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Estimates of litter production are a prerequisite for modeling soil carbon stocks and its changes 
at regional to national scale. However, the required data on biomass removal is often avail-
able only for the recent past. In this study we used yield tables as a source of probable past 
forest management to drive a single tree based stand growth model. Next, simulated growth 
and timber volume was converted to tree compartment carbon stocks and biomass turnover. 
The study explicitly accounted for differences in site quality between stands. In addition we 
performed a Monte Carlo uncertainty and sensitivity analysis. We exemplify the approach by 
calculating long-term means of past litter production for 10 species by using yield tables that 
have been applied in Central Germany during the last century. We found that litter production 
resulting from harvest residues was almost as large as the one from biomass turnover. Dif-
ferences in site quality caused large differences in litter production. At a given site quality, 
the uncertainty in soil carbon inputs were 14%, 17%, and 25% for beech, spruce, and pine 
stands, respectively. The sensitivity analysis showed that the most influential parameters 
were associated with foliage biomass and turnover. We conclude that rates of mean past litter 
production and their uncertainties can reliably be modeled on the basis of yield tables if the 
model accounts for 1) full rotation length including thinning and final harvest, 2) differences 
in site quality, and 3) environmental dependency of foliage biomass and foliage turnover.
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1 Introduction

Estimates of litter production are a prerequi-
site modeling forest soil carbon stocks and its 
changes. Most dynamic soil carbon models of 
mineral forest soils are driven by carbon inputs 
from plant litter production, which is usually 
estimated by forest inventories (de Wit et al. 
2006, Liski et al. 2006, Ågren et al. 2007). The 
combination of forest inventories and modeling 
is a viable option to compile soil carbon stock 
changes from regional to national and global 
scales (Peltoniemi et al. 2007). Models, which 
allow for reliable estimates of changes in soil 
carbon stocks at different spatial scales, are of 
particular interest, because they could be used for 
national annual greenhouse gas reports accord-
ing to the UN Framework Convention on Cli-
mate Change and the Kyoto Protocol (UNFCCC 
1997). In addition to the application in climate 
modeling, estimates of mean past litter produc-
tion can be useful to study the sustainability 
of intensively managed energy plantations with 
respect soil carbon protection (Reijnders 2006). 
The derivation of long-term mean litter input 
rates requires data on forest biomass and on past 
forest thinning operations and harvest. For many 
regions, these data are available for the recent past 
only. A model for forest timber volume, yield and 
growth under defined site conditions and a defined 
management regime is recorded in yield tables, 
which are used in this study as an approximation 
tool of former forest management.

Yield tables were developed for many spe-
cies, many site classes, and many regions (e.g. 
Tjurin and Naumenko 1956, e.g. McArdle 1961, 
Nishizono et al. 2005). They list expected stand 
characteristics such as tree height, basal area, 
and standing timber volume, as well as proposed 
timber volume of thinning and harvesting for sev-
eral stand age classes and tree species. Because 
of environmental changes over the last 50 to 60 
years some older yield tables do not reflect current 
tree growth (Mund et al. 2002, Jandl et al. 2007). 
However, their common use in forestry practice 
and for forest planning indicate their usefulness 
at least in the past.

The objective of this study is to demonstrate 
how yield tables can be used to estimate long-term 

means of past litter production. This proposed 
methodology is significant for all studies on soil 
carbon balance where no better data on former 
forest management or biomass is available. The 
intended spatial scale is the regional level with 
calculations based on single stands or single strata 
of the forested area. We investigate the follow-
ing questions: 1) How relevant is litter produc-
tion resulting from self-thinning, precommercial 
thinning, commercial thinning, and final harvest 
compared to litter production resulting from foli-
age, fine roots, and branches turnover? 2) How 
large is the influence of different tree species and 
of different site qualities on the estimates of litter 
production? And 3) how large are the uncertain-
ties of the estimates and which factors contribute 
most to them?

We exemplify the approach using yield tables 
that have been applied to forests in Eastern Ger-
many (Nicke 1997) to drive a forest growth model 
and convert simulated timber volume and harvest 
to rates of litter production. Further we study the 
uncertainty of the results and the sensitivities to 
parameters and assumptions.

Fig. 1. Overview of modeling mean litter production by 
yield tables. Information on forestry management, 
as represented by yield tables was used to drive a 
stand growth model. The model outputs were used 
to calculate litter production by biomass turnover 
and management operations during stand growth. 
Finally, the outputs were aggregated across one 
rotation period.
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The database currently contains 228 yield tables 
out of 49 yield table collections. Each yield table 
collection contains several tables corresponding 
to different site qualities. Site quality is expressed 
by the site index as defined above. In this study 
we used yield tables that have been applied in the 
past in Eastern Germany (Table 1). Hence, the 
study area of the application example is defined 
by the set of stands, where these yield tables have 
guided the management, which comprises most of 
the forest area of Eastern Germany. The approach 
of inferring biomass removal by yield tables can 
be extended to other regions in a straightforward 
way, by using the yield tables that have been 
applied in the corresponding region.

2.2 Stand Development Simulations

Stand development was simulated with the 
TreeGrOSS model (Nagel 1999, Nagel 2003). 
The empirical stand growth model simulates 
diameter and height development of single trees 
and explicitly takes account for competition. By 
these simulated competition indices also self-
thinning is simulated. The stand was initialized 
according to the first age that was recorded in 
the yield table and had a tree diameter (dbh) ≥ 
7 cm. We implemented thinning and harvesting 
operations according to the yield tables in the 
following way. We simulated tree growth with 
environmental conditions of the former century, 

Table 1. Yield tables that have been used in this study to simulate standard rotation and litter inputs. Several site 
indices were used. Additionally the table lists the prescribed rotation length and the stand age from which 
commercial thinning with biomass removal was applied. a) taken from (Nicke 1997).

Tree group Yield table Site index Length of Begin of biomass
 (mostly grey literature) (m) rotation (yrs) removal
    (% of rotation)

Spruce Wenk et al. (1985) (a) 36/30/24 120/120/130 40
Beech Dittmar et al. (1986) (a) 36/30/24 160/160/160 40
Pine Lembcke et al. (1976) (a) 32/26/20 130/130/140 40
Oak Ertelt (1962) (a) 23.4/20/15.7 200/200/160 30
Larch Schober R (1987) (a) 34/29.5/25 140/140/140 40
Douglas fir Bergel (1985) (a) 43.8/38.7/34.1 100/100/100 40
Linden/Maple Böckmann (1990) 33.5/29.2/23.1 90/120/120 60
Birch Tjurin and Naumenko (1956) (a) 31.8/25.1/17.1 100/100/90 40
Ash Wimmenauer (1919) in (Erteld 1962) (a) 29.9 / 24.8 120/120 40
Poplar Knapp (1973) in (Autorenkollektiv 1982) (a) 37/30.5/24.1 50/50/50 70

2 Methods

An overview of the general approach of this study 
is given in Fig. 1. The details are explained in the 
following sections.

2.1 Yield Tables and Study Area

We used yield tables as a source of data on prob-
able past forest management. In general, yield 
tables describe the ‘‘regular growth’’ of forest 
stands for: 1) distinct tree species; 2) under con-
stant environmental conditions; 3) according to 
a defined management regime. In a first step, we 
compiled a relational database of yield tables, 
which provides amongst others the following 
attributes.

– meta information: region, where the data that was 
used to construct the table data was collected, 
genus and species, and citation

– absolute site index: the expected height of trees 
(m) at stand age 100 years (Kramer and Akça 
1995)

– stand attributes: stand age (yr), dominant height 
(m), basal area (m²), tree number per hectare (1/
ha), and timber volume (m³/ha), quadratic mean 
of tree diameters at breast height (dbh) (cm), and 
stand height (m)



562

Silva Fennica 41(3), 2007 research articles

which well matched the growth recorded in the 
yield tables. Tree growth was simulated in periods 
of at most 5 years. Shorter periods occurred when 
the time to the next date that was recorded in the 
corresponding yield table was less than 5 years. 
We simulated tree dimensions before the growing 
season. In each of these simulation cycles, first 
growth was projected, next self-thinning during 
this period was calculated, and finally thinning 
was applied. Basal area of thinned trees was 
derived by comparing the yield table target basal 
area with the simulated basal area. Type of thin-
ning (from above/below/neutral) was determined 
by comparing diameter from yield table with the 
simulated diameter. We assumed a clearcut of 
the stand at the last age that was listed in the cor-
responding yield table. In addition we specified 
the stand age until precommercial thinning has 
been applied by a fraction of the rotation period 
(Table 1). At precommercial thinning all biomass 
is left in the forest, at commercial thinning a 
defined fraction of branches and stem is removed 
from the forest.

2.3 Calculation of Litter Production by Tree 
Biomass Turnover

Yield tables and the stand growth model provided 
data on timber volume. Our focus, however, was 
on litter production, which originated from bio-
mass turnover of all tree compartments. Hence, 
the timber volume was converted to dry timber 
biomass by species specific basic wood densities. 
Next, biomass of different tree compartments 
were estimated by multiplying timber biomass by 
site and age specific expansion factors. Finally, 
biomass stocks were converted to carbon stocks 
by species specific carbon concentrations. The 
product of wood density and expansion factor is 
termed conversion-expansion (ce-factor) factor 
in this study. For spruce we used the functions 
of expansion or conversion factors developed for 
Central Europe (Wirth and Schumacher 2002, 
Wirth et al. 2004) and for pine the functions devel-
oped for Finish forests (Lehtonen et al. 2004a). 
For beech, only ce-factors for whole tree carbon 
stock were available. Hence, we re-examined the 
dataset of Wirth et al. (2004) to derive ce-factors 
for other tree compartments as well (Table 2). 

Table 2. Coefficients and standard errors of the con-
version-expansion factor function ceBeech = b0 + 
b1e–b2xAge (t C/m³ dry wood), stratified by tree 
compartment and site index. Site indices: 0 – across 
all, 1 – good (> 28 m), 2 – average (20...28 m),  
3 – low (< 20 m); rmse – root mean square error of 
the residuals; cv – rmse / mean (ceBeech)

Compart- Site b0 b1 b2 rmse cv 
ment index

Total 0 0.741 0.636 0.018 0.113 12.7%
 1 0.735 1.320 0.020 0.152 14.6%
 2 0.760 0.649 0.022 0.079 9.2%
 3 0.827 0.922 0.067 0.065 7.2%
Stem 0 0.479 0.380 0.020 0.073 8.2%
 1 0.445 0.765 0.021 0.155 14.9%
 2 0.464 0.289 0.014 0.052 6.0%
 3 0.530 0.496 0.050 0.042 4.7%
Branches 0 0.137 0.235 0.037 0.044 5.0%
 1 0.164 0.361 0.027 0.054 5.2%
 2 0.142 1.341 0.091 0.029 3.4%
 3 0.107 0.274 0.054 0.026 2.9%
Leaves 0 0.005 0.107 0.042 0.005 0.6%
 1 0.004 0.137 0.033 0.005 0.4%
 2 0.006 0.286 0.075 0.002 0.3%
 3 0.006 0.141 0.067 0.001 0.1%
Root 0 0 0.185 0.002 0.292 32.7%
 1 0 0.258 0.004 0.189 18.1%
 2 0 0.199 0.003 0.281 32.6%
 3 0 0.118 –0.004 0.301 33.5%

The factors depend on species, stand age, and 
site quality. Biomass of other tree species was 
calculated using ce-factors of either spruce, pine, 
or beech, but using species specific dry wood 
densities and carbon contents. Basic wood densi-
ties and carbon contents were taken from Weiss 
et al. (2000).

The above ground litter production was derived 
by multiplying branch and foliage biomass by a 
mean turnover time (Table 3). We did not calcu-
late the turnover of stem and coarse root because 
this was accounted for by self-thinning, thinning 
and harvest. The production of below ground litter 
was derived by multiplying the above ground 
litter production by a species specific factor (Table 
3). For Pine and Spruce forests we adapted the 
factor 1.5 from Ågren et al. (2007). We did not 
find a similar study for beech. However, in a first 
approximation we assumed that the soil carbon 
inputs by litter production are balanced by outputs 
by soil respiration, i.e. the storage is very small 
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compared to the input/output fluxes. Bowden et al. 
(1993) found that 37% of the annual soil respira-
tion of a North American broadleaved forest can 
be attributed to above ground litter and 30% to 
belowground litter. A more recent study confirms 
this ratio of about 0.8 of below ground to above 
ground litter production but indirectly infers an 
additional carbon flow from roots to rhizosphere 
(Fahey et al. 2005). Because our focus is on soil 
carbon inputs by litter production, we included 
this flux in the below ground litter production and 
used a ratio of 1.0 for beech.

Our aim was to come up with a mean of litter 
production across the entire rotation cycle. Hence, 
we aggregated the litter input rates of all the 
simulation periods by Eq. 1.
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period 0 5
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p i p i− +( )  by the length of the period ti. 
Finally the sum of the litter across all simulation 
periods was divided by sum of the length of all 
simulation periods, i.e. the rotation length.

2.4 Calculation of Litter Production by 
Thinning and Harvesting Events

In addition to litter production by foliage, fine-
root, and branch turnover, also self-thinning and 
residues after harvesting or thinning operations 

contribute to litter production and carbon inputs 
to the soil (Harmon et al. 1996, Nishizono et 
al. 2005). In each simulation period the stand 
growth model simulated the timber volume of 
a) trees that died by self-thinning, b) trees cut by 
precommercial thinnings, and c) trees extracted 
by commercial thinning and harvest. Carbon 
stocks of tree compartment of tree volumes a) 
and b) were calculated with previously presented 
conversion factors. We excluded foliage and fine-
root carbon stocks from input to the soil to avoid 
double counting with turnover. This led to a small 
underestimation of litter input rates for conifer-
ous trees.

During commercial thinning and harvest a part 
of the stem and branch biomass is removed and 
another part is left at the side as harvest residues. 
Information about the proportion of the removed 
wood is based on timber volume and does not dis-
tinguish between stem and branch. At coarse scale 
removal statistics can be used to obtain extracted 
timber volume (Dieter and Elsasser 2002). How-
ever, at stand scale, we used values of a guideline 
of the forest administration (Weber 2003) to inter-
polate proportion of the removed timber volume 
by species and stand age (Fig. 2).

The carbon in harvest residues was calculated 
in the following way. We multiplied the sum of 
stem and branch carbon by proportion of removed 
timber wood (Fig. 2). Next we partitioned the 
remaining carbon to fine woody litter and coarse 
woody litter with the proportions 40% and 60% 
respectively. We did not find suitable studies to 
back up this subjective partitioning. However, 
we will discuss with the sensitivity analysis that 
changes in this partitioning do not affect the result-

Table 3. Coefficients for estimating biomass turnover. Numbers in brackets denote the standard deviation, used 
in the sensitivity analysis (a) (Muukkonen and Lehtonen 2004) with assuming standard deviation of 1/2 of 
the range to minimum; (b) (Ågren et al. 2007); (c) (Heinsdorf et al. 1993); (d) based on equation 4 from 
(Lehtonen et al. 2004b); mean across trees with dbh from 7 to 40 cm; (e) all leaves biomass is shed each year 
unless some carbon that is translocated before leaves senescence (f) based on data of (Mund 2004) (g) based 
on (Bowden et al. 1993) and (Fahey et al. 2005).

Species Turnover [1/yr]
 Foliage Branches Belowground / Aboveground
   litter production

Spruce 0.10 (0.015) (a) 0.0125 (0.008) (a) 1.5 (0.3) (b)
Pine 0.4 (0.1) (c) 0.015 (0.01) (d) 1.5 (0.3) (b)
Beech 0.9 (0.09) (e) 0.013 (0.01) (f) 1.0 (0.2) (g)
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ing equilibrium soil carbon stocks very much. All 
the litter produced by thinning/harvesting events 
was summed over the rotation period and divided 
by the rotation length to obtain a mean annual rate 
of litter production.

2.5 Uncertainty Analysis

Uncertainty of the calculated litter production was 
studied by the Monte Carlo method. This method 
investigates the distribution of a random variable 
by simulating random numbers (Gentle 1985). 
In our case the random variable, in which we are 
interested in, is the sum litter production over all 
litter compartments and the simulated random 
numbers represent the parameters that were used 
to calculate litter production. Monte Carlo simu-
lation involves the generation of a large number 
of realizations of the parameters from their joint 
probability distribution. The distribution of the 
calculated results, i.e. rates of litter production, 
across all the realizations of parameters represents 
the result’s empirical joint probability distribu-
tion. This empirical distribution can be used to 
describe the uncertainty of the result.

We studied the propagation of the uncertainty 
of converting timber volume to carbon stocks in 

stem, branch, foliage, and root by varying the 
product of expansion-factor, wood density, and 
carbon content (ke-factor). The precision of this 
product is dominated by the biomass expansion 
factor. The precision listed in Table 4 actually 
describes the uncertainty of predicting an interme-
diate expansion factor for a given combination of 
site factors such as stand age and site quality. We 
also included uncertainty of biomass turnover by 
varying the mean lifetime of foliage and branches 
and by varying the proportion of belowground 
litter input. In addition we included uncertainty 
of information on management to our analysis 
by varying the proportion of removed timber, 
the proportion of remaining coarse wood that 
is collected for firewood, and the proportion of 
fine wood in harvest residues. We prescribed a 
log-normal distribution for each parameter with 
a mean according to standard parameterization 
and a coefficient of uncertainty (cv) according to 
Table 4. The mean of simulated litter production 
varied less than 0.3% after 4000 runs. Hence we 
used 5000 runs for one Monte Carlo simulation. 
In a first scenario we assumed all parameters to be 
independent. In a second scenario we introduced 
positive correlations between the ce-factors of 
stem, root, and foliage, and a negative correlation 
between the ce-factors of stem and branches. The 
correlations at the scale of the normal distribution 
were 0.7 and –0.4 respectively. This reflected our 
experiences from examining uncertainty with con-
structing biomass functions for Common beech 
(Wutzler and Wirth 2007).

2.6 Sensitivity Analysis

The data generated by the Monte Carlo simula-
tion was also used to assess which parameters 
had the largest influence on the uncertainty of 
litter production. We assessed the importance of 
each parameter by calculating the rank-based cor-
relation, called Spearman’s rho (Conover 1980), 
between each input parameter and the calculated 
litter production. The strength of this correlation 
reflects how strongly the parameter influences 
the uncertainty in the results (Vose 1996). In 
order to compare the correlations we normalized 
the squared correlation to 100%. We refer to this 
value as importance index.

Fig. 2. Regional estimates of extracted timber volume in 
relation to timber volume of trees that died during 
commercial thinning operation according to Weber 
(2003). Having regional species and age-specific 
estimates of this factor improves the estimate for 
the litter production resulting from harvest resi-
dues.
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In addition to the Monte Carlo study, we 
investigated how the uncertainty of stand growth 
affected the litter production. We represented the 
uncertainty of stand growth by varying the site 
index. The soil carbon inputs for the uncertain 
site index were linearly interpolated between the 
site indices, for which the soil carbon inputs have 
been calculated previously from yield tables.

2.7 Comparison with Measured Leaves 
Litterfall

To validate our model results we compared the 
estimated litter production by leaves turnover 
with measured litter fall data of a case study on 
European beech forests (Fagus sylvatica L.) in 
Thuringia, Germany, under different silvicultural 
management (regular shelterwood system, selec-
tion system, unmanaged forest; Mund (2004). In 
that study annual litter fall of two years was meas-
ured by litter traps at four study sites including 3 
or 5 forest stands. The mass of leaf litterfall was 
converted to carbon by measured carbon contents. 
Growing conditions are described as optimal for 
beech forests and corresponding to site indices 
above 28 m.

3 Results

The three major sources of litter production, 
which were investigated in this study, were con-
tinuous biomass turnover, self-thinning, and 
residues remaining after thinning operations and 
harvest. Simulated self-thinning differed between 
species. For spruce and beech stands, which were 
dominating at the study area, carbon inputs from 
self-thinning was negligible compared to harvest 
and thinning residues.

The comparison of litter production by species 
revealed large differences (Fig. 3). The com-
parison also confirmed that the sum of litter pro-
duction resulting from thinning and harvest was 
smaller but of the same magnitude as large as 
the sum of litter production by turnover of foli-
age, fine root, and branches across the rotation 
period. In the comparison of litter production by 
different litter compartments, the largest contribu-
tions were found with fine root litter production, 
followed by foliage litter production (Fig. 4). 
Branch turnover contributed minor parts only. 
When comparing litter production by site qual-
ity, we found that differences were in the same 
magnitude as the mean for all compartments (Fig. 
4). The calculated litter production for the three 

Table 4. Coefficient of uncertainty (standard deviation divided by the mean) of the parameters used in the uncer-
tainty analysis. ke: product of wood density, expansion factor, and carbon content; (a) according to Table 3 
(b) G. Weber pers. communication, see also Fig 2 (c) unknown, reasonable number (d) unknown, conservative 
number (e) (Wirth et al. 2004) with regional density error and site specific factors (f) according to Table 3 in 
(Lehtonen et al. 2004a) (g) medium site index of Table 2.

Identifier Description Spruce Pine Beech

Biomass to Carbon Conversion
keStem ke of Stem 13.3% (e) 5.3% (f) 6.0% (g)
keBranch ke of Branch 13.3% (e) 9.7% (f) 3.4% (g)
keFoliage ke of Foliage 13.3% (e) 25.9% (f) 0.3% (g)
keRoot ke of Root 13.3% (e) 11.3% (f) 33.0% (g)

Biomass Turnover
lifetimeBranches lifetime of branches (a)  63.0% 67.0% 70.0%
lifetimeFoliage lifetime of foliage (a) 15.0% 25.0% 10.0%
pBelow ratio of below ground to above ground litter
 production (a) 20.0% 20.0% 25.0%

Thinning and Harvest
harvExt ratio of harvest volume to timber volume(b) 5.0%
pWoodPicked proportion of collected remaining coarse wood (c) 25.0%
fwlShare proportion of fine wood in harvest residues (d) 30.0%
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Table 5. Calculated litter production (tC/ha/yr).

Species Site index  Turnover   Thinning and harvesting
  Foliage Fine root Branch Fine wood Coarse wood Coarse root

Spruce 24.0 0.57 0.89 0.20 0.25 0.22 0.43
 30.0 0.79 1.18 0.22 0.38 0.38 0.62
 36.0 1.25 1.83 0.30 0.57 0.69 0.74
Pine 20.0 1.46 1.96 0.13 0.24 0.74 0.53
 26.0 2.15 2.87 0.19 0.31 0.95 0.70
 32.0 2.88 3.83 0.25 0.40 1.22 0.90
Beech 24.0 0.77 0.89 0.24 0.23 0.24 0.52
 30.0 1.56 1.79 0.42 0.42 0.48 0.81
 36.0 2.15 2.45 0.55 0.65 0.81 1.15
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most important species for three different site 
qualities are listed in Table 5.

In the following presentation of the results of 
the Monte Carlo uncertainty analysis, we con-

centrate on the sum of litter production across all 
litter compartments. Fig. 5 displays the resulting 
empirical distribution of two Monte Carlo simu-
lations for spruce of site index 30 m. The first 
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simulation was performed with sampling from a 
parameter distribution that assumed independent 
parameters, the second one from a parameter 
distribution that included correlations between 

the parameters. From the first distribution, we 
calculated a mean litter production of 3.9 tC/ha/
yr, a standard deviation of 0.65 tC/ha/yr, giving 
a coefficient of uncertainty (cv) of 17%. The 
variance of the second simulation did not differ 
from the first simulation within two significant 
digits. Similarly, we inferred a cv of 14% and 
25% for beech and pine respectively from their 
empirical distributions. These uncertainties were 
in the same magnitude as the uncertainty of stand 
growth, as represented by a 5% increase of the 
site index.

The comparison of the importance index, a 
combined measure of parameter uncertainty and 
parameter sensitivity, provided a measure of the 
relative importance of the parameters for the 
uncertainty in the soil carbon inputs. Fig. 6 dis-
plays the importance index for all the parameters 
that were included in the sensitivity analysis. 
Uncertainty of foliage turnover (lifeTimeFoliage) 
was an important cause of the uncertainty in litter 
production for all species. Contrary, uncertainty 
in harvest information (harvest, pWoodPicke, 
fwlShare) was not important with all species. 
For Pine, the comparatively high uncertainties of 
both, expansion factor for foliage and mean life-
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Fig. 5. Histogram litter production for Spruce of site 
index 30 m when accounting for uncertainty in 
model parameters. The distribution deviates 
slightly from normal by having a stronger positive 
tail. In the case where correlations between input 
parameters were accounted for, the distribution has 
slightly stronger tails.

Fig. 6. Importance index, i.e. relative influence of the parameter uncertainty on the results uncer-
tainty, for litter production of intermediate site quality. Parameter identifiers are described in 
Table 3. For all species the mean lifetime of foliage is very important (lifeTimeFoliage), for 
Pine also the conversion from timber to foliage biomass (keFoliage) is important. The mean 
life time of branches (lifeTimeBranch) is the most important factor for Spruce and Beech. 
Uncertainty in information on harvest (last three parameters) is not contributing much to the 
uncertainty in results in all three cases.
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time of foliage (Table 4) were important causes 
of the large uncertainties in the result and are 
dominating over all the other factors.

We further studied how the uncertainty of litter 
production would decrease if we were able to 
better constrain foliage biomass and turnover. We 
repeated the Monte Carlo analysis with double 
precision of the ke-factor, i.e. product of expan-
sion factor, wood density and carbon content, 
for foliage and double precision of the foliage 
turnover time compared to Table 4. This resulted 
in a reduction of the relative error (cv) of the sum 
of soil carbon inputs by 3%, 11%, and 0% for 
spruce, pine, and beech, respectively. For spruce 
and beech, the lifetime of branches became the 
most important parameter. For pine, the foli-
age parameters still had the highest importance 
index.

The reliability of the applied model approach 
is shown by the comparison with field data given 
in Fig. 7. The modeled data well matched the 
range of measured annual leaf litter fall at for 
beech study sites.

4 Discussion

Forest soil carbon inputs by litter production are 
usually derived using forest inventories (de Wit 
et al. 2006, Liski et al. 2006, Ågren et al. 2007). 
However, in most countries, forest inventories are 
only available for the very recent past. Therefore, 
this study presented an alternative approach that 
is based on yield tables instead of forest inven-
tories. We exemplified the approach by estimat-
ing long-term mean past litter production based 
on yield tables that have been used in Eastern 
Germany. Further we assessed the uncertainties 
of the results and the importance of several input 
parameters.

The litter production by residues from thinning 
and harvest was smaller than the litter production 
by biomass turnover but of the same magnitude 
(Fig. 3, Fig. 4). Self-thinning did not signifi-
cantly affect soil carbon inputs in forests of the 
most common tree species. This can be explained 
by the fact, that the management proposed in 
yield tables result in stand densities at which no 
or only slight competition for light occurs. For 
birch, maple and pine self-thinning contributed 
to soil carbon inputs in the same magnitude as 
harvest residues. However, most of the self-thin-
ning occurred in the period of precommercial 
thinning, where all wood remains at the site. 
And soil carbon stocks do not depend much upon 
whether tree biomass entered the forest floor by 
self-thinning or as harvest residues. Allocation 
has been studied extensively before (Burschel et 
al. 1993, Baritz and Strich 2000, Löwe et al. 2000, 
Lehtonen et al. 2004a, Levy et al. 2004, Jalkanen 
et al. 2005, Zianis et al. 2005) and also estimating 
turnover of leaves and branches has been studied 
(Lehtonen et al. 2004b, Muukkonen and Lehtonen 
2004, Ågren et al. 2007). However, only minor 
research has been done to quantify harvest resi-
dues. At regional or national scale forest statistics 
have been used (Ågren et al. 2007), but at stand 
level it is difficult to use regional forest statistics. 
Hence, in many studies a fixed portion of stem-
wood is extracted and the other compartments are 
left on site. For example Kaipainen et al. (2004): 
transferred 10–15% of stemwood from the thin-
nings and the final cuttings to litter. In contrast, 
the presented study explicitly takes into account 

Fig. 7. Comparison of calculated litter production by 
leaves for beech with litter fall data from Mund 
(2004). Both, the mean and the standard deviation 
(error bars) of values calculated for two site indi-
ces 28 m and 30 m (modeled28, modeled30) well 
match the range of carbon in measured litter fall 
at the sites Leinefelde (lei), Muehlhausen (muehl), 
Hainich (hai), and Langula (lang).
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first, the distinction between precommercial and 
commercial thinning (Table 1), second, the age-
dependency of the proportion of remaining wood 
(Fig. 2), and third, self-thinning.

Site quality, as expressed by the site index, had 
a large influence on both, litter production by 
biomass turnover and litter production by harvest 
residues (Fig. 4). The effect of site quality is of 
the same magnitude as differences by species and 
as the mean of soil carbon inputs. Published soil 
carbon studies at the national scale consider age 
classes and species, but often site quality is not 
taken into account explicitly (e.g. de Wit et al. 
2006, Liski et al. 2006, Ågren et al. 2007). How-
ever, our results suggest that site index should be 
explicitly accounted for.

We used the Monte Carlo approach to study 
the uncertainty of the calculated soil carbon. 
An alternative approach would have been error 
propagation methods. However, error propaga-
tion methods assume specific distributions of the 
parameters and all intermediate results, and they 
have problems with non-linearity, because they 
are usually based on a first order Taylor expansion 
(Winzer 2000). Contrary, Monte Carlo analy-
sis is an effective method to assess uncertainty 
when models are complex with non-linearity and 
with different types of correlations (Morgan and 
Henrion 1990, Vose 1996). When we compare 
our estimates of litter production of spruce of 
intermediate site quality (3.8 t/ha/yr) with an 
estimate across all forests in Finland (Peltoniemi 
et al. 2006), their estimates are slightly lower 
(2.7–3.0 tC/ha/yr). This is reasonable, because 
we expect forests in the region of our study to be 
more productive. Peltoniemi et al. (2006) also 
performed an Monte Carlo analysis and quantified 
the standard deviation of litter production, i.e. soil 
carbon inputs, to be 0.36 tC/ha/yr, correspond-
ing to a 13% relative error. Our higher estimate 
of relative error of 18% is probably because we 
used a higher uncertainty of foliage turnover. 
When aggregating the results of a set of stands 
or strata to a larger forest area, the precision of 
the aggregated value increases with the square 
root of the number of stands or strata (Kurth et 
al. 1994). Smith and Heath (2001) found with an 
uncertainty analysis of ecosystem carbon stocks, 
that introducing temporal correlations decreased 
uncertainty very much. Peltoniemi et al. (2006) 

demonstrated, that estimating litter from stand-
ing biomass overestimates temporal correlation 
and underestimates uncertainty of annual results. 
In our study, temporal correlations were not as 
important, because we aggregated results across 
an entire rotation period (Eq. 1). In our results, 
also the inclusion of correlations between model 
biomass expansion factors of different compart-
ments did not change the distribution of soil 
carbon inputs significantly (Fig. 5).

The results of the sensitivity analysis strongly 
depend on the assumptions about the distribution 
of the parameters. We assumed a right-skewed 
log-normal shape for all parameters. This distri-
bution is more suitable than a normal distribu-
tion especially for the conversion factors and the 
lifetimes of foliage and branches than a normal 
distribution. On the one side, values below zero, 
which can occur in the normal distribution, are 
clearly not valid. On the other side values larger 
than twice the mean are observed occasionally. 
However, we expect the shape of the distribu-
tion to not affect the distribution of the results 
very much (e.g. Smith and Heath 2001). For 
some of the parameters we assigned subjec-
tive values. In the Monte Carlo simulations we 
therefore assigned rather high relative errors to 
these parameters in order to reflect our lack of 
knowledge about these parameters. However, in 
the sensitivity analysis, some of these uncertain 
parameters did not influence the calculated litter 
production very much (proportion of fine wood 
in harvest residues, proportion of coarse harvest 
residues that are collected for private combustion, 
and to some extent also uncertainty of the ratio of 
below ground litter production). The importance 
index reflects both, the uncertainty of the param-
eter and the sensitivity of the parameter (Hamby 
1994). On the one side there are parameters that 
are uncertain but not sensitive (e.g. collected 
coarse wood). They are not very important for 
the uncertainty of the results. On the other side, 
there are sensitive parameters. Small changes in 
these parameters have a substantial influence on 
the results. However, if their precision is high, i.e. 
they have a low relative error, then they are also 
not important for the uncertainty in the results. 
Hence, we should concentrate on the parameters 
that are important, i.e. sensitive and uncertain.

For all species, the lifetime of foliage was a 
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very important parameter (Fig. 6). Mean lifetime 
is the reciprocal of the turnover. Ågren et al. 
(2007) found, that the mean lifetime of needles 
of spruce and pine is correlated to latitude. How-
ever, Wachter (1985) found that mean lifetime of 
spruce needles varied by 13% already at regional 
scale and that lifetime increased with altitude 
and water availability. A combined observation 
and modeling study (Muukkonen and Lehtonen 
2004) quantified a range of turnover times of 
spruce needles of 0.7 to 0.13 yr–1 for southern 
Finland, which corresponds to a relative error of 
15%. Bornkamm et al. (2003) cited 8 studies of 
pine needles in which a mean lifetime between 
2 and 3 years was found in Slovakia, Estonia, 
southern Finland, England and northern Germany. 
However, their own measurements in Germany 
resulted in a mean life time of pine needles of 1.7 
years. They attributed this low value to periods 
of hot and dry weather conditions. Therefore, we 
used a relative error of 25% for pine, which is 
considerably higher than the 11% that was used 
for foliage by Peltoniemi et al. (2006). For broad-
leaved forests most studies assume a turnover rate 
of 1 yr–1 because all foliage is shed. However, 
some of the carbon is translocated during leaves 
senescence or consumed by herbivores before 
reaching the ground. Fahey et al. (2005) reported 
16 to 26% maximum extent of carbon resorption 
from the differences in leaf area to weight ratio 
between late-season live foliage and fresh lit-
terfall for northern American hardwood forest. 
Similar to Fahey’s approach, we quantified a 
value of 9% of carbon resorption from data of a 
Common beech forest in northern Spain (Regina 
and Tarazona 2001). Hence, in this study we used 
a beech foliage carbon turnover rate of 0.9 yr–1 
instead of 1.0 yr–1. In order to improve precision 
of soil carbon inputs, environmental dependen-
cies of foliage carbon turnover should be studied 
further and incorporated into the carbon turnover 
calculation.

For beech and spruce, also the lifetime of 
branches had a substantial influence on litter pro-
duction (Fig. 6). Because we did not find explicit 
literature on beech branch turnover, we estimated 
branch turnover and its error by dividing branch 
biomass by branch litterfall for each of 16 stands 
from the study of Mund (2004). The turnover had 
a large variability (cv = 74%) and declined with 

stand age (r2 = 0.52). The correlation between 
branch turnover and tree diameter was studied 
for spruce (Muukkonen and Lehtonen 2004) and 
pine (Lehtonen et al. 2004b) in southern Finland. 
A next step in improving the estimates of soil 
carbon inputs is to perform similar studies in other 
regions too, and to implement the derived results 
in the carbon turnover calculation.

In the following we discuss how and why some 
aspects of the used methods differed from previ-
ous studies. Other studies calculated fine root litter 
production similar as foliage litter production by 
estimating biomass and turnover (e.g. Peltoniemi 
et al. 2004). However, both, the estimation of 
fine root biomass and the turnover is still very 
uncertain (Matamala et al. 2003, Hutchings and 
John 2004, Majdi et al. 2005, Godbold et al. 2006, 
Mulia and Dupraz 2006). Hence, some studies 
use the idea of functional scaling, which sug-
gests a stable proportion between foliage and root 
biomass, to estimate fineroot biomass (Vanninen 
and Mäkelä 1999, de Wit et al. 2006). However, 
with this approach there is still the uncertainty 
of fineroot turnover. Therefore, we followed an 
approach of Ågren et al. (2007), which extends 
the idea of functional scaling to litter production. 
Hence, we use a fixed ratio of below ground litter 
production to above ground litter production. Our 
study, as well as previous studies, did not dis-
tinguish between soil carbon inputs by fine root 
litter production and by root exudates. However, 
evidence is accumulating that the carbon trans-
port by root exudates is a major carbon flux with 
a different dynamics in soil (Fahey et al. 2005, 
Högberg and Read 2006).

Two important factors were not taken into 
account explicity in this study. These are ground 
vegetation and natural disturbances. Peltoniemi et 
al. (2006) applied a mean biomass stock of ground 
vegetation of 3.8 t/ha and a mean turnover rate 
of 0.33 yr–1 based on more detailed data for for-
ests in southern Finland (Peltoniemi et al. 2004). 
Application of the same numbers together with 
50% carbon content to this study would lead to an 
additional increase of non woody litter production 
of 0.63 tC/ha/yr. A part of the natural disturbances 
is accounted for by the yield tables, which state 
that only 80% of the given basal area should 
be thinned. The other 20% of the thinned basal 
area will be killed due to other reasons such as 
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disturbance (Wenk et al. 1985). However, if there 
are larger scale disturbances, litter production 
will be larger compared to the values presented 
in this study.

The good agreement between calculated and 
measured leaf litter production (Fig. 7) increases 
our confidence in the calculated soil carbon 
inputs. While the sites Leinefele (lei) and Muehl-
hausen (muehl) have been managed according to 
yield tables, the Hainich site (hai) represents an 
unmanaged forest and the Langula site (lang) a 
selection cutting system. However, leaf litterfall is 
estimated quite well for all the sites with the yield 
table based approach showing that the uncertainty 
of the modelled values are in the range of the 
variability caused by the studied management 
activities.

5 Conclusions

– Residues left after thinning and harvest contributed 
to litter production in the same magnitude as the 
continuous biomass turnover. Therefore, it is impor-
tant to consider at least one full rotation period 
including thinning operations and final harvest for 
estimating long-term mean litter production.

– Both, different species and differences in site qual-
ity for the same species caused variability in litter 
production that was of the same magnitude as the 
mean of litter production. Hence, site quality is 
very important for estimating litter production at 
stand scale, but should also be taken into account 
at broader scales.

– We quantified the relative error of the presented 
litter production to be 14%, 17%, and 25% for 
beech, spruce, and pine stands respectively. This 
uncertainty was mainly due to the large natural 
variability in foliage biomass and foliage lifetime. 
A better explanation of this variability by environ-
mental conditions will improve the precision.

– Long-term means of past litter production rates 
and their uncertainty can be reliably estimated for 
the former century on the basis of yield tables. 
The presented approach can provide a new tool to 
establish the baseline carbon stocks in dynamic soil 
carbon models (Peltoniemi et al. 2007, Wutzler and 
Reichstein 2007), which in turn can be used for soil 
carbon monitoring.
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