Zi8 x
i3 )
S iE .=
7 1.2
P8 8
: L2
)
i b
:#—4
5'5
w

alive forest deadwood
(chapter F.2) stock slow soil fast soil
StOCk stock

tSdcad—) Sstow TSueaa— S'a st
tSslow—>A tSrm—)A

Figure 7: Schematic visualization of the carbon cycle in FORMIND 3.0 . Circles represent
explicit carbon stocks and the rectangle indicates the atmosphere. Dotted arrows show carbon
released to the atmosphere from the respective stock and block arrows show carbon transitions
between the respective explicit carbon stocks.
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The dynamics of the living forest stock (i.e. carbon storage in form of growth and carbon
releases as respiration) are described earlier in section F. The dynamics of the remaining
stocks is described by a set of differential equations:

deead

dt = Smo'rt - (tsdead%A + zfsdeacl*hs'slow + tSdeadA)Sfast> ' Sdead
dSslow - g g

dt - tSdead*}Sslow * Pdead — tsslowA)A * Pslow
deast — ¢ s ¢ s

dt - Sdeadﬁsfast dead Sfa,stﬁA fast

where the parameters tg,, ., 54, t5,,,, 4 and ts, 4 denote transition rates in [!/yr] of re-
leased carbon from the respective soil stocks to the atmosphere. The parameter tg, s, .
and tg,,,, 5., represent in turn decomposition rates of deadwood material in [!/y:]. The
variable Syt [t¢/ha] represents the carbon of all trees dying within the current time step
(see section D).

G.1 Determining the transition rates

The transition rates depend on how fast microorganisms can decompose the fallen litter or
dead trees. For describing the decomposition rates, we use an approach presented earlier
by Sato et al. [2007]. The annual decomposition rate tg, , for the deadwood stock is
calculated as follows:

10—1.4553+0.0014175'AET
) | (49)

12

where AFET is considered as the actual evapotranspiration in the previous year in mm.
The variable AET is given as a fixed input parameter (see Table 8).

1S,04— = Min <1.O7

The annual decomposition rate tg, ., is modelled as the sum of all transitions rates of
the deadwood pool Sgeaq:

tSdeadH = tSdead*)A + tSdeudA)Sslow + tSdead*)Sfast (50)

According to [Sato et al., 2007] 70 % of the carbon of decomposing deadwood biomass (i.e.
litter) is directly released to the atmosphere, while the remaining 30 % are transferred to
the slow and fast decomposing soil stocks. In detail, 98.5 % of the remaining carbon is
transferred to the fast soil stock and 1.5 % to the slow soil stock. We then calculate the
specific transition rates as follows:

tsdead_)A = 07 ' tsdead_)
tSdeadﬁSslow = 0015 ' 03 ’ 2(:Sdead_>
tsdead*)Sfast = 0985 ' 03 ’ tsdeacl*>
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G.2 The Net Ecosystem Exchange (NEE)
The NEE is the carbon net flux of the forest. We define the NEE [tc/ha yr] as follows:

NEE = Cgpp — Cr — t5.00—4 " Sdead — 18,004 * Sstow — U854 * Stasts (51)

where Sgeqq [t¢/ha] denotes the deadwood carbon pool, Sy [t¢/ha] and Syas: [tc/ha] the soil
carbon stock (i.e. slow and fast decomposing), ¢, .4 [//yr] the corresponding transition
rates of released carbon from the respective stock z resulting from the microbiological
respiration (cf. section G) and Cgpp [tc/ha yr| is the carbon captured in the gross primary
productivity of the living forest (cf. section F.2), Cg [t¢/ha yr] is the carbon released by the
total respiration of the living forest (i.e. for maintenance and growth). We also assume
here that 1 g organic dry matter contains 44 % carbon, which results in:

Capp = 0.44- Z GPP

all trees

Cp = 044- Y (Ry+R,- (GPP —Ry)).

all trees

If the NEE is positive (i.e. NEE > 0), the forest is considered to be a carbon sink. If the
NEE is negative (i.e. NEE < 0), the forest is considered to be a carbon source.

Table 8: Summary of the parameters concerning the carbon cycle.
References: 'climate data provided by DFG Kili project ?Sato et al., 2007

Symbol  Value

AET 1,300 !
tsy.sa Yo 2
tSfast—>A 1/15 §
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H Input parameter and variables

Table 9: General input parameter of the simulation.

Symbol Description Unit

Aurea Simulation area ha

Apaten Patch area m?

H patches Number of patches per simulation area

ty time step yr

Table 10: Geometrical input parameter.

Symbol Description Unit

ho, hi, ho Height-Stem diameter-Relationship -

Cl0, Ci1y Ci2 Crown length-Height-Relationship -

Cdo, Cd1, Cd2, Cd3 Crown diameter-Stem diameter- -
Relationship

p Wood density topM/m3

o Ratio of total aboveground biomass to -
stem biomass

f form factor -

fo, f1, fo Form factor-Stem diameter- -
Relationship

by, b1, by Biomass-Stem diameter-Relationship -

lo, 11 LAI-Stem diameter-Relationship -

Doz Maximum stem diameter m

H, o Maximum height m

Bz Maximum biomass topm
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Table 11: Recruitment and establishment input parameter.

Symbol Description Unit

Nieed Global in-growth rate Uha yr

Nipit Initial seed number in seed pool 1/patch

Dyep Minimum stem diameter of a recruiting m
mother tree

faisp Dispersal kernel -

dist Average dispersal distance m

o Ratio of total aboveground biomass to -
stem biomass

Lseeq Percentage of incoming radiation at %
floor required for germination

Mool Seed pool mortality rate yr

MAL dens Maximum number of germinated 1/patch
seedlings

Diin Stem diameter of a germinated seedling m

Table 12: Mortality input parameter.

Symbol Description Unit

Mp Basic mortality rate yr

Mo, Mq1 Mortality rate dependent on stem di- -
ameter

M0, My1, M2 Mortality rate dependent on stem di- -
ameter increment

Ny Min. number of individuals at which 1/cohort
stochastic dying is performed

Dy Max. stem diameter below which m
stochastic dying is performed

tmeadow Time ... yr

tregrow Time ... yr
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Table 13: Light climate and photosynthesis input parameter and variables.

Symbol Description Unit
Ah Width of layers of aboveground vertical m
space discretization
HFlayer Number of layer of aboveground verti-
cal space discretization
1y Incoming irradiance on top of canopy  #molphoton/m? s
k Light extinction coefficient -
«Q Initial slope of light response curve pmolcoy /iimolpoton
DPmaz Maximum leaf gross photosynthetic —#molco,/m2s
rate
m Transmission coefficient -
lday Day length h
YoDM Conversion factor toDM/umolco,
Table 14: Water module input parameter and variables.
Symbol Description Unit
PR Precipitation mm/p,
K, Interception constant mm/p,
POR Soil porosity mm/p,
K, Fully saturated conductivity mm/p,
O es Residual soil water content mm/p
A Pore size distribution index -
WUFE Water-use-efficiency tooM [kgy, o
PET Potential evapotranspiration mm/p,
Qnit Initial soil water content at start of sim- V%
ulation
Opup Permanent wilting point V%
O Field capacity V%
Omsw Minimum soil water content V%
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Table 15: Temperature input parameter and variables.

Symbol Description Unit

T Air temperature °C

n Number of days per time step t, 1,

Terit Critical temperature for bud-burst °C

ko, k1, ko Parameter of inhibition factors -

Tco,1, Tcosn temperature limits of C'Oy assimilation °C

Thots Teoa monthly mean temperature of warmest °C
and coldest month an individual can
cope with

Trey Reference temperature °C

Q10 Base of Q10 function -

Table 16: Respiration input parameter and variables.

Symbol Description Unit

R, Growth respiration factor -

g(D) Maximum stem diameter increment -
(growth) function

ag, a1, ag, a3 Coefficients of the growth function -
9(D)

iyt =1,...,8 Auxillary variables -

AD, oz Maximum measured stem diameter in- m/y
crement

DAp,,ow Stem diameter at which maximum in- % of D,
crement is measured

ADp . Max. measured stem diameter incre- % of AD, .
ment for diameter D,,;,

ADp,. .. Max. measured stem diameter incre- % of AD,,4z
ment for diameter D,

Lind Reference irradiance of parameteriza- —#molphoton/m?s
tion climate

Dact Reference vegetation period of param- d
eterization climate

Ot Reference temperature limitation fac- -

tor of photosynthesis of parameteriza-
tion climate
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I State variables

Table 17: Geometrical state variables.

Symbol Description Unit
D Stem diameter at breast height m

H Height m
Cp Crown diameter m
CL Crown length m
Cx Crown projection area m?
B Aboveground biomass topum
LAI Leaf area index -

AB Biomass increment per time step topm
AD Diameter increment per time step m

Table 18: Recruitment and establishment state variables.

Symbol Description Unit

Npool Seed pool (i.e number of seeds) 1/patch

Nyerm Number of successfully germinated 1/patch
seeds

Neg Number of successfully established 1/patch
seedlings

Tind, Yind Random position of a mother tree on a -
patch

Tseeds Yseed Position of a dispersed seed -

Tti00r Percentage of incoming irradiance at %
floor
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Table 19: Mortality state variables.

Symbol Description Unit

Mp Mortality rate dependent on stem di- 1/yr
ameter

My Mortality rate dependent on stem di- 1/yr
ameter increment

M Mortality rate affecting individuals 1/yr
each time step

M frag Factor changing the mortality rate M -
due to fragmentation

CCA;, 1 =1, ..., #1ayer Cumulative crown area per height layer -

lmina lmaac

Lower and upper height layer covered
by the crown of a single individual
Individual crowding reduction factor
Number of individuals dying due to
crowding

Number of individuals dying due to
mortality per time step

Number of alive individuals

Auxillary variable

Number of individuals affected by a
falling tree

1/cohort
1/ cohort

l/cohort
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Table 20: Light climate and growth state variables.

Symbol Description Unit

L; Individual leaf area contribution to m?
height layer ¢

[A/Z- Patch-based leaf area index -

TLinag Incoming irradiance on top of an indi- Hmolpnoton/m? s
vidual

Licay Incoming irradiance on top of the leaf #molphoton/m? s
surface (absorbable radiation)

P Gross photosynthetic rate of an indi- #molco,/yr
vidual

Preas Gross photosynthetic rate of a single #molco,/m? s
leaf

GPP Gross productivity of an individual topm/yr
(possibly reduced)

R, Maintenance respiration topn fyr

Tm Maintenance respiration rate 1

Table 21: Water module state variables.

Symbol Description Unit
O il Soil water content mm/
IN Interception mm/p
RO Run-off mm/p
RO_, Surface run-off mm/p
RO, Sub-surface run-off mm/p
TR Transpiration mm/p
ow Reduction factor of GPP due to lim- -

ited soil water

Table 22: Temperature state variables.

Symbol Description Unit

Pact Length of vegetation period d

oT Limitation factor of GPP by tempera- -
ture

OT, PTh Inhibition factors for low and high tem- -
peratures

K Factor affecting maintenance respira- -

tion rate rj; by temperature
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Table 23: Carbon cycle state variables.

Symbol Description Unit

Sdead Carbon stock of deadwood tc /patch

Sslow Carbon amount of slow decomposing t¢/patch
soil stock

Stast Carbon amount of fast decomposing tc¢/patch
soil stock

Smort Carbon amount of individuals dying tc/patch
within the current time step

1S eaa—A Transition rate of carbon from dead- tc/patch
wood stock Sgeqq to atmosphere A

1S 10 —A Transition rate of carbon from slow tc/patch
decomposing soil stock Sgeqq to atmo-
sphere A

LS que—A Transition rate of carbon from fast de- tc/patch
composing soil stock Sge.q to atmo-
sphere A

1S ena— Transition rate of carbon from dead- tc/patch
wood stock Seqq to soil

S 1e0d—Satow Transition rate of carbon from dead- tc/patch
wood stock Sgeqq to slow decomposing
soil stock Sgouw

1S gead—Srast Transition rate of carbon from dead- tc/patch
wood stock Sgeqq to fast decomposing
soil stock S'tqst

NEE Net ecosystem exchange tc /patch

Capp Carbon amount of gross productivity —tc/patch
per patch

Cr Carbon amount released by total respi- t¢/patch
ration per patch

Table 24: Disturbances (fire, landslide) state variables.
Symbol Description Unit
Np Number of individuals dying due to dis-  1/cohort

PFl? PF27 PF37 PF4

turbances
Burning probabilities for the 4 fire tol-
erance levels
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J Abbreviations

Symbol

ODM
COy
C
H,O
sin
cos

L

e

In

cf.
e.g.
i.e.
Fig.
Tab.

Description

Organic dry matter
Carbon dioxide
Carbon

Water

Sinus function
Cosinus function
Round down
Exponential function
Logarithm function
see

exempli gratia (for example)
id est (that is)
Figure

Table
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