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1 OVERVIEW 
The 4C model provides descriptions of tree species composition, forest structure, and total 
ecosystem carbon content as well as leaf area index and of the whole carbon, water, and 
nitrogen fluxes of a forest stand. The model is designed to contain mechanistic ecological 
responses to gradients of climate, nitrogen, and CO2, and allows to realistically simulating 
forest management. The main features of 4C are 

– the assumption of horizontal homogeneity on the considered forest patch, which 
makes it possible to restrict spatial explicitness to the vertical dimension 

– the modelling of light extinction in the canopy according to the Beer-Lambert law 
– the explicit modelling of establishment, growth, and mortality of tree individuals/ 

cohorts (Bugmann et al., 1997). 

Furthermore, major features of the model are 

– the explicit simulation of water and nutrient availability as perceived by individual 
trees, based on the assumption of scramble competition (Krebs, 1994) 

– comparably detailed sub-models of heat flux, water, carbon and nitrogen 
dynamics in the soil 

– a mechanistic formulation of the annual course of net photosynthesis as a 
function of environmental influences (temperature, water and nitrogen 
availability, global radiation, and CO2) based on optimisation theory (Haxeltine 
and Prentice, 1996b) 

– a mechanistic description of allocation patterns derived from the model of Mäkelä 
(1986), extended to respond dynamically to water and nutrient limitations 

– calculation of total tree respiration following the concept of constant annual 
respiration fraction as proposed by Landsberg and Waring (1997) 

– a phenology model developed by Schaber and Badeck (2003) 
– fine root distribution is estimated by depth depending power function (Jackson et 

al., 1996). 
– improved modelling of establishment and mortality rates in forest stands (Keane 

et al., 1996; Loehle and LeBlanc, 1996; Sykes and Prentice, 1996) 
– the incorporation of forest management and natural (biotic) disturbances at the 

scale of the forest stand 
– consideration of soil (ground) vegetation 
– the additional possibility of applying a wood product model (WPM) and a socio-

economic analysis (SEA) 
– simulating short rotation coppices with different species 
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A number of points deserve to be emphasized here:  

(1) Growth is modelled describing of net primary production (NPP) and its allocation to 
tree compartments including foliage, sapwood, and fine roots. Since heartwood 
formation and height growth are treated explicitly, tree diameter is merely an output 
variable in 4C. 

(2) Competition in terms of light availability is expanded by the explicit competition for 
water and nutrients.  

(3) We introduce formulations for mortality that conform more to biological expectations 
(Keane et al., 1996). 

 
Different integration steps are used for the various sub-models (see Figure 1-1) , ranging 
from a daily time step for soil water dynamics, over one week for soil carbon & nitrogen 
dynamics and the simulation of NPP, to an annual time step for tree demography and 
carbon allocation. 
 

 
 

Figure 1-1 General structure of the model 4C 

Currently the model is parameterised for the five most abundant tree species of Central 
Europe (beech (Fagus sylvatica L.), Norway spruce (Picea abies L. Karst.), Scots pine (Pinus 
sylvestris L.), oaks (Quercus robur L., and Quercus petraea Liebl.), and birch (Betula pendula 
Roth)) as well as other tree species, namely aspen (Populus tremula (L.), P. tremuloides 
(Michx.)), Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco), black locust (Robinia 
pseudoacacia L.), Aleppo pine (Pinus halepensis Mill.), Ponderosa pine (Pinus ponderosa 



           
    

              12         
 
    

4C Model description Overview 

www.pik-potsdam.de 

Dougl.), Lodgepole pine (Pinus contorta Dougl.), and Eucalyptus (Eucalyptus globulus, 
Eucalyptus grandis). 

The model has been used to simulate impacts of global change in the forest sector in 
Germany (Lasch et al., 2002) or regional water balances and carbon storage in Brandenburg, 
Germany (Gerstengarbe et al., 2003; Lasch et al., 2005; Suckow et al., 2002). Furthermore, 
4C has been validated using measurements of soil temperature and soil water content at 
Level-II sites in Germany (Badeck et al., 2007; Meiwes et al., 2007). The performance of 4C in 
comparison with other models against long-term data from Scots pine stands in Finland was 
investigated using volume growth and survival graphs (Mäkelä et al., 2000; Sievänen et al., 
2000). Moreover, 4C was evaluated together with other process-based forest models and 
applied on the scale of a management unit to develop adaptive management measures and 
to compare different forest functions (Fürstenau, 2008; Fürstenau et al., 2007; Kellomäki and 
Leinonen, 2005). Further applications concern the analysis of forest conversion management 
(Kint et al., 2009), competition in mixed-forests (Reyer et al., 2010), alternative forest 
management strategies (Gutsch et al., 2011) or the analysis of short-rotation coppices 
(Kollas et al., 2009; Lasch et al., 2010) under climate change. The impacts of climate change 
and management on carbon sequestration were analysed for a forest district in Thuringia 
(Germany) by (Borys, 2015; Borys et al., 2015; Borys et al., 2013; Borys et al., 2016). On a 
European scale regional changes in net primary productivity were projected under different 
climate change scenarios in the framework of the EC FP7 MOTIVE project (Reyer et al., 
2014). 4C was applied on national scale to analyse possible impacts on Germany’s forests, 
their risks and opportunities (Gerstengarbe and Welzer, 2013; Gutsch et al., 2015; Lasch-
Born et al., 2015). In Central Siberia, benefits and risks of a pine stand under climate change 
were assessed with 4C (Suckow et al., 2016). 

The model has been used to simulate impacts of global change in the forest sector in 
Germany (Lasch et al., 2002) or regional water balances and carbon storage in Brandenburg, 
Germany (Gerstengarbe et al., 2003; Lasch et al., 2005; Suckow et al., 2002). Furthermore, 
4C has been validated using measurements of soil temperature and soil water content at 
Level-II sites in Germany (Badeck et al., 2007; Meiwes et al., 2007). The performance of 4C in 
comparison with other models against long-term data from Scots pine stands in Finland was 
investigated using volume growth and survival graphs (Mäkelä et al., 2000; Sievänen et al., 
2000). Moreover, 4C was evaluated together with other process-based forest models and 
applied on the scale of a management unit to develop adaptive management measures and 
to compare different forest functions (Fürstenau, 2008; Fürstenau et al., 2007; Kellomäki and 
Leinonen, 2005). Further applications concern the analysis of forest conversion management 
(Kint et al., 2009), competition in mixed-forests (Reyer et al., 2010), alternative forest 
management strategies (Gutsch et al., 2011) or the analysis of short-rotation coppices 
(Kollas et al., 2009; Lasch et al., 2010) under climate change. The impacts of climate change 
and management on carbon sequestration were analysed for a forest district in Thuringia 
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(Germany) by (Borys, 2015; Borys et al., 2015; Borys et al., 2013; Borys et al., 2016). On a 
European scale regional changes in net primary productivity were projected under different 
climate change scenarios in the framework of the EC FP7 MOTIVE project (Reyer et al., 
2014). 4C was applied on national scale to analyse possible impacts on Germany’s forests, 
their risks and opportunities (Gerstengarbe and Welzer, 2013; Gutsch et al., 2015; Lasch-
Born et al., 2015). In Central Siberia, benefits and risks of a pine stand under climate change 
were assessed with 4C (Suckow et al., 2016). 
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2 STAND STRUCTURE 
The forest dynamics is simulated for patches (forest area) varying from 200 m2 to 10000 m². 
The stand structure is represented by a number of tree cohorts, each of which is 
characterized by species, age, tree dimensions, and number of trees it comprises. Production 
and growth is simulated for each cohort separately. The tree cohorts compete for light, 
water, and nutrients. Their relative success in this competition determines their 
performance in terms of growth, regeneration, and mortality. Each cohort is represented in 
the model as horizontally homogeneous, i.e. the model is distance independent. The vertical 
structure of crown space and rooting zone is represented by a resolution into vertical layers. 

The forest dynamics for natural forests in 4C proceed from recruitment (if it is allows) of 
individual tree cohorts through to the death of the dominating tree individual(s). Several 
additional routines are included in order to allow for the simulation of growth and 
competition in managed forests, too. Species composition and cohort structure can be 
initialized according to different kind of data like mensuration data or single tree data. Then, 
cohorts are defined based on the frequency distribution of diameter at breast height dbh and 
additional information as height H, or bole height Hb. Silvicultural treatments can be taken 
into account by prescribed reduction of tree number in the cohorts (see Chapter 9). 

Each cohort is characterized by the number of trees it comprises, by the mass of foliage Mf, 
fine roots Mr, sapwood Ms, heartwood Mhw, and other coarse material, branches and coarse 
roots, Mtbc, as well as the tree dimensions height H, diameter at breast height dbh, bole 
height HB, average height of sapwood pipes Hs, diameter of the crown dcb, and rooting 
depth. The variables Mtbc and dcrb are coupled to the other variables by allometric 
relationships. All the other variables are updated any year as a result of partitioning of 
assimilates to the growth of different organs.  

2.1 Canopy structure, foliage distribution 

The canopy structure of the forest stand is defined by the number of crown layers per cohort 
characterised by the thickness of layers zcr and the crown height as difference of H and Hb. 

The foliage mass as well as the leaf area is distributed equally inside the crown space 
assumed as a cylinder. The projected crown coverage area ac

cr of the cohort c is calculated: 

 π= ⋅ ⋅ + 2min(( ), )c
cr c bh c ca a d b c   (2.1) 

For detailed description see Chapter 3.5. 
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2.2 Tree architecture/ geometry 

Stems are approximated as truncated cones of diameter dbh at height of 137 cm up to bole 
height Hb and as cones inside the crown space with a base diameter dbs. The stem is 
composed of heartwood and sapwood, which coated the heartwood and has a constant 
cross sectional area As. The heartwood truncated cone is described by the cross sectional 
area at the tree base Ahb and the cross sectional area at the crown base Ahc. It yields for the 
diameter at the base of the stem: 

 
( ) 4hb s

bs
A A

d
π
+ ⋅

=   (2.2) 

And therefore 

 
2

2
bs

hb s
d

A Aπ  = ⋅ − 
 

  (2.3) 

The sapwood cross sectional area is calculated from the sapwood biomass Ms by: 

 s
s

s s

M
A

Hρ
=

⋅
  (2.4) 

Where the sapwood height is calculated by: 

 2
3 3

b b
s b

H H H H
H H

− +
= + =   (2.5) 

due to the length Hb of sapwood pipes in the truncated cone and in the cone (see Figure 
2-1). 
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Figure 2-1 Tree geometry in 4C, Hdbh=137 cm 

2.3 Root system 

 Root distribution 2.3.1
The biomass of coarse and fine roots is determined by the allocation rules (see Chapter 4.4). 
This biomass is distributed over all soil layers (see Chapter 6) by different schemes in the 
same way for both coarse and fine roots. 

a) The biomass is equally distributed over all layers with the root fractions rfr(zi) 
depending on the depth of the soil layer i. 

b) The vertical root density profile is assumed to follow an asymptotic equation (Jackson 
et al., 1996) 

 ( ) 1 z
cumr z γ= −   (2.6) 

with rcum is the cumulative root fraction from surface up to depth z and γ is a 
coefficient, which is fitted for temperate deciduous trees (γ = 0.966) and temperate 
coniferous trees (γ = 0.976) (see Figure 2-2). 

The root fraction per layer of each tree is calculated by  

 

1 1

1

1

( ) ( )

and

( ) ( ) ( )

fr cum

i

fr i cum i fr i
j

r z r z

r z r z r z
−

=

=

= −∑

  (2.7) 

 with i=2,3,…,nr and nr is the number of rooting layers.  
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Figure 2-2 Relative share of root biomass in different depths for temperate deciduous and coniferous trees as 
cumulative and absolute fraction. 

 Root depth 2.3.2
The root depth and the number of the rooting layers nr respectively can be estimated in 
following ways: 

a) The root depth depends on the tree height. If tree height is less than the soil profile 
the number of rooting layers is set to the tree height and the number of rooting 
layers to the corresponding number of the soil layer. Otherwise nr is set to the 
number of the last soil layer. 

b) The number of rooting depth can be given as fixed input value. It applies to all 
cohorts and does not change.  

2.4 Stand initialisation  

When 4C shall be used for a simulation run starting with a given stand structure as e.g. 
determined by a forest inventory, 6 variables are needed for every cohort in the initialisation 
procedure: diameter at breast height (dbh), total tree height (H), height to the base of the 
crown (Hb), number of trees in the cohort (nc

a), sapwood/heartwood-area-ratio at breast 
height and stem volume. Since the last two variables are rarely determined in inventories, 
the sapwood/heartwood-ratio and stem volume are estimated from the tree dimensions as 
detailed in the following sections. 

 Initialisation using averaged stand data 2.4.1

Data requirement 

The initialisation requires per stand 

– species type 
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– averaged diameter at breast height dg 
– averaged height Hg 
– age and 
– basal area G of the stand.  

Species specific parameters of various functions are necessary: 

– p0 – p4 for Weibull distribution function, Equation (2.9)  
– c1, c2 for bole height function, Equation (2.15) 
– a0 –a2 for height function, Equation (2.11) 
– b0 –b2 for height function, Equation (2.11) 
– kc0 – kc2 for height function, Equation (2.11) 
– wk1, wk2 for height function, Equation (2.13) 

Method 

2.4.1.1.1 Generating of single tree data 
A capping limit LT = 7 [cm] is defined. If (dg – LT) < 3 then LT = dg – 4. The maximum diameter 
dmax is estimated from dg by a function of Gerold (1990): 

 ( )= + −
2

8.2 1.8 0.1max g gd d d   (2.8) 

Two parameters b and c of a Weibull distribution are calculated: 

 
= +

= + +
0 1

2 3 4

g

g max

b p p d

c p p d p d
  (2.9) 

The generation of a single tree with the diameter dbh is realized by a number x equally 
distributed between 0 and 1 and the following function (Weibull distribution): 

 ( )
1

· log 1
c c

T
bh

L
d b x

b

  = − −     
  (2.10) 

The height of the tree with diameter dbh is estimated by different height functions. 
For pine and birch the height function from Kuleschis (see Gerold (1990)) is used with the 
parameters kua, kub, kuc: 

 

2
0 1 2

2
0 1 2

2
0 1 2

1 ( )

1 ( )

1 ( )

ua g g

ub g g

uc c c g c g

d d

d

k a a a

k b b b

k k k k

d

d d

= − + +

= − + +

= − + +

  (2.11) 
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and the function: 

 

    
    
    = + +        + +              

2

2

2 2

ub uc
g ua g g

g g
bh bh

k k
H H k d

d d
d

d d
  (2.12) 

For other species (beech, spruce, oak) the height function of Weimann (1980) is applied with 
the parameter wf: 

 = +1 2f k k gw w w H   (2.13) 

For the case dbh is greater or equal Dg –Hg/2 the following function is used: 

 

( ) ( )

( )

+ − + −

   
+ − − +    

 ≥ −


   

= 



  − 

 

(log log

log lo
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otherwg 1.3 1. i3
2

e

2

s

g bhf g g bh g

g bh

g

g

g

g f g

g

H w H d d H

H d
H w H

H

d D H

H

d

  (2.14) 

For Douglas fir (Nagel, 2002) and Eucalyptus (Medhurst et al., 1999; Ranatunga et al., 2008) 
specific height functions are implemented. 

The bole height Hb of the tree is estimated according to a function of Nagel (1995): 

 
( )=

 
= − + 

 

2

1 2

1. -

with

x
b

bh

H H e

H
x c c

d

  (2.15) 

For Eucalyptus the bole height is estimated by a function of Nutto et al. (2006):  

 = − − +5.12 0.407 1.193b bhH d H   (2.16) 

The generation of single tree data stops if the basal area G is reached. 

2.4.1.1.2 Building cohorts 

The generated trees are classified into tree cohorts. The maximum number of cohorts per 
species is 60. The class width is calculated from the maximum and minimum diameter at 
breast height. 
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The further initial data of the cohorts are estimated as follows. 

a) Initialisation of sapwood/heartwood ratio 

An approximation of the sapwood fraction can be derived based on the simplifying 
assumption of constant annual diameter increment dinc, thus  

 = bh
inc max

ring

d
d

a
  (2.17) 

with max
ringa  is the cambial age of the innermost ring. The sapwood area ASWring(0) of a given 

ring in the year of growth of the ring is then given by: 

 { } { }( )π    = − − − −   
2 2

(0)
4

max max
{Wring inc ring ring inc ring ring incA d a a d a a d   (2.18) 

with aring is the current age of ring under consideration. The sapwood fraction of the ring at n 
years after formation of the ring is then given by: 

 = −( ) (1 ) (0)n
SWring sap SWringA n s A  (2.19) 

Summation of the current sapwood fractions of all rings and division by the total cross 
sectional area Atot gives the current sapwood fraction rsap 

 

( )
−

=

=

= ∑
1

2
0

1
max
ring

i

s
sap

tot

a
x

max iring

A
r

A

e
a

 (2.20) 

with 

 ( ) ( )( )= − ⋅ − −ln 1 2 1max
i sap ringx i s a i

  

b) The height of sapwood pipes 

 The height of sapwood pipes Hs is calculated as 

 2
3 3

b
s

H H
H = +   (2.21) 

c) Initialisation of stem volume 

The stem volume VD is calculated with different function per species. 
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For Douglas fir  the following functions are used (Nagel, 2002): 

 
π

=
2

4000
D bh

D
F d

V   (2.22) 

with the form factor FD 

 ( )−
= + − + +2

2

200.31914 0.8734 7.3594
0.0052log 0.46155D bh

bh bh bh

F d
H d d H d

  (2.23) 

For other species (model SILVA, Pretzsch et al. (2002)) the following form factor is used 

 + +=
2

1 2 3( log( ) log( ) )k k H k H
DF e   (2.24) 

with 

 

( ) ( )
( ) ( )
( ) ( )

= + +

= + +

= + +

2
1 1 2 3

2
2 4 5 6

2
3 7 8 9

log log

log log

log log

bh bh

bh bh

bh bh

k s s d s d

k s s d s d

k s s d s d

  (2.25) 

and the species specific parameters s1 - s9. 

For pine stem volume is calculated as follows: 

 1 2 3( log( ) log( )bhp p d p H
DV e + +=   (2.26) 

For Eucalyptus a function of Binkley et al. (2002) is used: 
 

 ( )  =  
 

0.950581
1.9211570.00005447

100D bh
H

V d   (2.27) 

or a function of Stape et al. (2010) depending on the site is used:  

 
( )  

 
 =

3
2

1 100
500

p
p

bh

D

Hp d
V   (2.28) 

p1, p2, p3 – site depending parameters, which are implemented in the program code. 

d) Sapwood area 

The diameter at base of the crown dcb is calculated with a breast height Hdbh =137 [cm] by 
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 ( )bh
cb dbh b bh

d
d H H d

H
= − +   (2.29) 

and the sapwood area As by 

 
( )

( )

π

π

 <= 
 ≥


2

2

4

4

cb sap dbhb

b

s

bh sap dbh

d r H
A

d HHr

H
  (2.30) 

with 

 
( )π=

2

4

s
sap

bh

A
r

d
  (2.31) 

e) Sapwood biomass 

The sapwood biomass Ms is calculate by  sapwood density ρs 

 s s s sM A Hρ= ⋅ ⋅   (2.32) 

f) Cross sectional areas of heartwood at crown base and at stem base  

In case of Hb ≤Hdbh the cross sectional area of heartwood at stem base Ahb is calculated by 

  π  ⋅
= −  

 

2

4
cb

hb smax
ring

d a
A A

a
  (2.33) 

with the estimated parameter max
ringa  (see a)) and the age a and analogous the cross sectional 

area of heartwood at crown base Ahc is calculated by 

 ( )π
= −2

4hc cb sA d A   (2.34) 

If Hb > Hdbh the cross sectional area of heartwood at crown base is estimated by a Newton 
algorithm with the initial value 

 ( ) ( )π
= −20.04 1

4 pcbhc sadA r   (2.35) 

and the function F  

 bio s DF M Vρ= − ⋅   (2.36) 
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with the stem volume VD estimated by yield table functions. 
Stem biomass Mbio is considered as a truncated cone with the base area Abs, the diameter 
dcb, and the height Hb as well as a cone with height H-Hb and ground base As+Ahc (see Figure 
2-1) and is calculated as sum of sapwood and heartwood biomass.  
The ground base of heartwood Ahb is  

 hb bs sA A A= −   (2.37) 

The heartwood biomass is calculated from the truncated cone with the ground base area 
Ahb, the upper area Ahc and the height Hb as well as the cone with the height H-Hb and the 
base area Ahc. 
The sapwood biomass is calculated as 

 = +(2 )
3

s
s b

A
M H H   (2.38) 

and the heartwood biomass as 

 2 21
( ) ( )

3 4 4hw b b bs s bs sM x H H H x d A x d A
π π   

 = − + + − + −        
  (2.39) 

Then the total stem biomass then results from 

 

( )

( ) ( )

( ) ( )

π π

π π

π π

= +
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H A x H A x x A d x d A

H A x H A d x d A


 
 


  (2.40) 

The diameter dbs of the area Abs is calculated as follows. 
The diameter dcb of the upper base area of the truncated cone with height Hb of the total 
biomass is 

 
4

( )cb sd A x
π

= +   (2.41) 

According to the intercept theorem the relations between dbs und dbh are 
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and it follows 
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Finally it holds 
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Together with Equation (2.42) it yields: 
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and 

 
11 ( )
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b s

b

d H
d

dx HH A x
H

π
π

−
=

 
− + 

 

  (2.46) 

A solution for x is found by assuming F(x)=0 (see (2.36)) with the Newton algorithm. 

g) Heartwood biomass  
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The heartwood biomass Mhw is calculated as the differenc between the total biomass and 
the sapwood biomass   

 hw bio sM MM = −   (2.47) 

h) Foliage biomass and foliage area  

The foliage biomass Mf is proportional to the sapwood area 

 ·sf sM Aη=   (2.48) 

with the species specific foliage to sapwood area relationship ηs. 

The foliage area Afol is estimted by 

 = + 0.5c c
fol f min aA M s s   (2.49) 

with two species parameters: the minimum specific one-side leaf area sc
min and the light 

depended specific one-side leaf area sc
a 

i) Fine root biomass  

For the  fine root biomass Mr a rough estimation is used 

  frM M=   (2.50) 

 Initialisation using single tree data 2.4.2

Data requirements 

The initialisation requires per tree the following data: 
– Patch size Pa [m²] 
– Species type  
– Diameter at breast height dbh [mm] 
– Tree height H [m] 
– Bole height Hb [m] (mandatory) 
– Age a 

Method 

The given data are classified into diameter classes to build cohorts. The class width is 1 cm, 
but could be changed. If Hb is not available, the functions (2.15) and (2.16) are used to 
calculate Hb. For each diameter class an averaged dbh, H and Hb and the number of trees are 
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calculated as values of the cohort. Further on, all cohort variables described in Chapter 
2.4.1.1.2 are calculated. 

 Initialisation of saplings 2.4.3

Data requirements 

If the height of planted trees is less than a specific limit (e.g. 200 cm) the diameter at breast 
height is not available. In this case a more simple way of initialisation of cohorts is realised. It 
requires: 

– Species type 
– Age 
– Given number of saplings ntot 
– Number of trees npl 
– Mean height Hp 
– Minimum height Hp

min 
– Standard deviation of height σH 

Method 

2.4.3.1.1 Height and number of trees per cohort 
A number of saplings npl is generated, standard values of plants per hectare are given in the 
model, as well as the other required data (management file, planting). A number of cohorts 
nc is calculated in different way, e.g. the integer of H is used or a number is fixed (ns = 20). 
For each sapling class/cohort c=1,2,…,nc the height Hc is calculated: 

 ( )1mincH H c= + −   (2.51) 

The number of trees per cohort nc*
a is calculated: 

 σ

π σ

 
−  

 

−

=

2
1

* 21
2

plc

H

H H

c
a

H

n e   (2.52) 

The total number of trees npl of the stand is 

 
=

= ∑ *

1

cn
c

c
pl an n   (2.53) 

And following the number of trees per class/cohort nc
a is recalculated: 
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 = * plc
a

to

c

t
a

n
n

n
n   (2.54) 

2.4.3.1.2 Further initialisation of cohorts 
For the calculation of sapwood biomass Mc

s per sapling cohort c the roots of the following 
equation has to solve for x  

 ( )+ + − =2
3 2 1  log 0hh h cp x p x p H   (2.55) 

with the species specific parameters ph1, ph2, ph3 and then 

 −⋅= 5110 0xc
sM   (2.56) 

The foliage biomass Mc
f is calculated as follows: 

 ( )= sbpc
saf s

c MM p   (2.57) 

 with the species specific parameters psa, psb 
 
And the fine root biomass Mc

r is estimated analogous to Equation (2.50) by 

 = f
c
r

cM M   (2.58) 

The parameterisation of saplings of the main tree species in 4C used here is based on data 
found in Barigah et al. (1994); Bond-Lamberty et al. (2002); (Dohrenbusch; Hauskeller-
Bullerjahn; Mailly and Kimmins); Ter-Mikaelian and Korzukhin (1997); Van Hees (1997) 
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3 ENVIRONMENT 

3.1 Climate 

The model is driven by daily values of meteorological parameters: 

– temperature (minimum, maximum, average),  
– precipitation, 
– global radiation,  
– relative humidity,  
– air pressure, and  
– wind speed.  

3.2 Potential evapotranspiration 

Evapotranspiration includes evaporation of free water from soil and plant surfaces, 
transpiration from leaves of plants, and sublimation from snow surfaces. Potential 
evapotranspiration is the rate at which evapotranspiration would occur if vegetation has 
access to an unlimited supply of soil water. There are several options for estimating 
potential evapotranspiration. 

 Penman-Monteith 3.2.1
The Penman-Monteith equation (Monteith and Unsworth, 1990) is a so called combination 
model, which combines elements from both the energy budget and mass transfer models. It 
regards the energy required for evaporation as well as aerodynamic and surface resistance 
terms: 

 
∆ ρ δ

λ
∆ γ

− +
=

 
+ + 

 

1( )

1

n air
a

v pot
c

p
a

R ∆ c
r

E
r
r

  (3.1) 

where Epot  is the potential evaporation rate, λv the latent heat of vaporisation, Rn the net 
radiation, G the ground heat flux (is neglected), ra the surface aerodynamic resistance for 
water vapour, rc the canopy surface resistance, ∆ the slope of the saturation vapour pressure 
temperature relationship, δ  the saturation vapour pressure deficit of air, ρa the mean air 
density at constant pressure, cair the specific heat capacity  of air, and γp  the modificated 
psychrometric constant. 

The latent heat of vaporisation depends on air temperature Ta (DVWK, 1996) 
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 3 (2.498 - 0.00242 T ) 10v aλ = ⋅   (3.2) 

The psychrometric constant ψ  is modified by the actual air pressure Pact (DVWK, 1996) 

 p actPγ ψ=   (3.3) 

The saturation vapour pressure deficit δ is calculated from the saturated vapour pressure Psat 
and the relative humidity hr    

 (1 )sat rP hδ = −   (3.4) 

with the estimation of the saturated vapour pressure from air temperature following Murray 
(1967) 

 
17.2694

273.36.1078 * e
a

a

T
T

satP
 
 

+ =   (3.5) 

The density of air ρa is calculated by (Monteith and Unsworth, 1990) 

 ( ) 31.2917 0.00434 10a aTρ −= − ⋅   (3.6) 

and the slope of the saturation vapour pressure temperature relationship as (DVWK, 
1996) 

 
( )2

4158.6
273.3

sat
a

P
T

∆ =
+

  (3.7) 

 Priestley-Taylor 3.2.2
The Priestley/Taylor model is a shortened version of the original Penman combination 
equation from 1948 (Priestley and Taylor, 1972). The aerodynamic component of the original 
Penman equation is here reduced to a coefficient that modifies the original equation. 

 v pot PT n
p

E R
∆λ α

∆ γ
=

+
  (3.8) 

with the Priestley-Taylor coefficient αPT (DVWK, 1996; Flint and Childs, 1991). 

 Turc-Ivanov 3.2.3
An empirical approach of Turc estimates the potential evapotranspiration from air 
temperature and global radiation Rg at Ta ≥ 5°C  

 
= +

+
0.0031 ( 209)

15
a

pot korr g
a

T
E f R

T   (3.9) 
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with a modification factor fkorr which depends on the relative humidity hr 

 

− + <= 
 ≥

50
1 , 50

70
1, 50

r
r

korr

r

h
h

f
h   (3.10) 

At Ta < 5°C potential evapotranspiration Epot is calculated by an approach of Ivanov from air 
temperature and relative humidity (DVWK, 1996; Dyck and Peschke, 1989)  

 
−= ⋅ ⋅ − ⋅ +43.6 10 (100 ) ( 25)pot r aE h T   (3.11) 

 Haude 3.2.4
In Germany, the simple empirical approach from Haude can be used. It based on the vapour 
pressure deficit at noonday δ13 (DVWK, 1996; Haude, 1955). 

 13pot HE f δ= ⋅   (3.12) 

with a special factor for each month (Table 3-1) 

Table 3-1 Monthly Haude factor for the calculation of potential evapotranspiration (DVWK, 1996) 

 

The vapour pressure deficit at noon is calculated as difference between the estimated 

vapour pressure 13
vapP  and saturated vapour pressure 13

satP  at noon (DVWK, 1996) from 

maximum air temperature and relative humidity  

Month Factor fH 

October - March 0.22 

April – May 0.29 

June 0.28 

July 0.26 

August 0.25 

September 0.23 
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 (3.13) 

3.3 CO2 concentration 

The simulations are driven by time series or given time depending functions of atmospheric 
CO2 concentration per year. In the standard case the model use a constant CO2 

concentration (350 ppm). Other constant CO2 concentrations can be set. Different time 
series are implemented (see Figure 3-1): 

– Mauna Loa series 1959-2016 
– Historical reconstruction 1765-1958 
– Long-term series according to climate scenario data following the Representative 

Concentration Pathways (RCP) and their extensions beyond 2100, the Extended 
Concentration Pathways (ECP) (Meinshausen et al., 2011) from 2006 to 2500 for 
RCP 2.6, RCP 4.5, RCP 6.0, and RCP 8.5. The RCPs are developed for the Fifth 
Assessment Report of the United Nations Intergovernmental Panel on Climate 
Change (IPCC, 2013).  

 

Figure 3-1 Time series of CO2 concentration of the historical reconstruction, the Mauna Loa series and four 
climate scenarios.  

3.4 Nitrogen deposition 

Time series of ammonia and nitrate deposition can be processed by the model. The bulk 
deposition is added to the respective mineral nitrogen pools of the first layer and hence it is 
a part of the nitrogen dynamic of the soil. It is sufficient to specify the deposition at any 
time. Similarly, a constant value for the entire simulation period can be given. The 
corresponding amount is applied at the given date. Furthermore, nitrogen deposition can be 
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given as concentration. In this case, the deposition amount is computed with the actual 
precipitation and serves only as input into the soil with precipitation events. 

3.5 Light absorption 

The absorbed photosynthetically active radiation IPAR is the fraction of global radiation Rg, 
which is not reflected by the albedo αrefl 

 α η=par refl R gI R   (3.14) 

where ηR is a factor which converts the incident radiation from J cm-2 to mol m-2 under the 
assumption that only 50 % of incident radiation are photosynthetically active. 

The share of any cohort in the total stand’s net photosynthetic assimilation of carbon is 
proportional to its share of the absorbed photosynthetically active radiation IPAR.  

The total fraction fc
tot of IPAR absorbed by each cohort c is calculated each time stand 

phenology changes, based on the Lambert-Beer law. There are four different models to 
calculate light transmission and absorption through the canopy, abbreviated by LM1, LM2, 
LM3 and LM4 in the following. Whereas LM1 is based on the classical gap model approach 
that each tree covers the whole patch with its canopy, this simplistic view is refined in LM2 
by attributing each cohort/tree c a specific projected crown coverage area ac

cr depending on 
its dbh. LM2 and LM3 differ in the way the light is transmitted through the canopy and LM4 
additionally introduces an average growing season sun inclination angle β.  

Every time phenology changes within the stand, e.g., a species has its bud burst or leaves are 
colouring, the light transmission through the canopy and accordingly light absorption 
changes. First, the light routines of the 4C model calculate the leaf area for each cohort 
c=1,...,nc and each canopy layer j=0,...,nl (la,c(j)), respectively, based on the leaf biomass Mf 
available per year and cohort, total height and height of crown base. This is achieved using a 
leaf area – leaf dry mass relationship. Because this species specific leaf area (SLA) varies 
within the canopy from sun to shade leaves, an average SLA (sc

av) is calculated per cohort c 
depending on the average relative light regime in the cohort’s canopy of the previous year: 

 + = + − 
 

( ) (1)
1

2
c c c c l c
av min a

i n i
s s s   (3.15) 

where sc
min denotes the minimal SLA per cohort c, as it is usually found in sun leaves at the 

top of the canopy and sc
a stands for the slope with which sc

av rises according to the average 
light regime. The calculation of the relative light intensity ic(j) available in layer j for cohort c 
depends on the light model and is described below. The sc

av rises with increasing depth of 
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the cohort’s canopy. The sc
a can be approximated when the SLA of shade leaves (sc

max) and 
the SLA of sun leaves sc

min are known by 

 = + 0.5c c c
max min avs s s  (3.16) 

It has to be noted, however, that the average light regime as calculated in Equation (3.16) is 
higher than the relative light in the middle of the canopy because of the concave nature of 
the light extinction curve and is also usually not 0.5. 

 

Figure 3-2 Conceptual scheme of the stand structure in LM1. 

 Light model 1 (LM1) 3.5.1
The first method describes the classical gap model approach that is used in most forest gap 
models. It assumes that the leaf area of each tree or cohort c is distributed evenly over the 
whole patch (Figure 3-2). All trees that have leaves in a certain layer j do mutually penetrate 
each other’s crowns. Therefore the fraction of absorbed light fc(j) per cohort c and layer j is 
calculated as the total fraction of absorbed light Ft(j) by all cohorts in layer j weighted by the 
share of leaf area of the respective cohort in this layer la,c(j)/La(j), where la,c(j) is the leaf area 
of cohort c in layer j and La(j) is the total leaf area of all cohorts in layer j, i.e. 

 ,
1

( ) ( )
cn

a a c
c

L j l j
=

= ∑  (3.17) 

With each cohort covering the whole patch with its canopy, each layer becomes a 
homogeneous structure concerning light absorption (Figure 3-3).  

Therefore the relative light that is available in layer j is the same for each cohort, i.e. 
i1(j)=i2(j)=…=inc(j), and calculated solely depending on the integrated leaf area index L(j) from 
the top layer of the canopy nl down to layer j (see Figure 3-3). Thus, the relative light 
intensity ic(j) available in layer j for cohort c is calculated as 

 ( 1)( ) k L j
ci j e− +=  (3.18) 
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for j=0,1,…,nl-1 and ic(nl)=1.  

k is the species specific extinction coefficient and ic(0) is the light intensity above the forest 
floor (Figure 3-3). The light intensity above the canopy is 100%, i.e. ic is initialized with 

( ) 1c li n =  and calculated successively for the lower layers nl-1, nl -2, …, 1. 

 

Figure 3-3 Concept of leaf area distribution and light absorption in LM1. ix(j)=i1(j)=i2(j)=i3(j), j=1,2,3,4. 

The fraction of absorbed light per cohort c and layer j becomes 

 
( )

, ( )
( ) (1 )

( )

a

a

L j
k

Pa c
c

a

l j
f j e

L j

−

= −        (3.19) 

where Pa denotes the patch size. 

In order to obtain the total fraction of absorbed light fc
tot of cohort c over all layers, the fc(j) 

have to be summed up over all layers where the respective cohort is present and modified 
by the available relative light in the respective layer 

=
≠

= ∑
,

0
( ) 0

( ) ( )
l

a c

n
c

tot c c
j

l j

f i j f j         (3.20) 

fc(j) is dimensionless and can be considered as the fraction of absorbed radiation per square 
meter in layer j. In general this unit is arbitrary. Important is the entity this unit is related to. 
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In LM1 the related entity is the patch size Pa. Therefore fc
tot becomes the fraction absorbed 

radiation (in % of total incident radiation) per square meter patch size per cohort c. In LM3, 
for instance, the related entity becomes the crown projection area. For reason of 
comparison, however, fc

tot will in all light models always be related to the whole patch. 

Because the extinction coefficient k is species specific and in LM1 the canopies of the 
different cohorts mix over the whole patch, one has to introduce some kind of average 
extinction coefficient in LM1, when multi-species stands are considered. Another 
shortcoming of LM1 is that the dominant cohort is always shading all other cohorts that are 
not of the same height. However, especially for young stands, cohorts of different size can 
well stand side by side not covering each other and receive full light. Thus LM1 seems 
unrealistic and leads to the concept of the crown coverage area or crown projection area 
(PA) (Figure 3-4). 

 

Figure 3-4 Conceptual scheme of the stand structure in LM2-LM4. 

 Light model 2 (LM2) 3.5.2
The tree does in fact not cover the whole patch with its crown projection area, but the 
crown area is increasing with age or rather diameter. Here we use a simple species specific 
linear relationship between crown radius and stem diameter. Thus, the fraction of absorbed 
light per cohort and layer fc(j) is related to the leaf area index of the PA  rather than the leaf 
area on the patch as in LM1. With 

 
=
≠

= ∑
c

,

1
( ) 0

( )

a c

n
c
cr

c
l j

C j a  (3.21) 

as the sum of all PAs of all cohorts in a certain layer, the fraction of the patch cc(j) covered by 
cohort c in layer j is calculated as 
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 (3.22) 

The sum of all cc(j) cannot exceed 1. Therefore when the sum of the PAs of the cohorts 
present in layer j is larger than the size of the patch, the projection areas are related to their 
sum and thus ‘squeezed’ together to sum up to 1. To obtain a fc(j) that is still related to the 
whole patch, the light absorption in layer j has to be weighted by cc(j) 

 
−

⋅
 
 = −
 
 

, ( )
( )( ) ( ) 1

a c

a c

l j
k

P c j
c cf j c j e  (3.23) 

The total fraction of absorbed light fc
tot of cohort c over all canopy layers is then obtained as 

in (3.20). 

The introduction of a PA per cohort breaks with the assumption of the homogeneity of the 
canopy layer because each tree now absorbs light individually according to its leaf area index 
(LAI) per PA in the respective layer and extinction coefficient. To determine the relative light 
that is available for the next layer, the absorbed fractions of all cohorts are summed up. 
From this the relative light in the next layer can be calculated: 

 
=
≠

 
 − = − 
 
 

∑
,

1
( ) 0

( 1) ( ) 1 ( )
c

a c

n

c c c
c

l j

i j i j f j  (3.24) 

As in LM1 the relative light that is available in layer j is the same for each cohort, i.e. 
i1(j)=i2(j)=…=inc(j). 

The consequence of the above described approach is, in general, that the cohorts absorb 
less light per layer than with the algorithm of LM1. At first, however, the light absorption of 
the single cohort per layer is actually higher in M2 than in LM1 due to the higher LAI. The 
leaf area that was distributed over the whole patch is now being compressed on the crown 
projection area. This means that the terms in brackets in Equation (3.19) and (3.23) is higher 
in Equation (3.23) due to the higher exponent. The first factor, however, is in most cases 
higher in Equation (3.19) than in Equation (3.23). This is because even when cc(j) is small, 
la,c(j)/La(j) can be larger when only few cohorts are present in layer j. The higher first factor 
has a larger influence than the exponent in the second expression as can be seen by 
differentiation and monotony considerations. 
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This leaves, in general, more light for the following layers and cohorts. Therefore the overall 
consequence of LM2 is that the dominant trees absorb less light leaving more light for the 
suppressed cohorts. This approach breaks the absolute dominance of the highest trees 
giving the smaller trees more competitive strength. Still, the lower trees cannot receive full 
light. In each layer the same relative light is available for all cohorts. There are no ‘light gaps’ 
in the canopy. Such light gaps are introduced in LM3. 

 Light model 3 (LM3) 3.5.3
Light model 3 describes the light transmission and absorption for the canopy of each tree 
individually. In LM3 each cohort layer receives light only from its own predecessor layers or 
out of light gaps within the stand’s canopy. However, the model is still a point model, i.e. the 
single cohorts have no defined spatial location within the patch area. 

 

Figure 3-5 Concept of leaf area distribution and light absorption in LM3 

The fraction of the patch that is not covered by trees, i.e. the difference between the sum of 
all PAs of all cohorts in a certain layer C(j) (Equation (3.21)) and patch size Pa normed by Pa, is 
introduced as a pool with its own light regime. Thus 

 
( )

( ) max , 0a
p

a

P C j
C j

P
 −

=  
 

 (3.25) 
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is the fraction of the patch not covered by the PAs of the cohorts in layer j and Ιp(j) is defined 
as the relative light intensity that is available within this pool. The pool Cp(j) is the area that is 
assigned to new cohorts that appear when the calculation of light transmission and 
absorption runs from the top layer to the bottom layer of the canopy. Now, a cohort can still 
receive 100% light intensity relative to the top of the canopy even when it is not present in 
the highest layers (e.g. i3(2)=1 in Figure 3-5). This concept reflects the observation that trees 
in the lower canopy do normally not stand under the dominant trees but rather grow within 
gaps to reach the top canopy. Suppressed trees that grow right under a dominant tree 
receive not enough light to survive.  

To maintain a closed light balance three special cases have to be considered. Firstly, the PAs 
of the cohorts do not change between two layers. Secondly, the PAs of the cohorts decrease 
when the sum of all PAs become larger than the patch size and therefore the PAs are 
squeezed together to fit the patch (see Equation (3.22)). Thirdly, the PAs of the cohorts 
increase again to their original size. In each of these cases light has to be distributed 
differently between cohorts and the pool. The three cases are also illustrated in Figure 3-5. 
For the highest canopy layer of a cohort (Figure 3-5 cohort 1 in layer 4, cohort 2 in layer 3, 
cohort 3 in layer 3) 

 =( ) ( )c pi j I j  (3.26) 

The fraction of absorbed light per cohort is always calculated as 
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Here the fc(j) denotes the fraction of absorbed light per PA in contrast to Equation (3.19) of 
LM1 and Equation (3.23) of LM2 that were related to Pa. However, if C(j)>Pa there still is a 
modification factor needed because the PA is reduced because the PAs of all cohorts do not 
fit on the predefined patch size. In general, the patch size Pa can be enlarged such that all 
PAs can always fit on the patch. This, however, is not realistic because then no competition 
for light takes place. 

First case: 
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The second sub case is illustrated in Figure 3-5. The number of cohorts changes from layer 4 
to layer 3 but there still is enough space on the patch such that the PA of both cohorts fit on 
the patch. In this first case the light available for the next layer of each cohort that also has 
leaves in the next layer is 

 ( 1) ( ) (1 ( )c c ci j i j f j− = ⋅ −  (3.28) 

In case a number dc(j) of trees of a cohort c has no leaves in layer j-1 (cohort No. 3 in layer 1 
of Figure 3-5) then the light leaving the layer of those trees is fed into the pool weighted by 
their patch coverage area cc(j). Thus, 
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Second case:  

( 1) ( )a aC j P C j P+ ≤ ∧ > (Figure 3-5 transition from layer 3 to layer 2) 

In this case , ,( 1) ( )   c with  ( 1) ( )c c a c a cc j c j l j l j+ > ∀ + =  because of Equation (3.22). The 

fraction of the patch that will be covered by the new cohorts Cn(j) consists of the pool in 
layer j+1 plus the fraction that is lost by the other cohorts due to new PAs. 
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nc
a is the number of trees in cohort c. The relative light that is available for the new cohorts 

in this layer is the average from Ip(j+1) and from the other cohorts weighted by the area they 
contribute to the area covered by the new cohorts. 
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 (3.31) 

Then ic(j) for the new cohorts can be calculated using Equation (3.26). 

Third case:  

( 1) ( )a aC j P C j P+ > ∧ ≤  
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Here the full PA requirements for each cohort can be met again (Figure 3-5 transition from 
layer 2 to 1). For all new cohorts apply Equation (3.26)and (3.27) where Ιp(j) is calculated as 
in Equation (3.29) with CP(j)=0. For all other cohorts 

 ( )= ⋅ + + ⋅ − +
1

( ) ( ) ( 1) ( ) ( ( ) ( 1))
( )c c c p c c

c

i j i j c j I j c j c j
c j

 (3.32) 

This completes the description of all possible cases of how light is transferred and absorbed 
through the canopy in LM3.  

As mentioned above fc(j) in LM3 is related to the PA rather than to Pa as in LM1 and LM2. To 
make all light models comparable in terms of light absorption fc

tot is related to the PA 
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j

l j

f f j i j c j  (3.33) 

In case the bottom layer of a cohort is higher than the top layer of another cohorts, the 
lower cohort can never receive full light even stand density would allow for that. This is 
because the light of the lowest layer of a cohort is always mixed into the pool (see 
Equation (3.29)). There are no separate pool for real stand gaps and the understory of a 
stand. They could be introduced, however. 

 Light model 4 (LM4) 3.5.4
Light model 4 (LM4) is the next extension to LM3. In LM4 a sun inclination angle β is 
introduced. In general, this increases the LAI that is passed through by the incident radiation 
and thus the absorbed radiation is also increased. To keep the calculations as efficient as 
possible some simplifying assumption are made.  

– Because light absorption is only calculated when the phenology of the stand 
changes and not every day, an average sun inclination angle over the vegetation 
period is assumed. Because the length of the vegetation period is not (yet) 
calculated in advance a fixed average vegetation period starting DOY 120 and 
ending DOY 280 is assumed.  

– The geometry of a tree crown layer is assumed to be a quadratic cuboid with a 
side length of l and height z that is directed perpendicularly to the sun. A 
simulation study was conducted to estimate the difference in absorbed radiation 
when the crown layer was assumed to be a circular disk or a cuboid (results not 
shown). The difference was found to be negligible and because of the easier 
mathematics of a cuboid in terms of light absorption this geometry was preferred. 
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In general, in LM4 the same three cases as in LM3 occur. The light balance between the 
layers is calculated as in LM3. However, for the light absorption within the layers some 
special cases have to be considered additionally. The simplest situation is illustrated in Figure 
3-6. 

 

Figure 3-6 Conceptual scheme of a tree layer cuboid with height z and side length lc(j). Light falls through the 
cuboid with inclination β. The areas where light absorption is calculated differently are indicated by 
different green colours and labelled fc,i(j). The region with yellow colour indicated light from and into 
the pool ΙP(j). Represented is the case 

=

≥ ⋅ ⋅∑ ,
1

1( ) ( )
cn

p c a c
ca

C j l j y n
P

 and ≤ ( )cy l j . 

Each crown layer j of cohort c is assumed to be a quadratic cuboid of height z and side length 
lc(j) that is derived from the crown PA in this layer cc(j). Further assuming an average sun 
inclination angle β and a perpendicular direction of the cuboid towards the sun, the light 
rays fall on the top and on exactly one side a of the cuboid and leaving the cuboid on the 
bottom and side b, opposite to side a, as indicated in Figure 3-6. Two distinct regions of the 
cuboid can be identified that are displayed in light and dark green in Figure 3-6. In the dark 
region, the light falling on the top of the tree layer crosses the cuboid on the longest possible 
way. In this region the fraction of absorbed radiation is calculated as  

 
, ( )
( ) sin

,1( ) 1
a c

a c

l j
k

P c j
cf j e β

−
⋅ ⋅= −  (3.34) 

similar to Equation (3.27), only that here the crossed LAI (la,c(j)/(Pa cc(j))) is increased by the 
sun inclination through sinβ. For a sun inclination angle of 90° Equation (3.34) equals 
Equation (3.27). For those regions of the cuboid where either light penetrates from the side 
(side a) and leaves at the bottom of the tree layer or penetrates the top and leaves on side 
b, the LAI that the light passes through changes with the location where a hypothetical light 
beam hits the cuboid. Thus, for the light that falls onto the side a of the cuboid the passed 
LAI increases with the height of side a where the light beams penetrates the cuboid. The 
average fraction of absorbed light for this region is averaged over all possible LAIs within this 
region or over y, thus 
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The same average fraction of absorbed light leaves the cuboid at the side b. It does not 
matter whether fc,2(j) is averaged horizontally over y or vertically over z. In the following it 
will always be integrated horizontally in similar situations. For the total fraction of absorbed 
light per tree in layer j (related to patch size Pa) we obtain 

 ( )( )= − ⋅ ⋅ ⋅ + ⋅ ⋅ + ⋅,1 ,2 ,2
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Further we obtain for the available light for the next layer of this cohort 
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and the pool of the next layer similar to Equation (3.29) 
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 (3.38) 

Equations (3.34) and (3.35) describe the light absorption in a cuboid as displayed in Figure 
3-6. Here ( )cy l j≤ . In case that ( )cy l j>  (Figure 3-7) no light that falls on the top of a tree 

layer leaves the bottom but only in region b of the cuboid.  
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Figure 3-7 Conceptual scheme of a tree layer cuboid. Represented is the case 
=

≥ ∑
1

1( ) ( )
cn

c
p c a

ca

C j l j y n
P

   and > ( )cy l j   

This case occurs when either z or lc(j) is small. The light that falls onto one side and leaves 
the other side (region a coloured in dark green in Figure 3-7) passes a constant LAI. Light 
absorption in this region is calculated similar to Equation (3.34) as  

 
, ( ) ( )

( ) sin
,3( ) 1

a c c

a c

l j l j
k

P c j y
cf j e β

⋅
−

⋅ ⋅ ⋅= −  (3.39) 

Absorption of the light that falls onto one side and leaves the cuboid at the bottom (region c 
coloured in light green in Figure 3-7) or light the falls on the top of the cuboid and leaves in 
region b is calculated as 

 

,

,
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,
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( ) 1

( )

( ) sin
1 1

( ) ( )

( ) sin
1 ( )

( ) ( )

a cc

a c

a c c
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l j tl j k
P c j y

c
c

l j l j
k

P c j ya c

a c c

a c
c

a c c

f j e dt
l j

P c j y
e

k l j l j

P c j y
f j

k l j l j

β

ββ

β

⋅
−

⋅ ⋅ ⋅

⋅
−

⋅ ⋅ ⋅

= −

 ⋅ ⋅ ⋅  = + −
 ⋅ ⋅  

⋅ ⋅ ⋅
= −

⋅ ⋅

∫

 (3.40) 

For the total fraction of absorbed light per tree in layer j (related to patch size Pa) we obtain 

 ( )( )2
,3 ,4 ,4

1
( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )c c P c c c P

a

f j y l l f j I i l f j i j f j I j
P

= − ⋅ ⋅ ⋅ + ⋅ + ⋅  (3.41) 

Here the light available for the next layer of cohort c is 

 ( ),4( 1) ( ) 1 ( )c P ci i I j f j− = ⋅ −  (3.42) 

And the average light intensity for the pool available for the next layer is calculated as 
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p c c

c

c
p c a p c c c

c ca

c
c c a c P

c
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c a c c

c

I j
C j d j c j

C j l j y n I j d j c j i j
P

l j y l j n f j I j

P l j n f j i j

 (3.43) 

All the above equations apply for the situation ≥ ⋅ ⋅∑1
( ) ( ) c

p c a
c

C j l j y n
P

, i.e. when the area of 

all shadow casts of all trees is not larger than the area not covered by trees in this layer, i.e. 

the pool CP(j). In dense stands, however, it can be the case that < ⋅ ⋅∑1
( ) ( ) c

p c a
ca

C j l j y n
P

. It 

can even occur that CP(j)=0 as also described for LM3. This situation is illustrated in Figure 
3-8.  

 

Figure 3-8 Conceptual scheme of a tree layer cuboid. Represented is the case 
=

< ⋅ ⋅∑
1

1( ) ( )
cn

c
p c a

ca

C j l j y n
P

 and ≤ ( )cy l j  

Only part of the light that leaves the cuboid on the side (region b in Figure 3-8) is available 
for the pool of the next layer (yellow area in Figure 3-8). The length of this region is called 
the effective shadow cast w(j) in layer j and is calculated as  

 =
⋅ ⋅∑

( )
( )

1 ( )

P

c
c a

ca

C j
w j y

l j y n
P

 (3.44) 

Light leaving the side of the cuboid in region a in Figure 3-8 is not available for the pool but 
hits the cuboid of the next tree in Figure 3-8. According to the structural concept of the 
stand that does not associate an exact position of each tree on the patch but rather a mere 
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PA the neighbouring tree is not determined. Thus, the light leaving the side of the cuboid in 
region a is fed into the same cohort again on the opposite side of the cuboid, also indicated 
as region a in Figure 3-8. Light penetrating one side of the cuboid at region c is assumed to 
come from the pool (Figure 3-8). If CP(j)=0 this region is also zero and all light leaving the 
cuboid on the one side is used as input for the other side. This way the light absorption of 
each tree can be calculated separately without knowing the tree’s neighbours and the light 
balance remains closed.  

Again, the two cases ( )cy l j≤ and ( )cy l j>  have to be considered.  

The case ( )cy l j≤ : 

To calculate the total fraction of absorbed light for this layer, at first, the absorbed light in 
region a in Figure 3-8 has to be determined. 
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−
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 ⋅ ⋅ −  

∫
 (3.45) 

 

The average light intensity that leaves the cuboid in region b in Figure 3-8is 
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 (3.46) 

Thus, 

 
( )( )

,1 ,5

,5 ,6

( ) ( ) ( ) ( ) ( )1
( )

( ) 1 ( ) ( ) ( ) ( ( ) ( )
c c c

c
c c c c c Pa

l y l f j i i y w l f j
f j

i j f j i j w l f j i j I jP

− ⋅ ⋅ ⋅ + − ⋅ ⋅ ⋅ 
 =
 + − ⋅ + ⋅ ⋅ ⋅ + 

  (3.47) 

and 
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and  
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∑

∑ ∑
 (3.49) 

 

The case ( )cy l j> : 

This case has two sub cases that are illustrated in Figure 3-9.  

 

Figure 3-9 Conceptual scheme of a tree layer cuboid. Represented is the case  

=

< ⋅ ⋅∑
1

1
( ) ( )

cn
c

p c a
ca

C j l j y n
P

 and ( )cy l j> with two sub cases: y l w− ≤ and y l w− > . 

The first case can be characterized by the condition y l w− ≤ . As a consequence some light 

that hits the top of the tree layer is again fed into the pool. Additional light that leaves the 
tree layer in region a is used as input from the side comes exclusively from the top of the 
cuboid. In the second case y l w− >  (see Figure 3-9) the gap between the cohorts w is so 

small that light that leaves the tree layer in region a and is used as input from the side comes 
partly from the pool, i.e. from the side.  

It is clear that the concept of using light that leaves the one side as input for the other side 
has its limits. This concept does not work in the case when first y> lc(j) and second, light that 
leaves the tree layer in region a partly uses light from region a of the opposite side, i.e. the 
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light intensity in region a is determined by itself. This case occurs when y – w > w + l (see 
Figure 3-10). 

                         

Figure 3-10 Conceptual scheme of a tree layer cuboid. Represented is the case y – w > w + l. 

 

First sub case y l w− ≤ : 

The absorbed light in region a is the same as in Equation (3.45), i.e. fc,5(j). The absorbed light 
in region b that is further used for the light pool comes from two sources. The first part 
comes from the top of the cuboid  
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∫
 (3.50) 

and the second part has the light from the pool as its source. The absorption in this part is 
calculated according to Equation  (3.39), i.e. fc,3(j). 

Thus, 
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 (3.51) 

and 
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and 
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 (3.53) 

 

Second sub case y l w− > : 

The absorbed light in region a comes from the top of the cube as well as from the pool. The 
absorbed light that comes from the top of the cube is calculated as in Equation  (3.40) and 
the part, which comes from the pool, is calculated according to Equation (3.39). 

The light average light absorption in region a is 

 ( ),8 ,4 ,3
1

( ) ( ) ( ) ( ( )) ( )c c c c cf j l j f j y w l j f j
y w

= ⋅ + − − ⋅
−

 (3.54) 

It follows 
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 (3.55) 

and 

 ( ) ( ) ( ),4 ,8( 1) 1 ( ) 1 ( ) ( ) ( ) ( ) ( )c c c c c Pi j f j f j l j i j y w l jΙ− = − ⋅ − ⋅ ⋅ + − − ⋅  (3.56) 

and 
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 (3.57) 

The total fraction of absorbed light per cohort per unit patch area is for all cases calculated 
as for LM3 (Equation (3.33))
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4 DRY MATTER PRODUCTION AND GROWTH 

4.1 Phenology 

 Promotor-Inhibitor-Model 4.1.1
The phenology model is based on simple interactions between inhibitory and promotory 
agents that are assumed to control the developmental status of a plant. The abundance or 
concentration of certain enzymes in cells is determined by the rates of synthesis and 
breakdown. Control of these processes is subject to a lot of research, however, it is known 
that temperature and photoperiod play a prominent role. Temperature, for instance, can act 
through pure physical mechanisms like its influence on viscosity and diffusion. Moreover, 
synthesis of proteins usually has an activation energy or temperature and an optimal 
temperature beyond that synthesis rates decrease again (Johnson and Thornley, 1985; Vegis, 
1973). Photoperiod has been observed to be the driving force of a biochemical trigger acting 
through the photochromic system (Heide, 1993a; Heide, 1993b; Nitsch, 1957; Perry, 1971; 
Wareing, 1956). From these simple but basic principles a model for the abundance or 
concentration of an inhibitory compound Iphen and a promotory compound Pphen can be 
formulated as a system of two simple coupled difference equations: 

 1 1 1 2 2 2

3 3 3 4 4 4

( ) ( ) ( ) ( )

( ) ( ) (1 ) ( ) ( )
phen l l phen

phen l phen l phen

I p f T g d p f T g d I

P p f T g d I p f T g d P

∆
∆

= −

= − −
     (4.1) 

where pi are scaling parameters and the fi and gi, i = 1,..., 4, are functions of air temperature 
Ta and photoperiod (day length) dl, respectively. Temperature Ta and photoperiod dl are 
themselves functions of time, in our case of the day of the year. Breakdown of the 
compounds Pphen and Iphen, indicated by the negative terms in Equation (4.1), is assumed to 
be a first order reaction, whereas the synthesis terms, indicated by the positive terms in 
Equation  (4.1), are formulated as simple forcing terms. The synthesis term of the promotor 
Pphen is coupled to or rather damped by the presence of the inhibitor Iphen. Pphen and Iphen are 
normalized arbitrarily to vary between one and zero. 

To obtain an applicable model, assumptions about the parameters, functions, boundary and 
initial conditions have to be made: we let the model start at t0, the observed date of leaf 
colouring of the previous year. For reason of simplicity, on this date rest is assumed to be 
deepest. That means we assume the maximal concentration of inhibitory substances and 
minimal abundance of promotory compounds, setting Iphen (t0) = 1 and Pphen (t0) = 0. Bud 
burst takes place when Pphen reaches the threshold Pphen = 1.  
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Following the observation that almost all physiological processes have a minimum, optimal 
and maximum temperature, the temperature dependence of the functions fi are modelled as 
a triangular function (Hänninen, 1995) where 
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≤≤
≤≤≤ 

≤≤

≤≤
f ≤≤≤≤  

≤≤
 (4.2) 

for i = I, P with T being daily mean temperature and Ti,mn, Ti,opt, Ti,max fixed temperature 
thresholds that are different for each fi.  

Since photoperiod is another important factor influencing tree phenology, the functions gi 
are assumed as a day length dl dependent function, i.e. they are set as either dl/24 or 
(24-dl)/24, depending on whether the process is assumed to be promoted by long days or 
long nights. Breakdown of inhibitor is assumed to be accelerated by long days, whereas 
build-up of inhibitor is assumed to be supported by long nights. The contrary is assumed for 
the promotor Pphen. Synthesis of the promotor is favoured by long days and breakdown of 
Pphen is accelerated by long nights (Nitsch, 1957; Perry, 1971; Wareing, 1956).  

Table 4-1  Promotor-Inhibitor Models (PIMs) derived from the general framework in Equation (4.1) and the 
imposed restrictions described in the paragraph above. ∆Iphen, ∆Pphen rates of change of the inhibitor 
I and promotor Pphen. fi (i = I, P) are temperature dependent triangular functions according to 
Equation (4.1) for the inhibitor Iphen and promotor Pphen, respectively, each having three parameters 
Tmin, Topt, Tmax. pi (i = 1,..., 4) are scaling parameters. Iphen (t0) = 1, Pphen (t0) = 0. time step: one day. t0 = 
day of leaf colouring the previous year. Bud burst: Pphen > 1 

PI
M  
No. 

Inhibitor Model Promotor Model 

1 ∆ = − 2 ( )phen I a phenI p f T I  
∆

− − −
= 3 4( ) (1 ) (24 )

24
P a phen phen l
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p f T I p P d
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∆

−
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p f T I d
I  ∆
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3 
∆ −
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24 24

I a phen ll
phen

p f T I dp d
I  ∆

−
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P a phen l

phen
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To keep the number of parameters as low as possible some restrictions were introduced in 
the general framework of Equation (4.1). It was imposed that f1(Ta) = f4(Ta) = 1, i.e. the 
forcing term of the inhibitor Iphen and the breakdown term of the promotor Pphen only depend 
on photoperiod. Hereinafter it holds f2 = fI and f3 = fP. Further it was imposed that either p1 
or p4 is zero. This resulted in 12 possible models each one having nine parameters (Schaber, 
2002b). The three models used in 4C are listed in Table 4-1  and are called Promotor-
Inhibitor model (PIM) in the following. 

For each species it was determined which of these model formulations best suited the 
observed dates of bud burst (BB) and corresponding course of temperature and day length. 

The different favoured model structures for each species indicated that for the late spring 
phases (BB of F. sylvatica and Q. robur) the photoperiod played a more dominant role than 
for early spring phases (BB of B. pendula). Chilling only plays a subordinate role for spring BB 
compared to temperatures preceding BB. The modelling approach allowed for a species 
specific weighting of the dominating processes.  
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Table 4-2 Parameter values for the PIMs. For a description of the parameters see Equation (4.2) and Table 4-1  . min, max: allowed ranges for the parameters during 
model fits. min SSR: Parameters for the PIM that performed best in terms of SSR (sum of squared residuals) for model fitting. mean: Average parameters after 
ten optimisation runs. stderr: Standard error of the average parameters after ten optimisation runs. 

  fI fP 

  TI,min TI,opt TI,max p1 p2 TP,min TP,opt TP,max p3 p4 

Allowed 
range 

min -25 -15 0 0 0 -20 0 5 0 0 

max 10 20 35 1 1 15 40 45 1 1 

Betula 
pendula 
PIM 1 

min SSR -24.96 -10.0 15.05  0.0306 -7.03 21.8 25.35 0.064803 0.045432 

mean -22.32 -9.29 12.75  0.0402 -7.27 28.25 33.82 0.079167 0.048417 

stderr 0.79 0.16 0.29  0.002 0.48 1.72 2.06 0.004 0.001 

Fagus 
sylvatica 
PIM 2 

min SSR -10.34 -0.89 18.11  0.0583 -10.03 28.61 44.49 0.109494 0.039178 

mean -9.15 -2.39 21.2  0.0554 -9.47 28.89 33.81 0.11551 0.039986 

stderr 0.38 0.32 0.97  0.002 0.25 1.24 1.77 0.004 0.000 

Quercus 
robur 
PIM 3 

min SSR -23.05 -0.3 16.91 0.010379 0.0551 3.46 34.55 34.55 0.331253  

mean -24.29 -0.4 17.3 0.01165 0.0594 3.42 27.47 35.7 0.25418  

stderr 0.22 0.22 0.28 0.001 0.003 0.06 1.87 1.49 0.02  
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 The Cannel and Smith model (CSM) 4.1.2
The Cannel and Smith model (CSM) empirically describes the observation that increased 
chilling in winter decreases the required temperature sum for bud burst in spring. It was 
developed by Cannell and Smith (1983) and modified by Menzel (1997). 

Table 4-3 Parameter values for the CSM. min, max: allowed ranges for the parameters during model fits. min 
SSR: Parameters for the fit that performed best in terms of SSR among ten different runs. mean: 
Average parameters after ten optimisation runs. stderr: Standard error of the average parameters 
after ten optimisation runs. 

 

Chilling Cchill is modelled as a simple counter of ’chill days’, i.e. days whose mean 
temperature falls below a certain threshold Tc, starting on t1 = 1. Nov. 

 = ≤∑
1

1
t

chill a C
t

C for ≤≤    (4.3) 

Chilling reduces the required temperature sum for bud burst Tcrit in a logarithmic manner 
with parameters acs, bcs. 

   Tc Tb acs bcs 

Allowed range min -5 -5 -1000 0 

max 20 20 0 3000 

B. pendula min SSR 18.42 4.19 3075.99 -573.67 

mean 15.8 3.83 2694.38 -498.02 

stderr 1.67 0.42 247.02 48.16 

F. sylvatica min SSR 11.03 6.5 3039.75 -574.49 

mean 10.26 5.39 2810.75 -519.51 

stderr 0.75 1.16 127-14 31.2 

Q. robur min SSR 18.31 5.58 3451.18 -631.5 

mean 17.65 5.55 3008.55 -546.96 

stderr 0.85 0.04 137.41 26.06 
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 ln( )crit cs cs chillT a b C= +   (4.4) 

Temperature sum T*
sum is formed by integrating daily mean air temperatures T above a 

certain threshold Tb starting on t2 = 1. Feb. 

 = − >∑
2

* ( )
t

sum a b a b
t

T T T for T T   (4.5) 

Bud burst occurs on the day when T*
sum > Tcrit. 

Including Tc, acs, bcs and Tb the model has four parameters (see Table 4-3).  

 The linear temperature sum model (TSM) 4.1.3
The temperature sum model (TSM) (Kramer, 1994; Menzel, 1997; Wang, 1960) simply 
integrates daily mean temperatures Ta above a certain threshold Tb starting from a defined 
date t1 up to a fixed critical value Tcrit.  

Table 4-4 Parameter values for the TSM. min, max: allowed ranges for the parameters during model fits. min 
SSR: Parameters for the fit that performed best in terms of SSR among ten different runs. mean: 
Average parameters after ten optimisation runs. stderr: Standard error of the average parameters 
after ten optimisation runs 

   Tb Tcrit t1 

Allowed range min -10 0 1 

 max 10 4000 131 

B. pendula min SSR -6.07 672.9 108 

 mean -4.77 586.02 111.3 

 stderr 0.77 52.82 2.29 

F. sylvatica min SSR -6.98 664.88 131 

 mean -6.97 664.07 131 

 stderr 0.16 7.87 0.0 

Q. robur min SSR 0.49 372.06 131 

 mean 0.5 372.06 131 

 stderr 0.03 2.0 0.0 
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The starting date t1 was assumed to vary between the 1st November and the 31 of March , 
i.e.between 1 and 131.  

= − >∑
1

* ( ) for
t

sum a b a b
t

T T T T T   (4.6) 

Bud burst occurs on the day when T*
sum > Tcrit. 

Including Tb, Tcrit and t1 the model has three parameters (see Table 4-4). 

4.2 Photosynthesis 

The photosynthesis sub-model is based on the photosynthesis model of Haxeltine and 
Prentice (1996b). The model is described under the assumption of abundant water and 
nutrient supply. Reductions of photosynthesis by these factors are described in chapter 
4.2.3. and 4.2.4.. 

Main features of this model are as follows: 

– it is based on the mechanistic photosynthesis model of Farquhar et al. (1980) as 
simplified by Collatz et al. (1991); hence it represents a major step forward 
compared to the empirical schemes used to calculate tree growth in earlier gap 
models (see Shugart et al. (2018)), 

– it does not prescribe identical photosynthetic characteristics for all the leaves 
across the canopy; instead, it is based on the assumption that enzyme 
concentrations in the leaves are regulated so as to optimize net assimilation rates, 

– this optimisation is performed explicitly while developing the model (see 
Haxeltine and Prentice (1996b)), 

– the resulting model is still fairly simple and can easily be extended to the whole 
canopy. 

The photosynthesis is calculated for the single tree which is representative of the cohort. 

 The assimilation model at the leaf and canopy level 4.2.1
Here, the approach of Haxeltine and Prentice (1996a) is used to calculate the daily net 
photosynthesis Adt and the leaf maintenance respiration Rd of a tree. The model applied has 
the important feature that the resulting net photosynthesis is a linear function of the 
photosynthetically active radiation IPAR (see Chapter 3.5). Given this linearity, it is not 
necessary to integrate photosynthesis explicitly across the canopy, but it is sufficient to 
calculate the total radiation absorbed by the canopy and then to calculate the total daily net 
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photosynthesis And as a function of the absorbed radiation ƒ(IPAR) that results for the whole 
canopy at once. 

The total amount of optimum gross (nitrogen limited) assimilation per tree or cohort Ac is 
then obtained by 

 
1

1000
a

c sp
part

P
A A

c
= ⋅ ⋅   (4.7) 

where Pa is patch size [m2]; Asp is the specific gross photosynthesis rate and cpart is the part of 
carbon in biomass and is used to convert Asp from carbon to dry weight. The factor 1000 
converts Asp [g C m-2 d-1] from g to kg. Ac thus is in [kg DW m-2 d-1]. 

The rate Asp is calculated from the (nitrogen limited) light use efficiency LUE [g C μmol-1], the 
daily incident photosynthetic radiation IPAR [mol m-2] and the fraction of the absorbed 
photosynthetically active radiation fc

tot [-] per cohort (see Chapter 3.5) 

 = ⋅ ⋅c
sp UE tot PARA L f I   (4.8) 

LUE is derived from the optimal light use efficiency LUE,opt (Haxeltine and Prentice, 1996b) 
reduced by a reduction factor Rc

N which describes the influence of nitrogen availability (see 
Chapter 4.2.2) 

 ,
c

UE N UE optL R L= ⋅   (4.9) 

Using the specific daily leaf respiration Rds [g m-2 d-1], calculated according to Haxeltine and 
Prentice (1996a), the nitrogen limited daytime photosynthesis Adt [g C m-2] is calculated by 

 
24

l
dt sp ds

d
A A R= − ⋅   (4.10) 

with the daily length of photoperiod dl.  

This photosynthesis rate is related to the unstressed stomatal conductance of the tree 
through the CO2 diffusion gradient between the atmosphere and intercellular air space and 
gc is calculated according to Haxeltine and Prentice (1996a): 

 min
1.56

max ,
(1 )

c dt

a mass

A
g g

c cλ
 ⋅

=  − ⋅ ⋅ 
 (4.11) 

where the factor 1.56 [–] accounts for the difference in the diffusion coefficients of CO2 and 
water vapour, λ=ci/ca = 0.7 is the optimum ratio of ambient to intercellular CO2 

concentration [–], and gmin [mol m-2 d-1] is the minimum conductance (e.g. due to cuticular 
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transpiration). The division of Adt by cmass is required for the conversion of its unit into 
mol CO2 m-2 d-1. 

Summation over all cohorts yields the stomatal conductance of the canopy of the stand gtot. 

The realized net daily (water and nitrogen limited) assimilation rate Anet is then calculated by 

 ( )
drps

c
net c dcA I A R= ⋅ −   (4.12) 

where Ic
drps is the water limitation of the photosynthesis (see Chapter 4.2.3), Ac is the gross 

assimilation per patch(see equation (4.7)) and the daily leaf respiration rate Rdc per patch is 
defined by  

 
1

1000
a

dc ds
part

P
R R

c
= ⋅ ⋅   (4.13) 

with the parameter cpart which gives the part of C in biomass. 

Finally, the daily net primary production fNPP is 

 (1 )NPP net cof A r= ⋅ −   (4.14) 

where rco is the (growth) respiration coefficient following the concept of constant annual 
respiration fraction as proposed by Landsberg and Waring (1997). The total daily NPP of the 
stand fNPP is summarized over all trees of the cohort, over all cohorts of the forest stand and 
over all days/weeks of the year to an annual net primary production of the stand. 

 Nitrogen demand 4.2.2
The daily nitrogen demand of each tree ,c d

demN  is calculated from its daily net primary 

production fNPP  

 = ⋅,c d
dem NPP NCN f p   (4.15) 

It depends on the species specific nitrogen/carbon ratio of the total biomass pNC (see 
Chapter 4.4.1). 

The cumulative nitrogen demand of a tree c
demN  at the current day t is 

 
=

= ∑ ,

1

( ) ( )
t

c c d
dem dem

i

N t N i   (4.16) 

In particular, the annual total nitrogen demand of a tree is equal to (365)c
demN . The demand 

of a cohort is the sum of the demand of all trees of the cohort. The cumulative nitrogen 
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demand of a species s
demN  Ns

dem is the sum over the cumulative demand of all cohorts of the 

same species. 

 Water limitation 4.2.3
The water limitation of the photosynthesis Ic

drps (see Equation (4.12)), varying from zero to 
one, is calculated for each cohort by the ratio of its supply of water Wc

upt (see Chapter 6.1.3) 
and its transpiration demand Ec

trd (see Chapter 5.3) 

 
( )

( )
( )drps

c
uptc
c
trd

W t
I t

E t
=   (4.17) 

 Nitrogen limitation 4.2.4
The nitrogen limitation of photosynthesis is realised for each cohort by a reduction factor Rc

N 
varying from zero to one. It modifies the light use efficiency (see Equation (4.9)) calculated 
according to Haxeltine and Prentice (1996a) and as a consequence the gross assimilation Ac. 
The reduction factor of each cohort is initialized by a species specific reduction factor Rs

N 
which is calculated for each species by a function of the C/N ratio of active organic matter of 
the soil γaom and the species specific photosynthesis response to Nitrogen κN

s (Lindner, 
1998).  

 

( )lim min

lim min

13.2
13.

1
1

with
48

2

9.2
0

120 and

s
s aom

aom

N
N

aom

N N
R

N N

γκ
γ

γ

 − −

= =

<


−

=


≥

  (4.18) 

It is assumed, that there is no reduction of growth above a nitrogen availability of 120 kg ha-1 
(Kopp and Schwanecke, 1994). Therefore the limitation factor Nlim in Equation (4.18) is set to 
120. Below that value, a growth reduction and following a reduction of photosynthesis is 
calculated from a nitrogen mineralisation rate Nmin [kg ha-1], which is estimated from data by 
(Kopp and Schwanecke, 1994). The dependence of Rs

N on the C/N ratio is shown in Figure 
4-1.  
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Figure 4-1 Initialisation of species specific nitrogen reduction factor Rs
N of two species with κN

pine = 0.0062 for 
Pinus sylvestris and κN

beech = 0.0068 for Fagus sylvatica in dependence of the C/N ratio of active 
organic matter of soil γaom    

The nitrogen reduction factor Rc
N is calculated in the course of the simulation using one of 

the following methods: 

a) Rc
N is kept constant over the simulation time. 

b) The nitrogen limitation is calculated daily by the actual ratio of the cumulative 

nitrogen uptake c
uptN  and the cumulative nitrogen demand Nc

dem of the cohort 

 
( )

( )
( )

c
uptc

N c
dem

N t
R t

N t
=   (4.19) 

Because of the daily calculation the value of Rc
N fluctuates very strongly and 

therefore the use of this approach is not recommended. 

c) For each species, a nitrogen reduction factor Rs
N is calculated year by year in 

dependence on the nitrogen uptake s
uptN  and nitrogen demand s

demN  of the species, 

i. e. of all cohorts of the same species (Bugmann, 1994; Lindner, 1998).  

 
( ) 1 exp( ( ) 10 ( 1) 0.3)

with
ln(0.01)

( )
10 ( 1)

s s
N y y upt y

y s
dem y

R t a t N t

a t
N t

= − − ⋅ ⋅ − −

=
⋅ −

  (4.20) 

The coefficient a is calculated for the actual year ty from the nitrogen demand of the 
species of the last year (ty-1). 

d) In analogy to b) the nitrogen reduction factor Rs
N of the species is calculated daily by 

the actual ratio of the cumulative nitrogen uptake Ns
upt and the cumulative nitrogen 

demand Ns
dem of the species 
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( )

( )
( )

s
upts

N s
dem

N t
R t

N t
=   (4.21) 

e) A modification of approach d)  is the following equation 

 

( )
0.01

( )
( ) 2

( )
1

( )

s
upt
s
dems

N s
upt
s
dem

N t
N t

R t
N t
N t

 
+ 

 =
 

+ 
 

  (4.22) 

f) Another approach of daily calculating the species specific Rs
N follows an exponential 

function that depends on the ratio of the cumulative nitrogen uptake Ns
upt and the 

cumulative nitrogen demand Ns
dem of the species 

 
( )

( ) exp 1
( )

s
upts

N s
dem

N t
R t

N t
 

= −  
 

  (4.23) 

g) A modification of approach f) is described as 

 
( ) ( )

exp 0.7 0.5 10
( ) ( ) ( )

1 otherwise

s s
upt upt

s s s
N dem dem

N t N t
R t N t N t

  
− − ≤   =   




  (4.24) 

 

The shape of the approaches d) to g) is shown in Figure 4-2. The application of approach e) is 
recommended for two reasons: If there is no N uptake, photosynthesis is not completely 
reduced and with increasing satisfaction the reduction factor approximates faster to 1 than 
the other approaches. An exception is the species Pinus sylvestris. In this case approach g) is 
recommended. 

 

Figure 4-2  Nitrogen reduction factor Rs
N in dependence of the ratio of nitrogen uptake to nitrogen demand 

for the approaches d) to g) 
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4.3 Autotrophic respiration 

Respiration can be calculated with two alternative approaches. Either total tree respiration is 
a constant fraction of gross photosynthetic carbon assimilation or growth and maintenance 
respiration are calculated separately for all tree components. 

Daily maintenance respiration of sapwood, foliage and fine roots is calculated as 

 , ,mres i m i if r M= ⋅  (4.25) 

where the rmi [d-1] are specific maintenance respiration rates and Mi [kg DW] are the 
biomasses of the sapwood, foliage or fine roots. Note that maintenance respiration of 
foliage is calculated in the photosynthesis submodel. 

4.4 Allocation and growth 

The trees in the cohorts grow when net assimilation is distributed onto their components. 
The rules for the partitioning of assimilates are derived from four general relationships:  

– an allometric relationship between sapwood cross sectional area and foliage 
biomass,  

– the assumption of a functional balance between fine root and foliage specific 
activities,  

– rise in bole height, when the photosynthetic production of the lowermost 
branches, drops below compensation of the sum of their respiratory losses and 
senescence fluxes, 

– height growth is a function of growth in foliage mass and the relative irradiance in 
the crowns of the cohort under consideration.  

At the end of every simulation year growth of the trees in the individual cohorts is calculated 
by allocating the yearly net primary production fNPP to the biomass compartments foliage, 
stem, fine roots and coarse roots, twigs and branches according to the four general 
relationships outlined above. The allocation scheme is derived from the principle of 
functional balance (Davidson, 1969) and mass conservation, the pipe model theory 
(Shinozaki et al., 1964) and the relationships describing tree architecture as outlined in 
Chapter 2. Based on the law of mass conservation the change in dry mass of foliage, stem 
and fine roots can be described by: 

 λ= − ,
i

i NPP s i
dM

f f
dt

  (4.26) 
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with λf + λs + λr + λc = 1, where fNPP is annual net primary productivity, the λi are the 
partitioning coefficients for foliage (f), sapwood (s), fine roots (r) and coarse roots (c), fs,i are 
the senescence rates and the compartments under consideration are i=s, f, r.  

The heartwood mass increases by addition of senescing sapwood:  

 ,
hw

s s
dM

f
dt

=   (4.27) 

Senescence is determined on the basis of specific senescence rates, si, i=s, f, r [kg kg-1 a
-1]: 

 =,s i i if s M   (4.28) 

 Determination of the partitioning coefficients 4.4.1
A first constraint on the partitioning of biomass is set by the functional balance of fine roots 
and leaves. The principle of functional balance (Davidson, 1969) states that the assimilation 
of carbon and the uptake of nutrients (most notably nitrogen) should be balanced such that 
growth at a given elemental composition of plant materials can be realized. The biomass of 
the plant functional compartments that assimilate carbon and take up nutrients, i. e. leaves 
and fine roots, should be optimised in order to meet this aim under the boundary condition 
that they operate at specific activity σr [kg N kg-1 DM a-1] for fine roots with respect to N 
uptake Nc

upt (see Equation (6.38)) [g m-2] and σf [kg kg-1 a-1] for leaves with respect to net 
carbon assimilation: 

 c
upt NC npp r r NC f fN p f M p Mσ σ= ⇒ =   (4.29) 

where pNC  is the overall N:C ratio of new biomass.  

The specific leaf activity rate is defined as 

 NPP
f

f

f
M

σ =   (4.30) 

and the specific root activity rate as 

 
c
upt

r
r

N
M

σ =   (4.31) 

Actually, a species specific parameterisation of σr is used, which is modified by an annual 
drought stress index Idral. This index is calculated from the average of the daily ratio of water 
demand to water availability/uptake (see Chapter 6.1) 
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We define a composite parameter αr by 

 f
r nc

r

p
σ

α
σ

=   (4.32) 

A second constraint for allocation is set by the relationship between foliage mass and 
conducting vessel needed for the supply of water and nutrients. The pipe model theory 
(Shinozaki et al., 1964) states that there is a proportionality between the sapwood cross-
sectional area at crown base As, and the leaf biomass: 

 

η

η

=

=

f s s

f
s

s

M A

M
A

  (4.33) 

where ηs  is a species specific parameter. To derive a relationship between sapwood biomass 
and foliage biomass, we need to express the former in terms of sapwood area. This is 
possible by taking into account the average length of the sapwood pipes Hs 

 ρ=s s s sM H A   (4.34) 

where ρs [kg cm-3] is the sapwood density. It follows that 

 
ρ
η
α

=

=

s
s f s

s

s f s

αα  H

α H
  (4.35) 

where  

 s
s

s

ρα
η

=   (4.36) 

αs is a composite parameter analogous to αr (see Equation (4.32). 

From Equation (4.33) and Equation (4.34) it holds: 

 α=s
s s

f

α
H

α
  (4.37) 

For the sapwood pipe length yields: 
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−
= +

+
=

3
2

3

b
s b

b

H H
H H

H H
  (4.38) 

And therefore, based on this equation and Equation (4.35) it is derived: 

 

∆ α ∆
Λ

λ
α ∆ ∆

λ

+
= +

+

+ −  = + + + + −  
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,
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f f NPP s f

αα
H H

αα

α f f
H H H H

α f f

  (4.39) 

We assume 

 ,( )h f h f NPP s fH M f f∆ M ∆ M λ= ⋅ = ⋅ −   (4.40) 

And following we write Equation (4.39) as: 

 ( )λ α ∆ ∆ λ + − = + + + + − 
 

, ,
2 1

( ) ( )
3 3s s NPP s s s b f f NPP s fα f f H B H H α f f   (4.41) 

This equation is solved for λs: 

 

αλ α λ α ∆ λ β

αα ∆
β

   = + + + + − +   
   

 + + − − + − 
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2
,

, , ,

2 2
( ) ( 2 )

3 3 3 3
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2 ( ) ( )
3 3

h
s s βPP f s b b f s f f s

s
s b b s f f s f s s s

s
βPP

H
f H H α f

H H H f α f f α

f

  (4.42) 

From Equation (4.29) and (4.32) (the metabolic activities of the roots and the photosynthetic 
organs are in balance) and the assumption, that the tree will allocate its carbon in a way 
such that its compartment relation would by optimally adapted to the environmental 
conditions of the present time step in the following time step it follows: 

 λ α λ+ − = + −, ,( )r r NPP s r r f f NPP s fα f f α f f   (4.43) 

 
λ α λ β

α
β

= +

− + −
= , ,

with
( )

r r f r

s r r r f s f
r

βPP

f αα  f
f

  (4.44) 
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Together with the mass conservation it follows: 

 

λ λ λ

αλ α λ α ∆ λ

β α λ β

= + +

   = + + + + + − +   
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+ +

2
,

1

2 2
( ) ( 2 )

3 3 3 3

f s r

h
f s βPP f s b b f s f f

s r f r

H
f H H α f   (4.45) 

Twigs and branches are introduced by the parameter αc with: 

 λ α λ λ+ + + =(1 ) 1f c s r   (4.46) 

αc – parameter describing share of coarse roots, twigs and branches relative to sapwood 

Calculation of λf by solving the quadratic equation and introducing a term (1+αc) for coarse 
roots and twigs: 
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λ λ
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a
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a

 (4.47) 

The third allocation parameter λs is then calculated from Equation (4.42). 

 ( )( )αλ ∆ α λ λ β= + + + + − +,2( ) 2
3

s
s b b h f f βPP s f f sH H H α f f  (4.48) 

The solution λf1 is not always less than 1 and greater than zero. In this case a more simple 
allocation scheme is used. 

Following λr is calculated by Equation  and λs by Equation (4.48). If λs is less than zero or 
greater than 1 then according to Equation  it follows: 

 
λ
λ β α
λ λ

=
= − +

= −

0
(1 ) (1 )

1

s

f r r

r f

  (4.49) 

If λf is not less than 1 and greater than zero: 
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0.5

0.5
f

r

λ
λ

=

=
  (4.50) 

Or if λr is less than zero: 

 
0
1

r

f

λ
λ

=
=

  (4.51) 

If it is necessary, e.g. for litter calculations, the share of twigs and branches biomass is 
calculated from the coarse material (twigs, branches and coarse roots) using the parameter 
crfrac. 

 Height growth 4.4.2
The third constraint is set by the allometric and shading sensitivity of height growth. 

Assuming for the relation between foliage mass and height the following function  

 
( )

=
+ 2

1

3
hv

hv
p

hv f

p
H

p M
  (4.52) 

with the three parameters phv1, phv2, phv2, it yields for the growth rate of height 

 
( )

( )( )
−

− ⋅ ⋅
= =

+

2

2

( 1)

1 2
2

3

hv

hv

p

hv hv f
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f
f hv

p p MdH
p

dM M p
  (4.53) 

where b<0, dH/dMf is determined at the end of every year before allocation is performed 
and used instead of the constant value as used in the first model. 

Tree height growth is coupled to the growth of foliage mass 

 α= f
h

dαdH
dt dt

  (4.54) 

where αh is a function of crown architecture of free growing trees and enhancement of 
acceleration of crown height growth by intra canopy shading. 

 α
 

= + − 
 

1
1

max( , 0.25)h h h
relcan

p p
I

  (4.55) 

The new height in the year t is calculated by 
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 α+ = +( 1) ( ) f
h

dα
H t H t

dt
  (4.56) 

 Diameter growth 4.4.3
The diameter is calculated annually after allocation of NPP and height growth. From the 
value of sapwood pipe length Hs (Equation (4.38) and the calculation of As 

 
ρ

= s
s

s s

M
A

H
  (4.57) 

the diameter at the forest floor (tree base) is calculated as follows 

 
π
+

=
4 ( )hb s

bs
A A

d   (4.58) 

 with an actual Ahb calculated from As and the senescence rate of sapwood ss: 

 + = +( 1) ( )hb hb s sA t A t s A   (4.59) 

Following the new Ahc is calculated as follows. For heartwood biomass (truncated cone with 
height Hb and cone with height H- Hb) the following holds: 
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  (4.60) 
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  (4.61) 
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  (4.62) 

This equation was solved for Ahc. If Hb is greater than zero then 
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  (4.63) 

If d is greater than zero, two solutions of Equation (4.62) are determined: 

 1,2 2
p

w d= − ±   (4.64) 

To find the suitable solution for Ahc we use Equation (4.60) and calculate for Ahc = w1: 

 ( )ρ
= + + −1 1( )

3
s

hb hb b hwf w H A w A H M   (4.65) 

If f is less than or equal zero: 

 1hcA w=   (4.66) 

But if f is greater than zero a new value for f is calculated for Ahc=w2:  

 ( )ρ
= + + −2 2( )

3
s

hb hb b hwf w H A w A H M   (4.67) 

If f is less than or equal 0: 

 2hcA w=   (4.68) 

It is possible that no valid solution for Ahc is found, because both test for w1 and w2 are not 
successful. In this case the tree cohort is removed! 

Then the following diameters at crown base (dcb) and at breast height (dbh) are calculated: 

 

π

=
=  +

>
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4 ( )
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cb hc s
b

d H
d A A

H
  (4.69) 
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  (4.70) 

 Root biomass 4.4.4
The root biomass of a single tree per soil layer is defined by its root fraction rc

fr(zi) (see 
Chapter 2.3) from the total root biomass Mc

r of the tree 

 = ⋅*( ) ( )c c c
r i fr i rM z r z M   (4.71) 

For each layer, the root fraction of a cohort rc
Mr as part of the total root biomass is calculated 

by   
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=

∑
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c c c
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MR i n
j j j
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j

n r z M
r z

n r z M
  (4.72) 

 Sapling growth 4.4.5
Growth of saplings based on the same principles as growth of trees. We assume that 
saplings have no heartwood. The following relations yield. 

a) Functional balance 

Using Equation (4.29) and (4.32) it yields: 

 λ α λ+ − = + −, ,( )r r NPP s r r f f NPP s fα f f α f f   (4.73) 

Solving for λr results in 

 

α λ
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α f f f α
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f αα  f
f

  (4.74) 

b) Relation between foliage biomass and sapwood biomass (shoot biomass) 
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A relationship (and parameterisation) exists 
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  (4.75) 

We assume fs,s=0 and 

 ( ) −= 1sbp
ab sa sb sp p p M   (4.76) 
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  (4.77) 

with the parameters psa and psb. 

Furthermore, we assume a linear relationship between foliage mass and shoot mass, that 
means 
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f s
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M c M

dM dM
c
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p c

  (4.78) 

where pab is a fixed species specific parameter in the model (not given in the species 
parameter file). 

c) Mass conservation 

The calculation of λf is derived from the mass conservation. It yields 
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  (4.79) 

and for λf follows 
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  (4.80) 

The variable λs is calculated by Equation (4.74) and (4.80): 

 λ λ λ= − −1s r f   (4.81) 

The height of saplings is calculated with a parameterised function: 

 ( )= 2

1
hp

h sH p M   (4.82)  
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5 WATER PROCESSES 

5.1 Actual evapotranspiration 

The actual evapotranspiration is the result of several processes which will be calculated 
separately and is limited by the potential evapotranspiration Epot (Chapter 3.2). Although all 
processes run simultaneously, they are calculated one after the other up to the threshold of 
the potential evapotranspiration in the following order. First, rainfall or snow intercepted by 
the canopy evaporates or sublimates respectively (Chapter 5.2). The same calculation is 
done for the ground vegetation in case it is considered. After that the evaporated soil water 
is balanced. Soil evaporation includes the evaporation of free water from the soil surface and 
water which is transported from deeper soil layers to the surface. This removal of soil water 
is possible up to a certain depth. The depth depends on the soil and is set as a parameter. 
The last step calculates the remaining transpiration demand of the trees as well as the 
ground vegetation. Transpiration demand is satisfied by the plant available soil water 
(Chapter 5.3). 

5.2 Interception 

The total interception storage of the canopy is given by a special weighted mean of the 
species specific interception capacities depending on the leaf area index. The actual 
interception rate Wint of the current day t is given by the actual precipitation Pd and the 
remaining interception capacity as the difference between the maximal interception 
capacity max

intW  and the interception storage st
intW  of the previous day 

 ( )( ) min ( ), ( 1)max
int d intW t P t W W t= − −sP

inP   (5.1) 

The maximal interception capacity of the canopy is a function of the leaf area index LAI  

 max
int int AIW c L= ⋅   (5.2) 

with cint as the sum of the interception parameters of each cohort cc
int (Jansson, 1991) 

weighted by its relative share of foliage mass . 

The interception storage of the current day is the balance of the intercepted precipitation 
Wint and evaporated water Eint which is limited by the potential evapotranspiration Epot 

 ( ) ( ) ( )st
int int intW t W t E t= −   (5.3) 

and 

 ( ) min( ( ), ( ))int int potE t W t E t=   (5.4) 
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For mixed stands the maximal interception capacity of the canopy is calculated from the 
interception capacity from the respective species weighted by the share of each species 

If air temperature is less than a threshold Tsnow below this precipitation falls as snow 
interception will be accumulated as snow with a maximal capacity of double max

intW . 

5.3 Transpiration 

Using the boundary layer parameterisation of Monteith (1995), the potential canopy 
transpiration demand Etrd is calculated from the potential evapotranspiration Epot reduced by 
the evaporation of intercepted water Eint and the unstressed stomatal conductance gtot of 
the forest canopy (Haxeltine and Prentice, 1996a) 

 α
− 

= − ⋅ ⋅  − 
 
 

max

( )

( ) ( ( ) ( )) 1
totg t
g

trd pot int mE t E t E t e   (5.5) 

with the Priestley-Taylor coefficient αm and the maximum stomatal conductance gmax. The 
unstressed stomatal conductance of the canopy gtot [mol m-2 d-1] is calculated as the sum of 
the stomatal conductances of all trees of all nC cohorts 

 
=

= ⋅∑
1

( ) ( , ) ( , )
cn

c
tot a

i

g t n i t g i t   (5.6) 

where na is the number of all trees of the cohort and gc is the stomatal conductance of a 
single tree a in the cohort (see Equation (4.11)), calculated according to Haxeltine and 
Prentice (1996a) from the net daytime photosynthesis Adt.  

The transpiration demand of each cohort Ec
trd is derived from the potential canopy 

transpiration demand Etrd by considering its relative stomatal conductance 

 =
( )

( ) ( )
( )

c
c
trd trd

tot

g t
E t E t

g t
 (5.7) 

The drought index of a cohort is defined as the average of the ratios of uptake and demand 
over the time period of interest (number of days) (see Chapter 4.2.3). 
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6 SOIL PROCESSES  
Physical and chemical soil processes are described as one dimensional, spatial, and temporal 
discrete processes. For that purpose, the soil column with depth zN is divided into Nz 
different layers with optional thickness following the horizons of the soil profile. Each layer, 
the humus layer and the deeper mineral layers, is regarded as homogeneous concerning its 
physical and chemical parameters. Water content and soil temperature of each soil layer are 
estimated as functions of the soil parameters, air temperature, and stand precipitation and 
control the decomposition and mineralisation of the organic matter (see Figure 6-1). 

The time step of the soil model is one day due to the great dynamics of the water processes. 

 

Figure 6-1 Structure of the soil model 

6.1 Soil water balance  

 Percolation 6.1.1
A percolation model balances the soil water content. According (Glugla, 1969) the water 
content of each layer with depth z is calculated by  

 
( )

( )λ

− = − − −

⋅ −
2

( , ) ( ) ( , ) ( , ) ( , )

( ) ( , ) ( )

FC
s s p upt ev

FC
W s s

d
W z t W z W z t W z t W z t

dt

z W z t W z
  (6.1) 

As input into the soil layer serves the percolating water Wp from the above layer respectively 
the net precipitation after canopy interception for the first layer. The output is estimated 
from the soil evaporation Wev (up to a certain depth), the water uptake by roots Wupt and 
the outflow of gravitational water into the next layer, which is controlled by a soil texture 
depending percolation parameter λW (Glugla, 1969; Koitzsch, 1977). 
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 Snow water 6.1.2
If air temperature Ta is less than 0°C, the precipitation is stored as a water equivalent in a 
snow pool Wsn, which is emptied as a function of positive average daily air temperature. The 
maximum snow water release pot

snW  is determined for Ta > 0 °C by 

 ( )= +0.45 0.1pot
sn a aW T T  (6.2) 

(Koitzsch and Günther, 1990). The melt-water is limited by the minimum of Wsn and pot
snW  

and will then be added to the uppermost soil layer. In the case of frozen soil no percolation 
occurs.

 Water uptake by roots 6.1.3
The total water uptake Wupt from the soil layer used to balance the actual water content in 
Equation (6.1) is the sum of the water uptake Wupt,c of all cohorts from this layer 

 ,
1

( ) ( )
cn

upt upt c
c

W t W t
=

= ∑   (6.3) 

The water uptake of each cohort is controlled by its potential transpiration demand Ec
trdem 

(see Equation (5.7)) and the plant available soil water Wav (all soil water above the wilting 
point). The actual water uptake by the cohorts Wc

upt is then 

 ,
1

( ) min ( ), ( , )
zn

c
upt trd c av i

i

W t E t W z t
=

 
=  

 
∑   (6.4) 

It is realised layer by layer. Furthermore, it is assumed that optimal conditions for water 
uptake exist only at a water content near the field capacity. Beyond that optimal range the 
water ability decreases with decreasing or increasing soil moisture (Chen, 1993).  

 ( )( , ) ( , ) ( , ) ( )WP
av ru s sW z t w z t W z t W z= −   (6.5) 

The appropriate water resistance function wru can be defined in two ways concerning the 
range between wilting point and field capacity (see Figure 6-2). In both cases, the optimal 
range varies 10 % around the field capacity and decreases linearly when the soil moisture 
level approaches the saturation Ws

sat. 

a) Linear increase with increasing soil moisture between wilting point Ws
WP and the 

optimal range 
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b) Exponential increase with increasing soil moisture between wilting point Ws
WP and 

the optimal range 
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 (6.7) 

 

 

Figure 6-2 Water resistance functions (left) and the appropriate water uptake (right) of three soil types: ms –
 pure sand, Su3 - silty sand, and Tl – loamy clay for two types of calculation (bluish lines – type a), 
reddish lines – type b)) 

In each soil layer, the available water is distributed according to the root fraction of the 
respective cohort (see Chapter 2.3).  
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6.2 Soil heat balance 

 Heat conduction equation 6.2.1
The dynamics of soil temperature Ts are described by a one-dimensional heat conduction 
equation with spatial and time depending heat capacity CT and thermal conductivity λT 
(Suckow, 1989) 

 ( , ) ( , ) ( , ) ( , )T s T sC z t T z t z t T z t
t z z

λ∂ ∂ ∂ =  ∂ ∂ ∂ 
 (6.8) 

where z is the soil depth in cm and t the time in days. 

The appropriate initial condition 

 0 ,0( , ) ( )s sT z t T z=  (6.9) 

sets the initial temperature distribution in the soil profile.  

The upper boundary condition 

 ,(0, ) ( )s s sT t T t=  (6.10) 

determines the temperature at the soil surface and the lower boundary condition 

 ( , )sT t T∞∞ = < ∞  (6.11) 

means that the temperature is always finite. 

The solution of the heat conduction equation with the aid of a non-negative-containing, 
conservative finite-difference method provides the daily soil temperature of all soil layers 
(Suckow, 1986). The heat capacity CT and the thermal conductivity λT are calculated in each 
time step for each layer. 

 Thermal conductivity 6.2.2
The thermal conductivity λT depends on bulk density, water content, mineral composition, 
and organic matter content of the soil layer. There are several approaches to calculate the 
thermal conductivity. 

a) Neusypina (1979) used a non-linear function of bulk density and water content of the 
respective soil layer  
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 (6.12) 

and fW volume fraction of soil water. 

This assumption does not need any parameterisation of soil texture. 

b) de Vries (1963) describes the thermal conductivity in analogy to the electric 
conductivity of a granular material in a continuous medium.  
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  (6.13) 

Table 6-1 Parameters of the thermal conductivity calculation of (de Vries, 1963) 

Soil component Shape factor ga
i Thermal conductivity λi 

[J cm-1 s-1 K-1] 
Heat capacity Ci 
[J cm-3 K-1] 

Air 0.333 0. 00026 0. 0012 

Water - 0. 005945 4.1868 

Ice 0.125 0. 021771 1.884 

Quartz 0.144 0. 0879228 2.01 

Silt 0.144 0. 02931 2.01 

Clay 0.144 0. 00251 2.01 

Stone 0.144 0. 041868 1.8 

Organic matter 0.333 0. 00251 2.512 

 

The granular material is a mixture of soil particles of N different types with an 
elliptical shape. f0 is the volume fraction of the continuum, fi is the volume fraction of 
the N particle types, the weighting factor ki is the ratio between the temperature 
gradients of the granulate and the medium (i=1 … N). For ellipsoidal granulates, ki can 
be calculated as 
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  (6.14) 

from the thermal conductivities of the granulates λi and the continuum λ0 as well as 
the shape factors ga

i (see Table 6-1). 

For dry soil it is assumed that the continuous medium is air and for wet soil it is 
water. The last assumption holds for the frozen soil too, because the unfrozen water 
overlaps the particles of ice and soil. 

c) Campbell (1985) differentiates between dry and wet soil. In both cases, thermal 
conductivity is calculated in dependence of the water content by the following 
equation 

 

( )

exp ( , )

4
exp

( , ) ( ) ( ) ( , ) ( ( ) ( ))
with

( , ) ( ) ( , )

Ck z t
a b W a d

C c W

z t k z k z f z t k z k z e

k z t k z f z t

λ = + ⋅ − − ⋅

= − ⋅

  (6.15) 

and fW volume fraction of soil water. 

The coefficients ka, kb, kc, and kd depend on soil and were obtained by curve fitting.  

 
0.57 1.73 ( ) 0.93 ( )

( , ) 2.8 ( )(1 ( ))
1. - 0.74 ( ) - 0.49 ( )

q m
a s s

q m

f z f z
k z t f z f z

f z f z
+ +

= − −   (6.16) 

 ( , ) 2.8 ( ) ( , )b s Wk z t f z f z t=   (6.17) 

For wet soil it is set ka = kd and for dry soil it holds 

 ( ) 1 2.6 ( )c ck z f z= +   (6.18) 

 with the volume fraction of clay fc and 

 2( ) 0.03 0.7 ( )d sk z f z= +   (6.19) 

The different values of thermal conductivity calculated by the three approaches above are 
shown in Figure 6-3. 
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Figure 6-3 Thermal conductivities, calculated with the approaches de Vries, Campbell and Neusypina  

 Heat capacity 6.2.3
The heat capacity CT(z,t) of the soil substrate is equal to the sum of the heat capacities of the 
different soil components multiplied with the respective volume proportion (van Wijk, 1963)  

 
1

( , ) ( ) ( , )
sn

T i i W W
i

C z t f z C f z t C
=

= ⋅ + ⋅∑   (6.20) 

fi (i=1,…,ns) are the volume fraction of the ns soil components as volume of soil component 
per volume of soil and Ci the heat capacity of the respective soil components (see Table 6-1). 
The volume fraction of soil water fW changes with time and results in a changing heat 
capacity of the soil. The fraction of soil air can be neglected, because the heat capacity of air 
is much smaller than that of water or the solid soil components. This approach is used 
together with the calculation of thermal conductivity following (de Vries, 1963) or (Campbell, 
1985) (chapter 6.2.2 b) and c)). 

Otherwise, heat capacity is the product of density and specific heat capacity. Moreover, the 
heat capacity of water is approximately one and the heat capacity of the air can be 
neglected because it is very small, so that the heat capacity of the soil layer is calculated 
from the specific heat capacity of the total solid soil components cs, the bulk density ρs, and 
the water content Ws   

 ρ= +( , ) ( ) ( ) ( , )T s s s WC z t z c z W z t c  (6.21) 



           
    

              82         
 
    

4C Model description Soil processes 

www.pik-potsdam.de 

Because no further parameterisation of soil texture is necessary, Equation (6.21) is used 
together with Equation (6.12).  

 Soil surface temperature 6.2.4
The soil surface temperature Ts,s as upper boundary condition (6.10) is estimated from the 
air temperature Ta of the last three days  

 
2

,
0

( ) ( ) ( )i
s s s s a

i

T t k t K T t i
=

= ⋅ −∑  (6.22) 

The coefficients i
sK  are used to estimate the influence of the air temperature on the soil 

surface temperature for an uncovered soil, whereas the set of daily correction coefficients 
kS(t) cause a seasonal variation of that relationship and simulates the damping effect of the 
stand on the temperature curve. 

6.3 Soil carbon and nitrogen budget 

The carbon and nitrogen cycle is based on a close relationship between soil and vegetation 
(see Figure 6-1). On the one hand, an input exists into the soil by addition of organic material 
through accumulating litter and dead fine roots, and on the other hand, there is a 
withdrawal from the soil of nitrogen by the vegetation (King, 1995). To describe the carbon 
and nitrogen budget a distinction is made between the carbon and nitrogen content of the 
dead organic matter (primary organic matter - pom) and the humus (active organic matter - 
aom). The primary organic matter of each species is separated in to five fractions (needle 
and foliage litter, twigs, branches, dead fine roots, dead coarse roots, and dead stems). 

The mineralised nitrogen is balanced as ammonium and nitrate. Please note that 
mineralisation, nitrification, input, uptake, and transport of dissolved nitrogen are simulated 
for each soil layer. 

 Carbon and nitrogen input 6.3.1

The amount of nitrogen and carbon from litter (needle and foliage litter, twigs, and 
branches) entering the soil is added to the Npom and Cpom pools of the first layer. In the same 
way, the nitrogen and carbon content of dead fine and coarse roots of trees as well as 
ground vegetation is added to the pom-pools of the respective layer. 

It is assumed that the deposition is bound to the precipitation. Therefore, there is an 
immediately input to the pools NNH4 and NNO3 by the amount of the N deposition.  
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 Carbon and nitrogen turnover 6.3.2
The carbon turnover of the organic matter is the dominant process influenced by water 
content, soil temperature, and pH value (Franko, 1990) (Kartschall et al., 1990). It provides 
the energy for the whole turnover of the organic matter and determines the nitrogen 
turnover. The primary organic matter of all fractions and all species types decomposes to a 
single humus pool. The mineralisation of these organic fractions results in mineral bounded 
nitrogen and CO2 which returns to the atmosphere (Goto et al., 1994). These processes are 
described as first order reactions for each layer (Chertov and Komarov, 1997; Grote and 
Erhard, 1999; Parton et al., 1987). Depending on the carbon and nitrogen content of the 
organic matter pools and the matter specific reaction coefficients, the carbon and nitrogen 
pools in the soil can be estimated (Running and Gower, 1991). Figure 6-4 gives an overview 
of the turnover process whereas kj resp. ki

* (i=1,2) are reaction coefficients of C resp. N 
turnover and linked by the C/N ratios γpom and γaom of the primary and active organic matter.  

 

Figure 6-4  Reaction model of carbon and nitrogen turnover with reaction coefficients of the following 
processes:  
k1, k*1 - conversion of C and N pools of primary organic matter into active 
               organic matter 
k2, k*2  - mineralisation of C and N pools of primary organic matter 
kaom  - mineralisation of active organic matter 
knit  - nitrification of active organic matter 
γpom, γaom - C/N ratio of primary and active organic matter 

Following the concept of first order reaction kinetics, the description of the carbon and 
nitrogen turnover results in a system of linked differential equations. The carbon change in 

the primary organic matter , ( , )i j
pomC z t  is controlled by the total turnover coefficient ,i j

pomk  with 

i ∈ {all matter fractions} and j ∈ {all species types} and can be described by a set of i⋅ j 
differential equations 
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 , , ,( , ) ( , )i j i j i j
pom pom pomC z t k C z t

t
∂

= −
∂

 (6.23) 

kpom is the sum of the reaction coefficients of the conversion of primary organic matter into 

active organic matter ( ,
1,
i j

pomk ) and the mineralisation of primary organic matter (k2) 

 = +, ,
1, 2

i j i j
pom pomk k k  (6.24) 

The transformation of primary organic matter , ( , )i j
pomC z t  to active organic matter Caom (z,t) is 

controlled by the synthesis coefficient i,j
synk , which is specific to the litter type (plant type and 

plant fraction) whereas  

 =, , ,
1,
i j i j i j

pom pom synk k k  (6.25) 

The turnover of carbon in active organic matter is made up from the synthesised portion 
minus the carbon used in the process of mineralisation: 

 , , ,

,

( , ) ( , ) ( , )i j i j i j
aom syn pom pom aom aom

i j

z t k k z t k z t
t
∂

= −
∂ ∑C C C  (6.26) 

The heterotrophic respiration is calculated as the result of the turnover process. 

How much nitrogen is absorbed into the active organic matter and what proportion is 
mineralised depends on the C/N ratios of all primary organic matter fractions and on the 
carbon used in the synthesis of the active organic matter. The net mineralisation of nitrogen 
in the primary organic matter is, analogously to Equation (6.23), again described as a 
reaction of the first order (Johnsson et al., 1987). The change in nitrogen in the active 
organic matter takes place in a similar way to the turnover of carbon, whereas the C/N ratios 

of all organic fractions ,i j
pomγ  and γaom modify the synthesis coefficient ,i j

synk  to *, ,i j
synk  (Kartschall 

et al., 1990). 

 
,

*, , ,
i j
pomi j i j

syn syn
aom

k k
γ
γ

=  (6.27) 

In addition, changes of nitrogen in the reserves of ammonia NNH4 and nitrate NNO3 are 
considered. Thus, the net turnover of nitrogen is described by the following system of 
differential equations (Klöcking, 1991) for each layer 

 , , ,
pom pom pom(z,t) (z,t)i j i j i jN k N

t
∂

= −
∂

     (6.28) 
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 *, , , ,

,

( , ) ( , ) ( , )i j i j i j
aom syn pom pom aom aom

i j

N z t k k N z t k N z t
t
∂

= −
∂ ∑  (6.29) 

 ( )*, , , ,
4 4

,

( , ) 1 ( , ) ( , ) ( , )i j i j i j
NH syn pom pom aom aom nit NH

i j

N z t k k N z t k z t k N z t
t
∂

= − + −
∂ ∑ N  (6.30) 

 3 4( , ) ( , )NO nit NHN z t k N z t
t
∂

=
∂

 (6.31) 

The set of differential Equations (6.28) to (6.31), with the appropriate initial values, may be 
solved by means of the Laplace transformation.  

 Reduction of mineralisation and nitrification 6.3.3
The processes of carbon and nitrogen mineralisation as well as of nitrification strongly 
depend on soil temperature, soil water content and the pH-value. Under the assumption, 

that ,i j
pomk , kaom, and knit are the reaction coefficients at optimal temperature and moisture 

and at pH=7 the explicit effect of these environmental conditions can be expressed by 
suitable reduction functions (Franko, 1990; Kartschall et al., 1990). The product of the three 
reduction functions depending on water Ri

W, soil temperature Ri
T, and pH value Ri

P forms the 
following overall reduction function 

 ( , ) ( , ) ( , ) ( )
W T P

i i i iR z t R z t R z t R z= ⋅ ⋅   (6.32) 

with i=min for mineralisation and i=nit for nitrification. 

The mineralisation has its optimum at water content Ws(z,t) of half of the saturated water 
content Ws

sat(z) (Freytag and Lüttich, 1985) 

 
( , ) ( , )

( , ) 4 1
( ) ( )W

min s s
sat sat

s s

W z t W z t
R z t

W z W z
 

= − 
 

  (6.33) 

Also the nitrification increases with increasing water content up to the maximum at water 
content Ws(z,t)=0.5 Ws

sat(z). In difference to the mineralisation the nitrification doesn’t 
decrease after reaching the maximum because the dissolved oxygen is used for nitrification 
(Hotopp, 2014) 

 
  
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W z t W z

R z t W z W z
otherwise

  (6.34) 
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The reduction of mineralisation and nitrification by water depends on the saturated water 
content of the soil. Figure 6-5 shows the reduction functions of two soils with different water 
saturations.  

 

Figure 6-5 Influence of water content on mineralisation (left) and nitrification (right) in dependence on 
different saturation water content (SWC) 

The influence of soil temperature TS(z,t) on mineralisation and nitrification is described by 
van't Hoffs rule (van't Hoff, 1884) (see Figure 6-6) 

 ( ) ⋅ −
=

0.1 ( )

10

i
s optT Ti i

TR Q   (6.35) 

with i=min, nit and min
10Q  = 2.9 and the optimal temperature min

optT  = 35°C in case of 

mineralisation as well as 10
nitQ  = 2.8 and nit

optT  = 30°C in case of nitrification. 
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Figure 6-6 Influence of temperature (left) and pH value (right) on mineralisation and nitrification 

Table 6-2 Reduction coefficient of mineralisation min
pR  and nitrification nit

pR  in dependence of the pH value 

Acid soils cause a reduction of mineralisation. Thus, it is assumed that at pH values above 5, 
the mineralisation is in an optimum (Painter, 1970). At lower values a reduction coefficient is 
determined by linear interpolation between the values of Table 6-2 (see Figure 6-6). 

 Transport of nitrogen 6.3.4
The easily soluble nitrate and the dissolved ammonium are transported together with the 
water movement between the layers. A transport of organic matter is not considered here, 
because this flux is only small in comparison to the absolute quantities available in the soil. 
Ammonium and nitrate are connected partly to the soil matrix and hence only a part of the 
total ammonium and nitrate is dissolved in the soil water. The amount of displaced dissolved 
ammonium and nitrate is proportional to the fraction of percolation water Wupt, relative to 
the total water content Ws. 

 = ⋅
+ +

( , )
( , ) ( ) ( , )

( , ) ( , ) ( , )
pi i i

mov
s p upt

W z t
N z t f z N z t

W z t W z t W z t
  (6.36) 

with i=NH4 in case of ammonium and i=NO3 in case of nitrate, fi denotes the fraction of 
soluble ammonium and nitrate, respectively. 

pH value min
pR

 
nit
pR

 

2.5 0.1 0.1 

4.0 0.8 0.3 

5.0 1.0 0.65 

6.0 1.0 1.0 

8.0 1.0 1.0 
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Based on the plant uptake of mineral nitrogen and its transport by water the ammonium and 
nitrate pools are balanced. This delivers the outflow of nitrogen from the rooted zone.  

 Nitrogen uptake 6.3.5
Similar to the concept of nitrogen transport, only dissolved nitrogen is plant available and 
can be taken up with the water. The uptake is calculated for each tree and is limited by its 
nitrogen demand. It is assumed that the plants do not prefer any nitrogen compound and 
thus the nitrogen uptake of a tree is estimated by 

 =, ( , )
( , ) ( , )

( , )

c
upti c i

upt
s

W z t
N z t N z t

W z t
  (6.37) 

with i=NH4 in case of ammonium and i=NO3 in case of nitrate. 

The total daily nitrogen uptake of a tree Nc,d
upt is the sum over the uptake of both fractions in 

all layers. The cumulative nitrogen uptake of a tree Nc
upt at the current day t is  

 ,

1

( ) ( )
t

c c d
upt upt

i

N t N i
=

= ∑   (6.38) 

Particularly, the annual total nitrogen uptake of a tree is equal to Nc
upt (t), t=365 or 366 

respectively. The uptake of a cohort is the sum of the uptake of all trees of the cohort. 

The cumulative nitrogen uptake of a species Ns
upt is the sum over the cumulative uptake of 

all cohorts of the same species and the total nitrogen uptake Nupt is the sum of the uptake of 
all cohorts 

 
=

= ∑
1

(365)
cn

c c
upt a upt

c

N n N   (6.39) 

 In case of a pure stand it holds Nupt = Ns
upt . 
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7 MORTALITY AND SENENSCENCE 
Tree death may occur for different reasons like aging, growth suppression, disturbances 
(fire, diseases, storms) and harvesting. The mortality model of 4C considers two kinds of 
mortality. The so called ‘age related’ mortality basing on life span corresponds to the 
intrinsic mortality developed by Botkin et al. (1972). The response of trees to growth 
suppression is described by a carbon based stress mortality. 

7.1 Age related (intrinsic) mortality 

Based on a Weibull distribution depending on amax (maximum age of species) and age a(t) at 
time step t the annual mortality rate pwint(t) of each species is defined: 

 αα λ −= ⋅ ⋅ int 1
int int int( ) ( ) w

w w wp t a t  (7.1) 

where αwint and λwint are parameters of the Weibull distribution. The parameter λwint is 
calculated using the survival function S(t) of the Weibull distribution under the assumption 
that the survival probability at time t = amax is equal 0.01. 
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aλ

−= =
−

=

int

intint

( ) 0.01
ln(0.01)

w
w max

w

a

w
max

S a e

a

 (7.2) 

The parameter αwint determines the increase or decrease of mortality rate with age.  

7.2 Stress induced mortality 

The model assumes that mortality depends on carbon balance. A measure of the carbon 
balance of a tree cohort is the annual foliage increment dMf/dt. If the foliage increment is 
less zero the tree is not able to reproduce its foliage and the tree has stress. To take into 
account not only the carbon balance of the actual year t a concept developed by Keane et al. 
(1996) is used. The model counts the successive years of stress of each tree cohort by the 
stress counter cstress and years without stress by the counter chealth in the following way: 
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otherwise
�  (7.3) 

and 
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 (7.4) 

The stress counter is used as a predictor to calculate an annual probability of mortality of 
each tree cohort due to stress using the hazard function of the Weibull distribution: 
 

 1( ( )) ( ) wstress
stress stress wstress wstres stressp c t c t αα λ −= ⋅ ⋅  (7.5) 

where αwstress and λwstress are scale and shape parameter of the Weibull distribution. The 
parameterisation of the function is species specific due to different tolerance of species with 
regard to stress. We define five tolerance classes j concerning stress and for each class a 
variable Ys, which reflects the number of stress years leading to mortality with nearly 100%. 
The tolerance class is defined by the species specific parameter shade tolerance pst, 
according to Keane et al. (1996). The variable Ys is defined by a table function (see Table 7-1) 
for each species. The parameter λwstress is calculated using the survival function S(t) of the 
Weibull distribution assuming that after Ys years the survival probability of a tree cohort is 
0.01: 
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Y
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 (7.6) 

Table 7-1 Parameter Ys for stress mortality according to Keane et al. (1996) 

 

The total annual mortality probability pmort of a tree cohort for year t is calculated as 

 int int( ) ( ) (1 ( )) ( )mort w w wstressp t p t p t p t= + − ⋅  (7.7) 

Shade tolerance  
class pst 

Number of  
stress years Ys 

1 20 

2 40 

3 60 

4 80 

5 100 
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This mortality probability is used to update the number of living trees per cohort for year t 

 = − ⋅( ) int( ( 1) ( ))c c
a a mortn t n t p t  (7.8) 

and the number of dead trees per cohort is than 

 = − −( ) ( 1) ( )c c c
d a an t n t n t  (7.9) 

The described approach is applicable for mortality of trees but not seedlings. The mortality 
of seedlings growing from bare patches has some special characteristics which have to be 
taken into account. Mortality due to grazing, competition with ground vegetation is not 
modelled yet. 

7.3 Senescence 

The annual senescence of the compartments foliage, fine roots and sapwood per tree cohort 
fs,i are calculated by 

 =,s i i if s M   (7.10) 

with i ∈ {f (foliage), s (sapwood), r (fine roots)}, compartment specific annual senescence 
rates si and biomass Mi of the compartment i of the tree cohort. 
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8 REGENERATION  
The regeneration model describes the processes of seed germination, growth and mortality 
of seedlings, and the recruitment of seedlings into cohorts.  

8.1 Seed rates 

A species specific number of available seeds is first estimated using an approach initially 
developed in the model SIMSEED (Rogers and Johnson, 1998). An annual potential seed rate 
nseed of each species is calculated: 

 = − ln( )max
seed seed nen n r   (8.1) 

where rne is an equal distributed random number from [0,1] and max
seedn  is the species specific 

maximum number of seeds per m2. 

Germination success of these seeds depends on light availability, temperature and moisture 
conditions in the litter layer. In the current version, however, only the light regime is actually 
used as a driver. Germination of seeds fails if the leaf area index of all currently established 
seedlings in the seedling layer (0-50 cm height) is greater than 1.0, which indicates total 
coverage of the patch. In this case nseed is equal zero. Otherwise, the number of germinated 
seeds is derived from the fraction of the patch not shaded by leaves in the seedling layer. 
Depending on the light module nseed is modified by a factor between 0 and 1, which is 
calculated from the fraction of 'free crown space' or the relative light intensity of the not 
covered patch .  

8.2 Establishment of seedlings 

Species and annual numbers of seedlings are grouped into annual seedling cohorts. If for 
species which are allowed to regenerate a non-zero value of nseed is calculated a new 
seedling cohort is established. Initial values of the main characteristics (variables) of a 
seedling cohort are calculated. To allocate the masses of shoot, root and foliage of a seedling 
the following relations are used: 

 

=

=

+ − =2 0.7 0

sb

sb

p
f sa s

f r

p
sa s s seed

M p M

M M

p M M M

  (8.2) 

where Mf is foliage mass, Mr is fine root mass and Ms is shoot mass, assuming that shoot 
mass of a seedling is equal sapwood mass, and loss of 30% of seed mass Mseed during 
germination. From these equations solutions for Ms, Mf and Mr are calculated. The empirical 
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relationship between shoot mass and foliage is derived from experiments by Dohrenbusch 
(1997); Hauskeller-Bullerjahn (1997); Schall (1998). The height of seedlings is calculated by 
an allometric relation derived by Dohrenbusch (1997); Schall (1998); Van Hees (1997): 

 ( )= ⋅ 2

1
hp

h sH p M   (8.3) 

where ph1 and ph2 are species specific parameters. 

8.3 Growth of seedlings 

Growth of each seedling cohort is updated annually. Net primary production and phenology 
are simulated similarly to those of older tree cohorts, using radiation, temperature, CO2 
concentration, water and nutrient availability as inputs. When the simulated height of the 
seedlings exceeds an arbitrary threshold value, the entire cohort is then transformed into a 
regular tree cohort.  

More details of the allocation calculation and growth for seedlings see in Chapter 4.4 . 

8.4 Mortality of seedlings 

The mortality of seedlings is similar to tree mortality modelled. An intrinsic mortality is 
calculated depending on age (see Chapter 7.1) and a stress-related mortality is calculated 
with the same approach as for trees (see Chapter 7.2). 

8.5 Ingrowth into the tree layer 

A seedling cohort is considered as tree cohort if a defined tree height Hthr is reached. If this 
happens the cohort is growing and dying as described in Chapter 4.4. 
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9 FOREST MANAGEMENT 
The model 4C allows the management of mono- and mixed species forests. For this purpose, 
a variety of thinning, harvesting and regeneration strategies are implemented.  

9.1 Thinning 

Thinning is defined mainly by the intensity and the method. The thinning intensity is given by 
a fixed portion of the stem number or stem biomass which has to remove. The stand differs 
in an upper storey and over storey layer if planting is realized during the simulation. 

The thinning methods thinning from above and thinning from below are realised by means 
of a stochastic approach based on a Weibull distribution (Gerold, 1990; Wenk and Gerold, 
1996). The diameter of a thinned tree dt is calculated by means of Weibull-distributed 
random numbers: 

 minln((1 )c
td b u d= − − +   (9.1) 

where b and c are parameters of the Weibull distribution describing the part of the stand to 
be cut (removal), dmin is the minimum diameter at breast height of the stand, u is a uniformly 
distributed number within the interval [0,1). The parameter b is determined by: 

 st

b

b
b

k
= , (9.2) 

where bst is the scale parameter of the Weibull-distribution function of the stand before 
thinning, and the parameter kb controls the thinning strategy affecting the distribution of the 
removal. Values of kb greater than 1.8 realise a thinning from below, if kb is nearly 1 or less 
than 1 thinning from above is described. The parameter bst is estimated using the p-quantile 
(p = 0.63) of the diameter distribution d63: 

 63 minstb d d= −  (9.3) 

It is assumed that the distribution function parameter c of the stand before thinning and of 
the thinning trees is identical and c is fixed equal to 2. In 4C kb=2.5 is used for moderate 
thinning from below, kb=1.5 for strong thinning from below, and kb=1.2 (Lindner, 2000) for 
thinning from above. 

9.2 Harvesting 

The stand harvesting is determined by the rotation period, which is a parameter. Two 
harvesting methods are available. Clear cut is combined with or without planting of saplings 
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of one or more species. The mixture and number of saplings is arbitrary. Shelterwood 
management includes removing of a portion of trees from the over storey in a defined way 
combined with planting of saplings.  

9.3 Planting 

Planting of saplings includes the generation of a well-defined height class distribution using a 
specific mean height Hp, minimum value of height Hp

min, standard deviation of height σH, and 
a species specific number of planted saplings ns. These values are given with default values. 
Additionally, the number of planted saplings can be modified by the management control 
file. A number of height classes ncl representing sapling cohorts is calculated:  

 σ= + −( 3 ) min
cl p H pn H H  (9.4) 

For each sapling cohort i the height Hi is calculated by Hp
min and an increase by 1 cm from 

one height class to the next: 

 = + −( 1)min
i pH H i  (9.5) 

The number of saplings per cohort nc
s(i) is calculated using the total number of planted 

saplings npl in the following way. Using a normal distribution the value nh(i) is calculated: 
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with  
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and then 

 = ⋅( ) ( )c s
s h

stot

n
n i n i

n
.  (9.8) 

The initial values for sapwood biomass Ms,i and foliage biomass Mf,i are calculated by the 
allometric functions using for seedling growth: 

 ( )= 2

1
hp

h sH p M  (9.9) 
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 ( )=, ,

psb

f i sa s iM p M  (9.11) 

The growth of planted sapling cohorts is described like the growth of seedlings until the 
height exceeds a threshold value and the sapling cohort is transformed into a tree cohort 
(see Chapter 8). 

Planting is possible in the case of clear cut, shelter wood management, and as generation of 
under storey without specific management. 

9.4 Short rotation coppice 

For the species Aspen (Populus tremulus (L.)) and Black locust (Robinia pseudoacacia L.) a 
short rotation coppice was implemented which realized pruning of the trees depending on 
the rotation year and following resprouting of trees from the remaining stock (with coarse 
roots).  

Following the allocation scheme for the sprouts is described in more detail. These variables 
are used: 

Mcrt  – coarse root of the stock after harvesting 
Mfrt  – fine root biomass of the stock 
Mfrt(i) )  – fine root biomass of sprout i 

a) Root biomass of sprouts 

The total coarse root and stump biomass is divided into the shares of a number nsprout of 
sprouts. Depending on the species different number are used.  The shoot mass Msroot(i) of 
sprout i is calculated as follows from the available coarse root Mcrt of the stock after 
harvesting and the biomass Mstump of stump after harvesting using a table function fac (see 
Table 9-1) 

 ( )= ⋅ +( ) ( ) 0.3 0.5sroot ac crt stumpM i f i M M   (9.12) 

For the remainig stump after harvesting a height of 10 cm is assumed.  
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Table 9-1 Number of sprouts nsprout and table function fac (empirical assumptions) for Aspen and Black locust 

 

b) Sapwood of the sprouts 

The foliage biomass Mf of the sprout i is estimated from the sapwood Ms of sprout i  with a 
species specific parameter psa for shoot-foliage relationship (similar to saplings): 

 =( ) ( )f sa s sM i p M i   (9.13) 

and then the following balance equation is solved: 

 + − =( ) ( ) ( ) 0s sa s srootM i p M i M i   (9.14) 

The solution is found with a regula falsi approach. 

c) Foliage biomass 

By application of equation (9.13) foliage biomass is calculated and following leaf area of the 
sprout. 

d) Fine root biomass 

 =( ) ( ) *r ac rM i f i M   (9.15) 

e) Height of the sprout 

 = ⋅ 2
1( ) ( ) hp

h sH i p M i   (9.16) 

 Aspen Black locust 

nsprout 3 5 

fac   

1 0.25 0.0666 

2 0.333 0.1332 

3 0.41666 0.1998 

4 - 0.2664 

5 - 0.334 
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f)  Bole height 

Bole height is defined by the height of the stump (10 cm) (see Chapter 8). 

9.5 Timber assortment 

For provision of information about timber assortment of standing and harvested biomass an 
algorithm was developed. The algorithm delivers a list of all timber products which are 
available from harvested trees but also standing volume. For this purpose a variety of 
diameter, height and volume calculations were carried out. 

The stem of a tree is characterized by following terms: 
– diameter at breast height dbh 
– height H 
– diameter at crown base dcb 
– bole height Hb 
– Hsto=10 cm (storey height)  

Further on it is necessary to calculate: 
– diameter dborg at height Hsto of the original stem 
– diameter db at base of the stem segment 
– length Sl of the stem segment 
– Diameter dx at height Hx 

A stem is assorted into different types of wood: 
– Stem wood 
– Stem segments of various length 
– Industrial wood of various length 
– Fuel wood 

Corresponding to the stem geometry (see chapter 2.2) in 4C the relations between diameter 
at different heights and length of different stem segments (see Figure 9-1) are used to 
calculate the necessary terms. The calculation of the characteristic variables of stem form 
using geometric relationships is described as follows. 



           
    

              99         
 
    

4C Model description Forest management 

www.pik-potsdam.de 

 

Figure 9-1 Scheme of stem geometry 

a) Diameter db at height Hsto 

 − −
= +

−
( ) ( 10)

137
bh cb b

b cb
b

d d H
d d

H
 (9.17) 

if Hb = 0 then yields 

 
10

137b bhd d
H

=
−

  (9.18) 

For Hb < 137 cm the same function (Equation (9.18)) is used as a first approximation. 

b) Diameter dx at height Hx, if Hx ≤ Hb  

Using the tangent function for the angle α (see Figure 9-1) it yields 

 

− −
=

− −
− − −

= +
( ) ( )

borg crb x crb

b b l x

borg crb b l x
x crb

b

d d d d
H H S H

d d H S H
d d

H

 (9.19) 

with the length Sl  of stem always removed (measured). 

c) Diameter dx at height Hx, if Hx > Hb 

Using the tangent function for the angle β (see Figure 9-1) it yields 
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 (9.20) 

d) Height Hx at diameter dx, if dcrb < dx 
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− −
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 (9.21) 

e) Height Hx at diameter dx, if dcrb ≥ dx 

 

− − −
=

−
= − −

( )

b x l

crb x

x b
x l

crb

H H H H S
d d

d H H
H H S

d

 (9.22) 

f) Height Hx at diameter dx, if dcrb =0. 

 
−

= − −
( )sto x

x l
borg

H H d
H H S

d
 (9.23) 

The stem is sampled into different segments. If a segment is analysed (‘cutted’), the value Sl 

is increased by the length of this element and a value of db, diameter of the residual stem, is 
calculated. 

The following steps of sampling are realized using the parameters from Table 9-2: 
– Stem wood (type ste) which fulfilled the length and diameter requirements: 

° Lmin - minimum length 
° Ldmin  – minimum diameter 
° Lzmin  – minimum diameter at the small end) 

– Stem wood segments (type sg1, sg2) of two different length: 

° LASFIXL1  – length 1 
° LASFIXL2  – length 2 
° LASDmin  – minimum diameter 1 
° LASZmin  – minimum diameter 2) 
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– Industrial wood (type in1, in2) of two different length: 

° ISFIXL1  – length 1 
° ISFIXL2  – length 2 
° ISDmin  – minimum diameter 
° ISZmin  – minimum diameter at the smaller end  

– Fuel wood (type fue) 

Table 9-2 Parameter [cm] for sorting of harvested and remaining stems into the different groups (forest 
expert knowledge) according to Frommhold (2001) 

 

9.6 WPM and SEA 

The wood product model is based on the model concept introduced by Karjalainen et al. 
(1994) and further developed by Eggers (2002). The WPM simulates carbon pools and fluxes 
in the wood product sector. The parameters are based on aggregated values of the German 
timber market report 2002 and 2003 (Verbraucherschutz, 2003; Verbraucherschutz, 2004) 
and parameters according to Eggers (2002). The WPM consists of three main processes, the 
grading of the harvested timber, the processing of the timber and allocation of timber to 
wood products, and the retention period of timber in the final product and later on landfills. 

 Beech, oak and similar  
(deciduous hardwood) 

Spruce and 
similar 

Pine and 
similar 

Birch and similar 
(deciduous softwood) 

Lmin 400 400 400 400 

Ldmin 30 30 30 35 

Lzmin 20 14 14 20 

LASFIXL1 400 400 400 400 

LASFIXL2 300 300 300 300 

LASDmin 20 15 15 20 

LASZmin 11 11 11 11 

ISFIXL1 200 200 200 200 

ISFIXL2 100 100 100 100 

ISDmin 10 10 10 10 

ISZmin 7 7 7 7 
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 Main processes of the WPM 9.6.1

Grading of harvested timber 

The first step of the WPM is the grading of the harvested timber. The harvested timber is 
graded according to the German timber classification system. Following timber grades are 
used in the WPM: 

– TG1 - coniferous logs, 
– TG2 - non coniferous logs 
– TG3 - coniferous partial logs 
– TG4 - non coniferous partial logs 
– TG5 - industrial wood 
– TG6 - fuelwood 

 Wood defects due to growth anomalies and defects through harvesting are not simulated in 
4C. A down grading due to this wood defects is parameterised in the WPM. Actually 40% of 
the volume of logs or partial logs is classified as industrial wood. 

The amount of carbon in different timber grades is calculated for each year with timber 
harvest (thinning or harvest). Trees which die between two management operations are 
removed with the next thinning or harvest and are added to the amount of harvested 
timber. 

Timber processing 

In the next step the timber is distributed into industrial lines which display the different 
wood industry branches (sawmills, plywood and veneer industry, particle board 
manufactures and pulp and paper mills). The distribution of the harvested timber into the 
industrial lines is based on figures of the German timber market report (Verbraucherschutz, 
2003; Verbraucherschutz, 2004). The report lists the main consumer of timber and the 
amount of purchased coniferous timber, deciduous timber and industrial wood. The 
following industrial lines are differentiated: 

– IL1 - coniferous sawn timber 
– IL2 - deciduous sawn timber 
– IL3 - plywood and veneer 
– IL4 - particle board 
– IL5 - chemical pulp 
– IL6 - mechanical pulp 
– IL7 - fuel wood. 
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The distribution of timber into these industrial lines is described in Appendix WPM,  Table 4.  

The timber of the industrial lines is further distributed into product lines. This distribution 
reflects the processing of the timber into the main product and by-products. The distribution 
is based on parameters according to Eggers (2002) Appendix WPM, Table 5, 6, 7. 

Timber products 

In the third step the timber is distributed into use categories. The following use categories 
are distinguished according to Eggers (2002): 

– U1 - building material 
– U2 - other buildings 
– U3 - structural support 
– U4 – furnishing 
– U5 - packing material 
– U6 - long life paper 
– U7 - short life paper. 

The distribution of wood from the product lines into the use categories is described in 
Appendix WPM (Table 8). 

The retention period of the timber in the different use categories is defined by a life span 
function, an extended logistic decay function by Row and B. (1996) 

 
− ⋅= −

+ ⋅
( )

1 wpm

wpm
u wpm c t

wpm

a
f p d

b e
  (9.24) 

where  pu is the fraction of products (carbon) in use, awpm, bwpm, dwpm are parameters, cwpm is 
the reciprocal of the half-life period [year-1], and t is the time in years. 

The lifespan (half-life period) of the used categories is listed in Appendix WPM (Table 9). The 
timber which is removed from the use categories will to a certain shares be recycled, put on 
landfills or be burned (Appendix WPM, Table 9). The redistribution of the recycled timber to 
the use categories is listed in Appendix WPM, Table 10. 

 Results of the WPM 9.6.2
WPM creates the following general information: 

– total harvested timber [t C ha-1] – annually 
– use categories [t C ha-1] – annually 
– landfill / waste site [t C ha-1] - annually 
– burning [t C ha-1] - annually 
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– atmosphere [t C ha-1] – annually 
– atmosphere [t C ha-1] – cumulative. 

In addition, more detailed information are provided about 
– timber grades [t C ha-1] – annually 
– industrial lines [t C ha-1] - annually 
– product lines [t C ha-1] - annually 
– use categories [t C ha-1] – annually. 

 WPM for Brandenburg 9.6.3
The application of WPM in Brandenburg is shown in Figure 9-2. In the case of Brandenburg it 
is assumed that the share of timber which goes to pulp mills is purchased by the closest 
mills. These mills use chemical method to process the wood. Therefore no wood goes to the 
industrial – and product line 6 (mechanical pulpwood). These parameters should be adapted 
if the model is used in other regions.  
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Figure 9-2 Flow chart of the WPM for Brandenburg (Fürstenau, 2008). Abbrevations see Chapter 9.6.1 

 Spin up for WPM 9.6.4
The spin up calculates the initial amount of carbon in use categories based on average 
timber production of the study area. The average timber production of the study area has to 
be simulated by 4C. An example you can find in the Appendix WPM. The time span of the 
spin up can be chosen. 

 Socio economic analysis (SEA) 9.6.5
SEA calculates costs, revenues and subsidies of forest management and furthermore the net 
present value of forest management and the liquidation value of the standing stock. 

Timber grades 

In the first step of SEA the harvest timber and standing stock is graded according to the 
German timber classification system. Timber grading after the German timber classification 
is based on the diameter at the middle of the log and a minimum top diameter of a log. The 
middle diameter is rounded down to centimetres. Table 9-3 lists the timber grades used in 
the SEA. Wood defects due to growth anomalies and defects through harvesting are not 
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simulated in 4C. A down grading due to this wood defects is parameterised in SEA. Actually 
40% of the volume of logs or partial logs is classified as industrial wood. 

Table 9-3 Timber grades in SEA (o.b. – over bark (diameter including bark), wo.b. – under bark). 

 

Cost, revenues and subsidies 

Forest management costs consist of four components: cost of timber harvest including 
timber hauling, silvicultural costs including regeneration, fencing, and pre-commercial 
thinning costs, fix costs (e.g. administrative cost and road maintenance) and cost for the 
assistance of a forest manager in a private owned forest. Revenues of forest management 
are the prices for the harvested timber. Subsidies of forest management consist of three 
components: subsidies for silvicultural operation including regeneration, fencing, and pre-
commercial thinning, subsidies for fix costs in a private owned forest and subsidies for the 
cost for the assistance of a forest manager in a private owned forest (Appendix WPM, Table 
16). Costs and revenues of timber harvest and pre-commercial thinning are derived from 
statistics on state forestry in Brandenburg (MLUR 2000, Appendix WPM, Table 13, 14, 15). 
Regeneration costs (e.g. price of plants, cost for planting) are based on an actual price list of 
a tree nursery in the region and the practical experience of local forest service personnel 
(Appendix WPM, Table 15). 

Assortment 
group 

Dimension 
class 

Timber grade 
– German 
abbreviations 

Middle diameter 
[cm] 

Top diameter 
[cm] 

Kind of timber 

fuelwood  X  < 7 cm wo.b. Coniferous and deciduous 

Industrial 
wood 

 IN  7 cm wo.b. Coniferous and deciduous 

Partial log 1a L1a 11-14 cm o.b. 11 cm o.b. pine 

Partial log 1b L1b 15 – 19 cm o.b. 11cm o.b. Coniferous  

Partial log 2a L2a 20 – 24 cm o.b. 14 cm o.b. Coniferous and deciduous 

Partial log 2b L2b 25 – 29 cm o.b. 14 cm o.b. Coniferous and deciduous 

Partial log 3a + L3a >= 30 cm o.b. 14 cm o.b. Coniferous and deciduous 

Log 2b L 2b 25 – 29 cm o.b. 14 cm o.b. Coniferous and deciduous 

Log 3a L 3a 30 – 34 cm o.b. 14 cm o.b. Coniferous and deciduous 

Log 3b + L 3b >= 35 cm o.b. 14 cm o.b. Coniferous and deciduous 
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Liquidation value and net present value 

Two different methods, based on the net present value approach, are applied to investigate 
the economic impact of forest management. The net present value in general is the 
difference between the discounted value of the future net cash flow cf of a certain time span 
tnyear expected from forest management and the initial investment. In the first case, the 
initial investment value is assumed to be zero because no investments had to be done since 
the forest stands are already owned. Therefore, the term of initial investment is neglected. 
This leads to the calculation of the net present value NPV 

 
=
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∑
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nyear
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t

c t
N

p
  (9.25) 

with the discounting rate p. 

The second economic measure, N+
PV, integrated the value of the standing stock. It was 

assumed that the investment value is the liquidation value L1 of the standing stock at the 
beginning of the simulation. Additionally, the discounted liquidation value of the standing 
stock at the end of the simulation time Ltnyear was added to the NPV  
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  (9.26) 

Both approaches are calculated with three different interest rates (p = 0.02, 0.04, 0.06). 

Output 

The socio economic analysis provides information about  

– timber grades of the harvested timber and standing stock, 
– cost, revenues of thinning and harvest per tree species, silvicultural costs, fix cost 

and subsidies, 
– liquidation value,and  
– net present value without and with discounting. 
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10 DISTURBANCES 
In 4C two kinds of biotic disturbances are considered. On one hand the model is able to 
describe the disturbance of pine trees by mistletoe (Viscum album L.) and on the other hand 
it allows to simulate the effect of disturbances by functional groups of insects and 
pathogens. 

10.1 Mistletoe 

Infection by mistletoe is implemented in 4C as disturbance on pine trees, starting in the first 
year of simulation (Kollas et al., 2018). 

The mistletoes are considered as an additional cohort. This cohort is initialized before all the 
tree cohorts with the following values: species-number (number of tree species +2), number 
of individuals (1), age (10 years), foliage mass (0.0158 kg), sapwood biomass (0), fine root 
(0), height (20 m), specific leaf area (0), crown area (0.0189 m²), day of bud burst (1). The 
cohort of mistletoe is associated to the uppermost cohort of trees, as these trees are 
commonly infected. The height of mistletoe is updated according to the height of that tree 
cohort. The transpiration of mistletoe is implemented the same way as for trees (see 
Chapter 5.1.), except that all transpiration demand of mistletoe is added to the demand of 
the infected tree cohort on the daily time step. Mistletoe photosynthesis is calculated the 
way it is implemented for trees (see Chapter 4.2.), except that NPP for mistletoe is always 
calculated without drought (Zweifel et al., 2012) and nitrogen stress and 30 % (Richter and 
Popp, 1992) of theoretically mistletoe-produced NPP is subtracted from the NPP of the 
infected tree cohort on the yearly time step. 

In the partitioning stem and root compartments of the mistletoe cohort are ignored, only 
the foliage compartment is being initialized with a standard 10-year old mistletoe individual 
(0.0158 kg dry weight foliage per infected tree (Pfiz and Kuppers, 2010)). On the yearly time 
step, foliage is updated by a population growth function, given as external input with the 
management file. For instance in our paper in Kollas et al. 2017 we chose an exponential 
function, as this reflects best the expected growth (Noetzli et al., 2003; Pfiz and Kuppers, 
2010; Vallauri, 1998). For the evaluated sample stand Berlin-Müggelsee, the following 
growth function was fitted to measurements used: 

 (0.17 )0.09 e it
amP = ⋅   (10.1) 

where Pam equals the mistletoe photosynthetic active plant area and ti equals the year after 
first infection. 

There is currently no litter fall, no regeneration, no senescence and no mortality of mistletoe 
implemented, except for the case that infected trees die. In this case, the corresponding 
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number of mistletoe is being removed (not placed into the litter-pool) together with the 
dead trees. 

10.2 Pests 

Modelling the effects of insects and pathogens in 4C follows a specific framework proposed 
by Dietze and Matthes (2014). In this framework, insects and pathogens are clustered upon 
their damaging action and abstracted on the level of functional groups (Table 10-1). 
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Table 10-1: Implemented functional groups of insects and pathogens as proposed by Dietze and Matthes 
(2014). The indirect and direct effects on the allocation process of 4C are also listed. NSC = non-
structural carbohydrates 

NSC = non-structural carbohydrates 

 Defoliation 10.2.1
Foliage biomass loss Mf,loss is given by the external input of percentage loss pMf,loss of the 
foliage biomass Mc

f. The foliage biomass loss is added to the foliage litter pool. The 

Disturbance 
(biotic) 

Impact Indirect effects on 
allocation 

Direct effects on allocation 

Defoliation % foliage biomass loss NPP reduction 
Affect allocation 
calculations due to 
changed ratios 
between biomass 
pools  

Carbon surplus from NSC carbon 
storage pool at the end of the 
disturbance year 
Refilling of NSC carbon storage 
pool in subsequent years 

Xylem clogging % reduction in water supply 
rate 

NPP reduction due to 
water stress 

Carbon surplus from NSC carbon 
storage pool at the end of the 
disturbance year 
Refilling of NSC carbon storage 
pool in subsequent years 

Hemiparasitic 
plants 

% increase in transpiration 
and % carbon loss 

NPP reduction If NPP reduction then: 
Carbon surplus from NSC carbon 
storage pool at the end of the 
disturbance year 
Refilling of NSC carbon storage 
pool in subsequent years 

Phloem feeding % carbon loss NPP reduction Carbon surplus from NSC carbon 
storage pool at the end of the 
disturbance year 
Refilling of NSC carbon storage 
pool in subsequent years 

Root damage % fine root loss Affect allocation 
calculations due to 
changed ratios 
between biomass 
pools 

Carbon surplus from NSC carbon 
storage pool at the end of the 
disturbance year 
Refilling of NSC carbon storage 
pool in subsequent years 

Stem rot % increase in stem mortality Reduces stem number 
which changes 
growing conditions 

No direct effects 
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reduction of the foliage biomass takes place immediately after the day of the year given as 
an external model input: 

 =
,, f loss

c
f loss M fM p M   (10.2) 

 Fine root damage 10.2.2
Fine root biomass loss is simulated exactly the same way as foliage biomass loss. 
Accordingly, the reduction of the fine root biomass takes place immediately after the day of 
the year given as an external model input: 

 =
,, r loss

c
r loss M rM p M  (10.3) 

 Xylem damage 10.2.3
Xylem damage is implemented as percentage loss of xylem conductivity (pxcond) which 
reduces the transpiration flow by limiting the water uptake by roots. The amount of water 
uptake calculated by equation (6.4) is therefore reduced by (1-pxcond). The reduction of xylem 
conductivity takes place immediately after the day of the year given as an external model 
input: 

 ( ) ( ) ( ),
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, , (1 )
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c
upt trd c av i xcond
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W t min E t W z t p
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 
= ⋅ − 

 
∑   (10.4) 

 Phloem feeding 10.2.4
Phloem feeding is simulated as percentage carbon loss (ppfeed) by reducing the undisturbed 
daily net primary production of a tree (fNPP) by (1-ppfeed). The carbon loss is given as an input 
variable to get the disturbed daily net production. The reduction of the daily net primary 
production takes place immediately after the day of the year given as an external input. 

 Stem rot 10.2.5
Stem rot is implemented as additional stem mortality by adding the percentage of stem rot 
caused dead trees psrot to the total mortality rate pmort. The stem rot mortality rate is not 
allowed to exceed the difference (1-pmort): 

 ( )= +max 1,mort mort srotp p p   (10.5) 

10.3 Carbon flows from the C-reserve within disturbance simulations 

Only in case of simulations with disturbances a NSC-pool (non-structural carbohydrates 
including starch and sugars) of is activated and the carbon amount for the allocation will be 
enhanced by carbon from the NSC-pool as a C-reserve of the tree. Due to the fact that the 



           
    

              112         
 
    

4C Model description Disturbances 

www.pik-potsdam.de 

NSC-pool has been implemented after the formulation of the general allocation process 
described in section 4.4, the depleting and refilling of the NSC-pool does not affect the 
determination of the partitioning coefficients λi (i=s,f,r). The processes described in the 
following are executed after the determination of the partitioning coefficients and before 
the allocation of the biomass. The NSC-pool consists of three compartments allocated to the 
biomass compartments sapwood (s), branch/twigs (tb) wood, and coarse root wood (crt). 
Leaf and fine root pools are currently not accounted for a NSC-pool because of their 
phenology and following much more complex NSC flows. The maximum size of the NSC-
pools of sapwood and branches, separated for coniferous and deciduous trees, based on 
data reported by (Hoch et al., 2003).The coarse root values were set equal to the branch 
value due to lack of information (Table 10-2). 

Table 10-2: Relative (pi
NSC, i={tb,s,crt}) maximum size of the NSC-pool (starch and sugar) for the three 

implemented compartments. Maximum size is relative to dry matter mass of the specific 
compartment biomass (Mi,c, i={tb,s,crt}). 

 

The carbon costs of the biosynthesis of NSC compounds for storage are also included by a fix 
value of 12.8% of the amount used for the refilling of the NSC-pools (Chapin et al., 2011; 
Eglin et al., 2008). These costs were also subtracted from the annual net primary production 
and added to the maintenance respiration.  

The work flow of the NSC-pools and the carbon surplus is given as follows. At the beginning 
of the simulation the maximum size equals the actual size of the NSC-pools, which are 
initialized based upon the biomass of the three considered compartments and the relative 
shares given in Table 10-2. 

{ }
=

= =
max, ,

, with , ,

N{C N{C
i act i

N{C
i c i

C C

M p i tb s crt
  (10.5) 

At the end of every simulation year, this maximum is updated (percentage values of Table 
10-2) due to the growth of the related biomass pools. Every year it is checked if the actual 
NSC-pool size is lower than the maximum size. In this case, the NSC-pool will be refilled with 
carbon from the net primary production of the actual year. Hereby, the amount of carbon 

Compartment Deciduous 
[% of dry weight] 

Coniferous 
[% of dry weight] 

Branch wood Mtb,c 12.5 6.5 

Sapwood Ms,c 4.2 1.8 

Coarse roots (Mcrt,c) 12.5 6.5 



           
    

              113         
 
    

4C Model description Climatic and risk indices 

www.pik-potsdam.de 

available for the refilling is limited to 50 percent of the net primary production before the 
refilling process. 

( ) ( )( )
=

 
 = − − + − 
 

∑
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,
, , , , ,

, ,

0.5 ,
max 0.128
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NSC NSC NSC NSCNPP ar
NPP br max i act i max i act i

i tb s crt

f
f f C C C C   (10.5) 

Where 𝑓𝑓𝑁𝑁𝑁𝑁𝑁𝑁,𝑎𝑎𝑎𝑎 is the net primary production after the refilling process and 𝑓𝑓𝑁𝑁𝑁𝑁𝑁𝑁,𝑏𝑏𝑏𝑏  the net 
primary production before the refilling process. 

If the simulation year includes a disturbance due to phloem feeding, xylem damage, 
defoliation or fine root loss, the current net primary production can be increased with 
carbon from the NSC-pool NSC

plusC .  The maximum amount which can be taken is either equal 

to the amount of carbon which is lost by the disturbances (if size of the NSC-pool is greater 
than the losses by the disturbances) or equal to the size of the NSC-pool (if size of the NSC-
pool is less than the losses by the disturbances). The surplus of carbon for the allocation is 
only available at the end of the disturbance year and is added to the net primary production 
fNPP,ar  which is further used for the allocation process of Equation (4.26). 

( ) ( )

=

 + + ⋅ − + ⋅ −
 =
 
  
∑

, , , ,

,
, ,

1 1 ,
min

f loss r loss NPP ar xcond NPP ar pfeed
NSC

NSCplus
act i

i tb s crt

M M f p f p
C C   (10.5) 

11 CLIMATIC AND RISK INDICES 

11.1 Forest Fire Index (Käse) 

The forest fire index IC,d according to Käse (1969) indicates a potential forest fire risk for the 
actual day. It depends on the temperature sum up to this day of the year, the vapour 
pressure deficit, the previous precipitation and the actual phenological data of the 
corresponding year and is calculated for each day t by 

 ( ) δ= ⋅ − + ⋅ + ⋅, , max 13( ) ( ) ( 1) ( ) ( ) 10C d p C d phenI t k t I t k t T t   (11.1) 

with 46 ≤ t ≤ 274. The maximum daily air temperature Tmax is added with 10 to avoid 
negative values.  The air vapour pressure deficit at 13 h δ13 is defined as the difference 

between the saturated vapour pressure at 13 h 13
satP  and the vapour pressure at 13 h 13

vapP  by 

Equation (3.13). 

The modifier kp is determined by the precipitation Pd of the actual day t or the number of 
snow days nsnow  
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≥ >
 ≤ < ==  ≤ < =


0 ( ) 10 or 2
0.25 5 ( ) 10 or 2

( )
0.5 1 ( ) 5 or 1
1 otherwise

d snow

d snow
P

d snow

P t n
P t n

k t
P t n

 (11.2) 

The modifier kphen varies for each day t with phenology and precipitation 

 

< ≥
 < < ≥=  < < <
 <

0.5 227 and ( ) 5
1.0 227 and ( ) 5

( )
2.0 and ( ) 5
3.0

d
rob
BB d

phen birch rob
BB BB d

birch
BB

t P t
d t P t

k t
d t d P t
t d

 (11.3) 

The day of bud burst for birch birch
BBd  is calculated according to the 4C approach (Schaber, 

2002a). The day of bud-burst for Robinia rob
BBd  is determined with a simple temperature sum 

model: The bud-burst is reached, when the temperature sum Tsum is above a critical value 
Tcrit = 537 degree days. Tsum is calculated as the sum of the daily air temperature Ta from the 
first day of the year until the day of bud-burst rob

BBd :  

 
1

( )
rob
BBd

sum a
t

T T t
=

=∑  (11.4) 

Finally, the daily fire hazard level is calculated according to Table 11-1. 

Table 11-1 Fire hazard level definition 

 

Annual fire risk index calculated as average of the daily fire hazard levels (Mid-February 
through October). 

Fire hazard level 
(international) 

Fire alert level 
(German) 

Condition 

1 0 IC,d ≤ 500 

2 1 500 < IC,d ≤ 2000 

3 2 2000 < IC,d ≤ 4000 

4 3 4000 < IC,d ≤ 7000 

5 4 7000 < IC,d 
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11.2 Bruschek-Index 

Bruschek (1994) investigated the relation between the number of forest fires and the 
climatic conditions in Brandenburg (Germany), represented by the number of summer days 
nsummer from April to September and the precipitation sum of this period. He found a strong 
correlation and defined an annual index IA for forest fire risk by 

 
=

= ∑
274

91

1
( )A d

tsummer

I P t
n

 (11.5) 

with daily precipitation Pd.  

11.3 Nesterov-Index 

The simple fire danger rating index IN developed by Nesterov (1949 ) describes the daily 
ignition risk of the forest floor in dependence of the maximum day temperature Tmax and 
dew point temperature Tdew. The index is calculated for days t with 60 < t < 275 , Tmax > 0 °C, 
and without snow cover. IN

val is the cumulative sum for periods of consecutive days with 
precipitation less than 3 mm. If the precipitation is greater than 3 mm, the index is set to 
zero and the process starts again. The Nesterov-Index is defined by 

 ( )max max
1

( ) ( ) ( ) ( )
N

n
val

i i dew i i
i

I t T t T t T t
=

= − ⋅∑  (11.6) 

with 

n - number of consecutive days with precipitation less than 3 mm 

ti - day of the year with precipitation less than 3 mm.  

The dew point temperature Tdew is the temperature at which the actual water vapour 
corresponds to 100 % relative humidity and the actual vapour pressure Pvap is equal to the 
saturated vapour pressure. It is less or equal than the actual air temperature and does not 
depend on it. The calculation follows DVWK (1996) 

 
ln

ln
vap

dew
vap

P c
T a

b P
−

= ⋅
−

 (11.7) 

with a, b, c – parameters (see Table 11-2).  
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Table 11-2 Parameters of calculation of dew point temperature (DVWK, 1996) in dependence on air 
temperature Ta 

 

Because of the cumulative addition over the days since last precipitation the value of the 
index IN

val increases each day of the considered period. For each day the Nesterov-index as a 
fire danger level will be determined (see Table 11-3).  

Table 11-3 Fire danger levels of Nesterov-Index 

11.4 Nun moth risk index 

The model 4C calculates an index for the risk of nun moth (Lymantria monacha L.) mass 
outbreaks according to Zwölfer (1935). The nun moth risk index INT describes the annual risk 
of appearance or mass outbreaks of nun moth (Lymantria monacha L.). Zwölfer (1935) 
developed a thermal index on the basis of experiments about the influence of hydrothermal 
conditions on the survival and reproduction ability of nun moth. He investigated the impact 
of temperature on the different life stages of nun moth and determined three parameters 
for each life stage whereas the nine life stages were split into thirteen phases according to 
the relation between month and life stage. 

The general used formula for the development time Dtime [days] of a life stage is: 

 =
− 0

nun
time

m

p
D

T T
  (11.8) 

with the monthly mean temperature Tm, the development zero point T0 [°C], and the 
parameter pnun. The parameters are given in Table 11-4. 

Scope of application a b c 

Ta ≥  0°C  243.12 19.43 1.81 

Ta < 0°C 272.20 24.27 1.81 

Value of IN
val

 Fire danger Level of IN 

IN
val ≤ 300 minimal 1 

300 < IN
val ≤1000 moderate 2 

1000 < IN
val ≤ 4000 high 3 

IN
val > 4000 extreme 4 
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Table 11-4 Parameters of the nun moth life stages; Tm – related monthly mean temperature for the 
calculation of Tsum, T4,…,T9 - monthly mean temperature from April to September 

 

For the first stage, egg (hatch period), Zwölfer (1935) calculated under wet saturated 
atmosphere (relative humidity of 100 %) p = 65 and T0 = 4.9. He assumed for the life stage 
larva I no clear influence of the relative humidity within the range 40 – 100%. The data for 
the following stages (larva II, III, IV, V) were collected for a relative humidity of 70 – 80% 
(Table 11-4). Therefore, the index does not allow statements under dry climate conditions. A 
thermal constant Ttot of the whole life stage was derived from these data as a sum of the 
parameters p of the different life stages. Zwölfer (1935) stated 

 1240 40totT = ±   (11.9) 

From the observations of the phenology of the life stages of nun moth he defined for each 
phase a mean number of days r (Table 11-4). Using the local monthly means of temperature 
for the period April until September Ti (i=4,…,9) which are assigned to the 13 phases Tm(j) 

Life Stage Phase pnun minimum temperature 
of the stage (°C) T0  

number of days 
of the phase r 

Month Tm 

Egg (hatching) 
period) 

1 65 4.9 30 IV T4 

2 65 4.9 3 V T5 

Larva I 3 217 3.2 17 V T5 

Larva II 4 84 5.7 8 V T5 

Larva III 5 84 7.2 3 V T5 

6 84 7.2 6 VI T6 

Larva IV 7 90 7.6 10 VI T6 

Larva V 8 132 7.8 14 VI T6 

Larva VI 9 197 6.0 18 VII T7 

Pupa 10 130 8.4 13 VII T7 

11 130 8.4 2 VIII T8 

Egg (embryo of 
next generation) 

12 240 6.8 29 VIII T8 

13 240 6.8 30 IX T9 

Sum  1239     
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(j=1,…,13) (Table 11-4) a local annual temperature sum Ta
sum is calculated in the following 

way: 

 ( )
=

= ⋅ −∑
13

0
1

( ) ( ) ( )a
sum m

j

T r j T j T j   (11.10) 

Tm – related monthly mean temperature [°C] 

The annual nun moth risk index INMR is defined as following: 

 =
a

sum
NMR

tot

T
I

T
  (11.11) 

Zwölfer (1935) stated that if INMR is less than one, the required temperature sum for the 
whole life cycle is not available. If the value INMR = 1 is reached, then the minimum 
temperature limited distribution area is given. The index allows the presentation of the 
northern horizontal distribution border but also of the vertical border. The southern 
distribution border is estimated for a INMR value of 1.5 – 1.6. The distribution area of nun 
moth is characterises by INMR values less than 1.6 and greater than 1.0. Typical areas for mass 
outbreaks of nun moth are characterised by INMR values varying from 1.1 to 1.4 as long-term 
mean. 

11.5 Climatic and continentality indices 

In 4C a variety of climatic and continentality indices are calculated only for considering 
climate change effects. Short descriptions are given in the following chapters. 

 Index according to Coutange 11.5.1
This index is calculated according to Coutagne (1935) on monhtly scale from the monthly 
mean temperature and the monthly precipitation sum 

 =
+

12
10

mon
Cm

mon

P
I

T
  (11.12) 

and on annual scale as the mean of the monthly indices 

 
12

1

1
12cout Cm

m

I I
=

= ∑   (11.13) 

If ICm is less than 20 aridity is indicated. 
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 Index according to Wissmann 11.5.2
This index is calculated according to Wissmann (1939) on monthly time scale and 
summarised on annual scale 

 

=

=
+

= ∑

,

12

,
1

12
7

mon
wiss m

mon

wiss wiss m
i

P
I

T

I I
  (11.14) 

If Iwiss is less than 20 aridity is indicated. 

 Index according to De Martonne 11.5.3
This index is calculated according to De Martonne (1941) on annual time scale 

 =
+ 10

ann
mart

ann

P
I

T
  (11.15) 

If it holds Tann < -9.9 for the annual mean temperature the index Imart is set to 100. The index 
can be classified according to Table 11-5. 

Table 11-5 Index de Martonne  

 Aridity Index 11.5.4
 This index Iarid is calculated on annual time scale as the  quo tient 

 ann
arid

pot

P
I

E
=   (11.16) 

according to UNEP (1992). The index is classified as given in Table 11-6. 

Imart Classification 

> 60 perhumid 

60 - 30 humid 

30 -20  subhumid 

20 - 15 semiarid 

15 - 5 arid(Steppe) 

5 - 0 extrem arid (desert) 
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Table 11-6 Aridity Index 

 

 Climatic water balance 11.5.5
The climatic water balance Icwb is defined as 

 cwb ann potI P E= −   (11.17) 

and is calculated annually. 

 Index according to Emberger 11.5.6
This index (called also ‘quotient pluviothermique’) is calculated on an annual time scale and 
uses the  average temperatures of the warmest and coldest month Twm and Tcm respective  

 

=
 +   ⋅ −    

=
−2 2

100

2 ( )
2

100
( )

ann
emb

wm cm
wm cm

ann

wm cm

P
I

T T T T

P
T T

 (11.18) 

It can be classified with Table 11-7. 

Table 11-7 Emberger Index 

Iemb Classification 

>90 humid 

90-50 subhumid 

50-30 semiarid 

<30 arid 

 

Iarid Classification 

< 0.05 hyperarid 

0.05 < AI < 0.2 arid 

0.2 < AI < 0.5 semi-arid 

0.5 < AI < 0.65 dry subhumid 
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 Index according to Lang 11.5.7
This index is calculated annually according to Lang (1915) as the quotient of annual 
precpitation sum and annual mean air temperature 

 ann
lang

ann

P
I

T
=   (11.19) 

It can be classified with Table 11-8. 

Table 11-8 Lang Index 

 

 Reichel Index 11.5.8
The index Ireich was introduced by Reichel (1928) (see also Mitscherlich (1949), Mitscherlich 
(1950a) and Mitscherlich (1950b)) and is calculated from annual mean temperature Tann, the 
annual precipitation sum, and the number of days ndr with rain > 0.1 mm 

 
( )

=
+180 10

ann dr
reich

ann

P n
I

T
  (11.20) 

It can be classified according to Table 11-9. 

Table 11-9 Reichel Index 

 

Ilang Classification 

>160 humid 

160-100 wet temperate 

100-60 warm temperate 

60-40 semiarid 

<40 arid 

Ireich Classification 

Pine 26 -  44 

Oak 30 (northeast Germany)  - 55 (Nordspessart) 

Beech (growing 
area) 

30 ( northeast Germany) -  >60 (Südschwarzwald) 
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 Weck Index 11.5.9
This index Iweck was defined by Weck (1954) on the basis of the mean temperature Tmj from 
May to July, the precipitation sum Pmj, and the number of days with precipitation nmj of the 
same period as well as the number of days without frost nwof (Tmin > 0°C)  

 
−

=
+

( 60)
9200 ( 10)

mj mj wof
weck

mj

P n n
I

T
  (11.21) 

The index is calculated annually. 

 Budyko radiaton index 11.5.10
The index Ibud is calculated annually according to Nikol'skii et al. (2006) as an indicator of 
dryness from the annual net radiation sum Rnets and the annual precipitation  

 
λ

=
1000

nets
bud

ann

R
I

P
  (11.22) 

with λ= 2.51 MJ kg-1 (enthalpy of evaporation). It is classified by Table 11-10. 

Table 11-10 Budyko Index 

 Seljaninov Index 11.5.11
The Seljaninov coefficient Ishc defines the degree of climatic dryness or wetness in months 
when the mean temperature is equal to or greater than 10°C. It is also used as indicator for 
outbreaks of pine-tree lappet (Dendrolimus pini). This index (or hydrothermal coefficient) is 
implemented according to Ray et al. (2016) and calculated annually as follows: 

 ≥

≥

=
∑
∑

10

10

10
mon

mon

mon
T

shc
mon

T

P
I

T
  (11.23) 

It can be classified according to Table 11-11. 

Ibud Characteristics Geobotanical characteristics 

< 0.45 excessive wet arctic desert, tundra, forest tundra, alpine grassland 

0.45 -1.0 wet forest 

1.0 – 3.0 insuffcient wet forest steppe, steppe, xerophyt. subtropic vegetation 

> 3.0 dry desert 
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Table 11-11 Classification of index Ishc 

 

 Continentality Index according to Gorczynski 11.5.12
This index Igor is defined by Gorczynski (1920). In addition to the monthly mean temperature 
of the warmest and coldest month, the latitude Xlat is also taken into account  

 
π

−
= −

( )
1.7 20.4

sin(0.5 )
90

wm cm
gor

lat

T T
I

X
  (11.24) 

 Continentality Index according to Currey 11.5.13
This index Icur is introduced by Currey (1974) and calculated annually as follows 

 
11
3

wm cm
cur

lat

T T
I

X

−
=
 + 
 

  (11.25) 

It classification is given by Table 11-12. 

Ishc Characteristics 

<0.5 extremely dry 

0.5 – 0.7 very dry 

0.7 – 0.9 dry 

1.0 – 1.3 insufficiently wet 

1.3 – 1.5 moderately wet 

1.5 – 2.0 wet 

2.0 – 3.0 very wet 

3.0 extremely wet 

– 1.5 
optimum climatic conditions for 
outbreaks of Dendrolimus pini 

1.2 area with most serious  outbreaks 

>1.5 too humid for outbreaks 

<1.0 too dry for outbreaks 
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Table 11-12 Currey Index 

 

 

 Continentality Index according to Conrad 11.5.14
This index is calculated according to Conrad (1946) and defined as follows: 

 1.7 14
sin( ( 10))

wm cm
con

lat

T T
I

f X
−

= ⋅ −
+

  (11.26) 

It classification is given by Table 11-13. 

Table 11-13 Conrad Index 

 

11.6 Late frost danger indices 

The late frost danger index Ilf is based on Czajkowski and Bolte (2006) and is calculated for a 
time period (the simulation time period). Five different values are calculated for the time 
period: 

– Ilf1: mean number of days with a frost event (minimum temperature less than 0°C 
according to Anandhi et al. (2013) after starting the vegetation period (mean 
temperature greater than 10°C) or 

– Ilf1_sp: mean number of days with a frost event (minimum temperature less than 
0°C) after starting bud burst (deciduous tree species) 

– Ilf2: mean minimum may temperature 

Icur Classification 

0-0.6 hyperoceanic 

0.6 – 1.1 oceanic 

1.1 – 1.7 subcontinental 

1.7 -2.3 continental 

2.3 – 5.0 hypercontinental 

Icon Classification 
-20 - 20 hyperoceanic 
20 - 40 oceanic 
40 - 60 subcontinental 
60 - 80 continental 
80 - 120 hypercontinental 
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– Ilf3: minimum May temperature of the whole time period 
– Ilf4: mean date of the last late frost event 
– Ilf5: date of the last late frost event of the period. 

Each of the 5 indicators is classified according to Table 11-14  and gets values from 1 to 6. 
They are aggregated by averaging over all indicators for the time period to a single indicator 
Ilf. 

Table 11-14 Classification scheme for the late frost danger index Ilf 

risk level  Ilf1 or Ilf1_sp  
[d] 

Ilf2  
[°C] 

Ilf3  
[°C] 

Ilf4  
[date/DOY] 

Ind Ilf55  
[date/DOY] 

very low 1 < 2.5 <1.5 >-5 < 10.5./130 < 5.6./156 

low 2 2.6-3.5 -1.6- -2.0 > -6 < 15.5./135 <10.6./161 

medium  3 3.6-4.5 -2.1 - -2.5 > -6 16.-20.5./135-140 11.-15.6./162-166 

moderate high 4 4.6 -5.0 -2.6- 3.0 > -7 21.-25.5./141-145 16.-20.6/167-171 

high 5 5.1-5.5 -3.1- -3.5 > -8 21.5.-25.5./141-145 21.-25.6./172-176 

very high 6 >5.5 <-3.5 < -8 > 25.5./145 >25.6./176 

 

A variety of annual indicators are defined to characterize late frost risk per year, see Table 

11-15. 

Table 11-15 Annual late frost indices in 4C 

 

11.7 Climatic characteristics 

For each year further characteristic climatic data are calculated, see Table 11-16. 

Table 11-16 Characteristic climatic values 

Indicator Description 
ndry Number of days without precipitation   

Indicator Description 
Fday Number of days with late frost risk (Tmin < 0°C) after starting the vegetation period (Ta > 10°C) 
Fday_sp Number of days with late frost risk (Tmin < 0°C) after starting of bud burst (deciduous species) 
Lfrost Date of the year of the last late frost event after bud burst or start of the vegetation period 
Lfrosttot Date of the year of the last late frost event of the year 
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Indicator Description 
nhot Number of hot days, Tmax ≥ 30°C 

nhrain Number of days with heavy rain, Pd > 10mm 

nice Number of ice days, Tmax < 0°C 

nsnow Number of days with snow cover 

nsummer Number of summer days, Tmax ≥ 25°C 

Tgdd Annual growing degree day, 

=

= >∑
366

,0
1

( ) with ( )gdd a a gdd
t

T T t T t T   and 

threshold Tgdd,0 = 5°C 
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4C Model description Climatic characteristics 

Appendix 1 List of variables 

Variable  Definition Dimension 

αc ratio of sum of twigs, branches and coarse roots to 
sapwood  

- 

αh growth rate depends on relative light regime in the middle 
of the canopy 

- 

αm Priestley-Taylor coefficient - 

αPT Priestley-Taylor coefficient - 

αr auxiliary variable of partitioning functions - 

αrefl albedo of the canopy - 

αs auxiliary variable of partitioning functions cm-1 

αwint mortality parameter - 

αwstress mortality parameter - 

β Average sun inclination angle between DOY 120 and 280 rad 

βr auxiliary variable of partitioning functions - 

γaom C/N-ratio of active organic matter per layer - 

γp modificated psychrometric constant hPa K-1 

γpom C/N-ratio of primary organic matter per layer - 

γ fol , j
pom  C/N-ratio of foliage litter pool per species j - 

∆ slope of vapour pressure curve against temperature hPa K-1 

δ saturation vapour pressure deficit of air hPa 

δ13 saturation vapour pressure deficit at noon hPa 

δH standard deviation of height of  plants - 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

ηR factor of conversion from global radiation [J cm-2] to 
photosynthetically active radiation [mol m-2] 

- 

ηs foliage to sapwood area relationship kg cm-2 

κN
s slope of photosynthesis response to N-limitation -  

λv latent heat of vaporization J g-1 

λ optimum ratio of ci (internal partial pressure of CO2) to ca 
(ambient partial pressure of CO2) 

- 

λf partitioning coefficient leaf - 

λr partitioning coefficient fine roots - 

λs partitioning coefficient sapwood - 

λi thermal conductivity of soil components i=air, ice, water, 
quartz, clay, silt, stone, humus 

J cm-1 s-1 K-1 

λT thermal conductivity J cm-1 s-1 K-1 

λw lambda parameter for percolation - 

λwint lambda parameter of Weibull distribution/ intrinsic 
mortality 

- 

λwstress lambda parameter of distribution / stress mortality - 

ρa mean air density at constant pressure g cm-3 

ρs sapwood density kg cm-3 

σf leaf activity rate kg kg-1 DW a-1 

σH standard deviation of height - 

σr root activity rate (N uptake) per year kg N kg-1 DW a-1 

ψ psychrometric constant K-1 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

a tree age  years 
 

a0, parameter of the height curve after Kuleschis, in 
Gerold1991 

- 

a1 parameter of the height curve after Kuleschis, in 
Gerold1991 

- 

a2 parameter of the height curve after Kuleschis, in 
Gerold1991 

- 

Abs base area of a stem cm² 

Ac optimum gross assimilation rate per tree kg DW d-1patch-

1 

ac parameter for calculation of crown area  m cm-1 

ac
cr projected crown coverage area m² 

acs scaling factor CSM - 

Adt net daytime assimilation rate per tree g C m-2 d-1 

Ahb cross sectional area of heartwood at stem base cm² 

Ahc cross sectional area of heartwood  at crown base cm² 

amax species specific maximum tree age  years 

max
ringa  cambial age of the innermost ring - 

Anet realized net daily assimilation rate kg DW d-1 

patch-1 

aring current age of ring - 

As tree sapwood cross sectional area cm² 

Asp specific gross photosynthesis per tree  g C m-2 d-1 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

ASWring sapwood area of a given ring cm² 

Atot total cross sectional area cm² 

b0 parameter of the height curve after Kuleschis, in 
Gerold1991 

- 

b1 parameter of the height curve after Kuleschis, in 
Gerold1991 

- 

b2 parameter of the height curve after Kuleschis, in 
Gerold1991 

- 

bc parameter for calculation of crown radius  m cm-1 

bcs scaling factor CSM - 

c identification of a cohort - 

C sum of all crown projection areas in layer j m² 

c1 crown base height calculation (Nagel 1995) - 

c2 crown base height calculation (Nagel 1995) - 

ca atmospheric CO2 content  mol mol-1 

cair specific heat capacity  of air J g-1 K-1 

 parameter for calculation of crown area  m 

cc(j) fraction of the patch covered by the crown projection area 
of cohort c in crown layer j 

- 

Cchill counter of ’chill days’, phenology model CSM  - 

cc
int interception capacity parameter per LAI mm m-2 

cf sum of management costs € 

chealth number of years without stress - 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

cint 
 

potential interception capacity of the whole canopy per 
LAI 

mm m-2 

cmass molar mass of carbon  g mol-1 

Cn fraction of the patch that will be covered by a new cohort - 

NSC
act,crtC  actual C-amount of coarse root NSC-pool  kg C / tree 

NSC
act,sC  actual C-amount of sapwood NSC-pool  kg C / tree 

NSC
act,tbC  actual C-amount of twigs and branch NSC-pool  kg C / tree 

NSC
max,crtC  maximum C-amount of coarse root NSC-pool  kg C / tree 

NSC
max,sC  maximum C-amount of sapwood NSC-pool  kg C / tree 

NSC
max,tbC  maximum C-amount of twigs and branch NSC-pool  kg C / tree 

NSC
plusC  carbon available for NPP allocation after disturbance kg DW/tree 

CP(j) fraction of the patch NOT covered by cohort (LM2-4) - 

cpart part of C in biomass  - 

Cpom whole C-content of dead biomass per layer without stems g C m-2 

crfrac part of twigs and branches of the coarse wood fraction 
(twigs, branches and coarse roots) 

- 

cs specific heat capacity of soil J g-1 K-1 

cstress number of stress years years 

CT heat capacity J cm-3 K-1 

cW heat capacity of soil water J cm-3 K-1 

db diameter at base of the stem segment cm 

birch
BBd  bud break birch d 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

rob
BBd  bud break black locust d 

dbh diameter at breast height cm 

dbs diameter at forest floor - 

dc(j) number of trees without leaves in canopy layer j - 

dcb diameter at crown base cm 

dg quadratic mean diameter cm 

dinc annual diameter increment cm 

dl photoperiod of actual day h 

dlimf drought factor limiting the assimiLation rate - 

Dtime development time (nun moth risk index) d 

Ec
trd potential transpiration demand of a tree mm d-1 

Eint actual evaporation of intercepted water mm d-1 
 

Epot daily potential evaporation rate mm d-1 

Etr actual canopy transpiration  mm d-1 

Etrd potential canopy transpiration demand mm d-1 

fc Light Model 1-3: fraction of IPAR absorbed by each layer j 
per crown coverage area per cohort c [-] 
Light Model 4: fraction of IPAR absorbed until 
each layer l per patch per cohort c [-] 

- 

fc
tot total fraction of IPAR absorbed by a cohort - 

Fday number of days with late frost risk after starting the 
vegetation period 

- 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

Fday_sp number of days with late frost risk after starting bud burst 
(deciduous species) 

- 

fi volume fraction of soil components, i=air, ice, water, 
quartz, clay, silt, stone, humus 

- 

fmres,r fine root maintenance respiration per day kg DW d-1 

fmres,sw sapwood maintenance respiration per day Kg DW d-1 

fNPP NPP per tree of a cohort kg DW a-1 
 

fs,f senescence rate foliage kg a-1 

fs,r senescence rate fine roots kg a-1 

fs,s senescence rate sapwood kg a-1 

Ft fraction of total radiation absorbed at a given height in a 
given layer j (LM1) 

- 

G basal  area m² ha-1 

ga
i shape factor of soil particles,  i=ice, quartz, clay, silt, stone - 

gc unstressed stomatal conductance of a tree mol m-2 d-1 

gmax maximum stomatal conductance of the canopy mol m-2 d-1 

gmin minimum stomatal conductance of the canopy mol m-2 d-1 

gtot unstressed stomatal conductance of the canopy                                                                  mol m-2 d-1 

H tree height 
 

cm 

Hb bole height  cm 

Hc sapling height cm 

Hdbh breast height for inventory measurement cm 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

Hg height of the tree with diameter Dg m 

Hthr height threshold for saplings cm 

Hp specific mean height of plants cm 

Hp
min minimum sapling height cm 

hr relative humidity of actual day % 

Hs sapwood height  cm 

IA fire index of Bruschek - 

Iarid aridity index - 

Ibud dryness index Buidyko - 

ic(j) relative incident light intensity at the top of canopy layer j 
and cohort c (LM3, LM4)) 

- 

Ic,d forest fire indicator east of Käse  - 

Ic
drps daily drought index - 

Icm monthly aridity index Coutange - 

Icon continentality index Conrad - 

Icout annual aridity index Coutange - 

Icur continentality index Currey - 

Icwb climatic water balance mm 

Idral drought index for allocation calculation (cumulative) - 

Idrps drought index for photosynthesis calculation (cumulative) - 

Iemb aridity index Emberger - 

Igor continentality index Gorczynski - 

Ilang aridity index Lang - 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

Ilf late frost index - 

Imarta aridity index Martonne annual - 

Imartvp aridity index Martonne vegetation period - 

IN fire danger rating index of Nesterov - 

INMR nun moth risk index - 

IN
val

 cumulative sum of ignition index of Nesterov - 

IP(j) relative light intensity in the pool (LM3,4) - 

IPAR photosynthetically active radiation mol m-² 

Iphen depending on phenology model: inhibitor or chill days - 

Ireich aridity index Reichel - 

Irelcan relative light regime in the middle of the cohort's canopy - 

Ishc hydrothermal coefficient Seljaninov - 

Iweck aridity index Weck - 

Iwiss aridity index Wissmann - 

k light extinction coefficient - 

ka coefficients of the Campbell-equation (calculation of 
thermal conductivity) 

- 

kaom mineralization constant of humus d-1 

kb coefficients of the Campbell-equation (calculation of 
thermal conductivity) 

- 

kc coefficients of the Campbell-equation (calculation of 
thermal conductivity) 

- 

kc0 parameter of the height curve after Kuleschis, in 
erold1991 

- 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

kc1 parameter of the height curve after Kuleschis, in 
erold1991 

- 

kc2 parameter of the height curve after Kuleschis, in 
erold1991 

- 

kd coefficients of the  Campbell-equation (calculation of 
thermal conductivity) 

- 

ki weighting factor of soil components 
i=air, ice, water, quartz, clay, silt, stone, humus; 
in case of  the continuous medium air and water resp. 

- 

kpom species specific mineralization constant of litter *=fol 
(foliage), tb (twigs and branches), stem (stem wood), frt 
(fine roots), crt (coarse roots) 

d-1 

ks daily correction coefficient - 

Ks
i coefficients of soil surface temperature calculation, 

 i=0, 1, 2 

- 

ksyn species specific synthesis coefficient of litter *=fol 
(foliage), tb (twigs and branches), stem (stem wood), frt 
(fine roots), crt (coarse roots) 

d-1 

kua Parameter of the height curve after Kuleschis - 

kub Parameter of the height curve after Kuleschis - 

kuc parameter of the height curve after Kuleschis - 

L cumulated leaf area index at a given height down to layer j - 

L1 liquidation value of the standing stock at the beginning of 
the simulation 

€ ha-1 

La leaf area at given layer j over all cohort height m2 

la,c array of leaf area per layer j and cohort c m2 

LAI leaf area index of the whole patch m2 m-2 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

lc(j) side length of the cuboid of cohort c in layer j m 

Lfrost date (DOY) of the last late frost event after bud burst or 
start of the vegetation period 

- 

Lfrosttot date (DOY) of the last late frost event of the year - 

LT capping limit cm 

Ltnyear liquidation value of the standing stock at the end of the 
simulation 

€ ha-1 

LUE light use efficiency g C µmol-1 

Mbio total stem biomass Kg DW 

Mf,c foliage biomass per tree kg DW 
 

Mc
r fine root biomass per tree kg DW 

Mc*
r fine root biomass of a single tree per soil layer kg DW 

Mf,loss lost fine root biomass due to root disturbance kg DW 
 

Mhw heartwood biomass per tree kg DW 

Mr,loss lost fine root biomass due to root disturbance kg DW 
 

Ms sapwood biomass per tree kg DW 

Mseed seed mass g DW 

Mtbc twigs, branches, and coarse roots biomass Kg DW 

Naom total N content of humus in the soil profile at the end of 
the year 

g N m-2 

nc actual number of cohort - 

nc
a number of alive trees per cohort, c=1 - nc - 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

nc
d number of dead trees per cohort - 

nc
s number of saplings per cohort - 

c
demN  cumulative N demand per tree g N d-1 

,c d
uptN  daily N uptake per tree g N m-2 d-1 

,c d
demN  daily N demand per tree g N d-1 

c
uptN   cumulative N uptake per tree and year g N a-1 

ncl number of height classes - 

ndr number of days with rain > 0.1 mm  - 

ndry number of days without precipitation - 

4NH
movN  ammonium transport into next layer g N m-2 

3NO
movN  nitrate transport into next layer g N m-2 

nhot number of hot days - 

nhrain number of days with heavy rain - 

nice number of ice days - 

nl number of the highest layer in the stand - 

nmj number of days with precipitation May-July - 

npl number of planted saplings - 

NPV net present value € ha-1 

N+
PV net present value with liquidation values € ha-1 

nr number of rooting layers - 

ns number of soil components - 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

Ns
dem cumulative N demand per species and year g N m-2 

max
seedn  specific seed rate  m-1 a-1 

nseed
 annual potential seed rate - 

nsnow number of days with snow - 

nsummer number of summer days - 

Ns
upt cumulative N uptake per species and year g N m-2 

Nupt yearly total N uptake  gN m-2 

nwof number of days without frost (Tmin > 0°C) - 

nz
 number of soil layers - 

p Interest rate - 

p1, p4 scaling factor of phenology model PIM  - 

P13
sat

 saturated vapour pressure at 13 h - 

P2 inhibitor scaling factor of phenology model PIM - 

p3
 promotor scaling factor of phenology model PIM  - 

Pa patch area m2 

pab internal parameter for sapling growth - 

Pact air pressure of actual day  hPa 

Pann annual sum of precipitation  mm 

Pd precipitation of actual day  mm 

ph height growth rate cm kg-1 

ph1 species-specific parameter for height-shoot biomass 
relation of seedlings 

- 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

ph2 species-specific parameter for height-shoot biomass 
relation of seedlings 

- 

ph3 species-specific parameter for height-shoot biomass 
relation of seedlings 

- 

phv1 height growth parameter 1 for nonlinear foliage height 
relationship 

- 

phv2 height growth parameter 2 for nonlinear foliage height 
relationship 

- 

phv3 height growth parameter 3 for nonlinear foliage height 
relationship 

- 

pint yearly intrinsic death rate - 

pMr,loss percentage loss of foliage biomass - 

Pmj sum of precipitation May-July mm 

Pmon monthly precipitation sum  mm 

pmort total mortality of a cohort - 

pMr,loss percentage loss of fine root biomass - 

pNC N/C  ratio of biomass kg kg-1 

pnun parameter of calculation of nun moth index - 

ppfeed percentage loss of carbon - 

Pphen promotor of the phenology model PSM - 

prg growth respiration per day - 

psa species-specific parameter for shoot-foliage relationship 
of seedlings 

- 

Psat saturated vapour pressure of actual day  hPa 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

psb species-specific parameter for shoot-foliage relationship 
of seedlings 

- 

psrot Percentage loss of stems  - 

pst shade tolerance class (1-5) - 

pstress stress induces mortality rate - 

Pvap vapour pressure hPa 

pxcond Percentage loss of xylem conductivity - 

pwint yearly intrinsic species-specific death rate - 

min
10Q  Q10 coefficient of van't Hoffs rule - 

10
nitQ  Q10 coefficient of van't Hoffs rule - 

ra surface aerodynamic resistance for water vapour s m-1 

rc
fr(zi) relative part of fine root mass of tree per soil layer i - 

rc
Mr(zi) relative part of fine root mass of cohort of total layer fine 

root mass per soil layer i 
- 

Rc
N photosynthesis nitrogen reduction factor for each cohort - 

rco respiration coefficient - fraction of gross production 
respired by the plant 

- 

rcum cumulative root fraction of trees  - 

Rdc
 leaf respiration rate kg DW d-1patch-

1 

Rds
 specific leaf respiration g C m-2 d-1 

rfr root fraction per soil layer - 

Rg global radiation of actual day  J cm-2 d-1 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

rm,r
 specific fine root maintenance respiration rate per day kg kg-1 d-1 

rm,sw specific sapwood maintenance respiration rate per day kg kg-1 d-1 

min
pR  reduction of mineralization depending on pH-value - 

min
TR  reduction of mineralization depending on soil 

temperature 
- 

min
WR  reduction of mineralization depending on soil water 

content 
- 

Rn net radiation J cm-2 

Rnets annual radiation sum J cm-2 

nit
TR  reduction of mineralization depending on soil 

temperature 
- 

nit
WR  reduction of mineralization depending on soil water 

content 
- 

nit
pR  reduction of nitrification depending on pH-value - 

rc canopy surface resistance s m-1 

rsap describes the fraction of wood which is sapwood - 

Rs
N tree specific photosynthesis nitrogen reduction factor - 

sa change in SLA for a 100% drop in relative quantum flux 
density = slope of SLA - quantum flux relationship 

m2 kg-1 DW 

sav,c average specific one-side leaf area per cohort m² kg-1 DW 

sc
min minimum specific one-side leaf area (SLA of sun leaves) m2 kg-1 DW 

sf specific foliage senescence rate per year kg kg-1 a-1 

Sl length of the stem segment cm 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

smax,c maximum specific one-side leaf area per cohort (SLA of 
shade leaves) 

m2 kg-1 DW 

sr specific fine roots senescence rate per year kg kg-1 a-1 

ss specific sapwood senescence rate per year kg kg-1 a-1 

t actual day of simulation 
 

day 

T0 development zero point °C 

Ta average air temperature of actual day  °C 

Tann yearly mean temperature °C 

Tb base temperature CSM °C 

Tb base temperature TSM °C 

Tc chilling base temperature CSM °C 

Tcm average temperature of the coldest month °C 

Tcrit required temperature sum for bud burst °C 

Tcrit critical temperature sum TSM °C 

Tdew dew point temperature °C 

Tgdd annual growing degree day °C 

Tgdd,0 threshold for growing degree day calculation °C 

TI,max inhibitor maximum temperature of phenology model PIM) °C 

TI,min inhibitor minimum temperature of phenology model PIM °C 

TI,opt inhibitor optimum temperature of phenology model PIM °C 

Tm monthly mean temperature °C 

Tmax maximum air temperature °C 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

Tmin minimum air temperature °C 

Tmj mean temperature May-July °C 

Tmon monthly mean temperature °C 

tnyear number of simulation years - 

min
optT  optimal temperature for mineralisation °C 

nit
optT  optimal temperature for nitrification °C 

TP,max promotor maximum temperature of phenology model PIM °C 

TP,min promotor minimum temperature of phenology model PIM °C 

TP,opt promotor optimum temperature of phenology model PIM  °C 

Ts soil temperature per layer  °C 

Ts,s soil surface temperature °C 

Tsnow threshold of air temperature for snow fall °C 

T*
sum temperature sum for the phenology models CSM, TSM °C 

Ta
sum annual temperature sum °C 

Ttot
 thermal constant (nun moth risk index) - 

Twm average temperature of the warmest month °C 

ty actual simulation year - 

VD stem volume m³ 

w(j) length of the effective shadow cast of canopy layer j m 

Wc
av available soil water per tree cohort c and layer plant 

available water per layer  
mm 

Wc
upt supply of soil water to roots of each cohort mm d-1 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

Wev water withdrawal by evaporation per layer  mm 

wf height function according to Weimann cm 

Wint daily interception mm d-1 

max
intW  potential canopy interception storage mm 

st
intW  actual canopy interception storage mm 

wk1 height function parameter - 

wk2 Height function parameter - 

Wp percolation water per layer mm 

wru water uptake resistance coefficient of each cohort per 
layer  

- 

Ws water content per layer  mm 

Ws
FC

 field capacity of layer mm 

Wsn snow equivalent  mm 

Wsn
pot potential water from melting of snow mm 

Ws
sat pore volume of layer equals to saturated water content mm 

Ws
WP

 wilting point of layer  mm 

Wupt cumulative total water uptake by roots mm 

Xlat latitude radian 

y length of the potential shadow cast  m 

Ys stress recovery time years 

Ys,i survival age under stress for tolerance class i year 

z depth of soil layer cm 
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4C Model description Climatic characteristics 

Variable  Definition Dimension 

zcr thickness of a crown layer cm 

zi of middle of layer i cm 

 

For abbreviations see Appendix Abbreviations 

 

Appendix 2 List of model parameters 

Variable 
abbreviatio
n 

Value Dimension Definition 

αm 1.4 - Priestley-Taylor coefficient for calculation of 
transpiration demand 

αrefl 0.2 - albedo of the canopy 

αwint 0.1 - mortality parameter of intrinsic mortality 

αwstress 1.5 - mortality parameter 

ηR 0.023 - factor of conversion from global radiation [J cm 2] to 
photosynthetically active radiation [mol m 2] 

λ 0.7 - optimum ratio of Ci to Ca  

π 3.14159265
36 

- π 

ψ 0.000662 hPa K-1 psychrometer constant 

cair 1.005 J g-1 K-1 specific heat of air at constant pressure 

cmass 12 g mol-1 molar mass of carbon 

Cpart 0.5 - part of C in biomass 

gmax 14000 mol m-2 d-1 maximum stomatal conductance of the canopy 
(Monteith, 1995) 

gmin 0 mol m-2 d-1 minimum conductance 
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4C Model description Appendix 2 List of model parameters 
 

Variable 
abbreviatio
n 

Value Dimension Definition 

Hdbh 137 cm breast height for inventory measurements 

Pact 100 kPa atmospheric  pressure 

NSC
crtp  0.125 - fraction of coarse root DW allocated to NSC-Pool for 

decidous tree species 

NSC
crtp  0.065 - fraction of coarse root DW allocated to NSC-Pool for 

coniferous tree species 

NSC
sp  0.042 - fraction of sapwood DW allocated to NSC-Pool for 

decidous tree species 

NSC
sp  0.018 - fraction of sapwood DW allocated to NSC-Pool for 

coniferous tree species 

NSC
tbp  0.125 - fraction of twigs and branch DW allocated to NSC-Pool 

for decidous tree species 

NSC
tbp  0.065 - fraction of twigs and branch DW allocated to NSC-Pool 

for coniferous tree species 

min
10Q  2.9 - Q10 coefficient of van't Hoffs rule for mineralisation 

10
nitQ  2.8 - Q10 coefficient of van't Hoffs rule for nitrification 

Tgdd,0 5 °C threshold for growing degree day calculation 

Tsnow 0.2 °C threshold of air temperature for snow accumulation 
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Appendix 3 List of Species Parameters 

Variable code 
name 

Dimension Definition 

nspecies number of all species 

nspec_tree number of tree species 

species_name species name 

max_age years maximum age 

yrec years stress recovery time  

stol - shade tolerance class (1-5) 

pfext - light extinction coefficient 

sigman* kg N kg-1 DW a-1 root activity rate (N uptake) per year 

respcoeff - respiration coeff. - fraction of gross 
production respired by the plant 

prg* d-1 growth respiration parameter 

prms* maintenance respiration parameters: 
sapwood 

prmr maintenance respiration parameters: 
fine roots 

psf* senescence parameters: foliage, 

pss* sapwood, 

psr* fine roots; 

pcnr* kg N/ kg C N/C ratio of biomass 

ncon_fol N concentration of folmg / g TM nicht 
/ g C!!? 

ncon_frt mg/g N concentration of fine roots  

ncon_crt mg/g N concentration of coarse roots 

ncon_tbc mg/g N concentration of twigs and 
branches  

ncon_stem mg/g N concentration of stemwood  

reallo_fol reallocation parameter of foliage 
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4C Model description Appendix 2 List of model parameters 
 

Variable code 
name 

Dimension Definition 

reallo_frt  reallocation parameter of fine root 

alphac  ratio of coarse wood (twigs, 
branches, roots) to sapwood 

cr_frac  fraction of tbc (twigs, branches, 
roots) that is coarse roots 

prhos* kg/m³ sapwood density 

pnus kg/cm² foliage mass to sapwood area ratio 

pha cm/kg height growth paramete 

pha_coeff1  height growth parameter coefficient 
1 

pha_coeff2  height growth parameter coefficient 
2 

pha_v1  height growth parameter 1 for non 
linear foliage height relationship 

pha_v2  height growth parameter 2 for non 
linear foliage height relationship 

pha_v3  height growth parameter 3 for non 
linear foliage height relationship 

crown_a m/cm parameter for crown radius - DBH 
relation 

crown_b m parameter for crown radius - DBH 
relation 

crown_c m parameter for crown radius - DBH 
relation 

psla_min* m²/kg DW specific one-sided leaf area 

psla_a    

phic* - efficiency parameter, different for 
evergreen/deciduous 

pnc  N content 

kco2_25 Pa Michaelis constant of temperature 
(base 25 °C) 

ko2_25 kPa inhibition constant of O2 
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4C Model description Appendix 2 List of model parameters 
 

Variable code 
name 

Dimension Definition 

pc_25*  CO2/O2 specificity value (base 25 °C) 

q10_kco2  Q10 values (acclimated to 25 °C) 

q10_ko2    

q10_pc*    

pb  Rd to Vm ratio 

PItmin  Inhibitor minimum temperature PIM 

PItopt  Inhibitor optimum temperature PIM 

PItmax  Inhibitor maximum temperature PIM 

PIa  Inhibitor scaling factor PIM 

PPtmin  Promotor minimum temperature PIM 

PPtopt  Promotor optimum temperature PIM 

PPtmax  Promotor maximum temperature 
PIM 

PPa  Promotor scaling factor PIM 

PPb  Promotor scaling factor PIM 

CSTbC  chilling base temperature CSM 

CSTbT  base temperature CSM 

CSa  scaling factor CSM 

CSb  scaling factor CSM 

LTbT  base temperature TSM 

LTcrit  critical temperature sum TSM 

Lstart  start day after 1.11. TSM 

Phmodel  use d pheno model 0: no model, 1: 
PIM, 2: CSM, 3: TSM 

end_bb  leaf shedding / end of vegetation 
period 

fpar_mod  modifying parameter in 
canopy_geometry 
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Variable code 
name 

Dimension Definition 

ceppot_spec  interception capacity parameter 

Nresp - slope of photosynthesis response to 
N-limitation 

regflag  flag for regeneration 

seedrate 1/m² max. seeddling rate 

seedmass g mass of a single seed 

seedsd g standard deviation of seed mass 

seeda  parameter of allometric relation 
shoot biomass - foliage bm 

seedb  ---------"----------- 

pheight1  parameter of allometric relation 
shoot biomass - height of seedling 

pheight2  ------------------" ----------- 

pheight3   

pdiam1  parameter of allometric relation 
shoot biomass - diameter at shoot 
basis 

pdiam2  ----------"----------------- 

pdiam3  ----------"-------------- 

k_opm_fol   

k_syn_fol   

k_opm_stem   

k_syn_stem   

k_opm_tb   

k_syn_tb   

k_opm_frt   

k_syn_frt   

k_opm_crt   

k_syn_crt   
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* marked parameters are sensitive
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Species parameter 

 

name 
Fagus 
sylvatica 

Picea 
abies 

Pinus 
sylve-
stris 

Quercus 
robur 

Betula 
pendula 

Pinus 
contorta 

Pinus 
ponde-
rosa 

Populus 
tremula 

Pinus 
hale-
pensis 

Pseudot
suga 
men-
ziesii 

Robinia 
pseudo-
acacia 

Eucalyp-
tus 
globulus 

Eucalyp-
tus 
grandis 

Ground 
vege-
tation 

Viscum 
alba 

max_age 430 930 760 1060 220 600 850 160 250 930 200 50 50 5 30 

yrec 3 3 3 3 3 3 3 3 3 3 3 3 3 3 3 

stol 5 4 1 2 1 1 1 2 1 4 2 1 1 4 1 

pfext 0.4 0.6 0.6 0.5 0.54 0.6 0.5 0.872 0.6 0.3 0.46 0.5 0.5 0.5 0.5 

sigman 0.032 0.05 0.03 0.03 1.1 0.03 0.03 0.07508 0.03 0.025 
0.17617
2 0.025 0.75 1 -99 

respcoeff 0.5 0.52 0.52 0.5 0.5 0.71 0.44 0.5 0.52 0.5 0.5 0.53 0.53 0.5 0.5 

prg 0.25 0.25 0.2 0.25 0.25 0.2 0.2 0.25 0.32 0.25 -99 0.25 0.25 0.25 0.25 

prms 0.0035 0.00043 0.00024 0.0035 0.0035 
0.00003
2 0.00024 0.0014 0.00024 -99 -99 0.3 0.3 0.0035 -99 

prmr 0.0133 0.0033 0.007 0.01 0.01 0.00338 0.0007 0.0034 0.007 -99 0.1938 -99 -99 0.01 -99 

psf 1 0.181 0.31 1 1 0.167 0.24 1 0.5 0.2 1 0.33 0.33 1 0.166 
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name 
Fagus 
sylvatica 

Picea 
abies 

Pinus 
sylve-
stris 

Quercus 
robur 

Betula 
pendula 

Pinus 
contorta 

Pinus 
ponde-
rosa 

Populus 
tremula 

Pinus 
hale-
pensis 

Pseudot
suga 
men-
ziesii 

Robinia 
pseudo-
acacia 

Eucalyp-
tus 
globulus 

Eucalyp-
tus 
grandis 

Ground 
vege-
tation 

Viscum 
alba 

pss 0.026 0.022 0.04 0.05 0.02 0.023 0.05 0.04 0.04 0.05 0.25 0.03 0.03 0.4 -99 

psr 0.65 0.5 0.5 0.5 0.5 0.4 0.8 0.5 1.095 0.75 0.67 1 1 0.75 -99 

pcnr 0.008 0.0052 0.0079 0.008 0.02 0.0079 0.0212 0.008 0.0079 0.00955 0.0502 0.005 0.005 0.2 -99 

ncon_fol 26.01 13.36 13.46 25 25 13.4 10.6 25 13.46 15.22 33.623 12 12 13.4 -99 

ncon_frt 7.15 10.77 7.44 8.94 8.9 7.4 7.44 16 7.44 3.67 23.55 9.6 9.6 7.4 -99 

ncon_crt 3.03 4.14 1.77 3.71 3.7 1.7 1.77 4 1.77 1.62 17.168 9.6 9.6 1.7 -99 

ncon_tbc 4.27 5.24 3.61 6.19 5.4 3.6 3.61 6 3.61 3.62 17.16 3.8 3.8 3.6 -99 

ncon_stem 1.54 1.22 1.09 2.1 1.7 1.1 1.09 0.6 1.09 1.035 15.345 1 1 1.1 -99 

reallo_fol 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.6 0.1 0.1 0.1 0.5 0.5 0.1 0.1 

reallo_frt 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.55 0.55 0.1 -99 

alphac 0.48 0.5 0.46 0.56 0.5 0.24 0.46 0.46 0.5 0.54 0.51 0.22 0.22 0.5 -99 

cr_frac 0.5 0.6 0.6 0.55 0.42 0.5 0.6 0.328 0.1 0.54 0.86 0.52 0.52 0.5 -99 
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name 
Fagus 
sylvatica 

Picea 
abies 

Pinus 
sylve-
stris 

Quercus 
robur 

Betula 
pendula 

Pinus 
contorta 

Pinus 
ponde-
rosa 

Populus 
tremula 

Pinus 
hale-
pensis 

Pseudot
suga 
men-
ziesii 

Robinia 
pseudo-
acacia 

Eucalyp-
tus 
globulus 

Eucalyp-
tus 
grandis 

Ground 
vege-
tation 

Viscum 
alba 

prhos 0.00065 0.00042 
0.00040
3 0.00056 

0.00053
7 0.00042 

0.00043
4 

0.00040
2 0.00062 

0.00040
5 0.00078 0.0005 0.0005 -99 -99 

pnus 0.03 0.096 0.05 0.02 0.025 0.046 0.022 0.02 0.043 0.093 0.05 0.04 0.06 0.03 -99 

pha 125 40 190 100 150 190 190 150 190 40 -99 -99 -99 -99 -99 

pha_coeff1 0.5 0.66666 0.66666 0.5 0.5 0.66666 0.66666 1.0823 0.66666 0.66666 -99 -99 -99 -99 -99 

pha_coeff2 0.5 0.33333 0.33333 0.5 0.5 0.33333 0.33333 0.3189 0.33333 0.33333 -99 -99 -99 -99 -99 

pha_v1 1089.3 284.8 206 946.7 900 1100 206 900 210 750 500 840 854 -99 -99 

pha_v2 0.1351 -0.0151 0.03177 0.299 0.38 0.3 0.03177 0.08 0.08 -0.015 0.8541 -0.02973 -0.2 -99 -99 

pha_v3 0.504 0.5039 0.877 0.948 0.9 0.4184 0.877 0.6 0.6 0.35 0.4404 
0.29132
3 0.29277 -99 -99 

crown_a 0.09571 0.06383 0.05213 0.095 0.0896 0.1437 0.05213 0.06 0.074 
0.08128
7 0.0776 0.1249 0.1249 -99 -99 

crown_b 0.57732 0.33567 0.48139 0.5 0.5716 0.1081 0.48139 0.4 0.255 
0.35548
5 0.7368 0.7879 0.7879 -99 -99 
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name 
Fagus 
sylvatica 

Picea 
abies 

Pinus 
sylve-
stris 

Quercus 
robur 

Betula 
pendula 

Pinus 
contorta 

Pinus 
ponde-
rosa 

Populus 
tremula 

Pinus 
hale-
pensis 

Pseudot
suga 
men-
ziesii 

Robinia 
pseudo-
acacia 

Eucalyp-
tus 
globulus 

Eucalyp-
tus 
grandis 

Ground 
vege-
tation 

Viscum 
alba 

crown_c 15 12 10 15 6 10 10 6 10 5 4 5.9 5.9 -99 -99 

psla_min 12 3.78 4 14 10 7.5 3.1 7.2 4.84 2.82 13.2 15 0.18 20 4.18 

psla_a 12 2.4 1 4.7 20 1.2 1 4.4 1 4.87 19.5 13.52 13.52 20 4.18 

phic 1 0.8 0.9 1 1 0.9 0.9 1 0.9 0.8 1 1 1 1 0.8 

pnc 20 20 20 20 17.9 50 20 24 20 45 33.623 -99 -99 10 -99 

kco2_25 30 30 30 30 30 30 30 30 40.4 30 30 30 30 30 30 

ko2_25 30 30 60 30 30 60 60 60 24.8 30 30 30 30 30 30 

pc_25 3400 2600 3400 3400 3400 3400 3400 3400 3400 2600 3400 3400 3400 3400 3400 

Q10_kco2 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 2.1 

Q10_ko2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 1.2 

Q10_pc 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 0.57 

pb 0.01 0.015 0.01 0.01 0.035 0.01 0.01 0.0143 0.0241 0.015 0.01 0.035 0.035 0.01 0.015 
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name 
Fagus 
sylvatica 

Picea 
abies 

Pinus 
sylve-
stris 

Quercus 
robur 

Betula 
pendula 

Pinus 
contorta 

Pinus 
ponde-
rosa 

Populus 
tremula 

Pinus 
hale-
pensis 

Pseudot
suga 
men-
ziesii 

Robinia 
pseudo-
acacia 

Eucalyp-
tus 
globulus 

Eucalyp-
tus 
grandis 

Ground 
vege-
tation 

Viscum 
alba 

PItmin -10.34 -99 -99 -23.05 -24.96 -99 -99 -10.34 -99 -99 -99 -99 -99 -99 -99 

PItopt -0.89 -99 -99 -0.3 -10 -99 -99 -0.89 -99 -99 -99 -99 -99 -99 -99 

PItmax 18.11 -99 -99 16.91 15.05 -99 -99 18.11 -99 -99 -99 -99 -99 -99 -99 

PIa 
0.05832
6 -99 -99 

0.05514
9 

0.03061
9 -99 -99 

0.05832
6 -99 -99 -99 -99 -99 -99 -99 

PPtmin -10.03 -99 -99 3.46 -7.03 -99 -99 -10.03 -99 -99 -99 -99 -99 -99 -99 

PPtopt 28.61 -99 -99 34.55 21.8 -99 -99 28.61 -99 -99 -99 -99 -99 -99 -99 

PPtmax 44.49 -99 -99 34.55 25.35 -99 -99 44.49 -99 -99 -99 -99 -99 -99 -99 

PPa 
0.10949
4 -99 -99 

0.33125
3 

0.06480
3 -99 -99 

0.10949
4 -99 -99 -99 -99 -99 -99 -99 

PPb 
0.03917
8 -99 -99 

0.01037
9 

0.04543
2 -99 -99 

0.03917
8 -99 -99 -99 -99 -99 -99 -99 

CSTbC 11.03 -99 -99 18.31 18.42 -99 -99 11.03 -99 -99 -99 -99 -99 -99 -99 

CSTbT 6.5 -99 -99 5.58 4.19 -99 -99 6.5 -99 -99 -99 -99 -99 -99 -99 
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name 
Fagus 
sylvatica 

Picea 
abies 

Pinus 
sylve-
stris 

Quercus 
robur 

Betula 
pendula 

Pinus 
contorta 

Pinus 
ponde-
rosa 

Populus 
tremula 

Pinus 
hale-
pensis 

Pseudot
suga 
men-
ziesii 

Robinia 
pseudo-
acacia 

Eucalyp-
tus 
globulus 

Eucalyp-
tus 
grandis 

Ground 
vege-
tation 

Viscum 
alba 

CSa 3039.76 -99 -99 3451.18 3075.99 -99 -99 3039.76 -99 -99 -99 -99 -99 -99 -99 

CSb -574.49 -99 -99 -631.5 -573.67 -99 -99 -574.49 -99 -99 -99 -99 -99 -99 -99 

LTbT -6.98 -99 -99 0.49 -6.07 -99 -99 -6.98 -99 -99 11.5 -99 -99 -99 -99 

LTcrit 664.88 -99 -99 372.49 672.9 -99 -99 664.88 -99 -99 350.9 -99 -99 -99 -99 

Lstart 70 -99 -99 70 47 -99 -99 70 -99 -99 70 -99 -99 -99 -99 

Phmodel 1 0 0 1 1 0 0 1 0 0 3 -99 -99 0 0 

end_bb 282 366 366 287 278 366 366 282 366 366 282 366 366 302 366 

fpar_mod 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

ceppot_spe 0.6 0.8 0.9 0.5 0.5 0.4 0.4 0.3 0.9 0.8 0.5 0.3 0.3 0.5 0.6 

Nresp 0.0068 0.0068 0.0062 0.0068 0.0068 0.0062 0.0062 0.0068 0.0062 0.0068 0.0068 0.0068 0.0068 0.006 0.0068 

regflag 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

seedrate 1 1 1 1 1 1 1 1 1.5 1 1 1 1 -99 -99 
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name 
Fagus 
sylvatica 

Picea 
abies 

Pinus 
sylve-
stris 

Quercus 
robur 

Betula 
pendula 

Pinus 
contorta 

Pinus 
ponde-
rosa 

Populus 
tremula 

Pinus 
hale-
pensis 

Pseudot
suga 
men-
ziesii 

Robinia 
pseudo-
acacia 

Eucalyp-
tus 
globulus 

Eucalyp-
tus 
grandis 

Ground 
vege-
tation 

Viscum 
alba 

seedmass 0.225 0.009 0.006 3.8 0.0002 0.005 0.0055 0.00016 0.019 0.01 0.0228 -99 -99 -99 -99 

seedsd 0 0 
0.00112
7 0 0 

0.00112
7 

0.00112
7 0 

0.00112
7 0 0 -99 -99 -99 -99 

seeda 0.398 0.8524 0.3927 0.2505 0.313 0.2609 0.3927 0.381 0.5044 1.3217 0.778 -99 -99 -99 -99 

seedb 0.947 1.007 0.6786 0.7232 0.8 0.757 0.6786 0.8365 0.6486 1.1288 0.9645 -99 -99 -99 -99 

pheight1 2.388 0.443 2.512 1.6947 4.651 1.5 2.512 0.2829 1.3145 5.7278 
0.11827
2 -99 -99 -99 -99 

pheight2 0.366 0.23 0.357 0.3896 0.3333 0.7236 0.357 0.57 0.3426 0.2443 
0.75775
5 -99 -99 -99 -99 

pheight3 0 0.0134 0 0 0 -99 0 -99 0 -99 -99 -99 -99 -99 -99 

pdiam1 -1.637 -1.658 0 0 0 -99 0 -99 0 -99 -99 -99 -99 0.35 -99 

pdiam2 0.433 0.386 0 0 0 -99 0 -99 0 -99 -99 -99 -99 0.35 -99 

pdiam3 -0.0126 0 0 0 0 -99 0 -99 0 -99 -99 -99 -99 0.3 -99 

k_opm_fol 0.02 0.06 0.05 0.015 0.01 0.005 0.015 0.04 0.002 0.08 0.3 0.5 0.5 0.03 0.01 
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name 
Fagus 
sylvatica 

Picea 
abies 

Pinus 
sylve-
stris 

Quercus 
robur 

Betula 
pendula 

Pinus 
contorta 

Pinus 
ponde-
rosa 

Populus 
tremula 

Pinus 
hale-
pensis 

Pseudot
suga 
men-
ziesii 

Robinia 
pseudo-
acacia 

Eucalyp-
tus 
globulus 

Eucalyp-
tus 
grandis 

Ground 
vege-
tation 

Viscum 
alba 

k_syn_fol 0.3 0.2 0.1 0.4 0.78 0.6 0.8 0.4 0.5 0.2 0.2 0.01 0.01 0.2 0.5 

k_opm_frt 0.02 0.05 0.05 0.01 0.00106 0.001 0.009 0.03 0.0004 0.05 0.008 0.001 0.001 0.001 -99 

k_syn_frt 0.4 0.1 0.1 0.3 0.3 0.3 0.3 0.4 0.5 0.3 0.3 0.01 0.01 0.3 -99 

k_opm_crt 0.0009 0.0009 0.0009 0.0009 0.0009 0.0009 0.0009 0.0009 0.0009 0.0009 0.0009 0.0009 0.0009 0 -99 

k_syn_crt 0.1 0.1 0 0.1 0.1 0.1 0 0.1 0 0.1 0.1 0.1 0.1 0.1 -99 

k_opm_tb 0.006 0.006 0.006 0.006 0.0009 0.0009 0.0009 0.0009 0.006 0.006 0.0009 0.0009 0.0009 0 -99 

k_syn_tb 0.5 0.8 0.5 0.5 0.8 0.5 0.5 0.5 0.5 0.8 0.8 0.8 0.8 0 -99 

k_opm_ste
m 0.0025 0.0005 0.0005 0.0005 0.0005 0.0001 0.00055 0.0001 0.0005 0.0005 0.0005 0.0005 0.0005 0 -99 

k_syn_stem 0.1 0.1 0 0.1 0.1 0.1 0 0.1 0 0.1 0.1 0.1 0.1 0 -99 

spec_rl 30 15 15 30 30 15 15 30 15 15 30 30 30 60 -99 

tbase 5 5 5 5 5 5 5 5 5 5 5 5 5 5 -99 

topt 19.4 16.5 16.5 22 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5 16.5 -99 
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name 
Fagus 
sylvatica 

Picea 
abies 

Pinus 
sylve-
stris 

Quercus 
robur 

Betula 
pendula 

Pinus 
contorta 

Pinus 
ponde-
rosa 

Populus 
tremula 

Pinus 
hale-
pensis 

Pseudot
suga 
men-
ziesii 

Robinia 
pseudo-
acacia 

Eucalyp-
tus 
globulus 

Eucalyp-
tus 
grandis 

Ground 
vege-
tation 

Viscum 
alba 

bdmax_coe
f 1.55 1.62 1.62 1.55 1.55 1.62 1.62 1.55 1.62 1.62 1.55 1.55 1.55 1.62 -99 

porcrit_co 0.4 0.7 0.7 0.4 0.4 0.7 0.7 0.4 0.7 0.7 0.4 0.4 0.4 0.7 -99 

ph_opt_ma
x 8.25 5.75 5.75 8.25 8.25 5.75 5.75 8.25 5.75 5.75 8.25 8.25 8.25 8.25 -99 

ph_opt_mi
n 4.25 3.75 3.75 4.25 3.75 3.75 3.75 4.25 3.75 3.75 3.75 3.75 3.75 3.5 -99 

ph_max 9.25 7.75 7.75 9.25 9.25 7.75 7.75 9.25 7.75 7.75 9.25 9.25 9.25 9.25 -99 

ph_min 3.75 2.25 2.25 3.75 2.25 2.25 2.25 3.75 2.25 2.25 2.25 2.25 2.25 2 -99 

v_growth 1 1 1 1 1 1 1 1 1 1 1 1 1 5 -99 
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Appendix 4 Classification of the forest type 

The following classification is used in 4C to describe very shortly the simulated forest type 

Table 17 

Type 

number 

Type description German Type description English percentage 

10 Fi-Reinbestand Spruce  

20 Fi-Lh-Mischbestand Mixed Spruce-Broadleaf Fi>20% 

25 Fi-Nh-Mischbestand Mixed Spruce-Conifer Fi>50% 

40 Ki-Reinbestand Pine  

50 Ki-Lh-Mischbestand Mixed Pine-Broadleaf Ki>50% 

52 Ki-Ei-Mischbestand Mixed Pine-Oak Ki>50% 

55 Ki-Nh-Mischbestand Mixed Pine-Conifer Ki>50% 

70 Ta-Bestand Fir  

75 Ta-Mischbestand Mixed Fir  

90 sonst. Nh-Bestand Conifer  

100 Nh-Mischbestand Mixed Conifer  

110 Bu-Reinbestand Beech  

120 Bu-Lh-Mischbestand Mixed Beech-Broadleaf Bu>50% 

122 Bu-Ei-Mischbestand Mixed Beech-Oak Bu>50% 

125 Bu-Nh-Mischbestand Mixed Beech-Conifer Bu>50% 

140 Ei-Reinbestand Oak  

150 Ei-Lh-Mischbestand Mixed Oak-Broadleaf Ei>50% 

151 Ei-Bu-Mischbestand Mixed Oak-Beech Ei>50% 

154 Ei-Alh-Mischbestand Mixed Oak-Other Broadleaf Ei>50% 

155 Ei-Nh-Mischbestand Mixed Oak-Conifer Ei>50% 

157 Ei-Ki-Mischbestand Mixed Oak-Pine Ei>50% 

180 Aln-Bestand Other Broadleaf, lower age   

185 Aln-Mischwald Mixed other Broadleaf, lower  
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age 

190 Alh-Bestand Other Broadleaf, higher age  

191 Hartlaub-Auenwald (Ulme-

Esche) 

Alluvial forest (elm/ ash)  

195 Alh Mischwald Mixed other Broadleaf, 

higher age 

 

200 Lh Mischwald Mixed Broadleaf  

250 sonst. Mischwald Mixed Wood  

 
Alh - Andere Laubhölzer mit hoher Umtriebszeit (z.B. Ahorn, Linde, Esche)/ Other Broadleaf (long-
living)  
Aln - Andere Laubhölzer mit niedriger Umtriebszeit (z.B. Weide, Aspe, Birke)/ Other Broadleaf 
Nh – Nadelholz/ Conifer 
Lh – Laubholz/ Broadleaf 
Bu – Buche/beech 
Ei – Eiche/ oak 
Fi – Fichte/ spruce 
Ki – Kiefer/ pine 
Ta – Tanne/ fir 
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Appendix 5 Abbreviations 

aom Active organic matter 
BB Bud burst 
C Carbon 
CSM Cannel and Smith model 
DM Dry mass 
DOY Day of the year 
DW Dry weight 
LAI Leaf area index 
LM1 Light model 1 
LM2 Light model 2 
LM3 Light model 3 
LM4 Light model 4 
N Nitrogen 
NPP Net primary production 
NSC Non-structural carbohydrates 
PA Crown projection area 
PIM Promotor-Inhibitor-Model 
pom Primary organic matter 
RCP Representative concentration pathways 
SEA Socio-economic analysis 
SLA Specific leaf area 
SRES Special report on emission scenarios 
SSR Sum of squared residuals 
TSM Temperature sum model 
WPM Wood product model 
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