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Abstract Wood products are considered to contribute to

the mitigation of carbon dioxide emissions. A critical gap in

the life cycle of wood products is to transfer the raw timber

from the forest to the processing wood industry and, thus, the

primary wood products. Therefore, often rough estimates are

used for this step to obtain total forestry carbon balances. The

objectives of this study were (1) to examine the fate of timber

harvested in Thuringian state forests (central Germany),

representing a large, intensively managed forested region,

and (2) to quantify carbon stocks and the lifetime of primary

wood products made from this timber. The analyses were

based on the amount and assortments of actually sold timber,

and production parameters of the companies that bought and

processed this timber. In addition, for coniferous stands of a

selected Thuringian forest district, we calculated potential

effects of management, as expressed by different thinning

regimes on wood products and their lifetimes. Total annual

timber sale of soft- and hardwoods from Thuringian state

forests (195,000 ha) increased from about 136,893 t C

(*0.7 t C ha-1 year-1) in 1996 to 280,194 t C (*1.4 t C

ha-1 year-1) in 2005. About 47% of annual total timber

harvest went into short-lived wood products with a mean

residence time (MRT) \ 25 years. Thirty-one per cent of the

total harvest went into wood products with an MRT of

25–43 years, and only 22% was used as construction wood

and glued wood, products with the longest MRT (50 years).

The average MRT of carbon in harvested wood products was

20 years. Thinning from above throughout the rotation of

spruce forests would lead to an average MRT in harvested

wood products of about 23 years, thinning from below of

about 18 years. A comparison of our calculations with esti-

mates that resulted from the products module of the CO2FIX

model (Nabuurs et al. 2001) demonstrates the influence of

regional differences in forest management and wood pro-

cessing industry on the lifetime of harvested wood products.

To our knowledge, the present study provides for the first

time real carbon inputs of a defined forest management unit

to the wood product sector by linking data on raw timber

production, timber sales and wood processing. With this

new approach and using this data, it should be possible to

substantially improve the net-carbon balance of the entire

forestry sector.

Keywords Harvested wood products �
Carbon sequestration � Product lifetime �
Thinning from above � Thinning from below

Introduction

Wood products are important for the analyses of the miti-

gation potential of the forestry sector for climate change

(Eriksson et al. 2007; Nabuurs et al. 2007). In wood

products, carbon is bound until the products decay or until

they are burned as waste. In addition, the substitution of

manufactured materials (for example steel and alloys) by

wood is associated with less emissions of CO2 and other

pollutants and less waste during the whole product life

cycle compared with alternative materials (Petersen and

Solberg 2005; Gustavsson et al. 2006). An important
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contribution to the reduction of CO2 emissions also results

from the substitution of fossil fuels by combustion of woody

biomass that is not usable for wood products or from the

combustion of wood waste (Marland and Schlamadinger

1997). An analysis of the potential contribution of wood

products to mitigate CO2 emissions in Switzerland for the

years 2000 until 2130 found a considerable potential, espe-

cially in the sectors of energy and material substitution

(Werner et al. 2006). However, despite the high potential of

wood products to contribute to climate change mitigation,

data on carbon stocks in wood products in use and on the

longevity of these products are rare (e.g. at regional to

national scales: Becker and Mellinghoff 1997; Dias et al.

2005; Perez-Garcia et al. 2005; White et al. 2005; at conti-

nental scale: Eggers 2002). Also in Germany, where an

increase in wood use by 20% within the next few years is

promoted by the governmental ‘‘Joint Initiative Charta for

Wood’’ (BMVEL 2004a), a thorough analysis of the fate of

harvested wood products has not yet been carried out.

The main reason for this lack of data is the globalisation

of timber and wood product markets. It is practically

impossible to trace back the trading ways and the lifetimes

of imported and indigenous wood after the timber is har-

vested and sold. Stock-taking of raw materials and wood

products, and the possible reuse of wood products at dif-

ferent points in the life cycle are additional factors that

make a complete wood product assessment difficult.

In contrast to the previous studies, which focus on the

methodology for carbon budgeting of harvested wood

products, different modelling approaches, and the climate

change mitigation potential of the wood sector in general

(e.g. Brown et al. 1998; Winjum et al. 1998; Nabuurs and

Sikkema 2001; Karjalainen et al. 2003; Green et al. 2006;

Pingoud and Wagner 2006; Woodbury et al. 2007), this

study aims to close an important gap in the life cycle of

wood products: the transfer of raw timber from the forest to

the processing wood industry. This gap is caused by the

fact that data sources on timber production in the forest are

usually not linked to data on timber sales and processing.

Through linking these two data sources, a missing com-

ponent in the net-carbon balance of the entire forestry

sector will be available. Furthermore, our study provides a

methodological approach that is needed for wood product

models (e.g. Seidl et al. 2007), and for analyses of land

management strategies for climate change mitigation

(Freibauer et al., submitted; Briceno-Elizondo et al. 2006).

The approach can be applied to any forest management unit

where, the basic harvesting data are available.

The objectives of this study were:

– to examine the fate of timber wood harvested in

Thuringian state forests (central Germany), represent-

ing a real, intensively managed forest region,

– to quantify the carbon stocks and lifetime of primary

wood products made from timber harvested in state

forests of Thuringia [primary wood products = prod-

ucts that are made directly from raw wood and not from

other wood products (recycling)],

– to analyse potential effects of different thinning

regimes (thinning from below and from above) on the

mean lifetime and on carbon stocks of harvested wood

products from coniferous stands of a selected Thurin-

gian forest district.

Our approach provides an analysis of the input of carbon

into the primary wood sector, or a gross-carbon-balance of

a spatially defined forest management unit.

Materials and methods

Thuringian’s state forests

The Thuringian Forestry Administration manages approx-

imately 195,000 ha of forest land owned by the federal

state of Thuringia, Germany. The largest parts of the forest

are located in a mountain range (between 300 and

1,000 masl) in the south, where geology is dominated by

schist and Palaeozoic volcanites, and in the east and west

of Thuringia, where limestone forms the dominating bed-

rock (300–500 masl). Large parts of the region are covered

with a loess layer of variable thickness. Soils are domi-

nated by Brown soils, followed by Rendzinas, Podsolic

brown soils, and Luvisols (German classification). The

climate of Thuringia is characterised by the transition

from maritime Western Europe to the continental Eastern

Europe. Spruce is the most common tree species covering

about 54% of the forested area. Beech, which grows on

26% of the forested area, is the most common deciduous

tree species. Oak forests account for about 4%, and pine

forests for about 16% of forested area.

Data sources

The forestry database ABIES-FIS of the Thuringian For-

estry Administration includes detailed information on

timber type, sale assortments, the first customer and the

amount of timber sold since 2001. The sale assortments

that are given in the database reflect timber size (diameter

and length) and quality. Thus, they provide key informa-

tion for an assignment to wood product classes (see below).

The database is limited to state forests because of reg-

ulations to protect the privacy for private landowners. We

restricted our analysis (1) to the main tree species of

Norway spruce (Picea abies), Scots pine (Pinus sylvestris),

European beech (Fagus sylvatica), and oak (Quercus
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spec.), and (2) to the years 2001 and 2002, which were

approximately representative of the last 10 years regarding

the distribution of sale assortments, and which were not

influenced by a recent structural reform of Thuringian

forestry (TMLNU 2006).

Transition from harvested timber to wood products

and mean residence times

The sale assortments given in the ABIES-FIS database

were grouped into six classes of primary products defined

by the same average ‘‘mean residence time’’ (MRT). The

grouping and the estimates of the MRT were based on the

following data sources:

a. Product classification according to the MRT as

proposed by Wirth et al. (2004).

b. An enquiry of the most important wood customers and

wood processing industry in Thuringia (Klausner Holz

Thüringen, Saalburg-Ebersdorf; Pollmeier Massivholz

GmbH, Creuzburg; Rettenmeier Holzindustrie GmbH,

Ullersreuth; Zellstoff- und Papierfabrik Rosenthal

GmbH & Co. KG (ZPR), Blankenstein; BHT Bau-

und Holztechnik Thüringen GmbH, Ebersdorf).

c. Expert estimates given by forestry and industrial

experts where information was missing.

The companies that were queried in this study are large

national and international companies that dominate the

wood industry in Thuringia. They buy the harvested raw

timber directly from the land owner (here the state Thu-

ringia), saw the timber, and do all the following wood

processing. The companies buy predominantly the amount

and quality of timber that they need for their own specific

products. Thus, if it is known how much timber is sold to a

specific company (as reported in the forestry database

ABIES-FIS, see above) then also the fate of the timber is

fairly accurately known assuming a true response. The

enquiry of the companies included the production process,

production yield, and the reuse of waste material.

A central assumption for the classification is that every

enterprise is interested in the maximisation of its net rev-

enue so that high quality and more expensive sale assort-

ments are not used for the production of lower value

products. This means, for example, that logs sold to a

company will be used to produce high quality sawn timber

and not comparatively cheap pulp or chips. Fuelwood, on

the other hand, can only be used as fuelwood and will not

be processed to veneer, but it could be used for pulp. In a

few cases (niche products), it is possible that lower sale

assortments go into the production of high quality final

products, but the quantity is negligible. We further

assumed that with the increasing value of the sale assort-

ment, its MRT also increases. The calculations contain the

first processing stage with the corresponding losses and the

resulting production yield. Material losses occurring

thereafter are minor compared with the losses in the first

processing stage, and, therefore, were not taken into

account. The amount of losses during the first processing

and its use depend on both tree species and sale assortment.

We also investigated customer-specific product lines

and the lifetime of the resulting products, even though they

are not explicitly designated in the sale assortments. This

was possible when the designated sale assortments were

associated with highly specialised buyers. For example,

timber sold as industrial short wood was assigned to saw

wood products when it was sold to a customer that only

processes saw wood timber. Or, when it is known that a

buyer uses Oriented Strand Boards for wood houses, then

the industrial short wood sold to this customer was

assigned to construction wood.

The MRT is a key parameter for estimates of carbon

storage in dead tree biomass and wood products. In this

study, the MRT of the wood product classes refers to the

mean lifetime of the first products resulting from raw wood

processing (primary wood products, Tables 1, 2) and

assuming an exponential decay (see below) from its fin-

ishing to its decomposition or burning. The type, amount,

and duration of final use and probable reuse of the products

coming from Thuringian forests, are not included in this

analysis.

The decay of dead trees in the forest ecosystem is

often described by an exponential function (Harmon

et al. 1986; Mackensen et al. 2003), but the deterioration

and decay process of wood products are highly variable

and not well studied. The following three aspects make a

life cycle assessment of wood products difficult: (1) the

sale of wood products and the time span of their use is

strongly dependent on consumer attitudes, socioeconomic

constraints, and new trends in furniture and construction

styles. Thus, wood products can be replaced by new

products before their physical or technological end-of-use

is reached, and the same type of product can be used

only for a few years or for several decades, (2) The

lifespan of some long-living wood products (e.g. wood

for construction) and of new wood products (e.g. lami-

nated beams) is largely unknown because the products

are still in use, (3) Depending on regional constraints

and national laws, wood waste is reused for other

products or energy production, or is disposed of to

landfill or burned without energy generation.

Many studies considered estimates on decomposition

rates in landfills (e.g. Karjalainen et al. 1994; Winjum et al.

1998; Hashimoto et al. 2002; Marland and Marland 2003;

Perez-Garcia et al. 2005; Dias et al. 2007). However, a

recent case study on decomposition rates in landfills in

Australia revealed the uncertainty of currently used

Eur J Forest Res (2009) 128:399–413 401

123



estimates (Ximenes et al. 2008). To our knowledge, there is

no comprehensive study providing real data on decompo-

sition rates in landfills, and the proportion of wood prod-

ucts that is recycled or used for energy production in

Europe. Taking into account, this lack of data and recent

changes in the regulation of wood waste in Germany,

which prohibits wood disposal to landfill, we used a simple

exponential decay model (first-order decay model) also for

wood products (Eq. 1) and excluded a potential secondary

use or long residence times in landfills.

yt ¼ y0 � e�kt; ð1Þ

with yt denotes quantity of wood left at time t, y0 initial

quantity of wood, k decay rate constant, and t time.

Assuming an exponential decay, the MRT is the time

that goes by until 63% of the initial amount of a wood

product is decomposed or burned (Eq. 2).

MRT ¼ 1

k
� � lnð0:37Þ

k
; ð2Þ

with MRT denotes mean residence time (years).

Conversion to carbon equivalents

Wood volume of the four tree species groups was con-

verted to biomass by Eq. 3.

CM ¼
V � D
1; 000

� Cconc:; ð3Þ

Table 1 Assignment of sale assortments to wood product classes used for the data on sold timber from the state forest of Thuringia

Primary products Residuals,

energy

wood

Pulp, poles, packing

material, temporary

constructions

Pallet and pile

wood, ram piles

Furniture, plywood,

wood-based panelsc
Parquet

wood

Construction

wood, glued

wood

Product class 1 2 3 4 5 6

MRT 1 year 3 years 11 years 25 years 43 years 50 Years

Sale assortments/species (% of total sale assortment)

Residuesa, all species 100 0 0 0 0 0

Energy wood, all species 100 0 0 0 0 0

Stacked wood, all species 100 0 0 0 0 0

Industrial wood, long, Pinus 5 13 0 59 0 23

Industrial wood, long, Picea 7 16 0 40 0 37

Industrial wood, long, Quercus 0 0 0 100 0 0

Industrial wood, long, Fagus 0 20 0 80 0 0

ILHAFb, all species Assigned to logs and log segments per species

Industrial wood, short, Pinus 50 0 0 50 0 0

Industrial wood, short, Picea 95 0 0 5 0 0

Industrial wood, short, Quercus
and Fagus

100 0 0 0 0 0

Logs, log segments, ILHAF,

parquet wood, pallet wood,

Pinus

9 27 0 18 0 46

Logs, log segments, ILHAF, pallet

wood, Picea
9 45 0 0 0 46

Logs, log segments, pallet wood,

sleepers, Quercus
4 0 20 76 0 0

Parquet wood, Quercus 60 0 0 15 25 0

Logs, log segments, pallet wood,

sleepers, Fagus
4 17 4 75 0 0

Parquet wood, Fagus 60 5 0 10 25 0

Poles, ram piles, all species 0 0 100 0 0 0

Small poles, pile wood, all species 0 100 0 0 0 0

Logs = round timber = sawn timber
a Residues: felled wood, DBH [ 7 cm, that remains in the forest or is collected by local people for firewood. This type of timber is an extra

category that is not included in sale assortments regularly (German technical term: x- and nvD-wood)
b ILHAF denotes Industrial wood, long, that was sold as sawn timber to the German Timber Promotion Fund, all species
c Wood-based panels including particle board, fibreboard, and wood plastic composites
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with CM denotes carbon stock (t C), V timber volume (m3),

D species-specific basic wood density (kg m-3), Cconc

carbon concentration (0.504 g C gdry wood
-1 ).

If recently cut timber is the input variable for the chain

of wood from the cut tree to the saw mill, and finally the

wood products, as in our study, the basic wood density

(=absolute dry weight of wood/fresh volume of wood) is

needed to convert timber volume into wood biomass. The

basic wood density is about 10–20% lower than other

measures of wood density that express the absolute dry

weight of wood compared with wood volume at lower

water contents. They are used, for example, in tree ring

analyses or wood technology. For most tree species, the

basic wood density varies by tree ring width, and conse-

quently, by site and weather conditions, so that for regional

studies also regional data should be used. In our study, we

used species-specific basic wood densities as given by

Burschel et al. (1993) in a study on the carbon balance of

German forests. These values represent mean values for

Germany and Thuringia as shown by many case studies

and regional forestry handbooks [e.g. Picea abies: Kahl

2003 (Thuringian forest), Mund et al. 2002 (northern

Bavaria), J. Schuhmacher and C. Wirth, unpublished

(Thuringian forest); F. sylvatica: M. Mund, unpublished

(western Thuringia), Pistorius 2007 (Baden-Wuerttem-

berg); handbooks: Mette and Korell 1989; Kollmann

1982]. The used basic wood densities are 554 kg m-3 for

beech, 561 kg m-3 for oak, 377 kg m-3 for spruce, and

431 kg m-3 for pine. The amount of carbon was calculated

assuming a carbon concentration of woody biomass of

50.4% (Wirth et al. 2004). Error estimates of these

parameters are given in Sect. ‘‘Methodological consider-

ations and data quality’’ below.

Thinning scenarios for coniferous stands

of the Thuringian forest district ‘‘Hummelshain’’

To analyse the impact of different thinning regimes on the

basis of an existing forested area and with commonly

available data, we used the forest management plan (1999–

2009) for the forest district ‘‘Hummelshain’’, eastern

Thuringia, as a primary data source. Data like this should

be available for all intensively managed forests in Europe,

so that our approach could be transferred to other regions.

The forest district ‘‘Hummelshain’’ has been managed

according to silvicultural standards in Thuringia, and its

ecosystem carbon stocks and changes were already investi-

gated by Wirth et al. (2004). About 84% of the district area is

characterised by soils of medium to poor nutrient availability

on Triassic sandstone (Brown soils and Podsols). The

remaining 16% are nutrient rich soils on Triassic limestone

(Rendzina or Brown soil–Rendzina). Elevation ranges

between 160 and 440 masl, mean annual precipitation is

550–650 mm, and mean annual air temperature 7.5�C.

According to the recent forest management plan (1999),

the state forested area comprises 4,163 ha. The average

growing stock is 276 m3 ha-1 and the annual increment

9.7 m3 ha-1. The forest district is dominated by even-aged,

Table 2 Overview of the assignment of timber assortments to wood

product classes (PC) used for the thinning scenarios

Species PC 1 2 3 4 6

MRT 1 Year 3 Years 11 Years

(%)

25 Years 50 Years

DBH (cm)

Spruce 11 24 62 0 3 11

12 22 60 0 2 16

13 20 58 0 2 20

14 19 55 0 2 25

15 17 53 0 1 28

16 17 51 0 1 31

17 16 50 0 1 34

18 15 48 0 1 36

19 15 47 0 1 38

20 15 46 0 0 39

21–22 16 44 0 0 40

23–32 15 43 0 0 42

33 14 43 0 0 43

34–60 13 43 0 0 44

Pine 12–13 8 34 0 50 8

14 12 29 0 49 11

15 14 25 0 48 14

16 14 23 0 47 16

17 14 21 0 47 18

18 14 20 0 46 20

19 14 20 0 45 21

20 14 20 0 43 24

21 14 20 0 41 26

22 13 20 0 39 28

23 14 21 0 36 29

24 13 21 0 34 31

25 13 22 0 31 33

26 13 23 0 29 36

27 13 23 0 27 37

28 13 24 0 25 38

29 13 24 0 24 39

30–31 13 24 0 23 40

32–33 13 25 0 21 41

34–35 12 25 0 21 42

36–47 12 25 0 20 43

48–60 11 26 0 19 44

For spruce timber with a DBH below 25 cm the assortments tables of

Schöpfer and Stöhr (1991) were used, for all other cases the tables of

Schöpfer and Dauber (1985). Product class 5 is not listed in the timber

assortments; wood that would fit into this class is integrated in class 6
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mono-species stands of pine and spruce. The age–class

distribution is characterised by a clear surplus of stands

between 41 and 60 years affecting stand volume distribu-

tion and timber production (Fig. 1). The surplus of middle-

aged stands is typical for public forests in Thuringia and

Germany (BMVEL 2004b), and it will affect the total

amount of future timber yield (Vetter et al. 2005) and the

diameter distribution of harvested timber that in turn

influences the suitability for long-lived wood products (see

above).

In the thinning scenarios, we compared the lifetime of

wood products processed from spruce and pine timber

assortments that would be the outcome of two common

thinning methods: (A) thinning from below (=low thin-

ning), and (B) thinning from above (=crown thinning).

Based on Röhrig et al. (2006), Burschel and Huss (2003),

and Nyland (1996), we defined the thinning regimes as

follows: (A) thinning from below is the removal of less

competitive overtopped trees, and, depending on the thin-

ning intensity (thinning degree), also of intermediate, and

some codominant trees. This thinning strategy removes

gradually the lower and intermediate canopy evenly dis-

tributed over the area and results in a stand with uniform

tree heights and stem diameters. (B) Thinning from above

is the removal of dominant and codominant trees, and thus

reduces crowding within the main canopy. The objectives

of thinning from above are (1) establishing and maintaining

a vertical stand structure by leaving the intermediate and

lower canopy, and (2) to stimulate the stem growth of

remaining trees with good crown and wood qualities. As a

result of thinning from below, the mean DBH of the timber

removed is smaller than the mean DBH of the remaining

stand. After thinning from above, the mean stand DBH

decreases compared with thinning from below, and the

mean DBH of the harvested trees is higher than the mean

DBH of the stand before thinning. The mean DBH of the

final mature stand is higher than after a thinning regime

from below. Briefly, it may be summarised as thinning

from below aims at a high mass production per hectare,

thinning from above aims at high-value mass per tree.

Thinning regimes, their practical implication and mod-

ification in the field vary amongst tree species, age classes,

site and stand conditions, and the main production target.

Therefore, in this study, we compared the most strictly

defined and most contrasting thinning regimes ‘‘thinning

from above’’ and ‘‘thinning from below’’ carried out over

an entire rotation in coniferous stands. With this specifi-

cation, we suppose that the scenarios represent the maxi-

mum differences in carbon stocks and lifetimes of wood

products that can be reached by different thinning methods.

However, it has to be mentioned that thinning from below

throughout the entire rotation period is not recommended

in spruce management, at least in Germany. In the past,

Thuringia belonged to former Eastern Germany where

silviculture focused on a maximisation of stem volume and

increment per hectare and on stand stability rather than on

single tree stability (Barth 1988). Thinning from below was

recommended especially for spruce (Wenk et al. 1990;

Thomasius et al. 1986). Regional yield tables used as the

main source for planning in Thuringia indicated this

strategy and assumed a graded low thinning regime for

spruce and pine (yield tables: Wenk et al. 1985; Lembcke

et al. 1975). Today, silvicultural concepts of Thuringia’s

state forestry and permanent silviculture training courses

for foresters promote thinning from above. Thus, a transi-

tion from thinning from below to above is typical for even-

aged coniferous forests in Thuringia, and can be assumed

as nearly completed in public forests of many European

countries. In other parts of the world, where even-aged

management associated with clearcut harvesting prevails,

thinning from below remains to be a common practice in

coniferous stands. In forestry praxis, private forest own-

erships, and forest economy, the advantages and disad-

vantages of thinning from below in coniferous stands are

still under discussion; for example, with respect to interest

rates (Knoke 1998; Beinhofer 2008), wood quality (Pfister

et al. 2007), or adaptation strategies of the forestry sector to

climate change (Wagner 2008; Rigling et al. 2008). At

present, it is not clear whether new wood technology (e.g.

profiling technology for softwood in combination with

technologies for producing laminated wood beams and

finger jointing), and an increasing mechanization of thin-

ning and harvesting in coniferous forests will promote

homogenous, even-sized small timber thinned exclusively

from below.
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Fig. 1 Age–class distribution (all tree species) in public forests of the

forest district ‘‘Hummelshain’’ as given in the forest management

plan for 1999–2009
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For both thinning scenarios, the same total yield per

stand within the planning period was assumed, because no

data on differences between the two thinning regimes in the

study region are available. In the forest management plan,

the basal area of the stands and the planned total yield is

specified for the main tree species groups mentioned above.

In contrast to the timber sale analysis that was based on

sale assortments, a direct assignment of total planned yield

data to wood products is not possible because of the lack of

quality information on future yield. Thus, the planned total

yield per stand was allocated to timber assortment classes

that are based on the species-specific diameter distributions

of harvested trees, and then to the product classes. For

spruce timber with a DBH below 25 cm, the timber

assortment tables of Schöpfer and Stöhr (1991) were

applied, and for all other cases the tables of Schöpfer and

Dauber (1985) were applied.

For the thinning from below scenario, mean DBH per

thinning operation was taken from yield tables used in

Thuringia (yield table collection for Thuringia, FHS 1997,

spruce: Wenk et al. 1985; pine: Lembcke et al. 1975).

These tables were developed in the second half of the

twentieth century, and represent a stand model and man-

agement plan that uses a graded thinning from below

regime to get homogeneous, even-aged stands. For a

thinning regime from above, the Thuringian State Institute

for Forestry, Game and Fishery (Department of Forest

Inventories and Planning, TLWJF 2003) developed a cat-

alogue of target diameters for all groups of tree species and

diameter classes per thinning operation. Thinning opera-

tions in the lower and intermediate canopy were not con-

sidered because usually they are cut and left on site in pre-

commercial operations. Timber yield of final harvests

(clear cuttings) was processed similar to that of thinning

operations in old forests. This generalisation was reason-

able, because of the low proportion of old stands (Fig. 1)

and thus, final cuttings at the forest district ‘‘Hummelsh-

ain’’ during the planning period (1999–2009), and because

of the small differences between the sale assortments

resulting from the last thinning operation and the final

cutting.

Methodological considerations and data quality

The quality of our calculations and scenarios of forest

wood products differs depending on the data sources

available. The calculations of previously sold timber from

Thuringia state forests and resulting wood products were

done on the basis of the real timber harvest and sale

assortments as documented in the database. These data are

only biased by measurement errors, which in practice are

usually assumed to be\10%. The relative error of the basic

wood density for beech and spruce used in this study (see

above) amounts to 8 and 12%, respectively (Wirth et al.

2004). The carbon concentration of wood is with an

error of 1% (Wirth et al. 2004) only a minor source of

uncertainty.

To obtain at least rough estimates on timber processing,

product yield, and the utilisation of residues in Thuringia, a

mail and telephone enquiry of the most important wood

customers was conducted. However, the information from

sawmills, wood manufacturers, and timber-trading com-

panies involved in this study may be biased by personal

opinions and incomplete statements for competitive rea-

sons, and thus, should be regarded as a general data rather

than completely verified information that influenced the

assignment of the sale or timber assortments to the product

classes. A quantification of these uncertainties is obviously

not possible. In questionable cases, the product class with a

shorter MRT was chosen to avoid an overestimation of

carbon sequestration in wood products.

In contrast to the calculations for the harvested wood

products from Thuringian state forests, the thinning sce-

narios had to be based on the timber assortment tables.

These tables include fewer product classes than the sale

assortments, and do not reflect timber quality. Furthermore,

the latest, available timber assortment tables were devel-

oped in the 1980s and early 1990s. Recent changes in

sawmill technologies and in assortment classifications have

led to differences in sale assortments and customer struc-

ture. New sale assortments have emerged, e.g. log seg-

ments, while other assortments have disappeared.

The recent development of profiling technology for

softwood has changed the whole softwood market. This

technology allows the cost-effective production of sawn

timber from log segments that were left in the forest or sold

for low-value products in the past. For example, log seg-

ments that were often processed for glued wood and then

used for construction wood, are considered, as far as pos-

sible, in the timber assortments tables for spruce (Schöpfer

and Stöhr 1991), but not for pine (Schöpfer and Dauber

1985). Thus, the scenarios for different management

strategies are assumed to represent carbon stocks in wood

products and their MRT under the constraints of the wood

processing technology for the last 5–10 years.

Results

Assignment of sale and timber assortments to product

classes and mean residence times

It was possible to transfer the timber sale data given in the

forestry database to wood product classes and their average

MRTs based on (1) the product classification scheme by

Wirth et al. (2004), (2) an enquiry of the most important
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companies of Thuringia’s wood industry, and (3) on expert

estimates where information was missing. Tables 1 and 2

summarise the assignment of all designed sale and timber

assortments and species groups to the product classes.

Figure 2 illustrates the entire procedure of data pro-

cessing in this study for beech and spruce, starting from the

diameter and quality of harvested timber, and its classifi-

cation to sale assortments (step 1) followed by the quan-

tification of the really sold timber per sale assortment (step

2), and ending at the final product classes (step 3). The first

step indicates the high influence of timber quality on the

wood sales market, and steps 2 and 3 show the high

influence of new wood processing technologies, and the

main production lines of the customers. These qualitative

factors of steps 1–3 are generally ignored when modelling

harvested wood products on the basis of timber dimensions

only and generalised production lines.

As mentioned in the method section, the development of

profiling technology for softwood has changed the whole

softwood market. This technology allows the cost-effective

production of sawn timber from log segments that were left

in the forest or sold for low value in the past under the

anticipation of the producer that these logs serve only for

low-value products. Because of the high wood density, the

profiling technology is not yet used for hardwood timber.

However, in the hardwood sector, the relatively new

assortment ‘‘parquet wood’’ has completely changed the

assortment structure. Now, tree segments with a mid-

diameter of about 25 cm and medium quality can be sold as

parquet wood (Fig. 2). This wood was traditionally left in
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Fig. 2 Scheme of data processing for beech (above) and spruce

(below), starting with the sale assortments classified via diameter and

quality of harvested timber (step 1), followed by the quantification of

sold timber from Thuringian state forests (step 2, forestry database

ABIES-FIS), and finally the assignment to product classes (step 3).

ILHAF denotes Industrial wood, long, that was sold as sawn timber to

the German Timber Promotion Fund
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the forest or sold as fuel wood and, therefore, was assigned

to product group 1 with a short lifetime. Also industrial

wood long, sold to the German Timber Promotion Fund

(assortment: ILHAF), is being partly used for glued wood

(spruce) or wood-based panels and parquet wood (beech),

which are new products that have a higher lifetime than

would be expected from the category industrial wood.

Carbon stocks and mean residence time in harvested

wood products

Total annual timber sale from Thuringian state forests

increased from about 136,893 t C (equivalent to

620,107 m3 or 0.7 t C ha-1 year-1) in 1996 to 280,194 t C

(*1,269,235 m3 or 1.4 t C ha-1 year-1) in 2005 (forestry

database ABIES-FIS). The timber sale in 2001 and 2002,

the years that were analysed in detail, resulted in a mean

carbon input to the wood product sector of about

206,729 t C year-1 or 1.1 t C ha-1 year-1 (equivalent to

936,445 m3 year-1; Table 3). Corresponding to the tree

species distribution, most carbon went into products made

from spruce (49%), followed by the products from beech

(35%) and pine (13%). Oak accounted only for 3% of the

carbon input to the products. Normalised to 1 ha, about

1.4 t C ha-1 year-1 of beech timber was added to the

wood sector, while 1 t C ha-1 year-1 was contributed by

spruce timber. This difference reflects similar annual tim-

ber harvest per hectare combined with higher wood density

of beech compared with spruce (5.2 compared with

5.0 m3 ha-1 year-1, and 554 compared with 377 kg m-3).

About 47% of annual total timber harvest went into

short-lived wood products with an MRT \ 25 years

(Table 4). The proportion of residuals and energy wood

(product class 1, MRT 1 year) is about two times higher for

hardwood than for softwood. Product class 3 (MRT 11

years, pallet and pile wood, ram piles) comprised by far the

smallest amount of wood products (in total 1% of total

harvest) and consisted largely of hardwood. Thirty-one

percent of the total harvest went into wood products with

an MRT of 25–43 years (mainly furniture, parquet wood,

and panel products made from hardwood), and only 22%

was used as construction wood, the product class with the

longest MRT (51 years). This product was made solely

from conifers. However, softwood was primarily used for

short-lived pulpwood (MRT 3 years). This reflects the high

demand of the pulpwood industry, but also the fact that the

lower end of spruce stems is often affected by wood rot

(Heterobasidion annosum). Thus, the high potential of

conifers to be used for long-lived construction wood is

limited by the high proportion of short-lived pulpwood

Table 3 Annual timber harvest per species group (mean of 2001 and 2002)

Species Forest area (ha) Harvested timber volume Proportions

volume (%)

Carbon equivalent

of harvested timber

Proportions

carbon (%)

(m3 year-1) (m3 ha-1 year-1) (t C year-1) (t C ha-1 year-1)

Beech 50724.1 262,265 5.2 28 73,286 1.44 35

Oak 7803.7 21,686 2.8 2 6,132 0.79 3

Spruce 105350.1 529,739 5.0 57 100,681 0.96 49

Pine 31214.8 122,756 3.9 13 26,647 0.85 13

Total/meana 195092.7 936,445 4.8 100 206,729 1.06 100

The volume includes all aboveground wood biomass above 7 cm in diameter minus bark biomass and losses due to sawing
a Mean of harvested timber normalised to one hectare and weighted by forest area

Table 4 Assignment of harvested timber to product classes (PC) and their mean residence times (MRT)

Species

group

Harvested

timber

Short MRT (t C ha-1 year-1)

(% per species group)

Long MRT (t C ha-1 year-1)

(% per species group)

Weighted MRTa

(years)

PC 1 (1 year) PC 2 (3 years) PC 3 (11 years) PC 4 (25 years) PC 5 (43 years) PC 6 (50 years)

Beech 1.44 (100) 0.17 (12) 0.24 (17) 0.01 (1) 0.99 (69) 0.03 (2) 0.00 (0) 18.7

Oak 0.79 (100) 0.19 (24) 0.01 (1) 0.03 (4) 0.52 (66) 0.04 (5) 0.00 (0) 19.5

Spruce 0.96 (100) 0.08 (8) 0.51 (53) 0.00 (\1) 0.01 (1) 0.00 (0) 0.36 (37) 20.7

Pine 0.85 (100) 0.07 (8) 0.27 (31) 0.00 (\1) 0.25 (29) 0.00 (0) 0.27 (32) 24.2

Mean 1.06 (100) 0.10 (10) 0.38 (36) 0.01 (\1) 0.33 (31) 0.01 (1) 0.24 (22) 20.4

a Weighted by carbon per product class
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resulting in an average MRT of only 23 years. On the other

hand, the relatively high carbon density of hardwood and

the high proportion of relatively long-lived furniture, ply-

wood, panels, and parquet made of hardwood can only

balance the fact that hardwood is rarely used for building

houses. The overall MRT of carbon in wood products

harvested in Thuringia in 2001 and 2002 was 20 years

(=MRT per product class weighted by its total amount).

Effects of the thinning regime on wood products

For the decade 1999–2009, a total yield of 214,956 m3 was

planned in the forest enterprise Hummelshain, which is

equivalent to an average of about 1.1 t C ha-1 year-1

(Table 5). Pine timber yield accounted for 54% of total

carbon yield followed by spruce with 33%.

The thinning from above scenario resulted in a higher

proportion of utilizable wood assortments than thinning

from below scenario. This was apparent from the lower

fraction of unclassified wood of small dimension that

would be the output of thinning from above (Table 6)

compared with the thinning from below scenario (Table 6)

(0.02 compared with 0.7 t C ha-1 year -1). About 54% of

the yield from high thinning compared with about 46% of

the yield from low thinning could be used for product

classes with a MRT C 25 years. On an average thinning

from above would lead to carbon stocks in products with

short MRTs of 0.51 t C ha-1 year-1 and in products with

long MRTs of 0.60 t C ha-1 year-1. After thinning from

below, about 0.60 t C ha-1 year-1 would end up in prod-

ucts with short MRTs, and 0.51 t C ha-1 year-1 in prod-

ucts with long MRTs. The average MRT of all products by

thinning from above would be 23 years compared with 18

years resulting from thinning from below. The differences

between the thinning scenarios are a direct effect of larger

mean DBH of harvested timber from thinning from above.

Table 5 Planned yield for spruce and pine at the forest district ‘‘Hummelshain’’ (planning period 1999–2009; forest management plan 1999)

Species

group

Total planned

yield (m3 period-1)

Planned annual yield

(m3 ha-1 year-1)

Carbon equivalent

of planned annual yield

Proportion

(%)

t C year-1 t C ha-1 year-1

Beech 17,398 4.39 4,860 1.22 11

Oak 4,087 1.69 1,156 0.48 2

Spruce 80,293 6.27 15,260 1.19 33

Pine 113,178 4.79 24,568 1.04 54

Total/mean 214,956 5.1 45,844 1.10 100

Table 6 Thinning from above and thinning from below scenario for spruce and pine stands at the forest district ‘‘Hummelshain’’

Species group Short MRT (t C ha-1 year-1) Long MRT (t C ha-1 year-1) Total

No classa PC 1

(1 year)

PC 2

(3 years)

PC 3

(11 years)

PC 4

(25 years)

PC 5

(43 years)

PC 6

(50 years)

Thinning from above

Spruce 0.01 0.18 0.53 0 0 n.d. 0.51 1.25

Pine 0.02 0.13 0.22 0 0.31 n.d. 0.33 1.03

Weighted meana 0.51 0.60 1.11

Proportion (%) 46.1 53.9 100

Weighted MRTa (years) 1.9 48.7 23.3

Thinning from below

Spruce 0.02 0.20 0.58 0 0.01 n.d. 0.41 1.25

Pine 0.10 0.11 0.21 0 0.37 n.d. 0.18 1.03

Weighted meanb 0.60 0.51 1.11

Proportion (%) 54.3 45.7 100

Weighted MRTb (years) 2.1 37.9 18.4

PC product class, n.d. no data: Parquet wood (equivalent to product class 5) is not included in assortment tables
a ‘‘No class’’ (no classification) indicates timber wood that cannot by assigned to an assortment because of its small dimension
b Weighted by mass and forested area per species group and product class
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Discussion

To our knowledge, this study presents the very first data-

based approach that allows for the quantification of carbon

inputs of a defined forest management unit to the wood

product sector. It also presents for the first time a link

towards the lifetime of resulting wood product by con-

necting data on raw timber production, timber sale, wood

processing, and product-specific MRTs. Furthermore, our

scenarios on various thinning regimes revealed the poten-

tial of silvicultural practices to increase the lifetime of

wood products.

Carbon storage and lifetime of wood products

from Thuringia’s forests

Similar to previous estimates in Germany (Burschel et al.

1993), only about 53% of total timber harvested in Thu-

ringian state forests is processed to wood products with an

average lifetime of 25 years and longer. The relatively

long-lived products were mainly furniture, parquet wood,

and wood-based panels (e.g. fibreboard, particle board)

from hardwood and construction wood from softwood.

There are many factors influencing this relatively low yield

of long-lived products. Initially, a high proportion of

softwood and hardwood timber of Thuringian state forests

is sold as industrial wood because of its low quality. The

main reasons for low quality are former harvesting tech-

niques (e.g. whole tree skidding; 8% of all trees in

Germany are damaged by harvest operations; BMVEL

2004b) and deer damage (17% of all trees in Thuringia are

damaged by deer, TLWJF 2005); both are factors that

cause the faster spread of wood-destroying fungi.

Despite the relatively high proportion of spruce timber

that was sold to the sawmill industry (about 80% of total

timber harvest), only 40% was actually processed to long-

lived products (raw data are not shown in this publication,

but given on the internet: http://www.forestandclimate.

net/service/profft_et_al.php). The remainder (waste mate-

rial from wood processing and industrial short wood) was

used for pulpwood and energy production. The processing

of beech timber is dominated by the wood-based panel

industry that produces fibreboard and particle board. Thus,

a high proportion of beech is finally processed to products

with a long lifetime, even though it is sold as industrial

wood (Tables 1, 2).

The high proportion of oak in products with MRT C 25

years should be interpreted with care because of its small

total volume. Nevertheless, two aspects underline the use

of oak timber for long-lived products:

– High proportions of oak timber even those of small

dimension (C25 cm central diameter) and medium

quality can be sold as parquet wood, a product class

with a long lifetime.

– Because of its chemical composition, oak wood cannot

be used for pulpwood. Therefore, production residues

are mainly used for wood-based panels (fibreboard,

particle board, plywood), and only small amounts for

energy production.

Considering carbon stocks in wood products and in the

forest ecosystem, timber use would result in higher total

carbon stocks of the entire forestry sector only when the

MRT in living trees and wood products is higher than

the MRT in living trees and dead wood. A comparison of the

MRTs of wood products from Thuringian forests with MRTs

estimated for dead wood indicates a slight advantage of

carbon storage in forest ecosystems compared with wood

products (Table 7). However, as the thinning scenarios have

shown there is still the potential of increasing the proportion

of long-lived wood products and thus, the mean storage of

carbon in wood products. Furthermore, considering substi-

tution effects and wood recycling, that were not included in

this study, the CO2-mitigation potential of carbon-orientated

forest use may exceed that of unused forests under favour-

able site conditions (Freibauer et al., submitted).

As mentioned in Sect. ’’Methodological considerations

and data quality’’, a number of assumptions had to be made

in this study. However, the data on sold timber and its sale

assortments in combination with information on wood

buyers allowed for a sound regional and data-orientated

quantification of carbon stocks and lifetimes of wood

products. To obtain a second, independent estimate, we

recalculated our data using the products module of the

‘‘CO2FIX’’ model (version 2.0, Nabuurs et al. 2001;

Table 8). The user-friendly, widespread and acknowledged

forest carbon model CO2FIX is mainly designed for cal-

culations at stand level, but in the adjacent products

module it also provides default values for carbon analyses

Table 7 Average mean residence time (MRT), and average total

residence time of wood products from timber harvested in Thuringian

state forests (this study) and of dead wood in temperate forest eco-

systems (Wirth et al. 2004)

Species group MRT (total residence time) (years)

Wood products Dead wood

Beech 19 (56) Deciduous trees, 14 (41)

Oak 20 (59)

Spruce 21 (62) Coniferous trees, 34 (103)

Pine 24 (73)

Mean Thuringiaa 20 (62) 28 (84)

a Weighted by area. MRT = t63 = 63% of the initial amount of a

wood product is decomposed or burned, total residence

time = t95 = 95% of the initial amount of a wood product is

decomposed or burned
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of the product sector. For our model calculations, timber

sale data from Thuringia were transferred to product clas-

ses using default parameters for the production lines, pro-

cess losses, and lifetime categories of the preset ‘‘high

processing and recycling efficiency system’’. The half-

lifetime of the products (=time that goes by until 50% of

the initial amount of a wood product is decomposed) given

in the model was converted to the MRT using Eq. 1. The

wood density data were not changed according to the

model, because (1) the model defaults were much higher

than those common for Thuringia, and (2) changes in other

parameters than the allocation scheme may mask the most

critical part and main objective of this study: the transition

of harvested timber to wood product classes of different

lifetimes.

The default values given in the CO2FIX products

module led to a substantially higher proportion of products

with a short MRT than the estimates of this study [69%

(Table 8) compared with 47% (Table 4)]. Consequently,

also the MRT over all species and product classes was with

about 11 years surprisingly low compared with 20 years

resulting from sale assortments and associated information

on wood buyers in this study. The high estimate of short-

lived products applied to all species, but the highest dif-

ferences between the two approaches occurred for the

deciduous species (beech: 75% short-lived products com-

pared with 30%, oak: 74% compared with 28%).

These discrepancies were caused mainly by the first step

of the allocation scheme of the products module. The

CO2FIX products module is a three-step model: (1) fixed

proportions of raw material are allocated to different pro-

duction lines, (2) within each production line a fixed pro-

portion of raw material goes into the category ‘‘process

losses’’, and (3) the final products are allocated to different

product lifetime classes. In our study, the first step is dis-

placed by the direct transition of sold timber and its sale

assortments to primary wood products. Thus, default pro-

portions are displaced by real data on the amount and

intended use of sold timber.

The consequences of these differences in primary

quality information are exemplified in Table 9 for the

quantitatively most important and comparable assortments.

The process efficiency of sawnwood assumed by the ‘‘high

efficiency system’’ of the CO2FIX products module is

lower than specified by the wood processing companies

that bought the sawnwood from Thuringia’s forests.

According to Nabuurs et al. (2001), the products module of

the CO2FIX program is based on a model developed for

the Finnish forest sector. Thus, we assume that the CO2FIX

products module represents a forest management concept

that puts more emphasis on pulpwood production than on

large-sized timber production, and high-value hardwood

timber production and the production of hardwood parquet

plays only a minor role. Furthermore, in Thuringia quite a

lot of large sawing mills are situated, which may lead to a

relatively high production and use of sawnwood, and

consequently, to a higher proportion of products with a

long lifetime compared with other European regions.

Table 8 Assignment of harvested timber to product classes (PC) and their mean residence times (MRT, in brackets) using default values of the

CO2FIX model (version 2.0, Nabuurs et al. 2001, products module) for timber allocation to product classes

Species

group

Products total

(t C ha-1 year-1)

(% of species group)

Short MRT (t C ha-1 year-1)

(% of species group)

Long MRT (t C ha-1 year-1)

(% of species group)

Weighted

MRT (years)

PC I (1.4 years) PC II (21.5 years) PC III (43.0 years)

Beech 1.44 (100) 1.09 (75) 0.21 (15) 0.15 (10) 8.6

Oak 0.79 (100) 0.58 (74) 0.11 (15) 0.09 (11) 9.1

Spruce 0.96 (100) 0.61 (64) 0.17 (18) 0.17 (18) 12.5

Pine 0.85 (100) 0.58 (68) 0.14 (17) 0.13 (15) 11.1

Total 1.06 (100) 0.73 (69) 0.18 (16) 0.15 (15) 10.8

Table 9 Proportions of short-lived and long-lived products resulting from the methodology used in this study and from calculations with the

CO2FIX model, exemplified for comparable assortments that were taken as primary quality information

Species group Assortments Short-lived products,

MRT \ 20 years (%)

Long-lived products,

MRT [ 20 years (%)

Beech This study: sale assortment Logs 24 76

CO2FIX: raw material Logwood 78 22

Spruce This study: sale assortment Log segments 53 47

CO2FIX: raw material Logwood 78 22
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The thinning scenarios

The thinning scenarios demonstrate the influence of sil-

vicultural strategies on carbon storage in the wood

product sector. Thinning from below resulted in a shorter

average MRT for all products (18 years) than thinning

from above (23 years). There is a trend towards slightly

lower total timber yields per area due to thinning from

above (Nyland 1996; Pape 1999) that was not considered

in this study. However, thinning from above is assumed

to result in higher tree stability against wind damage

(Vanomsen 2006; Freise 2007), and thus, lower carbon

losses from the ecosystem after windfall and lower losses

of high-value timber. Moreover, thinning from above

concentrates the growth almost entirely on trees with

high-stem qualities (‘‘future crop trees’’) that will form

the final tree community at the time of stand maturity.

Consequently, final tree dimensions are reached faster,

and final timber quality is better than after thinning from

below (e.g. Nyland 1996; Pape 1999; Hein et al. 2007;

Wilhelm et al. 1999) resulting in a better utilisation as

high-value wood products with a longer lifespan. It is

most likely that a small reduction in total timber yield

due to thinning from above would be more balanced

with respect to total carbon storage in the forestry sector

than thinning from below. Thinning from above is the

thinning strategy that should be applied in order to

increase carbon storage in wood products and at the

same time to maintain a stable biomass stocks in the

forest ecosystem.

The observed differences between the two thinning

regimes will most likely not become a primary factor for

silvicultural decisions. However, multifunctional forestry

is characterised by the integration of different objectives

with benefits for economy, society, and environment.

Substitution effects and improved recycling, that were

not the objectives of this study, will add additional

benefits of carbon-related forestry as shown by Werner

et al. (2006), Hofer et al. (2007), Pistorius (2007), and

Profft et al. (2007). In addition, carbon sequestration by

the forestry sector will gain increasing importance when

prices for carbon storage in the forest ecosystem or for

substitution efficiency will rise (Freibauer et al., sub-

mitted). Thinning from above in uneven-aged, mixed

forests (‘‘target growing stocks’’ approach) may have the

highest potential to combine high ecosystem carbon

stocks beyond the length of one rotation period, high

biodiversity, and all its specific services and functions,

including high amounts of timber production and a large

range of timber quality required to react to changes in

customer demands (Thomasius 1988; von Gadow and

Puumalainen 2000; Schütz 2001).

Conclusions

The analysis of sale assortments of Thuringian forestry and

the management scenarios revealed the role of tree species,

timber diameter, and quality for carbon storage in wood

products and the potential to increase the proportion of

long-lived wood products by thinning from above com-

pared with thinning from below. Owing to the combination

of data on the amount and assortments of actually sold

timber, and production parameters of the companies that

bought and processed the timber, we could consider new

wood processing technologies and track the real fate

of harvested timber beyond general forest production

statistics.

The comparison of our approach based on sold timber,

its assortments and information on wood buyers with out-

comes from the CO2FIX products module revealed regio-

nal differences in forest management concepts and wood

processing that result in substantially different lifetimes of

the wood products.

The results of this study close the gap between timber

harvested in the forest and wood products that were made

from this timber, which is essential for a net-carbon bal-

ance of the entire forestry sector and for quantification of

human-induced changes of carbon stocks according to the

Kyoto Protocol. Our approach can be transferred to any

other forest management unit where similar data as those of

the forest administration database in Thuringia are

available.
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sertation, Eidgenössische Technische Hochschule Zürich
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