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Abstract

The amount of carbon (C) and nitrogen (N) removed in stems after clear-cutting a forest in eastern Finland is compared with
ecosystem pools (above- and below-ground tree and understorey vegetation biomass + organic layer + 0—60 cm mineral soil
layer) and fluxes before clear-cutting. The tree stand was an old-growth mixed coniferous forest dominated by Norway spruce.
The ecosystem pools of C and N before clear-cutting were 175 536 and 2848 kg ha™", respectively. Most (62%) of the C was
in living vegetation, mainly trees (60%), whereas most of the N pool was in the soil (80%). C and N pools in understorey
vegetation were small (<2% of ecosystem pools) and those in dead tree compartments were somewhat greater (C: 8%; N: 4%).
The annual net uptake (defined as net accumulation in tree biomass + aboveground litterfall) of C by trees was 2013 kg ha™*
and that of N was 16.1 kg ha~'. The annual return to the forest floor as aboveground litterfall was 958 kg ha™' of C and
12 kg ha™' of N, corresponding to 48 and 75% of annual net uptake, respectively. During clear-cutting, some 239 m® ha™! of
stemwood (overbark) were removed from the site, corresponding to 32% (C) and 3.0% (N) of the pre-harvest ecosystem pools;
branches and foliage were left on site. The pool of C in living vegetation was reduced by 89% and that of N by 81% while the
C pool in dead vegetation increased fourfold and that of N somewhat less. Our results indicate that clear-cutting will affect the
C and N pools and fluxes of forest ecosystems significantly, even though some living trees are left on site.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Boreal forest ecosystems in Fennoscandia and else-
where are known to contain large amounts of carbon
(C) and nitrogen (N) (Tamminen, 1991, 2000; Dixon
et al., 1994; Kauppi et al., 1997; Liski and Westman,
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1997b). However, most studies in Fennoscandia have
dealt with forests managed to produce a single species
through artificial regeneration and periodic selective
felling, and relatively little is known about semi-
natural, old-growth forests. Such forests are relatively
rare in Finland, with less than 10% of the total forest
area having stands older than 140 years and in south-
ern Finland even less, 1.7% (Sevola, 1999). However,
the structure and species composition of managed
forests throughout Finland is set to change as a result
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of changes in management practices that took place
during the 1990s. More forests will become like old-
growth forests, i.e. mixed composition and retaining a
significant proportion of dead trees to sustain biodi-
versity. Old-growth forests contain more biomass than
younger managed forests and their nutrient cycling is
tight, with minor losses by leaching (e.g. Miller,
1984). In view of increasing awareness about climate
change and the role of forests as C sinks, information
about the C and N pools and fluxes of such stands is
needed (Karjalainen, 1996a; Liski et al., 1998).

Forest ecosystem pools and fluxes of C and N are
strongly affected by disturbances, including forest
management and fire (Johnson, 1992; Ryan et al.,
1992; Bengtsson and Wikstrom, 1993; Karjalainen,
1996a,b). Nowadays, wild fires in Finland are effec-
tively controlled but the forests will continue to be
managed for timber and pulp production. The effects
of strong management tend to reduce soil C and N
pools while the effects of less intensive management
practices have been ambiguous (Johnson, 1992; Ols-
son et al., 1996). Long-term simulation studies have
indicated that the total ecosystem C pools in unma-
naged, boreal forests are bigger than in managed
forests (Bengtsson and Wikstrom, 1993; Karjalainen,
1996b). More experimental data are needed to validate
the differences in the C and N pools and fluxes
between managed and unmanaged forest ecosystems.

Removal of timber obviously results in an immediate
loss of C and N from the ecosystem; the greatest
reduction resulting from whole-tree harvesting (Mor-
rison and Foster, 1979; Huntington and Ryan, 1990;
Olsson et al., 1996). With conventional stem-only
harvesting where only the stems with bark are removed
from the forest, soil C and N pools are initially
increased by the addition of logging residues to the
forest floor. Although stem-only harvesting is still the
most common practice, recent European legislation
promoting the use of biomass for energy production
may be expected to lead to increased whole-tree har-
vesting, especially at final cutting. Besides the loss of C
and N associated with timber removals, harvesting also
affects a number of soil processes which in turn affect
the fluxes of C and N leaving soil.

Litterfall and nutrient uptake by trees decrease and
decomposition, denitrification, respiration, leaching
and runoff all tend to increase after harvesting, result-
ing in losses of soil C and N by leaching (Vitousek

et al., 1981; Rosén, 1984; Tiedeman et al., 1988;
Reynolds et al.,, 1995). However, the increase in
leaching tends to disappear within a few years and
is small compared to the biomass removals at harvest-
ing (Mann et al., 1988; Reynolds et al., 1995). Leach-
ing losses are also small compared to the soil pools and
have no detectable effect on the soil C and N pools
(McColl and Grigal, 1979; Sollins and McCorison,
1981; Huntington and Ryan, 1990). However, in some
studies significant leaching losses of soil C and N have
been reported (e.g. Mroz et al., 1985). The C and N
pools of forests can also be severely reduced by heavy
wild fires and by harvesting combined with intensive
soil preparation (Johnson, 1992; Trettin et al., 1992).

The aim of this study is to give a detailed report on
the amount of C and N stored in the vegetation
biomass and soil of an old-growth, mixed boreal forest
ecosystem before and after clear-cutting. Besides
calculating C and N removal with harvesting, the
changes in the fluxes due to removal of trees are also
discussed. The results presented are a part of the
VALU-project, the aim of which is to study the effects
of clear-cutting on nutrient cycling, soil properties,
soil water and stream water quality and yield (Finér
et al., 1997).

2. Material and methods
2.1. Site

The data presented were collected from three
50m x 50 m permanent sample plots located in the
Kangasvaara catchment in eastern Finland (63°51'N,
28°58'E, 220 m a.s.l.) (Finér et al., 1997). The plots
were established in an old-growth, mixed coniferous
stand dominated by Norway spruce (Picea abies
Karsten), but with Scots pine (Pinus sylvestris L.),
white and silver birch (Betula pubescens Ehrh. and B.
pendula Roth) and European aspen (Populus tremula
L.) also present (Table 1). There were dead trees in the
stand, both standing and lying on the ground. The
stand was uneven-aged, with the average age being
140 years and the oldest trees being 170 years old. The
site type was Vaccinium—Myrtillus-type according to
the classification of Cajander (1949). The field layer
vegetation was dominated by dwarf shrubs (Vaccinium
vitis-idaea L. and V. myrtillus L.) and the bottom layer
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Table 1

Tree stand characteristics of the sample plots (n = 3) before harvesting in 1996 (standard deviation in parentheses)

Characteristics Pine Spruce Deciduous trees

Living trees
No. of stems per hectare 123 (94) 1220 (178) 242 (102)
Mean height (m) 20.8 (1.0) 8.1 (1.0) 10.5 3.1)
Mean breast height diameter (mm) 308 (41) 100 (18) 115 (37)
Stem volume with bark (m> ha™!) 87 (61) 137 (55) 36 (9)
Volume growth with bark (m*ha~'a™") 1.0 (0.8) 1.9 (0.3) 0.3 (0.1)

Dead trees
Standing, volume (m® ha™") 6 (3) 2 (1) 6 (4)
Fallen, volume (m’ ha™") 13 (34) 43) 6 (0.4)

by feather mosses (Pleurozium schreberi Brid. and
Hylocomium splendens (Hedw.) B. S. & G.).

Clear-cutting with the conventional ‘“‘stem-only”
method was carried out according to the recommended
standard practices in August—October 1996. Accord-
ingly, only stands classified as mature for final cutting
and not adjacent to the stream draining the catchment
were felled. Two of the permanent plots were located
in an area (8.3 ha) designated for clear-cutting while
the third remained uncut. The total harvested area in
five different compartments was 19.4 ha, i.e. 35% of
the catchment area. Some living trees and all dead trees
were left standing on the harvested area. All trees were
removed from the two harvested plots.

The upland soils in the catchment were developed in
sandy till with a clay content of <2% and classified as
Haplic Podzols (FAO, 1988). The underlying bedrock
is granodiorite. The stone content (>20 mm) of the
upper 0.3 m layer of soil, determined by the steel rod
penetration method of Viro (see Tamminen and Starr,
1994), was 0.28 m® m 3. The mean annual air tem-
perature was +1.2 °C, the effective temperature sum,
922 °C (sum of daily mean temperature exceeding
+5 °C), and the amount of precipitation 709 mm for
the period 1992-1995 (for more details about the site,
see Finér et al., 1997).

2.2. Stand measurements and estimation of biomass,
C and N pools

2.2.1. Aboveground biomass of trees
2.2.1.1. Living trees. Biomass estimations were made

using allometric functions. The dbh (mean of two
breast height diameter measurements in right-angled

directions, accuracy 1 mm), tree height (accuracy
0.1 m) and crown length (accuracy 0.1 m) of all
living trees (height > 1.3 m) on the three permanent
plots were measured in September 1992 and again in
July—August 1996.

Sample tree harvesting for derivation of biomass
functions was carried out in August—September 1996
in connection with the clear-cutting. Using stratified
random sampling based on the distribution of dbh
values, nine Scots pine, nine Norway spruce and seven
birch trees growing on the two harvested plots were
selected, and carefully felled. Derivation of the allo-
metric biomass functions and subsequent calculation
of biomass components (stemwood, stem bark, foli-
age, and branches) at the stand-level was carried out as
described in detail by Finér (1989). The number of
sample branches from each sample tree was 10 and
they were taken at regular intervals from along the
entire length of the crown.

2.2.1.2. Standing dead trees. The dbh and height were
measured from living trees and the degree of decay
was determined of all standing dead trees
(height > 1.3 m) on the sample plots in August
1996. The following decay classes were used for
standing dead stems. (1) Tree recently died, but
bark and branches had not yet dropped. (2) Had lost
its bark, but some could exist on the base of the stem;
deciduous trees had kept their bark but the stemwood
had started to decay and most branches had dropped.
(3) Stem was largely decayed and soft and only bark
kept it standing; usually only deciduous trees were
recorded into this class. (4) Stem had lost all branches
and was dry; usually only conifers were recorded into
this class (Metsdntutkimuslaitos, 1995). The stem
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volume of dead trees was calculated using well-
established allometric functions (Laasasenaho, 1982)
and the stand stem volume per hectare of standing dead
trees was calculated. A total of eight dead Scots pine,
11 Norway spruce and eight birch trees, representing
different dbh classes and degrees of decay, were
sampled for the determination of wood density. The
biomass of standing dead stems was calculated by
multiplying the stem volume per hectare by the
mean density of the sample trees (weighted by dry-
weight) of each decay class and summing the values.

2.2.1.3. Fallen dead trees. The diameter (mean of two
measurements taken in right-angled directions,
accuracy 10 mm) at both ends of all fallen dead
stems (>5 m length and >40 mm diameter), length
(accuracy 0.1 m) and degree of decay of the stems
on the sample plots were determined in August 1996.
Five decay classes were distinguished for the fallen
dead stems based on the structural integrity, wood
texture and the presence of bark, branches and other
vegetation. In decay class 1, the stem had recently
fallen with no decay whereas in class 5 the stem was
soft, powdery and covered totally by epiphytes
(Metséantutkimuslaitos, 1995). The volume of dead
fallen stems was calculated assuming a truncated
cone form. A disc was cut from the middle of the
stem (13 Scots pines, 19 Norway spruces and 14
birches representing different diameters and degrees
of decay) for determination of wood density. The stand-
level biomass of fallen dead stems was calculated in the
same way as described for standing dead trees.

Fallen dead branches were collected in August 1996
from 20 quadrats (each 4 m?) located systematically
along the sides of each of the three permanent plots.
Logging residues (without foliage) were collected in
June 1997 from 30 quadrats (each 4 m2) located on a
line crossing the clear-cut area near the plots. The
biomass of the dead branches and logging residues
were divided by tree species into different diameter
classes (<1, 1-3, 3-5 and >5cm), their dry mass
determined and the results were used to calculate
stand-level values.

2.2.2. Aboveground biomass of
understorey vegetation

Aboveground biomass sampling of understorey
vegetation was carried out in July 1996. The above-

ground parts of the bush layer vegetation were har-
vested from the same quadrats as fallen dead branches.
The zero level for sampling for all layers was taken as
the lower level of the living moss layer. The bush layer
mainly consisted of young saplings (0.5 < height <
1.3 m). Aboveground parts of the field and bottom
layer vegetation were harvested from smaller subplots
(each 0.25 m?) located in the bush layer quadrats. The
sampled field layer consisted of the aboveground parts
of dwarf shrubs, herbs and grasses, and tree seedlings
(height < 0.5 m). The bottom layer consisted of bryo-
phytes and litter. The aboveground biomass and N
content of the understorey vegetation was calculated
from dry mass of the harvested biomass samples.

2.2.3. Belowground biomass of trees
and understorey vegetation

The living stump and coarse root biomass of
Scots pine and Norway spruce were calculated using
the allometric functions presented by Marklund
(1988) and those of birch with functions presented
by Finér (1989). The biomass of all living fine
(diameter < 2 mm) and small (2—-10 mm) roots was
determined by the core method. Twenty cylindrical
cores of the soil were systematically taken from each
permanent plot. The cores were taken from the organic
horizon (core diameter 137 mm) and upper 20 cm
mineral soil layer (core diameter 35 mm) in August
1996. The living roots were extracted from the cores
by hand and divided into living conifer roots, and
living roots of deciduous trees and understorey vege-
tation. These fractions were further divided into fine
and small roots and their dry mass was determined.
These data were then used to calculate the stand-level
biomass of stumps and roots.

2.2.4. Soil C and N pools

Volumetric samples of the organic layer and mineral
soil were taken in August 1993 for calculating the soil
C and N pools. On each permanent plot from nine
systematically located points, five samples were taken
from the organic and 0-20 cm mineral soil layers and
pooled by sampling point and layer. These samples
were used to determine bulk density. C and N were
analysed from three samples pooled from the nine
samples on each plot. The size of individual samples
from the organic layer was 10cm x 10 cm and the
samples were extracted with a knife. For the mineral
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soil, samples were taken with a stainless steel corer
(diameter 35 mm). For the 2040 and 40-60 cm
mineral soil layers, four pits were excavated close
to the permanent sample plots and from each pit two
samples were taken horizontally with a corer (dia-
meter 72 mm and height 50 mm) in the middle of the
respective layer and pooled to make one sample per
layer for analysis. The stone content (>20 mm) of the
soil was determined by the steel rod penetration
method of Viro (see Tamminen and Starr, 1994) at
30 systematically located points on each plot. The
average thickness of the organic layer was 31 mm and
the stone content was 28 m> m™>.

2.2.5. Laboratory analyses

The biomass and soil samples were dried to con-
stant mass at 60 °C. Mineral soil samples were sieved
through a 2 mm sieve and the mass of the 2-20 and
<2 mm fractions were recorded. Subsamples of bio-
mass and soil samples were taken for dry mass deter-
mination at 105 °C. Total N concentrations (% of dry-
weight) were determined by the Kjeldahl method
(Halonen et al., 1983) in biomass and organic soil
samples. Carbon concentrations in organic soil sam-
ples and also N concentrations in mineral soil (<2 mm
fraction) samples were determined using a LECO
CHN-600 analyser. Since the soils have no carbonate,
the total C concentrations correspond to organic C
concentrations.

2.2.6. Calculation of biomass C and N pools,
litterfall fluxes and removals at clear-cutting

The pools of C and N in all biomass compartments
in 1996 (before clear-cutting) were calculated from
the biomass determined as described above. For the C
pool, all biomass compartments were assumed to have
a C content of 52%. For the N pool, the samples taken
for biomass and wood density determination were also
analysed for total N concentrations. The N concentra-
tion (% dry-weight) value for each compartment was
multiplied by the corresponding biomass value to
calculate N pools. In calculating the ecosystem N
pools in different aboveground tree compartments,
the dry-weight weighted mean N concentration of
the respective compartments of the sample trees
was used. For Scots pine and Norway spruce, we used
the stemwood N concentrations to calculate the N
content of the stumps and the N concentration of small

roots (diameter 2—10 mm) to calculate the N content
of coarse roots since we did not sample these compart-
ments for N concentration analyses. For birch, the N
contents of all belowground compartments were cal-
culated using the N concentration values for stem-
wood since we did not have data for birch root N
concentrations. Our procedures probably somewhat
underestimated the N pool in roots for birch since the
N concentrations of roots are known to be higher than
those in stemwood and increase with the decrease in
root diameter (Helmisaari, 1991; Finér, 1992). The
biomass C and N pools of aspen were calculated using
the biomass functions and N concentrations for birch.

The biomass C and N pools of the trees in 1992 were
also calculated in order to obtain values for annual C
and N net accumulation in tree biomass. The stand
measurements made in 1992 were used to calculate the
C pool in the same way as described above. For N, the
biomass values from 1992 were multiplied by the N
concentrations determined in 1996. The mean annual
C and N net accumulation in trees were calculated as
the difference between 1992 and 1996 values divided
by the number of intervening years. The current net
annual uptake of C and N was calculated by summing
the current annual net accumulation in biomass
(aboveground and belowground) and the current
annual aboveground litterfall values described below.

Tree canopy litterfall was collected from September
1992 to 1996 using 16 funnels during summer (June—
September) and eight funnels during winter (collect-
ing area 0.5 m%, collecting height 1.3 m) in each plot.
The funnels were emptied once a week during summer
and once a month during winter. Litterfall was sepa-
rated into branches and twigs, foliage, and the rest and
their dry mass and N concentrations were determined.

The amount of C and N removed in stem harvesting,
retained in the living and dead trees, and left in logging
residues on the harvested area on and around two of the
permanent sample plots were calculated for each tree
species. Only trees with dbh > 8 cm were harvested
and they were cut as close to the ground as possible and
the removed volume was recorded by the harvester with
an error of <4%. The species, dbh and height of trees
(dbh > 8 cm) left on the site were measured after
harvesting. The biomass of stumps, roots, branches
and foliage stripped from the stems and left on site
were estimated using the relationships established
between these biomass fractions and stemwood from
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the 1996 data described above. Estimation of the
proportion of fine (diameter < 1 cm) branches out of
the total branch biomass was based on the logging
residue data collected from the site. The mean content
of C and N in stumps, roots, stems (over bark), branches
and foliage were then used to calculate C and N
removals and logging residue inputs to the forest floor.

The C and N pools in the soil compartment (organic
layer + 0-60 cm mineral soil layer) were calculated
from the C and N concentrations (of the <2 mm
fraction in the case of the mineral soil), bulk density
and the layer thickness values on each plot. The
subsequent values for the mineral soil were also
corrected for gravel (2-20 mm) and stone (>20 mm)
contents as described by Tamminen (1991). The C and
N pools fixed in living roots were subtracted from the
soil C and N pools.

3. Results
3.1. Ecosystem C and N pools

Ecosystem (i.e. total biomass + soil) C and N pools
for the old-growth Norway spruce-dominated stand

were 175 536 and 2848 kg ha™', respectively (Fig. 1,
Table 2). Most of the C pool (62%) was in living

Table 2
Carbon and nitrogen pools (kg ha™") in living and dead vegetation
and soil before harvesting (standard deviation in parentheses

(n=3)

Compartment C N
Vegetation aboveground
Living trees 80068 (8213) 276.0 (21.0)
Bush layer 677 (362) 6.6 (3.1)
Field layer 436 (112) 10.9 (2.7)
Moss layer 751 (135) 18.1 (3.7)
Standing dead stems 2636 (412) 6.0 (1.5)
Fallen dead stems 2720 (314) 11.7 (1.3)
Fallen dead branches 6422 (3890) 50.5 (29.3)
Litter in moss layer 1673 (462) 45.7 (13.9)
Vegetation belowground
Stumps and coarse roots 21875 (2046) 94.5 (8.1)
Fine and small roots 3345 (487) 449 (7.7)
of conifers
Fine and small roots 2075 (385) 25.1 (2.6)
of other species
Soil
Organic layer 21244 (4256) 551.0 (65.7)

Mineral soil (0-0.6 m) 31614 (1024) 1707.0 (99.0)

vegetation, mainly the trees (60%), whereas most of
the N was in the soil pool (80%), with only 15% in the
living trees. The mineral soil C and N pools were
larger than the pools associated with the organic layer.

200000
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150000

4000

100000 -

C, kg ha™

50000 7 > 7

0.

&3 Living vegetation

55

i Dead vegetation coarse
1000 Dead vegetation fine
- VA soil organic layer

Mineral soil

Old-growth Clear-cut Old-growth Clear-cut

forest forest

Fig. 1. Distribution of C and N pools into the living and dead vegetation (dead stems, roots, leaves, branches and litter) and soil in the old-
growth forest before and after clear-cutting. Fine dead vegetation fraction includes leaves, branches diameter <1 cm and fine roots diameter

<2 mm.
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Fig. 2. Distribution of C and N in the different tree compartments of the living Scots pines, Norway spruces and deciduous trees in the old-

growth forest.

The pools of C and N in the aboveground understorey
vegetation compartment were very small (<2%), and
those in dead tree compartments and litter only some-
what larger (8 and 4% of ecosystem C and N pools).

Norway spruce accounted for 53% of the total stem
volume of living trees, Scots pine 33% and deciduous
tree species 14% (Table 1). The distribution of stem C
pools among species was very similar to that of their
volumes, but that of N was two times greater in
deciduous tree species (30%) than their share of the
stand stem volume (Fig. 2). Norway spruces had

relatively more N in their foliage and branches com-
pared to Scots pine and deciduous trees (Fig. 2). The
stem volume of the dead trees was 12% of the total
(living + dead) stem volume. Scots pine and decid-
uous tree species accounted for most of the stem
volume of dead trees as well as for the C and N pools
(Fig. 3). The C and N pool in dead branch compart-
ment consisted mainly of the spruce branches.

The current mean annual stem volume growth of the
stand was 3.2m>ha~' (Table 1). Norway spruce
accounted for 60% of the growth, Scots pine 31%

5000 30
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4000 1 P59 ooy vy | 2°
o D 7 - 20 -
£ 3000 15 - b
AR V¥
2 / 5 15 2
J 2000 / Z z
- 10
1000 Standing dead stems
-5 Fallen dead stems
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0 4 , L 0
Pine Spruce Deci- Pine Spruce Deci-
duous duous

Fig. 3. Distribution of C and N in the different dead tree compartments by tree species in the old-growth forest.
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Table 3

Annual accumulation of C and N in above- and belowground tree
biomass compartments and aboveground litterfall (kg ha~'a~") by
species (values are means calculated from three plots; standard
deviation in parentheses; total represents the annual uptake)

C N
Pine
Aboveground 166.4 (267.1) 0.32 (0.70)
Belowground 45.8 (36.9) 0.21 (0.17)
Needle litterfall 79.1 (47.0) 0.86 (0.56)
Other litterfall 130.6 (98.5) 1.19 (0.88)
Total 421.9 2.58
Spruce
Aboveground 562.6 (170.5) 2.02 (1.73)
Belowground 112.4 (48.3) 0.50 (0.29)
Needle litterfall 142.9 (81.6) 1.86 (0.82)
Other litterfall 389.4 (76.8) 4.71 (1.00)
Total 1207.3 9.09
Deciduous
Aboveground 133.1 (33.4) 0.98 (0.29)
Belowground 344 (10.4) 0.05 (0.02)
Leaf litterfall 69.5 (35.6) 1.17 (0.54)
Other litterfall 146.4 (17.7) 2.21 (0.22)
Total 383.4 4.41
Stand total 2012.6 16.08

and deciduous trees 9%. The mean annual net uptake
of C was 2013 kgha™' and that of N 16.1 kg ha™"
(Table 3). Norway spruce took up almost the same
proportion of C and N as their share of stem volume
growth, whereas Scots pine took up relatively less and

deciduous trees relatively more. The return of C and N
to the forest floor as aboveground litterfall was 48 and
75% of the net annual uptake.

3.2. Removal at clear-cutting

The stem removal at harvesting amounted to
239 m®> ha™', of which 33% was Scots pine, 54%
Norway spruce, and the rest (13%) deciduous trees.
In terms of C and N, 56402kgha~' C and
84.8 kg ha~' N were removed from the site (Fig. 4).
These removals corresponded to 32 and 3% of the
ecosystem C and N pools (Fig. 1). The pool of C in
living vegetation was reduced by 89% and that of N by
81%. The C pool in dead vegetation increased fourfold
while that of N was somewhat less. The proportion of
C in fine fractions of dead vegetation (leaves, fine
branches and fine roots) decreased from 40 to 35% and
that of N from 72 to 59%, respectively. Some
21 m* ha~! of living trees were left on the clear-cut
area, of which 8 m> ha~! was Scots pine, 7 m> ha™!
Norway spruce and 6 m® ha™" deciduous trees. More
C was removed with the stems than was left on the site
in the form of logging residues. For N, three times
more was left in the logging residues than removed in
the harvested stems. The amounts of C (8376 kg hafl)
and N (29.3 kg ha™ ') in the living trees left after clear-
cutting were 15 and 35% of the amounts removed in
stems and, respectively, greater and smaller than the
pools in living understorey vegetation (aboveground).
After clear-cutting, most of the ecosystem C was in
dead vegetation while the soil remained the largest
pool of ecosystem N.

60000
Carbon gyeos Nitrogen 300
500004 M L 250
Tw 400001  Ei F200 i
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2 s0000{ < W b 150 2
(6] z
20000+ -100 —
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Retained Removed Logging Retained Removed Logging

trees stems

residues trees

stems residues

Fig. 4. The C and N amounts fixed at the clear-cutting in the retained and in the removed Scots pines, Norway spruces and deciduous trees and

those left in the logging residues.
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4. Discussion
4.1. C and N pools and fluxes before clear-cutting

The living vegetation, especially the trees, was the
main pool of C, and the soil, was the main pool of N in
our old-growth forest ecosystem. Earlier studies con-
cerned with boreal forest biomass, and N pools and
fluxes in Fennoscandia are relatively few and have
mainly been carried out in managed stands of either
pure Scots pine (Milkonen, 1975; Paavilainen, 1980;
Finér, 1989, 1991; Helmisaari, 1995), Norway spruce
(Nykvist, 1971; Nihlgard, 1972; Finér, 1989) or birch
(Milkonen, 1978; Milkonen and Saarsalmi, 1982).
The standing volume, biomass and amounts of N fixed
in trees in our old-growth forest were at the upper end
of the range reported in these studies. Only Havas and
Kubin (1983) and Kubin (1983) have published results
on biomass and nutrients fixed in an old-growth Nor-
way spruce-dominated forest in Finland. In their
studies, the total tree biomass and its N content were
smaller than in ours, even though their forest had
grown unmanaged for 250 years. The more northern
location of their site probably explains this difference.

Dead trees and litter constituted significant pools of
C and N in our old-growth forest ecosystem (Table 2).
Russian studies in an old-growth forest south from
our site, found even more in coarse dead wood
17 000 kg C ha™', corresponding to 20% of the total
aboveground tree biomass (Krankina and Harmon,
1995). The amount of coarse dead wood in our forest
was somewhat underestimated because we did not
include stumps and coarse roots of dead trees. Biomass,
C and N pools in dead trees have seldom been reported
for managed boreal forests. This is presumably because
dead trees are removed at thinning and the fraction is
not considered important. Most of the C and N in
standing and fallen dead trees were associated with
Scots pines and deciduous trees, which would be
compatible with the successional change away from
pioneer birch and pine forest to spruce forest.

The current mean annual stem volume growth of the
forest, 3.2 m> hafl, was somewhat less than the average
growth of forests in Finland (3.8 m>ha='a~!, Sevola,
1999) but more than that reported for 120-year-old
unmanaged Myrtillus-type forests in Finland (2.5-
2.7m’ha™! afl) (Koivisto, 1959). The annual net
uptake of 2013 kgha ' C and 16.1 kgha ' N by the

trees was within the range reported for boreal conifer-
ous forests (Malkonen, 1975; Finér, 1991; Helmisaari,
1995), whereas the N uptake was much smaller than that
in a birch-dominated boreal forest studied by Milkonen
(1978). Our results support the finding that birch binds
more N per unit of biomass than conifers (Milkonen,
1978; Finér, 1989). However, all such values are likely
to be underestimates of uptake since they do not include
accumulation in fine root biomass, belowground litter-
fall, dying of trees or canopy exchange.

Throughfall at Kangasvaara has been monitored
(Piirainen et al., 1998, 2000). Calculations indicate that
some 58 kg ha~' a~' of organic C was leached from the
canopy while 1.2 kg ha~' a~ ' inorganic N was taken up
by the foliage. Adding the canopy leaching of organic C
to the current annual net uptake value increases the
value for uptake by 3.1% to 2074 kg ha™". The canopy
uptake of N is already accounted for in the net uptake
estimate. The annual atmospheric deposition of organic
C to the forest was 12.1 kg ha™ ' and that of total N was
3.8kgha'. We have estimated the annual leaching
flux of C and N from below the illuvial B-horizon in the
permanent plots is 2.8 and 0.2 kg ha™', respectively
(Piirainen et al., 1998, 2000). There is thus net accu-
mulation of atmospheric inputs of organic C and total N
within the ecosystem.

Belowground litterfall, especially that of fine roots,
may account for more than half of the annual biomass
production (Axelsson and Axelsson, 1986; Helmisaari
et al., 2000). However, the net accumulation of C and
N in fine and small roots is probably insignificant since
fine root biomass has been found to be relatively
constant in forests after canopy closure (e.g. Vogt
et al.,, 1983; Laiho and Finér, 1996). The forest at
our site was monitored for 4 years before the clear-
cutting, but no estimates of tree death were made.

The understorey vegetation represented an insignif-
icant pool of C and N compared to total ecosystem
pools, and even to the tree biomass pool. However,
element pools in understorey vegetation can be
expected to be rather variable since they depend on
species composition and abundance, which in turn will
depend on many factors, including location, site type,
tree species composition and shading. Nevertheless,
the understorey vegetation pools of C and N at our site
were within the range reported for the few studies
carried out in Myrtillus- or Vaccinium-type forests
dominated by Norway spruce or Scots pine (Nykvist,
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1971; Mailkonen, 1975; Havas and Kubin, 1983;
Kubin, 1983; Helmisaari, 1995; Mikipii, 1995).

The annual uptake of C and N by the understorey
vegetation was not estimated in our study. Mélkonen
(1975) reported aboveground biomass production and
nutrient uptake of understorey vegetation in three Myr-
tillus- or Vaccinium-type Scots pine-dominated forests.
He found that the annual aboveground biomass produc-
tion of understorey vegetation was, on average, 32% of
the aboveground total biomass. The corresponding
value reported by Helmisaari (1995) for three Vacci-
nium-type Scots pine-dominated forests was 17%. If we
assume that the aboveground biomass production of the
understorey vegetation at our site was 25% of the total
standing biomass and its N content was the same as in
the standing biomass, the annual uptake by the under-
storey vegetation at our site would be 466 kg ha™' C
and 8.9 kg ha~' N. These values would correspond to
as much as 22% of the annual net uptake of C and 56%
of that of N by trees. The relative importance of under-
storey vegetation in fixing C has been shown to decrease
with increasing stand age whereas its role in fixing N
remains high, even in old forests (Mélkonen, 1975;
Helmisaari, 1995).

The pools of C and N in the organic layer were close
to the average reported for Myrtillus-type forests in
Finland (Tamminen, 1991, 2000; Liski and Westman,
1995, 1997a). However, the organic matter and N
pools were at the lower end of the ranges reported
by Tamminen (1991, 2000) for the 0-30 cm mineral
soil layer. According to Liski and Westman (1995),
mineral soil below 1 m depth to the groundwater level
may contain 18-28% of the total pool of C in the soil.
However, the organic matter at this depth is probably
much more stable and beyond forest management
effects than that in the upper soil layer. Sampling to
this depth would also be prohibitive for most studies.

4.2. Effects of clear-cutting

We estimated the C and N content of logging
residues from the total pools in trees before harvesting
and the measured stem volume of harvested trees and
their C and N content. We also harvested all logging
residues from 30 squares (each 4 m?) after harvesting
(data not shown). The logging residues were distrib-
uted very irregularly on the site and the coefficient of
variation for the logging residue biomass was large

(>100%). Thus, we should have carried out a much
more intensive sampling to get an accurate estimate of
the logging residue C and N pools.

Most of the studies on the effects of forest harvest-
ing in boreal forests have focussed on the possible
nutrient losses from the soil and reductions in sub-
sequent forest growth (Milkonen, 1976; Milkonen
and Saarsalmi, 1982; Jacobson et al., 1996; Rolff
and Agren, 1999). Since forest growth is limited by
N availability, most attention has been paid to N (e.g.
Milkonen et al., 1990; Jacobson et al., 2000). Stem-
wood removals at clear-cutting significantly reduced
the ecosystem C pool at our site and the loss was
relatively less for N. The annual uptake of C
(124 kg ha™ ') and N (0.6 kg ha ") by the trees
remaining after harvesting, assuming that their uptake
was not affected by the harvesting, was insignificant
compared to what it had been by the whole stand prior
to clear-cutting. More living trees were left on our site
than for the average Finnish clear-cut areas
(3.8 m> ha_l, Eeronheimo et al., 1997). If all the trees
had been cut and harvested at our site, as would have
been the practice earlier, it would have increased the
biomass losses of C by 6% and that of N by 11%,
resulting in total losses from the forest of 35 and 3.5%,
respectively. If the proportion of deciduous trees left
on site had been higher, the losses, of N in particular,
would have been lower. If whole-tree harvesting, in
which the foliage and branches are also removed from
site, had been practised at our site the C and N losses
would have increased to 46 and 9.7% of the total
ecosystem pools, respectively.

In addition to the immediate losses of C and N
associated with the removal of stemwood, clear-cut-
ting affects many biogeochemical processes that bring
about further changes in the C and N pools and fluxes.
Once the trees are removed there is no longer a regular
supply of litterfall, but there is a large, single flux of
logging residues to the forest floor. The average C/N
ratio, a factor known to control the initiation of net N
mineralisation, was 80 in annual litterfall (Table 3).
Before harvesting the average C/N ratio of the fine
dead vegetation fraction was 65 and that of the coarse
fraction was 256 and in the logging residues the
respective ratios were 84 and 199 (calculated from
the data presented in Fig. 1). A threshold C/N ratio of
60-110 for the initiation of net N mineralisation of
Scots pine needle litter has been reported in Swedish
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studies (Berg and Staaf, 1980; Berg and Ekbohm,
1983). The high C/N ratios at our site, especially in
the coarse dead vegetation fractions, therefore would
indicate low N mineralisation, and even immobilisa-
tion in logging residues (Berg and Staaf, 1980; Berg
and Ekbohm, 1983; Titus and Malcolm, 1999; Hyvo-
nen et al., 2000). However, the C/N ratio of different
biomass compartments varies, being much lower in
foliage than in branches and some net mineralisation
may therefore, have occurred, as indicated by a small
increase in mineral N leaching we observed after the
clear-cutting (Piirainen et al., 2000).

The removal of trees at clear-cutting represents a
sudden decrease in nutrient uptake from the soil,
which when combined with a greater amount of water
reaching the forest floor, increases the risk for mineral
N leaching. In boreal coniferous forests, mineral N is
growth limiting and is largely immobilised in the soil.
The understorey vegetation is also affected by changes
in light conditions (Kellomiki et al., 1977), nutrient
availability, mechanical disturbance, and covering by
logging residues at the time of cutting (Olsson and
Staaf, 1995), and subsequently changes due to succes-
sion. A strong flush in the growth of ground vegetation
immediately after clear-felling would help immobilise
mineral N. Furthermore, much of the available N in
the soil may also become rapidly immobilised, at least
temporarily, in soil microbes or dead organic matter
after clear-cutting, leaving little for leaching.

We consider the soil C and N pools at Kangasvaara
unchanged immediately after harvesting. This is con-
firmed by our initial analysis of soil water fluxes of
dissolved organic carbon (DOC) and N. Up to 3 years
after clear-cutting there was only a small increase in
the leaching flux of DOC and total N, dominated by
organic N, from below the illuvial B-horizon (Piirainen
et al., 2000). There are only a few studies on the long-
term changes in soil C or N pools after clear-cutting
of boreal forest. The results of Olsson et al. (1996),
15-16 years after clear-cutting, show that soil C pools
decreased 17-22% and those of N 13-22% on sites
with Norway spruce. A modelling study by Liski et al.
(1998) indicated that clear-cutting of unmanaged
Mpyrtillus-type forest decreases soil C pool by 14%
and that by Karjalainen (1996b) suggests that the total
C pool of forest would decrease by 3% within 100
years after clear-cutting. The soil pools can further be
decreased by intensifying the harvesting method

(Bengtsson and Wikstrom, 1993), by repeated cuttings
(Bengtsson and Wikstrom, 1993; Karjalainen, 1996b;
Liski et al., 1998) or by shortening the rotation length
(Aber et al., 1978; Karjalainen, 1996b). In temperate
forests observed decreases in forest floor mass and N
content level-off after 50-60 years (Covington, 1981;
Federer, 1984) or no clear decrease after clear-cutting
has been observed (Yanai et al., 2000). In the future we
intend to evaluate the long-term effects of harvesting
on soil C and N pools and leaching losses from the
stand on the stream water draining the catchment.

5. Conclusions

We made a detailed study of the ecosystem C and N
pools in an old-growth forest and showed that the
vegetation is the major pool of C, whereas soil is the
major pool of N. The understorey vegetation pools
were very small (<2%). Stem removals after clear-
cutting reduced the ecosystem pool of C by one-third
while the reduction for N was only 3%. It will be
necessary to continue monitoring in order to deter-
mine the long-term effect of clear-cutting on the pools
of C and N in the soil and vegetation as the regenerat-
ing stand develops.
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