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SUMMARY

The main goal of the current project was to develop methodology for determining the total organic carbon
stocks (C-stocks) at afforestation sites, and to estimate their mean annual carbon sequestration (C-se-
questration) by stock-change method. This method involves a comparison between C-stocks on afforest-
ation sites and adjacent pastures on the same soil type and with the same pre-planting land-use history.

The total C-stock in a 32-yr old larch stand (Larix sibirica) was 276 Mg ha™', compared to 157 Mg C
ha™' on an adjacent grazed pasture. This indicates mean C-sequestration of 2.6 Mg ha™ yr'. A 54-year old
native birch stand (Betula pubescens) had total C-stock of 149 Mg ha™' and mean C-sequestration rate of
1.0 Mg ha™'yr~'. A 40-year old Sitka spruce stand (Picea sitchensis) had a total C-stock of 431 Mg ha™!
and mean C-sequestration rate of 3.0 Mg ha™' yr'.

The increase in C-stocks at the afforestation sites was mostly due to an accumulation in the trees and
the litter layer. Other compartments did not always show significant changes in C-stocks. The largest
part of the C-stock was always in the soil organic matter (SOM). High spatial variation in SOM at sites
make estimates of C-sequestration of the soil compartment especially difficult. However, in absence of
repeated measurements of SOM and aboveground C-stocks on permanent plots, the stock-change
approach can give useful information about carbon dynamics of afforestation areas.

Key words: afforestation, biomass components, birch, carbon stocks, coarse roots, fine roots, larch,
Sitka spruce, soil organic matter (SOM).

YFIRLIT
Kolefnisbinding med skégreekt d Islandi

Arid 1997 hleyptu islensk stjérnvold af stokkunum dtaksverkefni til ad auka bindingu kolefnis med skég-
rekt og landgradslu, par sem rannséknir 4 kolefnisbindingu med 4durnefndum adferdum voru sérstaklega
styrktar. I pessari grein er gerdur samanburdur 4 kolefnisforda skéglauss beitilands og narliggjandi mis-
gamalla skégrektarsvada af sambarlegum uppruna til ad meta drlega medalkolefnisbindingu sem fest med
skograkt.

Heildarkolefnisfordi 32 dra gomlum lerkiskdgi 4 Fljotsdalshérdi var 276 tonn C ha™', par af voru 64
tonn { ofanjardarhluta trjdnna, 16 tonn { gréfrétum peirra, 11 tonn { f6llnum barrndlum, sinu og botngrédri,
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9 tonn { finrétum og 176 tonn C ha™' { jardvegi. A samanburdarsvadi utan skégar var kolefnisfordinn alls
157 tonn ha™', par af voru 6 tonn i sinu og jurtkenndum grédri, 8 tonn i finr6tum og 144 tonn i jardvegi.
Arleg medalkolefnisbinding { lerkiskéginum var pvi um 2,6-3,0 tonn C ha' 4r', eftir pvi hvort jardvegs-
bindingin var talin med eda ekki. Kolefnisbinding { 4lika gdmlum lerkiskégi { Varmahlid { Skagafirdi var
mjog svipud (2,4-3,3 tonn ha™' ar™'), pratt fyrir erfidari vaxtarskilyrdi par. Hjd 6drum trjdtegundum var
mealdur eftirfarandi kolefnisfordi og kolefnisbinding; { 54 4ra gomlum birkiskdégi 4 Sudurlandi var fordinn
149 tonn C ha™' og bindingin 1,0-1,3 tonn C ha™' &r~'; { 40 dra sitkagreniskdgi 4 Sudurlandi var fordinn 431
tonn C ha™' og bindingin 3,0-3,5 tonn C ha™ ar'.

Rannséknin leiddi 1 1j6s ad staersti hluti kolefnisforda skéglenda var { jardveginum. Mikill breytileiki
var 4 dreifingu kolefnisfordans { dypri jardvegslogum, sem gerdi samanburdaradferd p4 sem hér var beitt
erfida. brétt fyrir petta syna nidurstodurnar ad pessi adferd er vel brikleg vid tttektir 4 kolefnisbindingu
skéglendis 4 medan ekki eru til endurteknar malingar 4 kolefnisforda 4 sama mealistad yfir lengri timabil.

INTRODUCTION

Atmospheric CO, concentration has increased
by 90 mmol mol~! from its pre-industrial level
of 280 mmol mol™ (Keeling and Whorf, 2002).
There is increasing concern that the Earth’s
climate is changing because of the rising atmo-
spheric concentrations of CO, and other green
house gasses. This concern is not recent; it
can be traced back to the late 19th century and
the Swedish chemist Svante Arrhenius, who
recognised that atmospheric CO, plays a critical
role in regulating Earth’s temperature (von
Storch and Stehr, 2000). Much scientific and
political debate has centred on the potential
of afforestation to act as a major terrestrial
sink for atmospheric CO, (e.g. IPCC, 2000; House
et al., 2002), which effectively could mitigate
the atmospheric increase. In recent years nu-
merous studies have been initiated in differ-
ent countries to quantify mitigation potential
of different woody ecosystems (e.g. Mund et
al., 2002; Nabuurs et al., 2000; Seely et al.,
2002; Sigurdardéttir, 2000; Sigurdsson, 2001;
Valentini et al., 2000; Vesterdal, 2002).

The first study that measured carbon stocks
(C-stocks) of woody ecosystems in Iceland
was published by Jénsson (1985), where both
above- and belowground compartments of a
lodgepole pine (Pinus contorta) plantation in
northern Iceland were measured (see also Jons-
son and ()skarsson, 1996). Few other studies
have quantified C-stocks or annual carbon
sequestration (C-sequestration) of plantation
forests in Iceland. Sigurdardéttir (2000) studied
C-stocks of planted Siberian larch (Larix sibir-

ica), birch (Betula pubescens) and lodgepole
pine sites in eastern Iceland. Net ecosystem
sequestration was measured directly with eddy
covariance technique over an young black cot-
tonwood (Populus trichocarpa) plantation in
southern Iceland in 1997 (Valentini et al., 2000).
Annual carbon uptake in 1994 of the same
plantation was also estimated from ecophys-
iological measurements of carbon uptake and
efflux (Sigurdsson, 2001).

The present study was initiated in 1997 as a
part of a larger governmentally sponsored
research project on C-sequestration (Oskars-
son, 2000). The main goals of this project were:
(a) to quantify the C-sequestration potential
of afforestation of treeless landscapes and of
revegetation of eroded lands, and (b) to develop
a robust methodology to estimate C-seques-
tration by afforestation and revegetation (Osk-
arsson, 2000). Some preliminary results of the
main project have been published as reports
(Arnalds et al., 1999; Arnalds, 2000; Snorrason
etal.,2000; C)skarsson, 2000). Data on C-seques-
tration by reclamation were also published in
Aradéttir et al. (2000), and soil C-stocks were
reported and discussed in Arnalds et al. (2000).
Using those results and some historical data
on afforestation and revegetation, an attempt
was made to estimate total annual C-seques-
tration of all afforestation and revegetation
sites in Iceland (Sigurdsson and Snorrason,
2000). The objective of this paper is to report
measures of C-stocks in some plantation for-
ests in Iceland with a focus on the aboveground
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Table 1. Main characteristics of afforestation and control sites chosen for the present study.

Established
Measured

Age

Soil depth
Abbreviation®
Number of plots

a) L

C-stocks and mean annual C-sequestration
rates. An accompanying paper will go in more
depth into distribution of carbon in forest soils.

MATERIAL AND METHODS
Choice of sites

Siberian larch and birch are the most used tree
species for afforestation in Iceland, and Sitka
spruce is the third most used species (Pétursson,
2002). Those three tree species were selected
for the present study. At each study site, plots
were laid out within the forest and on treeless
comparison site on as similar land as possible,
on the basis of vegetation, soil characteris-
tics, slope, exposure and elevation. Further-
more, the comparison sites were laid out as
close to the forest sites as possible, so that
growing conditions would be comparable.

Site description

The study took place in three regions in Ice-
land. In eastern Iceland, three Siberian larch
stands and two comparable treeless sites were
studied. In northern Iceland, one larch stand
and one comparable treeless site were studied.
In southern Iceland one birch and one Sitka
spruce (Picea sitchensis) sites along with two
comparable treeless sites were studied. More
detailed description of the sites can be found
in Table 1.

The study in eastern Iceland took place at
Mjéanes and Hafursd. A 16-year-old larch stand
on deep soils (L16%) had dominant height of
5.5 m and had 3400 stems ha~'. That is close to
the average planting density of such stands
today (Héradsskogar, 1995). The stand had
not been thinned since planting and was ap-
proaching canopy closure, but still had rather
rich and diverse ground vegetation. The 32-
year-old larch stand (L329) on deep soil had
dominant height of 9.2 m and stand density of
3100 trees ha™'. It had been thinned from ca
5000 trees ha™' in 1989, but denser planting
was a common practice before ca 1985. The
L.32¢ stand was very dense when the study
took place, self-thinning had started, and the
ground vegetation was sparse and species-
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poor. One comparable treeless, fully vegetated
grazed site on deep soil was studied (L0Y).
One young larch stand on thin sparsely veg-
etated soil (L16°%) was also studied. Dominant
height was 4.9 m and stand density was 2500
trees ha™'. The stand had not been thinned,
but low density is explained by early mortality
due to frost heave and drought. One compar-
able sparsely vegetated treeless site on thin
soils was studied (LO0%).

The study in northern Iceland took place at
Varmahlid, which has 1.0°C lower mean annual
temperature than the study site in eastern Ice-
land (Einarsson, 1976). The larch stand (LL.34™)
in Varmahlid was of similar age and dominant
height (9.0 m) as the oldest stand at Mjdanes
and Hafursa but on medium thick soils. It had
never been thinned and had a stand density of
5350 trees ha™'. There was a heavy light com-
petition between trees and self-thinning had
started some years ago. The comparable treeless
site was on grazed but fully vegetated medium
deep soils (LO™) on a similar slope as the forest.

The study in southern Iceland took place in
Gunnarsholt (birch) and Tunguskégur (Sitka
spruce). The mean annual temperature of both
those sites is 1.3-2.0°C higher than for Varma-
hlid, but Tunguskégur has 0.7°C higher mean
annual temperature than Gunnarsholt (Ein-
arsson, 1976). The birch woodland in Gunn-
arsholt (B54™) had dominant height of 7.6 m.
It was established in 1939 by direct sowing
on medium thick scarified soils. The sowing
resulted in dense regeneration and present
stand density of 7600 trees ha™', despite heavy
self-thinning in the past few years. The com-
parable treeless site (BO™) was on adjacent
grazed pasture. The Sitka spruce plantation
(S40% was established in 1960 on deep and
fertile soils and had dominant height of 11.7 m.
It had never been thinned and had a stand
density of 3700 trees ha™'. The planting den-
sity was ca 6000 trees ha™', but the stand suf-
fered considerable mortality in severe spring
frost in 1963 (Ragnarsson, 1964). The stand
was very dense, but in good health and little
self-thinning. However, there was almost no

ground vegetation and dead moss indicated
that complete canopy closure was fairly re-
cent. The comparable treeless site (S0?) was a
grazed pasture on a deep soil on a slope oppo-
site the plantation.

Sampling program

The sampling was carried out during August
and September when the vegetation was at
its peak, which is recommended when biomass
studies are done (Grier et al., 1981). At each
site 1-4 main sampling plots of 100 m? (10x10
m) were established (Table 1).

A number of measurements were made on
whole plots. All living trees were counted and
measured for height and diameter at breast
height (conifers) or at 0.5 m height (birch).
Sub-samples were taken from the main plots to
quantify the C-stocks of trees, ground vege-
tation, litter, fine roots and soil.

The tree with basal area closest to the plot’s
mean (GM-tree) was in all cases chosen for
destructive sampling. Total stem volume was
found by sectioning (Philips, 1994). It was
assumed that the GM-tree had stem volume
closest to the plot mean and hence that the
relationship between basal area and volume is
linear in even-aged monocultures (Husch et
al., 1972).

The harvested trees were then divided into
dead and living branches, stems, coarse roots,
and each component was weighed for total
fresh mass (FM). The coarse roots where de-
fined as the part of the main stem that was
belowground and the roots with a diameter
exceeding 0.5 cm (Vogt et al., 1996). For the
two larch forests on deep soil at eastern Iceland
(L16¢ and L32% the coarse roots were only
measured 1 m? pit adjacent the stem base of
the harvested GM-tree. At other sites all coarse
roots of the GM-trees were dug up. Sub-samples
were immediately taken from each FM-compo-
nent of the trees and weighed for FM and
dried at 105°C and weighed again for dry mass
(DM).

Some additional trees were also felled in the
younger larch stand, birch and spruce stands.
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They too were measured for stem volume and
in some cases for FM, DM and carbon con-
centration [C].

Ground vegetation and litter was harvested
on five randomly distributed 50x50 cm sub-
plots within the main plot. The only exception
was on forest sites where the fifth sub-plot
was always adjacent to the GM-tree. Ground
vegetation and litter were dried at 70°C and
weighed for DM.

Fine-root biomass was determined by tak-
ing a core with a corer at the fifth sub-plot.
Soil was washed away and the root samples
were dried at 105°C for 24 hours and weighed
for DM.

Soil C-stock was determined by taking sepa-
rate cores with an auger at each sub-plot, after
the vegetation and litter layer had been re-
moved. Samples for determining bulk density
were taken from the side of soil pits adjacent
to the fifth subplot. The soil samples were
dried at 70°C, sieved through 2.0 mm gauge
strainer before the carbon content was as-
sessed. The coarser soil fraction (small stones
and fine roots) was weighed for DM.

Both the fine roots and soil cores were
divided into 10 cm depth intervals. Attempt
was made to sample all organic soils and fine
roots. On some sites sampling went down to
200 cm depth.

Total carbon concentration [C] was analysed
for all components by Leco CR-12. Tree samples
were analysed for six different biomass fractions
on 15 of the 34 harvested trees. These where;
foliage, life branches, dead branches, stem,
root stock and coarse roots. Carbon content
of ground vegetation and litter was determined
for two out of five sub-plots, but [C] of all fine
root- and soil sample were analysed.

Data analysis

The methodology used in this study has been
termed ‘stock change approach’, i.e. C-stocks
of afforestation sites of known age and com-
parable adjacent treeless sites are compared
to estimate the mean annual C-sequestration
of the forest plantations (Gower et al., 1987;

Gower et al., 1992). Stem volume (v) of birch
trees on main-plots was estimated from the
equation:
— ~—1.809 2.554 -0.484
v=e xd, >>>*xh (1)

where d_, is diameter at 0.5 m height and h is
the height. Equation (1) was made from multiple
linear regression (Inv= a+Ind+Inh, fitted with;
Inv=-1.809+2.554xInd-0.484xInh, 1’=0.996) of
the measured stem volume of 12 felled and
sectioned trees on main-plots.

Volumes of Siberian larch and Sitka spruce
were calculated from equations given in Nor-
by (1990) and Bauger (1995), respectively. All
GM-tree C-stocks were estimated using the
DM/FM ratio of the sub-samples, the total FM
and [C] of each component. C-stock of the
GM-tree (C,,,..) Was converted to C-stock
on each main plot (C__ = ) by the equation:

C x(v__ /v 2

main plot .~ GM-tree mean GM-tree)xn
where v___is the mean volume of the trees in
each main plot, v, is the volume of the
GM-tree and n_, . is the number of trees on
main plot. C-stock in ground vegetation was
found by multiplying total DM on sub-plots,
[C] and the area ratio between the main- and
sub-plots. C-stock in fine root was estimated
by converting [C] on soil volume base to an
areabase (gC_  m™). Soil C-stock was estimated
by the same method as for fine roots; e.g. soil
bulk density (g DM cm™) was used to convert

[C] of soil to C-stock on an area base.

main plot

RESULTS

Mean tree height, mean diameter at breast
height, total basal area, total stem volume, and
mean annual volume increment of afforesta-
tion sites are shown in Table 2. Both the older
larch forests (L32¢ and L34™) had mean annual
increment (MAI) of 5.7 m* ha' yr', Sitka spruce
forest of similar age had 39% higher MAI or
7.9 m® ha ! yr!, the native birch woodland only
had MAI of 2.7 m* ha' yr~! (Table 2). Biomass
ratios of the three main biomass components
are shown in Table 3. The coarse root ratio
(RMR) was quite similar for all species and ages,
only varying from 18% to 22%. As was to be
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Table 2. Mean tree height (h, m), mean diameter at breast height (d

| 3» €M), total basal area (G, m? ha™),

total stem volume (V, m? ha'), and mean annual increment (MAL m® ha-' yr') of bole volume. Numbers
are mean values for main plots + standard error of the mean where more than one main plots were sampled

per forest.

2. tafla. Medaltal trjdheedar (h, m), brjésthedarpvermdls (d, ,, cm), grunnflots (G, m? ha™'), bolrimmdls

(V, m* ha™) og drlegs rimmdlsvaxtar (MAI, m* ha™' dr

fleiri en einn meeliflotur var meeldur i skogi.

’). S)fnd er stadalkekkja (£) medaltalsins, par sem

L16° L16¢ L32¢ L34 B54™ S40¢
h 3.5 4.2 8.4+0.2 7.4%0.0 5.8+0.1 10.7
d, 4.0 6.7 12.3+£0.7 9.7+0.1 7.2+0.0 13.9
G 4 13 40+2 44+3 36+2 60
v 10 35 182+7 19412 145+11 316
MAI 0.6 2.2 5.7+0.2 5.7+0.4 2.7+0.2 7.9

Table 3. Biomass ratios of the three main components of the sampled trees (DM of component as a
fraction of total DM). Branch mass ratio (BMR) contains both branches and foliage, stem mass ratio
(SMR) and coarse root ratio (RMR). Numbers are mean values for sampled trees + standard error.

3. tafla. Lifmassahlutfoll greina (BMR), bols (SMR) og grofrota (RMR) allra trjda sem voru uppskorin.
Birt er medaltal felldra trjda d hverjum meelistad, auk stadalskekkju (+).

L16 L324 L34m S4014 B54m Mean
No. of samples 3 4 2 5 2
BMR 0.33+0.02 0.23+0.02 0.27+0.01 0.27+0.03 0.21+0.03 0.27
SMR 0.45+0.02 0.57+0.01 0.55+0.02 0.53+0.03 0.59+0.02 0.54
RMR 0.22+0.02 0.20+0.01 0.18+0.03 0.19+0.02 0.20+0.00 0.20

expected, both the branch mass ratio (BMR)
and stem mass ratio (SMR) varied systematic-
ally with age of the larch trees (Table 3).

Total C-stock at all study sites are shown in
Figure 1. The aboveground compartments are
shown as positive values, and the error bars
indicate variability in the total aboveground
C-stock. The aboveground C-stocks are divided
into trees, ground vegetation and litter. The
belowground compartments are shown as neg-
ative values, and the error bars indicate vari-
ability in the total belowground C-stock. The
belowground C-stocks are divided into coarse
roots, fine roots, organic matter in soils above
30 cm in depth and organic matter in soils
below 30 cm depth. The standard error of the
estimate for the belowground C-stocks was
always greater than for the aboveground C-
stocks (Figure 1).

Total C-stock of the forest plantations, both
above- and belowground, was on average 227
Mg C ha’!, but the treeless pastures had on
average 134 Mg C ha™'. This indicated 69%
mean increase in total C-stock in forest plan-
tations that were 16-54 years of age (Figure
1). The forests had on average 25% (SE £2.9%)
of their total C-stock in aboveground com-
partments, but the pastures had only 3% (SE
+0.5%) of their C-stock in aboveground com-
partments (Figure 1). The increase in above-
ground C-stock was mostly due to more carbon
accumulated in woody biomass and litter, which
always increased following afforestation. C-
stock in ground vegetation increased in younger
larch forests, but decreased in older larch
forests, and under birch and spruce (Figure 1).

Figure 2 shows the apparent C-stock change
following the afforestation. At the three sites
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with replicated sampling the
increase in total C-stocks
above 30 cm soil depth was
significant, as well as C-stock
in trees aboveground and
coarse roots (P<0.05; Figure
2). The C-stock changes of
other components were mostly
positive, indicating a net C-
sequestration following affor-
estation, but they were not
always consistent or signifi-
cant for all species (Figure 2).

Figure 1. Total carbon stock on
each site measured (error bars
show standard error of total
above- and belowground stocks
of replicated measurements).

1. mynd. Heildarkolefnisfordi d
meeldum svedum (skekkjustika
synir stadalskekkju kolefnisforda
ofan- og nedanjardar par sem
meelingar voru endurteknar).

[ Sl

Soil abowe 30 cm depth
HEEl Fine roots

EEE Coarse roots

E=3 Litter and wegetation

]

[ Trees abowe ground
] Total

B Total excl. soil under 30 cm depth

L3z
comparned
with LO*

NN

compared compared
with BO™ with SC¢

Figure 2. Apparent C-stock change between afforestation sites and pastures. Error bars show standard
error of the difference where more than one main-plot was measured. A star (*) signifies that the change
was significantly different from zero (a two sample t-test (Zar, 1984), P<0.05).

2. mynd. Mismunur d kolefnisforda skogreektarsveda og skoglausra samanburdarsveda. Skekkjustika
synir mismun medtals d svedum med endurteknar meelingar. Stjarna (*) segir til um hvort mismunur var
markteekt frabrugdinn niilli (P gildi <0,05).
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The annual ecosystem C-sequestration rate
of different afforestation sites is shown in Fig-
ure 3, both including the soil over 30 cm depth
and the fine-root compartments and excluding
these compartments. Mean annual C-seques-
tration rate of the younger larch forests and
the native birch woodland was 1.0-1.5 Mg C
ha™! yr~! when the soil and the fine-root com-
partments were included. The older larch for-
ests and the Sitka spruce had mean annual C-
sequestration rate of 3.0-3.5 Mg C ha™' yr.
When the soil and the fine roots were ex-
cluded then the older forests sequestered
approx. 2.5-3.0 Mg C ha™! yr! (Figure 3).

DISCUSSION
Methodological issues

Some equations have been made to convert
volume or volume increment of different tree
species into C-stock or rate of C-sequestra-
tion (Birdsey, 1992; Winjum and Schroeder,
1997). Numerous equations have also been
made to describe the relationship between

ahLir i L™ & BT ar

Figure 3. Mean annual C-sequestration of affores-
tation sites. Open bars include C-sequestration in
all aboveground C-stocks, roots and SOM above
30 cm depth, filled bars exclude SOM and fine
roots. Standard error is shown where more than
one main-plot was measured.

4. mynd. Arleg medalkolefnisbinding skdgreektar-
sveda med (opnar silur) og dn (fylltar silur) kol-
efnisbindingar 1 jardvegi (0-30 cm dypi) og fin-
rotum. Synd er stadalskekkja peirra stada sem
hofou endurteknar meelingar.

dry mass and more easily measured factors,
e.g. diameter at breast height and dry mass
of various tree components (Grier and Lo-
gan, 1977; Gholz, 1982; Czabowskyj et al., 1985;
Harding and Grigal, 1985; Gower et al., 1987;
Gower et al., 1992; Vanninen et al., 1996; Mik-
eld and Vanninen, 1998). Dry mass can then
easily be converted to C-stock with addi-
tional information about [C]. No such equa-
tions exist, however, for Siberian larch, the
main tree species in Icelandic forestry (Pét-
ursson, 2002). Unfortunately, such equa-
tions could not be developed in the present
study because of too few samples. The sim-
plest method for estimating woody C-stock
(stand biomass) per area is to multiply the
dry mass of the mean basal area tree by the
number of stems on the plot. It is however
more accurate to use the mean stem volume,
since trees of the same basal area can be of
different height and therefore of different
volume and dry mass. In the present study
the volume of the mean basal area tree was
corrected for the deviation from the mean
stem volume before the total C-stock was esti-
mated (see Equation 2).

How representative are the results?

How representative are the present results for
C-sequestration of Icelandic woodlands? To
answer that, lets first state that the observed
C-sequestration mainly took place in the above-
ground compartments; namely in annual wood
increment (see Figure 2). This question can
therefore be answered by comparing the study
sites with other growth measurements from
throughout the country.

Siberian larch: Volume increment measured
in L32¢ (Table 2) was not as high as was ob-
served in a nearby larch forest named Gutt-
ormslundur, when it was at the same age
(Benedikz, 1975). Other yield studies in the
region give similar results as MAI of L32¢
(Snorrason, 1986; Sigurjoénsdéttir, 1993). The
L34™larch had, however, slightly higher domi-
nant height than predicted for larch stands of
this age in this region of north Iceland (Snorra-
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son, 1986). Hence, it is possible to conclude
that the data presented here for larch was
slightly below the average yield class for east
inland region but slightly above the average
yield class for some regions of northen Ice-
land.

Sitka spruce: The annual volume increment
of S40¢, 7.9 m3 ha™! yr~!, was probably well
above the average increment for Sitka spruce
(Table 2). According to data of Freysteins-
son (1995, 1996) and Blondal (1996) average
annual volume increment of 30-50 year Sitka
spruce is 4.5 m* ha™! yr! (ranging from 0.9 to
9.4 m?hayr).

Birch: No national growth data are avail-
able to state with confidence if the birch stand
measured is as productive as other planted or
seeded birch woodlands. However, when com-
pared to the preliminary figures from a
countrywide survey of plantations made in
1999 (Snorrason, unpublished data) we found
that the average height for birch 50 years and
older was 5.7 m (SD=1.59; n=236), which is
close to the mean tree height of the birch stand
(see Table 2). This indicates that the birch
stand at Gunnarsholt is close to average na-
tional site class for planted or seeded birch.

The C-sequestration rates observed in this
study for Siberian larch and birch are by no
means maximum values. Based on the above
comparison between growth measures from
the study sites and from elsewhere, we con-
clude that only in the case of Sitka spruce are
the observed C-sequestration values relative-
ly high. This is an important finding, since
lower values have generally been used in esti-
mates of C-sequestration potentials for Sibe-
rian larch. In a study on national C-sequestra-
tion potentials, Jonsson and Oskarsson (1996)
used for example an annual increment of 0.3—
2.3 and 0.9-2.7 Mg C ha™! yr! for larch and
spruce, respectively. Their maximum values
are well below the results obtained in the pres-
ent study. Furthermore, in the governmental
project from 1996 (Ministry for the Environ-
ment, 2000), afforestation was divided into
general afforestation with a mean annual C-

sequestration rate of 0.5 Mg C ha™' yr! and
commercial afforestation (plantations) with mere
1.1 Mg ha™!' yr~'. These estimates now seem to
be much too low.

Mean annual C-sequestration and the
rotation length

It is important to note that the mean annual C-
sequestration rates will change with the age
of the forest. Presumably the C-sequestration
in wood will go through similar systematic
changes as MAI of stem volume; i.e. with a
sigmoid change during the earlier stage and a
gradual decrease when the forest reaches higher
age (Fitje and Strand, 1973). Managed forests
are, however, usually harvested when they
are close to maximum MAI (at the end of the
rotation period). The forests studied here were
relatively young, or 16-54 years of age (Table
1), and had therefore presumably not yet
reached maximum MAI. The 40-year-old Sitka
spruce in Tunguskégur should have rotation
of 65-75 years, according to Scottish yield
tables (Hamilton and Christie, 1971). The two
Siberian larch forests, which were in their thir-
ties (L32¢and L34™), should have over 100
year rotation, according to Swedish yield
curves (Martinsson, 1990). Similarly the 54-
year-old birch (B54™) forest should have rota-
tion of 90-100 years, according to Norwegian
data (Institutt for skogskjgtsel, 1985). The C-
sequestration potential in the woody compart-
ment should therefore not have been overesti-
mated in the present study.

Icelandic forest plantations are generally
very young. Weighed mean age of all Icelan-
dic plantations planted since 1899 (weighed
with their area) is only 17 years (Sigurdsson
and Snorrason, 2000). Therefore it is better
to use the present C-sequestration rates for
estimating their mean annual C-sequestration
than mean rates based on whole rotations. A
mean annual C-sequestration rate will, how-
ever, always overestimate the real C-seques-
tration for very young forests, because of the
sigmoid increase in MAI when calculated at
young age (Kilbride et al., 1999).
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Stand versus landscape C-sequestration

It is important to make clear distinction be-
tween C-sequestration values that are esti-
mated on a landscape scale and values like
those of the present study that are estimated
from within homogeneous stands. The former
values include many open areas, such as trac-
tor paths, extraction allies, forest roads and
natural spaces caused by ponds, wet patches
and rocks. When C-sequestration rates of stud-
ies like this one are to be used on a landscape
scale, it is important that the forest maps be-
ing used for estimations of total forest area are
accurate, and do not include other surface
types within the forest class. Hence the total
C-stock and C-sequestration values obtained
here are only valid for net-forested area. This
may be the main reason why our results may
seem rather high, compared to some other pub-
lished data (e.g. IPCC, 2000). Winjum and
Schroeder (1997) reported for example that the
maximum C-sequestration potential of forest
plantations in the boreal zone was 0.96 Mg
ha™' yr~'. This is only one third to half of what
was found in the present study (Figure 3).

Apparent versus total C-sequestration

One of the stands (L32%) had been thinned
prior to the study, and the thinning was not
included when the mean annual increment of
the stem wood was calculated (Table 2). Wood
from thinnings and fellings is usually excluded
when total C-stock and C-sequestration rates
of afforestation areas are estimated (IPCC, 2000).
Some have advocated that live-cycle studies
of products from such wood should be used
to estimate mean C-sequestration for this com-
ponent (IPCC, 2000).

Soil C-stocks and C-sequestration

Coarse roots. In the boreal forest zone the
belowground portion of tree biomass (RMR)
varies from 19-39% and in the cold-temperate
zone from 13-28% (Vogtet al., 1996). The data
presented here are in accordance with these
findings (Table 3). Even if older trees mostly
add to the aboveground biomass through stem

increment, which results in constantly de-
creasing BMR, then RMR is much more stable
throughout the rotation (Vanninen et al., 1996).
The data here on RMR may therefore be used
for estimating C-stocks in coarse roots for
other studies on same tree species.

Fine roots. The fine root C-stock was variable
between sites, but less so between similar site
types (Figure 1). Such high variability is known
from other studies and is why many samples
are needed to compare fine-root mass between
sites (Persson, 1978). In the present study the
variability was too great to see any significant
changes in the fine-root mass after afforesta-
tion (Figure 2).

Soil organic matter. The carbon store in soil
organic matter (SOM) was the largest com-
ponent in the C-budget of the afforestation
sites (Figure 1). Spatial variability in this
component was however much larger than
for the aboveground components (see error
bars in Figure 1). It is therefore difficult to
estimate C-sequestration in soils accurately
without taking many samples. In the present
study there was a general trend for C accumu-
lation in soils of afforestation areas, but the
trend was only significant for L16°, which had
small C-stock at the time of afforestation (Fig-
ure 2).

It is obvious in Figure 2 that we did not
always succeed in selecting comparable sites
in terms of soil depth and deep-layer C-stock.
The afforestation plots for birch and Sitka
spruce are not really comparable to their pas-
ture equivalents. The soil layer in the B54™
plot was only 30 cm thick, resting directly on
pure sand, whereas a similar sand layer in the
BO™ was only 30 cm thick resting on organic
soil (peat) that continued down to the bottom
of the profile. The soil depth is very important
when soil C-stock is estimated and therefore it
is better to compare to a definite soil depth (30
cm) when changes in C-stocks are studied.

CONCLUSIONS
Much work remains to be done before all ques-
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tions now being asked by policy makers and
the general public about C-sequestration by
afforestation in Iceland have been answered.
This study gives some first results for C-se-
questration potential of plantations of Sibe-
rian larch, Sitka spruce and the native birch.

The C-sequestration of the afforestation
sites was mostly explained by an accumula-
tion in wood (above- and belowground) and
the litter layer. However, the largest C-stock
was always found in the SOM, but high spa-
tial variation made estimates of C-sequestra-
tion of this compartment especially difficult.
In absence of repeated measurements of SOM
and aboveground C-stocks on permanent plots,
the stock-change approach can give useful
information about carbon dynamics of affo-
restation areas.
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