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Mitigation of climate change with biomass harvesting in
Norway spruce stands: are harvesting practices carbon neutral?!
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Abstract: Biomass combustion is considered to be carbon neutral, but intensive biomass harvesting may negatively impact
carbon stocks in forest soil and vegetation, which can offset the benefits of substituting fossil fuels with biomass. Here we
evaluated conventional stem-only harvesting, whole-tree harvesting (WTH), and WTH excluding needles in terms of timber yield,
biomass harvests, and forest carbon sequestration. We simulated harvest scenarios in current and changed climates with a
process-based growth model (PipeQual) that was integrated with models describing soil decomposition (ROMUL) and soil water
dynamics. Furthermore, we compared gains and losses of forest carbon with reductions in fossil-fuel emissions that result from
using harvested biomass for energy production. WTH negatively affected stand growth, biomass, and soil carbon stock; negative
effects on growth and biomass can be reduced by leaving nitrogen-rich needles behind during WTH. In a changed climate,
organic-matter decomposition and nitrogen mineralization accelerated and tree growth was enhanced, increasing the carbon
stock of trees and slightly decreasing the soil carbon stock. In the changed climate, WTH had less influence on forest growth and
a similar influence on soil carbon sequestration than in the current climate. In the current climate, the WTH decreased the forest
carbon stock by, on average, 26.8 Mg C-ha~* over the rotation period. If harvested forest residues are used for energy production
instead of fossil fuels, emissions decline by 19 Mg C-ha-' (when WTH is applied over a rotation period). Thus, our analysis suggests
that using forest residues for energy production leads to a net increase in carbon emissions.
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Résumé : On assume que la combustion de biomasse est carboneutre mais la récolte intensive de biomasse peut avoir un impact
négatif sur les stocks de carbone dans la végétation et les sols forestiers, ce qui peut réduire les avantages que procure la
substitution des combustibles fossiles par la biomasse. Dans cet article nous évaluons I'exploitation conventionnelle qui consiste
a récolter seulement le tronc, l'exploitation par arbres entiers (WTH) et WTH sans les aiguilles en termes de production de
matiere ligneuse, de récolte de biomasse et de séquestration du carbone forestier. Nous avons simulé les scénarios d'exploitation
dans les conditions climatiques actuelles et futures en tenant compte des changements climatiques avec un modele de crois-
sance écophysiologique (PipeQual) qui a été intégré a des modeles de décomposition du sol (ROMUL) et de dynamique de l'eau du
sol. De plus, nous avons comparé les gains ou les pertes de carbone forestier aux réductions des émissions dues aux combustibles
fossiles réalisées en utilisant la biomasse récoltée pour la production d'énergie. WTH a eu un impact négatif sur la croissance du
peuplement, la biomasse et les stocks de carbone dans le sol; les effets négatifs sur la croissance et la biomasse peuvent étre
minimisés en laissant les aiguilles riches en azote sur le parterre de coupe. Si on tient compte des changements climatiques, la
décomposition de la matiére organique et la minéralisation de I'azote seraient plus rapides et la croissance des arbres serait
meilleure, ce qui augmenterait les stocks de carbone dans les arbres et les diminuerait légérement dans le sol. Toujours en tenant
compte des changements climatiques, WTH aurait moins d'influence sur la croissance de la forét et une influence sur la séquestration
du carbone dans le sol semblable a celle qui existe dans les conditions climatiques actuelles. Dans les conditions climatiques actuelles,
WTH diminue en moyenne les stocks de carbone forestier de 26,8 Mg C-ha~! au cours de la période de rotation. Si les résidus forestiers
sont utilisés pour la production d'énergie au lieu des combustibles fossiles, les émissions diminuent de 19 Mg C-ha! (lorsque WTH est
appliquée pour la durée de la période de rotation). Par conséquent, notre analyse indique que l'utilisation des résidus forestiers pour
la production d'énergie se traduit par une augmentation nette des émissions de carbone. [Traduit par la Rédaction]|

Mots-clés : séquestration du carbone, changements climatiques, bioénergie, bilan de 1'azote, exploitation par arbres entiers.

biomass is replaced by regrowth (Intergovernmental Panel on
Climate Change (IPCC) 2003, 2006b). However, intensive biomass

Introduction
Forests provide various sustainable means to mitigate climate

change. In addition to carbon (C) sequestration in forests and
wood products, harvested biomass can replace fossil fuels in
energy production. Biomass combustion is considered to be
C neutral, because in sustainable managed ecosystems, harvested

harvesting may reduce C stocks in forest soil and vegetation,
which can reduce or even offset the greenhouse-gas benefits of
substituting fossil fuels with biomass (Lindholm et al. 2010, 2011;
Repo et al. 2012). The European Union has set a target to increase
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the proportion of renewable energy sources to 20% of the total en-
ergy consumption within the European Union by 2020 and to 27%
by 2030. Finland seeks to increase its proportion of renewable energy
to 38% by 2020; bioenergy will play a major role. At the same time,
the European Union and member states have commitments to main-
tain their forest C sinks (United Nations Framework Convention on
Climate Change (UNFCCC) 2011), as C sinks play an important role in
mitigating global climate change (Ciais et al. 2013).

Intensified harvesting of forest biomass will decrease both soil
and vegetation C stocks. Loss of soil C resulting from biomass
harvesting is substantial and may offset the greenhouse-gas ben-
efits of biomass versus fossil fuels (Repo et al. 2012). Furthermore,
stand growth rate is reduced by whole-tree harvesting (WTH)
(Jacobson et al. 2000; Helmisaari et al. 2011), leading to reductions
in the C stock of trees. Repo et al. (2012) modelled the C losses of
forest soil in comparison with emissions from various fossil-
energy sources, concluding that it would be more favorable to use
the easily decomposable parts of biomass. However, that analysis
did not account for nutrient cycling and the growth response of
trees to biomass harvesting. Because the loss of nutrients result-
ing from the removal of harvest residues can lead to reduced
growth (e.g., Helmisaari et al. 2011), the overall effects of biomass
harvesting on the forest C balance cannot be assessed without
considering nutrient cycling (Palosuo et al. 2008). In experimental
studies of the effects of WTH, both woody biomass and foliage
were removed, and the observed decrease in growth was explained
by the loss of nutrients, especially nitrogen (N) (Helmisaari et al.
2011). Because the N content of foliage is 2-10 times that of the
woody parts of harvest residues (Ukonmaanaho et al. 2008), nutri-
ent loss can be avoided by harvesting woody biomass only; how-
ever, negative effects on soil C stock may persist. Responses of the
soil C stock and tree growth to alternative harvest practices can be
evaluated with simulation models that describe the growth of
trees with linkages to soil nutrient cycling.

The changing climate is expected to accelerate the rate of ecosys-
tem processes, which may enhance the negative impact of biomass
harvesting on forest C sinks. However, we lack a comprehensive
analysis of the responses of forest C sequestration to WTH in chang-
ing conditions, and we do not know whether the risks of C loss will
increase or decrease in the future. Process-based growth models that
apply in changing climates predict increasing primary production
and increasing biomass C stock with increasing temperature and
precipitation (Bergh et al. 2003; Ge et al. 2013; Shanin et al. 2013). On
the other hand, dynamic soil models predict an accelerated rate of
decomposition in changing climate (e.g.,Shanin et al. 2013). The soil
C balance is derived from the balance between primary production
(litter production) and the rate of decomposition, which can both be
included into ecosystem models and stand simulators. In the near
future, forest C balance will be affected more by management than
by climate change (Garcia-Gonzalo et al. 2007; Mékipai et al. 2011).
However, it is unclear whether different management practices (e.g.,
WTH for bioenergy) are sustainable in a changing climate and
whether soil resources (C and N stock) can be maintained via differ-
ent management practices. Thus, the overall C balance of biomass
harvesting should be analyzed to identify the optimal means to mit-
igate climate change.

The forest sector has successfully used stand simulators in for-
est planning; for example, various forest management options are
tested and regional harvest potential is estimated with the help of
stand simulators calibrated with empirical data. One of the cur-
rent challenges in forestry is to understand how various ecosys-
tem services such as C sequestration and timber production can
be managed in the changing climate, especially as we must adapt
to conditions for which we have no observations.

The objective of the present study was to assess the effects of
various forest management scenarios on forest C balance in cur-
rent and changing climates. We used process-based models to
evaluate conventional stem wood harvesting and WTH (with or
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without harvesting of the green foliage) in terms of timber pro-
duction, bioenergy harvests, and forest C sequestration (both in
the trees and in the soil). WTH removed both above- and below-
ground woody biomass. Simulations in which tree growth was
linked to C and N dynamics of forest soil and the soil-water bal-
ance yielded predictions of how the forest C balance responds to
various management scenarios under current and changed cli-
matic conditions. We compared the gains and losses of forest C
with fossil-fuel emission reductions that result from the use of
harvested biomass for energy production. We focused our analy-
sis on the management of Norway spruce (Picea abies (L.) Karst.)
stands, because the response of spruce stands to changing climate
is a debated issue and spruce stands with relatively high crown
biomass are subject to a wide range of potential forest manage-
ment options spanning conventional management and intensive
bioenergy harvesting.

Methods

We simulated the development of an even-aged spruce stand in
current and changed climates with a process-based growth model
(PipeQual) that was integrated with models describing soil nutri-
ent cycling (ROMUL) and soil water dynamics (Fig. 1).

Stand simulation with PipeQual

The PipeQual model (Médkeld 1997, 2002; Mékeld and Mékinen
2003) is a dynamic growth and wood-quality model that derives
tree growth from C acquisition and allocation in a process-based
framework. The model has been used in several applications con-
cerning optimal stand management for timber production and C
sequestration (Cao et al. 2010; Niinimdki et al. 2012; Niiniméki
et al. 2013). In earlier versions of PipeQual, nutrient availability
was described qualitatively in terms of site quality and impacts on
adaptive traits, including (i) C allocation between foliage and fine
roots, (ii) component biomass N content, and (iii) the photosyn-
thetic efficiency of foliage, following the theoretical results of
Mikeld et al. (2008b) and Valentine and Mikeld (2012). In the cur-
rent investigation, stand growth was explicitly connected to the
N balance of the site using the idea of N limitation (Agren 1985;
McMurtrie 1991): if N demand exceeds N supply, then growth is
directly reduced to match supply.

The growth rate of trees at a given site type was used to deter-
mine N demand. We thus first parameterized PipeQual to corre-
spond to a selected site type (intermediate fertility level, i.e.,
Vaccinium myrtillus type according to Finnish site-type classifica-
tion; Hotanen et al. 2008). Thereafter, we calculated the corre-
sponding N demand on the basis of the gross growth rate of each
tissue and the tissue N content. The N concentrations assumed for
stem wood (0.10%), living branches (0.497%), needles (1.23%), and
bark (0.49%) followed values reported for Norway spruce stands by
Ukonmaanaho et al. (2008). The fine-root N concentration (0.67%)
was derived from the values reported for spruce stands that rep-
resent similar fertility class (Helmisaari et al. 2007). The amount of
N returned to the forest floor was based on litter fall and its
N content. After these assumptions, the biomass and N stocks for
a 80-year-old Norway spruce stand were calculated (Fig. 2). Based
on empirical studies (Ukonmaanaho et al. 2008), we assumed that
half of the N content of the foliage and branches was recycled; this
assumption was also applied to fine roots, whereas no N recycling
was assumed for stems and coarse roots. Growth was limited by N
if the N released from soil components and deposition was not
sufficient to support the growth calculated on the basis of C avail-
ability. In that case, growth was reduced iteratively until the de-
mand matched the supply. It should be noted that this reduction
could not be carried out as a proportional cut in all growth com-
ponents, as different tissues have different N contents and turn-
over rates. Valentine and Mikeld (2012) compared this method
with an alternative strategy in which the above adaptive traits
were determined by maximizing the growth rate; results from
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Fig. 1. Drivers and feedback of the stand growth model and soil
decomposition model.
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the two methods were similar when growth reductions were
moderate.

We used the PipeQual model to simulate a monoculture of
Norway spruce trees grown in accordance with current forestry
practices applied in Finland (TAPIO 2007). Thus, the stand is
thinned (from below) when it reaches a basal area limit, specified
in relation to dominant height of the stand. For a spruce forest in
southern Finland with an intermediate fertility level, two harvests
are typical. In our simulation, these harvests took place at tree
ages of 38 and 60 years. A fixed percentage of volume (25%) was
removed at each thinning. At age 80 years, the stand reached the
recommended dimensions (dominant height and basal area) for
final felling. We used the same harvest times and intensities for
the WTH scenario, even though the practice slightly reduced
stand volume growth. No special management recommendations
exist for the changed climate; therefore, we used the same stand
volume trigger and removal percentage for harvests as in “current
climate” conditions. This strategy led to earlier thinnings (at
ages 32 and 49 years) and shorter rotation (66 years) in the
climate-change simulation.

Simulation of soil C and N dynamics with ROMUL

Decomposition of the organic matter in the forest soil was sim-
ulated with the soil-decomposition model ROMUL, which de-
scribes the flux of organic matter and corresponding N in the soil
and divides the fluxes based on their origin (separate fluxes for
needles, shoots, coarse roots, and fine roots). This method makes
it especially straightforward to link the model to a forest-stand
simulator. The ROMUL model estimates the amount of N miner-
alized in the decomposition process as an input for the growth
model to predict nutrient availability and its impact on forest
growth.

To the PipeQual-ROMUL model system, we added a flux of or-
ganic matter related to plants on the ground layer. The ground
layer was divided into two components, one consisting of grasses
and herbs and the other of mosses and dwarf shrubs. Following
Strengbom et al. (2004), we assumed that the grasses and herbs
were strongly light limited and would only thrive when the tree
canopy (as simulated by PipeQual) was absent or sparse. Mosses
and dwarf shrubs were assumed to have the opposite characteris-
tics and to survive under a tree canopy if N was available. Ground
vegetation effectively utilized the excess N in the forest ecosystem
during the early phases of the rotation. With a high annual turn-
over rate of ground vegetation, N storage in this vegetation was

219

Fig. 2. The amounts of C and N for a simulated 80-year-old Norway
spruce stand.
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not permanent. Under N limitation, we assumed that trees
were stronger competitors for available N than was the ground
vegetation.

We assumed that no N was leached out of the forest soil during
the simulations. This scenario was accomplished by assuming
that any excess N was incorporated into the microbial biomass
in the organic-matter component of decomposing soil (F). Excess
N was therefore recycled to the F component in ROMUL, accom-
panied by an amount of C according to the average microbial
C-to-N ratio (C:N).

The ROMUL uses soil humidity as one driver of the decomposi-
tion process (in addition to temperature, N, and ash content). We
used the two-storage soil model presented by Linkosalo et al.
(2013) to simulate the daily variation in soil water content and soil
temperature throughout the simulation period for both current
and changed climates. Linkosalo et al. (2013) also presented new
functions for the impact of soil water content on the decomposi-
tion rates, which we used in this study.

Climate scenarios

We simulated stand development in current and changed cli-
mates (following the A1B scenario for the year 2100). The baseline
weather data used in the simulation were obtained from the
Finnish Meteorological Institute, who have compiled a dataset of
daily weather data, interpolated onto a grid from actual weather
observations (for details, see Vendldinen et al. 2005). We selected
the grid point closest to our simulation location. Input to the
simulations required daily mean values of air temperature, pre-
cipitation, water vapour deficit (VPD), and PAR radiation. For the
“current climate” scenario, we used data for years 1961 to 2012. To
simulate the changed climate, we used predictions of seasonal
increases in the climate variables (Jylhd et al. 2009) and added
these to the daily values of the current climate. This produced a
weather data set for the changed conditions that showed the same
weather patterns as the “current” data. We did not simulate a
transition phase from current to changed climate conditions but,
following the initialization of the model to current climate con-
ditions, directly “jumped” to the changed climate.

The PipeQual stand growth model uses weather input to deter-
mine the mean annual rate parameters of the carbon fluxes
related to growth. A key parameter is the rate of closed-canopy
photosynthetic production per unit land area, which was esti-
mated by summing up daily photosynthesis rates using the
PRELUED model (Mikeld et al. 2008a). Inputs to this include daily
PAR radiation, temperature, and water vapour pressure deficit.
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Table 1. Initial carbon (C) and nitrogen (N) stocks in for-

est soil.

C (Mg-ha™) N (kg-ha)
Litter 15.5 5.6
Partly decomposed SOM 15.0 256.8
Stable humus 46.6 1982.1
Soil total 77.1 2244.5
Felling residues from 67.9 537.5

previous final felling

Tissue-specific maintenance respiration rates and tissue turnover
rates were assumed to increase with increasing maximum rate of
photosynthesis (e.g., McMurtrie and Dewar 2011).

The ROMUL decomposition model uses daily variations in tem-
perature and soil water as drivers of the decomposition rate. We
used weather data to simulate the variation in soil-water content
and soil temperature and then estimated the daily values of the
decomposition coefficients from these data. We then calculated
the annual means of the rate functions and their means over the
simulation period to derive effective annual mean decomposition
rate for the entire simulation period.

Management scenarios

We simulated stand development and harvests with the follow-
ing alternative management scenarios: (i) conventional stem-only
harvesting, (ij) WTH, and (iij) WTH excluding harvesting of the
green foliage. In WTH, stem wood and 70% of the biomass of
stump, woody roots, branches, and needles were harvested after
clear-cutting, and 70% of the branches and needles were harvested
after stand thinning as well. In the third scenario, WTH was ap-
plied as in the second scenario, but needles were not removed.

Initialization of the simulation

Simulations of soil storage (soil organic matter and N) were
initialized by repeating the simulation of the coupled stand-soil
model for a moderately fertile Norway spruce stand in southern
Finland, with two thinnings and final harvesting in accordance
with current management recommendations. The end state of the
soil storage (including stand harvest residues for the litter) was
then used as the initial state for the next round of simulation. This
process was repeated until the soil reached a steady state (the final
state of a rotation was the same as the initial state; the resulting
soil C and N stocks are shown in Table 1). The estimated initial
state of the soil storage was used as a baseline for all simulations
of current and changed climates. As the removal of wood products
also means an N flux out of the stand-soil system, we added a
deposit to maintain the N balance. Iterating this value, we con-
verged on a net N deposit of 3.4 kg N-ha-l-year—!, which corre-
sponds well to the current observed N deposit in southern Finland
and matches the amount of N in the wood removed in harvests.
The same N deposit was used throughout the simulations.

When combining PipeQual with the soil-decomposition model
ROMUL (Chertov et al. 2001, 2007), all soil N levels that lead to an
N release greater than or equal to the (long-term average) N de-
mand for tree growth of trees in PipeQual will support sufficient
growth at the selected site type. In this study, we considered a site
where the supply and demand where initially matched such that
N could be regarded as growth limiting. If the supply had been
greater, the site type would have been more productive and a
different initial site type parameterization would have been
chosen.

Substitution of fossil fuels and compensated carbon
dioxide (CO,) emissions

We assumed that harvested logging residues and stumps were
used as bioenergy that substituted for fossil fuels in energy pro-
duction. According to Alakangas (2000), the effective energy
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Fig. 3. Stand mean annual increment (m3-ha-'-year—!) in the current
climate (CC) and a changed climate (ChC) with various management
scenarios. SOH, stem-only harvesting; WTH, whole-tree harvesting.
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contents of logging residues and stumps are 6-9 MJ-kg™! and
8-13 MJ-kg™, respectively (taking into account the energy con-
sumed during drying of the forest biomass). Thus, we assumed
that the average amount of energy generated by the combustion
of logging residues and stumps was 2.5 MWh- (Mg dry mass)~*. The
energy input (harvesting, transportation, logistics, etc.) required
to produce biofuel from logging residues and stumps is estimated
to be 2%-5% of the energy in the produced biofuel (Wihersaari
2005; Lindholm et al. 2010). Because the energy input required
for the collection and transportation of bioenergy is relatively
small, this factor was ignored in our calculations; the energy used
for mining and transporting fossil fuels was similarly ignored
in the calculation of emission factors. Finally, we assumed that
the produced bioenergy compensated for a fossil fuel (diesel)
that has an emission factor of 74.1g CO,-MJ~! (which is equivalent
t0 266.76 g CO,-kWh or 72.75 kg C-MWh-?) (IPCC 2006a).

Results

WTH negatively affected stand growth and biomass C stock
(Figs. 3 and 4). At a stand age of 80 years, the mean annual incre-
ment at the WTH site (5.6 m3-ha'-year—!) was 26% lower than
the increment at the stem-only harvested site (7.6 m3-ha-l.year)
(Fig. 3). The average C stock of trees over the rotation period was
16.0 Mg C-ha~' lower at WTH sites than at stem-only harvesting
sites (Fig. 4).

Our results showed that WTH had negative impacts on soil C
and N stocks. Removal of the logging residues and extraction of
stumps (70% of biomass) after clear-cutting decreased the soil C
stock by up to 40 Mg-ha-!; this reduction persisted throughout
the stand rotation period (Fig. 5). Removal of the harvest residues
after stand thinning had a similar but smaller effect on the soil C
stock, as the amount of removed biomass was lower (fewer har-
vest residues and no stump extraction). In comparison with stem-
only harvesting, the soil C stock over a rotation period was, on
average, 10.8 Mg C-ha~' lower at sites where 70% of the biomass of
harvest residues and stump-root systems was harvested.

Climate change had a smaller negative effect on the soil C stock
than did WTH (Fig. 5). The negative effects of biomass removal due
to WTH were partly compensated by increased litter input from
the living trees. In the changed climate, tree growth was en-
hanced and the trees more quickly reached target harvesting vol-
umes (Fig. 4). The biomass C stock was increased by climate
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Fig. 4. C stock of trees (Mg C-ha~?) in the current climate (CC) and a
changed climate (ChC) with various management scenarios. SOH,
stem-only harvesting; WTH, whole-tree harvesting.

160

= CC-SOH

140
=== CC-WTH

ChC
120

ChC-WTH

=
o
S

-
o

Carbon stock of trees (Mg-hal)
=]
o

40 50 60 70 80
Year

Fig. 5. Soil C stock (Mg C-ha™?) in the current climate (CC) and a
changed climate (ChC) with various management scenarios. SOH,
stem-only harvesting; WTH, whole-tree harvesting.
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change and the influence of climate change was stronger than the
negative effect of WTH (Fig. 4). Thus, under future climate condi-
tions, the negative effects of WTH on tree growth may be partly
compensated by accelerated rates of decomposition and nutrient
cycling, at least during the first rotation period.

WTH reduced the amount of decomposing organic matter in
the stand and, therefore, also reduced the amount of mineralized
N (Fig. 6). On the other hand, climate change increased the rate of
decomposition and the amount of mineralized N (Fig. 6), with a
positive influence on tree growth.

The negative effects of removing logging residues can be re-
duced by certain harvesting practices. Our simulations demon-
strated that when only woody biomass was removed from the site
and foliar biomass was left to decompose in situ, tree growth was
less reduced (Fig. 7A). A decrease in soil C stock was also observed
under a harvesting scenario in which only woody biomass was
removed (Fig. 7B).

Although WTH decreases the stand C stock, the use of harvest
residues for energy production may reduce the use of fossil fuels.
In our simulations of the current climate, the total amount of
harvest residues collected for bioenergy was 52.7 Mg C-ha-!, but
only 40 Mg C-ha! when foliage was excluded (Table 2). In our
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Fig. 6. Difference between N mineralized at sites where only stem
wood was harvested (reference) vs. WTH including needles and
excluding needles (WTH-N) in the current climate (CC) and a
changed climate (ChC).
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Fig. 7. The effects of WTH including needle harvesting and
excluding needle harvesting (WTH-N) on (A) the C stock of trees and
(B) the soil C stock.
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Table 2. The amounts of harvested stem wood (m3-ha-') and energy wood (Mg-ha-!) and their potential in energy
production and fossil emission reduction in current and changed climate with different management scenarios.

Current climate Changed climate
Management SOH WTH WTH-N SOH WTH

First harvest Time 38 38 38 32 32
Stem wood (m?) 80.0 70.8 75.4 87.1 72.4
Energy wood (Mg C) (10.7) 10.2 8.3 (11.7) 10.3

Second harvest Time 60 60 60 49 49
Stem wood (m3) 102.3 81.2 0.0 99.9 77.3
Energy wood (Mg C) (10.0) 8.8 0.0 (10.1) 8.8

Final felling Time 80 80 80 66 66
Stem wood (m3) 4429  362.3 427.7 449.6 335.2
Energy wood (Mg C) 37.0 33.7 317 38.1 31.9
Total harvested Stem wood (m3) 625.2 514.3 503.1 636.6 484.9
Energy wood (Mg C) 0 52.7 40.0 0 50.9
N in stemwood (kg) 230.7 189.8 185.6 234.9 178.9
N in energy wood (kg) 0 253.2 235.2 0 393.5
Total over rotation period  Produced energy (MWh)* 0 263.7 200.2 0 254.6
Compensated fossil emissions (Mg C)t 0 19.2 14.6 0 18.5

Note: SOH, stem-only harvesting; WTH, whole-tree harvesting; WTH-N, WTH without needles. Numbers in parentheses represent

the amount available, not the amount harvested.
*Energy produced is 5 MWh-(Mg C of biofuel)-.
TEmission factor for fossil fuel is 0.07275 Mg C-MWh-..

simulation of a changed climate, the total yield of harvest resi-
dues was nearly equal to that in the current climate, but it accu-
mulated over a shorter rotation (Table 2; Fig. 4). Assuming that
harvest residues replace fuel oil in energy production, fossil emis-
sions were reduced by 19 Mg C for the amount of harvest residue
collected from 1 ha of Norway spruce forest over 80 years (Table 2).
After harvesting the forest residues for energy production, the
average C stocks of the forest trees and soil were reduced by
16.0 Mg C-ha~' and 10.8 Mg C-ha-, respectively, versus our simu-
lations without wood harvesting for energy (Figs. 4 and 5). Thus,
the loss of C from forest (26.8 Mg C-ha!) is larger than the reduc-
tion in fossil CO, emissions (19.2 Mg C-ha~!) when harvest residues
are used for energy production.

Discussion

Forest C sequestration is affected by WTH

Removing harvest residues and extracting stump-root systems
decreased the C input from vegetation to soil and had long-lasting
effects on the soil C stock. Twenty years after stand regeneration,
the soil C stock at sites with WTH was simulated to be 10 Mg C-ha™!
lower than at stem-only harvesting sites, a difference that was
maintained over a rotation period with two thinnings. This result
is similar to that of Stromgren et al. (2013), who observed a differ-
ence of 6 Mg C-ha~'in the organic-layer C stock between WTH and
stem-only harvesting in southern Sweden after 25 years of har-
vesting. Zabowski et al. (2008), who measured N and C concentra-
tions and soil bulk density 20 years after stump removal in
temperate forests, observed a 21% reduction in the soil C stock and
a 19% reduction in the soil N stock. However, it has also been
suggested that the differences in soil C and N stocks that are due
to harvesting intensity are not long lasting and, further, are diffi-
cult to monitor with repeated measurements (Johnson et al. 2002).
In a Finnish study of four Norway spruce stands 20-30 years after
first harvests, the C stocks of top soil (organic +0-10 cm mineral
soil layers) in the WTH and stem-only harvesting sites were 55 and
57.2 Mg C-ha-, respectively, but the difference was not statisti-
cally significant (Tamminen et al. 2012). Thus, our result of the
negative effects of WTH on the soil C stock is consistent with
patterns reported in most previous studies (Johnson and Curtis
2001; Thiffault et al. 2011), but experimental studies that sampled

the topmost soil layers detected smaller differences between man-
agement practices than our simulations (Tamminen et al. 2012).

Our analyses revealed declines in tree growth and biomass C
stock after WTH, which agrees with an earlier report (Helmisaari
et al. 2011) that in Norway spruce stands, WTH after the first
thinning reduced volume growth by 5% and by 13% after repeated
thinning. In addition, Egnell and Lejon (1999) showed that WTH
after clear-felling reduced the growth of spruce seedlings. These
growth declines are most likely due to reduced N availability.
Smolander et al. (2010) demonstrated that the removal of the har-
vest residues decreased the net N mineralization at sites with
intermediate fertility (similar to sites simulated in our study), but
not at the most fertile site. Tamminen et al. (2012), who studied
the same sites as Smolander et al. (2010), reported a removal of
170 kg N-ha—'with the harvest residues; the N stocks of the organic
layer in the stem-only harvesting and WTH sites were 835 and
751 kg N-ha-!, respectively. Our simulations indicated that the
negative effect of WTH is most pronounced after the first thinning
at a stand age of 40 years, when the unperturbed growth rate
should have increased rapidly, but removal of the harvest residues
greatly reduced the amount of available N (Figs. 3 and 6).

Role of nutrient-rich logging residues

The negative effects of biomass harvesting on the forest nutri-
ent balance and tree growth can be reduced by leaving N-rich
foliar biomass on site. A 70% harvest of the woody biomass implies
that one-third of the tree N stock is also removed, but if foliage
biomass is harvested at the same time, then over 50% of the tree N
stock is lost. Although only 6% of total biomass, spruce foliage
represents 26% of the tree N stock (Merild et al. 2014), suggesting
that the growth reduction could be much reduced by leaving the
foliage on site, as shown by our simulations (Fig. 7A). Thus, we
conclude that harvesting of the nutrient-poor woody branch and
stump biomass is more sustainable than harvesting of the foliage.
At first glance, this recommendation is contradictory to the con-
clusion of Repo et al. (2012), who suggested that removing the
quickly decomposing biomass enhances the climate benefits of
bioenergy production, as its removal has a less negative impact on
the soil C stock than does the removal of coarse woody biomass. In
their model-based analyses, the decomposition rate was depen-
dent on the quality and dimensions of the decaying biomass, but
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the effect of nutrient removal on tree growth was not considered.
Empirical studies of forest nutrient budgets (Wall and Hytonen
2011; Merild et al. 2014), N mineralization (Smolander et al. 2010),
and measured N fluxes after stem-only harvesting and WTH (Wall
2008) support our conclusion that the negative impacts of WTH
on site productivity can be minimized by leaving the foliar bio-
mass on site. Because the ash content of woody biomass is also
lower than that of foliage, leaving foliage biomass in the forest
results in better quality fuel for combustion; ash deposition
harms biomass combustion by reducing heat transfer and may
also result in the severe corrosion of power plants (Demirbas
2005).

According to our results, removing woody biomass negatively
influences N availability, forest growth, and C stock. This obser-
vation is explained by the high N content of Norway spruce
branches, which is lost during WTH and limits N for growth. A
previous simulation study suggested that the removal of woody
biomass has only a minor influence on tree growth during the
rotation after WTH (Alam et al. 2013), but that investigation in-
cluded a more fertile site where N limitation may not be as perti-
nent as in our case. In a comprehensive study that modelled the
responses of stands with high, intermediate, and low productivi-
ties, WTH had a substantial and negative influence on site produc-
tivity, especially for less fertile stands (Rolff and Agren 1999). In
addition to the direct effects of N removal, the harvesting of
woody biomass may influence N availability indirectly by altering
microbial decomposition in the soil. Coarse woody debris (includ-
ing decaying stumps and woody roots), which itself is nutrient
poor, may yet play a significant role in biological N, fixation by
providing a favorable habitat for microbes that take up atmo-
spheric N, (Brunner and Kimmins 2003; Chen and Hicks 2003).
Such effects are not considered in simulation-based investigations
like ours, and therefore the negative effects of removing woody
biomass may be larger than suggested by our results.

Similar effects in a changed climate

Our results predict that both tree growth and potential C se-
questration capacity will increase with climate change, which will
allow earlier harvests if the thresholds for the dimensions of trees
to be harvested follow current practices. Several other studies
have suggested that the growth of Norway spruce will be in-
creased by climate change due to favorable climate conditions
and accelerated nutrient cycling (e.g., Bergh et al. 2003; Shanin
et al. 2013). Predicting soil responses is more controversial, as soil
C changes are driven by litter input, which varies according to
stand productivity, and by decomposition rate, which is influ-
enced by litter quality as well as soil and climate conditions. Ac-
cording to our simulations, the rate of decomposition increased in
a changed climate, but this effect was compensated by increased
litter input; therefore, the response of the soil C stock on the WTH
was quite similar between the current and changed climates. Pre-
dicted decline of the soil carbon stock in the changed climate is
consistent with simulations by other process-based models (Jones
et al. 2005; Shaw et al. 2006). As the amount of mineralized N
similarly decreased after WTH in the current and changed cli-
mates in our simulations, WTH negatively impacted forest C stock
in the changed climate as well.

Assessment of the method

In this study, we used a combination of simulation models to
assess the effects of whole-tree harvesting on soil material balance
and consequent impacts on growth. Although all models are sim-
plifications and may lack some important components, simula-
tions are currently the only way to estimate possible future
reactions of the forest ecosystem to the changing environment. In
our study, the PipeQual growth model was found to mimic fairly
realistically the growth and yield of spruce stands in the current
climate with stem-only harvesting (SOH) management (Kantola
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et al. 2007; Niinimdki et al. 2012), and the nitrogen content of
biomass and litter were based on extensive empirical studies
(Ukonmaanaho et al. 2008). Similarly, the ROMUL model was tested
against data in several previous studies (Shaw et al. 2006; Chertov
etal. 2009; Shanin et al. 2011; Palosuo et al. 2012), with results that
correspond with other models and empirical data.

Sensitivity of decomposition rates as the main parameters in
the ROMUL model was tested in detail by Komarov (2007). He
showed that the rate parameters of the earlier stages of decompo-
sition have lower impact on the overall stock sizes, whereas for
the later decomposition stages, the sensitivity to the rate param-
eter values increases. Thus, changing the decomposition rates of
fresh litter by 100% changes organic matter and corresponding
nitrogen stocks in forest floor by a maximum of 5% and in mineral
soil by about 1%. Furthermore, a change of decomposition rate of
the most stable stocks in mineral soil by 30% leads to a change of
15%-20% in the stock size. However, these parameters mostly af-
fect the steady-state stocks of the soil model (and the effect is
monotonous). When comparing the different management op-
tions, as in this paper, sensitivity to parameter values has a similar
effect for all options, and therefore we conclude that the uncer-
tainties in the stock changes due to different treatments are much
less pronounced than the uncertainties of the stock sizes. Detailed
sensitivity analysis of the soil dynamics described by ROMUL as a
part of an ecosystem model was done in Larocque et al. (2008).

The uncertainty of the combined model potentially increases due
to the interaction of the two submodels (PipeQual and ROMUL). In
this project, the interaction of the models consists of the feedback
due to the nitrogen flux between the stand and the soil and litter
falling to the ground, decomposing there and releasing N for the
plants to uptake. In our simulations, the feedbacks were tested
for stability, and no erratic behavior of the combined model was
observed. Slowing down the decomposition rate in the soil or
increasing N content in the litter tends to move the balance of
N storage to the soil and slightly slow down growth, whereas in-
creased uptake of N from litter moves the balance towards the
stand. The effect of the critical parameters is monotonous for the
balance, and therefore the impact should be only slight in com-
parison with the effects of different management options.

We therefore believe that the resulting N balance of the stand is
realistic, at least in the current climate. This is further corrobo-
rated by the above comparisons with empirical studies. However,
as regards the future climate and whole-tree harvesting, some key
uncertainties are related to the possible interactions of trees and
the soil, e.g., through changing patterns of allocation of sugars to
mycorhizza or other soil microbes, and to the ability of trees to
acclimatize to the new conditions, e.g., by changing the required
tissue N concentration or the proportion of N recycled. No suffi-
cient information is available to quantify such relationships to
date. In any case, we consider that our results are indicative of
expected processes, even if they may not be fully accurate quan-
titatively.

Forest biomass is not C-neutral fuel

The average C stock of trees and forest soil decreased when the
logging residues and stumps were harvested together with the
stem wood. According to our study, the loss of C from the forests
offsets the emission reduction gained by substituting fossil fuels
with forest biomass (Table 2). Actually, if the forest C losses are
accounted for, the use of biofuel in energy production may yield
40% higher CO, emissions than fossil fuel. Thus, we conclude that
accounting for the reduction in the forest biomass and soils C
stocks is essential for understanding overall climate effects of
biomass combustion. Furthermore, feasible accounting rules that
cover both emissions and C stock changes are a precondition
for effective incentives for mitigation of climate change. In the
national reporting of the emissions and removals under the
UNFCCC, potential reduction in the forest C stocks is accounted
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for, as countries report their emissions from both land-use and
energy sectors. However, the Kyoto Protocol does not fully ac-
count for climatic impacts, as all biomass sources are treated as
carbon neutral, but emissions from developing countries are not
considered and developed countries can cancel out their own
land-use emissions with forest carbon credits (Pohjola et al. 2003;
Haberl et al. 2012). Such gaps in accounting rules can create disin-
centives for emission reductions and for sustainable energy
sources (e.g., Haberl et al. 2012; Pingoud et al. 2010).

In our analysis, the substitution of fossil fuels was associated
with an emission factor of 266.76 g CO,-kWh-!, which is the IPCC
default value for diesel oil (IPCC 2006a). However, the use of bio-
energy is dependent on regional infrastructure and prices. Bioen-
ergy may replace coal combustion, which has a higher emission
factor (341 kg CO,-MWh-1; IPCC 2006a); more remarkable climate
benefits can obtained with coal substitution, as shown by Repo
et al. (2012).

Conclusions

WTH and the use of bioenergy may replace fossil fuels and
decrease fossil CO, emissions but simultaneously release C from
forests due to decreased growth and lower C stocks in vegetation
and soil. These indirect emissions resulting from the use of forest
bioenergy must be considered when assessing the potential for
mitigating climate change by using forest biomass and when eval-
uating the strengths and weaknesses of various energy sources
(see also Haberl et al. (2012) and Vanhala et al. (2013)).
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