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FOREWORD

The Face Foundation commissioned the institute for Forestry and Nature
Research (IBN-DLOY}, in Wageningen the Netherlands, to carry out a study
into the fixation of carbondioxide by forest ecosystems. In 1991 the Face
Foundation has been founded by the Dutch Electricity Generating Board (Sep)
with the aim to fix CO2 by means of planting of new forest. Face is an acronym
for Forests Absorbing Carbondioxide Emission.

In 1981 there were no usable data or methods available against which the
assignment could be reviewed. This despite the worldwide interest in this
mechanism of esthablishing new forests as a means of curbing the COz level
in the atmosphere.

One of the Foundation’s first activities was to initiate a study to develop a
methodology for calculating the COz2 fixation capacity of forest ecosystems.

This report presents the results of this study. It covers the COz-fixation of 16
ditferent toresttypes. The study also provides some understanding of the
fixation spectrum of a forest system. Finally a method is presented to calcutate
the sequestration capacity of other foresttypes.

The Face Foundation presently has computer software that calculates the
cost-eHecliveness of the Foundation’s current and future investments in the
various regions of the world.

The research staff at IBN-DLO was supported by a supervisory committee
consisting of representatives from the Agricultural University in Wageningen
(AUW), the Ministry of Housing, Physical Planning and Environment and the
Ministry of Agriculture, Nature Conservation and Fisheries and the Face
Foundation. The Institute for Terrestrial Ecology (ITE) in Edinburgh was
responsible for the quality control.

Aworkshop, attended by international expens, was held inthe spring of 1993.
The workshop expressed its appreciation of the thourcughness of the study
and of its results.

I as well, wish 1o express my appreciation and | would like to thank the

supervisory commitiee for the expert and critical way in which they have
monitored and modified the study.

Drs. E.H.T.M. Nijpels

Chairman, Face Foundation



Carbon Fixation through Forestation Activities 5

v~ Institute of
~\\\\\>\\ Terrestrial
Ecology

Edinburgh Research Station

Bush Estate, Penicuik
Midlothian EH26 0QB

Dr Frits Mohren Scotland
Institute for Forestry and Nature Research Telephone J3l-445 4343
P.O. Box 23 Facsimile 031-445 3943
NL-6700 AA Wageningen JANET
The Netherlands

Your Ref
19 August 1993 Our Ref

SCIENTIFIC REVIEW OF THE REPORT "CARBON FIXATION THROUGH FORESTATION
ACTIVITIES" BY G ] NABUURS AND G M ] MOHREN

After detailed review of its contents, I hereby state that the report on "Carbon fixation through
forestation activities" by G ] Nabuurs and G M ] Mohren is scientifically sound, and that the
results presented in the report are up to date and in agreement with present scientific
information and thinking in this field.

The analysis carried out in this report correctly uses published literature, and both the methods
used and the results obtained are fuily in agreement with comparable analyses carried out
eisewhere.

The work gives estimates of carbon stocks and carbon flows in selected forest ecosystems that are
reitable in so far as the data published in the literature are correct. The report provides a good
overview of the possibilities, limitations and uncertainties associated with carbon storage in forest
ecosystems.

Yours sincerely

Il o

Melvin G R Cannell FRSE
Head of Station, [TE Edinburgh

Natural Environment Research Council
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SUMMARY

The biosphere plays an important role in the regulation of the carbon cycle,
and forests are important as they contain a relatively large and stable sterage
pool of atmospheric carbon. Through photosynthetic assimilation of carbon in
the leaves or needles, biomass is built up in compartments such as the stem,
branches, foliage and roots, and is thus removed from the atmosphere. In
forest ecosystems, part of this carbon accumulates during the development of
the ecosystemwhenthe living biomass and dead crganic material accumulate.
In young and fast growing forests, this rate of accumulation is relatively rapid.
In due time, part of this carbon is allocated to the litter, which subsequently
decomposes or augments the stable humus in the soil.

In managed production forests, part of the carbon in the stems is harvested
and used in some kind of product. After some time, depending on the type of
product, decompesition occurs and the carbon is released into the atmos-
phere. Storage in forests thus has a temporary character, but by means of
their large amount of biomass accumulated over time, forests permanently
withdraw a certain amount of carbon from the atmosphere. When this total
system of living biomass, litter, soil stable humus and forest products has
reached its equilibrium, the net annual storage rate is zero, but the maximum
amount of carbon is withdrawn from the atmosphere.

The carbon sequestering potential of forest ecosystems mainly consists of the
build-up of this equilibrium biomass after aftorestation. When the equilibrium
biorass in a mature stand is reached, further carbon assimilation is counter-
balanced by equivalent biomass decomposition, and the carbon storing po-
tential is used up.

This report presents the results of a study on the carbon storing capacity of 16
global forest types. Unless otherwise indicated, three productivity levels were
distinguished for each forest type. Productivity is described accordmg to the
mean annual volume increment at the end ot a rotation {im in m>ha’’ yr'). The
torest types have been chosen according to criteria of expected high carbon
sequestering capacity and probability of establishment. They are:

1: Regrowing heavily logged evergreen tropical lowland Dipterocarp rain-
forest in three site classes wnth Im values over the regrowing period of
11.7, 14.1 and 18.7 m°ha’’ yr The regrowing forest is heavily logged
every 70 years, as a result of which the standing biomass decreases by
80%. The assessment starts with the logged-over situation.

2: Regrowing, selectively logged evergreen tropical lowland Dipterocarp
rainforest in three site classes with Im values over the regrowing period
of 12.4, 15.8 and 18.1 m°ha 'yr'’. The regrowing forest is selectively
logged every 70 years, as a result of which the standing biomass decrea-
ses by 50%. The assessment starts with logged-over situation.

3: Regrowing, heavily logged semi-evergreen tropical lowland rainforest
in one site class with an Im over the regrowing period of 7.0 m ha"yr‘ .

1
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10:

11:

12:

13:

14:

15:

16:

The regrowing forest is heavily logged every 70 years, as a result of which
the standing biomass decreases by 80%. The assessment starts with the
fogged-over situation.

Regrowing, selectively iogged semi-evergreen tropical lowland rainfo-
rest m one site class with an Im over the regrowing period of 10.5
m°ha’ yr . The regrowing forest is selectively logged every 70 years, as
a result which the standing biomass decreases by 50%. The assessment
starts with the logged-over situation.

Afforestation of tropical wastelands in one site class starting with a
pioneer afforestation consisting of Albizia spp., which after 10 years is
underplanted with Dipterocarps (Shorea spp.). Next a selective cut is
applied every 70 years through which the standing volume decreases by
50%. The Im is 9.3 m°ha” yr.

Recovering heavily logged evergreen tropical lowland Dipterocarp rain-
forest on a moderate site, on which the regrowth is hampered by the
vigorous growth of hanas The assessmem starts with logged-over rain
forest, and the Im is 8.4 m°ha’ yr . A cutting cycle of 140 years is applied,
and the standing biomass decreases by 60% at logging.

Norway spruce {Picea abies) stands in montane central Europe inthree
site classes in rotations of 120 years with I values of 5.8, 9.3 and 14.2,
mha lyr .

Mixed deciduous stands of pedunculate oak {Quercus robur) and beech
(Fagus sylvatica) in central Europe inthree site classes in rotations of 150
years, with Im values of 3.5, 5.4 and 8.1 m°ha’ 1yr

Douglas-fir (Pseudotsuga menziesii) stands in the northwest of the USA
in three site classes in rotations of 100 years with Im values of 11.5, 14.9
and 18.6 m>ha'yr".

Norway spruce (Picea abies) stands in the Borecnemoral zone of
Russia, in three sne classes in rotations of 100 years with im values of
3.2, 4.6 and 6.0 m°ha™’ yrl.

industrial plantations of popilar (Populus x euramericana) on former
agricultural land in three site classes in rotations of 45 years with Im values
ot 55,104 and 13. 2 and on one site in a rotation of 20 years with an Im
value ot 19.2 m*ha™ yr

industrial plantations of black locust {Robinia pseudoacacia) on former
agricultural land in three s|te classes inrotations of 50 years with Im values
of 5.8, 8.9 and 12.1 m*ha 'yr!.

Industrial plantations of radlata pine {Pinus radiata) in three site classes
in New Zealand and Australia in rotations of 40 years with 1, values of
17.5,22.2 and 27.0 m*ha'yr !,

industrial plantations of Caribbean pine (Pinus caribaea} in three site
classes in Brazil and Venezuela in rotations of 25 years with Im values of
13.9,19.6 and 23.8 m°ha’ yr

Industrizl plantations of Ioblolly pine {Pihus taeda} in three site classes
inthe southeast of the USA in rotations of 30 years with Im values of 6.2,
9.7 and 13.6 m°ha’' yr

industrial plantations of slash pine (Pinus elliottii) in three site classes in
Brazil m rotations of 30 years with Im values of 17.2, 26.0 and 348
m°ha’* yr 1,
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The carbon storage potential of these forest ecosystems has been established
with the help of a dynamic model (CO2FIX), which describes the carbon cycle
from annual growth and loss rates of the main biomass compartments of the
forest ecosystem, in combination with accumulation and turnover of soil
organic matter. The input variables characterizing forest type and site condi-
tions consist of rotation length, current volume increment, allocation of Net
Primary Production (NPP) to stem, branches, foliage and roots, basic wood
density, carbon content of living biomass (50%) and stable soil humus (58%),
turnover rate of foliage, branches and roots, natural mortality of the tree stand,
residence time of harvested products, humification rates of litter, residence
time of litter and stable soil humus, initial values for dead wood, litter and stable
soil humus and a thinning regime together with a specified allocation to the
product groups. The input parameter values were derived from yield tables,
biomass measurements and other literature sources. The model produces an
annual output of stocks and fluxes of carbon in the various biomass compart-
ments and in the soil.

The carbon sequestering capacity of forest ecosystems can be evaiuated by
several criteria that fall into two broad categories.

1)  The long-term average stock of carbon in the living biomass and in the
forest products. This is calculated as the average of the stock of carbon
in these two compartments over a long period of time (eg. multiple
rotations). Forests which are managed in long rotations with a moderate
growth, but which accumulate a large amount of living biomass, score
relatively high on this criterion,

2) The average net annual carbon flux during the first rotation. This is
calculated as the average of the annual net carbon flux inthe total system
of living biomass, litter, dead wood, stable soil humus and wood products.
The net carbon flux is calculated as carbon accumulation through growth
minus carbon release through decomposition. Shor rotation plantations
with a high growth rate score relatively high on this criterion during the
first rotation. Because product decomposition is included in the calcula-
tion, long-term average net carbon flux becomes zero during multiple
rotation.

Certain forest types such as the boreal forests, contain a rather small amount
of carbon in the living biomass. To evaluate these forest types correctly, the
stock of carbon in the soil organic matter (forest floor litter, dead wood and
stable humus) should be taken into account as well. In temperate and boreal
forests, the total amount of carbon in dead organic material in the soil is larger
than the stock of carbon in the living biomass. However, the rate of accumu-
lation of soil carbon is much lower than in the biomass after forestation, the
difference typically being one or two orders of magnitude.

In the analysis as presented here, forest types are only evaluated according
to their carbon sequestering capacity. Forthis it is assumed that site conditions
are stable, that productivity levels are sustainable and that no additional
disturbances (eg. peliution, global climate change) occur. When planning
large-scale afforestations, other important criteria may have to be taken into
account as well, such as ecological diversily, scenic beauty and the effect of

t
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100

200 -
Fig. 8.1

the plantation on the long term productivity of the soil.

The results concernmg stocks of carbon are always presented in Mg C ha'

(Mega gram = 10° gram carbon per hectare = ton carbon per hectare) and the
results concerning the fluxes are presented inMg C ha 1yr ! To convert from
pure carbon to carbon dioxide the values should be multiplied by 44/12 = 3.67.

The results are summarized in Figure S.1 and in Table S.1.

A foliage
" branches
Bl stem
Il roots

. forest floor
7%/ stable humus

Carbon content per compartment in each forest type, at the end of the rotation, for good
growing conditions. Explanation of the forest types:

1:

2:

Regrown, heavily logged evergreen tropical lowland Dipterocarp rain-
forest. The regrowing forest is logged heavily every 70 years.

Regrown, selectively logged evergreen tropical lowland Dipterocarp
rainforest. The regrowing forest is logged selectively every 70 years.
Regrown, heavily logged semi-evergreen tropical lowland rainforest.
The regrowing forest is logged heavily every 70 years.

Regrown, selectively logged semi-evergreen tropical lowland rainfo-
rest. The regrowing forest is logged selectively every 70 years.
Afforestation of tropical wasteland starting with Albizia spp. as a pioneer,
which after 10 years is underplanted with Dipterocarps (Shorea spp.),
which in turn is selectively logged every 70 years.

Regrown heavily logged evergreentropical lowland Dipterocarp rainforest
on a moderate site, with regrowth hampered by vigorous growth of
lianas.

Norway spruce (P. abies) stand in montane central Europe at an age
of 120 years.

Mixed deciduous stand of pedunculate oak (Q. robur) and beech (F.
sylvatica) in central Europe at an age of 150 years.
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9: Douglas-fir (P. menziesii) stand in the Pacific nothwest of the USA at an
age of 100 years.

10: Norway spruce (P. abies) stand in the Boreohemaoral zohe of Russia at
an age of 100 years.

11: Industrial plantation of poplar (P x euramericana) on former agricultural
land at an age of 45 years.

12: Industrial plantation of black locust {R. pseudoacacia) on former agricul-
tural land at an age of 50 years.

13: Industrial plantation of radiata pine (P. radiata) in New Zealand and
Australia at an age of 40 years.

14: Industriat plantation of Caribbean pine (P. caribaea) in Brazil and Vene-
zuela at an age of 25 years.

15: Industrial planiation of loblolty pine (P. taeda) in the southeast of the
USA at an age of 30 years.

16: Industrial plantation of slash pine (P. elliottii) in Brazil at an age of 30
years.

it is clear from Figure S.1, that the bulk of cartion is usually stored in the stem

wood and that the other biomass compartments {branches, foliage and roots)

are of lesser importance. The amount in the forest undergrowth is not presen-

ted separately, as it appeared from literature data that this amount was usually

only 1-2% of the entire ecosystem in closed forest ecosystems. The amount

of biomass in plants other than trees is implicitly included in the estimate of

foliage and branch biomass.

Douglas-fir stands in the Pacific northwest of the USA {no. 9) store by far the
largest amount of carbon in the living biomass, followed by the long rotation
mixed deciduous and spruce stands in central Europe and the regrowing
selectively logged evergreen lowland tropical rainforests.

In most forest types the amount of carbon in the forest floor litter and the stable
humus in the mineral soil is of considerable importance. The relatively large
amount of carbon in the forest floor of the tropical forest types (type 1 10 6)
consists mainly of the fairly large amount of dead wood caused by natural
mortality, assumed to occur in these forest types. In the other forest types,
which are subject 1o regular silvicultural management, no natural mortality is
assumed.

The amount of carbon in the forest floor and stable humus relative to the
amount in the living biomass is the most important in the boreal forest type
{no. 10). In this forest type there is 60% more carbon in the soil than in the
living biomass. Only under Douglas-fir in the Pacific northwest of the US, is
more carbon stored in the soil organic matter.

When comparing the individual results in Table S.1, it becomes clear that a
forest types may perform very well according to one criterion, but rather poorly
according to another. The selectively logged tropical evergreen rainforest best
satisfies the criterion, "long-term average stock ot carbon in the living biomass
and products” with 206 Mg C ha™', followed by Douglas-fir in the Pacific
northwest of the USA. Selective logging systems in the tropical rainforests
result in a much farger stock of carbon in the new equilibrium situation than
the system with heavy logging. When compared to untouched virgin rainforest

4
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all logging systems result in a decrease in the average long-term stock of
carbon in the system.

As expecled, the industrial short rotation forest types show relatively smali
stocks at the time of harvest, combined with high net fluxes during the rotation.
Thus, the short rotation forest types perform very well according to the criterion
net annual fixation during the first rotation. Highest net annual carbon fixation
in the first rotatlon is achleved with Caribbean pine in Brazil with a storage rate
of5.12MgC ha™ yr . The value given in column 2, is however, only valid for
the first rotation. As explained befors, net carbon flux tends to zero in the long
term.

Table S.1 Summarized presentation of the carbon sequestering potential of the selected forest
types (moderate production levels) according to the main evaiuation criteria.

1:  Long-term average amount of carbon (after 300 years) in the living
biomass and the forest products (stems, branches, foliage, roots, under-
growth and products) (Mg C ha’ )

2. Average net annual carbon flux over the first rotation (Mg C ha’’ yr )
(accumulation through photosynthesis minus decomposition of stable
humus, litter, dead wood, logging slash and products).

3: Long-term average amount of carbon (after 300 years) inthe sonl organic
matter (i.e. litter, dead wood and stable soil humus) (Mg € ha’ )

4:  Areatechnically suitable and socially available for this forest type, based
oh estimates by Winjum et al. (1992} after Howlett & Sargent (1991},
Brown et al. (1992) & Birdsey (1990) {in 10° ha}.

Forest type: 1 2 3 4
1. Heavily logged evergreen rainforest 144 240 g2 5.0
2. Selectively logged evergr. rainforest 207 285 102 20
3. Heavily logged semi-evergreen rainforest 76 1.07 76 50
4. Selectively logged semi-evergr. rainforest 151 203 98 20
5. Afforestation of wasteland 121 189 67 300
6: Logged rainforest hampered by lianas 125 079 92 20.0
7. Norway spruce in central Europe 137 202 117 03
8. Mixed deciducus in central Europe 110 135 105 0.2
9. Douglas-firin northwest USA 196 3.43 143 04
10. Norway spruce in boreal zone of Russia 53 1.03 139 30.0
11. Poplar on former agricultural land 62 223 75 0.2

12. Black locust on former agricultural land 111 335 84 041
13. Radiata pine in N. Zealand and Australia 126 454 97 0.3
14. Caribbean pine in Brazil and Venezuela 89 512 90 05
15. Loblolly pine in southeast USA 59 321 81 02
16. Slash pine in Brazil 111 3.88 80 0.3

The stock of carbon in the soil organic matter is largest under Douglas-fir
followed by the boreal forests and the temperate forests in a long rotation.
Limited amounts are mainly found in tropical wasteland and former agricultural
land.
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The fourth column in Table S.1. is added in order to provide some idea of the
relevance and the afforestation potential for each forest type considered here.
Some forest types perform very well per hectare, according to the long-term
average stock of carbon, but in case of a limited available area, the contribution
to the overall sequestration of carbon from the atmosphere will still be limited.
It is expected that especially in the tropics and in the boreal zone with less
intensive land-use {e.qg. indicated by abundance of waste lands and left-over
logged forest) afforestations can be carried out more easily thaninfor example
Europe or the Pacific nortwest of the USA, where possibility for changes in
land-use may be small. Forthe pine plantations, the esltimate in the last column
is based on the present-day area.

Allresults are based on the assumption that site factors remain constant during
the simulation period. Possible effects of climate change, acidification or
declining soil fertility are not taken into account. The analysis of carbon
sequestering potentiai depends largely on availability of growth and yield data.
The results for forest types for which well established growth and yield tables
are available, are very reliable. When growth rates are uncertain, the estimate
for carbon sequestration is uncertain also. Allocation 1o the other biomass
compartments (branches, foliage and roots) is done on the basis of available
biomass measurements. No reliable yield tables exist for the tropical forest
types (nrs. 110 6) and rather scattered data on regrowth or growth were used
instead. Thus the results for these forest types are more uncertain, and should
be updated as soon as more information on growth and productivity becomes
available. More data of this type are expected to come available in the near
future.

The amounts in the forest floor and the stable soil humus were based on
extensive data in literature for each climatic region. The simulations were fitted
by hand 1o reproduce existing inventory data. It was assumed that during the
simulation period, there was no major decrease or build-up of the stock of
stable humus in the mineral soil. Only on former agricutiural land, where the
stock of stable humus has declined through intensive ploughing etc., some
accumulation of stable humus in the mineral soil can be expected to occur.
Typically, the rate of accumulation of accumulation can be expected to be one
order of magnitude less than the rate of carbon accumulation in the living
biomass.

Concluding it can be stated that based on the most inportant criterion, "long-
term average stock of carbon in the biomass and products” selectively logged
lowland evergreentropical rainforest and Douglas-fir forest inthe USA seque-
ster the largest amount of carbon. Both may acchieve carbon stocks of some
200Mg C ha'.
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1. INTRODUCTION

1.1. Principles of carbon sequestration in forest ecosystems

Forest ecosystems may contain large amounts of carbon, both in the living
biomass and in the dead organic material on the forest floor and in the soil
(Olson et al. 1883, Post et al. 1982, Bouwman 1990). Through accumulation
of biomass and, possibly, through an increase in dead organic material in the
soil, a growing forest absorbs carbon from the atmosphere through photosyn-
thesis and assimilation of carbon dioxide. The biosphere plays an imponant
role in the regulation of the carbon cycle (Goudriaan 1987 & 1992), and the
vegetation is a considerable pool of atmospheric carbon (Ajtay et al. 1977,
Birdsey 1990, Bolin et al. 1986, Brown & Lugo 1986, Cannell et al. 1992, Cole
& Rapp 1981, DeAngelis et al. 1981, Detweiler & Hall 1988, Freedman et al.
1992, Houghton et al. 1984, Kauppi et al. 1992, Lieth 1975, Lugo & Brown
1992, Milleman & Boden 1985, Olson et al. 1983, Reichle 1981, Trexler 1991,
Vitousek 1991, Whittaker & Likens 1973, Woodwell 1984, Woodwell et al.
1978).

When new forest is established, e.g. on former agriculiural land, the biomass
withinthe ecosystem increases and carbon from the atmosphere accumulates
in the vegetation (Wolf & janssen 1991, Wiersum & Ketner 1989). In the
developing forest soil the amount of stable organic matter may also increase
because the soil is disturbed relatively little compared with the previous
agricultural landuse (Johnson 1992, Minderman 1968, Ovngton 1954). The
amount of living biomass accumulating peaks as growth gradually decreases
when the forest ages, and litter loss and decomposition processes increase
{Ovington 1965). In a mature, natural forest at equilibrium with the environ-
ment, het primary production (NPP) equals decomposition and, on average,
the net carbon exchange with the atmosphere is zero. This means that the
sequestering of carbon in forests should be considered a temporary pheno-
menon, However, as a consequence of the build-up of biomass and organic
matter in the soil, a certain amount of carbon is permanentily withdrawn from
the atmosphere, by being incorporated in the organic material within the
ecosystem.

To understand and quantify the role of forest ecosystems in the carbon cycle
it is necessary to quantify both the net annual carbon fluxes and the total
carbon content of representative forest ecosystems, thereby including the
carbon fluxes and stocks in the soil. Only by considering both these criteria,
is it possible to evaluate the feasibility of afforestation as a means to sequester
and store atmospheric carbon. The carbon sequestering potential of the main
forest types in The Netherlands was estimated eartier, using existing biomass
data and yield tables in combination with the CO2FIX model (Mohren & Klein
Goldewijk 1990a & 1990b, Nabuurs & Mohren 1993). Similar analyses have
been carried out in the United Kingdom (Dewar & Canneli 1992), Europe
{Cannell et al. 1992, Kauppi et al. 1992, Kauppi & Tomppo 1993) and a
selection of other countries (Dixon et al. 1991).

.-
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1.2. Method

Figure 1.1 gives an elementary representation of carbon fluxes and carbon
storage compartments in a forest. Carbon is taken up as carbondioxide by
means ol photosynthesis. Part of the assimilates formed during canopy
assimilation of carbon dioxide are used in respiratory processes, and lost to
the atmosphere again as carbon dioxide. In the model photosynthesis and
respiration are not considered explicitly, but instead the resulting increment
rates are estimated from stem volume increments given in yield tables (Ap-
pendix D). Different site classes were used to accound for the range of
production levels. The production level of a certain forest (and thus its carbon
sequestering potential) can be determined with the help of Appendix J. Stem
volume increment is easily converted to stem biomass increment and carbon
accumulation, using well-known values for basic density (dry weight per unit
of fresh volume, usually expressed as kg per m”, see Appendix C), and
assuming 50% pure carbon in oven-dry structural biomass (Ajtay et al. 1977).

The allocation to various organic compartments (i.e. branches, {oliage and
roots; appendix E) relative to stem dry weight increment and their characteristic
furnover rates {Appendix F) can be taken into account too. The problem of
allocation of net primary primary production to the different biomass com-
partments has long heen recognized (Dewar & Canneli 1992, Johnson &
Sharpe 1983, Santantonio 1989, Santantonio et al. 1377). The amount of
biomass in the varying compartments is determined not only by aliocation, but
also by the turnover time of the organs. Inthis study the estimation of turnover
time has been kepl rather simple, distinguishing between deciduous species
with a leaf life-span of one year, and conifers with average needle lifespan of
three years.

By incorporating a harvesting schedule, that accounts for various product uses
{Appendix 1) such as paper, fuelwood, packing wood, particle board or saw
timber, the subsequent release of carbon to the atmosphere through product
decomposition can be analysed as well, provided some assumption can be
made about average residence time of carbon in the product classes {Appen-
dix G).

As well as accumulating in the living biomass, carbon also accumulates in the
litter layer and in stable humus in the mineral soil {Schlesinger 1984, Vogt et
al. 1986). The turnover time chosen for foliage, branches and roots, determi-
nesthe litter input. Thus, by using residence times of carbon in litter and humus
(Appendix H) that agree with general descriptions of the dynamics of soii
organic matter, feasible results for stocks of carbon in humus and litter were
achieved. This ensured that the whole system of production, allocation,
turnover time, decomposition, humification and initial carbon stocks is interre-
lated and parameter values could only be setin combination and in accordance
with literature, other climates and forest types.
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Fig. 1.1 A simplified diagram of fluxes and stocks of carbon in a forest ecasystem. For further
explanation, see text§ 1.2.
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The simulation model CO2FIX described by Mohren & Klein Goldewijk (1990a
& 1990b} was used for the calculations, augmented by published data on
growth rates and amounts of biomass in the various forest types {datafiles in
Mohren & Nabuurs, 1993). The model describes the carbon cycle from annual
growth and loss rates of the main biomass compartmentis of the forest
ecosystem, in combination with accumulation and turnover of seil organic
matter. The input variables characterizing torest type and site conditions
consist of rotatien length, current volume increment, allocation of Net Primary
Production (NPP) to stem, branches, foliage and roots, basic wood density,
carbon content of living biomass (50%) and stable humus (58%), turnover rate
of foliage, branches and roots, natural mortality of the tree stand, residence
time of harvested products, humification rates of litter, residence time of litter
and stable soil humus, initial values for dead wood, litter and stable soil humus
and a thinning regime together with a specilied allocation to the product
groups. The input parameter values were derived from yield tables, biomass
measurements and other literature sources (e.g. Cannell 1982, Kimmins et al.
1985, De Vries et al. 1990). The model produces an annual output of stocks
and fluxes of carbon in the various biomass compartments and in the soil.

The calculation procedure in CO2FIX is comparable to the analysis of Dewar
{1991, see also Dewar & Cannell 1992, and Cannell et al. 1992). Basicly, a
carbon accounting procedure is used, in which stem volume increment from
yield tables is used to drive carbon accumulation in the entire living biomass
through proportionality coefficients derived from biomass measurements.
Using a simulation model that runs with timesteps of one year, a dynamic
description of carbon in the various biomass components is obtained, with the
possibility to adjust rotation age, thinning, product use, elc. according to the
species and silvicultural system under study. Data files have been specified
for all forest types and productivity levels considered (Mohren & Nabuurs,
1993).

The literature data useful for such an analysis fall into two broad categories:
data on stem volume accumulation, usually obtained from long-term perma-
nent field plots in even-aged mono-species stands, and data on ecosystem
biomass and primary production, usually obtained in reiatively short-term
ecosystem research. Growth and yield data from monitoring permanent plots
are usually fairty accurate and relatively easy to exirapolate, but are mostly
limited to the stem volume of commercially grown species only, and for a
limited number of silvicultural systems., Also, stem volume is only one of the
bicmass compartments that constitute the total ecosystem carbon content.
Detailed information on total forest biomass and organic matter content is
rather scarce, and although accurate tor a particular forest ecosystem, more
ditficuit to extrapolate 1o other site conditions and productivity levels.

1.3. Criteria to evaluate the carbon sequestering potential.

Nine criteria were selected and calculated for each forest type to evaluate the
capacity of carbon fixation and -storage of the forest types considered.
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2)

3)

4)

5)

6)

7

8)

Total stock of carbon at the end of the rotation in biomass and products
{expressed in Mg C ha™' ; represented by the value at the end of the
rotation on the thick line |n Figure 1.2B};

Total stock of carbon at the end of the rotation in the soil organuc matter
ie. litter, dead wood and stable humus (expressed in Mg C ha! ; repre-
sented by the value at the end of the rotation on the belowground thick
line in Figure 1.2A);

Total stock of carbon at the end of the rotation in biomass, products and
in soil organic matter (expressed in Mg C ha’; represented by the value
at the end of the rotation on the thick line in Figure 1.2B and the
belowground thick line in Figure 1.2A);

Long-term average stock of carboninthe biomass and the forest products
(expressed in Mg C ha’' ; represented by the upper dashed line in Figure
1.2B});

Long-term average stock of carbon in the forest products (expressed in
MgcC ha'; represented by the lower dashed line in Figure 1.2B);
Long-term average stock of carbon in the soil organic matter i.e. litter,
dead wood and stable humus {expressed as Mg C ha™'; represented by
the proceeding average of the belowground thick line in Figure 1.2A);
Long-term average stock of carbon in the total system of blomass forest
products and soil organic matter (expressed in Mg C ha', calculated by
adding up the proceeding averages of biomass, products and soil organic
matter) .

Net accumulated amount of carbon over the tirst 100 years after affore-
station (expressed in Mg C ha't; represented by the value of the above-
and belowground thick line at T = 100 yr minus the initial values in Figure
1.2A);

Proceeding average of the net annual carbon flux (accumulation minus
decomposition of Imer stabie humus, logging slash and products, expres-
sedin Mg Cha yr ) {represented by the dashed line in Figure 1.3). The
average is calculated at some arbitrary point in time, i.e. at the end of the
first rotation. Obviously, the long-term average tends towards zero during
multiple rotations when equilibrium is reached and no more additional
carbon is added.
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Fig. 1.2 Sample representation of carbon stocks during stand development.

A: Carbon stocks in the main aboveground biomass compartments (foliage, branches,
stems and roots) and the belowground compartments {litter + stable humus); Mg C ha' ;
B: Total carbon stocks since stand establishment in biomass and products together
(thick line) and carbon stocks in the harvested forest products (thin line), for successive
rotations. Upper dashed line: long-term proceeding average value for total carbon stock
in biomass and products, and lower dashed line: long-term proceeding average value
for carbon stock in products. All values in Mg C ha' .Fig. 1.2enfig 1.3
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Fig. 1.3 Sample representation of net annual carbon fluxes, (Mg C ha' yr" ), resuiting from
carbon accumulation in the biomass and products and decomposition of soil organic
material and forest products for successive rotations corresponding to the biomass
build-up presented in Figure 1.2. Thick line: carbon flux on annual basis. Dashed line:
long-term average for net carbon flux.

Depending on the objective of the evaluation, one or more of these criteria can
be selected. For example, for maximization of long-term, sustainable storage
of carbon, the long-term average stock of carbon (criterion 4) is most appro-
priate, as this represents the final contribution tc permanent carbon storage in
the forest ecosystem and its products. If the speed of carbon fixation is
relevant, it is most appropriate to look at average net annual carbon fixation
over the first rotation, Short rotation plantations may seem to do particularly
well in this case, but this storage rate strongly declines during following
rotations, because the average stock in the total system does not increase
turther.

The average stock of carbon in the soil organic matter (litter, dead wood and
stable humus) is of great importance for particular forest types such as the
boreal forests.

1.4. Forest types considered

This report considers a number of forest ecosystems woddwide, ranging from
tropical lowland evergreen rainforest to boreal spruce ecosystems, in order to
assess and quantify the feasibility of carbon fixation through forestation
activities worldwide. The aim is to obtain an overview based on existing
information on forest ecosystem biomass and carbon assimilation and growth,
that enables a worldwide comparison of forest lypes in relation to climate and
soil. Three production levels related to site conditions are considered.

i
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12,34,5,6

Fig. 1.4 Location of the selected forest tvpes.
1. Heavily logged evergreen rainforest
Selectively logged evergreen rainforest
3. Heavily logged semi-evergraen rainforast
4. Selectively logged semi-gvergreen rainforest
5. Afforestation of wasteland with Albizia
6: Heavily logged evergreen rainforest hampered by lianas
7. Norway spruce in montane Central Europe
8. Mixed deciduous forest in Central Europe
9. Douglas-fir in Pacific Northwest USA
10. Norway spruce in Boreonemoral zone of Russia
11. Poplar an former agriculturat land in Europe
12. Black locust on formsr agricutural land in Europe
13. Radiata pine in New Zealand and Australia
14. Caribbearn pine in Brazil and Venezuela
15. Loblolly ping in Southeast USA
18. Slash pine in Brazil

Taking into account the availability of biomass data and genuine stem volume
growth and yield information, as well as the potential for atforestation and
relevance for local forestry, the following forest ecosystem types were selec-
ted:

1: Regrowing, heavily logged evergreen tropical lowland Dipterocarp rain-
forest in three site c!asses w:th Im values over the regrowmg period of
11.7,14.1 and 18.7 m>ha™* yr The regrowing forest is heavily logged
every 70 years, as a result of which the standing biomass decreases by
80%. The assessment starts with the logged-over situation.

2: Regrowing, selectively logged evergreen tropical lowland Dipterocarp
rainforest in three site classes w;th Im values over the regrowing period
of 12.4, 15.8 and 18.1 m°ha’ yr . The regrowing forest is selectively
logged every 70 years, as a result of which the standing biomass decrea-
ses by 50%. The assessment starts with logged-over situation.

3. Regrowing, heavily logged semi-evergreen tropical lowland ramforest
in one site class with an Im over the regrowing period of 7.0 m>ha™* yr. 5
The regrowing forest is heavily logged every 70 years, as a result of which
the standing biomass decreases by 80%. The assessment starts with the
logged-over situation.

+
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10:

11:

12:

13:

14:

15:

16:

Regrowing, selectively logged semi-evergreen tropical lowland rainfo-
rest m one site class with an Im over the regrowing period of 10.5
m°ha™! yr. t The regrowing forest is selectively logged every 70 years, as
a result which the standing biomass decreases by 50%. The assessment
starts with the logged-over situation.
Affarestation of tropical wastelands in one site class starting with a
pioneer atforestation consisting of Albizia spp., which after 10 years is
underplanted with Dipterocarps (Shorea spp.). Next a selective cut is
applied every 70 years through which the standing volume decreases by
50%. The Im is 9.3 m°ha” yr.
Recovering heavily logged evergreen tropical lowland Dipterocarp rain-
forest on a moderate site, on which the regrowth is hampered by the
vigorous growth of lianas. The assessment staris with logged-over rain
forest,andthe Imis 8.4 maha'1yr". A cutting cycle of 140 years is applied,
and the standing biomass decreases by 60% at logging.
Norway spruce (Picea abies) stands inmontane central Europe in three
site classgas in rotations of 120 years with Im values of 5.8, 9.3 and 14.2,
m ha 'yr .
Mixed demduous stands of pedunculate oak (Quercus robur) and beech
(Fagus sylvatica) incentral Europe inthree s:te classes in rotations of 150
years, with Im values of 3.5, 5.4 and 8.1 m°ha™'yr .
Douglas-fir {Pseudotsuga menziesii) stands in the Pacific northwest of
the USA in three site classes in rotations of 100 years with Im values of
11.5,14.9 and 18.6 m°ha 'yr' !,
Norway spruce (Picea abies) stands in the Boreonemoral zone of
Russia, in three site classes in rotations of 100 years with Im values of
3.2, 4.6 and 6.0 m°ha'yr .
Industrial plantations of poplar (Populus x euramericana) on former
agricultural land in three site classes inrolations of 45 years with Im values
of55,10.4 and 13. 2 and on one site in a rotation of 20 years with an Im
value of 19.2 m™ha yr
Industrial plantations of black locust (Robinia pseudoacacia) on former
agriculturaliandin three sute classes in rotations of 50 years with Im values
of5.8,8.9 and 12.1 m°ha lyr .
Industrial plamtations of radiata pine (Pinus radiata) in three site classes
in New Zealand and Austraha in rotations of 40 years with Im values of
17.5,22.2 and 27.0 m°ha 'yr’ !,
industrial plantations of Caribbean pine (Pinus caribaea) in three site
classes in Brazil and Venezuela in rotations of 25 years with Im values of
13.9, 19.6 and 23.8 m°ha 'yr.
Industrial plantations of loblolly pine (Pinus taeda) in three site classes
in the southeast of the USA in rotations of 30 years with Iy values of 6.2,
9.7and 13.6 m*ha 'yr".
Industrial plantations of slash pine (Pinus elliottii) in three site classes in
Brazil in rotatlons of 30 years with Im values of 17.2, 26.0 and 34.8
mha’ 1yr
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2. TROPICAL RAINFORESTS

2.1. Introduction

Warm and cool as well as humid and dry climates occur between the tropics
of Cancer and Capricorn. A large range of tropical forest types has developed
in response to these climates and the geomorphological and pedological
conditions in the American, African and Asian tropics (Lieth & Werger 1989).
Although vast areas of untouched rainforest still exist, a major part of the
tropical rainforest is threatened with destruction within a couple of decades
{(Kartawinata et al. 1989, Kartawinata & Vayda 1984). In orderto preserve vast
areas of the virgin rainforest it is of great importance to establish strict forest
reserves, 1o develop sustainable selective silvicultural systems (Korsgaard
1985) and to reforest wasteland.

Inthis chapterthe forest types of Kalimantan, indonesia, are described in more
detail, after a general description of {ropical forests. The parameters of the
Dipterocarp evergreen rainiorest and the semi-evergreen rainforests used as
model input, such as site conditions, biomass and production rates, are
described in more detail and carbon sequestering potential of several silvicul-
tural systetns in these forests is determined.

2.1.1. Climate and tropical forest types

The tropical atmosphere is an important part of the global atmospheric circu-
lation because of the intensive circulation of heat and water vapour. Airmasses
heat up in the the equatorial zone and rise to the tropopause. At the tropopau-
se, the air masses move towards the poles. The resultant cooling causes the
air masses to descend at subtropical latitudes. Air masses from both hemis-
pheres collide at the equator, forming the Intertropical Convergence Zone {see
Figure 2.1). On the continents, the Intentropical Convergence Zone shifts
seasonally towards the north or the south, and monsoon-like westerly winds
may develop in different intensities near the equator. These winds are of
special importance for the occurrence of rainfall in the equatorial forest belt.

In the tropical rainforests near the equator the mean annual precipitation is
3000 mm. In Africa and South America this amount rapidly decreases because
of a dry season towards the tropics of Cancer and Capricorn. Nearthe marginai
tropical ang subtropical dry belt the world's lowest rainfall totals occur. In
Southeast Asia the temporary shortage in precipitation is far less pronounced
because of the monsoon {see Figure 2.2). Asa result, in the rainforests of the
monsoon area the amount of summer rainfall can be extremely high, but winter
rainfall may be rather low.

Climatic types of the tropical rainforest can be distinguished (Lauer 1989) on
the basis of the annual cycle of the water budget of the tropical region: the
equatorial, the tropical, the marginal tropical, the tropical montane and the
edaphic humic type. Only the first three types are of importance in this study.
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Fig. 2.1 Synoptic structure of the Intertropical Convergence Zone, W = West wind, E = East wind,
H = high pressure, L = low pressure (Lauer 1989).
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Fig. 2.2 Hygrothermal zonation of the tropics (Lauer 1989).

1




Carbon Fixation through Forestation Activities

mm mm mm
A 5004y Pontianak 5 n C 5004 Sandakan
(007015, 109° 20€ ) 15! mm [ 71 (05°0SN ,N8°07E)  Nalmm

€
sz ::caaz iz ziz:iazszzrzsss
TEMAMI T ASGRDC
B mm mm
300G7  Cherrapuniji r
4 . —_— t
{2515N 3P4 10798mm e
1313m ———— Cphimai Landscape Evapairansperghion (oLET)
2500 ----- Actual Landscape Evgpotrgnspration [LET]
------ Edaphical - Dry-Limil {Permanent-witmg-Font i
20004
7 If Runofl
L Sod Maisiure Recharge
Soil Morsture Utihisation
10004 L Water Deticit
Soil Mosture Regeneration
‘] Soil Moisture Deficit
00 Detieit of Soi Moisture betow
Permanent- Willing- Point
Avqiigbie Soil Water
Hardly avodabie Soil Water
700
600
500
40041

Fig. 2.3 Water budget diagrams for some tropical rainforest types (Lauer 1989).
a. Pontianak, Kalimantan: equatorial type;
b. Cherrapuniji: tropical type;
¢. Sandakan, Malaysia: marginal tropical type.
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The equatorial type is located along the equator where in the long run, all
months show a positive water balance (a surplus of precipitation over water
loss through evaporation and transpiration). Arid type periods with a negative
water balance rarely last more than one or two months. Examples are the
Amazon basin, Congo and the Sunda Islands. The Pointianak Station
(00°01'S; 108°20°E, Figure 2.3) on the island of Borneo is an example of a
location with the rainfall distribution of the Indo-Malayan evergreen rainforest.
In this climate, Whitmore (1984) described the evergreen tropical lowland
rainforest occurring in Kalimantan as the most luxuriant plant community with
a great richness in species and a clearly marked stratilication with giant trees
that reach heights of up to 50 m. This type of rainforest can be found at
elevations of up to 1200 m above sea level. Figure 2.4. gives an example of
the distribution of forest types in East Kalimantan as published by Van Bremen
et al. (1990).

The tropical iowland evergreen forest of Southeast Asia is known for the family
dominance of the Dipterocarpaceae in the western block. The main genera
are Anisoptera, Dipterocarpus, Dryobalanops, Parashorea and Shorea (Sal).
The family develops its greatest richness in terms of abundance of species in
Sarawak and Brunei, in the northwest of Borneo. Here the formation is known
as mixed-Dipterocarp. On Borneo vast areas of this forest type have been
logged and shifting cultivation is practised. Cassava, upland rice, banana and
pepper are produced for domestic use and for the market. Huge areas of
wasteland are covered by "Alang-alang" (Imperata cyclindrica}, especially in
areas where short cycled shifting cultivation is practised (Van Bremen et al.
1990).

The tropical type of climate occurs at a certain distance from the equator
where the two annual rainfall maxima converge and merge into a twin or single
peak maximum. The dry period becomes longer. lf there is a strong monsoonal
influence, the short dry period disappears and is replaced by a rainfall
maximum. This climatic type shows a marked seasonality which leads to a
vegetation that is characterized by monsoon forests. A humid or evergreen
forest type prevails if the dry period does not last longer than three to four
months and a semi-humid or semi-evergreen forest type, if it lasts for more
than four months. These forest types occur onthe west coasts of the Indo-Ma-
layan archipelago, the southern Himalyan mountains, the African gulf of
Guinea, in Liberia and on the Panamanian and Colombian west coasts. For
the Asian tropics, the Cherrapunji station (25°15'N; 91°44'E) represents a
location with a monsoon type climate with evergreen and semi-evergreen
rainforests {see Figure 2.3).

The marginal tropical type receives its water from rainfall during the summer
location of the Intertropical Convergence Zone. Very often, the rainfall received
is complemented by rainfall from tropical cyclones. This type of climate occurs
mainly along the tropical east coasts towards the tropics of Cancer and
Capricorn. A forest type with a marginal tropical water budget occurs in
Southeast Asia on almost ail east coasts of the island archipelago. The station
of Sandakan on Borneo (05°05'N; 118°07'E) (Figure 2.3} is an example of a
location with this type of climate. A negative water batance may occur for two
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Fig. 2.4 Vegetation types of East Kalimantan (Van Bremen et al. (1990) after Whitmore).

or three months during the "summer” period. The regions with this climatic type
carry the semi-evergreen rainforest which is of somewhal lesser importance
for this study. It is a closed rainforest in which the trees sometimes reach large
sizes. It includes both evergreen and, in the top of the canopy, deciduous
species. Up to one third of the bigger trees may be deciduous, but not all are
necessarily leafless at the same time. These monsoon-like forests contain the
commercially valuable species Tectona grandis (Teak). In a region where
there is sufficient rainfall throughout the year o support evergreen forest,
semi-evergreen forest may still occur because the soil has a limited water

holding capacity.
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2.1.2. Soils

The soils of tropical rainforests are variable, and only a few generalizations
can be made. They have been classified according to the Soil Taxonomy
system, which is a classification system based on quantifiable parameters.
The equivalent in the FAQ (1989) classification has also been given. In the
following, a brief description of the different soil orders is given. Figure 2.5,
gives an example of the distribution of soil types on East Kalimantan as
published by Van Bremen et al. (1980).

N
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Fig. 2.5 Soils of East Kalimantan {Van Bremen et al. 1990).
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Oxisols (Ferralsols) are deep, generally well drained red or yellowish soils with
excellent granuiar structure and little contrast between horizons. The soils are
acid (pH 4.5 - 5.5) and low in available nutrients and have an Al saturation of
around 80%.

Ultisols {Acrisols, dystric Nitosols} are also old tropical outbased clay soils and
are similar to Oxisols in their morphology, but they have a marked increase of
clay content with depth (Buringh 19878). Ultisols are usually deep, well drained
red or yellowish soils, somewhat richer in weatherable minerals than Oxisols
but still acid and poorly fertile. As in Oxisols, the main limitations for plant
growth of this soil type are chemical: high acidity, aluminiumtoxicity, deticiency
of phosphorus, potassium, calcium, magnesium, sulfur and zinc and low cation
exchange capacity, leading to a high potential for leaching.
The Inceptisols are young soils, but are sufficiently mature to have clear A, B
- and C horizons. The Inceptisols are subdivided in three main suborders: the
poorly drained Aquepts (Gleysols), the volcanic Andepts (Andosols), and the
well drained Tropepts (Cambisols). With the exceplion of acid sulphate soils,
mast of the gleysols are of moderate to high fertility. Many of them are in use
for growing lowland rice. Andosols are generally fertile, with excellent physical
properties. The well drained non-volcanic Cambisols can be divided into two
groups: the acid Cambisols, often with characteristics similar to the Oxisols
and Ultisols, and the non-acid Cambisols, which have a high base saturation
and are very fertile.

The order of Entisols is divided into Fluvisols, Arenosols and Lithosols.

The Fluvisols which are not subject to periodic flocding are ameng the best
soils of the tropics. Most of these soils are under intensive lowland rice
production. Deep sandy Arenosols (including the Regosols) are often very acid
and very intertile. They are very susceptible to erosion and forest clearing is
not recommended. Lithosols are shallow soils over bedrock, usually found on
steep slopes. They can be very fertile, but their shallowness is a serious
limitation.

The Alfisols consist of well drained relatively fertile soils. The Rhodic Alfisols
or Eutric Nitosols according to the FAQ (1989) are very similar to Oxisols and
Ultisols in terms of colour and structure, but their main difference lies in the
high base saturation in the Rhodic Alfisols, which are fertile soils. The Plinthic
Alfisols or Plinthic Luvisols according to the FAQ have sandy, gravelly surface
layers underiain by gravelly materials or plinthite. They have poor physical and
chemical properties.

Hislosols are the organic soils usually known as peats or bogs. These soils
have serious limitations because of the difficulties in drainage, root anchorage
and deficiency in micronutrients. The Podzo! soils developed in sandy mate-
riais, away from the floodplains. Here the native forest vegetation is often very
difterent from the tall rainforests found on Oxisols and Ultisols. Podzols are
extremely infertile and very susceptible to erosion.
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2.1.3. The Dipterocarpaceae

The reproductive ecology of Dipterocarps makes it pessible 1o exploit the
natural regeneration of these species after selective logging. An important
characteristic of the family of Dipterocarpaceae is its irregular but abundant
seeding {Nicholson 1979, Ashion 1989) and the very short period of seed
viability but a relatively long life of some of the seedlings. Under undisturbed
conditions these seedlings will hardly grow but they will show a rapid and
marked response to increased light. Young seedlings however do not profit
from exposure in completely open conditions (Ashton 1983). During their
establishment phase even the mosttolerant species grow best in semi-shaded
conditions. There are indications that water stress plays an important role in
the survival of seedlings and planied Dipterocarps (personal communication
to C.G. van Eijk Bos, IBN-DLO, September 1992).

Once establishment and early growth is assured, the seedlings will respond to
full overhead light. Many observations show that the best growth of Diptero-
carps occurs when there is a rapid return to forest conditions with complete
soil cover, but with the Dipterocarp in a dominant position inthe young canopy
(Nicholson 1979). Successful regeneration of the Dipterocarp stand can
usually only be achieved when the Dipterocarps are already present in the
forest in the middle iayer before the logging takes place, and when sufficient
trees remain after logging and timber extraction. A forester wishing to use the
natural processes needs to ensure that at the time of selective felling there is
a medium layer of Dipterocarp poles, which is not destroyed during extraction
and which is protected from complete exposure in such a way that the
microclimate favours intermediate pioneers. If the forest is logged too mode-
rately or too heavily, the forest climate conditions will favour tree species other
than the Dipterocarpaceae (Nicholson 1979). New trees grown from the
Dipterocarp poles may reach commercial size in about 50 years.

2.2. Carbon dynamics in recovering tropical lowland Dipterocarp
rainforest

2.2.1, Literature data

To set the model input values, data were gathered on the following parameters

of tropical evergreen and semi-evergreen forests:

- stem, foliage, branch, root and undergrowth biomass (dry weight);

- Net Primary Production (dry weight) in tropical evergreen and semi-ever-
green forests;

- allocation of the NPP to the ditferent biomass compantments in mature
forest;

- basic wood density;

- dry weight of dead wood, forest floor and the stable humus in the soil
under mature forest ;

- annual litter fall in mature forest;

- biomass decrease through logging and regrowth data afterwards;
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Results of biomass measurements vary considerably for the virgin tropical
evergreen forests. Detailed data reflecting the diversity of this forest type are
presented in Tabie 2.1,

Table 2.1 Stem and total biomass dry weight and Net Primary Production (NPP) from several
studies for tropical forests in Southeast Asia according to various authors in Cannelf

{1982) and Golley (1983).

#: these figures in parentheses present stem volume (msha" ). instead of stem

biormass.
forest country site stem total NPP reference
type biomass biomass d.ow.

d.w. d.w, (Mg ha tyr 1y
(Mg ba 'y (Mg ha h
evergr eq. * wet * 440 * Olsen, in Canrell 1982
330-550
towl. wet f, Riau, Sumatr. alluvial 143 * * Dilmy 1971
n " " 164 * w "
L1] 1] " 183 L ] * n
rainforest  Sumatra podzolic 128 » * "
rainforest Kalimantan podzolic 239 * * "
" " atluvial 214 » v "
[1] u n 170 * = u
montane West Java Andasol 549 * * "
lowl wet for., New Guin. b (380)* * ¥ Paijmans, in Golley
1983
" n - ([.3?) - E ] 1]
i [1] n (6??) ] * [
1 " * (992) - - 1]
lowl. wet f Malaysia * * as0 * Brinig, in Golley 1983
lowl. wet f. Mataysia * * 377 * Wong, inGolley 1983
" " * (690-700) 478 * "
o " * * 621 * Kira, inCannell 1982
L] n * * 43? L n
1l * n L] [.75 * L1}
" Malaysia * * 366 37-56 Whitmore 1978
" " sandy clay 287 365 b 8ullock, in:
DeAngelis et al. 1981
" Malaysia * * 266 * Chan 1982
" Malaysia * * 466 * "
" Malaysia drained * 493 * Kira & Ogawa 1971
tr. rainf. average average * 440 20 whittaker &
Likens 1973

tr. seasonal average average b 355 15 "
tr. humid average average * 420 23 Ajtay et al. 1977
tr. seasonal average average * 250 16 "
rain forest Thailand * * * 28.6 Murphy 1975
montarne rf. Java * * * 24.3 Wanner 1970
Llowiand rf. Sarawak * * * 321 "
evergr seas. Kampuchea Latosol 225 415 * Hozumi, in Camrell 1982
" n n 19? 34? * 1)
tr. rainf. Malaysia sandy clay 522 657 * Kato, in Cannell 1982
n " " 367 466 26.9 Kira, inCannell 1982
n " " 346 432 26.6 "
Low stocking " * * 178 * Chan 1982
1 [1] * - 289 L [
lowl. mature Kalimantan Ultisol 532 649 " Yamakura et al. 1986
towl . build. Kalimantan Ultisol 118 141 * "
Lowl gap Kal imantan Ultisol 21 27 * "
dipt forest Sarawak podzelic * 650 * Anderson et al. 1983
moist trop. SE Asia average * 225 * Brown et al. 1991
lowl rf tropics average ' bl 344 * Brown & Lugo 19846
lowl m. f. tropics average * 369 * "
moist zone SE Asia average - ® 225 * Srown et al. 1991
hill forest Malaysia average * 296-391 * Brown et al. 1989
hilt for. Malaysia average * 172-220 * Brown et al. 1989
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Although some very large amounts of dry matter for the total biomass appear
in Table 2.1, Brown (1384) suggests that such large amounts of biomass
probably occur much less frequently thanvalues close to the average amounts
of total biomass (350 Mg ha™ ') which they found for mature tropical forests in
Asia. Later (Brown et al. 1991), state that the average biomass of tropical moust
forests of South and Southeast Asia should be estimated at 225 Mg ha’ dry
weight. This last estimate was based on inventories representing 22 x 10% ha
of tropical forest, inclusive logged forest. Other general average data from
Whittaker & Likens (1973) suggest a stock of dry matter of 450 Mg ha ' inthe
total plant biomass of the evergreen tropical rain forest. An amount of 350 Mg
ha™! dry matter is suggested for tropical semi-evergreen forest.

Basal area measurements obtained by C.G. van Eijk Bos (unpublished data)
in the ITCI concessnon area in East Kalimantan, suggest an average blomass
of 350 Mg ha dry matter, with figures ranging from 170 to 540 Mg ha These
biomass figures were obtained by multiplying the basal area (m ha ) by a
factor of 10. Acording to Brown el al. {(1991) this procedure can be applied for
tropical forest in Maiaysia and the Philippines.
Whittaker & leens {1973) suggestthat the NPP of evergreen tropncal ramforest
is 20 Mg ha’ 1yr and that of tropical semi-evergreen is 15 Mg ha™! yr Data
presented by Murphy (1975) from various authors suggest a Net Primary
Productivity of tropical rainforests ranging from 16.8t0 32.1 Mg ha' yr U matter.
In some biomass measurements of mature tropical rainforest, the biomass
comparntments branches, roots, foliage and undergrowth are distinguished
separately. These are presented in Table 2.2.
Table 2.2  Biomass (dry weight) of biorass compartments distinguished in some tropical
forests.
forest stem branch foliage root undergrowth reference
type biomass biomass biomass biomass biomass
(d.w.)_ (d.w.)_ (d.w.)_ (duw.)_, (d.w.)_,
(Mg ha™™> (Mg ha 'y (Mg ha ') (Mg ha ) (Mg ha D)
mature 520.5 101.6 6.1 * 21.0 (dbh<10 cm) Yamakura et al. 1
bui lding 99.6 16.4 2.5 * 2.7 v u
gap 0 0 0 * 6.4 "
tr. lowl.  360.0 * 7.7 32.0 . Ogawa, in Cannell 1982
tr. lowl.  286.0 * 8.2 30.0 * “
seasonal 225 4 107.5 6.5 69.2 6.5 (dbh<4.5 cm) Hozumi, in Carrell 1982
seasonal 197.1 88.1 6.4 09.9 6.5 " "
heath 106.3 34.0 6.8 18.0 * "
rainfor. 287 .1 59.4 4.8 29.6 13.4 (understorey) Bullock, in
DeAngelis et al.
rainf. 5e22.2 125.4 7.8 * 1.2 ¢ground veg.) Kato, in Camnell 1982
rainf. 367.5 0.1 8.0 * 0.2 v "
rainf, 246.0 7.9 7.8 * * 0
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Butlock in DeAngells et al. {1981) mentions that of the Net Primary Production
of 15.38 Mg ha- 1yr in a tropical rainforest in Malaysia, 28% was stored in
the stem and 18%, 3% and 50% were stored respectively in the branches,
fruits and foliage. The allocation to the roots was not measured. For the
aliocation to stem, branches, fruits, foliage and roots in mature tropical
rainforest Kato et al. in Cannell (1882) mention figures of 35%, 19%, 0%, 29%
and 17% respeclively and 30%, 17%, 5%, 28% and 20% in another study (see
also Appendix E}.

The litter input in tropical rainforests ranges from 13.7 to 256.8 Mg ha'1yr'1
(Reiners 1973, Coleman et al. 1989), although Bray & Gorham {1964} mention
much lower values for the annual lmer input inthe Dipterocarp forest in Malaya
ranging from5.5to7.3Mgha’ yr .Insecondary forestin Malays:a the annual
fitter input was found to range from 8.3 to 14.4 Mg ha yr . Bullock in
DeAngelis et al. {(1981) mentlons alitterfallof 17.3 Mg ha yr 'and a dry weight
of the forest floor of 12.6 Mg ha"'. He found 13.9 Mg ha™ standing dead wood.

Van Bremen et al. (1990) mention figures for East Kalimantan of 72 - 96 Mg

C ha™! in the stable humus in Alisols under primary lowland forest. Under

ged forest on Alisols lower values were found, ranging from 58 - 104 Mg C

. Other more general data from Millemann & Boden (1986) suggest 97 and

66 Mg C ha™! in the stable humus under tropical wet and moist forest

respectively in Asia. Raich (1983) mentions that the dry weight of the slable

humus inan rnceptlsol decreased in secondary forestto 148 Mg ha™ Ytrom 161

Mg ha ! under virgin forest. Dry matter in the forest floor decreased from 37
to 14 Mg ha' (see also Jordan 1989).

According to Dixon et al. (1991) the basic wood density {dry weight per green
volume) of the wood in the tropical lowland forests is 610 kg m™ for all
Dipterocarp genera. Cannell {1984} mentions a figure of 590 kg m’ *for Shorea
and Tectona species and Chan (1982) mentions an average figure of 570 kg
m for Dipterocarp forest.

Gomez-Pompa & Burley (1991) distinguish four silviculiural systems in hatural
tropical forests.

1: The patyral regeneration or selective cutting system. This system exists
of selecting only a few trees at the time of removal, allowing natural
regeneration to fill in the gaps created and maintaining standing volumes
of all species.

2: The clearing system eg. Malayan Uniform System. This invelves the
extraction of some or all commercially valuable trees and the immediate
elimination of unwanted individuals through cutling or poisoning. The best
known system of this group, the Malayan Uniform System, has been
successful in the Dipterocarp forests of Southeast Asia.

3:  The replacement system. This system invelves an often large-scale clear
cut of the entire forest, which is then replaced by tree plantations of
Eucalyplus, Tectona or Pinus spp. Shifting cultivation is also a kind of
replacement system.

4. The restorgtion system. This last system is the least known, but the most
needed. It includes the management of heavily disturbed, unproductive

f
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forests and wasteland. The system includes a variety of techniques for
planting desirable species in the logged forest or the wasteland which are
covered by grasses and shrubs.

Although the timber extracted in the clearing system is usually only 15%
(ranging from 0 fo 32%)}) of the standing volume, up to 65% of the original stand
may be damaged through the logging operations (Nicholson 1979, C.G. van
Eijk Bos, unpublished data). On average, approximately 45% of the standing
volume of the virgin stand is influenced in some way (either removed or
damaged).

Basal area increment measurements after a selective logging (C.G. van Eijk
Bos, unpublished data), indicate that 15 years after the virgin forest had been
logged, reducing the basal area by 45%, the secondary forest had reached on
average 88% of the initial basal area of the primary forest. Miller {(1881) also
states that when a selective logging has taken place, the ingrowth of the stand
shows a significant increase. At a logging severity of 20%, the mean diameter
growth six years atter logging, is 1.6 cm yr'', compared with only 0.7 cm yr'!
in the virgin forest for trees of the same dlameter class. Mifler (1981) also
shows data of a net growth rate of -16.3 m 3ha yr 2 years after 76% of the
trees in a stand had been logged. Regrowth in the longterm, after several
cycles is rather uncertain, and soil productivity can probably only be maintai-
ned in the most careful systems.

2.2.2, Model input

In this study six different silvicullural systems were used when modelling the
carbon sequestration in the tropical zone in Southeast Asia.

1: Regrowing, heavily logged evergreen tropical low!and Dipterocarp rainfo-
rest in three site classes W|th Im values over the regrowing period of 11.7,

14.1 and 18.7 mha’ yr The regrowing forest is heavily logged every
70 years, as a result of which the standing biomass decreases by 80%.
The modelling starts with the logged-over situation.

2. Regrowing, selectively logged evergreen tropical lowland Dipterocarp
rainforest in three site classes wath im values over the regrowmg period
of 12.4, 15.8 and 18.1 m°ha" ),rr1 The regrowing forest is selectively
logged every 70 years, as a result of which the standing biomass decrea-
ses by 50%. The modelling starts with the same heavily logged situation
asin system 1.

3: Regrowing, heavily | mi-evergreen tropical lowland ralntorest in
one site class with an Im over the regrowing period of 7.0 m°ha’ 1).rr . The
regrowing forest is heavily logged every 70 years, as a result of which the
standing biomass decreases by 80%. The modelling starts with the
logged-over situation.

4: Regrowing, selectively logged semi-evergreen tropical lowland ramforest
in one site class with an Im over the regrowing period of 10.5 m°ha 'yr .
The regrowing forest is selectively logged every 70 years, as a result
which the standing biomass decreases by 50%. The modelling starts with
the same heavily logged situation as in system 3.

¢
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5: Afiorestation of tropicalwastelands in one site class starting with a pioneer

afforestation consisting of Albizia spp., which after 10 years is underplan-
ted with Dipterocarps (Shorea spp.). Next a selective cut is applied every
70 years, through which the standing volume decreases by 50%. Im is 9.3
m-ha 'yr .

6: Recovering heavily logged evergreen tropical lowland Dipterocarp rainfo-

rest on a moderate site, on which the regrowth is hampered by the
mgLQus_gLo_mn_oj_uagaa The modelling starts with logged-over rain
forest, and Im is 8.4 m-ha 'yr’'. A cutting cycle of 140 years is applied,
and the standing biomass decreases by 60% at logging.

itvi cal mi:
The initial situation is a severly damaged lowland evergreen rainforest. There
is still enough cover to hamper the pioneer species and the lianas. The
modelling was done for three site classes in the evergreen rainforest, all
located on Alisols, but differing in nutrient availability.

The initial amounts of dry matter in the virgin rainforest cannot be traced back
from the model output, but the regrowth is based on the assumption that the
forest can reach 80% of its original biomass. The amounts of dry biomass in
the virgin tropical lowland evergreen rainforest for the sites of good, moderate
and limited fertility are 625, 475 and 400 Mg ha™! respectively, of which
approximately 70% is stored in the stems. The rest is stored in branches,
foliage, roots and undergrowth. The initial values for stable humus, dead wood
and litter are given in Table 2.3. Basic wood density was sel at 560 kg m>
(see also Appendix C). Humification and decotmpaosition constanis and resi-
dence times of dead wood and stable humus are given in Appendix H.

Table 2.3 Initial values (Mg ha'! dry matter) of the virgin tropical forest for stable humus, dead
wood and litter used as basis for input. Based on data from Bray & Gorham (1964),
Ajtay et al. (1977), Post et al. {(1982), Buringh (1984), Reiners (1973), Brown & Lugo
{1886) and Millemann & Boden {1986}.

evergreen semi-evergreen waste lands
good moderate limited moderate
stable humus 150 140 140 155 90
dead wood 95 72 52 45 0
litter 19 15 12 11 0
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The heavy logging is assumed 1o result in a biomass that is only 20% of that
of the virgin forest. Only 20% of the destroyed volume is harvested for limber;
the rest is left in the forest (see Appendix 16 for use of the wood). It is assumed
that sufficient middle class Dipterocarp trees which were already present
before the selective logging survive the logging operations and can be used
in the next rotation. This ensures that after approximately 70 years, another
logging can be carried out through which the biomass decreases again with
80%. Half of the wood from this logging-over is also ieft in the forest, while the
other half is used as sawn timber and as packing wood (see Appendix 16). If
there are not enough middle class Dipterocarps left, enrichment line planting
will have to be carried out.

Since much of the debris is left in situ after logging, it is assumed that the soil
fertility does not decrease and therefore the same regrowth ¢an be assumed
in each rotation. The volume increment at the end of a rotation is therefore the
same as in the virgin forest, with an increased growth in the period of 2510 50
years after the logging (see Appendix D1 for volume increment). Regrowth of
commercial species is improved through two subsequent thinnings, 20 and 40
years after the selective logging. The allocation fractions of NPP to the other
biomass compartments is given in Appendix E.

The initial situation is also a heavily logged tropical lowland rainforest, but this
time enough Dipterocarp pole trees are left or an enrichment line pianting is
carried out resulting in a growth which is concentrated on the commercialiy
interesting species. At the end of a rotation a careful logging operation is
carried out through which the biomass decreases by only 50%. In this system
it is tairly certain that the soil fertility can be maintained, so that the forest
quickly regrows to about 80% of the biomass in the virgin tropical forest. It is
assumed that this regrowth can be achieved each rotation. Cleaning and
thinning operations are carried out 5 and 20 years after the selective cut.
Because the thinnings are carried out carefully and are aimed at producing
high quality wood, it is assumed that a larger part of the wood from the selctive
cut is used as sawn timber (see appendix i6).

The same silvicultural systems are assumed as in syslems 1 and 2, but here
the initial forest type is the lowland semi-evergreen rainforest on moderate
sites with a lower amount of initial biomass. The virgin forest biomass is
assumed 1o be 300 Mg ha dry matter, but the modeiling starts with only 20%
of this amount. It is assumed that the soil fertility does not decrease.

The fifth starting point is the vast extent of wasteland {see Figure 2.4} which
no longer carries any forest vegetation. The vegetation usually consists of
grasses (Alang-alang) and some scattered trees and scrubs. This land-use
type has developed from logged-over rainforest which was burned down by
shifting cultivators who then used the land for agriculture for some years. The
model includes afforestation with Albizia falcataria which will be underplanted
with Shorea spp. after 10 years. A careful and selective logging system is
carried out every 70 years. Since regrowth on the impoverished wasteland
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soils is very uncertain, only one site class was modelled. It is assumed that
the soil fertility does not decrease any further, so the same regrowth can be
assumed in each rotation.

The model starts with a short rotation (10 years) of Albizia talcataria; these
trees should provide the shelter necessary to establish an undergrowth of
Shorea spp. (Long & Johnson 1981). Albizia is known for its high production
potential and its fight foliage makes it an excellent cover for agroforestry crops
and for enrichment line planting with Dipterocarps (Long & Johnson 1981).

Although very highincrements are recorded for Albizia on Java (Pandey 1383),

with mean increments of up io 56 m *ha” yr 1 at an age of 10 years, one has
to take into account that the Ultisols of Kalimantan are very infertile and have
probably lost some of their already low fertility through shlttlng cultivation. Long
& Johnson (1981) mention a standing volume of 375 m°ha ' for a plantation
of Albizia falcataria on an Ultisol on Kalimantan at an age of 15 years The
current volume increment in the Albizia of 10 years is setat 16 m”ha’ ’yr (see
Appendix D1). A mean annual volume increment in the Shorea stand of 7.0
m~ha” ’Yr ' was used. In this study the amount of stable humus was set at 90
Mg ha ' dry matter.

At the time of planting the Shorea seediings, the Albizia stand is thinned to
50% (see Appendix 17 for use of the wood). Ten and 20 years after the
establishment of the Shorea stand, the rest of the Albizia is removed (they may
have died already). Whenihe Shoreatrees are 70 years old a selective logging
is carried out in the Shorea forest, at which 860% of the volume is either
harvested or damaged; 50% of this is used as sawn timber. Natural regene-
ration of Shorea seeds should then be present, to provide a new generation
under the shelter of Shorea trees.

ilvicuttural m §:

The last silvicultural system is a recovering heavily logged lowland evergreen
tropical rainforest on a modetrately ferlile site, where regrowth is hampered by
the vigorous growth of lianas. This system has been added for comparison
and models a rainforest which has had 80% of its trees cut down, as a result
of which pioneer species and lianas have been stimulated. This type of
situation occurs when logging has been too drastic and no cleaning operations
have been carried out. The regrowth of the climax tree species is severely
hampered by the lianas climbing over the tree crowns. The modeiling starts
with the heavily logged rain forest and the Im over the regrowing period is 8.4
m° ha"yr". A cutting cycle of 140 years is assumed because the regrowth of
the commercially valuable species will be very slow. Another selective logging
can then be applied, as a result of which the standing volume decreases by
60%. ltis reasonable to believe that the fertility of the soil decreases, although
the same regrowth is modelled for the second rotation.

2.2.3. Results and discusslon

The results of the modelling are visualized in Figures 2.6 10 2.10, and for the
various criteria presented in Table 2.4. Since the results could he presented
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both for the inilial situation of the virgin tropical forest and of the logged
situation, Figure 2.6 gives a comparison of these two possibilities for only one
rotation.
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Fig. 2.6 Carbon stocks in biomass, forest products and soil organic matter in recovering heavily

logged lowland evergreen Dipterocarp rain forest on moderate sites. The figure shows
the results starting from the virgin forest (A) and starting from the logged-over situation
{B) and visualizes the differences. (Mg C ha'). Starting with the virgin forest is closer
to what really happens when virgin forest has been logged in some way, but starting
from the logged situation is more representative of the resulls of management practices
in already logged rainforests.

From Figure 2.6 it is clear that the resuits fairly quickly tlend to approach one
another, regardless whether the modelling is started with the virgin rainforest
or the logged situation. When the modelling is started in the virgin forest, the
armounts of carbon in the products and litter (from logging slash} are higher in
the shori term, but they quickly decline. Graphical display of the results is
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Table 2.4

1)
2)

therefore based on the results of the runs starting with the logged situation,
for this is also the situation in practice. The results presented in the Table are
always based on the modefiing variant which staits with the logged situation.

Comparison of carbon stocks and fluxes of the six silvicuftural systems in tropical
forests.

Total stock of carbon at the end of the rotation in biomass and products (Mg Cha™y;

Total stock of carbon at the end of the rotatian in the soil organic matter i.e. litter, dead wood
and stable humus (Mg C ha™");

Total stock of carbon at the end of the rotatnon in biomass, forest products and in dead
organic material on or in the soil {Mg Cha');

Long-term average stock of carbon in the biomass and the forest products {Mg C ha™ );
Long-term avaerage stock of carbon in the forest products (Mg C ha™);

Long-term average stock of carbon in the soil organic matter (Mg C ha™);

Long-term average stock of carbon in the total system of biomass, products and soil

organic matter (Mg C ha™).

Net accumulated amount of carbon over the first 100 years aftar afforestatnon (Mg C ha);
Average net annual carbon flux at the end of the first rotation (Mg C ha™'yr").

1 2 3 4 5 6 7 8 9

heavily logged evergr. 261 114 375 194 19 108 301 120 3.06
I, =187 m 3ha'l yr -1

heavily logged evergr. 206 100 306 144 16 92 236 70 240
I, =141 m ha™! yr

heawly logged evergr. 175 96 271 122 13 88 210 59 204
I,=1L7m 3ha'! yr -1

selectively logged evergr 277 123 400 247 23 117 364 T 197 342
[, =181m ha™! yr

selectively l()%ged evergr 229 108 337 207 19 102 309 167 2.85
I, = 15.8 m”ha’ yr

selectively logged evergr. 192 103 295 177 15 99 276 147 2.41
I, = 124m ha'l yr

heavily logg seml evergr. 113 88 201 76 8 76 151 10 1.07
I, = 7.0 m*ha’! yr

select. logg. seml evergr 163 105 268 151 13 98 249 126 2.03
[,=105m 3ha! yr’ -

afforest. of wasteland 133 71 204 121 12 67 188 117 1.69
[,=93 m?’ha'lyr'l

heavily logged evergr. 151 99 250 125 5 92 217 115 0.79

hampered by lianas, 1, = 8.4 m3ha"yr']




IBN Research Report 93/4

48
The main conclusion for the silvicultural systems in the tropical rainforest is
that in the variant with the careful logging and enrichment line planting system,
the long-term average amount of carben in the biomass and products is
substantially higher than in the heavy logging system. See the upper dashed
line in Figure 2.7A and 2.8A. This conclusion is valid for both the evergreen
and the semi-evergreen rainforest. Compared to the virgin rainforest, the
selective logging system is able to keep much more carbon in the biomass
and the products than the heavy logging system. For a moderately fertile site
in the Jgvergreen rainforest, this amount is 207 Mg C ha!, but is only 144 Mg
C ha’'in the heavily logged forest. in the worst variant wrth vigorous growth
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of lianas, this long-term average is only 125 Mg C ha™'. This still seems to be
a good result, but this is caused by the fact that the rotation length in forests
which are hampered by lianas is set at 140 years, because it takes much longer
for the commercial species to reach valuable sizes. Through applying the
selective cutting and ennchment line planting system, an extra amount of
approximately 80 Mg C ha™' can be stored.
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The results as presented are based on the assumption that the soil produclivity
can be maintained. if this is not possible, then the long-term average in
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biomass and products will continue to fall and will approach a much lower
equilibrium than the one presented.

Because only a small part of the harvested wood is used as timber, the storage
of carbon in the products is limited, but it is somewhat higher in the selective
system because this system invests more in producing high quality wood and
appiies a more careful thinning regime. Because of the reduced input of dead
wood and litter to the soil in the secondary forest, the amount of carbon in soil
organic matter (i.e. stable humus, dead wood and litter) has decreased but is
stabilized at a lower level than in the virgin tropical forest (only visualized in
Figure 2.8A). The main decrease is in the amount of dead wood and litter; as
aresuft, the compaﬂment of soil organic matter decreases, by approximately
20MgC ha yr . The amount of stable humus decreases only slightly. Raich
{1983) also found a decrease of carbon stocks in soil organic matter, litter and
small roots of 20.6 Mg C hain secondary forest compared with virgin forest.

The net annual carbon flux over the first rotation is the largest in the selective
logging system (2.85 Mg C ha™! yr Tona moderately fertile site}, resulting from
the strong reduction of biomass in the selectively logging system and the high
growth rates concentrated on the commercially valuable species which can
reach large sizes. The annual net storage rate is comparable in the heavy
fogging system (2.40 Mg C ha’ yr ) because here the growth is just as fast,
but more divided over all sorts of species.

The silvicultural system with afforestation of wasteland, shows a reasonable
net annual accumulation over the first rotation and reasonable long-term
averagesin the bicmass and products. Atthe end of the Albiziarotation already
33MgC ha™ is stored in the biomass. Because growth is limited on the
impoverished site, the amount of carbon stored on average in the biomass and
productstendstoonly 121 MgC ha™'. This results in a net annual accumulation
of 1.69 Mg C ha"yr'1 over the first rotation. The amount in the soil organic
matter increases slowly mainly through accumulation in litter and dead wood
(see lower dashed line in Figure 2.9A).

The initial amounts of carbon in the biomass of the virgin tropical forest have
been chasen rather high compared with the average of 175 Mg C ha™! given
by Brown et al. (1991). These values were used because the forest type
considered here is the most abundant of alltropical forests and biomass vaiues
can start in the upper range of the values found in the literature. !f the carbon
storage of vast areas of forest is considered, it is probably best to use the
results of the lowland evergreen tropical rainforest on sites of limited fertility.

The main critical parameter value is the volume increment in the regrowing
forest. This parameter had to be based on a small number of measurements
which indicated that rapid regrowth was possible if the forest had not been
damaged too much and the sites were not impoverished. This also agrees with
the results given by Houghton et al. (1984} who state that on mature fallow,
15 years after logging the primary forest down to approximately 10% of its
original biomass, the forest had still regeneraled almost 40% of the original
biomass.




Carbon Fixaticn through Forestation Activities 51

A
300 YECH
E
2 200 4
=0 biomass + products
§ 100 + o~ b=l B bl -3 b average of biomass + products
) 0 L:’/ o I T products
et 100, =s v t-""‘200‘“'~"""'-300 T(yr)
® 1001 e w"—“_'——v"—‘— \liter
5 “— stable humus + litter
(")
E 200 4
2 300 L
B
10 4
0 N 300 T(yr)
-10
=20
30 4
40 1
50 4
60 1

——— net annwal carbon flux
————— average of net annual carbon flux

Fig. 29 A: Carbon stocks in biomass, forest products and soil organic matter in afforestations of
wasteland with Albizia as a pioneer on moderarely femle sites with enrichment line
planting after 10 years. Im = 9.3 m*ha'yr'!. (Mg C ha'')

B: Carbon fluxes both annually and as a running mean (Mg C ha yr .




>

above ground

below ground

jo=]

52

IBN Research Report 93/4

biomass + products

—t I\\ . p— P\ products

[T - \Im ‘‘‘‘‘ Ir’ """""" Zmﬁ_'-‘f ------- 3m T(yr}
\ f litter

T stable humus + litter

-—— e — ys .
¥

Fig. 2.

o Foo y‘( y 200 “ y‘r 300 T(yr)

— net annual carbon flux
—-—~ average of net annual carbon flux

10 A:Carbon stocks in biomass, forest products and soil organic matter in heavily logged
lowland evergreen rainforest on moderately fertile sites, where re rowrh is hampered
by lianas, starling with logged-over rainforest. Im = 8.4 mha’ yr. T.;; Cha )

B: Carbon fluxes both annually and as a running mean (Mg C ha' ¥r

------------------------ average of biomass + products



Carbon Fixation through Forestation Activities 53

Statistics on the growth figures on wasteland are rather uncertain, and there-
fore values for sites of limited fertility were used to avoid overestimating growth.
An increment half of that given for the worst site class of Albizia on Java was
used Pandey 1983). This resulis in a standing volume of the Albizia stand of
91 m ha . Long & Johnson {1981) mention a totai standing volume of 375
mha™' for A|blZ|a in Kalimantan, at an age of 15 years on an unimpoverished
site.

Qther rather ¢ritical parameters like humification and decomposition factors,
were set in such a way that they agreed with the other forest types (see
Appendix H) and so that the stocks of, for example, stable humus and litter
efc. agree with data in literature.

It can be concluded that the long-term average amount of carbon in biomass
and products of regrowing tropical rainforest can be increased considerably
by logging carelfully and selectively and by carrying out an enrichment line
planting and sufficient cleanings and thinnings. This selective logging system
stores approximately 80 Mg C ha™! extra in biomass and products of lowland
evergreen rainforest on moderately fertile sites. By appiying this system the
long-term average tends be much higher. The lowland evergreen rainforest
onsites of limited fertility with a long-term average of 177 Mg C ha'' inbiomass
and products in the selective logging system is representative for large areas
is. When wasteland is afforested, 121 Mg C ha’ Tis stored on ,average in the
biomass and products, with an annual rate of 1.6 Mg C ha” yr durmg the

first rotation .
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3. MONTANE CONIFEROUS FOREST AT ITS OPTIMUM IN EUROPE.

3.1. Introduction to the forest type

Norway spruce (Picea abies {L.) Karst.) is the main coniferous tree species
determining the montane forests in Central Europe. The discussion here will
be limited to this species. It is atree species with a very wide natural distribution
ranging from Central and Southeast Europe to Northeast Europe and Siberia
(Schmidt-Vogt et al. 1877, see Figure 3.1), butis also present in North America
and Eurasia. The wide distribution intoday's European forests, the high yields
and the weaith of practical experience with this species among forest mana-
gers, makes this a suitable species for sequestering carbon in forests in
Central Europe, particularly because extensive Norway spruce stands in
Central Europe have been severely damaged by air poliution. There are large
areas onwhich spruce ecosystems can be restored, provided that the pollution
impact is drastically reduced.

After giving an overview of the sites, climate, forest types, growth and silvicul-
ture, this chapter will describe the model input parameters in more detail.
Finally, the carbon sequestering potential, and the annual storage and final
total stocks of spruce forests in Central Europe will be outlined.

3.1.1. Sites, climate and growth

In general Norway spruce can be established within the borders of its natural
distribution, the subalpine region, although the sites with the highest yields are
usually found outside its natural borders, the montane region. The vertical
distribution of Picea abies starts at sea level in Norway and ends at approxi-
mately 2200 m above sea in the Central Alps. its optimum lies in Central
Europe at an altitude of 500 to 1100 m above sea level. Its natural vertical
distribution in Central Europe starts at approximately 400 m and ends at 2000
m (Schmidt-Vogt 1991). The optimum of its distribution, considered in this
study, includes the West German hills, Switzerland, Bayern, Oberschwaben,
Schwibische alps, Biack Forest, Neckariand, Carpathian and Bohemian hilis
{see Figure 3.1). In these regions, spruce can attain higher yields than those
presented in the yield table of Wiedeman, in Schober {1975} which goes up
to a mean volume increment of 12.2 m°ha”yr™' (see the section on "Literature
data").
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Fig. 3.1 Nalural distribution of Norway spruce (Picea abies (L..) Karst.) in Central and Southeast

Europe (after Schmidt-Vogt et al. 1377).
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At its optimum, the species is limited in its vertical distribution at an altitude of
about 1500 m above sea level. Limits are mainly imposed by a combination
of lack of warm temperatures, the occurrence of frost, drought and wind, and
through soil quality and water availability. Water is often the limiting factor,
especiaily in somewhat warmer regions. During the growing season, 300 mm
of rainfall can be seen as the lower limit {Schmidt-Vogt 1991). The forest type
canbe seen as the climax vegetation ot the subalpine region of Central Europe
(altitude 1300 - 1800 m} and as an intermediate forest type in the montane
regions (altitude 300 -1300 m), where beech and fir are the climax tree species.

3.1.2. Silviculture

Norway spruce is very often established in pure stands in rotations of approxi-
mately 120 years. Moditications are made to achieve certain goals. If a
combined yield and protection forest is desired, 60% of the stand may consists
of spruce with 40% larch. Larch is usually established first, after which the
spruce is planted under its cover. The quality of the site determines whether
the spruce is able to catch up with larch in height. In this forest type the quick
culminating increment of larch is compensated by the late culminating growth
of spruce, which results in relatively high total volume productions (Zéhrer, in
Schimidt-Vogt 1986}. If wood of a high quality is desired and one wants to
achieve a natural stand, 80% spruce is usually mixed with 10% beech and
10% fir (Abies spp.). On good sites beech is able to maintain its growth of pure
stands. In general can be stated that mixtures with shade-tolerant and light
demanding species usually perform very well and fulfil several functions
simultaneously, while the total volume production does not necessarily need
to decrease (Schmidt-Vogt 1986). Another important point is that the stand
can resist storm damage and show pressure better than pure stands of spruce
{Wenk et al. 1390). In the subalpine regions mixtures are usually not possible.

Rotations are usually changed through clear-felling and renewed planting of
spruce, although "Schirmschlag”, "Femelschlag”, "Saumschlag” and fellings
of small groups to change the pure stands into mixed stands are becoming
more and more popular. The conventional way is to establish the new stand
with approximately 6000 plants per hectare, although natural regeneration, if
possible, is recommended for the subalpine regions to preserve the gene
resources. In the subalpine regions the natural forests have adapted to the
extreme climates, and therefore the seeds from local seed sources are best
for planting at a certain site.

Ingeneral, heavy thinnings are recommended in the young stands and regular
but light thinning in the older stands. Thinning can be carried out every 5 years,
depending on the site and the growth of the stand. Pruning and selective
Z-Baum (future tree) thinning is necessary, especially when wood of a high
quality is desired. Depending on the risks at the site, 150 to 250 future trees
are selected (Schmidt Vogt 1986/1991). Much of the wood of the final cut can
then be used as sawn timber. This is done in many spruce stands in Germany,
and hence Norway spruce is second to Douglas-fir in financial yieids (Ripken
& Spellmann, in Schmidt-Vogt 1991},
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3.1.3. Soils

As the yield of Norway spruce is predominantly determined by the quality of
the soil, this is a good indicator of the attainable production. The soil type may
also contain information about the altitude and the moisture availability. The
relevant soil types of Central Europe are discussed below. Since many
regional soil maps and classitications are based on the German soil classifi-
cation with German names, these will be used later in this chapter. The
following soil types are relevant (Rehfuess 1981):
- Parabraunerde in Loess
- Ranker and Braunerde from carbonate-free, silicaceous rock;
- Rendzina from carbonate-rich rock;

Ranker and Podzol from silicate and base-poor, quartz-rich rock;
- Stauwasserbdden {gley soils).

Parabraunerde [grey-brown podzolic soils or pseudegley) are distinguished
from the Braunerde by their clay illuviation. They may develop in Loess, in
Tertiary sediments, in carbonate-rich alluvium or on calcivm-rich sandstones.
Despite the clay illuviation from the topsoil into the deeper layers, the drainage
is rather good. Spruce can root deep and attain high yields on deep developed,
base-rich loamy Parabraunerde.

Ranker and Braunerde are the most widespread soil types of montane and
subalpine Central European regions. They can develop on basalt, calcium-si-
licate rich gneiss and granite, phyllite and from silicate-rich sandstone and
moraines. The main regions where they are found are: the Central Massif (F),
northern Oberpialz (G}, Vosges mouniains (F), Black Forest (G), Spessart (G),
Fichtel mountains (G), Harz (G), Sudete (G), Carpathian (Cz), Ceniral Alps (A
& S), Nornheastern Bayern (G) and the Ore mountains (Cz).Both soil types
develop from weathering of parent material in situ from which a loamy
substrate is formed. Atthe initial stage the Rankers are formed; the Braunerde
may develop from these in a later stage of the soil formation. Rankers are
usually found on exposed hill tops and steep siopes. At these sites, any further
soil formation is usually interrupted because of the rapid erosion of the soil
material. Growth of spruce is limited on these sites.

The Braunerde {brown forest soils) are divided into three soil types: the
eutrophic (base- rich) Braunerde, the base-poor Braunerde and the podzol
Braunerde. This division is mainly determined by the parent material. The
natural vegetation of the base-rich Braunerde consists of rich deciduous
forests with maple, ash, lime and beech. Spruce can give high yields on this
soil type, but the wood is often infected by the fungus Fomes annoses. The
base-poor Braunerde are often known for their loam-sandy texture. In the
montane heights mixed forests of beech, spruce and fir with some maple and
ash are the natural vegetation. The podzol Braunerde are usually found on
quarz-rich sandy sediments or acid gneiss and phyllites. A species poor
deciduous and coniferous forest type is the natural vegetation.

The Rendzina soil is a shallow seil type that has originated from weathering of
limestone. Rendzinas usually show a rather thin humic, clayey A herizon on
top of the original carbonate rock. They are found in the Jura , Schwibische
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Alps (G) and French Alps and in the Neckar region (G). In the sub-montane
region, the mull-rendzinas can carry a natural vegetation of beech, ash, maple
and lime. At subalpine altitudes, spruce can form the natural vegetation. As
the weathering of the substrate continues, a Terra Fusca may develop. This
soil type has a rather deep clayey soil profile. The natural vegetation consists
of a mixture of beech, fir and spruce sspecially at altitudes of the upper
montane region. Spruce can give high yields on deep Terra Fusca, but is often
damaged by the fungus Fomes annoses.

The rankers and podzols on silicate-poor, base-poor and quanz-rich rock can
develop from gneiss and granites in the central German mountain regions and
from base- and clay-poor sandstones in the Harz (G) and the stained sand-
stones in the Vosges mountains (G), Black Forest {G), Oden forest (G),
Spessart (G), Vorrhén and the Bayern and Schwaben "Keuper" mountains.
Asa result of a combination of a low nutrient supply and a limited water-storing
capacity of podzols, the growth on these sites is often limited. Figure 3.2.
shows the location in the landscape where the different soil types are found.

TOPOGRAPHY STEEP SLOFE PLLATEAU OF  STEEP SLOPE & PLATEAU V-VALEY WITH STEEP PLATEAU
PERM/TRIAS STEEP SLOPES SLOPE
GEOLOGY Granits Granite Sandstone Gneis and Sand- Upper sand-
slone stone stone with 1iss
SOILTYPE Podzol trown Brown forest Podzol and plawcau stagnogley Gleysail Fodaol Acid brown
forest soil soil and Pear soil forest soil
Psendogley

siope gleysoil

1] Granie s ] Deep sandstone =l Conglomerate + sandstone
{=_=] Gneiss = conglomenate
5] sandsione @] Upper one

Fig. 3.2 Example of the distribution of soil types in a Central European hilly landscape (Northern
Black Forest) (adapted after Rehfuess 1981).

Gley soils can occur in a wide variety of landscapes, parent material and
climates and soils. Very often they develop in clay soils or soils with clay
illuviation. Either the drainage water stagnates on a dense soil horizon within
a limited distance from the soil suriace (Pseudogley) or the rain water accu-
mulates in depressions in the landscape {Stagnogley). Generally only poplar,
alder and white fir are capable of relatively deep rooting in these soil types.
Spruce usually develops a very shallow root system, which makes it suscep-
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tible to drought and wind throw. For example, in the Black Forest region the
forest on this kind of soil usually consists of low-yielding spruce, pine and fir
stands in which the spruce is often damaged by storm.

3.2. Carbon dynamics in Norway Spruce forests on three sites in
montane Europe.

3.2.1. Literature data

The main yield table for Norway spruce in Central Europe, is the one from
Wiedemann given in Schober (1 9755. In rotations of 120 years, mean volume
increments range from 4 to 12.2 m ha"yr’1 {i.e. relative site classes V - I).
Mitscherlich (1963), however, recorded a more limited growth for the Bohemi-
an hills. in their yield table for spruce in the Czech republic, Halaj & Rehak
(1979) present a mean volume increment {MAl) of 10.1 mha™'yr"' for the best
siteand aMAl ofonly 2.1 m ha"yr‘1 for the worst sites at an age of 120 years.
But higher total volume productions are_presented also. A total volume
production on rich loams of up to 1700 m“ha™" in a rotation of 120 years is
possible (Horndasch, in Schmidt-Vogt 1986; Mitscherfich 1963).

Horndasch, in Schmidt-Vogt (1986), established the relation between absolute
site class and soil type (see Table 3.1, the local soil type name is given}. But
it must be remembered that the region in which the soil type is found can
upgrade or degrade the relative site class.

Table 3.1  Refation between soil type and relative site class given by Horndasch for Schwaben
{Horndasch, in Schmidt-Vogt 1986).

soil type rclative site standing volume mean annual vol.
class at age 100 increm. at 100 years
(m>ha ) (m3ha fyrdy

Parabraunerde (Locss) 0 1100 17.0

Loamy deep Brauncrde 0 950 14.5
Basc-poor Braunerde | 750 12.2

Podzol Brauncrde ti 600 9.6
Pseudogley | 600 9.6

Podzol, loamy sand n 600 9.6

Gley soil ! 480 75

Ranker v 360 5.6

Biomass measurements were gathered so that the allocation of the Net
Primary Production to the biomass compariments could be determined (see
also Appendix E).
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Annual litter fall values were derived from Kimmins et al (1985). He mentions
figuresof 2.9,45,3.8,3.4,3.6,3.1and3.4 Mgha yr dry matter for Norway
spruce forests in Germany aged respectively 34, 46, 70, 87, 90, 115 and 125
years.

The amount of carbon in the stable humus in German forest soils is given by
Rehfuess (1981). For brown forest soils this amount rages from 80 to 110 Mg
C ha™'. Post et al. {1982) and Millemann & Boden (1986) present figures of
approxlmalely 120 Mg C ha™' tor the amount of carbon in the stable humus
under cool temperate moist forest.

Accordmg to Cannell (1984) the specific gravity of the spruce wood is 470 kg
m°. Cerny (1990) mentions an average for Bohemia of 423 kg m*. Dixon et al.
(1991) mention an average figure of 410 kg m™ for spruce spp.

Much of the wood from long rotations with Norway sprucé is used for sawn
timber (Schmidt-Vogt 1986). Thinning wood is mainly used for pulp and board
wood.

3.2.2. Model input

The carbon dynamics in Norway spruce stands in Central Europe was model-
led for three sites with good, moderate and limited growth of Norway spruce.
The mean increment oi spruce at an age of 120 years on these sites was set
at14.2,9.3and 5.8 m°ha" yr , mainly based onthe yield table of Wiedemann
in Schober (1975), although better and worse sites do occur (Halaj & Rehak
1979, Mitscherich 1963). This range of sites covers most of the sites in Central
Europe. For current volume increments in relation to stand age, see Appendix
D2.

The carbon allocation of Spruce was assessed from biomass measurements
and NPP measurements of several authors presented in Table 3.2. (see
Appendix E). The allocation of harvested wood to the products is given in
Appendix 1. The modelling was done for three rotations each of 120 years.
Thinnings start at an age of 25 or 35 years (depending on the site) and are
regular and light.

The basic wood density of the spruce wood was set at 410 kg m° {Appendix
C). The litter residence time tor the good, moderate and limited sites were set
at 2, 3 and 3.5 years respectively and the humification factor was set at 3%,
2% and 2% (see Appendix H). The initial amoum of dry matter in the stable
humus was set at 190, 175 and 140 Mg ha ' forthe good, moderate and limited
sites respectively.
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Table 3.2  Biomass and Net Primary Production measurements of Norway spruce in temperate
regions in Europe according to various authors.

stand age SS 20 3 76 87 115 55 80 5778 106

Country Belg. Finl. Ger. Ger. Ger, Ger. Swe. Ger. Cz. cz. Cz.

reference 1 2 3 4 3 3 S 6 7 7 7

(Mg ha ~)

biomasswdry weight:

stem
branch
foliage
root

total

170.0 67.3 105.1 268.0 198.4 195.8 262.0 268.0 240.0 277.5 247.2
16.6 17.1 18,7 38,3 28.2 2.6 28.0 283 22.7 33.9 32.8
16.1 6.6 18.9 15,9 17.9 12.7 18.0 5.9 18,9 20.8 18.9
31.0 37.5 346 ¢ 7.7 76,9 58.0 =~ 75.1 645 91.6

233.7 128.5 177.3 322.2 316.2 308.0 366.0 312.2 356.7 396.7 390.5

dead organic material
)

(Mg ha
forest floor * * 52.0 * 49.0 111.0 8.5 = - hd *
dead wood 7.8 4.2 0.3 hd - * i 10.¢ = * *
undergrowth * 0.13 = * * 0.0 0.0 ~ * * *
NPP _ .
(Mg ha tyr )
stem 6.9 0.1 4.9 5.9 5.4 4.0 2.4 - * * *
branch 4.0 * 0.6 3.2 0.5 0.3 1.7 * * * *
foliage 2.3 1.5 2.9 6.3 3.4 3.1 3.3 * * * *
reot 1.8 * 1.6 - * 0.¢ 2.6 * * - *
total 15.0 » 10,0 15.5 9.4 8.4 17.0  15.5
References: 1: Kestemont, in Cannell (1982}; 5: Nihlgard (1972);

2: Havas in Cannell (1982); 6: Baumgartner (1975);

3: Eilenberg et al, (1988); 7: Cerny (1990).

[

Oroste zu Hulshdff (1970);

3.2.3. Results and discussion

The results of modelling the carbon sequestering potential of Norway spruce
in montane Europe during 300 years are displayed in Figure 3.3. and summa-
rized in Table 3.3. With Appendix J, its possible to determine site class of a
certain spruce stand, and thus the carbon storing capacity.

Since a vital part of the modelling of carbon storage in spruce forest ecosys-
tems is based on well established and reliable yield tables, the results can be
seen as reliable. Although a wide range of sites is covered by the site classes
chosen, it must be remembered that the results may be less than given for site
class 5 especially in the subalpine regions. Because carbon storage through
atforestation is mainly achieved in the living biomass and products and not so
much in the litter, the long-term average amount of carbon stored in the
biomass and products is the most important criterion.

I
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Table 3.3  Comparison of parbon stocks and fluxes for Norway spruce on three site classes.

1) Total stock of carbon at the end of the rotation in biomass and products (Mg Chay;

2) Total stock of carbon at the end of the rotation in the soil organic matter ie. litter, dead wood
and stable humus (Mg C ha’ n;

3} Total stock of carbon at the end of the ro:atmn in biomass, forest products and in dead
organic material on or in the soil (Mg Cha’);

4) Long-term average stock of carbon in the biomass and the forest products (Mg C ha™'y;

5) Long-tarm average stock of carbon in the forest products {Mg C ha'' %

6) Long-term average stock of carbon in the soil organic matter (Mg C ha' ¥

7) Long-term averaqe stock of carbon in the total system of biomass, products and soil organic
matter (Mg C ha™);

8) Net accumulated amount of carbon over the first 100 years after aﬁorestatlon (MgC ha'y;

9) Average net annual carben flux at the end of the first rotation (Mg C ha’ 1yr )

1 2 3 4 5 6 7 8 9
good
site class 272 125 397 191 48 126 317 274 237
(I, = 142 m*halye))
moderate
site class 225 121 346 137 35 117 254 228 2.02
(I, = 9.3 m*ha’lyrh)
limited
site class 156 102 2358 84 22 95 179 168 1.46

(I, =358 m3ha'lyr'l)

The spruce forest ecosystem shows very good results, because of generally
good growth in long rotations. This forest type can therefore build up large
amounts of standing biomass. Forthe good, moderate and limited sites, figures
of respectively 191, 137 and 84 Mg C ha™' were found for the average amount
of carbon in the biomass and products. 1t is clear from Figure 3.3. that this
forest type does not show good results in the short term, | e. 10 years. Over
the first rotation a net annual carbon fiux of 2.02 Mg C ha’ 'yr! was found for
the moderate site. This is considerable, given the long rotations.

The results from this study can be compared with the resulls given by Dewar
& Cannell (1992} and by Dixon et al. (1931} for carbon storage in spruce
forests. Dixon et al. mention an annual net carbon flux in spruce forests |n
southem Germanyof 2Mg C halyr " at a mean increment of 6 m°ha” 1yr

a rotation of 85 years. The relatively short rotation period is probably respon-
sible for the quite high annual carbon storage at the above mentioned mean
mcrement They state that in 50 years after reforestation, a total of 86 Mg c
ha'! is stored in the biomass. This is in accordance with the figures found in
this study for limited sites.
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Fig. 3.3 A: Carbon stocks in biomass, forest produr:rt,i,i and sorf organic marter for Norway

spruce on moderate sites with an lm of 9.3 m~ha yr (Mg C ha )
B: Carbon tiuxes both annually and as a running mean (Mg C ha yr )

For spruce in a rotation of 47 years and a mean increment of 14 m°ha”’ yr‘
Dewar & Cannell mention an equilibrium storage inthe treesof 74 Mg C ha’
and a very high storage rate ot 4.1 Mg C ha'' yr dunng the first rotation. This
very high rate can only be achieved by the very intensive silviculiural system
which they assume.

The amounts of carbon stored inthe producls are considerabie compared with
the living biomass. This is caused by the large part of the wood from the final
cut which is allocated to sawn timber. This is reliable, for this silvicultural
system is rather intensive. During the simulation period, carbon in the stable
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humus remained almost constant, because the fluctuations in the compart-
ment of stable humus, litter and dead wood in Figure 3.3A. are mainly caused
by the litter and dead wood part (belowground dashed line}.

In conclusion it can be stated that spruce forest ecosystems are good carbon
storers, for they can build up large average amounts of carbon in the living
biomass and forest products. On a mederately fertile site 137 Mg C ha™" is
stored on average. The net annual carbon flux at the end of the first rotation

is2Mg C halyr'.
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4. MIXED DECIDUOUS TEMPERATE FORESTS IN EUROPE.

4.1. Introduction to the forest type

Temperate deciduous forests occur over the world in regions with a pronoun-
ced seasonal change of temperature, a cold winter with snow and a miid, wet
summer. Trees are tall, broadleaved and deciduous. The regions where
deciduous forests occur are: eastern United States from 30 to 45° north,
western and Central Europe extending in a narrow strip 10 just the east of the
Urals, a small region in the Near East, eastern Asia with the northern boundary
at about 50° N latitude, and the smallest zone in Chile at about 37-55° south
(Roéhrig & Ulrich 1991). Temperate deciducus forests show big regional
differences depending on climate, altitude, soil conditions and floristic history.

In this study, the deciduous forests of the plains, foothills and the submontane
zone of subatlantic and Central Europe are taken as a typical example (see
Figure 4.1). The carbon sequestering potential of the oak-beech forests on
rich soils will be outlined after the forest types, soils, climate and silviculture
have been described in more detail.

4.1.1. Sites, climate and forest types

The temperate climate of Europe is characterized by a more maritime climate
than the temperate regions in America and Asia. The western coast of Europe
is subjected to the influence of the warm Gulf Stream, while the coasts of North
America and Asia are under influence of cold currents from the north. This
explains why the deciduous forests of Europe extend 10 degrees of latitude
further north than in east Asia and America. Since the topography of Europe
is marked by large mountain barriers running from west o east, moist oceanic
air masses are able to penetrate deep into the continent. This may panly
explain the dominant pesition of beech in the European temperate forests. Due
to the air humidity, beech can still compete with oak on even the poor sites in
the piains (Jahn 1991). Only on those sites which are too wet, dry or poor for
beech, did naturat mixed oak forests exist.

The altitudinal zonation of the European deciduous forests can be described
asfollows (according to the vegetation zones for Herzynian mountains in Jahn
1991, see aiso Figure 4.1). The plains and the foothill zone of mixed oak
woodlands are today mainly used for agriculture. Sites subject to cold air and
waterlogging are relatively frequent in the plains. The woodlands in the plains
contain a large number of deciduous species like Carpinus betulus, Quercus
robur, Q. petraea and Tilia cordata while the foothill zone {150-300 ma.s.) is
mainly dominated by mixed oak forests. The submontane zone (300-450 m
a.s.) is an extensive transitional zone in Central Europe consisting of Fagus
sylvatica forests with Quercus petraea, gradually changing into the montane
zone dominated by beech.




68

IBN Research Report 93/4

%
L/

®

M
LA

v

/ \“\Q§\k 3

Fig. 4.1 General distribution of the natural vegetation in Central Europe at about the time of
Christ, based on pollen analyses (Ellenberg, 1988).
Dry areas with an annual precipitation of less than 500 mm; mixed oak woods with some

1)
2

beach.

Low-lying areas with mixed beech woods, in parts with a strong admixture of cak; on the

North Sea coast many alder; black circles = pine locally dominant.
Low mountains with beech, generally lacking conifers.
Moraine area with baech, few pines,

beech woods.

Area of mixed broadleaved woodland with many hornbeam.
As 7 with the addition of spruce.

Mountain beech woods with fir and (or} spruce (white triangles); biack triangles = subalpine

Sandy soil areas where pines dominate, in places with oaks and other broadleaved trees.

Ot the forest communities of the temperate deciduous forests of Europe, the
most important here are: the mesotrophic beech woods, the acidophilous
beech woods and the cool temperate cak woods (see also Figure 4.1) (Jahn
1991).

The mesotrophic beech woods occur on base-rich igneous substrates, richer
gneiss and sandstones and on some Quaternary soils such as boulder clay,
loamy sands and loess. Their main distibution is in the submontane and the
montane zone of the moderately high mountains, but they aiso occur in the
plains (lowland beech woods). The soils are classified as deep, rich Parabrau-
herde and Braunerde. Organic matter decomposes quickly. Sometimes, as-
sociate trees such as Q. petraea and Q. robur occur in the beech forests, but
only on sites where the growth of beech is limited. The vigorously growing and
closed beech canopy usually preclude a significant shrub layer.

The acidophilous beech woods are the most widespread forest type of the
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Central European hill and mountain area. They are found in the extensive
moderately high mountains, on soils derived from weathering of argillaceous
shists, granites, poorer gneiss and red sandstone. In the Pleistocene plains
they occur on poorer boulder loam, sandy ioams and poor loess. The soil types
are base-poor brown forest soil, pedzolic and moderately developed podzols.
Further west (due to the air humidity) these beech woods are competitive even
on poorer or wetter soils, like true podzols or waterlogged soils. Organic matter
decomposes more slowly than in the mesotrophic beech woods. In this forest
type, beech forms closed, productive and frequently pure stands. In the
lowland beech woods, Q. robur {on wet sites) and Q. petraea {on drier sites)
are associates. In the montane zone, associates like Abies alba occur.
Because of the closed stands, no shrub layer develops. During medieval times
the lowland beech woods of this forest type were rapidly converted to agricul-
tural lands. Later afforestations mainly used oak on sites of the acidophilous
beechwoods. Beech was often planted under a shieid of old oak, with the goal
of producing oak with a high timber value. But very often the much younger
beech surpassed the ocak and totally cutcompeted it.

The cool temperate cak woods are almost never pure oak forests. They occur
where beech is limited by climatic or soil. Clay-rich or sandy soils, seils that
are dry in summer or wateriogged, or soils with periodically high water tables
weaken beech. On nutrient-rich sites, the hornbeam oak woods occur, while
onthe poor sites, the birch oak woodlands occur, with an increasing proportion
of Scots pine fowards the more continental Eastern Europe.

4.1.2. Silviculture.

As indicated in section 4.1.1, stands of individually mixed oak and beech trees
are not very natural in Europe. Eitherthe sites are too rich and beech becomes
dominant, or the sites are too poor or wet for beech. Thus, establishing
evenaged mixed stands of oak and beech is somewhat hazardous under these
conditions. Very often, the goal of an individually mixed mature stand is not
achieved because of the vigorous growth of beech. Wiedemann (1942 & 1951)
states that oak may keep up with the growth of beech on warm sites {south
slopes) with deep calcium-rich Loess soils. The higher or richer the site, the
worse the result of establishing a mixed stand will be. In the plains, on poor or
wet soils, oak may compete better with beech.

The thinnings, which are mainly intended to favour the oak, will have to favour
the oak trees, even more on betier sites or higher altitudes. After stand
establishment, the strong juvenile growth of the oaks results in an advantage
in height of the oaks, but if no thinnings in favour of the oaks are carried out,
at an age of approximately 70 years, beech will take over the dominant
position. Thinnings to stop this development theretore usually remove the most
vigorous beeches from the stand (Wiedemann 1951). Total volume increment
is rather uncertain and depends on the thinning regime. The total average
annual increment may be somewhat less, but the increment is concentrated
more on future oaks. It is therefore expected that at the end of a rotation the
stands which have been subjected to intensive thinnings aimed at the future
oaks, result in 30% extra yield (Wiedemann 1851).

4
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Table 4.1

4.2. Carbon dynamics in mixed oak/beech forests
4.2.1, Literature data

Growth figures for mixed oak/beéch stands are scarce. Although the results
for volume increment in a mixed oak/beech stand given by Wiedemann (1942)
for site class | in Kramer et al. (1988) do not have a general validity, they are
still seen as the most accurate available. In general these increments are
somewhat reduced compared to the increments of a pure beech stand, but
they show the same growth characteristic, with the current increment culmi-
nating rather late. Available biomass and Net Primary Produclion measure-
ments are presented in Table 4.1.

Biomass and Net Primary Production measurements (dry weight) in oak and beech
stands in Europe (Rdhrig & Ulrich 1931, after DeAngelis et al. 1881).

stand age

Country

Tree species

reference

#

144 130 117 120 20 66 5¢ 80 122 140
Belg Belg 8elg Belg Belg Belg Ger Ger Ger Neth

Fs Fs Qp ar or Qr Fs fs Fs Qp

1 1 2 2 2 3 4 4 4 5

biomass dry weight

(Mg ha 1)

stem
branch
faliage
roat

tatal

dead o[?anic matter
)

318.5 213.6 180.2 210.0 93.2 130.5 108.1 129.6 238.4 236.5
S$0.8 122.4 58.3 88.2 37.0 36.9 41.5 25.9 32.5 28.5
3.0 2.9 3.5 4.0 3.2 3.6 3.2 3.3 3.1 3.3

74.0 68.0 53.0 51.2 31.1 41,8 24.0 22.1 30.0 41.8

4663 406.9 295.0 353.4 164.5 212.8 176.8 180.9 304.0 310.1

(Mg ha

forest floor * * * * * 29.0 39.0 29.7 *
dead wood 1.8 * * * 2.9 * * 0.7 »
undergrowth * * 18.1 29.3 26.7 * b * 1.3 9.0
NPP -1 -1

(Mg ha “yr )

stem 4.1 7.1 2.5 2.2 1.3 3.6 7.7 5.9 6.5 3.6
branch 3.1 * 5.4 5.1 3.4 4.6 1.0 0.5 0.8 1.9
foliage 3.0 2.9 3.5 4.0 3.2 1.6 3.3 3.4 3.2 4.4
root 1.4 1.8 1.7 0.8 1.0 1.7 1.3 2.6 9.7 2.2
total 1.6 11,8 13.1 12,1 8.9 13.5 133 104 11.2 124

annual Litter fall

References:

Fs

Op
Qr

wunn

Fagus sylwvatica = beech
Quercus petraea =
Quercus robur = pedunculate oak

sessile cak

Duvigneaud & Kestemont 1977;

Duvigneaud et al., in Cannell 1982 (all stands with coppiced understorey);
Duvigneaud 1971;

Ellenberg et al. 1986;

Van der Drift, in Rohrig & Ulrich 1991.
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Jahn (1991} concluded that the total aboveground dry biomass of mature
mixed deciduous stands {over 100 years} lies within the range of 150 to 400
Mg ha' and thatthe net primary production of mature stable temperate foresis
can be estimated at 1210 15 Mgha™'.

Kimmins et al. (1985) Presents annual litter fall measurements of 3.5, 4.2, 4.6,
5.0 and 4.5 Mg ha'yr’ dry matter in an age series of beech stands in
Germany with average ages of 30, 50, 70, 90 and 100 years. Lemee and
Bichaut, in Kimmins et al. {1985) present annual weight losses of oak litter in
Fontainebleau (F) of 0.31 - 0.46 of the dry weight. The amount of stable humus
was derived from Rehfuess (1981) and was assumed to be the same as the
figures used for spruce in Central Europe for the same soil types considered.

According to Cannell (1984) the basic wood density is 650 kg m 3 tor beech
wood and 600 kg m® for oak wood. Later, Dewar & Cannell (1992) use figures
of 550 and 560 kg m>. Dixon et al. (1991) mention figures of 560 and 660 kg
m" respectively.

4.2.2. Model input.

The yield table of Wiedemann (1942) was used for site class | {im=8.1 at an
age of 150 years, on south slopes in the submontane zone with loamy brown
forest soils). The increments on the other two sites {the foothill zone with sandy
loams and poor loess, and the plains with podzolic soils), were established by
combining Wiedemann's yield table with the yield table for pure beech stands
from Schober (1975). The rotation length was set at 150 years. For the good,
moderate and limited sites this resulted in mean annual increments at an age
of 150 years of 8.1, 5.4 and 3.3 maha"yr‘1, respectively. For current volume
increment during stand develepment, see Appendix D2. The allocation of NPP
to the biomass compartments other than stems is given in Appendix E.

Thinnings are carried out regularly and are light. In general, vigorous beeches
are removed (usually 10% of the standing volume). Much of the thinning wood
is used as fuel wood, while at greater ages the woad is used for sawn timber
(see Appendices G and I5).

The basic density of the wood was set at 635 kg m°>. The initial values for stable
humus were set at 190, 175 and 150 Mg ha'. The decomposition parameters
are given in Appendix H. Although the sites are comparable to those of the
montane spruce ecosystems, here the humification factor has been chosento
be higher and the residence time of litter shorter because the litter in cak/beech
forests is of a much better quality than the spruce needle litter. Hence
decomposition and humification proceed faster.

4.2.3. Results and discussion

The results of the modelling of carbon dynamics in mixed oak/beech stands in
Europe are displayed in Figure 4.2 and summarized in Table 4.2. With
Appendix J, it is possible to determine the site class as used here for a
particular oak/beech stand.
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Table 4.2  Comparison of carbon stocks and fluxes for caksbeech mixed stands on three site
classes.
1} Total stock of carbon at the end of the rotation in biomass and products (Mg Ghay;
2) Total stock of carbon at the end of the rotation in the soil organic matter i.e. litter, dead wood
and stable humus (Mg C ha');
3} Total stock of carbon at the end of the rotation in biomass, forest products and soil organic
matter (Mg C ha'! %
4) Long-term average stock of carbon in the biomass and the forest products (Mg Cha™);
5) Long-term avarage stock of carbon in the forest products (Mg C ha''y;
6) Long-term average stock of carbon in the soil organic matter (Mg C ha™'y;
7} Long-term averaqe stock of carbon in the total system of biomass, products and soil organic
matter (Mg C ha™');
8) Net accumulated amount of carbon over the first 100 years after afforestatlon (Mg C ha’ "
9) Average net annual carbon flux at the end of the first rotation (Mg G ha’ 1yr 2
1 2 3 4 5 6 7 8 9
good
site class 258 123 381 150 29 122 273 177 1.79
= 8.1 m‘zhax']yr'l
moderate
site class 199 108 307 110 20 105 216 139 135
=54 mg’ha"yr'l
limited
site class 162 106 268 88 15 102 190 124 1.19

= 3.5 m:‘héi'lyr'l

From the results it is clear that this forest type can store on average, large
amounts of carbon in the biomass and that it still has a conSIderable storage
rate over the first rotation. On a moderate site, 110 Mg C ha™! are stored on
average in the biomass and products with a net annual flux over the first
rotation of 1.35 Mg C ha™! yr . The carbon stocks in the forest products are
relatively small, compared to other stocks. The accumulation in the stable
humus is negligible because it is assumed that the afforesied sites are not
degraded. This results in a stable amount of carbon in the total compartment
of humus, litter and dead wood (see belowground solid fine in Figure 4.2).
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Fig. 4.2 A: Carbon stocks in biomass and forest products, and soil organic matter for mixed
stands of pak and beech on moderate sites (lm = 5.4 mPha’! yr' at T= 150 yr)
(Mg C ha*).
B: Carbon flux both on an annual basis and as a running mean (Mg C ha 'yr'\).

Although it is questionable whether the goal of a mixed mature stand of oak
and beech is realistic from the silvicultural point of view, the results presented
here provide a reliable picture of mixed deciduous stands. Silvicultural mana-
gement of such mixed stands requires much experience and an intensive
thinning regime. Beech may still be able to suppress oak, especially on the
better sites in the submontane zone, but this wili not alter the amount of carbon
eventually sequestered. Since the volume increments are based on a yield
table made for one region and site class, the increments are somewhat

.-
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arbitrary, afthough comparison with other data, such as the yield tables for
pure stands (well established and representative of a wide range of soils and
sites, Schober 1975), Net Primary Production and tetal biomass data (Jahn
1991, Cannell 1992) for temperate oak and beech forests does not essentially
change the outcome.

For beech forests in the UK with a mean annual increment of 6 m*ha”'yr ! in
a rotation of 92 years, Dewar & Cannell (1992) mention an equilibrium carbon
storage of 60 Mg ha'ji and a rate of storage during the first rotation of 2.4 Mg
ha"yr'1. These figures are higher than the results for the moderate site in this
study when the criteria are compared on the same time scale. The ditference
is attributable to the different growth dynamics used in the model. The yield
table used in this study has its maximum current increment rather late, at an
age of 80 years. This yield table can still present the same maximum mean
incrament in the long-term, but with lower carbon stocks and fluxes compared
to the period considered by Dewar & Cannell {1992). Another explanation for
the high net annual carbon flux which Dewar & Cannell present is the fact that
they start the modelling with no carbon in the soil compartiment; this resulls in
a high net storage rate in the stable humus compartment.

For the equilibrium carbon stock in soul and litter under beech stands in the UK
with a mean annual increment of 6 m°ha’’ yr Tina rota’uon of 92 years, Dewar
& Cannell {1992) mention a figure of 114 Mg C ha™!. This matches very well
with the results of this study, which for sites of good, moderate and limited
fertility gave respectively 122, 105 and 102 Mg C ha ' in the humus, litter and
dead wood compartments combined.

Concluding it can be stated that mixed oak/beech stands in Europe store
considerable amounts of carbon in the longterm in the living biomass and the
products (110 Mg C ha™! on a moderate site). Qver the first rotation, the net
carbon flux on a moderate site is 1.35MgC ha 'yr.
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5. CONIFEROUS FORESTS IN NORTHWEST AMERICA.

426 m

5.1. Introduction to the forest type

The temperate coniferous rainforests of northwestern North America extend
from the guif of Alaska to Northern California, within 60-120 km of the Pacific
Ocean. Mild moist maritime conditions characterize the region, producing
forest dominated by massive evergreen conifers, including Pseudofsuga
menziesii (Douglas-fir), Tsuga heterophylla (Western hemilock), Thuja plicata
(Western red cedar), Picea sitchensis (sitka spruce) and Sequoia sempervi-
rens {coast redwood) (Franklin 1989). These forests are known forthe greatest
biomass accumulations and some of the highest production levels of the worid
and an immense ecological and genetic wealth. Natural forests are 10 some
extent being logged (Dudley 1992). After a brief overview of sites, climate and
silviculture, the carbon sequestering potential of Douglas-fir stands in the
Pacific Northwest of the US will be outlined as a typical example.

5.1.1. Site, climate and forest types

The Pacific Northwest is characterized by north-south running mountain
ranges, like the Cascade Range which is the major climatic divide. A maritime
climate characterizes the Pacific Northwest, west of the Cascade Range (see
Figure 5.1). In coastal regions temperatures are mild with prolonged cloudy
periods and namow diurnal fluctuations (6-10 °"C). Winters are mild with
precipitation of 800-3000 mm, 75% of which occurs in the period October to
March, mostly as rain. Summers are cool and can be relatively dry (Franklin
1989).

B.5C 2302 mm

Fig. 5.1 Climatic diagram illustrating tempe-
rature and maoisture regime for the
H.J Andrews Experimental forest,
Oregon in the Tsuga heterophylla
zone in the western Oregon Casca-
de Range (Smith in Franklin 1989)
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Geological conditions are highly varied, with sedimentary rock types typical of
the Oregon Coast ranges and metamorphic rocks dominating much of the
northern Cascade Range and Olympic mountains. Volcanic rocks are typical
for the southern two-thirds of the Cascade Range. Glaciation has been an
important process at higher elevations in the Cascade Range and Olympic
Mountains, as well as in the ranges of British Columbia and Alaska. Forest
soils are very varied, also reflecting the diverse parent materials and topogra-
phy of the region. Haplumbrepts, Haplohumults, Haplorthords, Xerochrepts,
Cryorthods and Vitrandepts are most characteristic (Franklin 1989). Deposi-
tion of parert material by alluvial, colluvial, glacial or aeolian action is an
impartant soif forming process. It is typical for this region that the productivity
of the forests mainly varies along the moisture gradient and that forest
productivity is only to a lesser extent determined by the soil type. The soils are
therefore nol described in detail.

The forests of the Pacific Northwest can be divided into (Franklin 1989):
- Pseudotsuga menziesii - Tsuga heterophylla forests;

- Picea sitchensis - Tsuga heterophylla forests;

- Sequoia sempervirens foresis;

- Klamath Mountains, mixed evergreen forests;

- Sierran type, mixed conifer forests.

The Pseudotsuga menziesii - Tsuga heterophylia forests are the most impor-
tant for this study. This is the major forest complex of the Pacific Northwest,
consisting of stands of Pseudotsuga menziesii and massive old-growth forests
of mainly Pseudotsuga, Tsuga heterophylla and Thuja plicata. Abies grandis
{grand fir), Picea sitchensis (sitka spruce) and Pinus monticola {(Westem white
pine) occur sporadically. These forests occur from sea level to efevations of
700 - 1000 min the Coast Ranges, Olympic Mountains and Cascade Range
north of 43°N latitude. Pseudotsuga menziesii - Tsuga heterophylia forests

{

Fig. 5.2 Range of Pseudotsuga menziesii in
the Northwest of the USA (Vidakovi
1991).
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occupy a wide range of environments and are highly variable in composition
and structure, depending on local conditions, especially the moisture regime.
it is typical of this region that the productivity of this forest type mainly varies
aleng the moisture gradient and that productivity is determined less by the soil
type (Grier et al. 1986 & 1989). Less productive communities dominated by
Gavitheria spp. or Holodiscus spp. characterize the hot dry end of the gradient.
At the moist end of the gradient hembaceous understories dominated by
Polystichum and Oxalis spp. are characteristic. Intermediate mesic sites have
understories dominated by a variety of shrubs, subshrubs and herbs of which
Berberis and Rhododendron spp. are common.

The early stages of succession are rather well known. After 5-7 years following
logging and burning of an old growth forest, invading herbs hegin to give way
to shrubs like Rubus, Berberis and Rhododendron. The vegetational compo-
sition is heterogenous in the preforest stages of succession, reflecting varia-
bility in logging and fire disturbances. The diversity and biomass of the shrubs
and herbs declines dramatically once the canopy of trees closes. Tsuga
heterophylia and Pseudotsuga menziesii are the major climax species. Pseu-
dotsuga dominates the young forests, often forming pure stands because of
its relatively large and hardy seedlings and rapid growth rate. Tsuga heterop-
hylla or Thuja plicata may establish themselves early in succession or later
under the canopy of Pseudotsuga. Stand basal areas shift towards Tsuga and
Thuja after 400 - 600 years (Franklin 1989). Pseudotsuga may persist as
individuals for more than 1000 years.

5.1.2. Silviculture.

Douglas-fir can grow up to 100 m tall and up to 4 m in diameter. It can attain
a great age, over 700 years. Growth can be rapid and the accumulated stem
biomass can be very large in old growth stands. Two varieties of Pseudotsuga
menziesii are distinguished (Vidakovi 1991). These are:

- var. menziesii, which is a typical coastal form and is also known as green
Douglas-fir. It thrives in regions with mild ocean climate, with abundant
precipitation and atmospheric humudity during the long vegetation period;

- var. glauca, a mountain form which is also known as blue Douglas. This
variety withstands cold and arid sites better than the green Douglas-fir.
Somelimes an intermediate variety (f. caesia), which occurs east ol the coastal
and north of the blue Douglas, is distinguished.

Sites to be afforested with Douglas-fir should be moist and humid if rapid
growth has to be achieved. The drier the site, the more limited the yield. The
sites can be prepared in several ways. Most common is the praclice of
broadcast burning of the logging slash and planting of barerooted 2+0 planting
stock (Cafferata 1986). Mechanical site preparation is less common and can
consist of piling and burning, ripping skid trails, ripping to improve soil condi-
tions and scarification {(superficial ploughing}. Natural regeneration may occur
spontaneously on logged-over sites, but is not commonly used in a guided
process in forestry. it is however recommended 1o use pianting stock from
local seed sources (Cafferata 1986). Planting densities are very low, with a
minimum of only 500 trees per hectare {Curtis et al 1382) and when precom-
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mercial and commercial thinnings are carried out, up to almost 3000 plants
per hectare. Pruning is hardly ever carried cut. Thinnings are usually carried
out 4 to 5 times during the rotations of 100 years at basal areas of approxima-
tely 23 m2ha’'. Sometimes fertilization is applied in which 90 kg nitrogen ha’
is applied once or several times during the rotation

Although in Europe Douglas-fir is known for the absence of pests, it can be
attacked severely inthe Pacific Northwest of the US (Russell et al. 1986). Frost
damage on stems and tops is a major problem in the lowtands, against which
little can be done other than using local seed in afforestations. Douglas-fir may
be damaged by flooding on extremely wet sites, or by drought on too gravelly
extreme sites. Fungi like Armillaria root rot (Armillaria ostoyae) and laminated
root rot (Phellinus weirii) can cause major decline of growth and vitality. it is
usually advised to treat infected sites extensively or o plant root-rot-tolerant
species like lodgepole pine, Western red cedar and Western hemlock. The
Douglas-fir beetle {Dendroctonus pseudotsagae) may kill groups of treeswhen
outbreaks are triggered by events like wind and fire.

5.2. Carbon dynamics in Douglas-fir forests
5.2.1. Literature data

Fujimori et al. (1976) recorded the greatest stem biomass for a Pseudotsuga-
Tsuga heterophylla forest ever recorded At the average age of 450 years the
stand contained a volume of 3600 m°ha' at a basal area of 127 m ha ' The
amount of dry matter stored in the stems alone amounted 1590 Mg ha™'. This
equals an amount of 795 Mg C ha' stored in the stems. An approximate
average value is an amount of 800 Mg stem dry matter per hafor an old-growth
(450-500 yr) Douglas-fir Western hemilock forest. To set the range of the
amount of biomass that can be reached, Table 5.1 was drawn up.

For 40-year-old Douglas-fir stands, Keyes & Grier (1981) state that total Net
Primary Productivity differed only 13% between good (colluvial silt loam) and
poor (gravellly loamy sand) sites, although big differences were found in
aboveground biomass production (aboveground biomass production on the
poor site was ohly 61% of that on the good site). They state that site quality
i.e. site water balance and site nutrient status have a dramatic impact on the
ratio of above- to belowground productivity and, to a lesser exient, total
productivity.

Milleman & Boden (1986) present figures for the amount of stable humus under
cool temperate wel forest and rainforest in North America of respectively 161
and 283 Mg C ha!. Post et al. {1982) mention an average value of 203 Mg C
ha™

According to Cannell {1984) the basic density of Douglas wood is 450 kg m3,
which is confirmed by Dixon et al. {1991). Harmon et al. (1990) determined
that approximately 40% of the harvested wood of an old growth forest was
used for sawn timber, while the rest was used to produce paper, other
short-lived products, or was lost during harvesting and conversion.
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Table 5.1  Dry weight biomass and Net Primary Progductivity in Douglas-fir, Western hemiock
and Western red cedar old growth forests and stands of Douglas-fir in the Pacific

Northwest of the USA.
stand age 450 450 40 40 30 42 49
reference 1,2 1,3 4 4 5 5 5

biomass dry weight (Mg ha™h)

stem 891.6 733.9 221.5 424.0 145.9 206.2 201.2
branch 41,7 54,2 17.1 27.1 16.7 23.2 234
foliage 11.6 14.1 10.0 16.0 6.5 94 94
root 143.8 172.8 57.6 88.1 * * *
total 1O88.7 975.0 306.2 555.2 169.1 2388 2340

dead organic material (Mg ha™l)

forest floor S1.2 50.8 * * 15.3 17.1 *
dead woaod 215.0 * * * 14.0 * *
undergrowth 6.7 3.6 * * 109 34 34

NPP (Mg ha'lyr'h

stem 2.5 2.5 5.1 9.9 5.0 37 33
branch * * 0.2 0.6 0.5 0.5 0.4
foliage 5.0 4.8 2.0 3.2 2.1 2.4 22
root 3.0 33 8.1 4.1 * * *
total 10.5 10.6 15.4 17.8 7.6 6.6 5.9
litter fall 6.1 3.0 * * 45 31 *
References: 1: Grier & Logan, in Cannell 1982;

2: Sollins er al., in Kimmins et al. 1985;

3:  Abee, in Kimmins et al. 1985;

4: Keyes & Grier 1981;

S5:  Turner & Long, in Cannell 1982.
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5.2.2. Model input.

The modelling was mainly based on the yield tables of Curtis et al (1982) for
planted Douglas-fir stands (1000 plants per hectare) with repeated (4 to 5)
commercial thinnings on siles with indexes of 105, 125 and 145. These site
indexes are determined by the average height {ft) of the largest trees at age
50 years. They can be translated into heights of 32, 38 and 44 m respectively.

These are the tables 7B, 7C and 7D in Curtis ef al. 3(1982) with @ mean annual
increment of respectively 11.5, 14.9 and 18.6 m“ha 'yr ' at an age of 100
years.

Allocation of the Net Primary Production was set in combination with turnover
times of fofiage, branches and roofs (see Appendices E and F}. On all sites
forest floor residence time was set at 2 years and humification factors at 6%
(see Appendix H).

Basic wood density was set at 450 kg m°. Five thinnings are carried out on the
geood and moderate site, starting at ages of 27 and 31 years respectively. On
the limited site, 4 thinnings are carried outl. In each thinning, approximately
15-20% of the standing wood is harvested. Much of the thinning wood is used
for pulp, while at higher ages, much is allocated to particle board and some
sawn timber. 50% of the final harvest is allocated to sawntimber (see Appendix
).

Initial values for stable humus were set at 220 Mg ha't {Post et al. 1982}, in
combination with residence times of stable humus of 250 to 300 years (see
Appendix H).

5.2.3. Results and discussion

The results of the modelling of carbon dynamics in Douglas-fir stands in the
Pacific Northwest of the US are visualized in Figure 5.3 and presented in Table
5.2. Appendix J allows the site class as used here for a particular Douglas-fir
stand 10 be assessed, thereby allowing an estimation of carbon storage
capacity.

Itis clear from Figure 5.3 and Table 5.2 , that Douglas-fir stands are very suited
to store carbon. Through its high yields in long rotations, this forest type can
store large amounts of carbon in the biomass and products on average (e.g.
196 Mg C ha' on a moderate site) ) wnh high net annual carbon fluxes over
the first rotation (eg. 3.43 Mg C ha’ yr on a moderate site).
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Tatle 5.2  Comparison of carbon stocks and fluxes for Douglas-fir stands on three sites in the

Pacific Northwest of the US.

1) Total stock of carbon at the end of the rotation in biomass and products {Mg Cha™y;

2) Total stock of carbon at the end of the rotation in the soil organic matter i.e. litter, dead wood
and stable humus (Mg C ha™");

3) Total stock of carbon at the end of the rotatncm in biomass, forest products and in dead
organic matter on or in the soil (Mg C ha’ )

4) Long-taerm average stock of carbon in the biomass and the forest producls (Mg C ha” )

5) Long-term average stock of carbon in the forest products (Mg C ha');

6) Long-term average stock of carbon in the soil organic matter (Mg C ha™");

7) Long-term average stock of carbon in the total system of biomass, products and soit
organic matter (Mg C ha™");

8) Net accumulated amount of carbon over the first 100 years after aﬁorestailon (Mg C ha):

9) Awverage net annual carbon flux at the end of the first rotation (Mg C ha’ 1yr ).

1 2 3 4 5 6 7 8 9
good
site class 401 145 546 248 54 150 398 417 4.17
= 18.6 m3ha'lyr'l
moderate
site class 3l 327 146 473 196 46 143 339 343 343
I, = 149 m”ha’'yr
limited
site class 278 145 423 161 38 143 304 293 293

301,01
I, = 115 m’ha”'yr

The resuits are supported by results of Harmon et al. {1890) and Dixon et al.
(1991). Harmon et al. mention an amount of 192.1 Mg C ha™" in the living
biomass of a 60-year- old Douglas-fir stand on the west side of the Oregon
and Washington Cascade Range. This is in accordance with results of a site
in between the moist and mesic ones in this study. However, they also state
that when all the residues are left on the site, and when 45% of the harvested
wood is converted to long term products, the amount of carbon in the total
system after 3 rotations is still only 80% of what was once stored in the old
growth forest.

Dixon et al. mention a figure of 4.47 Mg C ha 'yr ' for the annual rate of carbon
storage during the first rotation (100 yr) of Douglas-fir on wet cropland, but do
not mention the mean mcrement They also state that when a mean annual
increment of 12 m>ha’’ yr can be achieved with extra N fertilization, the
annual rate of carbon storage is 4.32 Mg C ha 'yr".




Carbon Fixation through Forestation Activities 83

The value for the allocation percentage of the NPP to the stem for the
40-year-old stand was assumed 1o be 53% on the good site and 45% on the
limited site. The first figure agrees well with the one given by Keyes & Grier
(1981, see Table 5.1), the second is somewhat higher. This, in combination
with turnover times of branches, foliage and roots of respectively 33, 3.3 and
10 years and the values for the residence time (2 yr) and hummcatlon factor
of litter (6%}, result in dry weights of the forest floor of up to 25 Mg ha™! , which
are in agreement with the data in Table 5.1.

It can be concluded that this forest type is very suited to sequester carbon.
Because of the high mean annual increments and the long rotations, it
sequesters carbon in large average amounts in the biomass and in products
with high net annual carben fluxes over the first rotation.
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6. BOREAL CONIFERQUS FORESTS.

6.1. Introduction to the forest type

The northern coniferous biome, known as boreai forest or from the Russian,
as Taiga, stretches from its northern limit in the treeless arctic tundra to its
southern border, the gradual transition to a mixture with broadleaf deciduous
forest. The boreal forest is circumpolar, occupying a beltin both North America
and Eurasia {see Figure 6.1).

L

30~ 120° 110° 100* 90%

1 ;0'

Fig. 6.1 The circumpolar range of the boreal forest (Larsen 1980, after Hare & Ritchie).
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Generally the boreal forests of America and Eurasia are very simifar. Both
regions have many genera and even species in common (Larsen 1980) and
the forests have the same physical structure. The canopy is single-layered and
composed of coniferous evergreen trees. Large shrubs are usually widely
scattered and sparse. The ground layer of vegetation is dominated by low
shrubs and herbaceous plants, and is underlain by mosses and lichens. Mainly
through this wide variety in mosses and lichens, it is stated that the boreal
forest is richer in number of species thanthe tropical rainforests (Dudley 1992).

Not only the natural forests in the tropics, but also the boreal forests of Canada
and Russia are being cut in a high speed. Thanks to natural and artificial
regeneration carried out over vast areas it appears, however, that the area of
boreal torest is not declining. But some authors contend that the regenerated
or planted stands are not comparable to the climax vegetation and are
ecologically poorer (Dudley 1992). As a result of the political instability in
Russia, the state-owned timber companies have reduced their cutting in the
boreal regions, but an increased interest is expected from foreign timber
companies who expect to make a quick profit.

Because of the important role of the boreal forests in the global carbon cycle
{Boana & Van Cleve 1992, Alban & Perala 1992), the carbon-storing capacity
of reforestations of this forest type in the western Siberian region as an
example, is oullined in this chapter.

6.1.1. Boreal climate and forest types

The boreal climate can briefly be described as a climate with long and cold
winters and short, generally cool summers. Much of the precipitation falls as
snow. For a large pan of the year, the radiance balance is negative and for
the rest of the time it is relatively iow {Larsen 1980). Not surprisingly, climatic
conditions vary greatly from the southern edge of the boreal forest to the
northern limit, But there is also variation along the longtitudinal gradients. The
air mass pattern is most complex in the western areas of Eurasia, as they are
affected by the wind and weather patterns of Europe. As the air masses move
eastwards, they become more modified and continental, and are then called
continental temperate in Russia.

Inthe northwestern Eurasian boreal region, the weatheris highly variable, with
passages of frontal depressions and as a result cool, wet summers, The region
has a trost-free period of 90-120 days. The first snow occurs in the south by
early October. The northeastern part of the Eurasian boreal region is charac-
terized by a more continental climate. The western Siberian boreal region is
characterized by very strong continentality, severe winters and deep snow.
Still, the amounts of precipitation are sufficient tor oplimal forest growth. The
snow cover usually lasts some 130 days in the far south of the region. The
climate of the far east Siberian region is the most severe climate of the world.
Winters are extremely cold and long and only the southern part of the region
is free from frost in July. In summer, cold waves alternate with periods of
relative heat.

The regions considered in this study are those with a relatively mild {for the
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boreai region) climate and no permafrost. This is the region of the southern
taiga-northern mixed forests border {Pastor & Mladenoff 1991 yorasitis known
in European Russia: the Boreonemoral zone (see Figure 6.2). The relatively
mild climate and the less pronounced podzols result in closed mixed evergreen
and deciduous tree species with a fair productivity of 3 to 8 Mg ha™ (Pastor &
Mladenoff 1991, Rennie 1978). In the Eur-Russian Boreonemoral zone, the
boreal-northern hardwood border is narrow and stretches from Finland across
European Russia to where the boreal zone meets the Russian steppe.

@ Interrupted taiga
Northam taiga

Middle taiga
Southern taiga

Northern mixed forests \
g Southern mixed forests
Deciduous forests

E Northern steppe
Southern steppe
[[m Southern semidesert
Northern semidesert
@ Northern desert
[I]u Southern deciduous forests
. Meadows and open forests .

Fig. 6.2 Vegetation zones of the former European USSR (Nilsson et al. 1992 after Kurnaev
1973)
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Onthe boreal side of the transition zone, Pinus sylvestris, Picea abies, Populus
tremula and Betula pubescens dominate. Southwards they gradually mix with
Quercus robur, Carpinus betulus and Tilia cordata.

Eastwards, the dominance of Picea abies is gradually overtaken by Picea
obovata, which is believed to be a subspecies of Picea abies (i.e. Picea abies
var. obovata), the Siberian spruce (Vidakovi 1991). The ranges of these two
species overlap, which results in hybrids. In the Far East, Picea obovata is
codominated by Picea jezoensis {syn. P. ajanensis). A transect drawing to
characterize this transition type of boreal forest is given in Figure 6.3. Vast
areas of boreal forest still exist and, so far, are hardly influenced by man, but
the hardwood forests on the southern side have been cleared on alarge scale
and the land used for agriculture (Pastor & Mladenoff 1991).

e

RATFCUSE

s
2
7
a

e

1 :ﬂ.‘
il :llnI‘
2

0

iy
—

-
Tk
/ h

s
A
,l.
A
r
0
@.‘ RS
v
K
S
e
,

Fig. 6.3 Profile of a lowland natural forest with P. obovata and P. ajanensis in the valley of the
river Amgun near the east coast of the former USSR (53°N, 139°E). Age of the spru-
ces is 120-150 years (Schmidt-Vogt (1991) after Andreev).

P.0. = Picea obovata , P.a. = Picea ajanensis
A.n. = Abies nephrolepis L = Larix gmelinii
B =Betula spp.
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6.1.2. Soils

The soil type most widespread in the boreal region is the podzof (Gorshenin
1955). Podzolization occurs in climates characterized by high precipitation and
low rates of evaporation. It is particularly intense on acid sandy glacial deposits
and weathered sandstone material and leads fo the formation of a bleached
grey Ae, (eluviation) horizon and a reddish-brown B (illuviation) horizon. Raw
litter and humus accumuilate on top of the mineral soil because of decompo-
sition is slow in the wet and cold conditions. Podzolization is influenced not
only by climate and parent material, but also by the vegetation. Topography
or stagnating layers may prohibit the draining of the rainfail; this leads to thick
peal layers forming on top of the mineral soil, or as a transition type gleysols.

Brown

Tl ATt Mosses and moss peat

e o i it ot ot s s v

(iR LTI Undecomposed humus
=, | Surface of mineral soil
VLot Tl Humic colloidal deposits

L.eached A, horizon
~—. —=_ = = | Hordpan: sesquioxide accumuiation
2 My "B, T | Gley mottling

G244 Rock and weathering debris

————————— Groundwater table

Fig. 6.4 Morphology of the basic boreal soils (Larsen 1980). On the left a Lithosol, dry and on-
ly slightly weathered. On the right the Histosol, locally known as Muskeg, composed
entirely of organic material. The mature podzol, cenire, has an upper horizon of orga-
nic material in various stages of decomposition. The light area, just below the upper
horizan is the bleached mineral horizon (A2), from which iron and aluminium oxides
and clay minerals are leached. The darker area below the bleached horizon is the
area of accumulation of oxides and clay.

inthe southern boreal region, where podzolization processes are less intense,
or where the parent material contains more clay or where the parent material
is of calcareous origin, soils belong to the grey-wooded Luvisols, further south
gradually changing to the Chernozems. The southern border of the Boreone-
moral zone is characterized by thig transitional soil type, the grey-wooded
Luvisols {see Figure 6.4). Productivity on this soil type is considerably higher
than on the podzols, and is favoured by the retatively good climate.
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6.1.3. Silviculture

The main tree species which will be dealt with here are Picea abies and Picea
obovata. These are the dominant species of the Boreonemoral zone. Original
Russian literature on silviculture, biomass, growth and productivity was not
consulted, but data on their counterparts in the boreal zone of Canada and the
USA, i.e. P. mariana and P. glauca were used.

Picea abies grows naturally in areas with a continental climate and high
amounts of precipitation. It is a dominant tree species of the European taiga
{Nikolov & Helmisaari 1991). In the southern taiga it forms mixed coniferous-
broadieaved forests with Tilia cordata, Quercus robur and Ulmus spp. In the
Russian plains it is said to reach heights of 35 to 40 m. it is a8 shade-lolerant
tree species, which prefers moist or wet soils, but not anaerobic soils. It is
intolerant of drought. It requires acidic soils (pH 4-5) and good nutrition to grow
well {Schmidt-Vogt et al. 1977).

Picea obovata is commonly found in continental areas, extending from the
tundra zone in the notth 1o the taiga inthe south. It grows inthe Siberian plains
and in the Ural mountains both in pure and mixed stands. It is a typical
dominant tree species of the boreal zone. In the southwestern part of its
distribution it mixes with Quercus robur, Tilia cordata etc. It tolerates lower
humidity and more continentality than any other shade-tolerant tree species
and is found in steppe regions with an annual temperature amplitude of 40 °C.
Its distribution, however, is determined more by soil type than by climate. P.
obovata requires well drained to moist sandy loam soils and has poor growth
on marshy soils of the central and southern taiga. It does grow on permafrost
soils. Overall, the growth in the boreal forests is limited compared to for
example temperate forests. Schmidt-Vogt (1986} cites Dyrenkov who found
mean increments ot 4.110 6.2 maha"yr'1 for spruce in the former Soviet Union
aged 80 years.

Silviculture in the boreal forests has to a great extent been limited to some
form of exploitative foreslry, After felling the natural stands, large amounts of
debris remained; these were sometimes burnt to stimulate regeneration. The
regenerating trees are, however, mainly pioneers, such as Betula spp. and
Populus spp. Only after along time of forest development are the pioneertrees
succeeded by intermediate, and later climax trees such as Norway spruce,
Siberian spruce and Siberian fir {Kuusela 1992). Thinnings in these natura!
regenerations are usually not carried out, as they are considered unprofitable.
If the stage with pioneer trees is unwanted, small-scale felling followed by
planting or natural regeneration of Norway spruce under a cover of old trees
is advised. When the aim is to grow high-quality saw logs in the near future,
planting and regular thinning have to he executed.
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6.2, Carbon dynamics in spruce forests
6.2.1. Literature data

To set the model input values, literature data of the following parameters were
needed:

- toial biomass and biomass of the different compartments;

- volumetric growth and net primary production;

- allocation of the NPP to the biomass compartments ;

- basic wood density of the wood;

- amounts of dry matter in forest floor, dead wood and stable humus;

- humification and decomposition constants;

- annual litter fall.

Specific biomass and Net Primary Production allocation data on spruce forests
in the Eurasian boreal forests were obtained from Cannell {1982), who cited
Kazimirov & Morozova. The data are listed in Table 6.1.

Table 6.1  Biomass (dry weight) and productivity data from Cannell (1982) and DeAngelis et al.
{1981) for boreal spruce forests in the Karelia region in the former Soviet Union.

stand age (yr)} 22 37 45 54 43 38 45 &8 82 %8 109 126 138

1

biomass dry weight (Mg ha )

stem 13.9 42.3 56.3 73.0 58.5 65.3 29.0 106.0 1156.0 158.0 165.0 183.9 176.0
branch 4.5 10,6 12,1 14,2 12,5 12.2 8.7 5.1 16.8 16.5 17.6 16.6 171
foliage 5.5 9.1 9.8 10.9 9.5 9.9 8.2 11.% 11,4 10.8 9.7 8.1 47.5
root &.2 14,1 15.8 21.6 16.8 18,3 10.t 29.1 33.2 41.0 45.0 &46.0 47.5
total 32.1 767 Q4.0 119.7 §7.3  105.7 56.0 151.7 329.1 226.3 237.3 254.6 2B8.1
dead arganic material (Mg ha 1)

dead wood 1.0 3.4 4,2 5.6 6.2 6.9 3.7 6.9 8.1 8.0 7.1 7.1 7.4
understorey 0.0 0.9 0.0 0.0 C.0 0.0 0.0 0.0 0.0 0.0 c.0 0.0 0.0
herb lLayer 1.3 1.5 1.6 2.1 1.0 0.8 1.8 2.2 3.2 3.1 3.6 4.0 4.6
forest floor 17.4 18.% 19.2 22.0 20.6 20.0 19.3 24.7 26.0 29.6 32.8 35.3 39.0
NPP (Mg ha'lyr_l)

stem 1.6 2.7 3.0 3.2 3.6 4.0 2.3 3.2 2.9 2.4 1.9 1.3 1.0
branch 0.5 0.6 0.6 0.7 0.7 0.7 0.5 0.5 0.4 0.3 0.3 0.2 0.1
foliage 1.7 2.5 2.7 2.8 3.0 3.3 2.3 2.9 2.9 2.6 2.4 2.2 2.1
root 0.5 0.5 0.5 6.5 0.5 0.6 0.4 0.5 0.4 0.3 0.2 0.1 0.02
tatal 4.3 6.3 6.8 7.2 7.8 B.6 5.5 7.1 6.6 5.6 4.8 3.8 3.2

Litter fall 1.6 2.7 2.9 3.2 3.3 3.8 2.5 3.3 3.2 2.9 2.7 2.4 2.3
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Popov in Schmidt-Vogt (1991) mentions afigure of 280 m>ha " forthe standing
volume of a 160-year-old spruce stand in the southern zone of central Siberia
at an average stand height of 23 m. Some yield tables for unmanaged white
spruce in Canada are available. In his yield table (spacing 2.0 m) Berry (1987)
uses mean annual increments at an age of 60 years ranging from 4.1 t0 8.7
m>ha” yr . The yield table of Love & Williams in Rauscher (1984) for white
spruce in the Lake States, USA shows mean annual increments ranging from
6.0t08.0 m°ha 'yr' at an age of 70 years. The yield table of Stiell in Rayscher
(1984) shows mean annual increments ranging from 4.6 to 9.5 m Sha” yr at
an age of 50 years.

The amount of standing dead phytomass of the boreal forest is 0.5 Mg ha™!

dry matter according to Ajtay et al (1977). The litter fall is 6.0 and 5.5 Mg
ha yr dry matter for respectively the closed and open boreal forgst and the
average amount of litter is 35 MP ha'.Bonanin Shugart et al. (1992) mentions
figures of 47.1 to 105.3 Mg ha™' tor the amount of dry matter in the forest floor
under white spruce forests on permafrost-free soils in Alaska ranging in age
from 70 to 250 years. The residence time of the litter was found to be 19 years.

Ajtay et al. (1977) mention a figure of 259 Mg ha™! dry matter for the amount
of stable humus under boreal forest. Millemann & Boden (1986) give a value
of 378 Mg ha™' forthis parameter under main taiga for all continents. This figure
for Asia is 160 Mg ha ! Post et ai {1982) mention a mean amournt of stable
humus of 200 Mg ha’ dry matter under bereal moist forest and 226 Mg ha’’
under boreal wet forest aithough they use a median of 175 Mg ha™! dry matter
Later Milleman & Boden (1986) distinguish figures of 267 and 259 Mg ha dry
matter in the stable humus under boreal moist and boreal wet forest respecti-
vely.

According to Dlxon et al. (1991) the average basic wood density for spruce
wood is 410 kg m>. Canneli (1984) mentions a figure of 470 kg m 3 for Picea
abies and 380 kg m? for other Picea species.

6.2.2. Model input

The carbon dynamics of spruce afforestations inthe Boreonemorai zone of the
former Soviet Union were modelled for three site classes. The volumetric
increments were set so that the mean mcrement at an age of 100 years was
respectively 6.0, 4.6, and 3.2 mha’’ yr (see Appendix D2). Since all site
classes are somewhat limited the maximum of the current annual increment
is achieved at an age of 55 to 60 years. The volumetric increments are based
on the Net Primary Production figures from Kazimirov & Morozova in Cannell
(1982). This seemed more reliable than using the available yield tables for
white spruce in Canada since the former are from local biomass measure-
ments. The rotation length was set at 100 years, with thinnings at 30, 40, 45,
50, 55, 60, 65, 70, 75, B0 and 90 years. Thinnings are light. The allocation of
the harvested wood to the wood products is given in Appendices 1. Much of
the thinning wood is used as paper. Only 50% of the final cut is used for sawn
timber with a residence time of 35 years.

¢
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Three rotations were modelled. On the best site, 40% of the Net Primary
Production is allocated to the stem at an age of 40 years. On the limited site,
this is 30%. The allocation parameter values are given in Appendix E.

The basic density of the wood was set at 410 kg m°. The residence times of
wood products, dead wood, litter and stable humus are given in the Appendi-
ces G and H. The humification factor is given in Appendix H. The initial values
for stable humus for the sites of good, rnoderate and limited fertility were set
at respectively 230, 230 and 250 Mg ha™ dry matier.

6.2.3. Results and discussion

The results of the modelling of carbon sequestration in spruce stands in the
Boreonemoral zone of the former Soviet Union are displayed in Figure 6.5 and
presented in Table 6.2.

More general average data for the boreal forests are given by Whittaker &
Likens (1973}, who mentlon a mean plant biomass {dry weight) for the boreal
forests of 200 Mg ha™! and a mean net primary productron of 8 Mg ha’ 1yr
Lieth (1975} mentions a range of 2 to 15 Mg ha’ yr for the Net Primary
Production of the boreal forests and a mature biomass range (dry weight) oi
200 to 520 Mg ha’ . Ajtay et al. {(1977) mention a figure of 60 - 400 Mg ha™?
dry matter for the biomass of boreal forests, where for the mean value they
use 250 and 170 Mg ha™! respectively tor the closed and the open coniferous
boreal foresl Accordrng to them the Net Primary Produclion ranges from 4 to
20Mg ha” yr , although for mean values they use 8.5 and 6.5 Mg ha’ yr ! or
¢losed and open coniterous boreal forest respectively.

More general average data for the boreal forests are given by Whittaker &
Likens (1873}, who menuon a mean plant biomass (dry weight) for the boreal
forests of 200 Mg ha™' and a mean net primary producuon of 8 Mg ha yr
Lieth (1975) mentions a range of 2 to 15 Mg ha’ yr for the Net Primary
Production of the boreal forests and a mature biomass range (dry weight} of
200 to 520 Mg ha™ . Ajtay et al. {1977) mention a figure of 60 - 400 Mg ha’ -
dry matter for the buomass of boreal forests, where for the mean value they
use 250 and 170 Mg ha! respectively for the closed and the open conifercus
boreal forest Accordmg to them the Net Primary Production ranges 1rom 4 to
20 Mg ha'! yr , although for mean values they use 8.5 and 6.5 Mg ha” yr ior
closed and open coniferous boreal forest respectively.
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Table 6.2  Comparison of carbon stocks and fluxes for spruce stands in the boreonemoral zone

of the former Soviet Union on three site classes.

1) Total stock of carbon at the end of the rotation in biomass and products (Mg C ha ');

2) Total stock of carbon at the end of the rotation in the soil arganic matter i.e. litter, dead wood
and stable humus (Mg C ha''y;

3) Total stock of carbon at the end of the rotation in biomass, farest products and in dead
organic matter on or in the soil (Mg C ha™):

4) Long-term average stock of carbon in the biomass and the forest products (Mg C ha’ ;

5) Long-term average stock of carbon in the forest products (Mg C ha');

6) Long-term average stock of carbon in the soil organic matter (Mg C ha 1)

7) Long-term average stock of carbon in the total system of biomass, products and soil
organic matter (Mg C ha™);

8) Net accumulated amount of carbon over the first 100 years after aﬁorestahon (Mg C ha’ )

9) Average net annual carbon flux at the end of the first rotation (Mg C ha™'ys™").

1 2 3 4 5 6 7 8 9
good
site class 111 141 252 65 17 138 203 117 1.17
[, =60 mSha']yr'l
moderate
site class 95 143 238 53 13 139 192 103 1.03
=46 m3ha'1yr'l
limited
site class 70 153 223 38 9 148 185 76 0.76

I, = 3.2 mha lyr!

Itis clear from the results that the carbon storing capacity in the living biomass
of this forest type is rather limited compared to other temperate or tropical
forests. This is mainly caused by the overall limited growth, even on the best
sites available. Especially through the slow juvenile growth, thls forest type is
a very limited carbon storer in the short term. Only 53 Mg C ha™! are stored on
average on the moderate site in the biomass and products. On the moderate
site a net annual carbon flux over the first rotation of 1.03 Mg C ha! yr 1can
be achieved. This forest type however, preserves the large amounts of stable
humus of the boreal soils. Approximately 140 to 150 Mg C ha™! are stored in
the litter and stable humus compartment.
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A: Carbon stocks in biomass, progucts and the soil organic matter for spruce stands
in the Boregnemoral zone of the former Soviet Union on moderate sites

(kn = 4.6 mha'yr' at T= 100).

8: Carbon fiuxes both on an annual basis and as a running mean (dashed line).

Considering these figures, one has to realize that the chosen increments may
seemlow, but that they are at the upper range of what is recorded for the boreal
forests of Siberia. At higher latitudes, growth will even be more limited than
the lowest considered in this study. On the other hand, if sites of the northern
hardwood forest zone at the southern edge of the boreal forest zone are
considered (more favourable climate on brown forest soils), growth may be
higher than the value chosen for the best site in this study. Volumetric
increments were based on the Net Primary Productivity figures for spruce in
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the Karelia region in the former Scviet Uniontaken from Cannell (1982). These
figures are in accordance with the Canadian yield tables for whue spruce at
lower latitudes, which can achieve mean increments up to 9.5 m°ha’ yr

an age of 50 years.

The growth dynamics in the Canadian yield tables are however very different
from the model input in this study. In this study the culmination point of the
current increment lies at approximately 50 years, while the Canadian yield
tables of Berry (1987) and Rauscher (1984) show a culmination point at
approximately 25 years. Opting for the Soviet dala has influenced the carbon
dynamics mainly for the young stand and to a lesser degree in the long term.

The litter residence time (5 to 8 years) was kept in agreement with the other
forest types (approximately twice as high as |n the montane coniferous forest),
which resuited in amounts of up to 30 Mg ha ! tortorest fioor dry matier, which
is in agreement with the data of Kazimirov & Morozova, in DeAngelis et al.
(1981} (see Table 6.1). Using the literatlure value of 19 years (Bonan, in
Shugart et al. 1992), would have resulted in much higher values of up to 80
Mg ha™! forest floor dry matter and a net carbon fixation of 1.7 Mg C ha™ yr
on the good site during the first rotation. The other constants like turnovertime
of biomass compartments, humification factor and residence time of stable
humus were difficult to determine from literature, and were thus kept in
agreement with the other forest types.

The results can be compared with results of Dixon et al. (1991) who mention
an annual carbon flux of 1.37 Mg C ha yr for planted spruce stands on
drained sites in the sub- boreal regf]lon of the former USSR in which a mean
annual increment of 4.5 m°ha”’ yr ' can be achieved in a rotation of 55 years.
They also state that when site preparatlon is less intensive, mean annual
growths in Pinus spp. of only 1.5 m°ha 'yr’' can be achieved, resulting in
carbon storages of approximately 0.5 Mg C ha’ yr

Grigal & Ohmann (1992) presented results of carbon stocks in the Lake States
{Minnesota, Wisconsin and Michigan) upland forests. In 27 Pinus resinosa (red
pine) plantations, they found a mean carbon stock in total biomass, forest floor
and stable humus of 60, 10 respeclively 80 Mg C ha™'. Since this region can
be seen as part of the northern hardwood zone, the carbon stock in the living
biomass can indeed be semewhat higher than the one found in this study.

Concluding it can be stated that the carbon sequestration in this forest type is
limited, with on average 53 Mg C ha! in the biomass and products on a
moderate site. Here the net annual carbon flux over the first rotation is 1.03
MgC ha"yr". The strength of this forest type as carbon storer lies not in the
living biomass, but in the soil organic matter. This forest type preserves the
largest amounts of stable humus and through the slow decomposition in the
wet and cold climate, considerable amounts are stored in the forest floor.
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7. INDUSTRIAL PLANTATIONS OF FAST GROWING BROAD-LEAVED
TREES ON FORMER AGRICULTURAL LAND.

7.1. Introduction to the forest type.

Afforestation of agricultural land in Europe is being considered in various West
European countries, because of the combined need to reduce agricultural
overproduction and to meet public demand for more forest (Dimitri & Friedrich
1930}. Depending on the tree species, sites and rotation length, these forests
may serve several purposes simultaneously, such as wood production, protec-
tion of drinking-water reserves, recreation and carbon slorage. Large-scale
afforestations, on the other hand, can have a severe adverse impact on the
socio-economics of once prosperous agricultural regions. For sound decision-
making, all aspects should be taken into account (Bock et al. 1980).

Carbon storage through afforesting agricultural land can be achieved with
many species, in varying rotation lengths. Since carbon storage in long
rotations of mixed oak/beech and spruce was already considered in chapters
3 and 4, the afforestation of agricultural land dealt with in this chapter, involves
Poplar hybrids (Populus x euramericana) in rotations of 45 and 20 years, and
black locust (Robinia pseudo-acacia) in rotations of 50 years. Very short
energy-rotations, of for example, 5 to 10 years with poplar or Eucalyptus are
not considered in this study, because the longterm average carbon stock in
these plantations is limited as the average biamass in the system is small
(Dixon et al. 1991, Mohren en Klein Goldewijk 1990a). In each of the following
sections the carbon dynamics will be outlined after a general introduction to
silviculture.

7.2. Carbon dynamics In plantations of poplar hybrids.
7.2.1. Silviculture

The hybrid poplars were formed through hybridization between Populus del-
toides (American black poplar) and Populus nigra (European black poplar).
Many clones are now available, such as "Agathe F", "Dorskamp”, "Heidemij",
Marilandica”, and "Robusta”. Not all clones are from this hybrid; clones like
"Rap" and "Geneva” are from the hybrid Populus x inleramericana {Van der
Meiden 1976). They are reproduced by cuttings.

Poplars grow well on soils with sufficient moisture and nutrient supply. They
yield best on heavy to fight clays or soils with a considerable ioam content.
Production is limited when the groundwater level is too high or when there is
a lack of water supply during the growing season. Poplars can resist strong
winds quite well. Afforestations with poplars are recommended on marine clay
soils, fluvial clay soils, recently drained marine clays and gley soils with a high
pH. 1t is advised not fo plant poplar on brown forest soils, gleyic acid podzols,
peat soils, inland dune soils or other poor, dry sandy soils.

i
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Afforestations can be carried out with one- or two-year-old rooted cuttings or
unrooted cuttings. Depending on the goal, the spacings may be 4x4 m up to
10x10m in varying rotations. The narrower the spacing, the more thinnings will
have lo be executed, or the shorter the rotation wiil be. A 4x4 m spacing for
example, will have to be thinned 2 or 3 times in a rotation of 45 years, or it no
thinnings are executed the rotation length is limited to some 20 years. With
wider spacings, the rotation length can be prolonged without the need to thin.
A fairly common practice is a spacing of 4x5 m, with thinnings at 15 and 25
years, in a rolation lenght of 45 years. Thinnings are usuaily heavy and
systematic, in each thinning, 50% of the standing trees are harvested.

The main pests with which poplars can be infected in Western Europe are
canker (Aplanobacter populi), Dothichiza barkburn (Cryptodiaporthe populea),
leaf rust {Melampsora spp.) and Marssonina leafstaindisease (Drepanopeziza
spp.) {Van der Meiden 1976). Each clone has a specific resistance o these
diseases; most of them are to some extent vulnerable to leaf rust. Vulnerability
to canker is usually low. For further details see the literature. Poplar wood is
commonly used for paper, fibre board, packing wood and clogs.

7.2.2. Literature data

The main source of information on growth and standing voiume of poplar
plantations are the available yield tables. For the northwestern part of Europe,
the yield table of Faber and Tiemens in Sevenster (1991}, for Populus x
euramericana cv. Robusta, and the table from Rétzel in Schober (1975), also
for Robusta, are the most imporiant. Sevenster (1991) gives 4 spacings, each
on 7 relative site classes in thinned and unthinned form: a spacing of 6x6 m
ongood, moderate and limited sites results in mean annuaI vo!ume increments
at age 40 years of respectively 144, 11.0 and 5 7 m°ha’ yr . The IcVimax)
values are respectively 33.5,22.9 and g.2m’ha’ yr ! This corresponds rather
well with the yield tables of Schober (1975) who mentions mean annual
volume increments of 15.0, 12.0 and 9.0 m®ha 'yr'! respectively at an age of
40 years.

Bipmass measurements for poplar were found for only a few young populus x
euramericana plantations. These and available biomass measurements of
more or less natural poplar forests are presented in Table 7.1.
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Table 7.1 Biomass measurements of natural poplar forests from various authors in Cannelf

(1982).
stand age 66-89 £6-89 [ 7 8 9 1" S2 A 34 40 51
country Canada Canada usa Usa Usa usa USA USA usa USA UsA USA
site top bottom * * * * silty loamy silty * * sandy
slope slope

~1

biomass dry weight (Mg ha )

stem 31.6 153.7 33.3 55.6 &64.6 53.5 6&8.8 151.1 181.9 103.0 147.7 148.0
branch 5.7 19.1 3.4 7.2 10.8 10.6 4.9 18.0 20.9 16.0 17.0 23.3
foliage 1.4 2.9 2.5 3.6 3.6 2.0 1.3 2.4 3.7 5.2 3.8 2.4
root - * * * * * * b * * 38.0 20.2
total 38.7 175.7 IR.2 b6.4 TR.0 66.1 T5.0  171.5 206.5 124.2 206.5 193.9
dead wood 2.6 11.3 hd » * * * 5.5 15.9 * * 3.5
understorey b ] x " g * E ] * " W 0 9 * t

NPP (Mg ha ‘yr %)

stem * * * * * - * 5.9 »4.4%39 o« 4.6
branch * * » * » w * 2.8 »>0.8 2.2 - 3.3
foliage . " * . * * 1.3 2.4 3.8 3.8 2.4
r\oot » " * * L4 * - - W -« n 1_2
total * * * * * * * 11.1 »9.0 9.9 * 11.5

#: mean (not current) annual increment

Kimmins et al. (1985) reports annual litter fall values of 2.2 to 2.9 Mg ha'yr’
dry maner for a 50 years old Populus tremuloides forest in the USA and 4.9
Mg halyr dry matter for a 50-year-old Populus tremuloides forest in the
USSH According o them the forest floor dry matter is 20, 28.9 and 72.6 Mg
ha'! respectively in Minnesota, New Mexico (USA) and Alberta {Can} under
50- to 60-year-old Populus tremuloides forests.

Johnson {1992} reports that when agricultural land was converted 1o forest in
the UK, the stable humus doubled in 83 years. He also reports an approximate
doubling of the soit C within 50 years when arable land was converted to
grassland or forest in Puerto Rico. The soil C increased in this period to 90%
of the amount under mature forest. Increase of the amount of stable humus
after afforestation is generally expected, although relatively few data exist to
support this, Strong increases are expected when former arable lands are
converted to broadieaved forests with muil humus forms {Rehfuess 1981).
Increases are especially strong when the stock of stable humus of arable land
has declined because of annual intensive ploughing {(Johnson 1992}, Affore-
stations of grasslangs are expected not to have such sirong effects on the
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stock of stable humus, because the stock under grassland is already relatively
big. Afforestations with coniferous species usually result in raw humus
accumulating in the forest floor (Rehfuess 1981).

The humification and decomposition factors and residence times are thus kept
in agreement with the other forest types and climates. They are presented in
the appendices. Millemann & Boden (1986) report a figure of 120 Mg ha yr &
dry matter in the stable humus of agricultural soils in Mediterranean Europe
Kortleven {1962) mentions an average stock of stable humus of 80 Mg ha!
dry matter in the top 20 cm of the agricultural soil.

Aczazording to Dixon et al. (1991) the basic density of the poplar gvood is 340 kg
m™. Laming (1978) reports a basic wood density of 330 kg m™.

7.2.3. Model input

The modelling was carried out for three production levels of poplar plantations
in 7 successive rotations of 45 years. The yield tables of Faber & Tiemens in
Sevenster (1991) for relative site classes |, [V and VIl at a spacing of 6x6 m
wereaused (see Appendix D3). The basic density of the wood was set at 340
kg m”.

On site class |, thinnings are carried out at an age of 17 and 27 years. In each
thinning, 50% of the standing trees are harvested systematically. Much of the
thinning wood is used for paper (see Appendix 12). On site class IV, only one
thinning is carried out, because the growth is somewhat limited. The thinning
at which 50% of the standing trees is harvested, is carried out at an age of 21
years. The thinning wood is used for paper and particle board. On site ciass
Vil no thinnings are carried out, for the growth is rather limited. Of the wood
from the final cut, 30% is used for particle board, 30% for packing wood, 20%
for paper, 10% for sawn timber and 10% is left at the site (see Appendix [2).

To compare the carbon storage in rotations of 45 years with short rotation
poplar plantations, model runs were also done for poplar on moderate sites in
a rotation of 20 years, al a spacing of 4x4 m (Im = 19.2 m*halyr ' at T = 20
yr, see Appendix D3). No thinnings are carried out in this case. 40% of the
wood from the final cut is used for particle board and 40 % is used for paper,
while 20% is left at the site {see Appendix 13).

Allocation to the biomass compartments was kept rather general to agree with
the data in Table 7.1 (see Appendix E). Humification and resident time of fitter
and soil stable humus are given in the Appendix H and were kept in agreement
with the other forest types and climates. Initial values for the amount of soil
stable humus are set at 100, 90 and 90 Mg ha"! for the good, moderate and
more limited site.

7.2.4. Results and discussion

The results of the modelling of carbon sequestration in poplar plantations in
Europe are displayed in Figures 7.1 and 7.2 and presented in Table 7.2.
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Table 7.2

1)
2)

Appendix J gives dala to derive site class for a particular poplar stand for
determination of carbon storage capacity.

Comparison of carbon stocks and fluxes for industrial piantations of poptar in Europe
on three site classes.

Total stock of carbon at the end of the rotation in biomass and products (Mg Cha');

Total stock of carbon at the end of the rotation in the soil organic matter i.e. litter, dead wood
and stable humus (Mg C ha™");

Total stock of carbon at the end of the rotatlon in biomass, forast products and in dead
organic material on or in the soit (Mg C ha* %

Long-term average stock of carbon in the biomass and the forest products (Mg C ha™');
Long-term average stock of carbon in the forest products (Mg Chay;

Long-term averaga stock of carbon in the soil organic matter (Mg C ha™);

Long-term averaqe stock of carbon in the total system of biomass, products and soil organic
matter (Mg C ha™');

Net accumulated amount of carbon over the flrst 100 years after aﬁorestatlon (MgC ha™y;
Average net annual carben flux at the end of the first rotation (Mg C ha™! yr .

1 2 3 4 5 6 7 8 9
good site class
(I, = 132 m3hy°! yr , 82 66 148 64 16 78 142 53 194
rotation = 45 yr)
moderate site_class
(I, = 105 m*ha’lyr’!, 93 62 155 62 15 75 137 49 223
rotation = 45 yr)
limited site class
(I, = SSmihalyel, 68 57 125 40 8 61 101 23

rotation

= 45 yr)

moderate site class

(I, = 192 m*halye!, 104 59 163 60 25 84 144 139 541

rotation

= 20 yr)

From the results it appears that afforestation of former agricultural land with
poplar is a considerable carbon storer inthe short and medium term. The stock
of carbon in the total system at the end of the simulation period is limited,
however. The long-term average stocks of carbon in the living biomass and
products for the sites of good, moderate and limited fertility are 64, 62 and 40
Mg C ha™! respectively. These limited figures are rather close to each other,
because site quality differences are levelled out by a decrease in thinning
intensity, the more limited the site quality.

I
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Fig. 7.1 A: Carbon stocks in biomass, forest products and soif organic matter for popfar
plantations on moderate sites in a rotation of 45 years
(lm =104 m°ha'yr! at T= 40 yr);
B: Carbon fluxes both on an annual basis and as a running mean (Mg C ha 'yr).
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Fig. 7.2 A: Carbon stocks in biomass, forest products and soif organic matter for poplar
plantations on moderare sites in a rotation of 20 years with a spacing of 4x4m
(im = 19.2 m*ha’’ yr at T= 20);
B: Carbon fluxes both on an annual basis and as a running mean (Mg C ha' yr )

The net annual carbon storage on the good, moderate and limited site during
the first rotationis 1.94,2.23 and 1.57 Mg C ha yr ! respectively. Through the
decrease in thinning intensity, approximately the same amounts of biomass
can be reached regardless of the site class. In the long-term these net annual
storage rates decline harply to a rate which is mainly determined by the
accumulation in the soil stable humus.

By shortening the rotation, the long-term average stock of carbon stored inthe
living biomass and the products on a moderate site, is 60 Mg C ha™, but the
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annual net flux (5.41 Mg C ha"yr'1) shows a strong increase. This sirong
increase is caused by the narrow spacings in short rotations, which result in
high juvenile growth rates. These stands can thus accumulate approximately
the same amount of biomass in a much shorer rotation. The amount stored
100 years after afforestation (column 8, Table 7.2) also shows a strong
increase, but this is because in the short rotations this criterion coincides
exactly with the end of a rotation, while this is not the case in the longer
rotations,

The long-term gradual increase of the stock of carbon in the soil organic matter
(Figure 7.1 and 7.2) is mainly caused by the ongoing accumulationin the stable
humus of former agricullural soils. The stock of carbon in the dead wood, litter
and stable humus compartment increases to a long term average of 84 Mg C
ha™" under the short rotation system. These increases are within the strong
increases in stable humus, which are mentioned by Johnson {1992} who states
that the soil C doubles 50 years after afforestations.

Dixon et al. (1991) report a net annual carbon storage of 2.75 Mg C ha yr
for poplar in Germany with a mean annual increment of 13.5 m°ha’’ yI'iina
rotation of 20 years. Mchren & Klein Goldewiik (1990a) report an annual net
carbon storage rate during the first rotation of 1.88 and 1 46 Mg Cha'yr!for
poplar with Im values of respectively 13.5and 85 m ha yr in a rotation of
35 years.

The rather low annual carbon storage reported by Dixon is attributable to the
fact that they used a lower mean annual increment {only 13.5 whereas in our
short rolation this is 19.2 maha"yr' ). The resulls from Mohren & Klein
Goldewijk agree rather well in with the resuits from this study although slight
differences occur because they use a slightly different yield table (i.e. thinning
regime and spacing).

Some authors report very high net annual storage rates in short rotation poplar
stands (Dewar & Cannell 1992 with 7.3 Mg C ha'yr’"). These figures can only
be achieved in very narrow spacings in short rotations which result in high
juvenile growth rates and thus high net annual storage rates over very short
periods, but also limited average stocks in the living biomass.

Since the results are only applicable to the northwestern part of Europe, it is
useful to compare them with a Mediterranean industrial plantation. A good
example is the Eucalyptus pulpwood coppice stands in Portugal in rotations
of 12 ygars. Average data for Portugal such as a dry weight increment of 8 Mg
ha’ yr in the stems, a rotation length of 12 years and 84% of the biomass in
the stems (Pereira and Pereira 1988), result in a total dry weight of 114 Mg
ha™! at the end of a rotation. This means an approximate average amount of
carbon in the living bromass of 28Mg C ha ! and a net annual carbon storage
rate of 48Mg C ha™ y dunng the first rotation. Since the wood is used for
pulp, there will hardly be any net storage after the first rotation. The results for
this forest type lie within the same range as the results for popiar in a short
rotation.
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It can be concluded that poplar on former agricultural land is a Ilmlted carbon
storer in the long-term, with a net annual flux of 2.23 Mg C ha’ yr dunng the
first rotation for a plantation on a moderate site in a rotation of 45 years, and
a Ilmited average stock of carbon in the living biomass and products of 62 Mg
Cha. Inthe long-term there is still some annual accumulation, mainfy in the
stable humus. Shortening the rotation, results in higher net annual fluxes
during the first rotation, but in the long- term differences with long rotations
level out.

7.3. Carbon dynamics In plantations of black locust.
7.3.1. Silviculture

Black locust or common locust (Robinia pseudoacacia) has been attracting
increasing interest recently, for use in afforestations of agricultural land
(Stichting Robinia 1992). The species, which has its natural distribution in the
temperate deciduous forests of the eastern United States, is thought to be able
to produce high quality, durable wood in refatively short rotations. The wood
may even replace tropical hardwoods. For centuries, the species has been
managed in coppiced stands to produce fuel wood, poles and timber for tools
throughout Europe (Jahn 1891).

Robinia grows on a wide variety of soils in a warm temperate, continental
climate and maritime climates. The species is said to be very drought tolerant
and can grow on extremely poor and dry sandy soils in which it establishes a
deep root system (Boeijink et al. 1991). It shows its best growth on deep, well
drained, rich loamy soils with a good water supply. Growth is limited on
extremely dry or wet and heavy soils. At its optimum it shows a very vigorous
growth, with a maximum at approximately 50 years. its light demands are high,
increasing with age. The species ¢can be seen as a pioneer or late pioneer,
which is limited on rich sites because of the vigour of climax tree species. Since
its root nodules fix nitrogen, it is known as a site quality improver (Maas &
Gubbels 1987). The leaf litter is of a very good quality, forming mull humus.
Only in shori rotations, when the bark, and the stemwood is removed from the
site does black locust impoverish the site. No serious diseases or pests are
known, althoughit is somewhat susceptible to spring frosts and oldertrees are
susceptible to heart-wood rot.

Black locust is regenerated vegetatively by cuttings which are usually planted
as 1- or 2-year-old shoots. Since many provenances reproguce very crooked
stems, these are not suitable to produce sawn timber. if the goal is to produce
high quality sawn timber, the choice of the provenance is very important.
Generally it is advised to infect the site with Robinia forest soil because of the
root nodules (Goéhre 1952). A regular spacing is 1x1 m. Light thinnings are
carried out regularly, every 5 years. Rotaticn length depend on the goal which
has o be achieved, but for fuel wood a rotation of 30 to 40 years is usual, while
for the production of timber, rotations of up to 60 years are usual. Since
heart-wood rot is a common problem in older trees, relatively long rotations
are discouraged {Maas & Gubbels 1987). On poor soils heart-wood rot can
already occur at an age of 50 to 60 years.
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7.3.2. Literature data

The main source of information on the growth of black locust is the yield table
from Erteld (1952) in Schober {1975) and Géhre (1952) which was made for
the former German Democratic Republic. This yield table distinguishes three
s&te classes with mean annual volume increments of 128, 9.5 and 6.5
m°ha’ yr1 respectuvew at an age of 50 years. The standing volumes range
from 135 to 301 m°ha’" at this age.

Keresztesi (1988) distinguishes 6 yield classes for black locust in Hungary,
with rotation lengths of 20 years on the most limited site to 40 years on the
best sites. The total gross timber y!elds vary from 85 on the worst srte (lm =
43m°halyr! at T = 20 yr) to 566 m>ha ' onthe best site (Im = 14.2 mha 'yr’’
at T = 40 yr}. Only the growth on the best sites of Hungary is explicitly higher
than the growth mentioned by Erteld (1952). Stands are usually established
with 2500-3500 plants per ha. In Hungary thinnings are mainly carried out in
the young phase, e.g. atages 5, 9, 12, 18, and 25 years on site class |.

According to Gohre (1952) the basic wood densnty is 630 kg m°. Dixon et al.
(1991} mention a basic density of 660 kg m? for Robinia species. No biomass
measurements for pure black locust stands were found in the literature.

7.3.3. Model input

Model runs were done for black locust on three relative site classes in rotations
of 50 years with regular thinnings. The three site classes of Erteld (1952) with
mean annual volume increments at an age of 50 years of 12.1, 8.9 and 5.8
m°ha’ yr 1 were used (see Appendix D3). The basic density of the wood was
set at 630 kg m> {see Appendix C).

Since no biomass measurements of the biomass compartments were availa-
ble, allocation to the compartments was kept rather general, using averages
for deciduous trees {see Appendices E and F). At an age of 50 years, 72% of
the total living biomass was stored in the stemwood. The rest was stored in
branches, roots, foliage and undergrowth. On the limited site, 66% of the total
living biomass was slored in the stemwood. Here allocations to roots and
branches were set somewhal higher.

Since the litter is of a good quality, the humification factor was kept rather high
at 10% with a litter residence time of 1 year and a stable humus residence time
of 250 years. These are thus in agreement with the other forest types and
climates (see Appendix H}. The initial value of the amount of stable humus at
the time of afforestation was kept the same as for poplar plantations on former
agriculturat land Wthh has lost stable humus. The parameter was set at 100,
90 and 90 Mg ha! dry matter respectively.

Thinnings start at an age of 10 years and are executed every 5 years up to an
age of 45 years. Much of the thinning wood is used for tire wood. Of the wood
from thinnings which are executed at an age of 30 years or later 40% is
allocated to sawn timber. The average diameter on the good site is now 20 cm
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and more {Erteld 1952). Of the wood from the final cut at an age of 50 years
60% is allocated to sawn timber (see Appendix I5)

7.3.4. Results and discussion

The results of the modelling of carbon sequestration in Robinia plantations in
Europe are displayed in Figure 7.3 and presented in Table 7.3.

Table 7.3  Comparison of carbon stocks and fluxes for industrial plantations of black locust in

Europe on three site classes.

1) Total stock of carbon at the end of the rotation in biomass and products (Mg Cha™y;

2) Total stock of carbon at the end of the rotation in the secil organic mattar i.e. litter, dead wood
and stable humus (Mg C ha™);

3) Total stock of carbon at the end of the rotation in biomass, forest products and in dead
organic material on or in the soil (Mg C ha™');

4} Long-term average stock of carbon in the biomass and the forest products (Mg C ha’ "

5) Long-term average stock of carbon in the forest products (Mg C ha");

6) Long-term average stock of carbon in the soil organic matter (Mg C ha™);

7) Long-term average stock of carbon in the total system of biomass, products and soil
organic matter (Mg C ha™");

8) Net accumulated amount of carben over the first 100 years after aﬂoresta’uon {(MgC ha™ ¥

9) Average net annual carbon flux at the end of the first rotation (Mg C ha™'yr’ .

12 3 4 S 6 7 8 9
good site c[ass
(I, = 121 m*ha’lyr'!y 189 78 267 142 52 101 242 241 4.12
moderate site class
(I, = 89 mhalyrl) 155 66 221 111 40 84 195 189 3.35
site class
(I, =58 m’ha’lyrly 104 60 164 71 26 67 138 124 2.12

From the results it appears that black locust both sequesters carbon in a high
annual rate and stores relatively large amounts of carbon in the tforest
ecosystem in the long-term. On a moderate site class, the average net annual
carbon storage during the first rotation is 3.35 Mg C ha™ 'yr ' with a Iong term
average amount in the living biomass and products of 111 Mg C ha™* . During
the total simulation period, the compartment of dead wood, litter and stable
humus increases on the moderate site to a long-term average of 84 Mg C ha't.
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Fig. 7.3 A: Carbon stocks in biomass, forest products and soil organic matter for Robinia
plantations on moderate sites in rotations of 50 years (i = 8.9 n°ha'yr! at T= 40)
B: Carbon fluxes both on an annual basis and as a running mean (dashed line)
(Mg C ha'lyr).

Some input parameter values are, however, rather uncertain. The volume
increment had to be derived from a yield table of the former German Demo-
cratic Republic. It is uncertain to what degree these incremems can be
achieved in more maritime climates on former arable land {Bulfin 1980). No
biomass measurements of pure black locust stands were available, so general
averages for deciduous forests had to be used.

The humification percentage was set rather high at 10%, because the litter of
biack locust is of a good quality. The residence time of the litter was thus kept
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rather short at 1 year. These parameter values could not be derived from
measured values from literature, but had to be kept in accordance with other
forest types and climates which were more certain. The accumuiation of the
stable humus (residence time = 250 years) which results from this is at least
within the range of the accumulation that Johnson (1992) mentions after
afforestation.

Only the other simulations of the carbon storage in black locust found were in
Dixon et al (1991). For afforestations with Robinia spp. in China they mention
a net annual carbon storage during the first rotation of 8.28 Mg C ha” 'yr 1and
an amount of 149 Mg C ha ! stored in 50 years. This i ns acmeved in rotations
of 35 years in which a mean voiume increment of 15 m %ha’! yr " was achieved.
The annual storage rate mentioned by Dixon is very high, but is caused by the
much higher growth rate which they use. The total amount stored on a good
site in 50 years, is in larger our study than the amount Dixon et al. mention.
This is because in our study this criterion coincides with the end of a rotation,
whereas they simulate the middle of a rotation at that time.

Concluding it can be stated that because some vital parameter values are still
uncentain, the results for this forest type can only be seen as indications.
Despite the uncentainties, it can be stated that black locust is a considerable
carbon storer, it is a forest type which accumulates reiatively large average
stock of carbon in the bromass and products. On a moderate site, approxima-
tely 3.4 Mg C ha yr are stored during the first rotation with a long term
average stock in the biomass and products of 111 Mg C ha™".
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8. INDUSTRIAL PINE PLANTATIONS IN REGIONS WITH ALONG GROWING

SEASON.

8.1, introduction to the forest type.

Industrial pine plantations in subtropical and warm temperate regions of the
world cover an extensive area. In suitable conditions the growth is fast and the
plantations give a high yield of cheaply produced wood for pulp or softwood
sawn timber. Because of the high yields that can be achieved, they seem
suitable for carbon storage. The carbon storage potential for four pine species
will be presented in this chapter. The species and their regions are: Pinus
radiata in New Zealand/Australia, Pinus caribaea in Brazil/'Venezuela, Pinus
taeda in the southeast of the United States and Pinus elliottii in Brazil. Each
of the following sections deals with cne pine species.

8.2, Carbon dynamics in radiata pine plantations.
8.2.1. Sites, climate and silviculture

Radiata pine or Monterey pine (Pinus radiata) is native in only three very small
localities in California (USA} and on the island of Guadalupe, French West
Indies (see Figure 8.1) (Vidakovi 1991). Although its native distribution is very
limited, the species is the most widely cullivated of all pines. It is under
intensive cultivation in New Zealand, Australia, South Africa and Chile, where
it grows rapidiy. It succeeds in warmer regions where temperature does not
fall much below zero. The native climate is a special kind of Mediterranean
type climate. There is little summer rain, but adequate summer moisture comes
from frequent sea fogs or mists (Scott 1960). The southeast of Australia has
a similar climate, while much of New Zealand has climates which are reaso-
nably suitable.

Lril

{

Fig. 8.1 Native range of Pinus radiata in the coas-
¢ tal region of California {Vidakovi 1991
after Critchfield & Little).
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In New Zealand, the pine is mainly established on podzolized sands on the
North Island. The seils are sandy, but hold moisture fairly well. Radiata pine
seems to grow best on deep, freely drained sandy loams of moderate fertility
(Scott 1960). It does not thrive on wet sites. In Australia the species is mainly
planted in the southeast on sandy soils which are relatively poor sites. Growth
in Australia is mainly determined by rainfall. Mean annual volume increments
at an age of 20 to 30 years may vary from 11 m 3ha yr in regions with 580
mm of annual rainfali to 25 m°ha 'yr! in regions with more than 760 mm of
annhual rainfall {(Scott 1960).

Afforestations are usually carried out with 3000 to 4500 plants per hectare,
depending on the goal of the plantation. Narrow spacings in short rotations of
16 to 30 years are usually carried out to produce pulpwood, while somewhat
wider spacings in rotations up to 50 years are practised 1o produce timber.
Regular thinnings and pruning are carried out when quality sawn logs are to
be produced.

8.2.2. Literature data

Data were gathered on the following parameters:

- volumetric growth and standing volume;

- amount of biomass in the ditferent compartments;
- litter fall and forest floor biomass;

- humification factor and residence time of the litter;
- residence time of the stable humus;

- specitic gravity of the wood;

- amount of stable humus in the soil;

- thinning ages and product aliocation.

Yield tables were available for the main countries in which Pinus radiata is
grown. Scoti {1960) gives a good overview of the available yield tables for New
Zealand, Australia, Chile, Spain and South Africa. He cites Lewis who presents
mean annual volume increments for New Zealand ranging from 18 to 30
mc"ha*yr’1 at an age of 40 years. He states that the growth of Pinus radiata is
approximately the same in Australia as in New Zealand. Lewis in Scott (1960)
presents a yield table for Australia in which the mean annual volume incre-
ments in rotations of 36 years, range from 17 to 29 m>°ha’ 1yrr . The maximum
current volume increment is achieved at an age of 12 years and for good,
moderate and limited sites is 44, 33 and 25 m>ha 'yr’ respectively.

The dry weight of the roots remains rather uncertain from these measure-
ments. An equation is given by Will (1966): He found a linear relation between
the branch weight of a radiata stand on a good site and the root weight of the
stand. He states that root weight = 0.69 x branch weight.

The annual litter fall in radiata stands is given by Klmmms et al. (1985). They
cite Cromer who found figures of 3.5t0 3.9 Mg ha’ yr ! for radiata stands aged
15 years in Australia. Bray & Gorham (1364) cite Will, who found an annual
total litter fall of 6. 3 Mg ha™! for a 28- -year-old radiata stand in New Zealand
and of 7.4 Mg ha’ yr "'for a 40- year-old stand.
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The published data on forest floor dry weight of older stands vary considerably.

Some data for young stands are given in Table 8.1. Ballard & Will in Kimmins
et al. (1985) found 38 Mg ha™' for the stock of fine litter under a radiata stand
(age unknown). The woody Iltteramounted 11.7Mgha’ ! Kimmins etal. {1985)
mention an amount of 60 Mg ha™' dry weight in the forest floor for a 30-year-old
stand in California. According to Turner & Lambert (1988) a 42-year-old stand
had a forest floor dry weight of 14 Mg ha'l.

No published rates of annual turnover in the forest fioor and the stable humus
were found, but Turner & Lambert (1988) reported that when the native
vegetation of New South Wales, Australia (Eucalyptus) was converted to
radiata stands, the amount of sail organic matter increased on less fertile sites
when the stand had reached an age of 42 years. On a more fertile site, the
amount of soil organic matier had decreased. There is concern about whether
the long-term productivity can be maintained under these intensive pine
plantation systems (Dyck & Mees 1990). Large-scale clearcuts, windrowing,
and burning of the logging slash are reported to result in a short-lerm increase
of available nutrients but also in an increased leaching of elements and thus
loss of productivity in the long-term {2 or 3 rotations). Squire et al. (1985) state
that when litter and logging slash is left after clearcut, the site productivity can
at least be maintained in the second rotation.

The amount of carbon in the stable humus is 93 Mg C ha™' under warm
temperate moist forest according to Mnllemann & Boden (1986). Under subtro-
pical moist forest this is 92 Mg C ha™! Under Mediterranean shrub or woods
in Australia, this figure is 102Mg C ha!

The basic density of the wood of Pinus radiata is 420 kg m? according to Dixon
etal. (1991). Scott (1960) mentions a figure of 400 kg m>,

8.2.3. Model input

Model runs were done for 8 successive rotations of 40 years with radiata pine
on sites of good, moderate and limited ferility. At an age of 4¢ years, mean
annual volume increments of 29, 23 and 17 m°ha’’ yr ' were used. Input values
were set according to the yield table of Lewis in Scott (1960) (see Appendix
D3). The allocation of the Net Primary Production was set in such a way that
the results agreed with the biomass measurements of Table 8.1 (see Appendix
E}). The basic density of the wood was set at 400 kg m°.

The humification factor of the litter for the good, moderate and limited site was
set at 5%, 4% and 3% respectively. The litter residence time was set at 3, 3
and 4 years. The residence time of the stable humus was set at 200, 220
respectively 240 years. These vaiues were kept in agreement with the other
forest types and climates (see Appendix H).
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Table 8.1  Biomass measurements of Pinus radiata stands obtained by various authors.

stand age 8 9 10 17 22 5 7 9 12 42 12 12 35
Country N2 N2 NZ NZ N2 AU AL AU AU NZ NZ NZ NZ
reference 1 1 1 1 1 2 2 2 2 3 4 4 5

1

biomass dry weight (Mg ha )

stem 28.8 32.7 54.4 236.7 270.5 2.4 23.8 53.8 8&9.5 129.2 52.9 105.0 *
branch 4.8 5.5 1.4 22,0 274 1.2 14.9 9.9 18,7 23.2 15.2 43.9 ~*
foliage 2.5 3.4 5.8 1.8 9.2 2.1 1.6 8.8 9.5 7.2 8.6 3.2 *
FOOt = " * * * * 9‘0 12-9 * " * * "
total 361 418 7.6 269.5 307.1 5.7 5¢.3 85.4 17,7 159.6 76.7 142.1 362.0
forest floor * * * * * 1.8 4.7 1.3 17.0 14.0 * * *
dead wood 0.0 0.9 0.1 9.0 4.7 * * * * * 1.4 3.0 *
undergrowth * * * - * * * * 0.8 * - hd
NPP (Mg haﬁlyrfli

stem 1.0 0.7 15.1 11.9 14.1 26
branch 0.5 2.5 2.5 2.5 2.6 14.5
foliage 0.7 3.4 5.1 4.6 4.7 6.4
root * L] L L] - n

total * - * * * 2.2 6.6 22.7 19.0 ~* 21.4  47.4 ™
References: Madgwick et al. 1977;

Forrest & Ovington, in Canneil 1982;
Turner & Lambert 1988;

Beets & Pollock 1987;

Kimmins et al. 1985.

WM
s 1 w1 wr oae

The initial value for the amount of stable humus was set rather low at an amount
of 150, 130 120 Mg ha™! dry matter respectively. These values were chosen
because the initial situation is assumed to be former agricultural land, not the
native (Eucalyptus) forest. It is assumed that the amount of stable humus has
been depleted already. Some accumulation after afforestation will therefore
occur.

Light thinnings are carried out reqularly at ages of 10, 15, 20, 25, 30 and 35
years. Much of the thinning wood is allocated to pulp and at higher ages to
particle board and packing wood. The wood from the final cut is mainly
allocated to particle board and packing wood (see appendix 14}.
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8.2.4. Results and discussion

The resuits of the modelling of carbon sequestration in Pinus radiata pianta-
tions in New Zealand/Australia are displayed in Figure 8.2 and presented in
Table 8.2. Using Appendix J, relative site class as used here can be delermi-
ned for a particular field situation, in order to estimate the potential for carbon
storage.

Table 8.2 Comparison of carbon stocks and fluxes for Pinus radiata plantations in New

Zealand/Australia on three site classes.

1) Total stock of carbon at the end of the rotation in biomass and products (Mg C ha™");

2} Total stock of carbon at the end of the rotation in the soil organic matter i.e. fitter, dead wood
and stable humus (Mg C ha'');

3) Total stock of carbon at the end of the rolatlon in biomass, forest products and in dead
organic material on or in the soil (Mg Cha’ h

4) Long-term average stock of carbon in the biomass and the forest products (Mg C ha''y;

5) Long-term average stock of carbon in the forast products (Mg C ha’ )

6) Long-term average stock of carbon in the soil organic matter (Mg C ha’ ;

7} Long-term averaqe stack of carbon in the total system of biomass, products and soil organic
matter (Mg C ha™');

8) MNet accumulated amount of carbon over the first 100 years after aﬂorestat:on (Mg C ha'y;

9) Average net annual carbon flux at the end of the first rotation (Mg C ha™'yr™).

1 2 3 4 5 6 7 8 9
good site cldss 198 101 299 154 42 120 274 196 5.28
(I, = = 27.0 m°ha yr )
moderate site class - 171 86 257 126 35 97 223 151 4.54
(I, = 222 m*halyr'h
limited site class 136 81 217 99 27 89 188 118 3.68

(I, = 17.5 mha-lyr!)

From the results it is clear that radiata pine in New Zealand/Australia is a
considerable carbon storer assuming that the long-term fertility of the soil does
not decrease during consecutive rotations. The main parameter determining
the carbon sequestering potentiai, the volume increment, could be based on
an established yield table, which makes the results refiable. This forest type
both shows a high annual rate during the first rotation and large long-term
average amounts of carbon in the living biomass and products, for example
126 Mg C ha™! on a moderate site.
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Fig. 8.2 A: Carbon stocks in biomass, forest products and soil organic matter for Pinus radiata
plantations on moderate sites in a rolation of 40 years
(lm =222 mha'yr! at T = 40)
B: Carbon fluxes both on an annual basis and as a running mean (dashed line)
(Mg C ha''yr!).

The degree of accumulation in the stable humus is rather critical. It is assumed
here that the initial situation is some kind of impoverished agricultural land,
which can accumulate soil humus. If the initial situation starts with higher
amounts of stable humus, some decrease in the amount of stable humus is
possible, because it may be expected that on the long term, Pinus radiata
impoverishes the site {Dyck & Mees 1990). The model assumes continuous
site productivity which can be achieved on somewhat richer and loamy sites.




Carban Fixation through Forestation Activities 117

On sandy sites this is rather uncertain in the long- term. it is uncertain how
much the productivity will decrease after 2 or 3 rotations. However, if the
logging slashis treated in an appropriate way, it should be possible to maintain
the productivity of the site.

Carbon sterage in Pinus radiata stands has been modelied betore. For radlata
stands in a rotation of 25 years and a mean annual increment of 25 m°ha’ 1yr
Dixon et al. (1991) mention a net annual storage rate of 8.4 Mg C ha 'yr.
Their annual storage is high compared to the results for our average site (Im
=23.7 at T = 25 y). By modelling short rotations with narrow initial spacings,
Dixon oblained very high increments at young ages and thus high storage
rates during a very short period.

Concluding it can be stated that Pinus radiata in New Zealand and Australia
stores carbon at a high annual rate during the first rotation and with reasonable
long-term average amounts of carbon in the biomass and Products Ona
moderate site the net annual storage rale is 4.54 Mg C ha yr - during the first
rotation with a long-term average stock of 126 Mg C ha! in the biomass and
products. From the dashed line in Figure 8.2.B it can be seen that the net
annual carbon fiux gradually decreases to zero, although the site productivity
has been kept stable. Long-term productivity will strongly depend on manage-
ment and the initial soil tertility.

8.3. Carbon dynamics in Caribbean pine plantations.
8.3.1. Sites, climate and silviculture

The Caribbean or Cuban pine (Pinus caribaea) has its native distribution on
the Bahama islands, in western Cuba and along the Caribbean seaboard of
central America, from Honduras to Nicaragua (see Figure 8.3). The altitudinal
range is from sea level to 1000 mor above, but it is more common in the lower
altitudes (Vidakovi 1991). It grows in a climate with summer raintall and a
winter dry season free from frost. It can be found on a variety of soils, usually
loams or sandy loams which hold the moisture fairly well. The soil has to be
deep and well drained for growth to be good, but the species is also known for
its ability to grow on hot, infertile sites (Lamb 1973).

Plantations of P. caribaea are usually managed in rotations of 20 to 25 years.
The tree ¢an attain heights of 45 munder the best condmons On suitable siles
it can achieve a mean annual increment up to 28 m°ha” yr " in a rotation ot 30
years (Lamb 1973). The wood is used for packing woed and puip and to a
lesser degree, for sawn timber (Pandey 1983). Pandey stales that at the of
the 1980s the area covered by P. caribaea in Brazil and Venezuela amounted
to some 280 000 ha.
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Fig. 8.3 Native range of Pinus caribaea (Vidakovi 1991 after Critchfield & Little).

8.3.2. Literature data

Although P. caribaea plantations are established on a large scale all over the
world, well established yield tables were difficult to find. In his overview Lamb
(1973) presents yield tables which are usually only valid for one site class or
are rather incomplete. For Brazil he mentions only a set of trial fields recorded
only once. These trial fields gave a mean annual increment of 19.1m ®ha yr
at an age of 11 years. The yield {able for Jamaica presents a mean annual
incrementof21.4 mahel‘1yr'1 atan age of 20 years. Lamb states that the growth
inthe Brazilean plots is well above the best growth of Trinidad and reproduces
a yield table with mean annual increments of 20, 15 and 11 m ha"yr'1
respectively.

Net Primary Produclivity can vary considerably in P. caribaea plantations. Lugo
et al. (1988) show in a graph that at an age of 10 years the mean annual
stemwood biomass increment ranges from 5 Mg ha! y dry matter in a tropical
dry climate to 27 Mg ha™ - y ! dry matter in the tropical premontane wet climate
of Costa Rica.

According to Cuevas et al (1991) the annual litter fall for an 11-year-old P.
caribaea stand in Puerto Rico is 12.1 Mg ha tyr'! dry matter. Fine root
production was 1.1 Mg ha 'yr! dry matter.
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Table 8.3  Results of biomass measurements of Pinus caribaea plantations according to various
. authors.
stand age 1 6 A & 7 11-15 16-20 21-30
Country P. Rico Nigeria Brazil av. av. av.
reference 1 2 3 3 3 4 4 4

biomass dry weight (Mg ha

‘1)

stem * &7.7 6.0 22.0 28.0 120 143 285
branch * 9.4 * hd

foliage * 11.5 * * * * * *
root * 17.1 * * * * * *
total 94.9 85.7 * * * * * *
forest floor 10.5 * * * * * * -
NPP (Mg ha lyr 1)

stem 6.0 * 5.0 5.8 7.3 * * *
branch * * * » * »> - *
foliage 12.1 2.0 » * » » - *
r\oot 2.2 * * L] * * L] -
total 20.3 * * * * * * *
References: Cuevas et al. 1991 (there was 82 Mg ha”l dry matter in the stable humus);

SN

Cannell 1982;
Lugo et al. 1988;
Brown et al 1985,

The basic density of the Caribbean pine wood is 460 kg m® accordlng to
Schroeder (1992). Dixon et al. (1991) mention a figure of 510 kg m>. Much of
the Caribbean pine wood is used for pulp, emballage and board wood. A minor
part is used for softwood sawn timber {Lamb 1973).

Lugo & Sanchez (1986) report that when the cropping intensity of tropical $0ils
was reduced, the soil carbon increased in the order of 0.3-0.5 Mg C ha™'yr

over a 40-year-period. The higher the sand content, the less the soil carbon
accumulation. They report 63.5 Mg C ha™' in the stable humus in the topsoil
of a wet clay in Puerto Rico which had been under pasture for more than 50

years.

8.3.3. Model input

Model runs were done for 12 rotations of 25 years on three site classes in
central and northern South America. The yield table from Jamaica (Lamb
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1873) was used for the moderate site class, and the growth on the other sites
was based on this yield table in combination with the recorded growth in the
plots from Brazil (see § 8.3.2}. The mean annual increments at an age of 20
years for the good, moderate and limited sites were set at 23.8, 19.6 and 13.9
m° ha"yr'1 respectively (see Appendix D4).

Allocation of the NPP to the distinguished biomass compartments was set in
the same way as was done for P. radiata, because only very few biomass
measurements of all the biomass compariments were found (see Appendices
E and F).

For the good, moderate and limited sites, the humitication factor was set at
5%, 4% and 3% respectively , in agreement with the other pine plantations.
The litter residence time was set at 3, 3 and 4 years, and the stable humus
residence time at 200, 220 and 250 years respectively (see Appendix H}. The
initial value for the stable humus was set at 140, 130 and 110 Mg ha'! dry
matter.

Thinnings are carried out at ages of 10, 15 and 20 years, and each time
approximately 20% of the standing wood is harvested. For allocation of the
harvested wood see appendix 14,

8.3.4. Results and discussion

The results of the modelling of carbon sequestration in Pinus caribaea planta-
tions in central and northern South America are displayed in Figure 8.4 and
presented in Table 8.4. Using Appendix J, relative site class as used here can
be determined for a particular field situation, in order to estimate the potential
for carbon storage.

The results show that Caribrean pine in rotations of 25 years, is generally a
good carbon storerin terms of its net annual carbon flux during the first rotation.
On a moderate site, an annual net carbon flux of 5.12 Mg C ha 'yr ' can be
achieved. But the average amount stored in the biomass and products is
limited. On amoderate site, 89 Mg C ha™" are stored on average inthe biomass
and products. The total amount of carbon stored after 100 years, however,
seems rather positive, but this is because in the P. taeda system this arbitrary
criterion coincides exactly with the end of a rotation, which is not the case in
the other tropical pine plantations.
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Table 8.4  Comparison of carbon stocks and fluxes for Pinus caribaea plantations in central and

northern South America on three site c/asses.

1) Total stack of carbor at the end of the rotation in biomass and products (Mg C ha' I

2) Total stock of carbon at the end of the rotation in the scil organic matter i.e. litter, dead wood
and stable humus (Mg C ha'');

3) Total stock of carbon at the end of the rotatlon in biomass, forest products and in dead
organic material on or in the sail (Mg Cha'ly;

4) Long-term average stock of carbon in the biomass and the fores! products (Mg C ha'y;

5) Long-term average stock of carbon in the forest products (Mg Cha'y;

6) Long-term average stock of carbon in the soil organic matter (Mg C ha’ y;

7) Long-term averaqe stock of carbon in the total system of biomass, products and soil ofganic
matter (Mg C ha™ '};

8) Net accumulated amount of carbon over the first 100 years after afforestatlon (Mg C ha''y;

9) Awverage net annual carben flux at the end of the first rotation (Mg C ha 'yr.

1 2 3 4 5 6 7 § 9
good site class 145 91 236 107 40 105 212 182 6.14
(I, = 238 m’ Shal yr hy
moderate site class 122 83 205 89 33 60 179 148 5.12
(I, = 19.6 m*halyrl)
limited site class 90 71 16l 63 24 75 138 110 3.84

(I, = 13.9 m¥nalyrh

The volume increments used were rather critical in this study. No well esta-
blished and reliabie yield tables were available forthe northern region of South
America. Only rather fragmented yield tables for some south and central
American regions were presented in the overview of Lamb (1973}. Therefore,
no extreme yields were used either from the upper or from the lower rangew
ot yields found in Illerature Mean annual volume increments were kept in
between 14 and 24 m°ha 'yr".

Some accumulation in the stable humus is assumed. The intensive use of the
agricuitural land has probably resulted in some decrease of the amount of
stable humus. Less intensive use after afforestation may result in slow but
continuous buiid-up of the stable humus.

Schroeder (1992) mentions a mean carbon stock of 59 Mg C ha ' in the trees
of P. caribaea plantations on average sites. He assumes a rotation length of
15 years with a mean annual volume increment of 20 m 3ha! yr . Considering
his input values, it can be stated that the results agree with ours, although he
finds almost the same average amount of carbon as in our study but now in

0 -
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shorter rotations. Schroeder probably used highervolume increments at young
ages, which result in a relatively high mean increment at a young age.
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Fig. 8.4 A: Carbon stocks in biomass, forest products and soil organic matter for Pinus
caribaeca p!anranons on moderate sites in a rotation of 25 years
Im=19.6 m°ha 'yr')
B: Carbon ﬂuxes both on an annual basis and as a running mean (dashed ling)
(Mg C ha yr )

Dixon et al. (1991) mention various reforestation schemes with Caribbean pine
in Brazﬂ ln rotations of 16 years, with a mean annual increment of 18
m3ha’! yr . they suggest a net annual carbon flux of 7.2 Mg C ha  'yr " with 61
Mg C ha ¥ stored in 50 years, which can only be achieved in narrow spacings
wilh high increments at young ages. Our stored amount after 50 years is higher
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(142Mg C ha‘1) because in our study this criterion coincides with the end of
the second rotation. For other atforestation schemes with even shorter rota-
tions and higher mean mcrements,l Dixon et al (1991) mention net annual
storage rates up to 10 Mg C ha 'yr ' during the first rotation. These systems,

however, result in a strong decline of the site productivity, which results in a
refease of the stored carbon in the mediumterm.

Concluding it can be stated that Pinus caribaea plantations in central and
northern South America store carbon at a high rate over the first rotation, but
with limited average amounts in the bromass and products. On a moderate
site, P. caribaea stores 5.12 Mg C ha yr1 during the first rotation with an
average stock of 89 Mg C ha™' in the biomass and products.

8.4. Carbon dynamics in loblolly pine plantations.
8.4.1. Sites, climate and silviculture.
As a native species, Loblolly pine (Pinus taeda) is of lesser importance in the

mesi¢ pine communities of the southeastern coastal plains of the USA (see
Figure 8.5).
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Fig. 8.5 Native distribution of Pinus taeda (Vidakovi 1991 after Critchfield & Little).
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As an economic species, however, it is very imporiant (Christensen in Barbour
& Billings 1988). Its altitudinal distribution ranges from near sea level to 250
m elevation {Vidakovi 1991). It is suitable for cultivation in warm temperate
regions on soils which hold the moisture fairly well, but also on drier soils. The
main soil types of the coastal plains are Entisols (soils with no profile devel-
opment on the very well drained sands), Inceptisols (infertile soils on the
alluvial plains of varying texture with hardly any profile development), Alfisols
{rather fertile soils with a distinct B horizon on the alluvial plains of the
Mississippi} and Ultisols {poorer highly weathered soils which occur on a wide
scale). Growth of loblolly pine is fast and it is therefore the most important
commercial softwood species of the southern United States.

Loblolly pine can be managed in unthinned or thinned stands. If the goal is to
produce much pulp, board and emballage wood in a short period, then usually
unthinned stands are managed inrotations of 30 years. To produce emballage
or softwood timber, rotation length is approximately 45 years with thinnings
starting at an age of 15 years, repeated every 7-10 years. Baldwin & Feduccia
(1987) slate that site indices (height in metres at an age of 25 years) for the
western Gulf region (Louisiana, Texas and Arkansas) range from 12 to 24
(originally 40 to 80 tt) In unthinned stands the current volume increment can
reach 25 m°ha'yr' ! at an age of approximately 15 years.

B8.4.2 Literature data

Site indices for P. taeda (height in feet at age 25) in the southeast of the United
States range from 40 to 80. Most plantations, however, lie wilhin the range of
indexes 50 to 70 (Baldwin & Feduccia 1987). Baldwin & Fedugc:a (1987)
mention mean annual volume increments between 7.7 and 16.0 m~ha "yr *for
unthinned stands in a rotation of 30 years. In thmned stands in rotations of 50
years, a mean annuat volume increment of 13 m *hat yr "1 ¢an be achieved. It
became clear fromthe literature that the standing volume and the mean annual
increment of a stand depend not only on the site and the climate, but also very
much on the planting space and the thinning regime.

The annual litter fall in stands of P. taeda of 11-15, 16-17 and 24-27 years
according to Wells & Jorgensen (1975} was respectively 7.7, 3.4 and 5.1 Mg
ha 'yr'' dry matter. According to them the annual accumulation in the forest
floor under P. taeda stands between 13 and 16 years was 4 Mg ha! yr dry
matter, approaching an equilibrium dry matter biomass in the forest floor of 30
Mg ha” A at an age of 30 years. Switzer in Kimmins et al. {1985) memlons dry
matter weights inthe forest floor under P. taeda of 17.9and 18 Mg ha™ at ages
of 15-30 and 30-45 years respectively.

Accordmg to Dixon et al. (1991) the basic wood density of [oblolly pnne is 470
kg m3. Millemann & Boden {1986) mention a figure of 94 Mg C ha™* for the
amount of carbon in the stable humus under warm temperate dry forest in
North America. For the amount under warm lemperate moist forest, they
mention a figure of 60 Mg C ha'!
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8.4.3. Mode! input

The carbon dynamics of P. taeda were modelled for 10 consecutive rotations
of 30 years on three site classes. Volume increments were set according 1o
Baldwin & Feduccia {1987} and resulied in mean annual volume increments
at an age of 30 years of 13.6, 9.7 and 6.2 m°ha 'y’ respectively. Thinnings
were not carried out. For allocation of the harvested wood, see the allocation
ot final cut to product categories in Appendix 14. The basic density of the wood
was set at 460 kg m>.

Table 85  Results of biomass measurements of Pinus laeda plantations in the southeast of the
United States (N.C.=North Carolina; Ark.=Arkansas; Miss.=Mississippi).

stand age 16 14 15 1 8 g-10 11 12 30 40
Location N.C. N.C. N.C. Ark. N.C. N.C. N.C. N.C. Miss., Miss,
reference 1 2 2 3 4 4 4 4 S S

biomass dry weight (Mg ha %)

stem 124.8 &65.3 74.8 68.9 7.3 40.0 53.0 45.5 * >
branch 14%.6 1.0 11.8 20.7 4.6 16.2 17.64 1B.% * *
foliage 8.0 5.7 6.0 6.7 4.2 9.2 7.8 6.9 * *
root 36.3 20.2 21.8 * 2.9 11.9 14,2 16.6 * bl
total 183.7 102.2 114.4 96.3 19.0 77.3 92.4 107.6 168.0 219.0
forest floor 1b.0 E u W L] w ] L ] * -
NPP (Mg haflyr‘l)

stem * 2.5 * * 6.2 5.1 13.7  12.7 * *
branch * 6.7 * * 2.4 2.8 2.2 1.7 A *
foliage * 5.4 - * 2.2 4.0 4.4 3.0 * *
root > 2.0 * * 1.0 1.8 2.9 2.6 * *
total 7.5 30.6 * * 11.8 13,7 23.2 20.0 * hd
References: Wells and Jorgensen 1975;

Ralston, in Cannell 1982;

Pope, in Cannell 1982;

Nemeth, in Cannell 1982;
Switzer et al., in Cannell 1982,

U P N —
s oae am 1s us

Aliocation of the NPP to the distinguished biomass compartments was set in
the same way as was done for the other pine species (see Appendices E and
F). The resuits were comparable with the biomass measurements of Table 8.5
{see Appendix H).

For the good, moderate and timited sites, the humification factor was set at
5%, 4% and 3% respectively, in agreement with the other pine plantations.

ie
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The litter residence time was set at 3, 4 and 5 years, and the stable humus
residence time at 250 years The initial value for the stable humus was set at
150, 125 and 100 Mg ha' dry matter.

8.4.4. Results and discussion

The results of the modelling of carbon sequestration in Pinus taeda plantations
in southeastern United States are displayed in Figure 8.6 and presented in
Table 8.6. Using Appendix J, relative site class as used here can be determi-
hed for a particular field situation, in order to estimate the potential for carbon
storage.

Table 8.6  Comparison of carbon stocks and fluxes for Pinus taeda plantations in southeastern

United States on three site classes.

1) Total stock of carban at the end of the rotation in biomass and products (Mg Chay;

2) Total stock of carbon at the end of the rotation in the soil organic matter i.e. litter, dead wood
and stable humus (Mg C ha™'};

3) Total stock of carbon at the end of the rotation in biomass, forest products and in dead
organic material on or in the soil (Mg C ha');

4) Long-term average stock of carbon in the biomass and the forest products {Mg Cha™"y;

5) Long-term average stock of carbon in the forest products (Mg C ha™"y;

B) Long-term average stock of carbon in the soit organic matter (Mg C ha™';

7} Long-term averaqe stock of carbon in the total system of biomass, products and soil organic
matter (Mg C ha™'};

B) Net accumulated amount of carbon over the first 100 years after aﬁorestatlon (Mg¢C ha'! ¥

9) Average net annual carbon flux at the end of the first rotation (Mg C ha' yr )

1 2 3 4 5 6 7 8 9
good site Cldb% 122 91 211 78 25 94 172 58 414
(I, = 13.6 m’ 3ha’ 1vr 1)
moderate site class 93 77 170 S9 19 81 139 46 3.21
(I, = 9.7 m*halyr'!)
limited site class 6t 61 122 38 12 60 98 28 2.09

(I, = 6.2 m3ha'lyr'l)

From the results it is clear that although loblolly pine has a high net annual
carbon flux during the first rotation, the long-term average stock of carbon in
the biomass and products is limited. On a moderale site, the net annual carbon
flux dunng the first rotation is 3.21 Mg C ha’ yr ! with on average only 59 Mg
C ha''in the biomass and products.

4
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Fig. 8.6 A: Carbon stocks in biomass, forest products and soil organic matrer for Pinus taeda

plantations on moderate sites in a rotation of 30 years (ln = 9.7 mha! yr - )
B: Carbon ﬂuxes both on an annual basis and as a running mean (dashed line)
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Although loblolly pine is widely distributed in the southeastern United States,
it is difficult to choose volume increments typical of a large part of the loblolly
plantations. The site indexes chosen in this study may cover a wide range of
sites, but management may have an impact on the growth and standing
volume too. It was decided to model 30-year rotations with no thinnings. if a
rotation of 50 years wilh 4 heavy thinnings had been modelled, this would have
resulted in larger long-term average stocks of carbon in the biomass ang
products.
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The chosen allocation of the NPP to the distinguished biomass compartments
resufted in a stem biomass compartment of 70% of the totali living biomass at
an age of 30 years. At younger ages, this was approximately 55-60%, which
is in agreement with the data of Table 8.5.

Since the rotations are very short with no thinnings, it was assumed that only
10% of the harvested wood is used as sawn timber. The rest is used as pulp,
particle board and packing wood. It was also assumed that the amount of
stable humus had not decreased because of previous land use, and thus a
rather stable amount of humus resulted.

Dixon et al. (1991) present a net annual carbon flux of 5.91 Mg C ha"yr'1 during
the first rotation when dry cropland is afforested with P. taeda in rotations of
45 years. After 50 years an amount of 295 Mg C ha"' is stored. Since they do
not mention a growth rate, it is very difficult to compare this figure with our
results, but their stored stock does seem very high.

Although the results are only valid for the management regime chosen, it can
be concluded that plantations of P.taeda are limited carbon storers. The results
for the most inportant criterion, the long-term average stock of carbon in
biomass and products is only 59 Mg C ha .

8.5. Carbon dynamics in slash pine plantations.
8.5.1. Sites, climate and silvicullure

Siash pine (Pinus eliiottii) is native in the southeast of the United States, where
it extends from the southern parts of South Carolina to southern Florida and
west to Louisiana (see Figure 8.7). ltis found in lowlands and does not exeed
100m elevation (Vidakovi 1991). 1t needs abundant moisture in the soil!l it
requires moderate climate and is damaged by frost. Roughly the same soil
types as have been described for P. taeda are valid for P. ellioHtii.

Fig. 8.7 Native distribution of 1: Pinus elliottii var. elliottii and 2. Pinus elliottii var. densa (Vidakovi
1991 after Critchfield & Little).
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Itis a fast growing species, successfully cultivated in plantations of 25-30 years
in Africa, South America and Australia. In Brazil the best growth is found on
primary and secondary forest sites and abandoned agricultural sites, while the
worst growth is recorded on tree, shruby and grass savanna (Bastide & Van
Goor 1970). Schneider (1984) mentions optimum rotations of 35 years on the
worst site and of 20 years on the best sites. Site indices {mean volume
increment at an age of 30 years) for Brazil vary from 22 to 34 maha'1yr'1
according to Schneider (1984). The main soil type for Brazil is the Latosol or
Ultisol, a strongly weathered deep, clayey tropical soil with a low base
saturation.

Afforestations are usually carried out with 4000 plants ha!, with regular

thinnings every 5 years. Thinning wood is often used for pulp and board wood.
At higher ages, the wood is used for emballage and softwood timber.

8.5.2. Literature data

Schneider (1984) presents a reliable and well eastablished yield table for P.
elliottii in Brazil.

Table 8.7  Results of biomass measurements of P. elijottii plantations {Jap.=Japan, Flor.=Flo-

rida, USA).

stand age 8 8 8 | 8 8 8 7 7 7 ?
Country Jap. Jap: Jap. Jap. Jap. Jap. Jap. UsSA USA USA Flor,
reference 1 1 1 1 1 1 1 2 2 2 3

biomass dry weight (Mg ha 1)

stem 3Ir.6 33.7 34.9 40.6 3.8 38.2 721 22.8 19.2 30.4 93.0
branch 7.8 4.9 6.6 4.9 0.4 4. 9.3 6.9 7.5 10.1 7.9
foliage 1.7 10,5 10.6 12.2 1.9 8.7 17.6 8.9 7.5 10.1 5.2
root L L L L] L] * * - L] " -
total 57.1 511 52.1 59.7 6.1 51.0 99.0 38.6 34.2 50.6 105.7
NPP (Mg havlyr-l)

stem 6.9 6.4 6.5 8.8 * 5.2 10.1 * * * *
branch " L * * * * ® » * * L3
fokiage * * * * L L E ] & * * *
root L " * * * LJ * w ¥ * ¥
tOtaL L3 [ ] - L » * n * x* L *
References: NPK fertitizer experiment, in Cannell 1982;

Mckee & Shoutders, in Cannell 1982; 1
west et al., in Kimmins et al. 1985 (there was 5.7 Mg ha * undergrowth dry weight).

W B =
e s 4a

.
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He distinguishes site indices from 22 to 34. The choice of the site indices shifts
slowly from the mean volume increment at age 30 on the best site to the mean
volume increment at age 15 on the worst site. The maxlmum of the current
volume increment varies from 30.7 on the worst site 10 6.7 m°ha” yr “onthe
best site. These highest increments are usually achieved around an age of 10
years.

Unfortunately no biomass measurements were found for older stands in Brazil.
Only volumes could be derived from the yield table of Schneider (1984).

Certain biomass compartments and allocation of the NPP to the compartments
distinguished remain uncentain from these measurements. Only general aver-
ages for pine species were available. Thus biomass compartment turnover
rate and litter fall had to be kept rather general, with averages for pine species.

According to Dixon et al. (1991} basic density of the slash pine wood is 540 kg
m3. Cannell (1984) usus afigure of only 370 kg m®. The carbon amount inthe
stable humus under subtropical humid forest in South Americais 88 Mg C ha'!
(Millemann & Boden 1986}. Under tropical dry forest in South America this is
92MgC ha'

8.5.3. Model input

The carbon dynamics of P. elfiottii in Brazil were modelied for 10 consecutive
rotations of 30 years on varying sites of good, moderate and limited fertility.
The yield table of Schneider {1984) for P. elliottii in Brazil on three site classes
was used. For current increments, see Appendix D4. Thinnings are carried out
at ages 10, 15, 20 and 25 years.For good, moderate and limited sdes the
mean annual volume increments amount to 34.8, 26.0, and 17.2 m~ha’ yr a
respectively. Allocation of the NPP to the biomass compartments distinguis-
hed was kept the same as for the other pine species, but adapted to the
different growth dynamics of slash pine (see Appendix E).

The basic density of the wood was set at 370 kg m®. Turnover rates of
branches, foliage and roots were kept the same as for the other pine species,
with turnover times for branches, foliage and roots of 20, 3.3 and 14 years
respectively {see Appendix F). Most of the wood from thinnings at younger
agesis used as paper; later, more packing and particle board wood is produced
(see Appendix 14)

The humification factor, litter residence time and stable humus residence time
on the good site were set at respectively 5%, 3 and 200 years, in agreement
with the other pine species (see Appendix H). The initial values for soil stable
humus on the good, moderale and limited sites were set at 150, 130 and 110
Mg ha™! dry matter respectively.
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Table 8.8:

1)
2)

8.5.4. Results and discussion

The resulits of the modelling of carbon sequestration in Pinus elliottii plantations
in Brazil are displayed in Figure 8.8 and presented in Table 8.8. Using
Appendix J, relative site class as used here can be determined for a particular
field situation, in order to estimate the potential for carbon storage.

Compatison of carbon stocks and fluxes for Pinus elliottii plantations in Brazil on
three site classes.

Total stack of carbon at the end of the rotation in biomass and products (Mg C ha™"y;

Total stock of carbon at the end of the rotation in the soil organic matter i.e. litter, dead wood
and stable humus (Mg G ha'');

Total stock of carbon at the end of the rotatlon in biomass, forest products and in dead
organic material on or in the soil (Mg C ha™');

Long-term avarage stock of carbon in the biomass and the forest products (Mg C ha'');
Long-term averaga stock of carbon in the forest products (Mg C ha'y;

Long-term average stock of carbon in the soil organic matter (Mg C ha™');

Long-term averaqe stock of carbon in the total system of biomass, products and soil organic
matter (Mg C ha™')

Net accumulated amount of carbon aver the first 100 years after afforestatlon (Mg C ha'! Y
Average net annual carbon flux at the end of the first rotation (Mg C ha’ 1yr ).

good site class 139 95 234 143 56 105 248 175 4.88
= 34.8 m°ha" yr )

-

moderate site _class 112 80 193 111 44 80 191 115
= 26.0 m>ha lyr!)

(I

limited site class 81 67 148 75 30 63 138 62

(I =

17.2 m?halyr

3.88

2.76

Plantations of slash pine are very good carbon storers when only the net annual
carbon flux during the first rotation is regarded. The long-term average stock
of carbon in the biomass and products is reasonable, assuming that the fertility
of the soil can be maintained. On a moderate site, the net carbon flux during
the first rotationis 3.88 Mg C ha yr 1 andthe long-term average carbon stock
in the biomass and products is 111 Mg Chal
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Fig. 8.8 A: Carbon stocks in biomass, forest products and soil organic matter for Pinus elliottii
plantations on moderate sites in a rotation of 30 years (ln = 26.0 m°ha 'yr!)
B: Carbon fluxes both on an annual basis and as a running mean (dashed ling)
(Mg C ha'yr!).

Although a reliable yield table could be used, it remains rather uncertain
whether these growth rates can be achieved in the long-term. If the amounts
of Ca and Mg in the soil are limited, depletion of the fertility may easily occur
after a couple of rotations in these intensive systems (Van Goor 1985).
Because adequately fertile soils are not very widespread, it is likely that the
highest yields can only be achieved on a limited number of sites. Further
depletion of the amount of nutrients on the limited sites may easily result in
failing plantations, with erosion and socio-economic setbacks following them.
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in the modelling it is assumed that the initial amount of stable humus is
approximately the same as under the natural forest and that the amount can
be maintained during the rotations. This is critical, however, and the amount
of stable humus canh easily occur decline under these plantations. Ballard &
Gessel (1983) state that stocks of forest fioor nutrients were strongly reduced
under slash pine plantations whenthe logging slash was windrowed. If minimai
pre-planting site preparations were carried out, the effects on physical, che-
mical and biological soil properties were negligible.

Dixon et al. (1991) present a net annual storage rate of 13.7 Mg C ha 'y’
during the first rotation for 10-year rotations of slash pine in Brazil with a mean
volume increment of 29 m> ha"yr". This can only be achieved during this very
short period with much higher planting densities, which resuft in higher juveniie
growth rates. The long-term productivity of the site is at stake, however, in
these very intensive systems.

Congluding it can be stated that Pinus elliottii {slash pine) plantations in Brazil
serve mainly as quick carbon storers in the short-term. A plantation on a
moderate site shows a net annual carbon flux of 3.88 Mg C ha"yr‘1 during the
first rotation. The long-term average carbon stock in the biomass and products
is considerable with 111 Mg C ha'.
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9. CONCLUDING REMARKS

9.1. Carbon sequestration in forest ecosystems

A summmary of the carbon sequestering potential of the forest types on
moderate sites is given in Table 9.1, and a graphical representation of the
carbon stock at the end of the rotation on good sites is given in Figure 9.1.

TIIIL foliage
i branches
I stem
Bl roots

. forest floor

777 stable humus

200 -

Fig. 8.1 Bar diagram showing the stocks of carbon in each compartment for all 16 forest types
at the end of the rotation on good sites. { for legende see Figure S.1 ).

When comparing the individual forest types in Figure 9.1, it is clear that the
carbon stocks in biomass and in soil organic matter at the end of a rotation
may vary considerably between the forest types. Douglas fir in the Pacific
northwest of America (type 9), shows very large stocks of carbon in the
aboveground biomass, which are only approached in the selectively logged,
lowland Dipterocarp rainforest {type 2). it is shown also that the stock of carbon
at the end of the rotation {or cutting cycle) does not differ al that much when
tropical rainforest is selectively logged, or when heavy logging is taking place
(comparison of types 1 & 2, and 3 & 4). Other forest types which also contain
sizeable stocks of carbon in the biomass at the end of a rotation are Norway
spruce (type 7) and mixed oak/beech (type 8) stands in long rotations. Popiar
in short rotation (type 11), and boreal spruce contain the smallest amount
carbon at the end of a rotation.
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Table 9.1

:  Average net annual carbon {lux over the first rotation (Mg C ha

The soil organic matter compartments, litter and stable humus, contain con-
siderable amounts of carbon under eachforest type. The largest stock is found
under Douglas fir (type 9). Boreal spruce (type 10} is the only forest type for
which the stock of soil carbon at the end of the rotation still exceeds the amount
of carbon in the living biomass. In this case, the stock of carbon in the soil
organic matter is the most important pool of carbon in the ecosystem. The
large stock of carbonin the litter compartment of the tropicalforest types (lypes
1 to 6), are caused by the natural mortality which is assumed to occur in these
forest types. This causes considerable amounts of fallen, dead wood with a
relatively long average residence time of decay of 10 years. In case average
residence time is less, the resulting amount of litter will be less.

Summarized presentation of carbon stocks and fluxes for the most important criteria
for all 16 forest types, each on the moderate site class.

. Long term average amount of carbon in the living biomass and the forest products (stems,

branches, foliage, roots, undergrowth and products) (Mg C ha’ ?

yr ) {accumulation through
photosynthesis minus decomposition of stable humus, litter, dead wood, logging slash and
products).

: Long-term average amount of carbon in the soil organic matter {ie. litter, dead wood and soil

stable humus) (Mg C ha™).

: Area tachnically suitable and socially available for this farest type, based on estimates by

Wirgum et al. (1992) after Howlett & Sargent (1891}, Brown et al. (1992}, Birdsey (1990)
(10° ha),

Forest type: 1 2 3 4
Heavily logged evergreen rainforest 144 240 92 50
Selectively logged evergr. rainforest 207 285 102 20

Heavily logged semi-evergreenrainforest 76 107 76 5.0
Selectively logged semi-evergr. rainforest 151 2.03 98 2.0

Afforestation of wasteland 121 1.89 67 30.0
Logged rainforest hampered by lianas 125 079 92 200
Norway spruce in central Europe 137 2.02 117 0.3
Mixed deciduous in central Europe 110 135 105 0.2
Douglas-fir in northwest USA 196 343 143 041
. Norway spruce in boreal zone of Russia 53 1.03 139 30.0
. Popilar on former agricultural land 62 223 75 0.2

. Black locust on former agricultural land 111 335 84 0.1
. Radiata pine in N. Zealand and Australia 126 454 97 03
. Caribbean pine in Brazil and Venezuela 89 512 90 05
. Loblolly pine in southeast USA 59 321 81 0.2
. Slash pine in Brazil 111 388 80 03

[ NS G G R i N To I o o (%] —h
PhbrORaSPRNPORON:

Column 1 in Table 9.1 is the main criterion to evaluate the carbon sequestering
potential of the investigated forest types, because this is the long-term (at T =
300 years) average amount which is permanently withdrawn from the atmos-
phere and stored in biomass and products. Since this is a long-term running
average, it hardly varies anymore after 300 years. The long-term average is
arbitrarily chosen at T = 300 years. From a trial run of 2400 years, using
montane spruce on good sites, it appeared that the result after 300 years was
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at 91% of the value which 2400 years. In Table 3.3, avalue of 317 Mg C ha'',
is gaven for the period 0 o 300 years, while this value increased to 348 Mg C
ha™' if the model was allowed to run for 2400 years.

The second crilerion in Table 9.1 only applies to the first rotation, as net storage
is negligible once the system has reached its equilibrium value. The third
criterion refers 10 soil carbon only, and is of lesser importance when carbon
storage afler afforestation is considered, as this stock of carbon is built up
partly during long-term soil formation. Only part the the soil carbon is directiy
associated with the developing forest ecosystem. Typically, the rate of carbon
accumulation in soil organic matter is an order of magnitude less than the rate
of accumuiation in the living biomass. However, uniike the amount of carbon
in the living biomass, the soil pool of carbon may continue to accumulate over
longer periods of time.

The fourth column in Table 9.1 is added for evaluattion of the possibilities for
afforestation from point of view of land-use. A forest type may perform very
well according to the long-term average stock of carbon, but when the available
area for afforestation is limited, the contribution to the overall carbon seque-
stration of carbon is limited from technical point of view.

From Table 9.1 it is clear that cerain forest types perform well according to
the criterion net annual carbon flux, but score less on average amount 6f
carbon in the biomass and in wood products. It is important to distinguish
between these two criteria. Fast growing short rotation plantations usually
show high net annual carbon fluxes during a shost period, but they soon reach
their equilibrium biomass, which tends io be rather low because of the short
time availabie for biomass build-up. Thus, on average, the flux of carbon to
the vegetation approaches zero relatively soon. Silvicultural systems with long
rotations, or trapical selective cutting systems, usually build up large amounts
of biomass and produce woad of a high quality, although their net flux over the
first rotation may be only modest. In the fong run, this results in high stocks of
carbon in biomass and products.

Fromcolumn 1 in Table 9.1 itis clear that the selectively loggedtropical lowland
evergreen rainiorest stores the largest amount of carbon in the biomass and
products (206 Mg C ha ) This is mainly due to the fact that at the end of a
rotation only 50% of the biomass is harvested, while in a clearcut system{types
7 to 186), 100% of the biomass is harvested. This difference in management
also explains why selectively logged rainforest performs best on average
stocks, but not on carbon stocks at the end of a rotation (see Figure 9.1). ltis
also clear from these data that through a seleclive instead of a heavy logging
system, the average stock of carbon can be increased substantiall 1y The
selectively logged evergreen forest contains on average 206 Mg C ha™', while
the heavily logged evergreen forest contains on average 144 Mg C ha’ 1 . The
evergreen forest in which no clearing and undemlanting is carried out and
which is hampered by lianes {type 6), contains on average only 125 Mg C ha'.
it should be noted however, that the figure for selectively logged rainforest is
still less than the stock of carbon in the virgin tropical rainforest on these sites
(250 Mg C ha' ). The selective logging system appears to be able to keep
more carbon in the system of biomass and products, but any logging and

i
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exploitation reduces the amount of carbon in the system.

Generally speaking, long rotation management systems outperform short
rotation systems according to the criterion average stock of carbon inbiomass
and products. Douglas fir performs the best wnh 196 Mg C ha'!, followed by
montane spruce in Europe with 137 Mg C ha™!. The 40 year rotatlon system
with radiata pine performs however also very well with 126 Mg C ha™". The
short rotation forest types cutperform long rotation systems when net annual
carbon flux during the first rotation is considered, although Douglas fir may
perform well on both criteria. The highest net annual carbon flux i is achleved
with Caribbean pine in Brazil with a storage rate of 5.12Mg C ha' y durlng
the first rotation. The slow growing boreal forest performs rather poorly on both
criteria.

The long-term average stock of carbon in the soil organic matter is the largest
under Douglas fir in the Pacitic northwest of America (143 Mg C ha’ )followed
by the amount under boreal forests. Under boreal forest, the average stock of
soil carbon exceeds by far the amount in the biomass and products.

Based on the main criterion for carbon storage in forest ecosystems, that is
the long-term average amount of carbon in the biomass and products, it is
concluded that selectively cut lowland evergreen tropical rainforest and Dou-
glas tir forest in the Pacific northwest of America sequester most carbon. Both
ecosystems may store on average some 200 Mg C ha™.

8.2, Uncertainties associated with carbon storage in forest ecosystems

Uncertainties in the outcome of the calculations as presented here may result
from a number of ditferent causes: i} uncertainties in the input parameters
caused by measurement error or lack of sufficiently detailed information; ii)
uncenrtainties in the correctness of the simulation mode! used (the model may
containwrong assumptions, and programming errors may lead to wrong model
results); iii) uncertainties associated with predicting forest growth and forest
development under future site conditions.

The first uncertainty can 1o some extent be dealt with using formal sensitivity
and uncertainty analysis (Jansen et al. 1992a & 1992b, Van de Voet & Mohren
1993). Such an uncertainty analysis using Monte Carlo sampling of the
parameter space, specified from information on the variation in parameter
estimates, was carried out for the model CO2FIX, and the results will be
discussed in the following sections. The second uncertainty can only be
evaluated by looking at the model formulations in detail; infact, this uncertainty
has to be dealt with by the authors of the model, when outlining the potential
and limitations of a particular model. This will not be dealt with any further here.
The third uncertainty is directly associated with the use of a dynamic model,
in which a limited number of assumptions is brought together, for predictions
into the future. The predictions made in this report concerning carbon seque-
stering and total carbon storage in forest ecosystems rely on the validity of
several assumptions, e.g. concerming the stability of site conditions for growth.
The simulation runs for periods of 300 years assume that the site conditions
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remain the same as in the initial situation throughout the whole period. Thus,
it is assurmed that site productivity is maintained {also under short rotation pine
plantations), that soil acidification or global climate change does not interfere
with the predictions, and that no major disturbances disrupt the ecosystem.
The validity of some of these assumptions can be disputed, e.g. when severe
soil acidification is expected 1o lead to large scale changes in growing
conditions, if allowed to continue (Heij et al. 1991, Mohren 1991). At present,
a number of recent publications indicate that the growth rates over large areas
in western Europe are higher than previously expecied {e.g. Kauppi et al.
1992). These phenomena have not been accounted for in the analysis as
presented here, but may turn out fo be highly relevant tor the application of
the results reported in this report.

The outcome of the uncertainty analysis carried out with the model CO2F!X,
together with an extended account of the methods used, is described in detail
in Appendix K. As the main criterion for the uncertainty analysis is taken the
average amount of carbon stored in the total ecosystem (including the soil) at
the end of the 300 year simulation period. In general, the results indicate that
the model is highly sensitive to the unceriainty associated with turnover of soil
organic matter (humification and decomposition coefficients used), to elemen-
tary parameter values such as basic density of the wood, and the carbon
content of biomass dry matter, and to the tabulated growth rates that are used
to force the dynamics of the modei.

The following interpretation can be given to these resulis: Concerning soll
organic matter turnover: It has been stated already in the introduction that
it is uncertain to what extent soil organic matter will increase or decrease
following changes in land-use, e.g. through afforestation. t was decided here
1o concentrate on carbon in the live biomass, as this pool builds up rather
rapidly compared to soil organic matter, and also because reliable data on
growth rates and biomass amounts were available, Atthe same time, itis clear
from the results that carbon in forest soils present a significant storage pool
that may be worth exploring. Theretore the uncertainty associated with soil
carbon is recognized, and both the size and relevance of the pool, and the
sensitivity of the model results to uncertainties associated with lack of under-
standing and lack of detailed data, warrant further research in this area. The
consequence of this for the use of the results presented in this report, is that
evaluation and comparison of forest types is best done using data of carbon
it the biomass, as large uncertainties are associated with soil carbon results.
Concerning elementary parameter values (constants): It is clear from the
model formulations that any uncertainty in e.g. basic density or carbon content
of the biomass are linearly related to uncertainties in the model outcome, as
the criteria as used here (total carbon in the system at the end of the simulation
period} is mainly determined by the amount of wood, with wood volume in
m>ha 'yr! as the basic eniry. This type of uncertainty is easily reduced by
using site specific or regional data that ¢can be obtained eithier in the laboratory
or from technological literature {e.g. Laming et al., 1878, or the local equiva-
lent).

Concerning growth rates used as forcing functions: This result was to be
expected from the basic assumptions underlying the approach and sub-
sequently also underlying the simulation model. This can be interpreted as an
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indication that under the assumptions used here, stem volume increment
indeed determines to a large extent how much carbon will be stored in the
biomass of a forest ecosystem. Obviously, any decrease or increase in growth
rate will have direct conseguences for carbon fluxes and total carbon storage.
As mentioned in earlier Chapters, stem volume increment rates are quite well
know for the major economic tree species in temperate forest, but are much
more uncertain for tropical trees and forests. As the uncertainty analysis
described in Appendix K was carried out for a Central European Norway
spruce stand, it is not unlikely that the result will be quite different when
uncertainties of model inputs for tropical forests would have been used. Most
likely, in case of tropical forests, the contribution of growth rate in the uncer-
tainty of the model outcome is much larger than for Norway spruce. In case of
growth rates, there is an additional uncertainty comparable to the uncertainty
associated with predictions into the future, and that is that for a particular site,
the expected growth rate has to be known or estimated. This cannot be dealt
with here, but it is relevant when applying the rerults of the calculations here
to a particular site.

Concerning the uncertainty analysis it is worth noting which input variables
apparently do not lead to major uncertainties in the model outcome. Asitiurns
out here, the model is only little sensitive to the uncertainties in the allocation
coefficients used for estimating needle, branch, and root growth from stem
volume increment. From this it can be concluded that although there are large
unhcertainties about the exact value of carbon in biomass components other
than stems, these uncertainties do not blur the resutts from the simulations as
apparently the contribution of these biomass components to the final result is
only minor. The same holds for values used for average product life-time: the
model appears to be relatively insensitive to product use and product decom-
position (a conclusion also drawn by Dewar & Cannell, 1992},

9.3. Possibilities for increasing the potential for carbon sequestering

Marland (1988) and Cooper (1383} suggest that not only plamting trees, but
also managing forests more intensively could result in faster growth and
increased rates of carbon sequestration. Schroeder (1991) examined this
option more closely and analyzed the impact of three management practices
on carbon sequestration: thinning, fertilization and control of competing vege-
tation. He concluded that the stock of carbon in the standing biomass at 35
year decreased through thinning, that carbon storage may increase through
fertilization, mainly on the poorer sites, and that control of competing ground
vegetation increased the growth of the stand and thus the carbon storage.
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Table 9.2  Comparison of results of carbon sequestering potential for montane spruce in Europe
on good sites, when managed in rotations of 120 years or 80 years and for poplar
on moderate sites when managed in rotations of 45 or 20 years.
1) Total stock of carbon at the end of the rotation in biomass and products (Mg Cha™ %
2) Total stock of carbon at the end of the rotation in the soil organic matter i.e. litter, dead wood
and stable humus (Mg C ha’ )
3) Total stock of carbon at the end of the rotation in biomass, farest products and in dead
organic material on or in the soil (Mg Cha'y;
4) Long-term average stock of carbon in the biomass and the forest products (Mg Cha™);
5) Long-term average stock of carbon in the forest products (Mg Cha');
6) Long-term average stock of carbon in the soil arganic mattar (Mg C ha™"y;
7} Long-term average stock of carbon in the total system of biomass, products and soil organic
matter (Mg C ha™');
8) Net accumulated amount of carbon over the first 100 years after aﬁorestatlon (Mg C ha'! %
9) Average net annual carbon flux at the end of the first rotation (Mg C ha’ Tyr ).
1 2 3 4 5 6 7 8 9
spruce; 120-year rot. 272 125 397 191 48 126 317 274 2.37
spruce; 80-year rot. 241 122 363 155 39 123 278 128 3.13
poplar; 45-year rot. 93 62 155 62 15 75 137 49 223
poplar; 20-year rot, 104 59 163 60 25 B84 144 139 5.41

Table 9.2 presents the results of shortening the rotation length of montane
spruce in Europe from 120 to 80 years, together with the result of shortening
the rotation length of poplar from 45 to 20 years, as has been done in Chapter
7. Shortening the rotation of Norway spruce resulted in a decrease of the stock
of carbon at the end of the rotation in biomass and products from 272 to 241
Mg C ha'!. The long-term average stock in biomass and products also
decreased from 191 to 155 Mg C ha'. Only the net annual flux over the first
rolation increased considerable, but this rate now only applies to a period of
80 years. Shortening the rotation of poplar from 45 to 20 years, also included
the application of a denser planting space and in the application of a ditferent
management scheme. In the 45-year rotation one heavy thinning is applied,
while no thinning is applied in the 20-year rotation. Therefore the stock of
carbon in biomass and products at the end of the rotation is higher in the
20-year rotation system. The long-term average stock is approximately the
same in the two systems. The net annual flux over the tirst rotation increased
considerable when a 20-year rotation was applied.
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Intensifying the management of stands and thus assuming a larger propottion
of saw wood from the final cut, resufied onfy in minor changes in the long-term
stock of carbon the forest products in all forest types, mainly because carbon
in forest products makes up only a moderate fration of total carbon removed
from the atmosphere (20-30%). In conclusion, it appears that the options for
increasing carbon storage through forest management of existing stands has
only limited perspective, compared to the gain involved in changing to e.g.
mixed decidous stands that may achieve a high equilibrium biomass. Growth
rates and biomass in equilibrium conditions are strongly determined by overall
site factors such as climate, water availability and soil fertility, and can only
marginally be augmented through forest management.
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APPENDIX B: Definitions.

Afforestation: planting of tree saplings and thus establishment of forest on land that
was previously not used as forest.

Assimilate allocation: assimilates produced in the tree foliage during photosynthesis are
divided (allocated) in certain ratios over roots, stem, branches and foliage and used
for respiration or production of organic material.

Basic wood density: density of wood expressed as weight of dry wood per original fresh
volume. Expressed in kg m™.

Biomass: all the organic material in a certain ecosystem produced by duIOU’Oph!C plants,
expressed in dry weight per unit of area, usually Mg ha’ (‘ 10° g ha''; = ton ha”
1). Sometimes a distinction is made between living biomass (the hvmg trees and
undergrowth) and dead biomass (dead wood, litter and stable humus). Living
biomass is the same as standing biomass.

Biomass compartments: the biomass of forests and trees consists of different parts
(organs) such as foliage, branches, stems, roots, undergrowth, forest floor, litter and
stable humus.

Board wood: a certain kind of use of the stem wood of trees in which the wood is
chipped and pressed into boards, soft woods of a bad quality are usually used.

Carbon sequestering potential: the amount of carbon that can be stored, in this case in
a certain forest type including living biomass, forest products and soil organic
matter. The carbon sequestermg potentlal of a f()rest type can be evaludted by a
set of crlterla and is expressed in Mg C ha'l (= 100 g Cha’ I = ton C ha Hor Mg
C ha’!

Carbon sequestrauon: this term is better than carbon storage. The withdrawal of carbon
dioxide from the atmosphere in this case through photosynthesis and storage of the
carbon as organic matter in compartments like the stem, branches, foliage, roots,
forest products, litter and stable humus.

Carbon stock: the amount of carbon or content of carbon in a certain forest type,
biomass compartment, forest product or soil organic matter compartment at a
certain time or time interval. Expressed in Mg C ha”

Current annual volume increment (CAl): increase of all tree volumes of a certain stand
in the year of recording, expressed in m~ha™ yr

Decomposition: dead organic material which accumulates on the mineral soil in a litter
layer or forest floor, is broken down by soil fauna and fungi at a certain rate and
used for their respiration. Carbon in the organic matter is oxidized to carbon
dioxide. The rate at which this process takes place is mainly determined by the
quality of the soil and the climate. Expressed as the fraction of the litter that
decomposes each year.

Dead wood: organic matter in stem wood of dead trees as a result of natural mortality
in unmanaged natural forests. Stands thinned regularly contain hardly any dead
wood. Dead wood is part of the litter compartment and can be part of the forest
floor.

Energy wood: a certain kind of use of the stem wood of trees in which the wood is
burned either for warmth or to cook or to produce electricity. Poor quality wood
is usually used.
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Final cut: at the end of a rotation when the mean annual increment starts to decline,
all the trees of a certain stand are harvested. The branches and foliage are usually
left on the site, which is subsequently reforested.

Forest floor: also called ect-organic layers. Organic matter on top of the mineral soil
which has accumulated here because the rate of litter fall exceeds the rate of
decomposition. The thickness of the forest floor can vary from less than 1 cm up
to 50 cm.

Forest products: harvested wood is used in some kind of wood product, varying from
energy to high quality sawn timber. In this case only woody products are included
but in general a wide range of products is included (e.g. fruits, nuts and medicines).
The original area of production as unit of surface area.

Forest type: class of forests which are comparable in terms of tree species, region and
management.

Forestry: management of forests to maintain the forest and to achieve sustainable
yields e.g. wood, nature conservation, scenery, recreation and conservation of
groundwater reserves.

Gross Primary Production (GPP): the total production of assimilates during
photosynthesis, part of which is used for respiration of the varying biomass
compartments and another part is used for build-up of organic matter.

Humification: a small part of the litter in the forest floor is degraded to stable humus
and usually incorporated into the mineral soil by activity of soil fauna.

Litter: all kinds of dead organic material either standing in the forest, in the forest
floor or as dead roots in the mineral soil. Litter thus includes a wider set of dead
organic materials than for example "forest floor".

Logging stash: organic material like branches, minor stems and foliage which is left
at a site to decompose after a thinning or a final cut. It is also part of the litter
compartment and of the forest floor compartment.

Mean annual volume increment (MAI): the average of the current volume increment to
the time of recording. Expressed in m ha lyr'l.

Net annual carbon flux: the net uptake or emission of carbon through withdrawal of
carbon from the atmosphere for photosysnthesis minus emission of carbon through
respiration, decomposition of litter, logging slash, stable humus and forest products.

Net Ecosystem Production: total annual increase or decrease of the biomass of an
ecosystem, expressed in Mg dry weight ha'l.

Net Primary Production (NPP): total annual production of living biomass, expressed in
Mg dry weight ha™l, Usually measured as the sum of litter fall and the increase of
the standing biomass.

Packing wood: a certain kind of use of the stem wood of trees in which the wood is used
to produce crates and pallets for the packing industry, usually softwoods of a
reasonable sawing quality are used.

Paper wood: a certain kind of use of the stem wood of trees in which the wood is used
to produce pulp for paper; softwoods of poor quality are usually used.

Photosynthesis: a process in green leaves or needles through which carbon dioxide from
the atmosphere and water together with energy from sunlight are transformed into
sugars, which can be used for respiration and build-up of organic matter.

Production level: the term site class is preferable. A way to distinguish sites according
to the maximum production of wood of a certain species that can be reached.
Usually used in an absolute way.
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Reforestation: establishment of forest on a site on which the full-grown stand was cut
or on a site which was covered with forest in the near past.

Residence time: Characteristic time-coefficient used in first order decay functions
describing decomposition processes of the type dW/dt = 1/k x W with k the
residence time in years, W the state vanab[e (e.g. carbon in litter, carbon in a
pamcular product category, in Mg ha’ ) and dW/dt the decomposition rate in Mg

ha!
Rotation: per:od in which the cycle of establishment to final cut of the stand is gone

through.

Stlviculture: the management of forests to obtain the desired goals.

Site: the place at which a tree grows including all the site factors which influence the
growth and activity of a tree such as precipitation, temperature, soil fertility,
moisture availability and radiation.

Site class: a degree which presents the quality of a site for a certain tree species. An
absolute site class uses the maximum of the mean annual volume increment to
distinguish the class (expressed in m3ha'lyr'l), while the relative site class uses the
Roman numeral I to indicate the best site class and subsequent numerals for sites
of inferior quality.

Soil organic matter: (or: soil organic material) a compartment which includes litter,
dead wood and stable humus. Standing dead wood is also included, but living roots,
although in the soil, are not included.

Stable humus: litter which has been degraded to humus with a long residence time and
which is incorporated into the mineral soil. The amount of stable humus mainly
depends on climate and soil type.

Yield table: a table valid for stands, usually of one species and one age, divided into site
classes in which basal area, stand volume, volume increments and thinning volumes
at certain ages are presented. A certain thinning regime is simuiated.
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APPENDIX C: Basic wood density for the main species considered.

Taken from Laming et al. (1978), Dixon et al. (1991), USDA Forest Service (1987),
Cannell (1984), Schroeder (1992), Dewar and Cannell (1992).

tree species

tree species

Basic density

(scientific name) (common name) (dry weight per fresh volume,
in kg m™)
Shorea sp. sal 560
Albizia falcataria x 320
Picea abies Norway spruce 410
Quercus robur pedunculate oak 635
Fagus sylvatica European beech 560
Pseudotsuga menziesii Douglas-fir 450
Populus x euramericana poplar hybrids 340
Robinia pseudoacacia black locust 630
Pinus radiata radiata pine 400
Pinus caribaea Caribbean pine 460
Pinus taeda loblolly pine 460
Pinus elliottii slash pine 370
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Appendix D: Current volume increments (m3ha'1vr']) used as input for each forest type.

Table D1:

logg I I, IIL:

logg IV:
lianas:

albdipt:

seleut I, II, III:

regrowing heavily logged evergreen tropical lowland dipterocarp forest
on good, moderate, and limited sites respectively;
regrowing semi-evergreen tropical lowland rainforest on moderate sites.
regrowing evergreen tropical lowland rainforest on moderate sites,
hampered by the vigorous growth of lianas.
Albizia as a pioneer on wasteland, heavily thinned after 10 years and

underplanted with Dipterocarps.

regrowing selectively logged evergreen tropical lowland dipterocarp

rainforest on good, moderate and limited sites respectively;

selcut IV: regrowing selectively logged semi-evergreen tropical lowland rainforest
on moderate sites.
forest type:
age loggl loggll logglll logglV age lianes age albdipt
0 3.0 2.0 1.0 0.2 ¢ 20 0 025
1 35 25 1.5 0.3 1 2.5 2 35
20 20.0 12.0 10.0 5.0 10 4.0 6 15.5
30 25.0 21.0 16.0 11.0 20 7.0 10 16.0
40 24.0 21.0 17.0 11.0 30 9.0 11 8.0
70 18.0 13.0 10.5 7.0 40 100 20 12,0
70100 40 100
90 9.5 60 9.0
110 9.0 90 8.0
140 8.0
forest type:
age selcutl selcutll selcutlll sefcutlV
0 4.0 3.0 2.0 1.0
1 6.0 4.0 3.0 20
5 16.0 15.0 14.0 12.0
10 23.0 19.0 16.0 14.0
40 250 18.0 14.0 12.0
70 19.0 15.0 12.0 10.0
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Table D2:

spr LILII: Norway spruce in Central Europe on three site classes.
dec LILIIL: Mixed deciduous stands in central Europe on three site classes.
bor LILIIIL: Norway spruce in the Boreonemaral zone on three site classes.
dgl LILIII: Douglas-fir stands in the Pacific Northwest of the USA on three site
classes.
forest type:

age sprl sprll sprili decl decli declll borl borll borl dgll dglIt dglll

10 6.0 0.2 27 1.0 04 80 3.0 20
15 50 13 08 16.0 5.7 4.0
20 172 24 1.0 57 1.8 14 1.6 08 05 21.0 13.6 7.8
25 192 7.0 1.6 6.0 25 16 28 1.3 09 25.0 185 124
30 194 98 28 6.5 3.0 2.0 50 24 14 254 203 15.0
35 194 124 44 6.7 40 20 25.0 208 15.8
40 19.1 144 64 71 40 25 76 57 28 243 20.6 16.1
45 186 154 7.6 84 64 38 23.7 19.6 15.8
50 18.1 148 8.6 80 53 32 87 7.1 5.0 229 19.0 154
55 174 140 9.2 90 74 5.7 226 185 150
60 17.0 13.6 9.2 90 7.0 50 89 75 6.0 21.8 19.0 14.6
65 164 13.0 9.0 88 74 60 209 178 139
70 158 122 8.8 96 77 6.1 86 73 5.7 205 17.1 144
75 152 118 8.6 84 7.1 54 20.1 163 13.6
80 14.6 108 8.4 99 79 063 8.1 68 49 194 175 129
85 144 106 82 77 64 45 19.0 16.1 12.2
90 13.8 10.0 8.0 98 7.0 60 73 60 4.1 18.5 151 127
95 132 96 1.8 69 56 38 18.0 14.2 12.0
100 126 94 7.6 98 7.2 56 6.5 51 35 17.5 148 11.2
105 12.1 92 7.0

110 11.6 84 6.2 98 68 52

115 11.0 82 5.6

120 10.6 8.0 4.8 97 64 49

125

130 96 6.1 47

135

140 94 60 45

145

150 92 59 43
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Table D3:
pop LILIIL:
pop (20 y):

rob LILIII

prad LILIIE:

three site classes.

Poplar on former agricultural land of three site classes in Europe.
Poplar on moderate sites in Europe in a rotation of 20 years.
Robinia on former agricultural land of three site classes in Europe.

Industrial pine plantation of P. radiata in New Zealand/ Australia on

forest type:

age popl popll popIll  pop(20 y) robl robll roblll pradl pradll pradIll
5 45 27 06 4.7 23.0 15.0 12.0
10 209 126 4.7 215 90 52 24 40.0 31.0 23.0
15 33.5 20.7 8.1 352 120 94 52 38.0 32.0 24.6
20 222 229 92 38.9 13.0 9.6 64 346 294 23.1
25 203 127 8.6 135 98 6.6 31.0 27.0 222
30 10.6 10.6 7.2 14.0 10.8 7.2 259 241 21.0
35 82 82 56 150 11.2 7.6 16.5 16.0 12.0
40 6.1 6.1 4.2 17.0 124 84 10.0 8.0 5.0
45 44 51 3.0 16.3 12.6 9.0

50 15.0 12.8 100 85 65 35




168

Tabie D4:

pecar LILIII: Industrial pine plantation of P, caribaea in Brazil/Venezuela on three
site classes,

ptae LILIII: Industrial pine plantation of P. taeda in southeast USA on three site
classes.

peil LILIIL Industrial pine plantation of P. elliottii in Brazil on three site classes.

forest type:

age pcar-I pcar-II pcar-II1 ptae-I ptae-1I ptae-IIl pell-1 pell-1I pell-III
5 18.0 15.0 5.0 45 35 25 60.7 43.6 11.6
10 32.0 26.0 20.0 14.0 10.1 6.3 555 40.6 290
15 343 283 223 19.0 14.0 9.0 443 35.0 27.0
20 273 233 173 185 13.6 8.7 28.8 232 17.0
25 18.0 15.0 9.0 16.5 12.2 7.6 17.6 155 11.5

30 126 9.6 6.6 120 9.7 5.8
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APPENDIX E: Assimilate allocation during stand development, relative to stem dry
weight increment,

Forest type:
110 6. age: 0 10 20 30 40 50 60 70 80 90

foliage 0.7 04 04 04 04 04 04 04 04 05
branches 06 04 04 04 04 04 04 04 04 05
roots 07 04 04 04 04 04 04 04 04 0S5

7. standage 0 10 20 30 40 60 80 100 150 999
foliage 1.0 1.0 0.75 0.65 0.65 0.7 0.75 085 1.0 1.2
branches 1.0 04 025 0.23 03 035 05 06 0.65 0.7
100ts 1.0 08 06 06 06508 1.0 1.2 14 16
8. stand age 0 10 30 60 80 100 120 150 200 999
foliage 25 20 15 08 10 1.0 10 12 13 14
branches 15 1.2 07 04 03 04 06 07 08 09
roots 20 1.5 08 0S5 04 05 05507 08 09
9. stand age 0 10 20 30 40 60 80 100 150 999
foliage 1.0 08 06 04 04 05 07 10 12 1.2
branches 1.0 04 025 0.11 0.08 0.1 02 03 04 05
roots 1.0 06 04 04 05 05 06 06 06 06
10. stand age 0 10 20 30 40 60 80 100 150 999
foliage 1.0 1.0 075 0.65 065 065 0.7 08 1.0 12
branches 1.0 04 025 023 022 021 02 02 02 03
roots 1.0 09 08 06 06 05 05 05 05 05
1. stand age 0 5 10 20 30 40 50 60 80 999
foliage 25 10 03 05 08 09 12 14 16 18
branches 1.5 08 02 035 04 05 05 06 07 09
Toots 20 08 01 03 03504 05 06 07 09
12. stand age 0 5 100 20 30 40 50 60 80 999
foliage 2.5 1.0 06 045 05 055 06 065 0.7 1.4

branches 1.5 08 04 03 02 02 03 04 05 09
roots 20 08 045 04 03 03 04 05 06 09
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13.

14.

15.

16.

stand age

foliage
branches
roots

stand age
foliage
branches
roots
stand age
foliage
branches
roots
stand age
foliage

branches
roots

(

—

0.8
0.8
0.9

<

0.8
0.8
0.9

<o

0.8
0.8
0.9

0.5
0.6
0.6

O
0.6
0.5
0.6
6
0.4
0.5
0.6
2
0.7
0.7
0.7
6

0.2

14

0.2
0.2
0.3
10

0.2
0.2
0.3
4
0.6
0.6
0.6
10

0.1

0.15
0.15
0.25

14
0.15

0.15
0.25

0.5
0.5
0.5
14

0.2

0.15
0.15
0.25

18
0.15

0.15
0.25

0.15
0.15
0.25
18

0.3

0.15 0.05 0.10 0.12
0.15 0.05 0.1

0.12

0.2 025
0.2 03
03 04

22 25
0.2 025
0.2 03
03 04
18 20
0.15 0.2

0.15 0.2
0.25 0.3

0.4 0.5
0.15 0.17

30

0.3
04
0.6

30
0.3

0.4
0.6

0.3
0.3
0.4

30

0.8
0.2

0.15 0.17 0.2

40
0.6
0.7
0.8
40

0.6
0.7
0.8
25

0.6
0.6
0.7
40

0.9

50
0.8
0.9
1.0
50
0.8
0.9
1.0
30
0.8
0.8
0.9
50

L0

022 0.3
022 03
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APPENDIX F: Turnover rates of biomass compartments Lyr'l):

forest type: foliage branches roots
1.  heavily logged evergreen rainforest 0.5 0.05 0.06
2. selectively logged evergreen rainforest 0.5 0.05 0.06
3. heavily logged semi-evergreen rainforest 0.5 0.05 0.06
4. selectively logged semi-evergreen rainf. 0.5 0.05 0.06
5. Albizia + Dipterocarps on wasteland 0.5 0.05 0.06
6.  heavily logged evergreen with lianas 0.5 0.05 0.06
7.  Spruce in montane Europe 0.3 0.05 0.10
8.  Mixed deciduous in montane Europe 1.0 0.025 0.04
9.  Douglas-fir in Pacific Northwest of USA 0.3 0.03 0.10
10. Spruce in Boreonemoral zone of Russia 0.3 0.03 0.07
11. Hybrid poplar on former agricultural land 1.0 (.06 0.1
12.  Black locust on former agriculturat land 1.0 0.04 0.07
13. Radiata pine in N. Zealand and Australia 0.3 0.05 0.07
14. Caribbean pine in Brazil and Venezuela 0.3 0.05 0.07
15. Loblolly pine in southeast of USA 0.3 0.05 0.07

16. Slash pine in Brazil 0.3 (.05 0.07
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APPENDIX G: Average residence times (years) of wood products.

Energy wood  Paper wood Packing wood  Particle Board Sawn timber

1 2 3 20 35
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APPENDIX H: Average residence times of dead wood (on the forest floor), litter
and stable humus, and humification factors, in various regions.

site residence time humific. residence time residence time
class dead wood (yr) factor litter (yr) stable humus (yr)
evergreen rain- | 10 0.1 1 100
forest 11 10 0.1 1 110
I11 10 0.1 1 120
semi-evergreen 10 0.08 1 160
tropical I 10 0.05 3 200
coniferous 11 10 0.04 3 220
ITI 10 0.03 4 250
temperate I 30 0.1 1 250
hardwoods Il 30 0.08 1.2 275
II1 30 0.06 2 350
temperate I 10 0.1 1 275
softwood I 10 0.1 1 275
I11 10 0.1 1 275
montane I 20 0.03 2 320
coniferous 11 20 0.02 3 350
I11 20 0.02 3.5 350
temperate I 20 0.06 2 250
coniferous Il 20 0.06 2 250
HI 20 0.06 2 300
boreal 1 30 0.02 5 550
coniferous 11 30 0.02 6 550

111 30 0.02 8 600
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APPENDIX I: Partitioning of wood from thinnings and final cut.

Table I1:

Softwoods in a long rotation (Douglas-fir and boreal and temperate spruce):

age of dead wd energy paper packing particle  sawn
thinning (litter) wood board timber
20 1.0 0.0 0.0 0.0 0.0 0.0
30 0.2 0.0 0.8 0.0 0.0 0.0
40 0.2 0.0 0.8 0.0 (.0 0.0
50 0.1 0.0 0.9 0.0 0.0 0.0
60 0.1 0.0 0.0 0.1 0.8 0.0
70 0.1 0.0 0.0 0.1 0.6 0.2
80 0.1 0.0 0.0 0.1 0.5 0.3
90 0.1 0.0 0.0 0.1 0.4 0.4
100 0.1 0.0 0.0 0.1 0.3 0.5
110 0.1 0.0 0.0 0.0 0.2 0.7
120 (final cut) 0.1 0.0 0.0 0.0 0.1 0.8
Table 12:

Softwoods in a short rotation (poplar hybrids):

age of dead wd energy paper packing particle  sawn
thinning (litter) wood board timber
17 0.2 0.0 0.6 0.0 0.2 0.0
21 0.2 0.0 0.4 0.0 0.4 0.0
27 0.1 0.0 0.5 (.2 0.2 0.0
45 (final cut) 0.1 0.0 0.2 0.3 0.3 0.1
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Table 13:
Softwoods in very short rotation (poplar hybrids in 20-year rotation):

age of dead wd energy  paper packing particle  sawn
thinning (litter) wood board timber
20 (final cut) 0.1 0.0 0.2 0.3 0.3 0.1
Table 14:

Tropical and subtropical pine plantations (radiata pine, Caribbean pine, Loblolly pine,
and slash pine):

age of dead wd energy  paper packing  particle  sawn
thinning (litter) wood board timber
10 1.0 0.0 0.0 0.0 0.0 0.0

15 0.2 0.0 0.6 0.0 0.2 0.0

20 0.2 0.0 0.4 0.0 0.4 0.0

25 0.1 0.0 0.4 0.2 0.3 0.0

30 0.1 0.0 0.2 0.3 0.4 0.0

35 0.1 0.0 0.2 0.3 0.4 0.0

40 (final cut) 0.1 0.0 0.2 0.3 0.3 0.1
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Table I5:
Temperate mixed deciduous forests in a long rotation (mixed oak/beech), and black

locust in 50-year rotation:

age of dead wd energy paper packing particle  sawn
thinning (litter) wood board timber
20 1.0 0.0 0.0 0.0 0.0 0.0
30 0.2 0.8 0.0 0.0 0.0 0.0
40 0.2 0.8 0.0 0.0 0.0 0.0
50 0.1 0.7 0.0 0.1 0.0 0.1
60 0.1 0.7 0.0 0.1 0.0 0.1
70 0.1 0.4 0.0 0.3 0.0 0.2
80 0.1 0.3 0.0 0.3 0.0 0.3
90 0.1 0.2 0.0 0.4 0.0 0.3
100 0.1 0.2 0.0 0.3 0.0 0.4
110 0.1 0.2 0.0 0.2 0.0 0.5
120 0.1 0.1 0.0 0.2 0.0 0.6
130 0.1 0.1 0.0 0.2 0.0 0.6
140 0.1 0.0 0.0 0.2 0.0 0.7
150 (final cut) 0.1 0.0 0.0 0.1 0.0 0.8
Table 16:

Tropical heavily logged evergreen and semi-evergreen rainforests. Logged over each 70
years and thinned 20 and 40 years afterwards

age of dead wd energy paper packing particle  sawn
thinning (litter) wood board timber
20 0.5 0.5 0.0 0.0 0.0 0.0

40 0.5 0.3 0.0 0.0 0.0 0.2

70 0.5 0.2 0.0 0.0 0.0 0.3




177

Table 17:
Tropical selectively logged evergreen and semi-evergreen rainforests. Logged over every
70 years and thinned 5 and 20 years afterwards

age of ‘dead wd  energy paper packing particle  sawn
thinning (litter) wood board timber
S 0.3 0.5 0.0 0.0 0.2 0.0

20 0.3 0.3 0.0 0.0 0.2 0.2

70 0.3 0.2 0.0 0.0 0.1 0.4
Table I8:

Tropical heavily logged evergreen rainforests. Logged over every 140 years because the
regrowth is hampered by lianas and thinned 10, 20 and 90 years afterwards.

age of dead wd  energy paper packing particle  sawn
thinning (litter) wood board timber
10 0.5 0.5 0.0 0.0 0.0 0.0

20 0.5 0.5 0.0 0.0 0.0 0.0

90 0.5 0.3 0.0 0.0 0.2 0.0

140 0.3 0.3 0.0 0.0 0.1 0.3
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Table 19:

Afforestations of waste lands with a short rotation (10 yr) of Albizia spp. followed by
underplanting with Dipterocarpaceae. Heavy thinning in Albizia at T=10, followed by
two thinnings in the dipterocarps at T= 20 and 30 years, and a heavy logging at T=90
yr. Following rotations are 70 years.

age of dead wd energy  paper packing particle sawn
thinning (litter) wood board timber
10 0.1 0.0 0.0 0.4 0.5 0.0

20 0.6 0.0 0.0 0.0 0.4 0.0

30 0.5 0.0 0.0 0.0 0.4 0.1

90 0.3 0.0 0.0 0.0 0.2 0.5

10 0.6 0.0 0.0 0.0 0.4 0.0

20 0.5 0.0 0.0 0.0 0.4 0.1

70 0.3 0.0 0.0 0.0 0.2 0.5
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APPENDIX J: Stand parameters to determine the relative site class

(see next page for explanation of the forest type number)

average

forest type age height basal area

(years) (m) (m2ha’!)
1 30 * 34
2 30 * 24
3 30 x 20
4 30 * 14
5 30 * 13
6 40 16 36
7 40 13 30
8 40 7 21
9 40 15 + 19
10 40 11 + 15
11 40 8 + 11
12
13
14
15 40 7 21
16 40 5 18
17 40 4 15
18 20 29.5 16
19 20 25 23 (no thinning yet!)
20 20 18 12
21 15 19.5 24
22 30 18 20
23 30 16 16
24 30 14 11
25 * * *
26 20 24 56
27 ¥ * *
28 10 19 28 (after thinning)
29 10 17 22 (after thinning)
30 15 16 21 {after thinning)
31 15 15 31
32 15 13 26
33 15 11 20
34 10 17 29 (one heavy thinning)
35 10 14 30 (one tight thinning)
36 10 1 34 (no thinning yet)
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Explanation of the forest types in Appendix J:

1:

2:

i7:

18:
19:
20
21:
22:
23:
24:
25:
26:
27
28:
29:
30:
3t:
32:
33:
34:
35:
36:

Regrown heavily logged tropical lowland evergreen Dipterocarp rainforest on good
sites.

Regrown heavily logged tropical lowland evergreen Dipterocarp rainforest on
moderate sites.

Regrown heavily logged tropical lowland evergreen Dipterocarp rainforest on
limited sites.

Regrown heavily logged tropical lowland semi-evergreen rainforest on moderate
sites.

Afforestations of tropical wasteland of moderate fertility with Albizia spp. as a
pioneer, followed by Dipterocarps.

Norway spruce forest on good sites in Central Europe.

Norway spruce forest on moderate sites in Central Europe.

Norway spruce forest on limited sites in Central Europe.

Mixed oak/beech forest on good sites in Central Europe.

Mixed oak/beech forest on moderate sites in Central Europe.

Mixed oak/beech forest on limited sites in Central Europe.

Douglas-fir forest on good sites in the Pacific Northwest of North America.
Douglas-fir forest on moderate sites in the Pacific Northwest of North America.
Douglas-fir forest on limited sites in the Pacific Northwest of North America.
Norway spruce forest on relatively good sites in the Boreonemoral zone of Russia.
Norway spruce forest on relatively moderate sites in the Boreonemoral zone of
Russia.

Norway spruce forest on relatively limited sites in the Boreonemoral zone of
Russia.

Poplar plantations on good sites on former agricultural land in Europe.

Poplar plantations on moderate sites on former agricultural land in Europe.
Poplar plantations on limited sites on former agricultural land in Europe.

Poplar plantations on moderate sites on former agricultural land in Europe.
Black locust plantations on good sites on former agricultural land in Europe
Black locust plantations on moderate sites on former agricultural land in Europe
Black locust plantations on limited sites on former agricultural land in Europe
Industrial radiata pine plantation on good sites in New Zealand and Australia.
Industrial radiata pine plantation on moderate sites in New Zealand and Australia.
Industrial radiata pine plantation on limited sites in New Zealand and Australia.
Industrial Caribbean pine plantation on good sites in Brazil and Venezuela.
Industrial Caribbean pine plantation on moderate sites in Brazil and Venezuela.
Industrial Caribbean pine plantation on limited sites in Brazil and Venezuela.
Industrial loblolly pine plantation on good sites in the southeast of the USA.
Industrial loblolly pine plantation on moderate sites in the southeast of the USA,
Industrial lobloily pine plantation on limited sites in the southeast of the USA.
Industrial slash pine plantation on good sites in Brazil.

Industrial slash pine plantation on moderate sites in Brazil.

Industrial slash pine plantation on limited sites in Brazil.
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APPENDIX K: UNCERTAINTY ANALYSIS OF THE MODEL CO2FIX

By: H. van der Voet (GLW-DLO)

The model CO2ZFIX was developed to predict carbon fixation by forests over long
periods, e.g. 300 years. The model can be used to make predictions for specific combi-
nations of forest type and management regime. A proper appreciation of the model
predictions requires an understanding of (a) the mathematical description of the
modelled system, and (b) the uncertainties associated with the model predictions even
if the mathematical description is believed to be sufficiently close to reality. Uncertainty
analysis is concerned with the latter aspect, and the resulting uncertainties should conse-
quently be interpreted as lower boundaries if one is not sure about the exactness of the
model equations.

Uncertainty analysis was performed using simple error propdgdtion formulas relating 173
inputs of the model to the main model output, which is the predicted CO,-fixation
averaged over 300 years (CTOTAYV, measured in Mg C ha’ 1y, The general strategy was
the same as that applied earlier to the FORGRO 3.0 model (Van der Voet & Mohren
1993):

1. Choice of relevant model outputs and inputs, and of suitable transformations;

2. Specification of the input uncertainties in the form of a simuitaneous input
distribution;

Generation of a sample of input values from the input distribution;

Simulations with the model using the generated input values;

Description of the output distribution (histogram, summary statistics);
Determination of most influential inputs (uncertainty contributions).

A

The prediction of CTOTAV is calculated from inputs describing (a) species characteris-
tics like growth and decomposition constants, and (b) stand and management characteris-
tics concerned with e.g. initial biomass and allocation of stemwood to product categories.
The data used as an example in this note (spruce under central European conditions) are
reproduced in Table K9.

Uncertainty about model inputs is the consequence of (a) unmodelled natural variability,
and/or (b} lack of knowledge about natural constants. Natural variability is dependent
upon the unit of modelling: e.g. average initial biomass is more variable for units of 1
ha than for units of 100 ha. In the present study a typical stand was used as the natural
unit. All uncertainties of model inputs and outputs should therefore be taken as referring
to stand averages.

The method used assumes a multivariate normal distribution of the inputs. To ensure this
to be reasonable, input transformations were applied wherever appropriate according to
the following scheme: inputs with necessarily nonnegative values were transformed using
a natural logarithm, inputs representing a fraction were transformed using the logistic
function, and multiple inputs necessarily summing to 1 were transformed using the log-
ratio transformation given by Aitchison (1986). Addition of a small value €= 10°° was
used if necessary to prevent numerical problems, Values from samples drawn from the
multivariate normal distribution on the transformed scale, were backtransformed to
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provide inputs for the CO2ZFIX model program. In this way impossible values (e.g.
negative biomass) were prevented.

Many inputs are given to the model in the form of tables describing piecewise linear
relations, e.g. allocation factors in relation to age. By allowing only strictly coupled
changes in the elements of any table, only one entry in each table was taken as a basic
model input to be independently varied. The total number of independently varied inputs
was thus reduced from 173 to 32. The central values and uncertainty limits for these 32
model inputs were assessed subjectively, and are given in part C of Table K10. For the
remaining 141 tabular inputs only central values were given (part D of Table K10), and
each was linked to one of the 32 basic inputs. In the simulations each of these ’slaved’
inputs was then given an equal change from the central value (on the transformed scale)
as the chosen basic input.

Assessments of correlation between the 32 basic inputs were made on the transformed
scale. Among 32 inputs 496 bivariate correlations exist, but only 40 were assumed to have
non-zero values (part E of Table K10). Values 0.3, £0.5 and +0.8 were used to
indicate small, moderate or large correlations (there was no restriction on choosing other
values). Internally the uncertainty specification by means of upper or lower limits and
inter-input correlations is converted to a description in the form of a covariance matrix
of the transformed inputs.

In the subjective assessment of uncertainty it easily occurs that the resulting covariance
matrix is negative definite, which means that it is incompatible with any underlying data
set. For example, if two inputs are each assumed to have correlation 0.8 with a third, it
cannot be true that these two inputs have no correlation among themselves. A negative
definite matrix £ can be detected by the presence of negative eigenvalues in the eigen-
value decomposition £=VAV’. We tried to detect the most problematic correlation struc-
tures by the following procedure. A ’corrected’ version of the covariance matrix was
reconstructed from the eigenvalue decomposition by deleting the columns of V and A
corresponding to negative eigenvalues. Then both the original and the ’corrected’ version
were transformed to correlation matrices, and the difference matrix was formed. Large
elements in this matrix of differences indicated which inputs were the primary source of
trouble, and for a submatrix with these inputs the correlations were reassessed subjec-
tively, while continuously checking on the presence of negative eigenvalues in the decom-
position of the submatrix.

In the present study the first version of the covariance matrix £ had 30 positive and 2
negative eigenvalues. According to the procedure outlined above, a submatrix of 6 inputs
was identified as the main source of inconsistency. Table K1 gives both the original and
reassessed versions of the correlation matrix for these inputs. Table K10 contains already
the modifications made.
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Table Ki:
Original and reassessed versions of the correlation matrix between 6 inputs.

a. Ooriginal assessment L. Reassessment

cc 1 cc 1

tedht 0 1 tedht 0.3 1

hume 0.8 0.3 1 humc 0.5 0.3 1

tcldec 0.5 0.8 -0.3 1 tcldec 0.5 0.5 0.3 1

tchdec 0 0.8 -0.3 0.5 1 tchdec 0.3 0.3 0.3 0.5 1

cchum 2.8 0 -0.3 0 .8 1 achum 0.5 Q 0.3 0 0.5 1
ce tcdht hume teldec tchdee cchum cc tedht humc tcldec tchdec cchum

Simulations with the model CO2FIX were done for a sample of 100 sets of input values.
The sample was obtained by applying Latin hypercube sampling (McKay et al. 1979 ) to
uncorrelated linear combinations constructed from correlated multivariate normal
distributed variables (Iman & Conover 1982). A schematic representation of programs
and files used is shown in Table K11.

The raw result of an uncertainty analysis using representative sampling is the empirical
distribution of predictions. If simple enough, this distribution can be summarized by e.g.
a measure of central value {mean, geometric mean or median) on the one hand, and a
measure of spread (standard deviation or coefficient of variation) on the other. It may
also be useful to calculate a confidence interval. In the following we have analyzed the
natural logarithm of CTOTAY, in line with our general strategy to transform variables
with necessarily non-negative values. However, omitting the transformation, and
analyzing CTOTAYV directly gives virtually identical results, illustrating that the choice
is unimportant when values are “far away from zero’.

A second point of interest may be the ordering of inputs with respect to their influence
on the output. This can only be done if we have a simple metamodel relating the model
output to the model inputs, for example a linear or quadratic regression equation. The
squared coefficient of multiple correlation (r2) might be a convenient guide to judge the
fit of a metamodel. A problem arises if there are non-zero correlations. Should the
influence of input x; on output y include the indirect influence via another input x5 with
which x; is correlated? Another problem is to find an easily interpretable criterion to
summarize the effects per input. Among other possibilities we focus on the following four
measures in the case of a sufficiently well fitting linear metamodel:

1.  RRYV, the relative reduction in variance to be attained if the uncertainty in one
specific input could be eliminated. An RRV of 57% for model input CC for
example means that the total uncertainty about the model output (expressed in our
case as the variance of In(CTOTAV)) would be more than halved if CC were to
become constant and perfectly known.

2, RSV, the relative specific variance, measures how much of the total uncertainty
would remain, if all other inputs except the one under considerations were to
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become constant and perfectly known. In the absence of correlations between
inputs, RRV and RSV are equal.

3. CVMARG, the coefficient of variation (relative standard deviation) of the model

output, induced by the input under consideration, and including indirect effects via
other correlated inputs (technically we look at the marginal distribution, i.e. we
look only at the variation of y as a function of x|, ignoring the existence of other
inputs in the regression analysis, though not in the simulations). We define
CVMARG to be signed with the sign of the marginal correlation between input
and output, thus showing the direction of the relation.
RRYV and CVMARG medsure the same thmg in a different way, their relation is
RRV= (1/v)*ln(CVMARG +1), where v is the total variance of the transformed
output, In{CTOTAYV) in our case. CVMARG was also used in Van der Voet &
Mohren (1993).

4.  CVCOND, the coefficient of variation (relative standard deviation) of the model
output, induced by the input under consideration, but conditioning on fixed values
of all other inputs. Indirect effects are therefore not included. We define CVCOND
to be signed with the sign of the conditional regression coefficient. If all
correlations are zero CVMARG and CVCOND are equal.

Finally it can be noted that RRV and RSV (but not CYVMARG and CVCOND) can be
calculated also for quadratic metamodels. For more information about these measures
see Van der Voet (1991). CVMARG and CYCOND are related to the medsures in that
note by CVMARG = +J{exp(MUC )-1} and CVCOND = +J{exp(CUC )-1}, which are
the usual approximations to transtate a variance on the logarithmic scale (the scale of
the linear metamodel) to a relative standard deviation on the original scale.

Results

The CO2FIX model, using the central input values from Table K10, predicts for spruce
under central European conditions an average CO, fixation of 316 Mg C ha™". The
uncertainty analysis shows the precision of this prediction in the light of the uncertainties
about the model inputs (remember that the model equations are assumed to be a correct
representanon of reality). The empirical distribution of 100 simulated predictions is
shown in Figure 1. The median prediction is 320 Mg C ha'! with a relative standard
deviation of 12%. A 95% caonfidence JnterVd] for the prediction (again, assuming error
free model equations) is 254-403 Mg C ha!

Technical note: summary statistics like median, relative standard deviation
and confidence limits can be calculated in different ways. In the above we
have used values based on the linear error propagation maodel relating the
natural logarithm of CTOTAYV to the transformed basic inputs. This way of
calculation requires of course that this linear metarmodel fits sufficiently close
the data. In the present case there were no problems, in view of the squared
correlation coefficient (rz) of 0.99. An alternative way of calculation is to use
only the empirical predictions. For the present example we obtain a median
of 315, a relative standard deviation of 12%, and a 93%-confidence interval
of 261-405, all very close to the values above.
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Figure K1. Distribution of 100 simulated predictions for CTOTAV.

Some insight into the sources of the total uncertainty in CTOTAYV is obtained by
inspection of Table K2, which lists the uncertainty specification of the 32 basic inputs
together with the 4 measures RRV, RSV, CVMARG and CVCOND. The model inputs
here are ordered according to decreasing values of RRV (and of the absolute values of
CVMARG). All measures are hased on the linear error propagation model, so a
sufficiently close fit (r2=0.99 in this case) is a prerequisite for the calculation of
interpretable uncertainty contribution measures.

Note: Remember that some basic inputs (e.g. GROPTB 25) are strictly
coupled to other tabular inputs (the rest of the second line of table
GROPTB, in this case, see Appendices 1a, 2D), so that measures in Table K2
may actually show the combined effect of changing a complete tabular input
(the complete second line of table GROPTB).
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Table K2:
Results of uncertainty analysis output CTOTAV of model CO2FIX for spruce under
central European conditions.

median: 320.1 cv: 11.6% ré: 0.99
95% confidence interval: 254.2 — 402.9

Uncertainty contributions:

input cent limit rrvg rsvsé cvmarg® cvconds
tcldec 2.000 4,000  56.43 3.37 8.73 5.75

cc 0.480 0.450  55.68 0.64 8.68 2.53

hume 0.030 0.050 44,02 5.07 7.71 3.33
tchdec 320.000 500.000 36.78 6.90 7.05 2.72
tcdht  20.000 10.000  20.30 0.22 5.23 0.87
cchum 0.580 0.650 19.44 0.07 5.12 1.03
baden 410.000 450.000 4.40 3.27 2.43 3.52

ble 0.050 0.040 1.94 0.01 -1.62 -0.52
groptb_25 19,400 21.300 1.83 0.48 1.57 3.62
humus 190.000 210.000 1.49 0.14 1.42 0.93
thuse 12 5 0.300 0.500 1.11 1.11 1.22 1.22
rle 0.100 G.150 0.33 0.14 -0.67 -1.20

tcraag 35.000 40,000 0.25 0.25 0.58 0.58

fle 0.300 0.250 0.20 0.02 ~-0.51 -0.43

mort 0.020 0.030 0.11 0.01 0.38 0.26
thuse_12 2 0.010 0.100 0.06 0.06 -0.28 -0.28
tcenrg 1.000 2.000 0.06 0.06 -0.28 -0.28
thuse_12 3 0.100 0.200 0.05 0.05 -0.26 -0.26
tcembl 3.000  10.000 0.04 0.04 G.23 0.23
thuse_12 1 0.010 0.100 0.04 0.04 =0.23 -0.23
dhout 1.000 2.000 0.04 0.00 0.22 0.03
tcpap 2.000 5.000 0.03 0.03 0.21 0.21
fcth_25 0.650 0.800 0.03 0.20 0.20 0.88
litter 1.000 2.000 0.03 6.60 -0.20 -0.10
rctb_25 0.650 0.800 0.02 0.42 0.18 1.2¢6
teplaa 20,000  25.000 0.02 G.02 0.16 0.16
bectb 25 0.300 0.400 0.02 0.23 0.16 0.93
bw 0.500 3.000 0.02 0.00 0.16 0.15

fw 3.000 10.000 0.02 0.00 0.15 0.14

svol 1.000 5.000C 0.01 0.00 0.13 0.00

rw 0.500 5.000 (.01 0.00 -0.10 -0.14

thuse 12 4 0.480 0.750C .00 0.00 -0.03 -0.03

The first four entries in Table K2 are TCLDEC (time coefficient for litter
decomposition), CC (carbon content of dry matter), HUMC (humification coefficient)
and TCHDEC (time coefficient for humus decomposition) with RRV values around
50%. This means that absolute knowledge of any of these inputs would approximately
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halve the uncertainty variance of the model output. The same fact can also be seen in
the CVMARG values: uncertainty about CC alone induces a relative standard deviation
of 9% in CTOTAV (remember that the total uncertainty was 12%, so that the residual
unexplained by CC is about J(12 92 }=8%). Although it may seem that CC, HUMC,
TCLDEC and TCHDEC are important sources of uncertainty, neither of them is very
specitic as testified by the RSV values, which are 5% at most. This means that no single
input can be identified as a major source of uncertainty. The large values of RRV and
CVMARG are therefore mainly due to indirect effects: a different value for CC, for
example, implies that also the values for correlated inputs (HUMC, TCLDEC,
TCHDEC, TCDHT, CCHUM) are expected to be different, which implies, that also
values for inputs correlated with these inputs are expected to be different, which implies

. etc. The resulting change in model output is then a consequence of this cascade of
changed expected values.

Entries 5 and 6 in Table K2 are TCDHT (mean time of presence of CO, after fixation
in natural forests) and CCHUM (carbon content of humus). These entries have RRV
values of about 20%, and a CVMARG of about 5%. The next entry, BADEN (basic
density), is perhaps remarkable for a relative large RSV value (3%), together with
HUMC (5%), and TCLLDEC (3%), in comparison to all other inputs (1% at most). It can
be noted that all important uncertainty contributions as measured by our criteria are
species characteristics, whereas all stand/management characteristics (as well as the
remaining species characteristics) show no important influence whatsoever.

Not too much value should be attached to the precise values of criteria, and the precise
ranking in Table K2. The subjective assessment of input uncertainty and correlations
(Table K10) is itself of course fraught with uncertainties. Some insight into the
robustness of the results against other uncertainty assessments can be obtained by trying
a few variations of the input uncertainty specification. Unintentionally simple random
sampling instead of Latin hypercube sampling has been used in these calculations, but
this is not expected to give importantly different results (only the efficiency might be
somewhat lower). Tables K3-8 show some results of the robustness studies. In Tables K3
and K4, the analysis from Table K2 is repeated with two simple random samples of
inputs. Happily we note that differences are small. Tables KS, K6 and K7 document the
results from analyses where correlations are altered in respectively a slight, a moderate,
and a severe degree (see Table captions). In general, if less correlation is assumed
between inputs, RRV values decrease and RSV values increase, because indirect effects
become less prominent. With only a small change in correlations (Table K5) the
differences in output remain small too. If correlations would be attenuated more or even
be absent (Tables K6, K7), also BADEN (basic density) and GROPTB (growth in m> yr
in relation to age) would show up as relative important sources of uncertainty. The
uncertainty analysis in Table K8 checks that the specification of the last digit for the CC
limit value is not very critical: a limit 0.46 instead of 0.45 (with a central value 0.48) does
not give very different results.
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Some final remarks

The uncertainty in most inputs will often reflect natural variability more than lack
of knowledge about an exact constant of nature. If this is the case for the major
contributors of uncertainty as found above, a reduction of prediction uncertainty
should be accomplished by modelling the corresponding aspect of reality in an
alternative way. If a better model is more detailed, this may require more
parameters (model inputs), about which probably less knowledge exists. Therefore
there is an optimum in the amount of detail the model should have. This optimum
is dependent on the availability of data, and can be shifted in the direction of more
detailed modelling by performing appropriate experiments on inputs suggested by
e.g. an uncertainty analysis. For example, carbon content (CC) is considered as a
species-specific natural constant, The analysis indicates that more experimentation
to obtain more precise estimates may be fruitful.

In this note the uncertainty about model predictions as such is evaluated. However,
it may be that the real interest lies more in comparisons of scenarios: for example,
can we better plant spruce or oak for a maximal CO, fixation? The uncertainty
about the difference between two predictions might be radically different from the
uncertainty about the predictions themselves. It is therefore then sensible to apply
uncertainty analysis to a supermodel consisting of two runs of CO2FIX with specific
inputs, and then forming a difference.
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Table K3:
Results of uncertainty analysis output CTOTAV of model CO2FIX for spruce under
central European conditions Robustness study: simple random sample.

median: 320.3 cv: 11.5% r%: 0.99
95% confidence interval: 255.2 - 402.1

Uncertainty contributions:

input cent limit rrvs rsv% cvmarg% cvcond$

cc 0.480 0.450 54,23 0.53 8.45 2.28

tcldec 2.000 4,000 31.53 2.75 8.24 5.13
hume 0.030 0.050 43.98 5.36 7.61 3.38
tchdec 320,000 500.000 41.73 0.97 7.41 2.78
cchum 0.580 0.650 24,64 G.23 5.69 1.82
tedht 20.0600 10.000 18.50 0.09 4 .93 0.55
baden 410.000 450.000 4,69 2.76 2.48 3.20
groptb 25 19.400 21.300 2.07 0.21 1.65 2.39
humus 190.000 210.000 1.99 0.07 1.62 0.64

ble ¢.050 0.040 1.09 0.07 -1.20 -1.61
thuse_12 5 0.300 0.500 0.90 0.90 1.09 1.09
tczaag 35.000  40.000 0.45 0.45 0.77 0.77
thuse 12 1 0.010 0.100 0.29 0.29 -0.62 -0.62
reth 25 0.650 0.800 0.24 0.44 0.56 1.28
dhout 1.000 2.000 0.15 0.05 0.44 0.42
thuse_12 4 (.480 0.750 0.12 0.12 -0.40 -0.40
tcembl 3.000 10.000 0.10 0.10 0.36 0.36
fetb 25 0.650 0.800 0.09 0.04 0.34 0.38
thuse 12 2 0.010 0.100 0.08 0.08 -0.32 ~0.32
litter 1.000 2.000 0.07 .01 -0.31 -0.22
tcenrg 1.000 2.000 0.06 0.06 0.29 0.29
tcpap 2.000 5.000 0.06 ¢.06 0.27 0.27

ric 0.100 0.150 0.04 0.01 -0.23 -0.37

fw 3.000 10.000 0.02 0.10 -0.1s -0.70

tcplaa 20.000 25.000 0.02 0.02 0.14 0.14

bw 0.500 3.000 0.01 0.09 0.11 0.66

fle 0.300 0.250 0.01 0.01 0.09 0.34

thuse 12 3 0.100 0.200 0.01 0.01 -0.08 -0.08
W 0.500 5.000 0.00 0.02 -0.08 -0.28

betbh 25 0.300 0.400 0.00 0.12 0.06 0.65
mort 0.020 0.030 0.00 0.03 G.05 0.34

svol 1.000 5.000 0.00 0.02 0.03 0.30
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Table K4:

Results of uncertainty analysis output CTOTAV of model CO2FIX for spruce under
central European conditions. Robustness study: simple random sample with other seed
of random generator.

median: 319.9 cv: 11.9% r?: .98
95% confidence interval: 252.7 - 404.9

Uncertainty contributions:

input cent limit rrvg rsvi cvmargé cvcond$
tcldec 2.000 4.000 57.56 3.97 9.03 6.39

cc 0.480 0.450 32.71 0.34 8.64 1.88

humc 0.030 0.050 43 .83 5.37 /.88 3.50
tchdec 320.000 500.000 40 .27 1.02 7.55 2.96
cchum 0.580 0.650 20.55 0.14 5.39 1.47
tedht 20.000 10,000 18§.82 0.10 5.16 0.60
baden 410.000 450.000 4.10 3.16 2.41 3.54
groptb 25 19.400 21,300 2.42 0.50 1.85 3.79
humus 19G.000 210,000 1.60 0.12 1.50 0.89
thuse 12 5 0.300 0.500 1.24 1.24 1.33 1.33
ble 0.050 0.040 0.80 0.00 1.G67 0.10

tcembl 3.000 10.000 0.30 0.30 0.65 0.65
thuse 12 2 0.010 0.100 0.12 0.12 -0.41 -0.41
thuse_12 1 0.010 0.100 0.12 0.1i2 -0.40 -0.40
rctb_25 0.650 0.800 0.10 0.58 0.38 1.52
teczaag 35.000 40.000 0.08 .08 0.34 0.34
tcplaa 20,000 25.000 0.07 0.07 0.31 0.31
fctb_25 0.650 0.800 0.05 0.49 0.26 1.40
beth 25 0.300 0.400 a.03 0.22 0.21 0.93
litter 1.000 2.000 0.03 ¢.10 -0.20 -0.65
tcenrg 1.000 2.000 0.02 0.02 -0.18 -0.18

rlc 0.100 0.150 0.01 0.06 -0.11 -0.81

tepap 2.000 5.000 0.01 0.01 0.10 0.1¢
thuse_12 3 0.100 0.200 0.01 0.01 0.10 0.1C
mart 0.020 0.030 0.00 0.03 -0.07 -0.59

bw 0.500 3.000 0.00 0.01 0.06 0.20

flc ¢.300 0.250 0.00 Q.00 -G.03 -0.05

dhout 1.000 2.000 0.00 0.01 0.00 0.23

fw 3.000 10.000 0.00 0.00 0.00 0.00

svol 1.000 5.000 0.00 0.00 0.00 -0.03

rw 0.500 5,000 0.00 0.00 0.00 -0.14

thuse 12 4 0.480 0.750 0.00 0.00 0.00 0.00
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Table KS:
Results of uncertainty analysis output CTOTAYV of model CO2FIX for spruce under
central European conditions. Robustness study: all correlations £0.5-+0.4.

median: 320.5 cev: 11.1% r?: 0.99
95% confidence interval:; 257.2 = 399 .4

Uncertainty contributions:

input cent limit rrve rsvs cvmarg¥ cvcondi
tcldec 2.000 4,000 47.31 6.21 7.64 4,97

cc 0.480 0.450 45.26 1.79 /.47 2.45

humc 0.030 0.050 44.26 4.80 7.39 3.39
tchdec 320.000 500.000 38.63 2.78 6.90 3.21
cchum 0.580 0.650 21.10 0.82 5.10 1.50
tcdht 20.000 10.000 15.07 0.04 4.31 0.37
baden 410.000 450.000 5.23 2.486 2.54 3.30
groptb 25 19.400 21.300 2.11 0.18 1.61 2.55
humus 190.000 210.000 1.64 0.33 1.42 0.79

ble 0.050 0.040 1.30 0.06 -1.26 -1.57

thuse 12 5 0.300 0.500C 0.86 0.86 1.03 1.03
tczaag 35.000 40.000 0.34 0.34 0.65 0.65
thuse 12 1 0.010 0.100 0.28 0.28 -0.59 -0.59
rcth_25 0.650 0.800 0.21 0.37 0.51 1.27
thuse 17 4 0.480 0.750 0.15 0.15 -0.44 ~0.44
dhout 1.000 2.000 0.11 0.02 0.37 0.25
tcenrg 1.000 2.000 0.09 0.09 0.33 0.33
fcth 25 0.650 0.800 0.08 0.05 0.32 0.45
tcembl 3.000 10.000 0.07 0.07 0.29 0.29
thuse 12 2 0.010 0.100 0.07 0.07 -G.29 -0.29
litter 1.000 2.000 0.07 0.01 -0.29 -0.15

rlec 0.100 0.150 0.06 G.02 -0.28 -0.48

tcpap 2.000 5.000 0.06 0.06 0.28 0.28

fw 3.000 10.000 0.02 G6.10 -0.15 ~0.68

thuse 12 3 0.100 0.200 0.01 0.01 -0.11 -0.11
flec 0.300 0.250 0.01 0.02 0.10 0.42
bectb_25 0.300 0.400 0.01 0.10 0.10 0.67
mort 0.020 0.030 0.01 06.02 0.10 .44

bw 0.500 3.000 0.01 0.07 0.10 0.57

teplaa 20.000 25.000 .01 .01 0.09 0.09

™ 0.500 5.000 0.00 0.02 -0.08 -0.30

svol 1.000 3.000 0.00 0.03 0.06 0.38
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Table Ké:
Results of uncertainty analysis output CTOTAV of model CO2FIX for spruce under

central European conditions. Rubustness study: all non-zero correlations 0.3 closer to 0
(x0.8-x0.5, £0.5-x02, 20.3-+0.0).

median: 319.7 cv: 10.8% re; .99
95% confidence interval; 258.0 - 396.0

Uncertainty contributions:

input cent limit rrvs rsvy cvmargs$ cvcond:
tcldec 2.000 4.000 38.19 22.42 6.68 5.48
tchdee 320.000 500.000 16.98 7.42 4.45 3.09

cc 0.480 0.450 16.18 3.94 4 .34 2.30

hume 0.030 0.050 12.79 9.49 3.86 3.40
baden 410,000 450.000 11.80 11.80 .71 3.71
groptb_25 19.400 21.300 11.48 11.48 3.66 3.66
cchum 0.580 0.650 5.93 1.33 2.63 1.33

retb 25 0.650 (0.800 2.89 2.89 1.84 1.84
tedht 20.000 10.000 2.42 0.28 1.68 0.58
humus 190.000 210.000 1.59 0.98 1.36 1.09

rle 0.100 0.150 1.57 0.66 -1.35 -1.11

beth 25 0.300 0.400 1.34 1.34 1.25 1.25
ble 0.05G 0.040 G.81 G6.06 -0.97 -0.35

fle 0.300 0.250 0.75 0.04 -0.94 -0.28

fetb 25 0.650 0.800 0.75 0.75 0.94 0.94
thuse_12_5 0.300 0.500 0.75 0.75 0.93 0.93
mort 0.020 0.030 0.46 0.01 0.73 0.14

thuse 12 1 0.010 0.100 0.32 0.32 -0.61 -0.61
tczaag 35.000 40,000 0.29 0.29 0.58 0.58
teplaa 20.000 25,000 0.13 0.13 0.39 0.39
tcembl 3.000 10.000 0.09 0.09 0.33 0.33

bw 0.500 3.000 0.06 0.08 0.25 0.38

thuse 12 2 0.010 0.100 0.05 0.05 -0.23 -0.23
tcenrg 1.000 2.000 0.05 0.05 0.23 0.23
tepap 2.000 5.000 0.04 0.04 0.20 0.20

fw 3.000 10,000 0.03 0.13 -0.19 ~0.49

thuse 12 4 0.480 0.750 0.02 0.02 -0.15 -0.15
svol 1.000 5.000 0.02 .01 0.13 0.15

rw 0.500 5.000 0.01 ¢.00 0.10 0.08

dhout 1.000 2.000 0.00 G.01 0.07 0.G9
thuse 12 3 0.100 0.200 0.00 0.00 0.06 0.06
litter 1.000 2.000¢ 0.00 0.00 0.00 -0.03
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Table K7:
Results of uncertainty analysis output CTOTAV of model CO2FIX for spruce under
central European conditions. Robustness study: all correlations zero.

median: 319.6 cv: 9.9% ré: 0.99
95% confidence interval: 262.9 — 389.1

Uncertainty contributions:

input cent limit rrvg rsvd cvmarg$ cvcondy
tcldec 2.000 4.000 30.97 30.97 5.52 5.52
baden 410.000 450,000 14.12 14.12 3.72 3.72
gropth 25 19.400 21,300 14,00 14.00 3.71 3.71
hume 0.030 0.050 12.15 12.15 3.45 3.45
tchdec 320.000 500,000 10,29 10.29 3.18 3.18

ce 0.480 0.450 5.71 5.71 2.37 2.37

retb 25 0.650 0.800 3.39 3.39 1.82 1.82
cchum 0.580 0.650 1.81 1.81 1.33 1.33

betb 25 0.300 0.400 1.58 1.58 1.25 1.25
rle 0.100 0.150 1.40 1.40 -1.17 -=1.17

humus 190.000 210.000 1.27 1.27 1.12 1.12

feth 25 0.650 0.800 0.87 0.87 0.92 0.92
thuse_12 5 0.300 £.500 0.77 0.77 0.87 0.87
tedht 2G.000 16.000 0.30 0.30 0.54 0.54
thuse_12 1 0.010 0.100 0.27 0,27 -0.32 -0.52
tczaag  35.000  40.000 0.22 0.22 0.46 0.46
teplaa  20.000 25.000 0.19 0.19 0.43 0.43

bw 0.500 3.000 0.16 0.16 0.40 0.40

ble 0.050 0,040 0.14 0.14 -0.37 ~0.37

tcembl 3.000 10.000 0.13 0.13 0.36 0.36

fle 0.300 0.230 0.06 0.06 -0.25 -0.25

thuse 12 2 0.010 0.100 G.04 6.0 -0.21 -0.21
fw 3.0060 10.000 0.04 .04 ~0.19 -0.19

tcenrg 1.000 2.000 0.04 (.04 0.19 0.19
thuse 12 4 0.480  0.750  0.02 0.02 -=0.15 ~0.15
svol 1.000 5.000 G.02 0.02 0.14 0.14

mort 0.020 0.030 0.01 .01 0.11 0.11

tcpap 2.0G0 5.000 G.01 .01 0.10 0.10
thuse 12 3 0.100 0.200 0.00 0.00 0.05 0.05
dhout 1.000 2.000 0.00 0.00 0.03 0.03
litter 1.600 Z2.000 0.00 0.00 -0.03 -0.03

W 0.500 5.000 0.00 0.00 0.00 0.00
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Table K8:
Results of uncertainty analysis output CTOTAV of model CO2FIX for spruce under
central European conditions. Robustness study: limit CC 0.46 instead of 0.45.

median: 320.3 cv: 10.9% r: 0.99
95% confidence interval: 258.4 - 3971

Uncertainty contributions:

input cent limit rrvg rsvé cvmargk% cvconds
teldec 2.000 4.000 51.72 3.06 7.80 5.11

cc 0.480 0.460  48.75 0.23 7.57 1.41

hume 0.030 3.050 43.73 6.01 7.17 3.38
tchdec 320,000 500.000  43.47 1.10 7.15 2.80
cchum 0.580 0.650 23.49 0.25 5.25 1.80
tedht  20.000 i¢.000 18.56 0.10 4.67 0.55
baden 410.000 450.000 5.24 3.09 2.48 3.20
groptb_25 19.400 21.300 2.32 0.24 1.65 2.39
humus 190.000 210.00G 2.23 .08 1.62 0.66

ble 0.050 0.040 1.22 0.08 -1.20 -1.61

thuse 12 5 0.300 0.500 1.00 1.00 1.08 1.08
tczaag  35.000  40.000 0.49 0.49 0.76 0.76
thuse 12 1 0.010 0.100 G.32 0,32 -0.61 -0.61
retb 25 0.650 0.800 0.27 0.50 0.56 1.28
dhout 1.000 2.000 0.16 0.05 0.43 0.47
thuse 12 4 0.480 0.750 0.14 0.14 -0.40 -0.40
tcembl 3.000 10.000 0.11 0.11 0.36 0.36
fctb 25 0.650 0. 800 0.10 0.04 0.34 0.37
thuse_12 2 0.010 0.100 0.09 0.09 ~0.32 -0.32
litter 1.600 2.000 0.08 0.02 -0.30 ~0.23
tcenrg 1.000 2.000 0.07 0.07 0.29 0.29
tcpap 2.000 5.0G0 0.06 0.06 0.28 0.28

rle 0.100 0.150 0.05 0.02 -0.23 -0.37

fw 3.000 10.000 0.02 0.11 -0.16 -0.71

tcplaa 20.000 25.000 0.02 0.02 0.15 0.15

bw 0.500 3.000 0.01 0.10 0.11 0.66

fle 0.300 0.250 0.01 0.01 0.09 0.35
thuse_12 3 0.100 " 0.200 .01 .01 -0.08 -0.08
rw 0.300 5.000 G.00 0.02 -0.08 -0.28

betb 25 0.300 0.400 0.00 0.13 0.06 0.65
mort 0.020 0.030 0.00 0.03 0.05 0.54

svol 1.000 5.000 0.00 0.02 0.a3 0.30
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Table K9:;
Example input files for model CO2FIX

a.

SPRUCEL4.SPE:

TP R R e e e Y S e e Sl S e a S e S s Y e e e S T e e s s e s e e e S S e e s e e s e e e e ek

SPRUCE1l4 . SPE

FIJNSPAR, on braunerde Im = 14.5 at T= 160 jaar,central Europa
versie 13-11-1992 t.b.v. FACE; door IBN-DLO

input file voor programma COZ.FOR

gegevens: soorts parameters: groeisnelheden, drogestof gehalte etc.
C02.FOR leest mbv MOFILP

s b Tk Yk sk vk vk v s R s s vl s vl s dle s e S dl s st s YR sl dl ke A SR Y s b s s s e e e kel el s e s ek

*

o

boomsoort (max. 10 characters):
SPECS:
"spruce 14!

% ok %

GROPTB (25 getalparen): 0. site class
aanwas volgens opbrengsttabel, Im = l4 at T=100. (Mitscherlich 1979)
eerste regel: leeftijd; tweede regel: aanwas in m3 p.j.
0., 10., 20,, 25., 30., 35., 40., 45., 50., 55., 60., 65., 70.,
75., 80., 85,, %90., 95.,100.,105,.,110,,115.,120.,150.,200.
0., 6.0,17.2,19.2,19.4,19.4,19,1,18.6,18.1,17.4,17.0,16.4,15.8,
15.2,14.6,14.4,13.8,13.2,12.6,12.1,11.6,11.0,10.6, 8.0, 6.0

dichtheid wvan het hout (BADEN)
koolstofgehalte van de drogestof (CC)
BADEN: CG:

410, , 0.50

assimilaten verdeling in relatie tot leeftijd. Hoeveelheid drogestof-
groel in naalden, takken en wortels in verhouding tot stamaanwas.
naalden (FCTB, 10 getalparen):

0.0 , 10, , 20. , 30. , 40. , 60. , 80. ,100. ,150. ,999.
1.6 ,1.¢ ,0.75,0.65, 0,65, 0.7 , ¢.75, 0.85, 1.0, 1.2
takken (BCTB, 10 getalparen):

0. , 10, , 20. , 30, , &40. , 60G. , 80, ,100, ,150. ,999.
1.0 , 0.4 , 0.25,0.23 , 0.3 , 0.35, 0.5, 0.6, 0.65, 0.7
wortels (RCTB, 10 getalparen):

0. , 1o, , 20. , 30. , 40. , 60. , 80. ,100, ,150, ,999,
1.0 ,0.8 ,06 ,0.6 ,0.65,08,1.0,1.2,1.4, 6 1.6

% % %

*

turnover van verschillende biomassa componenten:
naalden (FLC)

takken (BLC)

wortels (RLC)

FLC: BLC: RI.C:

0.3 , 0.05 , 0.10

¥ o ¥ o

mortaliteit/zelfdunning in geval van natuurbos (USE=0)
MORT als fraktie per jaar:
MORT:
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0.02

%* F

gemiddelde verblijftijd vastgelegd CO2 in stamhout:

biji achterlating in het bos (natuurbosvariant, geen export: TCDHT):
bij gebruik voor energie opwekking (TCENRG)

bij gebruik als papier en karton (TCPAP)

bij gebruik als emballage (TCEMBL)

bij pgebruik als plaathout (TCPLAA)

bij gebruik als zaaghout (TCZAAG)

TCDHT : TCENRG: TCPAP: TCEMBL: TCPLAA: TCZAAG:

20. . 1. , 2. . 3. , 20. . 35.

S

% o 0 %

e
v

b

humificatie en decompositie coefficienten (j-1):
HUMC: TCLDEC: TCHDEC:
0.03 , 2.0 . 320.

%% ok

% %

koolstofgehalte wvan humus:
CCHUM
0.58

)(.

*



L. SPRUCEl4.STA

e S e T R e T Y S R s e e e T e e A e e s e SR e e o etk
SPRUCELl4 . STA

%

% Spruce on fertile braunerde Im = 14 at T = 100 in Europa
* versie 13-11-1992, t.b.v, FACE; door IBN-DLO
* input file voor programma CO2.FOR;;
* gegevens: standplaats parameters: boniteit, etc.
* C02.FOR leest mbv MOFILP
B R e R Rt T e AR kR 2 A T S e S I B P S T
* omloopstijd {(jr), aantal omlopen (jr), uitveoerinterval (jr),
* aanduiding of simulatie een (MCYCLE=0.) of opeenvolgende (MCYCLE=1.)
* groeicycli omvat (voor MCYCLE slechts 0 of 1 invullen), en parameter
% die bepaalt of er direct na dunning een extra uitvoer moet plaats-—
* wvinden (PARDUN=l: extra uitvoer, PARDUN=0.: geen extra uitvoer):
* CYCLE: NCYCLE: PRDEL: MCYCLE: PARDUN;
120. . 3. , 1. . L. . L.
# LET OP: Bij spontaan bes, zonder kap en afveoer wvan hout, wordt CYCLE
* alleen gebruikt om de simulatieperiode vast te stellen (= 2%CYCLE)
*
* Lkorrektie assimilatenverdeling naar blad, takken, en wortels in
* relatie tot groeiplaats (relatief t.o.v. optimale groei):
* SCFC: | SCBC: | SCRC:
1.0 , 1.0 , 1.2
%
# indication of self-thinning or mortality (INTEGER):
%
# USE=0: self-thinning according to percentage specified in ITREES.SPE
* USE=1: no self-thinning, possible thinning management specified in
* tables THAGE, THVOL and THUSE
* USE:
1
*
* initiele biomassa (ton/ha)
* FW: BW: RW: SVOL:
3. , 0.5 , 0.5 . L.
*
% initiele waarden voor dood hout, strooisel en stabiele humus (Mgha-1):
* DHOUT: LITTER: HUMUS:
G. , 0. , 190,
*
% leeftijden waarop een dunning wordt uitgevoerd:
* THAGES:
*
25. , 30. , 35. , 40. , &5.
50. , 55. , 60. , 65, , 70. ,
75. , 80. , 85. , 90. , 95. ,
100. ,1053. ,110. ,999. ,9%99.
999. ,999. ,999. ,999, ,999,
*
* fractie van het totale stamvolume dat verwijderd wordt:
*  FVOLTH:
.k. V

0.07, 0.09, 0.09, 0.09, 0.08,
0.08, 0.07, 0,07, 0.07, 0.07,
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0.07,
0.00,
0.00

G.G7, 0.07,
0.08, 0,00,
6.00, 0.00,

0.07,

0.00,
allocation of stemwood in thinning to product categories, including

dead wood left in the forest,

0.08, 0.08,

0.07,
.00,
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*

w3
23]
DNOoOunocrmounomnmonodnomnonoac o o D
M.Z MY TN O RTSCO—AIETOONO O
= — AR,

= nmnwnvnvﬂvo CODNNTM T TV~ OOoOODOO0OOO

MOOOOOO0886655&433200000001
MO OO OO0 TTOOCODOOOODOCOCOOO0

for each of 25 thinnings:

OO0~ AAdAd rd A A A~ 10 OO0 O
LiR=NeleieNoloNeNoNoNeRoloReNoRol el olleNol el wielRoell el

=1

3] .
MOSOODOOOQJG/OOOOOOO00000000000
= RsRwie R le N NoleNe oo Re No il e le e lelelleRoell oo el e

=R ejaolelelelsNololoRoNaoEsNelsNoeNeNeNoNoNeNoNoNol e
COCOO0DCOOCCOOCODCOODDOO0OCOO0CO

NOTE: last line (line 26) contains use of products at final harvest!!
AL

DWOOD:
1.0

NN NN A A rded A A A ped A A A A OO OO OO
CODO0OOCCODO0OCOCOCOCOOOoOoO0OCOOO

F I S
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Table K10:

Specification of inputs: central values, uncertainties, and correlations

SPECIFICATION OF INPUT UNCERTAINTY DISTRIBUTION FOR INPUTS CO2FIX

Version: SPRUCEl4

Files: 1 species data (e.g. SPRUCEL4.SPE)
2 stand data (e.g. SPRUCEl4.STA)

Types: 1 normal distribution
(for unrestricted inputs}
2 mnormal distribution after log transformation

(for inputs

>=0)

3 normal distribution after logistic transformation

(for inputs

>=0 and <=1)

=4 normal distribution after logratio transformation
(for components of a composition vector with values

O0<=x<=1 and

all inputs with the same type index (within categories C and D

sum{x)=1);

separately) belong to one composition vector;

1-S5UM(x) is the reference class value

cen = (backtransformed) central wvalue
(backtransformed) upper or lower limit of 95% confidence interwval

lim

Sampling method: 0 systematic sample

n simple random sample with n runs

-n  Latin hypercube sample on orthogonalized variables

with n runs

A. General:

seed for epsilon

random (for transformations
generator close to O or 1)
1221312 1E-6

Sampling
method
{nruns)

reduction factor
for uncertainties

B. Basic input specification files:

1 - species inputs

2 - stand inputs

'sprucel4 . spe’

'sprucel4 . sta’
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S —

C. individual inputs

identification:

file # name type cen lim

1 30 groptb_25 2 19.4 21.3
1 51 baden 2 410 450

1 52 ce 2 (.48 0.45
1 67 fetb 25 2 0.65 0.8
1 87 beth 25 2 0.30 0.4

1 107 retb_25 2 0.65 0.8

1 113 fle 2 0.3 0.25
1 114 ble 2 0.05 0.04
1 115 rle 2 0.10 0.15
1 116 mort 3 0.02 0.03
1 117 tedht 2 20, 10.

1 118 tcenrg 2 1. 2.

1 119 tcpap 2 2. 5.

1 120 tcembl 2 3. 10.

1 121 teplaa 2 20. 25.

1 122 tczaag 2 35. 40,

1 123 humc 2 0.03 0.05
1 124 tcldec 2 2.0 4.0

1 125 tchdec 2 320. 500.

1 126 cchum 2 0.58 0.65
2 10 fw 2 3. 10.

2 11 bw 2 0.5 3.

2 12 rw 2 0.5 5.

2 13 svol 2 1. 5.

2 14 dhout 2 1. 2.

2 15 litter 2 1. 2.

2 16 humus 2 190. 210.

2 134 thuse 12 1 & 0.01 0.10
2 135 thuse 12 2 4 0.01 0.10
2 136 thuse 12 2 4 0.1 0.20
2 137 thuse 12 4 4 0.48 0.75
2 138 thuse 12 5 4 0.3 0.5

I
i
I

D. strictly coupled ('slaved’) inputs

identification coupled to: type cen
file # name file # name

1 26 groptb 21 1 30 groptb 25 2 0.0
1 27 groptb 22 1 30 groptb 25 2 6.0
1 28 groptb_23 1 30 groptb 25 2 17.2
1 29 groptb 24 1 30 groptbh 25 pA 19.2
1 31 groptb 26 1 30 groptb_ 25 2 19.4
1 32 groptb_27 1 30 groptb 25 2 1.1
1 33 groptb_28 1 30 groptb_25 2 18.6
1 34 groptb 29 1 30 groptb 25 2 18.1



el el R e i el o I S J Sy

R el el e o R R b e e e e

[N NI R W S GRS

35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50

63
64
65
66
68
69
70
71
72

83
84
85
86
88
89
90
91
92

103
104
105
106
108
109
110
111
112

68
74
80
86
92
98
104
110

groptb 210
groptb_Z211
groptb 212
groptb 213
gropth 214
groptb 215
groptb 216
gropth 217
groptb 218
groptb_219
groptb 220
groptb_221
groptb_222
groptb_ 223
groptb_224
groptb 225

fceb_21
fcth_22
fctb_23
fctb_24
feth_26
feth 27
fctb_28
fetb_29
fetb_210

betb 21
betb_22
betb_23
betb_24
beth 26
betb 27
betb 28
betb 29
betb_210

rctb 21
retb 22
reth 23
retb_24
retb 26
retbh 27
rcth 28
rctb 29
reth_210

thuse 5

1

1

31
thuse_4 1
1

1

1

1

el el el R e el il B T SRS

Rl el S R b e e e el

PNMNRN RN N NN

30
30
30
30
30
30
30
30
30
30
30
30
30
30
30
30

67
67
67
67
67
67
67
67
67

87
87
87
87
87
87
87
87
87

107
107
107
107
107
107
107
107
107

134
134
134
134
134
134
134
134

groptb 25
groptb 25
groptb 25
groptb_25
groptb_25
groptb 25
groptb 25
groptb_25
groptb 25
gropth_25
groptb_25
groptb 25
groptb 25
groptb_ 25
groptbh_ 25
groptb 25

feeb_ 25
fctb_25
fctb 25
fctb 25
fctb_25
fctb_25
feth 25
fceb_25
fctb_25

beeb_25
betb_25
beth 25
betb 25
bctb 25
beth_25
bctb 25
betbh_25
betb_25

beth_25
beth 25
betb_25
betb 25
betb 75
beth 25
betb_25
beth 25
betb 25

thuse 12 1
thuse 12 1
thuse_12_1
thuse 12 1
rthuse 12 1
thuse 12 1

ARSI S S N S S SR S

PR R RO RN MBS N RN B RN R RN DO N R

R MR R RN NN

OO0~ Oy

thuse 12 1 10
thuse 12 1 11

17.
17.
16.
15.
15.
14,
14.
13.
13.
12.
12.
11.
11.
1G.

OO0 COoOOoCOo H~ OO OOO -+

HR R OOOOCR

OO o OO C OO0

OOO\OO\I—'O\I\J(DJ-“G\NCOQ"OL‘

o2 S o N B e B o s B o AN o2 W o Y ]

.01

.01
.0l
.01
01
.01
.01

20
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E. non-zero correlations between transformed inputs category ©

(specify at least 1 correlation)

identif. 1

file #

el el e e el
Lo
<

name

gropth 25
gropth 25
groptb 25
groptb 25
gropth 25
groptb_ 25
groptb 25
groptb_25
groptb 25
groptb_25
groptb 25
ce

ce

identif. 2 correlation
file # name

1 51 baden -0.3
1 67 fctb 25 -0.3
1 87 bctb_25 -0.3
1 107 rcth 25 -0.3
1 113 fle 0.3
1 115 rle 0.3
1 116 mort 0.3
1 117 tedht -0.3
1 117 tczaag -0.3
1 124 tcldec -G.3
1 125 tehdec , -0.3
1 117 tcdht 0.3
1 123 humc 0.5
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Table K11: Implementation of uncertainty analysis: diagram of procedures. Use is made of VAX/VMS
command files (*.COM), Genstat programs (*.GEN) and Fortran programs (*.EXE). The most
important files for input and output are boxed. The command @batch 1 performs the upper part of the
calculations and gives files SIMY1.DAT, SIMX1.DAT and SIMP1.DAT. The command gf reg,s=10
then asks for the index number (here 1) and performs the regression analysis.

r—BATCH.COH

(—MORERUNS.COH

—ONERUN.COM

PARVAR .DAT

PARVAR.LIS

NRUNS .DAT

EDT.CMD———f

PARVAR.GEN
[
] PAR.DAT
PA?.KEY
KAAL.EXE
KAAL.SPE
KAALESTA PARAM.DAT
|

PREPAREFILES .EXE

1
ITREES.SPE
ISTA?D.STA

COZFIX.EXE

T
TABL%S.OUT

EXTRACT.EXE

[

f
ONERUN.OQUT

MORERUNS ., OUT

SPRUCE1l4.SPE
SPRUCEL4.STA

T
BATCH.LOG

SIMY* . DAT

SIMX* .DAT SIMP* .DAT

l

[ |

REG.GEN j3—— REG.

SIM* LIS

SIM*  GRD

LIS






