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a b s t r a c t

Effective forest governance measures are crucial to ensure sustainable management of forests, but so far
there has been little specific focus in boreal and northern temperate forests on governance measures in
relation to management effects, including harvesting effects, on soil organic carbon (SOC) stocks. This
paper reviews the findings in the scientific literature concerning the effects of harvesting of different
intensities on SOC stocks and fluxes in boreal and northern temperate forest ecosystems to evaluate
the evidence for significant SOC losses following biomass removal. An overview of existing governance
measures related to SOC is given, followed by a discussion on how scientific findings could be incorpo-
rated in guidelines and other governance measures. The currently available information does not support
firm conclusions about the long-term impact of intensified forest harvesting on SOC stocks in boreal and
northern temperate forest ecosystems, which is in any case species-, site- and practice-specific. Properly
conducted long-term experiments are therefore necessary to enable us to clarify the relative importance
of different harvesting practices on the SOC stores, the key processes involved, and under which condi-
tions the size of the removals becomes critical. At present, the uncertainty gap between the scientific
results and the need for practically useable management guidelines and other governance measures
might be bridged by expert opinions given to authorities and certification bodies.
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1. Introduction

There are many carbon (C) pools in forest ecosystems, and
recent discussion on the C neutrality of forest harvesting (e.g.
Schulze et al., 2012; Bright et al., 2012; Holtsmark, 2013) has
mainly focussed on the more easily quantified and often
well-documented above-ground tree biomass. However, a large
part of the total C stock in boreal and northern temperate forest
ecosystems is found belowground, both in soil organic matter
(SOM) and living biomass, and this needs to be considered in any
discussion of the effects of forest harvesting on C sequestration
in forest ecosystems. In particular, the soil contains a large reser-
voir of older C, which has a slow build-up from input through pho-
tosynthesis, a long turnover time, and the potential to be stored for
a long time. Forest management influences a number of the factors
affecting SOM turnover, such as the chemical quality of the C com-
pounds (labile or stable), site conditions (temperature and precip-
itation), and soil properties (moisture, pH, nutrient status) (Jandl
et al., 2007). Release of soil organic C (SOC) to the atmosphere
may change as a result of soil disturbance, including that resulting
from forest operations. It is therefore important that this C stock be
protected, and that forest governance should take this into
account.

Processes leading to changes in the C stocks are here termed C
fluxes. The C balance of a managed forest ecosystem at any given
time is determined by the difference between the input flux (net
primary productivity, which is given by the difference between
photosynthesis and autotrophic respiration) and output fluxes
(heterotrophic respiration and leaching) together with biomass
removals by harvest. Litter input, both aboveground and below-
ground, and thinning and final felling harvest residues transfer C
between biomass stocks and soil C stocks, while decomposition
and mineralisation (heterotrophic respiration) as well as leaching
of dissolved organic carbon (DOC) decrease the soil C stock (Jandl
et al., 2007).

Forest harvesting has several potential effects relevant to SOC
stocks and fluxes, including:

� Biomass removals by harvest remove C (woody litter, logs etc.)
that in the long term would otherwise contribute to SOC forma-
tion during decomposition (Covington, 1981).
� A decrease in litter inputs reduces the heterotrophic respiration

(Kowalski et al., 2004), whereas root death following thinning
or harvest could lead to an increase in heterotrophic respiration
(Powers et al., 2005).
� Biomass removal may also stimulate a vigorous ground flora

(Fahey et al., 1991) and/or support a fast development of a
new aggrading stand (Fleming et al., 2006) that together may
increase litter C input compared to pre-harvest.
� High nutrient removals in harvested biomass could increase the

risk for reduced productivity after thinning (Helmisaari et al.,
2011) or final harvesting (Walmsley et al., 2009).
� Harvest could increase the soil temperature, and this might lead

to increased decomposition and hence increased C release from
the soil by heterotrophic respiration (Covington, 1981), as well
as increased leaching of DOC (Nieminen, 2004). Increases in
both output fluxes would depend on sufficient precipitation
and soil moisture.
� Soil water status can change following harvest due to decreased

evapotranspiration. This could either increase leaching by run-
off water (Nieminen, 2004; Laudon et al., 2009) or inhibit
decomposition by unfavourably high moisture conditions
(Prescott et al., 2000); however, a higher water table could
either promote or reduce decomposition, depending on previ-
ous soil moisture content.
� Soil mixing caused by harvesting machines (or during stump
removal) might increase decomposition of soil organic matter
(Jandl et al., 2007) or soil compaction might decrease decompo-
sition rates (Prescott et al., 2000) and affect productivity
(Powers et al., 2005).

Many of these processes will be occurring at the same time in
the period shortly after harvesting (Schmidt et al., 1996). It is clear
that many effects will be site-specific, and that they may change
with time. Differences or changes in harvesting technologies will
also affect the outcome (Yanai et al., 2003). Thus, observed changes
in C stocks and fluxes will vary from one site to another, depending
on the relative strengths of these effects. Since SOC stocks are
determined by the balance between C inputs from productivity
and the loss by decomposition, mineralisation and leaching at
the rotation scale (Jandl et al., 2007), higher forest growth through
management and lower decomposition due to less favourable tem-
perature and moisture regimes for microorganisms in more den-
sely stocked managed stands (Vesterdal et al., 1995) may modify
the sink-source relationship and to some extent make up for the
harvest losses.

Sustainability of forest management including harvesting is
safeguarded by management guidelines, certification systems,
and in some cases legislation (e.g. the European Union’s directive
on the use of energy from renewable sources, European
Parliament and Council, 2009). Harvesting effects on SOC have
until recently not often been explicitly included in management
guidelines or Programme for the Endorsement of Forest
Certification (PEFC) or Forest Stewardship Council (FSC) certifica-
tion systems, although some more recent certification systems do
include maintenance of forest C sinks (Stupak et al., 2011).
Additionally, guidelines dealing with e.g. soil damage by forest
machinery and minimisation of erosion will often support protec-
tion of SOC.

This paper will briefly summarise the findings in the scientific
literature concerning the effect of harvesting of different intensi-
ties on SOC stocks and fluxes in boreal and northern temperate for-
ests, to evaluate the evidence for significant additional losses with
increasing biomass removal. A brief overview of existing gover-
nance measures related to SOC is also given, followed by a discus-
sion on how scientific findings could be incorporated in guidelines
and other governance measures.
2. The scientific basis

2.1. Determination of C stock changes

To quantify potentially small changes in SOC stocks after har-
vesting, precise determination of SOC is needed. Unfortunately,
the large spatial variability in SOC stocks makes detection of signif-
icant changes difficult and requires the collection of a large num-
ber of samples to obtain a representative result. Factors
influencing the spatial distribution of SOC include soil type and
texture, geological substrate, climate (temperature, precipitation
and moisture content), altitude, slope, past and present land use,
and management practices (Doblas-Miranda et al., 2013). Apart
from SOC concentrations, bulk density, stone content, and soil
depth all have to be determined, and all of these vary greatly
(Schrumpf et al., 2011). Care has to be taken not to compress the
sample during sampling; this is especially important for bulk den-
sity determination. Pedotransfer functions to estimate bulk density
should be used with caution, as the errors involved may be consid-
erable (Schrumpf et al., 2011). In many studies, the organic layer is
considered separately from the mineral soil; however, separation
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of these during sampling is not always easy, and different field per-
sonnel may make different judgements. Harvesting operations
might further increase the variability in SOC due to soil distur-
bances by harvesting machines and due to uneven distribution of
the residues.

2.2. Stem-only harvesting

After stem-only harvesting (SOH), the soil may receive an addi-
tional input of organic matter in harvest residues, including
branches, twigs, needles, and leaves, and also from dead roots.
The input of harvest residues after clear cutting might explain
the temporary increase in the C content of the soil that has been
observed in a period of up to two decades after harvesting
(Hendrickson et al., 1989; Johnson and Curtis, 2001). The soil is
also exposed to more light (affecting ground vegetation and thus
litter input), higher moisture content, and greater fluctuations in
temperature following SOH (Jónsson and Sigurdsson, 2010), all of
which can influence decomposition of both harvest residues and
older SOM. Decomposition of large amounts of easily decomposed
needles and leaves will typically lead to increased soil respiration
linked to a pulse of increased CO2 release. At the same time, har-
vest results in a reduction in autotrophic respiration after the roots
die (Kowalski et al., 2004). Other greenhouse gases, such as
methane (CH4), can also respond to SOH. While upland forests gen-
erally consume CH4 from the atmosphere at low rates, it was
recently shown that they can become minor sources of CH4 after
SOH (Sundqvist et al., 2014), probably because of elevated ground-
water levels after harvest. Clear-cutting on sites dominated by
Norway spruce (Picea abies) has been shown to cause increased
export of DOC (Nieminen, 2004; Laudon et al., 2009), due to both
increased DOC concentrations and increased water fluxes after har-
vesting (Sørensen et al., 2009).

A meta-analysis of harvesting effects in temperate forests by
Nave et al. (2010) found that forest floor C storage declined by
30 ± 6% after harvesting, whereas the mineral horizons showed no
significant overall change. Variation in harvesting effects on mineral
soil C stock was best explained by soil type; for example, alfisols and
spodosols showed no significant changes in mineral soil C, while this
was lost in inceptisols and ultisols. Tree species was also an impor-
tant factor: losses in forest floor C were significantly smaller in conif-
erous/mixed stands (�20%) than in hardwoods (�36%) (Nave et al.,
2010). Sandy soils may be sensitive to harvesting effects because
organic matter in sandy soils is poorly protected (Carlyle, 1993). A
recent study in Sweden, making use of the National Forest
Inventory, found a mean reduction of 16.5% in the organic layer C
content during the first 32–50 years following harvest in different
forest types (Georgiadis, 2011). The reduction in SOC stock might
be attributed to reduced litter C input together with increased
decomposition of organic matter due to higher soil temperatures
when the soil surface becomes exposed to the sun.

The reduction in SOC stock after harvesting observed in the
organic layer has previously been believed to be quite large, up
to 50% in the first 15–20 years (Covington, 1981; Federer, 1984).
Especially the chronosequence study by Covington (1981) has led
to the paradigm of a significant SOC loss after harvest. However,
resampling of the chronosequence study two decades later did
not reveal major losses of organic layer C (Yanai et al., 2003).
Factors such as mechanical mixing of the organic layer with the
mineral soil during harvesting and replanting have been suggested
as explanation for this apparent reduction in the organic layer C
stock (Federer, 1984; Ryan et al., 1992; Yanai et al., 2000, 2003).
Huntington and Ryan (1990) and Johnson et al. (1991) observed
mixing of material from the organic horizon with the mineral soil
after harvesting in broadleaf forest in New Hampshire, while the
total SOC content remained unchanged. These results emphasise
the need to address the whole soil profile in field studies of har-
vesting effects on SOC stocks.

In two Swedish Norway spruce stands, total soil (i.e.
organic + mineral soil) C stock was reduced by 17–22% 15–16 years
after harvesting (Olsson et al., 1996). The effect was different in the
organic layer compared with the mineral soil: the entire reduction
was observed in the organic layer, while the C stock of the mineral
soil in some cases increased. In a Scots pine (Pinus sylvestris) stand
in southern Sweden no change was observed in the total soil C
stock, while in a northern Scots pine stand the soil C stock was
reduced by 7% (Olsson et al., 1996). Pennock and van Kessel
(1997) found that organic C in the upper 45 cm in a Populus
tremuloides/Picea glauca forest in Saskatchewan increased by 8%
1–5 years after harvesting. An explanation for observed increased
C content in the mineral soil might be decomposition of roots
remaining in the soil after harvesting (Powers et al., 2005;
Sanchez et al., 2006). Root depth distribution is likely to be an
important factor here (Rosengren et al., 2005), although even a
shallow-rooting species like Norway spruce will provide root litter
input to the mineral soil (Leppälammi-Kujansuu et al., 2014).

The reduction in SOC content has previously been mostly linked
with the labile C fraction (Carlyle, 1993), suggesting that observed
differences in effects of harvesting on SOC content might in some
cases be explained by differences in the stability of the soil’s C frac-
tions, with formation of more recalcitrant compounds acting to
stabilise the SOC content. Recent research indicates, however, that
organic matter persists not because of the intrinsic properties of
the organic matter itself, but because of physicochemical and bio-
logical influences from the surrounding environment that reduce
the probability and the rate of decomposition (Schmidt et al.,
2011). This indicates that the persistence of SOC is not primarily
a molecular property, but an ecosystem property. Thus, conflicting
results from various studies might be related to site specific factors
such as e.g. moisture differences. Drier sites are more prone to
losses, and at sites with a growing season precipitation deficit, har-
vest will increase the soil moisture content and reduce the number
of periods where decomposition may be limited by drought. In
other cases, harvest may lead to soil moisture saturation that can
inhibit decomposition of organic matter in coniferous forest
(Prescott et al., 2000). In an oak forest in Wisconsin, surface litter
decomposition was found to be lower after harvesting than in an
unharvested area (Yin et al., 1989), possibly related to higher soil
moisture after the clear-cut, and the faster decomposition which
was observed by Prescott (1997) in an old-growth forest relative
to a clear-cut may have been due to higher moisture in the surface
layers in the old-growth forest during the summer. A study on the
effect of harvest and moisture regime on decomposition found that
decomposition rates after harvest were comparable to those in
uncut reference stands; differences in decomposition rates were
found depending on site moisture level, with initial mass loss
greater at a moist site than at a moderately dry or wet site
(Symonds et al., 2013).

Modelling has shown results comparable to those of some
empirical studies. A modelling study with the Finnish Yasso model
indicated that the soil reached a minimum level of SOC 16–
22 years after harvesting, with a mean value 9% below the
pre-harvest value (Peltoniemi et al., 2004). Modelling results have
suggested that there could also be long-term effects following
clear-cutting with a reduction in SOC amounting to 14% after
two 100-year rotations compared to pre-harvesting conditions
(Liski et al., 1998).

Forests are managed on the stand scale, but C budgets resulting
from management might also be evaluated at the landscape scale.
Modelling results have shown that harvesting effects on the aggre-
gated C balance at landscape level may be less dramatic than for
individual stands, as the landscape level includes many stands at
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different ages and stages of development (Eliasson et al., 2013).
This is likely to be important considering the concerns that have
been raised (e.g. Schulze et al., 2012) about the long-term C neu-
trality of forest harvesting for bioenergy.

2.3. Thinning

In pre-commercial thinning, biomass is left on-site, while in
stem-only thinning (SOT) the stems are removed. In whole-tree
thinning (WTT), all above-ground compartments are removed:
effects of this are considered in Section 2.5 on whole-tree harvest-
ing. Effects of thinning on SOC in boreal and northern temperate
systems appear to be mixed. Vesterdal et al. (1995) found that
the C stock in the organic layer of Norway spruce stands was neg-
atively correlated with stem-only thinning intensity (83%, 67% and
50% of the basal area) as compared to the unthinned control. The
difference in C stock between three different experimental sites
was greater than that due to thinning intensity, which illustrates
the importance of site specific factors. In a study carried out
33 years after thinning from 3190 to densities of 2070, 1100 and
820 trees per hectare, Nilsen and Strand (2008) found no signifi-
cant treatment effects on organic layer and mineral soil C stock.
In Quebec, the C stock in the organic horizon in a P. tremuloides for-
est increased one to two years after removal of 61% (i.e. thinning)
and 100% (i.e. clear cut) of the basal area, although there was no
increase when only 33% of the basal area was removed (Brais
et al., 2004). The increase in organic layer C stock could have been
related to increased input from abundant well-decomposed coarse
woody debris shortly after harvesting. However, Hu (2000) found
no significant difference in soil organic matter due to thinning
intensity two to three years after removal of 25%, 45%, 65% and
100% of the basal area on three Norway spruce sites in eastern
Norway, so this short-term effect is not always observed.
Jurgensen et al. (2012) showed that C stocks in the surface mineral
A horizon of red pine (Pinus resinosa) stands in Minnesota
decreased in thinning regimes with 10%, 25% and 35% basal area
removal, but not in stands where 50% of the basal area was
removed. However, thinning had no impact on C stocks in the for-
est floor and combined A and B mineral horizons (30 cm depth) in
both red pine and northern hardwood stands.

Thinning leads to a temporary reduction in above-ground bio-
mass and thus to reduced annual C input with canopy litterfall.
There are, however, large C inputs related to the residues left
on-site in pre-commercial or stem-only thinning and belowground
litter may also increase in the following years as root systems of
removed trees die and decompose. Additionally, there may be
changes in soil temperature and/or moisture after thinning
(Aussenac, 1987; Carey et al., 1982). The size of the effect depends
on the degree of thinning (Jónsson and Sigurdsson, 2010) and other
factors in the experimental designs used may also have con-
tributed to the variation in the observed results (Jurgensen et al.,
2012), as well as differences in the time period between thinning
and the time of sampling. In cases where thinning has little effect
on SOC content, the explanation may be that the C input recovers
quite rapidly following a temporary reduction and that changes in
soil temperature and moisture are small (Carlyle, 1993).
Furthermore, increased light penetration may stimulate ground
vegetation and its litter production until canopy closure.
Decomposition in the organic layer can be stimulated, at least tem-
porarily (Jandl et al., 2007), but can also be reduced or remain
unchanged (Prescott et al., 2000).

2.4. Selection cutting

Selection cutting is a harvesting method designed to create an
uneven-aged or all-aged stand structure by harvesting single trees
or small groups of trees. It is believed that this has ecological ben-
efits, including increased carbon sequestration, as well as produc-
ing a more constant flow of marketable timber. It is most suitable
for shade-tolerant species and has been used in some hardwood or
mixed forests. Selection cutting might minimise C loss from the
soil after harvesting since the impact of harvesting is spread out
in time instead of being concentrated at a single point in time,
and the impact in any given year may be restricted to establish-
ment of single-tree gaps. A simulation study by Taylor et al.
(2008) indicated that selective cutting, i.e. continuous cover for-
estry, would increase SOC stocks. In Norway, Nilsen and Strand
(2013) found that the difference in organic and mineral layer
SOC stocks between a selectively harvested stand and an
even-aged and thinned stand established after clear-cutting in
the early 1930s was 21 Mg C/ha, with the selectively cut stand hav-
ing the higher SOC content; however, it was calculated that the
even-aged forest had stored more C in tree biomass including roots
at the time of measurement (210 Mg C/ha compared with
76 Mg C/ha in the selectively harvested stand). Modelling a pine
forest using the Edinburgh Forest Model showed that a manage-
ment regime where 10–20% of tree biomass was harvested annu-
ally provided a better combination of high wood yield and C
storage compared with even-aged plantations with a 60 year rota-
tion period (Thornley and Cannell, 2000). In Germany, Wäldchen
et al. (2013) found no difference in SOC stocks in
beech-dominated stands with different past forest management
including selective cutting vs. coppicing with standards (i.e. scat-
tered individual stems allowed to grow through several coppicing
cycles).

2.5. Whole-tree harvesting

Whole-tree harvesting (WTH) or WTT lead to increased removal
of branches and tops in harvest residues compared to SOH or SOT.
These residues can then be used for example as a source of bioen-
ergy. The way the harvest residues are handled may affect SOC
stocks. After SOH, harvest residues may be distributed across the
clear-cut area, although this is not always the case with modern
forestry operations. Harvest residues may be deployed in trails
where the harvesting machines drive in order to reduce their
impacts on the soil (Nisbet et al., 2002). This latter approach will
involve large areas with no input from harvest residues and smal-
ler areas that receive large inputs, i.e. large spatial heterogeneity in
input of C to soils. To some extent the effect is similar to WTH
where the harvest residues are left in piles prior to removal.
Where these residues are piled, the size of the pile could have an
effect on the C and nutrient inputs to the soil in the period (com-
monly up to a few months) before it is removed. In a single-tree
experiment with Scots pine, Smolander et al. (2013) found that
increasing amounts of harvest residues were associated with
increased organic matter concentration, C mineralisation, and
glucose-induced respiration. In addition, not all the residues are
removed during WTH; it is common that 60–80% is removed
(Helmisaari et al., 2011). A number of studies have compared the
effects of WTH and WTT with those of SOH and SOT, respectively,
in boreal and northern temperate conditions, and long-term effects
have been modelled (Table 1). In most field studies, there was
either no significant difference or WTH led to a reduction in SOC,
most often but not only in the organic layer, compared with SOH.
Differences between effects of SOH and WTH tended to be larger
in the organic layer than the mineral soil, as also pointed out by
Thiffault et al. (2011) (Fig. 1). A clear trend with time since last har-
vesting is not apparent from our analysis when including all data in
Table 1. Large spatial variability in SOC following harvest may
explain why the majority of the studies reviewed (Table 1) could
not reveal significant effects on SOC between harvesting methods.



Table 1
Overview of studies comparing effects on soil organic carbon of whole-tree harvesting and thinning with stem-only harvesting and thinning in boreal and north temperate conditions. Field and model studies are separated, after which
studies are grouped according to the main results. SOH = stem-only harvesting, SOT = stem-only thinning, WTH = whole-tree harvesting, WTT = whole-tree thinning. AU = Austria, CA = Canada, CN = China, DK = Denmark, FI = Finland,
SE = Sweden, UK = United Kingdom, US = United States. Ab = Abies balsamea, Bp = Betula papyrifera, Lg = Larix gmelinii, Pa = Picea abies, Pbl = Populus balsamifera, Pbn = Pinus banksiana, Pg = Populus grandidentata, Pm = Picea mariana,
Pre = Pinus resinosa, Pru = Picea rubens, Psi = Picea sitchensis, Pst = Pinus strobus, Psy = Pinus sylvestris, Pt = Populus tremuloides.

Source No. in Fig. 1 Country Dominant
tree
species

Final
harvesting
(H)/thinning
(T)

Years after last
harvesting or
thinning

Field
(F)/modelling
(M)

Effect on soil C

Roberts et al. (1998) CA Bp H 3 F Litter and organic layer depth reduced four years after harvest, more effect after SOH
than WTH at two of three sites

Staaf and Berg (1980) SE Psy H 3.5 F Carbon content of organic horizon reduced 3.5 years after slash removal
Bélanger et al. (2003) 1 CA Pm H 3 F Less C in organic layer after WTH than SOH. No significant difference in mineral soil
Saarsalmi et al. (2010) 2 FI Psy H 24–25 F Organic layer C stock significantly lower 23–25 years after WTH than after SOH in a

more fertile stand; no significant difference in a less fertile stand. No significant
differences in the mineral soil

Vesterdal et al. (2002) 3 DK Pa H 25–28 F Organic layer C content in one plantation unaffected by harvesting intensity, reduced
by 35% after WTH in the other plantation

Kaarakka et al. (2014) 4 FI Pa T + H 10 F Repeated WTT or WTH led to decreased total C pool in combined organic + mineral soil
10 years after final harvesting compared to SOT or SOH

Brandtberg and Olsson (2012) 5 SE Pa, Psy H 26–28 F C concentration at 5–10 cm depth in mineral soil significantly lower after WTH
compared with SOH 25 years after harvesting. No significant difference at other depths

Hendrickson et al. (1989) 6 CA Pre, Pg,
Pst, Pt

H 3 F C content increased in the organic horizon after SOH and in the mineral soil after both
treatments compared with an uncut area; the increase in the mineral soil was greatest
after WTH

Olsson et al. (1996) 7 SE Pa, Psy H 14–17 F No general effect of harvesting intensity after 15–16 years, with or without removal of
needles

Symonds et al. (2013) CA Pm H 0.5–4 F Decomposition rates similar after SOH and WTH
Smolander et al. (2013) 8 FI Psy T 4–13 F No significant differences in SOM, microbial biomass or C mineralisation at two sites
Thiffault et al. (2006) CA Ab, Pm,

Pbn
H 13–23 F No significant differences

Rosenberg and Jacobson (2004) 9 SE Pa, Psy T 4 F No significant difference in soil C content after WTT and SOT
Tamminen et al. (2012) FI Pa, Psy T 3–30 F No significant differences between SOT and WTT
McLaughlin and Phillips (2006) US Pru, Ab H 17 F No reduction in total soil C content 17 years after WTH compared with before

harvesting and a reference plot
Wall and Hytönen (2011) FI Pa H 30 F No significant difference between treatments 30 years after harvesting
Wall (2008) 10 FI Pa H 3.5 F Significantly higher organic stocks in litter layer four growing seasons after SOH

compared with WTH. Where branches removed but foliage left on-site, organic matter
stock in litter layer not significantly different from WTH for areas without slash and not
significantly different from SOH when expressed for total harvested area. No significant
differences in the humus layer or upper mineral soil

Vanguelova et al. (2010) 11 UK Psi H 28 F Significantly higher C stocks in a peaty gley soil after WTH compared to SOH
Smolander et al. (2008) 12 FI Pa T 5–10 F No significant difference in SOC in the organic layer or in mass loss from litterbags after

five years. Rate of C mineralisation in laboratory incubation lower 10 years after WTT
compared with SOT

Smolander et al. (2010) FI Pa T 11–19 F Amount of C in microbial biomass not affected by removal of harvest residues, but
lower rate of C mineralisation in laboratory incubation experiments. Effects of removal
of residues greatest at two least fertile sites

Hyvönen et al. (2000) SE Pa, Psy H 16 F + M C content in organic layer 50% greater in a highly productive (10.1 m3 ha�1 yr�1) spruce
forest and 100% greater in a low-productive (3.7 m3 ha�1 yr�1) pine forest 16 years after
SOH relative to WTH, compared with Olsson et al. (1996)

Jiang et al. (2002) CN Lg H M Soil carbon and litter lower after WTH than SOH
Peng et al. (2002) CA Pm, Pbn,

Bp, Pt, Pbl
H M Soil C stock lower after WTH than SOH

Merganičová et al. (2005) AU Pa T M Soil C content lower after WTT than SOT, especially when needles removed
Bengtsson and Wikström (1993) SE Pa H M Soil C content lower after WTH than SOH, but differences small; 35–50% less C in soil

after SOH compared to no biomass removal
Ågren and Hyvönen (2003) SE Pa, Psy H M Negligible effect of SOH compared to no harvesting after 150 years; if WTH the soil C

content on national scale reduced by 59 Tg after 150 years
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Fig. 1. Effects of harvest intensity expressed by the relative change in % of SOC with whole tree harvesting or thinning relative to stem only harvesting or thinning
(SOH = stem-only harvesting, SOT = stem-only thinning, WTH = whole-tree harvesting, WTT = whole-tree thinning) in the forest floor (FF) and upper mineral soil (Min), based
on field studies in Table 1. Numbers in the figure refer to the studies with the same numbers in Table 1. Only studies in which SOH and WTH stocks were directly compared
and with number of years (±1) since last harvesting/thinning known were included. Note that some studies include several sites, which are shown separately where possible.
Dashed line = 100%. Solid line (WTH/SOH FF reg) is a linear regression for WTH/SOH in the forest floor, omitting study No. 11 (see text for explanation).
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Additionally, some studies compared post-harvest SOC stocks in
WTH and SOH plots where pre-harvest SOC stocks had not been
measured, leading to uncertainty with regard to the starting
values.

The study by Vanguelova et al. (2010, No. 11 in Fig. 1) is unusual
because SOC stocks after WTH were considerably higher than after
SOH. This was explained by on-site retention of harvesting resi-
dues in SOH increasing the rate of mineralisation of existing SOC
stocks resulting in a loss of SOC (Vanguelova et al., 2010). The
study was also unusual because the soils were peaty gleysols, i.e.
very different from the better drained mineral soils in most other
studies; the results may therefore not be comparable. This sup-
ports the importance of soil type in influencing the effects of har-
vesting on SOC. If this study is left out of the analysis because of
the different soil type, mean WTH/SOH in the forest floor was
90% (SD 16%), while a regression of WTH/SOH (%) in the forest floor
against time still showed no clear time trend (Fig. 1). The analysis
thus suggests that a reduction in SOC content after WTH compared
with SOH may be likely, at least on mineral soils that are not
waterlogged. However, a universal effect cannot be shown.

In contrast to field studies, modelling studies have consistently
reported that WTH and WTT lead to a reduction in SOC content
compared with SOH and SOT, respectively. The reason for this dif-
ference between field and modelling studies is not clear, but it may
be that further development of the models is necessary to ade-
quately deal with the large number of factors that can affect SOC
stocks after harvesting. In addition, changes in the field may be dif-
ficult to detect due to the high spatial variability.

A meta-analysis by Johnson and Curtis (2001) summarised
results from 26 studies from different parts of the world, including
ecosystems that were very different from boreal or northern tem-
perate forests but also boreal/northern temperate studies such as
Hendrickson et al. (1989) and Olsson et al. (1996). After WTH,
the C stock of the top mineral soil was reduced by on average 6%,
while it increased after SOH with on average 18%. This increase
was observed most often in coniferous stands, and was often seen
in the years shortly after harvesting, presumably due to the har-
vesting residues being incorporated into the soil (Johnson and
Curtis, 2001).
To evaluate the long-term ability of forest soils to store C after
WTH, it is also necessary to consider the effect of WTH on forest
growth in the next rotation. Because a large proportion of the trees’
nutrients are in the branches, twigs, and needles/leaves, removal of
these will reduce the supply of nutrients to the soil. This could lead
to nutrient deficiencies in the long term, which in turn could lead
to reduced growth in the next rotation. If growth is lower, the abil-
ity of trees to sequester C, as well as the litter input to the soil, will
be reduced. Intensified biomass removal in WTH might therefore
lead to reduced SOC as a result of lower biomass production
(Vesterdal et al., 2002). The risk of a negative feedback mechanism
via reduced net primary productivity on SOC will clearly be greater
in nutrient-poor sites (Raulund-Rasmussen et al., 2008) but might
be remedied by fertilisation. If only the branches are removed
while the needles and leaves remain on-site, as suggested in some
management guidelines (e.g. Swedish Forest Agency, 2008), the
nutrient loss may be considerably less. There are a number of stud-
ies from boreal and northern temperate forests of the effect of har-
vesting method on growth in the next rotation. Although many
studies found growth reductions after WTH or WTT compared with
SOH or SOT, respectively, at least where compensatory fertilisation
was not applied (Proe and Dutch, 1994; Jacobson et al., 2000;
Vesterdal et al., 2002; Egnell and Valinger, 2003; Walmsley et al.,
2009; Helmisaari et al., 2011; Tveite and Hanssen, 2013), universal
effects on soil productivity and tree growth were not reported
(Vesterdal et al., 2002; Thiffault et al., 2011; Ponder et al., 2012;
Fleming et al., 2014; Hazlett et al., 2014; Morris et al., 2014). It is
clear that the effect, if present, varies depending for example on
tree species (Egnell and Leijon, 1999; Tveite and Hanssen, 2013),
soil type (Morris et al., 2014) and thickness of the organic layer
(Hazlett et al., 2014). For example, Tveite and Hanssen (2013)
found that results for Scots pine stands from a long-term thinning
experiment after 20 years indicated a non-significant growth loss
of 5% for WTT vs. SOT while Norway spruce stands showed a signif-
icant growth loss of 11% after 25 years. Reasons for this difference
might include that the branches and needles in the harvesting resi-
dues account for a greater share of the total aboveground biomass
in Norway spruce than in Scots pine (Merilä et al., 2014). In some
studies, the stands had not reached canopy closure at the time of
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study, so that treatment effects could possibly develop later
(Ponder et al., 2012; Fleming et al., 2014; Morris et al., 2014).
2.6. Stump extraction

Stump extraction has in recent decades been suggested primar-
ily as a method to limit fungal attacks to root systems, so most
studies were previously carried out in this context. In addition,
stump extraction is now used for providing biofuels.
Complete-tree harvesting (CTH), in which residues as well as
stumps were removed, is also considered here. Until recently very
little work had been done on the effects of stump extraction on
SOC. There is concern that large-scale disruption of forest floors
might lead to release of CO2 from increased SOM decomposition
and mineralisation, as well as increased DOC leaching (Walmsley
and Godbold, 2010). This would be comparable to the effects of
certain types of site preparation, where a net loss of soil C may
increase with degree of disturbance (Jandl et al., 2007). Indeed, in
countries where site preparation is part of the planting procedure
following clear cutting, it might be difficult to separate the effects
of site preparation and stump removal, especially in areas where
site preparation has been extensive. Strömgren and Mjöfors
(2012) compared effects of stump harvesting, harrowing and patch
scarification on CO2 efflux and found that in the second year the
flux was 10% higher after stump harvesting and harrowing than
after patch scarification. Effects of stem and stump harvesting
together with deep soil cultivation, i.e. two intensive treatments
in combination, were recently studied by Egnell et al. (2015).
Although soil C pools were lower following this combination of
treatments, tree biomass was significantly increased, so that the
total C pool was not significantly affected. Again, this is comparable
to the effects of site preparation: the effect of improved biomass
production after site preparation can outweigh the loss of SOC
(Örlander et al., 1996). The results also show the importance of
looking at changes in the total C pool (soil + biomass) to determine
the effect of silvicultural practices on forest C balances (Egnell
et al., 2015); however, they also illustrate a situation where bio-
mass production is occurring at the expense of C storage in the soil
pool.

The results reported in the literature on effects of stump har-
vesting are variable. In British Columbia, Hope (2007) found that
there were no significant differences in SOC stocks in the forest
floor or mineral soil with or without removal of stumps and com-
pared with a control in either year 1 or year 10 after treatment,
except that there was less C in the mineral soil 10 years after in
the control. There was also a significant increase in C concentration
(but not stock) in the mineral soil between years 1 and 10.
Scarification after stump harvesting, on the other hand, led to a sig-
nificant reduction in the C stock of the forest floor by nearly 50%
(Hope, 2007). In an experiment in Finland without additional site
preparation, stump harvesting had no significant effect on C stocks
in either the organic layer or the 0–10 cm layer in the mineral soil
after 33 years, although the organic layer was thinner after stump
removal (Karlsson and Tamminen, 2013). In contrast, mineral soil C
concentrations were on average 24% lower more than 20 years
after stump extraction at sites in the northwest US (Zabowski
et al., 2008). A reduction of CO2 emissions due to a decrease in
decomposable substrate was found in the first year after stump
harvesting by Grelle et al. (2012), which was however followed
by increased CO2 emissions resulting from the extensive soil dis-
turbance. Some of the observed variation in the results may be
attributable to time since harvesting: short-term effects might be
attributable to the disturbance created by stump removal, while
longer-term effects might in addition be affected by reduced C
inputs.

Effects of SOH, removal of stems and stumps (but not harvesting
residues), and CTH were compared by Strömgren et al. (2013) at
four Swedish sites 25 years after harvesting and replanting with
manual patch scarification. Soil C stock was lower after CTH than
after SOH, but the difference was only significant in the organic
layer C stock; no effect was found in the mineral soil. Soil C stock
after removal of only stems and stumps did not differ from the
other two treatments, but was lower in the organic layer than after
SOH (Strömgren et al., 2013). Responses to treatments as well as
contrasting results between different long-term studies may be
related to scarification practices which in some countries are a cus-
tomary part of the planting procedure. Studies which entail scari-
fication, without testing for scarification effects by themselves,
will show combined effects of two treatments.

Kataja-aho et al. (2012) compared effects of stump harvesting at
Norway spruce sites with those of a traditional site preparation
method, mounding. No differences were found in organic matter
stocks between treatments; however, CO2 production was higher
in the stump removal plots, which indicates a higher loss of soil
C, possibly due to increased soil disturbance and/or differences in
the microbial community. Increased N mineralisation was also
found after stump harvesting (Kataja-aho et al., 2012), which
might have implications for future tree growth (Helmisaari et al.,
2014).

Effects of CTH compared with WTH and SOH have been mod-
elled using the Q model (Hyvönen et al., 2012). The highest initial
reduction in SOC was predicted after CTH, and this reduction was
greater at low-productive sites than at high-productive ones.
However, most although not all of the decline in SOC stock was off-
set by the end of the rotation period by litter production in the sub-
sequent forest stand.
2.7. Conclusions regarding the scientific results

Experimental results indicated increasing SOC loss with
increasing harvest intensity or increasing soil disturbance at some
sites but little or no effect at other sites, and there is no basis for
firm generalisations (Thiffault et al., 2011). Although this may to
some extent be due to differences in the experimental setup, a
likely site specific vulnerability to SOC loss is implied that needs
to be characterized and understood. Thiffault et al. (2011) empha-
sised the importance of the organic layer, both as a nutrient reser-
voir and as a mediator against disturbance to the deeper soil
layers; however, they pointed out that this does not preclude forest
operations such as site preparation that affect the organic layer.

Although experimental results show variable effects of harvest-
ing on SOC, models predict losses of SOC, though less in the long
term. The reasons for the discrepancy between field studies and
modelling results need to be understood. Understanding of the soil
C balance implemented in the models may be lacking some inputs
or processes important for SOC accumulation (Thiffault et al.,
2011). Also, the difficulties involved in determining small differ-
ences in SOC stocks in the field, especially because of their large
spatial variability, may play a role (Jandl et al., 2007). Altogether,
this suggests a need for well-designed new experiments to
improve our understanding of the processes, preferably along gra-
dients of factors such as temperature and moisture, and including
process studies which may serve as indicators of both short- and
long-term changes.

Losses of SOC after harvesting and differences between harvest-
ing intensities might be transient and no longer detectable after a
period of some decades. This would indicate resilience in the forest
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ecosystem with processes compensating SOC losses that we need
to identify and understand. However, limited availability of
long-term experimental data currently precludes firm conclusions
about the long-term impact of intensified forest harvesting on SOC
stocks in boreal and northern temperate forest ecosystems, sug-
gesting a need for continuation of existing long-term experiments.

Even where there are clear negative effects of harvesting on SOC
stocks, it is important to note that this may be mitigated or indeed
completely outweighed by improved tree growth in the next rota-
tion (Egnell et al., 2015). It is important to look at the changes in
the total C stocks if one of the major goals of forest management
is to sequester carbon and thereby mitigate global warming. At
the same time, it is important to evaluate the net effects of biomass
production at the expense of soil C accumulation in relation to the
potential for long-term storage of C.
3. Governance

Effective forest governance measures are crucial to ensure sus-
tainable forest management. Sustainability principles and criteria
have therefore to be incorporated into policy frameworks and sup-
port schemes, as well as management guidelines and certification
systems. Although there is great site-to-site variation,
science-based and operationally practical management guidelines
might be developed with the help of expert judgement (Vance
et al., 2014). In addition, it is vital that governance measures are
accepted by stakeholders. ‘Soft’ governance measures, e.g. manage-
ment guidelines and certification systems, may often be more
adaptable to changes and local conditions, and more inclusive of
stakeholder inputs, than legislation, and thus more easily accepted
(Stupak et al., 2013).

Comparisons of management guidelines have been made for
countries, states or provinces with boreal and/or temperate forests
(Stupak et al., 2013). Although it is possible to learn from other
countries, it is probably rarely advisable simply to copy their
guidelines because of local differences. However, comparison of
different countries’ guidelines may help to identify broad areas of
agreement that should be included, while leaving details to be
worked out nationally or even at a more local level (Lattimore
et al., 2009; Berch et al., 2012; Stupak et al., 2013). This would
increase local empowerment, in accordance with the subsidiarity
principle, and also emphasises the importance of training of forest
managers.

Although many countries have produced national recommen-
dations and guidelines for biomass extraction to encourage this
taking place in agreement with the principles of sustainable forest
management, the focus has so far been largely on nutrient manage-
ment and avoidance of soil damage by compaction or erosion, and
there has been little specific focus on SOC stocks. Regarding certi-
fication systems, harvesting effects on SOC have until recently not
often been explicitly included in Programme for the Endorsement
of Forest Certification (PEFC) or Forest Stewardship Council (FSC)
certification systems, although some mainly newer standards do
include requirements focussing on the forests’ contribution to the
C cycle (Stupak et al., 2011). Aside from strict forest certification
systems, there are other certification systems, standards and sug-
gestions for criteria related to bioenergy production, some of
which are relevant to preservation of SOC stocks also in forests
(Martikainen, 2010a, 2010b). For example, ‘‘biomass production
must not be at the expense of important carbon sinks in the vege-
tation and in the soil’’ (Project Group on Sustainable Production of
Biomass, 2007), ‘‘biomass production shall not endanger important
carbon stocks’’ (Hjulfors and Hjerpe, 2010) and ‘‘the use of agrarian
and forestry residual products for feedstock production, including
lignocellulosic material, shall not be at the expense of long-term
soil stability and organic matter content’’ (Roundtable on
Sustainable Biofuels, 2010).

The European Union’s directive on the use of energy from
renewable sources (RED, European Parliament and Council, 2009)
includes a mandatory sustainability scheme for biofuels (defined
as liquid or gaseous fuel for transport) and bioliquids. Although it
is stated in Point 4 of Article 17 of the RED that biofuels and bioliq-
uids shall not be obtained from land that was continuously
forested in January 2008 and is no longer continuously forested,
this is in the context of land-use change and thus does not prohibit
forest harvesting for bioenergy purposes, which is not considered
as land-use change if forest is replanted or allowed to regrow nat-
urally (cf. International Sustainability and Carbon Certification,
2010). Other land areas with high SOC stocks, such as wetlands
and peatlands, are similarly protected. Furthermore, in the rules
for calculating the greenhouse gas impact of biofuels and bioliq-
uids given in the RED’s Annex V, a 20-year period is used for esti-
mation of C stock accumulation, which is clearly far too short a
time for forest SOC stocks to accumulate again after harvesting.

The RED was followed by a report on sustainability criteria for
the use of solid and gaseous biomass sources in electricity, heating
and cooling (European Commission, 2010), recommending the
extension of binding EU sustainability criteria for biofuels/bioliq-
uids to solid/gaseous biomass used for electricity and heating/cool-
ing. These recommendations are not mandatory. If in the future
liquid or gaseous biofuels are to be prepared from forest biomass
on a commercial basis (which will necessarily involve more inten-
sive use of forest biomass), the sustainability criteria given in the
RED will apply.
4. Discussion

Forest soil contains a large stock of C; of particular importance
is SOC which has a slow build-up, a long turnover time, and the
potential to be stored for a long time. The rate of the C release back
to atmosphere from SOC may increase after ecosystem distur-
bance, for example as an effect of harvesting, although this has
not always been observed. How could management guidelines
and other forms of governance be further developed to support
the preservation of SOC in the context of harvesting intensity?
Such guidelines should ideally rest on sound, quantitative and gen-
eralizable knowledge based on research. However, published
effects of both WTH and SOH in boreal and northern temperate for-
ests vary greatly, and there is not enough information currently
available to draw any general conclusions about their long-term
impact on ecosystem C cycling. Effects are species-, soil-, site-
and practice-specific (Helmisaari et al., 2014). In addition, most
field studies were carried out within a few decades of harvesting
and therefore cannot at present provide information about
long-term effects. Effects may be less dramatic if measured at the
landscape level rather than the stand level if SOC stocks are
restored during the rotation of the subsequent stand following
WTH, as effects at stand level will be integrated over a larger spa-
tial scale. In the case of effects of WTH, there appears to be some
discrepancy between results from empirical studies and results
from modelling. The reasons for this are unclear but it is possible
that some soil processes are not well enough simulated by existing
models or that field studies fail to gauge the often relatively small
changes in large and spatially variable SOC stocks (Jandl et al.,
2007). Properly planned new studies and resampling of soils in
existing studies to obtain long-term data may provide valuable
information on the mechanisms responsible for observed contrast-
ing effects of harvesting intensity and methodology on SOC storage
in soils, which can then be used to improve the models. A better
experimentally based understanding of the SOC loss and gain



N. Clarke et al. / Forest Ecology and Management 351 (2015) 9–19 17
processes after harvest is needed to identify the mechanisms that
may protect SOC stocks even under intensified use. Thus new stud-
ies should not only focus on SOC stock changes but also on pro-
cesses such as decomposition and mineralisation as well as C
fluxes. There is a need for studies not only on forest floors but also
on mineral soil including subsoil where leached DOC and
root-derived C may have been stored. Studies should be carried
out under a range of conditions, preferably along gradients of rel-
evant factors such as moisture (Thiffault et al., 2011) and temper-
ature. In addition, although some studies included ground
vegetation (e.g. Fahey et al., 1991; Olsson and Staaf, 1995; Finér
et al., 2003; Palviainen et al., 2005), the interacting effect of ground
vegetation on harvesting-related C dynamics still requires further
research.

In the absence of new studies, meta-analysis might be used to
identify patterns in experimental data, and this approach has been
used by e.g. Johnson and Curtis (2001) and Nave et al. (2010).
However, for some factors (e.g. ground vegetation) there may not
be enough experimental results at present to make meta-analysis
feasible. Where enough data do exist, stratification may be neces-
sary because responses are likely to vary due to different site
conditions.

Existing information indicates that factors such as tree species
composition (hardwood vs. coniferous/mixed) and soil type are
important in determining the impact of harvesting on SOC (Nave
et al., 2010). A recent synthesis of tree species effects on SOC stocks
and distribution within the soil profile reported that broadleaves
tend to store more SOC in mineral soil whereas conifers tend to
store more SOC as forest floor C (Vesterdal et al., 2013). It is possi-
ble that these factors might also affect differences between SOH
and WTH, although this cannot be demonstrated at present. Tree
species composition and soil type could however be considered
in management guidelines: even though the mechanisms responsi-
ble for the observed effects are not completely clear, expert opin-
ion might be used to bridge the knowledge gaps.

During whole-tree harvesting, foliage biomass and some of the
harvesting residues should be left on-site: current guidelines sug-
gest 30–40% (Merilä et al., 2014; Helmisaari et al., 2014). In prac-
tice, this may happen anyway as only about 60–80% of logging
residues are normally removed (Helmisaari et al., 2011).
However, skilled machine operators might be able to remove more.
Depending on how and where the residues are left in the field, this
may reduce the nutrient and organic matter loss and thus min-
imise the risk for decreased growth in the next rotation and degra-
dation of soil fertility in the long term. It is particularly important
for nutritional sustainability that the residues are left on-site for a
period in order for needles or leaves to fall off and thus reduce the
risk for nutrient depletion, and this has indeed often been done.
Even if only a small part of the trees’ organic matter is located in
the needles or leaves, the nutrients stored in these are important
for growth in the next rotation and therefore also litter inputs,
which in turn will be important for replenishing and maintaining
the SOC stores. If the residues are stored in larger piles prior to
being removed from the site, the input of nutrients from remaining
needles/leaves on different parts of the site will vary greatly, which
may again affect the growth of the new generation of trees.

Avoidance of physical damage to the soil via erosion or com-
paction (which will protect SOC) is already well-covered in many
management guidelines, although these are not always followed
in practice, possibly for economic reasons.

Current governance measures may state that SOC stocks are to
be protected during forest operations, but in general little or no
direct guidance is given as to how this is to be achieved. Partly this
is due to the diverging results from various experiments, which is
connected to the complexity of the processes involved, the difficul-
ties associated with measuring the changes (Jandl et al., 2007), and
the number of factors that affect the SOC stock. Until more knowl-
edge is available, the gap of uncertainty between the scientific
results and the need for practically useable management guideli-
nes and clear indicators can only be bridged by expert opinion
given to authorities and certification bodies (Stupak et al., 2007).
Properly conducted long-term experiments would be able to clarify
the relative importance of different harvesting practices on the SOC
stocks, which are the key factors affecting the loss of SOC, and
under which conditions the magnitude of the removals becomes
critical. Importantly, such experiments would also provide new
data for testing of models, thus improving their ability to predict
long-term effects of different harvesting methods under varying
site conditions and hopefully bridging any gap between modelling
results and field observations. Both well-designed new experi-
ments and continuation of existing long-term experiments are
therefore very important.
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