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ABSTRACT

In this study single tree biomass and volume functions for young larch plantation (Larix sibirica) in
eastern Iceland are presented. In 2004 thirty trees were randomly chosen from a 12 year old plan-
tation in eastern Iceland, harvested and weighed for dry mass. Biomass was calculated for branch
wood, needles, stem, coarse roots excluding and including root stock, and total above-ground bio-
mass. Volume was calculated for the main stem above ground and over bark. The results provide
functions to estimate volume and various biomass components, using the independent variables
diameter at 0.5 m height and tree height. The quality of the functions did, however, differ to some
extent. Comparison of our functions with former published functions on Siberian larch in Iceland
indicates that special biomass functions, as presented in this study, are needed to obtain unbiased
estimates for small trees. Former functions typically underestimated the biomass of small trees.

Keywords: biomass functions, root biomass, stem volume, allometry, needle biomass

YFIRLIT

Lifmassa- og rimdlsfoll fyrir ung lerkitré (Larix sibirica) d Islandi

[ pessari rannsokn, sem er lidur i ad rannsaka til hlitar kolefnisbtskap ungrar lerkigrodursetningar,
voru Utbuin lifmassa- og rammalsf6ll fyrir ung lerkitré. Sumarid 2004 voru 30 tré felld og meeld i
landi Vallaness 4 Fljotsdalshéradi. Ut frd mealingum & pvermali og had voru ttbiin foll til ad aztla
lifmassa bols, greina, nala, og rota. Einnig voru utbuin foll sem aztla heildarlifmassa ofanjardar og
bolrimmal. Nidurstodurnar syna mikilvaegi pess ad utbta sérstok lifmassafoll fyrir ung tré i stad
pess ad nota foll sem gerd hafa verid fyrir eldri og sterri tré. Rannséknin syndi ad adur birt lif-
massafoll, atbuin fyrir eldri og steerri tré, hofou tilhneigingu til ad vanmeta lifmassa ungra trjaa.
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INTRODUCTION

In order to estimate volume, biomass and
carbon stock in forests, adequate and reliable
allometric functions are needed. Allometric
functions describe mathematically the rela-
tionship between the volume or the mass of
the tree and other more easily measured vari-
ables, such as diameter at breast height (DBH)
and/or the height (H) of the tree. The functions
are usually determined with linear regressions
on a log:log scale or a multiple regression
if there is more than one measured variable
(Pardé 1980). This approach has been widely
used to estimate biomass and productivity in
a variety of forest types (Pardé 1980, West
2004). The first allometric biomass functions
appeared in the 1960s (Baskerville 1965), but
since then a number of papers have been pub-
lished on such functions (e.g. Marklund 1987,
Johansson 1999, Wirth et al. 2004). Despite
the fact that different allometric biomass and
volume functions have much in common, they
do not account for differences in shape and
form caused by different tree species, age, site
or management (Grier et al. 1981). Also, their
geographical validity varies, with some func-
tions based on a countrywide sample while
others are based on a sample from only one
stand. Therefore new biomass functions often
need to be developed when tree species are
introduced to new locations, such as is the case
in Iceland (Snorrason & Einarsson 2006).

Up to now, almost all biomass functions
have been calculated based on tall and mature
trees, typically with at least 5 cm diameter at
breast height (West 2004). Only a few allo-
metric functions for young trees are available,
and to our knowledge none for Larix sp. In
Iceland, estimation of biomass for plantations
established after 1989 now needs to be done.
These plantations are referred to as “Kyoto
forests” and their carbon accumulation is to
be reported to the United Nations Framework
Convention on Climate Change on an annual
basis (Sigurdsson et al. 2007).

Siberian larch (Larix sibirica Ledeb.) is
one of the most economically and ecologically
important tree species of the Boreal zone. The

area covered by Siberian larch amounts to
nearly 14% of the total area of Russian for-
ests (Schiitt et al. 1994). The use of Siberian
larch in forestry in the Nordic countries has
been limited (Lyck & Bergstedt 2004). On
the other hand, Siberian larch was the most
planted tree species in Iceland during 1945-
2000 (Pétursson 1999). It should be noted
that there is some debate about the taxonomy
within the Larix genera (Abaimov et al. 1998).
Some authors differentiate between Larix
sukaczewii Dyl. and Larix sibirica Ledeb.; the
former originating west of the Ural Mountains
and the rivers Ob and Irtysh, while the latter
grows eastwards from that area (Simak 1979,
Putenikhin & Martinsson 1995). Even if the
material presented here originated from the
western area, we prefer to use L. sibirica for
both sub-species.

Because of forest policy and political
changes, afforestation in Iceland increased
very much in the late ‘80s and early ‘90s and
today the present extent is ca. 2500 hectares
per year (Pétursson 2002). During this time,
Siberian larch has accounted for ca. 30% of
the annual planting. The native mountain birch
(Betula pubescens Ehrh.) and Sikta spruce
(Picea sitchensis [Bong.] Carr.) are also used
in similar proportions (Gunnarsson 2006).
Siberian larch is therefore one of the key spe-
cies in foresty in Iceland.

In 2006, Snorrason and Einarsson (2006)
reported allometric functions for eleven tree
species used in Icelandic forestry, including
Siberian larch. For Siberian larch, volume,
stem biomass and total biomass were esti-
mated for trees with DBH ranging 3.3-31.6 cm.
Sigurdardottir (2000) also reported allometric
functions for different biomass components
(roots included) of mature Siberian larch trees
growing in East Iceland. The DBH of those
trees ranged from 8.9 cm to 28.9 cm. Both
these studies were made on older and larger
trees, on average, than were used in the present
analysis.

The present study is a part of a larger study
on the carbon puxes of a young Siberian larch
plantation in eastern Iceland (Bjarnadottir et al.
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2007). In order to estimate the carbon stock in
the plantation, this particular study was initi-
ated. The main goal was to create allometric
single tree functions for biomass and stem vol-
ume for the young Siberian larch plantation.
Functions were created for stem volume and a
number of biomass components, including live
branches, foliage, stem, roots excluding and
including root stock, and total aboveground
biomass. The outcome was then compared to
other published functions already created for
Siberian larch trees.

MATERIALS AND METHODS

Site description

The study took place on a 12 year old planta-
tion in Vallanes, eastern Iceland (65°19°N,
14°56"W, elevation 60 m a.s.l.; Figure 1). The
site was a grazed heathland pasture prior to
afforestation in 1992, when it was protected
from livestock grazing, ploughed and planted
with Siberian larch of Pinega provenance,
mixed with some lodgepole pine (Pinus con-
torta [Loudon] Douglas). The plantation cov-
ers approximately 60 ha and is typical of affor-
estation areas in eastern Iceland, containing

Figure 1. A map showing the study site in eastern
Iceland. Triangle represents Vallanes (L0), where
the study took place.

not only homogeneous vegetation cover but
also some patches of mire and inactive rock
surfaces in between. The ground vegetation
consists mainly of dwarf shrubs (Betula nana
L. and Vaccinium uliginosum L.), grasses and
bryophytes and the soil type is Brown Andosol,
one of the most common soil types in Iceland
(Arnalds 2004). In 2004, when the study took
place, the average stand density at eight 100
m? circular plots randomly placed within the
plantation was 3450 trees ha!, the average
DBH was 1.4 cm, basal area at breast height
was 0.73 m? ha! and the dominant height was
2.96 m. Further information on site conditions
can be found in Bjarnadottir et al. (2007).

Measurement of harvested trees

Field measurements and harvesting of trees
were carried out in August 2004, prior to nee-
dle fall. Thirty trees were randomly selected
from the plantation and divided into six diam-
eter classes. Diameter at 0.5 m height was
used for classification, since some of the trees
did not reach a height of 1.3 m. The diameter
at 0.5 m height ranged from 1.2 to 9.0 cm.
Prior to harvest, tree height and stem diam-
eter were measured at 0.5 and 1.3 m above
ground level. Trees were cut at ground level
and no stump above ground was left on site.
After felling, each tree was divided into three
equally long sections. Each branch section,
including the main stem, was put in paper
bags. The samples were dried in an oven at
85 °C for 24 hours and then separated into
needles and branch wood and then dried until
they stopped loosing weight. All fully dried
samples were weighed directly from the oven
with 0.01 g accuracy.

In order to measure the stem volume, sec-
tioning of the stem was used (Pardé 1980).
From the middle of each stem section, a 3 cm
thick stem disk was removed. The disk dia-
meter was measured with bark. Later, the disks
were also dried at 85 °C in an oven until they
stopped losing weight so that their weight could
be added to the total dry mass of each tree.
Additionally nine trees were randomly chosen
from the Vallanes plantation for harvesting of
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coarse roots in early October 2006. The trees
were evenly distributed among the diameter
classes and should therefore be representative
of the area. The harvested trees were measured
for height, diameter at breast height and dia-
meter at 0.5 m height. The coarse roots were
defined as the part of the main stem below-
ground (root stock) and roots with a diameter
exceeding 2 mm (Vogt et al. 1996). All coarse
roots and root stocks of the harvested trees
were dug up, dried at 85 °C for 3 days, or until
they stopped losing weight and then weighed
for dry mass with 0.01 g accuracy.

Data analysis
Biomass was calculated for branch wood, nee-
dles, stem including bark, coarse roots includ-
ing and excluding root stock, and total above-
ground biomass. Volume was calculated for
the main stem, over bark.

Three commonly used allometric models
were tested:

_ b
Y=axD (1)
Y =axD"x(D?)* ®)
Y=axD’xH¢ 3)

where Y was the measured volume (dm®) or
biomass (g dry mass) of various components,
D was the diameter at 0.5 m in cm, H was the
height in m, and a, b and ¢ were allometric
coefbcients calculated by regression. All the
equations included the independent variable
D,, (diameter over bark, at 50 cm height) and
in Equation 3, the independent variable height
was also included.

In order to describe the relationship between
the dependent and independent variables, all
variables were transformed to a natural loga-
rithm (In). This is a common procedure when
describing volume or biomass in equations
with diameter and/or height as the independent
variables (Pardé 1980, West 2004). Statistical
analysis was carried out with the multiple lin-
ear regression module of SigmaPlot software
(SPSS-Inc 2000). Iteration was set to 10,000,

tolerance to 0.000001 and step size to 1. After
the calculations, the functions were converted
from logarithmic to linear form, which can lead
to an underestimate in the dependent variable.
To compensate for this bias a correction factor
described by Baskerville (1972) was used:

B=8"/2 (4)

where S_ is the standard error of the regres-
sion and B is the correction factor to correct for
logarithmic bias. Coefbcient of variation (CV)
was calculated according to Marklund (1987):

CV =100%*Ves -1 ()

Criteria for selecting the better allometric
functions with only one independent variable
(D, ) were based on the higher coefPcient of
determination (r?) and the lower CV.

RESULTS
In Table 1 functions for volume and various
biomass components for young Siberian larch
trees in Vallanes are displayed. Presented are
the “best” allometric functions where only the
independent variable D, was used and func-
tions using both D, and H as independent
variables. In most cases, the independent vari-
able H did not signibcantly improve the above-
ground functions. However, the belowground
biomass showed a stronger relationship when
using both D, and H as independent variables
(Table 1). The quality of the functions, how-
ever, did differ to some extent. The most ac-
curate and precise functions were the ones for
total aboveground living biomass (r> = 0.991
and CV = 13.2%) and volume (1> = 0.991 and
CV = 14%), using only D as an independent
variable (Table 1). Functions for stem, branch
and needle biomass were of slightly lower
quality, but still fairly accurate (1> > 0.95 and
CV <25%). The functions for roots excluding
and including root stock, as mentioned above,
showed the best correlation using both D, and
H as independent variables (1> > 0.95 and CV
<23%).

Comparison was made between our “best”
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(-1840) and steep slope (1.31;
Figure 2). This indicated that it
both underestimated the total
biomass by almost 2 kg DM for
the smallest trees compared to
our function, but then overesti-
mated it by almost as much for
the tallest trees in this study.
The regression line between
our “best” function and Snorrason and Einars-
son (2006) function had less negative intercept
(1032) and a slope close to unity (0.96), which
indicated that it predicted similar size-related
change in total aboveground biomass as our
function, but underestimated the total biomass
of young trees by about 1 kg, irrespective of
tree size (Figure 2).

The difference between our “best” stem
biomass function and such functions made
by Sigurdardottir (2000) and Snorrason and
Einarsson (2006) showed a similar pattern
(Figure 3). Again, the function developed by
Sigurdardottir (2000) underestimated the stem
biomass for the smallest trees and greatly
overestimated the stem biomass for the taller
trees. The function made by Snorrason and
Einarsson (2006) slightly underestimated
the stem biomass for the smallest trees but
came close to our values for the taller trees
(Figure 3).

Sigurdardottir (2000) did not develop a stem
volume function and therefore we only com-
pared our “best” function to Snorrason and
Einarsson (2006) in Figure 4. The two func-
tions were quite comparable, with an identical

sions.

Biomass (g) - our equation

Figure 2. Comparison of allometric functions to estimate total above-
ground biomass (g). Our “best” function is represented with 1:1 line.
Circles represent the function from Snorrason and Einarsson (2006), Y
=0.1081 * D! * H*** and triangles the function from Sigurdardottir
(2000), Y =-0.997 * D**""®_ Fine and dotted lines indicate linear regres-

size-related difference in stem volume (slope
of 1.01). The Snorrason and Einarsson (2006)
function slightly underestimated the stem vol-
ume for our sample trees (intercept of -1.26
dm?).

When functions for the biomass of coarse
roots > 2 mm and root stock were compared
to functions of total aboveground biomass the
mean root to shoot ratio (R/S ratio) of 0.41 was
found (Table 1). Of the aboveground biomass,
stem mass ratio (SMR) was ca. 0.45 and branch
mass ratio (BMR) ca. 0.35 for the young Sibe-
rian larch trees. The needle mass ratio (NMR)
was the smallest and amounted to 0.12-0.17 of
aboveground biomass.

DISCUSSION

The three allometric equations used in the
present analysis have all been used in earlier
studies. Equation (1) is the most commonly
used allo-metric equation in the literature
(Pardé 1980, West 2004). However, a number
of other equations have been suggested by vari-
ous authors (e.g., Baskerville 1965, Cannell
1982, Marklund 1987). In the present study we
chose Equation (2) as an alternative to Equation
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Sigurdardottir (2000)

Snorrason & Einarsson (2006)

to the equation used by Snor-
rason and Einarsson (2006)
in making similar single tree
functions for 11 tree species in
Iceland.

To our knowledge, no pub-
lished generic biomass func-
tions exist for Siberian larch
growing outside Iceland, atleast
in English literature. However,
there are some studies that have
reported biomass functions for

2000 4000 6000

8000

Stem biomass (g) - our equation

Figure 3. Comparison of allometric functions to estimate stem biomass
(g). Our “best” function is represented with 1:1 line. Circles represent
the function from Snorrason and Einarsson (2006), Y = 0.0444 * D479 *
H'»97 and triangles the function from Sigurdardottir (2000), Y = -0.943
* D294 Fine and dotted lines indicate linear regressions.

10000 other larch species. Rubat-
scher et al. (2006) reported
biomass expansion functions
for European larch (Larix de-
cidua (L)) growing in Austria.
Similarly, Zavitkovski and
Strong (1984) and Zhou et al.
(2002) reported biomass equa-
tions for the hybrid between

Japanese and European larch

(L.x eurolepsis) and Dahu-
rian larch (L. gmelini Kuz-
neva), respectively. There are
also some dominant height
and yield tables for Siberian
larch for northern Sweden
(Martinsson 1995) and some
allometric  relationships  to
describe tree dimensions and
stand volume for Siberian
larch, tamarack (L. laricina Du
Roy), European larch (L. de-

Volume (dm®) - our equation

Figure 4. Comparison between Snorrason and Einarsson (2006) and
our “best” function to estimate volume (dm?). Our “best” function is
represented with 1:1 line. Circles represent the function from Snorrason
& Einarsson (2006), Y = 0.0983 * D551 * HI1483 where dotted line indi-

cates linear regression.

(1). Johansson (1999) reported Equation (2) as
a good equation for young Norway spruce trees
(Picea abies (L.) Karst.) grown in Sweden.
Equation (3) was chosen since it is identical
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cidua Mill.) and Japanese larch
(L. leptolepis Gordon) (Gilm-
ore 2001, Hakkila & Winter
1973). However, these can
not be used for estimating the
standing biomass of individual
trees.

In Iceland, most emphasis
has been placed on calculat-
ing dominant height and yield
tables for Siberian larch (Norrby 1990, Karls-
son 1990, Lindhagen 1990, Heidarsson 1998,
Pesonen 2006). As mentioned above, two pa-
pers have been published on biomass functions

12
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Table 1. Volume and biomass functions for young Siberian larch trees in Iceland. Independent variable D is
diameter at 0.5 m height in cm and H is tree height in m.

Coeffigien? of Coeff_icifent
Dependent variables Functions determipation. ~ of v‘?/‘orclia\tllon’
Total biomass Y = 119.734 * D% * (D?)* %% 0.991 13.2
Stem biomass Y = 58.4554 * D398 » (p2)0-2616 0.990 13.5
Branch biomass Y = 31.5330*D*"*" 0.973 23.8
Needle biomass Y = 17.8470* D" 0.956 26.0
Stem + branch biomass Y = 97.7451 * D% * (D2)0-2%1 0.990 21.4
Branch + needle biomass Y = 61.7708 * D412 * (D?)*#42 0.981 25.5
Coarse roots + root stock Y =31.7518 * D" 0.952 13.9
Coarse roots Y = 22.5475 *D"#" 0.934 19.4
Volume over bark Y =0.1187 * D" * (D?)*#% 0.991 13.9
Total biomass* Y =102.1374 * D807 » 403191 0.987 15.9
Stem biomass* Y =54.0065 * D"8" * 06363 0.988 15.1
Branch biomass* Y =31, 9231* D*1194 x 400401 0.972 24.3
Needle biomass* Y =20.0248 * D" * 0409 0.957 26.1
Stem + branch biomass* Y = 83.4488 * D" %7  |0-3264 0.986 16.4
Branch + needle biomass* Y =49.7391 * D"9%%7 » |40.08%4 0.977 215
Coarse roots + root stock Y = 19.8982 * D?87%0  |1.08% 0.967 19.2
Coarse roots Y =12.4833 * D> 1110 * (13681 0.957 220
Volume over bark* Y =0.1022 * D718 x o482 0.986 16.8

* Height (H) did not significantly improve the goodness of fit of the function.

for Siberian larch (Sigurdardottir 2000, Snorra-
son & Einarsson 2006). Their main difference
is that Sigurdardottir (2000) only used a few
large sample trees from a restricted local popu-
lation close to our study site, while Snorrason
and Einarsson (2006) used a random sample
from all over Iceland and measured more trees
and included more size variations. Both studies
were, however, based on a sample of older and
taller trees than found in the present study and
might therefore not apply to young trees. This
was the case for Sigurdardottir (2000). When
comparing our results to Snorrason and Einars-
son (20006), however, a relatively good agree-
ment was observed. There was a fixed under-

estimation in absolute biomass, but their model
was a good predictor for size-related changes.
This bxed underestimation could be an effect
of tree age (small size), but there are also some
methodological differences between the stud-
ies that could explain it. Snorrason and Einars-
son (2006) did not include the aboveground
stump of the harvested trees in their analysis
which clearly can lead to an underestimation of
the aboveground biomass. Also, one must keep
in mind the spatially limited sample population
used in this study.

The functions of Snorrason and Einarsson
(2006) have two independent variables, dia-
meter and height. We therefore also chose to
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present our results with Equation (3) for better
comparison with the existing functions. Height,
however, did not signiPcantly improve the allo-
metric model for aboveground biomass in our
study. This Pnding is in agreement with other
studies, where the harvested trees came from a
restricted local population or the ratio between
the height and the diameter of the trees had
little variation (Parresol 1999). Both circum-
stances apply to the present study. However,
it has been pointed out that it is preferable to
use height as a second independent variable to
lower the estimation error of generic biomass
functions (Marklund 1987, Wirth et al. 2004,
Snorrason & Einarsson 2006).

The present study reports allometric func-
tions for root biomass for young Siberian larch
trees, yielding the average R/S ratio of 0.41
(root mass ratio, RMR, 0f 0.29). Only two other
studies have been done on root biomass of Si-
berian larch in Iceland. Snorrason et al. (2002)
excavated trees ranging between 3.5 and 8.4 m
in height and found an average R/S ratio of
0.25 (RMR of 0.20). They debned coarse roots
as roots with a diameter > 5 mm. Sigurdardot-
tir (2000) also published R/S ratio for 50 year
old Siberian larch trees, but since she debned
coarse roots as roots with a diameter > 50
mm rather than the 2 mm used in the present
study, any comparison was impossible. The
difference in the reported R/S ratio between
these two studies probably arises both from the
lower diameter threshold in the present study
and the age-difference of the sample trees. It is
well known that young trees generally have
relatively more biomass allocated to their root
systems than older trees (Pardé¢ 1980, Dick-
mann & Pregitzer 1992). Other references on
R/S ratio or RMR of Larix sp. are scarce. Of-
fenthaler and Hochbichler (2006) concluded
that an R/S value of 0.22 was a reasonable
approximation for mature European larch
growing in subalpine areas in Austria, but the
R/S ratio would increase to ca. 0.40-0.50 when
the trees were growing close to their altitudinal
limit. Our results are in the same range.

Very few studies have been done on root
biomass in Iceland and we only know of one

additional published study by Sigurdsson et
al. (2001). They excavated 24 root systems of
black cottonwood trees (Populus tricocarpa
Torr. & Grey), ranging from 1.4 to 3.1 m in
height. They used the 2 mm root diameter limit
and found an average R/S ratio of 0.41 (RMR
0f 0.29). This is identical to the R/S ratio found
in the present study for young Siberian larch.
This may indicate that the age-related differ-
ences may be equally or possibly more impor-
tant than species differences in R/S ratios.

In 2005, a new sample-based National
Forest Inventory (NFI) was launched in Iceland
(Sigurdsson et al. 2007). It is based on system-
atic sample plots, laid out in a 500 m vs. 1000
m sample grid in all mapped afforestation areas
> 0.5 ha. These include mostly plantations, but
in some cases the areas are seeded. A special
emphasis by the Icelandic NFI is to estimate
carbon stocks of so called ‘Kyoto-forests’, i.e.
afforestation areas established after 1989. This
is a relatively large area in Iceland, amounting
to 74% of the 28,900 ha afforested by 2005
(Sigurdsson et al. 2007).

To date, mean annual C sequestration rates
of 1.2 - 1.7 t C ha! yr' have been used to esti-
mate C stock changes in all forest plantations
in Iceland (Sigurdsson & Snorrason 2000,
Snorrason et al. 2002). This estimate is valid for
forest plantations up to 30-50 years of age, and
has been applied for all tree species. It gives a
conservative estimate of C sequestration, since
average values for a number of 35-50 year old
forest plantations have yielded as much as five
times as high sequestration potentials (e.g.
Sigurdsson et al. 2007, Snorrason et al. 2002,
Sigurdardottir 2000). Such mean sequestration
rates do not take into account the high varia-
tion in annual C sequestration depending on
the age of plantations. Mean annual sequestra-
tion overestimates current annual sequestration
rates in young plantations and underestimates
the rate in middle-aged plantations. A better
way to estimate C-sequestration in forest plan-
tations is to measure the C-stocks in a forest
inventory and apply either volume or bio-
mass functions. If volume functions are used,
information about wood density and biomass
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expansion factors needs to be added before the
forest carbon stock can be derived (Einarsson
et al. 2004). Therefore biomass functions
are preferred for the Icelandic NFI, if avail-
able (Sigurdsson et al. 2007). After repeated
measurements at two different times, the stock
change method, as described in Good Practice
Guidance for Land Use, Land-Use Change
and Forestry (IPCC 2003), can be applied to
estimate average C sequestration or C emission
for a time period near to current time.

Former single tree volume and biomass
functions are made for relatively old and large
trees and rarely include trees younger than ca.
20-30 years of age with DBH of 3-5 cm. They
should not be used outside the range of their de-
velopment. If used, our results show that they
underestimate smaller trees. The comparison of
our functions to former published functions on
Siberian larch in Iceland clearly shows the ne-
cessity for creating special biomass functions
for young trees.
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