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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
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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).
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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.




IBN Research Report 93/4

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).
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Fig. 2.5 Soils of East Kalimantan {Van Bremen et al. 1990).







