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Coarse woody debris (CWD) serves a variety of ecological functions in forests, and the understanding of
its decomposition is needed for estimating changes in CWD-dependent forest biodiversity, and for the
quantification of forest ecosystem carbon and nutrient pools and fluxes. Boreal forests are often inten-
sively managed, so information is needed on the effects of timber harvesting on wood decomposition,
and the factors controlling the decomposition process. Therefore, decomposition of standard wood stakes
of Scots pine, loblolly pine, and aspen were monitored in an uncut forest and in an adjacent clear-cut in
Finland. Stakes of each species were placed horizontally on the top of the surface organic layer, at the
organic layer–mineral soil interface, and vertically in the mineral soil to depth of 20 cm in both the uncut
forest and in the clear-cut. Five stakes of each tree species were taken every year from each stake location
for five years. Mass loss of wood stakes from all three species was greater in the clear-cut than in the
uncut forest during the five-year decomposition period, losing an average 59.8% of their mass in the
clear-cut, which was greater than mass loss by both pines (19.8 ± 3.0SE%) and aspen (43.3 ± 5.1SE%) in
the uncut forest. Aspen wood stakes decomposed faster than both Scots and loblolly pine stakes in the
uncut forest during the whole study period, but after two years there were no differences between the
three species in the clear-cut. In the uncut forest, mass loss of stakes on the surface of the organic layer
was 6–10% faster than those at the mineral soil interface or in the mineral soil. In contrast, mass loss of
stakes, placed on the top of organic layer in the clear-cut was 32–35% lower than those deeper in the soil
probably due to low moisture conditions at the soil surface. Wood stake mass loss was positively corre-
lated with the sum of soil temperature degree days (r P 0.94). In the uncut forest mass loss was posi-
tively correlated with wood stake N accumulation, indicating that N availability was also a factor in
decomposition before harvesting. Our study indicates that wood decomposition in this boreal forest is
more sensitive to increased soil temperatures and N availability after clear-cut harvesting than found
in earlier studies.

� 2016 Elsevier B.V. All rights reserved.
1. Introduction CWD also plays an important role in forest ecosystem carbon (C)
In forest ecosystems coarse woody debris (CWD) forms hetero-
geneous group of residues consisting of standing dead trees, fallen
logs and branches, stumps and coarse roots located either above-
or below-ground. CWD serves a variety of ecological functions by
providing a habitat for a diverse group of plants, including tree
seedlings, animals and microorganisms (Zhou et al., 2007), and
so has a key role in maintaining the biodiversity of boreal forests.
and nutrient cycling and soil formation (e.g., Laiho and Prescott,
2004). Thus the understanding of CWD decomposition is needed
for estimating more accurate quantification of forest ecosystem C
and nutrient pools and fluxes. National greenhouse gas inventories
under international conventions also require estimation of changes
in dead wood C stocks (e.g., Moroni et al., 2015). Reliable estimate
of CWD decomposition, and its response to changes in temperature
and moisture, is of prime importance in developing biogeochemi-
cal models, and predicting current and future C sinks and sources
of forest ecosystems.

In pristine boreal forests of Europe the amount of above-ground
CWD varies from 60 to 110 m3 ha�1, and is reduced by 70–98% in
managed forests due to shorter rotations, intensive harvesting of
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logging residues for biofuel, and the removal of dying trees to avoid
pest insect outbreaks (Fridman and Walheim, 2000; Siitonen et al.,
2000). Below-ground CWD consists of stumps and roots, but also
above-ground tree fractions, which have been gradually buried in
soil due to litterfall deposition and overgrowth of mosses. Below-
ground CWD is often neglected in inventories and studies, so there
are relatively few estimates of its pool size. However, existing stud-
ies indicate that below-ground CWD is usually 20–30% of the
above-ground CWD in coniferous forests (Moroni et al., 2015).
Clear-cutting is a common practice in European boreal forests,
increasing the amount of above-ground CWD by 60–80 m3 ha�1

(Hakkila, 1989), but would also greatly increase the below-
ground CWD pool size as well.

In uncut cool, humid boreal forests C and nutrients are released
from both above- and below-ground CWD at a slow rate, requiring
tens to hundreds of years for full decomposition (Palviainen et al.,
2008, 2010, 2015; Russell et al., 2014; Shorohova and Kapitsa,
2014). The decomposition rate of CWD is dependent on climatic
regimes, especially temperature and moisture (Chen et al., 2000;
Yatskov et al., 2003; Janisch et al., 2005; Moroni et al., 2009;
Shorohova et al., 2012), as well as wood quality and the type of
microbial communities present (e.g., Laiho and Prescott, 2004;
Zhou et al., 2007; Kubartová et al., 2015). Surface CWD in uncut
boreal forests is easily buried under litter and growing mosses,
which increases its moisture content and decreases temperature
(Moroni et al., 2015). Anaerobic soil conditions may develop with
increasing soil moisture levels, preventing decomposition by both
white-rot and brown-rot fungi (Basidiomycetes), and leading to
the dominance of less effective soft-rot fungi (Ascomycetes) and
bacteria (Moroni et al., 2015). Clear-cutting and post-harvest soil
preparation increase soil temperatures (Kubin and Kemppainen,
1994), which can accelerate CWD decomposition rates. However,
increased evaporative water loss from the soil surface after clear-
cutting can reduce wood decomposition (Chen et al., 2000; Laiho
and Prescott, 2004; Zhou et al., 2007; Crockatt and Bebber, 2015).

The results of clear-cutting studies on decomposition of leaf and
other fine litter components are variable, and have shown an
increase (Prescott et al., 2000; Lee et al., 2002; Kim et al., 1996;
Prescott, 1997), no effect, or decreased decomposition rates (Kim
et al., 1996; Prescott, 1997; Lytle and Cronan, 1998; Palviainen
et al., 2004). Preliminary results of a chronosequence study by
Janisch et al. (2005) in temperate forests indicate that above-
ground CWD decomposition is higher in clear-cuts than in intact
forests, in contrast to the results of Crockatt and Bebber (2015),
who found that wood decomposition rate increases with distance
when moving to the forest from the forest opening. These differ-
ences are likely due to differences in microclimatic conditions.
How decomposition of CWD changes after clear-cutting, and the
roles of temperature and moisture conditions are still poorly
documented.

The total and available nutrients in CWD and soil, especially
nitrogen (N) are also important factors controlling decomposition
(e.g., Weedon et al., 2009; Risch et al., 2013; Shorohova and
Kapitsa, 2014). CWD has high lignin content and C:N ratios, which
limit the activity of fungi and bacteria in wood decomposition
(Merrill and Cowling, 1965; Berg and McClaugherty, 2003). The C
released as CO2 during CWD decomposition is quickly lost into
the atmosphere, whereas N either moves into the surrounding soil
(Krankina et al., 1999; Palviainen et al., 2008), or is retained in the
wood and accumulates over several decades (Laiho and Prescott,
2004; Palviainen et al., 2010). In most boreal forests N is of limited
supply (Nohrstedt, 2001), but clear-cutting and subsequent site
preparation increases soil N mineralization and availability by add-
ing large amounts of easily decomposable organic matter to the
forest floor (Smolander et al., 2000; Palviainen et al., 2004;
Smolander and Heiskanen, 2007). Laboratory studies have shown
that increased soil N availability accelerates decomposition of
surface and buried wood (van der Wal et al., 2007). However, it
is still unclear whether increased N availability after clear-cutting
would have similar impacts on above- and below-ground CWD
decomposition rates in forests.

The chemical composition of wood can vary widely among
different tree species, which can affect their decomposition rate
(e.g., Laiho and Prescott, 1999, 2004; Palviainen et al., 2008,
2010; Strukelj et al., 2013). Compared to conifers, the wood of
broadleaf trees usually has higher amounts of N, lower lignin con-
centrations, and lower C:N ratios. Decomposition rates of above-
ground conifer wood are often lower than the wood of broadleaf
trees in temperate and boreal forests (Palviainen et al., 2008,
2010; Strukelj et al., 2013; Shorohova and Kapitsa, 2014). However,
relatively little is known on species-specific response of below-
ground wood to clear-cut harvesting and site preparation.

Therefore, we conducted a five year study in an eastern Finland
boreal forest to assess the impacts of clear-cut harvesting and site
preparation on the wood decomposition of three tree species. The
objectives of our study were to answer three questions: (a) how
does clear-cutting and subsequent site preparation affect wood
decomposition of these species, (b) how does location in the soil
affect wood decomposition, and (c) how does soil micro-climate
and N levels in both wood and soil affect decomposition.

Mass loss of wood from Scots pine (Pinus sylvestris L.) and two
non-native tree species, trembling aspen (Populus tremuloides
Michx.) and loblolly pine (Pinus taeda L.) were used as an index
of decomposition. Wood size and chemical properties have vari-
able effects on decomposition rates (van der Wal et al., 2007),
which we reduced by using standard wood stakes cut from knot-
free, #1 grade boards. Non-native trembling aspen and loblolly
pine were used in this study because these two species are stan-
dard substrates in a global wood decomposition project
(Jurgensen et al., 2006; Risch et al., 2013).

We hypothesized that: (1) wood stake mass loss is greater in
the clear-cut than in the uncut forest due to higher soil tempera-
tures and increased soil N availability, (2) wood stake mass loss
would be greater in the mineral soil than on the top of the surface
organic layer due to less variable temperature and moisture condi-
tions, and (3) aspen stakes will lose more mass than both Scots
pine and loblolly pine stakes due to higher wood N contents.
2. Material and methods

2.1. Study site

The study was carried out in the Kangasvaara experimental
catchment (56 ha) in eastern Finland (63�510N, 28�580E), which
has been monitored to determine the effects of clear-cutting and
soil preparation on nutrient fluxes and stocks (Finér et al., 1997).
The long-term (1981–2010) mean annual air temperature for the
area is +2.3 �C and precipitation 527 mm, of which about
200 mm is snowfall (Pirinen et al., 2012). The forest in the catch-
ment is dominated by Norway spruce (Picea abies (L.) H. Karst.),
but Scots pine, white and silver birch (Betula pubescens Ehrh. and
Betula pendula Roth) and European aspen (Populus tremula L.) are
also present. The site is classified as a medium rich Vaccinium-
myrtillus-type (according to the classification by Cajander
(1949)), and the soil as a haplic podzol (IUSS Working Group
WRB, 2007) developed in sandy till having a clay content of <2%
(by mass) and stone content of 28% (by volume). The underlying
bedrock (granodiorite) is at a depth of 2 m.

In August 1996, 8.3 ha of the forest in the catchment was clear-
cut and the rest remained intact. In September 1998 the clear-cut
area was harrowed with a tractor-back mounted disc-plow and



Fig. 1. Location of surface (1–3), surface organic layer–mineral soil interface (3–5), and mineral soil (6–8) wood stakes in micro-sites in the clear-cut. The location of the
stakes in the uncut forest was similar to that in the undisturbed micro-site in the clear-cut.

Table 1
Soil C and N concentrations and C:N ratio in the uncut forest and in different micro-sites of the clear-cut at the beginning of the study (Piirainen, unpublished data).

Treatment Micro-site Soil horizon Thickness (cm) pH C (%) N (%) C:N ratio

Forest Undisturbed Organic 4.1 3.71 40.41 1.048 39
E 10.2 4.05 1.39 0.071 20
B 12.6 4.70 2.35 0.115 20

Clear-cut Undisturbed Organic 3.8 4.00 32.00 0.890 36
E 8.1 4.26 1.27 0.063 20
B 11.8 4.92 1.79 0.082 22

Ridge Organic 9.0 4.36 14.82 0.434 34
E 8.1 4.40 1.33 0.063 21
B 11.9 4.95 1.62 0.080 20

Furrow E 6.0 4.42 1.57 0.073 21
B 14.7 5.02 1.57 0.075 20
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planted with one-year-old potted Scots pine seedlings in the fol-
lowing June. The harrowing resulted in the formation of three
kinds of micro-sites: (1) undisturbed strips (45% of the area), (2)
shallow furrows (�7 cm in depth) with exposed mineral soil sur-
face (30% of the area), and (3) low ridges, app. 9 cm higher than
the undisturbed soil, and formed by the overturning the surface
organic layer and understory vegetation from the furrows on top
of adjacent undisturbed soil (25% of the area) (Fig. 1). Soil chemical
properties of the uncut forest and on the three micro-sites in the
clear-cut are presented in Table 1. The thickness of the surface
organic layer in the uncut forest was 4.1 cm. Surface organic layer
thickness on the undisturbed micro-sites in the clear-cut had
decreased to 3.8 cm at the beginning of our study, and did not
change during the next five years. Surface organic layer thickness
on the ridges was highly variable across the clear-cut, averaging
9.0 cm, which decreased to 6.3 cm during the study period. The
furrow micro-sites had little (<1 cm) to no surface organic layer.
2.2. Wood material

Wood stakes placed on and in surface organic layers (size
2.5 � 2.5 � 15 cm) and in mineral soil (2.5 � 2.5 � 20 cm) were
cut from kiln-dried, knot free aspen, Scots pine, and loblolly pine
‘‘mother” stakes (2.5 � 2.5 � 50 cm). The pine stakes were made
of sapwood. Two field ‘‘daughter” stakes were cut from each
mother stake, and the remaining center sections (10 or 15 cm)
were used to measure initial wood chemical and physical proper-
ties (to) of the daughter field stakes (see Jurgensen et al., 2006).
The top of each mineral soil stake was treated with a wood sealer
to reduce moisture loss after installation.
2.3. Experimental design

In June 2001 three plots (8 m � 54 m) were established in the
uncut forest and on the three micro-sites in the clear-cut. Three
50 m lines, 2 m apart were laid out on each plot. In the uncut forest
plots, 75 stakes (25 surface, 25 interface, 25 mineral) of each tree
species were installed, as shown in Fig. 1 (n = 675 stakes, 3
plots � 3 locations � 3 wood species � 25 stakes). In the clear-cut
25 surface, 25 interface, and 25 mineral stakes of each tree species
were installed on each micro-site plot (Fig. 1, n = 1800 stakes, 3
plots � 8 locations � 3 wood species � 25 stakes). To reduce soil
compaction and damage to the mineral soil stakes, during installa-
tion, the surface organic layer was removed, the stakes were placed
level with the mineral soil surface in holes made by a square coring
tool, and the organic layer replaced. Five stakes of each tree species
from each location were taken from all uncut and clear-cut plots in
June or July (n = 495 stakes) for five years (2002–2006). All stakes
were air-dried, and sent to the School of Forest Resources and
Environmental Science at the Michigan Technological University,
Houghton, MI for processing.

In the laboratory, all stakes were dried at 105 �C for 48 h and
weighed. Wood decomposition was measured by comparing dry
weights (mass) of collected field stakes to the weights of mother
stake control sections. Changes in C and N in mineral soil stakes
during the decomposition process were determined by measuring
the C and N contents in a subsample of aspen and loblolly pine
stakes taken from the 5 cm soil depth in different years, as com-
pared to C and N contents in the mother stake control sections.
Field and control blocks were passed through a Wiley Mill
(0.40 mm screen), ground in a ball mill, and C and N concentrations
measured on a LECO CHN-1000 (Leco Corp., St. Joseph, MI)



L. Finér et al. / Forest Ecology and Management 372 (2016) 10–18 13
machine at the USDA Forest Service, Rocky Mountain Research
Station, Moscow, ID.
2.4. Climate and microclimate data

Sensors to measure volumetric soil moisture content (Theta
Probe ML2x and ML1x; Delta-T Devices) and soil temperature
(Campbell 105T Thermocouple) were placed in the surface organic
layer and at two mineral soil depths in one uncut forest plot, and in
one plot of each clear-cut micro-site, except for furrows, which had
no surface organic layer. Sensor depths were 1.5 cm in the surface
organic layers of uncut forest and clear-cut undisturbed micro-site,
4.5 cm in the ridge, and in mineral soil at 15 and 25 cm depths.
Table 2
The relationship of wood stake mass loss to the clear-cut treatment and other fixed
factors and their interactions in a mixed model.

Factor Degrees of
freedom

F-value Significance,
p-value

Intercept 1 9749.0 <0.001
Treatment 1 475.0 <0.001
Time 4 309.2 <0.001
Species 2 93.8 <0.001
Location 2 33.6 <0.001
Treatment ⁄ Location 2 133.1 <0.001
Treatment ⁄ Species 2 15.0 <0.001
Treatment ⁄ Time 4 9.3 <0.001
Species ⁄ Location 4 1.1 0.336
Species ⁄ Time 8 0.7 0.734
Time ⁄ Location 8 0.9 0.558
Treatment ⁄ Time ⁄ Location 8 4.2 <0.001
Treatment ⁄ Species ⁄ Location 4 1.1 0.354
Species ⁄ Time ⁄ Location 16 1.0 0.549
Species ⁄ Treatment ⁄ Time 8 3.6 <0.001
Species ⁄ Treatment ⁄ Time ⁄ Location 20 0.7 0.791

Fig. 2. Mean mass losses, % and decomposition rate constants, k, (±standard errors) of all
cut (n = 24) during the five-year study period. Different lower case letters indicate statisti
letters indicate significant differences (p < 0.05) among years with all three tree species
2.5. Calculations and statistical tests

The decomposition rate constant k (year�1), was calculated for
the different decomposition periods with the negative exponential
decomposition function (1), to be able to compare the results with
the other studies, although this function might not be the best to
describe the decomposition dynamics (Fraver et al., 2013):

k ¼ lnðDW0=DWtÞ=t; ð1Þ

where DW0 is the initial dry mass prior to the insertion and DWt is
the dry mass at the end of the period t, and t is the length of the
decomposition period in years.

A mixed linear model was first used to test the differences in
mass loss (%) between the different micro-sites created by soil
preparation after clear-cutting. Tree species (Scots pine, loblolly
pine, aspen), micro-site (undisturbed, ridge, furrow), stake location
(surface, interface, mineral soil; Fig. 1) and incubation time (1, 2, 3,
4, 5 years), and their interactions were defined as fixed factors,
while plot (3) was defined as a random factor. Thereafter mixed
linear models were used for testing the differences in mass loss
and decomposition rate constant k (year�1) between the uncut for-
est and clear-cut, tree species, stake locations, and sampling years.
Treatment (clear-cut vs. forest), tree species, stake location, and
incubation time, and their interactions were defined as fixed fac-
tors, while plot was defined as a random factor. As the interaction
between treatment and location was found to be significant
(p-value < 0.05), the tests were separated by the treatments. Mass
loss was square root -transformed before the analyses to normalize
the data. Post-test comparisons were made using Bonferroni’s test,
and correlation (Pearson) analyses were used to study the relation-
ships among mass loss, temperature conditions, and N gains of the
stakes. The differences in the initial C and N concentrations of the
wood stakes of the three tree species were tested by one-way
Scots pine, loblolly pine and aspen wood stakes in the forest (n = 9) and in the clear-
cally significant differences (p < 0.05) among the species in each year. The upper case
combined.



Table 3
The relationship of wood stake mass loss on the clear-cut to micro-site and other
fixed factors and their interactions in a mixed model.

Factor Degrees of
freedom

F-value Significance,
p-value

Intercept 1 17415.6 <0.001
Micro-site 2 0.5 0.598
Time 4 415.0 <0.001
Species 2 30.5 <0.001
Location 2 296.4 <0.001
Micro-site ⁄ Species 4 0.51 0.723
Micro-site ⁄ Location 3 18.6 <0.004
Micro-site ⁄ Time 8 0.7 0.685
Species ⁄ Location 4 1.5 0.195
Species ⁄ Time 8 2.6 0.007
Time ⁄ Location 8 5.2 <0.001
Micro-site ⁄ Time ⁄ Location 12 0.6 0.881
Species ⁄ Time ⁄ Location 20 1.0 0.493
Species ⁄Micro-site ⁄ Time 16 0.7 0.806
Species ⁄Micro-site ⁄ Time ⁄ Location 30 0.8 0.774

Table 4
Mass loss of wood stakes in the clear-cut at the end of the five-year study period
(mean ± standard error). Lower case letters indicate significant differences across
wood stake locations within each micro-site. Upper case letters indicate significant
differences across micro-sites within each location. Number of observations is 8,
except 9 for mineral soil.

Micro-site Location Mass loss (%)

Undisturbed Surface 39.6 ± 3.0aA

Interface 71.7 ± 2.8bA

Mineral soil 74.8 ± 3.1bA

Ridge Surface 30.7 ± 3.4aA

Interface 76.0 ± 4.1bA

Mineral soil 72.4 ± 3.5bA

Furrow Surface 45.6 ± 5.7aB

Mineral soil 64.0 ± 2.8bA

Fig. 3. Mean mass loss (±standard error) of the wood stakes at different locations in
the uncut forest and in the clear-cut during the five years. Different letters indicate
statistically significant differences (p < 0.05) between the locations.
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analysis of variance. All statistical analyses were performed with
the PASW Statistics 22.0 statistical package (IBM SPSS, Chicago,
Illinois, USA).

3. Results

3.1. Effects of clear-cutting and site preparation on mass loss

The mass loss of wood stakes was greater in the clear-cut than
in the uncut forest for all species in all years (Table 2, Fig. 2), except
the mass loss of aspen stakes removed in 2004 after three years of
incubation (p = 0.11). In the uncut forest the mass loss increased
during the first three years of the study, and then showed very lit-
tle change during the last two years, whereas in the clear-cut the
stakes continued to lose mass during the entire five year period.
Over the five years of the study, the three stake species combined
lost 59.8% of their mass in the clear-cut with little difference
among species at the end of the period (Fig. 2). Mass loss for stakes
of the two pine species was three times greater and 1.4 times
greater for aspen in the clear-cut than in the uncut forest.

Site preparation treatment in the clear-cut did not affect mass
loss, since the micro-sites did not have any significant interaction
between species or incubation time (Table 3). However, a signifi-
cant interaction was present between micro-site and stake loca-
tion, indicating that wood stakes placed on the top of furrows
(without organic layer) decomposed faster than those on the top
of the surface organic layer on ridge and undisturbed micro-sites
(Table 4).

Aspen stakes decomposed faster than both pine species in the
uncut forest and clear-cut during the first two years, but thereafter
the differences among the three species levelled off in the clear-cut
(Fig. 2). The mass losses and decomposition rate constants, k of the
two pine species in the forest or in the clear-cut did not differ during
any study period. Mean annual decomposition rate constants
(year�1) for the whole five year study period were 0.049 ± 0.0085SE
for all Scots pine stakes, 0.042 ± 0.0073SE for all loblolly pine stakes,
and 0.119 ± 0.018SE for all aspen stakes in the uncut forest. In con-
trast, k values were 3.7 (0.180 ± 0.015SE), 4.9 (0.206 ± 0.022SE) and
2.1 (0.248 ± 0.029SE) times higher in the clear-cut, respectively.

3.2. Differences in mass loss among stake locations

The mass loss differed significantly among stake locations in
both the uncut forest (F = 10.76, p < 0.001), and in the clear-cut
(F = 289.5, p < 0.001; Fig. 3), and no significant interactions were
found between stake location and wood species (Table 2). During
the five-year period the mass loss of stakes placed on the top of
organic layer in the uncut forest was 6–10% greater than those
located at the mineral soil interface or in the mineral soil. In con-
trast, mass loss of wood stakes placed on the top of organic layers
in the clear-cut micro-sites was 32–35% lower than those at the
mineral soil interface or in the mineral soil. There were no differ-
ences in the mass loss between stakes located at the mineral soil
interface and in the mineral soil in either the uncut forest or the
clear-cut at the end of the five-year period.
3.3. Changes in wood C and N contents

As shown in Table 5, the initial C concentrations of Scots pine
and loblolly pine stakes were significantly higher than those of



Table 5
Initial C and N concentrations and C:N -ratio (mean ± standard error) of aspen,
loblolly pine and Scots pine stakes (n = number of stakes) and the results of ANOVA
showing the differences among species. The different letters indicate differences
among species according to the Bonferroni’s test (p < 0.05).

Species C (%) N (%) C:N ratio n

Aspen 46.4 ± 0.08a 0.121 ± 0.003a 391 ± 10.4a 33
Loblolly pine 47.6 ± 0.08b 0.104 ± 0.003b 473 ± 14.2b 33
Scots pine 47.8 ± 0.08b 0.112 ± 0.003c 432 ± 9.5c 32

F = 7.5
p < 0.001

F = 9.9
p < 0.001

F = 12.7
p < 0.001

Table 6
Changes in C and N contents (mean ± standard error) for aspen, loblolly pine and
Scots pine wood stakes at the 5 cmmineral soil depth at the end of one, three, and five
years incubation. (n = 3, except 1 for loblolly pine and 2 for Scots pine in 2006 in
uncut forest).

Species C loss (%) N gain (%)

Forest Clear-cut Forest Clear-cut

2002
Aspen �4.6 ± 1.2 �12.8 ± 1.9 11.5 ± 16.7 43.5 ± 11.4
Loblolly pine �2.2 ± 0.8 �5.3 ± 2.4 �4.1 ± 0.9.1 27.0 ± 17.8
Scots pine �3.0 ± 0.5 �7.4 ± 2.3 32.5 ± 13.6 56.9 ± 14.0

2004
Aspen �31.5 ± 12.2 �41.1 ± 0.8 89.1 ± 42.9 34.9 ± 15.7
Loblolly pine �9.0 ± 4.5 �37.2 ± 7.1 29.9 ± 19.6 30.5 ± 23.8
Scots pine �20.2 ± 5.6 �43.2 ± 5.4 54.5 ± 29.5 54.7 ± 18.4

2006
Aspen �51.3 ± 5.0 �69.2 ± 1.0 39.6 ± 10.4 42.6 ± 10.5
Loblolly pine �12.0 �58.8 ± 10.4 8.6 10.2 ± 7.2
Scots pine �44.7 ± 2.3 �69.0 ± 3.5 18.9 ± 44.8 12.5 ± 10.4

Table 7
Mean (±standard error) annual moisture (% of volume,) content, temperature and
temperature sum (degree days, threshold temperature 5 �C) in the middle of the
organic layer and at 15 and 25 cm mineral soil depths in the uncut forest and in
different micro-sites on the clear-cut averaged over five frost-free seasons. Different
lower case letters indicate statistically significant differences among layers within
each micro-site, and the upper case letters among micro-sites within each soil layer in
the clear-cut.

Micro-site Soil
layer

Soil moisture
(%)

Soil
temperature
(�C)

Soil temperature
sum, (degree days)
(�C)

Forest
Undisturbed Organic 0.23 ± 0.015a 9.6 ± 0.25a 699 ± 29a

15 cm 0.29 ± 0.009b 9.2 ± 0.23b 627 ± 26b

25 cm 0.31 ± 0.010b 8.5 ± 0.22c 529 ± 31c

Clear-cut
Undisturbed Organic 0.18 ± 0.012aA 11.9 ± 0.30aA 1040 ± 34aA

15 cm 0.28 ± 0.007bA 11.6 ± 0.29bA 990 ± 33bA

25 cm 0.19 ± 0.004cA 10.7 ± 0.25cA 840 ± 28cA

Ridge Organic 0.16 ± 0.019aA 12.8 ± 0.22aA 1179 ± 18aB

15 cm 0.18 ± 0.020aB 11.5 ± 0.20bA 979 ± 15bA

25 cm 0.13 ± 0.012aB 10.7 ± 0.16cA 854 ± 13cA

Furrow 25 cm 0.21 ± 0.011A 11.0 ± 0.15A 911 ± 14A

Table 8
The relationship of annual soil moisture, soil temperature, and temperature sum to
clear-cut treatment, soil layer, and their interaction in ANOVA.

Factor Degrees of
freedom

F-value Significance,
p-value

Soil moisture
Intercept 1 1578.0 <0.001
Treatment 1 50.8 <0.001
Soil layer 2 9.7 <0.001
Treatment ⁄ Soil layer 2 7.8 <0.001

Soil temperature
Intercept 1 4068.9 <0.001
Treatment 1 54.9 <0.001
Soil layer 2 5.8 <0.001
Treatment ⁄ Soil layer 2 0.1 0.67

Soil temperature sum
Intercept 1 5430.0 <0.001
Treatment 1 278.4 <0.001
Soil layer 2 29.0 <0.001
Treatment ⁄ Soil layer 2 0.6 0.54
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aspen, and all species showed a change over the five-year period
(Table 6). Initially, aspen wood had significantly higher N concen-
trations than the wood of pines, but in contrast to C, N contents of
all three species increased during the decomposition process. As
expected, C loss in all three species closely paralleled mass loss
(r = 0.99, p < 0.001). Nitrogen accumulation in the stakes during
decomposition was variable across the uncut forest and the
clear-cut. Nitrogen accumulation in the stakes of all three species
had a positive correlation with the C loss in the uncut forest
(r = 0.55, p = 0.01). In contrast, there was no significant correlation
between the N accumulation and the C loss in any stake species in
the clear-cut (r = 0.02, p = 0.89).

3.4. Soil micro-climate

Soil temperature and moisture conditions differed between the
uncut forest and the clear-cut. Soil moisture content was higher
and soil temperature and accumulated degree days (threshold
value 5 �C) lower in the uncut forest than in the clear-cut (Tables
7 and 8). Overall, mass loss differed among the pines and aspen,
but all increased in relation to the accumulation of soil tempera-
ture (rP 0.94, p < 0.001) (Fig. 4).
4. Discussion

4.1. Mass loss and decomposition rate

As hypothesized, mass loss of wood stakes was greater in the
clear-cut than in the uncut forest, and was almost solely due to
the lower soil temperatures in the uncut forest. The sum of
accumulated degree days in soil (temperature sum, above 5 �C)
correlated positively with the mass loss from the stakes both in
the uncut forest and clear-cut. The temperature sensitivity of wood
stake decomposition agrees with results from previous short and
long-term CWD decomposition studies (e.g., Yin, 1999; Jurgensen
et al., 2006; Hermann and Bauhus, 2013; Risch et al., 2013;
Russell et al., 2014), although not with all (Yatskov et al., 2003;
Mäkinen et al., 2006). However, most of these earlier studies were
conducted on above-ground CWD, which may be more sensitive to
temperature-related surface soil water loss than wood in the min-
eral soil. There was a positive correlation between mass loss, C loss
and N gain in the uncut forest, which suggests that N availability
was also a factor in wood decomposition before harvesting.
Arthur and Fahey (1990) and van der Wal et al. (2007) have sug-
gested that both wood decomposition and N accumulation are
related to N availability. In contrast there was no significant
relationship between the mass loss and N accumulation in the
clear-cut. This lack of N impact on wood decomposition in the
clear-cut is likely related to increased soil N availability after
clear-cut harvesting (Smolander et al., 2000; Piirainen et al.,
2002; Palviainen et al., 2004; Smolander and Heiskanen, 2007).

The higher k constants in the clear-cut than in the uncut forest
also reflect the large temperature effect on wood decomposition,
since the activity of wood-decomposing fungi has been found to
increase 1.4–4.8-fold for every 10 �C rise in mean annual



Fig. 4. Relationships between the sum of the soil accumulated degree days and mass loss of Scots pine, loblolly pine, and aspen stakes in the uncut forest and in the clear-cut.
(Temperature sum is the accumulated degree days in the undisturbed surface organic layer (threshold value 5 �C)). Mass losses are the means of all locations. Black symbols
are for the forest and open symbols for the clear-cut. Scots pine is shown by circle and loblolly pine with square.
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temperature (Q10 factor) in North American, North Asian, and
European forests (Mackensen et al., 2003; Yatskov et al., 2003;
Zell et al., 2009; Hermann and Bauhus, 2013). Decomposition rate
constants in the uncut forest and in the clear-cut fell within the
range found for the early stages of wood decomposition in previous
studies (Fig. 5). The difference in mean daily soil temperature
between the clear-cut and the uncut forest in our study was only
�2.3 �C during the frost-free season (Table 7), which indicates that
initial wood decomposition was more temperature sensitive in our
study than in earlier studies. That could be because many of our
stakes were in mineral soil, had small diameter and did not contain
bark, in contrast to CWD in earlier studies (Yatskov et al., 2003; Zell
et al., 2009).

Wood mass loss during decomposition is suggested to follow a
three phase pattern, the first 5–10 years it is slow, followed by a
ten-year-period of rapid decomposition before another long slow
period (e.g., Yatskov et al., 2003; Laiho and Prescott, 2004;
Palviainen and Finér, 2015). Complete decomposition of CWD usu-
ally requires tens or even hundreds of years in forest ecosystems
(Mäkinen et al., 2006; Russell et al., 2014; Shorohova and
Kapitsa, 2014). Our results are similar to those of Risch et al.
(2013), and do not support the presence of an initial slow decom-
position phase, since decomposition increased linearly in the clear-
cut, and reached high levels within the first five years (Fig. 2). In
the uncut forest decomposition increased first, and thereafter
Fig. 5. Decomposition rate constants, k determined for different time periods (for
1–100 years and only for the first 10 years in the smaller figure) for different wood
materials of temperate, alpine and boreal forest tree species in studies found in
literature (Yin, 1999; Yatskov et al., 2003; Laiho and Prescott, 2004; Mäkinen et al.,
2006; Risch et al., 2013) and those measured in this study.
slowed. This could be comparable to the first slow decomposition
phase described in the earlier studies, which was attributed to
delayed penetration of wood-decomposing organisms into CWD
(Laiho and Prescott, 2004). Similar to Risch et al. (2013), we used
standardized dried fresh wood stakes, which do not correspond
to natural CWD found in the forest. Our stakes were on and under
the surface organic layer and in the mineral soil, were of small
diameter, and had no bark, factors which enhance fast microbial
colonization of wood (Laiho and Prescott, 1999, 2004; Zell et al.,
2009). Thus, the differences in the decomposition patterns
between the uncut forest and the clear-cut in this study were most
probably related to N availability, as discussed earlier.
4.2. Importance of stake location on mass loss

Wood stakes placed on the top of the surface organic layer in
the uncut forest decomposed faster than those located deeper in
soil, which was most likely due to soil temperature and moisture
differences (Fig. 4, Tables 4 and 7). These results agree with those
of Risch et al. (2013) from an uncut forest in the Swiss Alps. In
addition, the surface stakes in the uncut forest were first covered
with growing moss, and eventually buried by tree litterfall, which
would lower soil temperature values and increase moisture condi-
tions, both in the surface organic layer and in the underlying min-
eral soil. In contrast, surface stakes in the clear-cut decomposed
slower than those deeper in soil. This wood decomposition pattern
was likely controlled by low soil moisture availability at the sur-
face of the organic layer, resulting from higher soil temperatures
in the exposed clear-cut. The importance of wood contact with
wetter mineral soil is shown by the greater mass loss by stakes
placed at the surface organic layer mineral soil interface, and for
stakes placed on exposed mineral soil surface in the furrow
micro-site. The influence of moisture on CWD decomposition is
dependent on prevailing temperature and moisture conditions
(Hermann and Bauhus, 2013; Moroni et al., 2015), and moisture
content of CWD in clear-cuts have decreased also in the earlier
studies to levels too low to sustain decomposition (Yin, 1999;
Crockatt and Bebber, 2015). The soil moisture levels were higher
in the uncut forest than in the clear-cut, but the effect of higher
water content on wood decomposition could not be separated from
the lower soil temperatures in the uncut forest. Post-harvest site
preparation treatments had a minor overall effect on wood
decomposition, probably because the influences of the differences
in temperature and moisture conditions among the micro-sites
(Table 7) compensated each other.
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4.3. Differences between tree species

As we hypothesized, the decomposition of the aspen wood
stakes proceeded faster than both pines throughout whole five-
year-period, which agrees with many previous studies reporting
higher decomposition rates of broadleaf species compared to con-
ifers in temperate, alpine and boreal forests (Yatskov et al., 2003;
Mäkinen et al., 2006; Shorohova et al., 2008; Shorohova and
Kapitsa, 2014; Weedon et al., 2009; Palviainen et al., 2010; Risch
et al., 2013; Strukelj et al., 2013). The pines had lower N concentra-
tions and higher C:N ratios than the aspen, factors which have cor-
related with differences in wood decomposition rates (Laiho and
Prescott, 1999; Weedon et al., 2009; Palviainen et al., 2010;
Strukelj et al., 2013). Differences in wood decomposition among
the three species in the clear-cut were similar to the uncut forest
during the first two years, but then leveled off for the rest of the
study. The narrowing of mass loss differences between aspen and
the pines in the clear-cut over time could be related to higher soil
N availability after timber harvesting. Earlier chronosequence
studies by Palviainen et al. (2008, 2010) showed that differences
in N content between conifers and broadleaf species lasted much
longer than in our study, but the wood in these studies was much
larger than our wood stakes, and were covered with bark.
Species-specific differences have been reported for wood and bark
decomposition (Shorohova et al., 2012).

5. Conclusions

The results of our five year study showed that wood stakes of
aspen decomposed faster than stakes of both Scots and loblolly
pine stakes in the uncut forest during the whole study period,
but after two years there were no differences between the three
species in the clear-cut. Clear-cut harvesting increased soil temper-
atures, and resulted in wood stakes of all three species decompos-
ing faster in the clear-cut than in the uncut forest. Mass loss of
wood stakes on the surface in the clear-cut was lower than stakes
placed at the surface organic layer–mineral soil interface and in the
mineral soil, while stakes on top of the surface organic layer in the
uncut forest decomposed faster than stakes deeper in the soil.
These results indicate wood decomposition on the surface of the
clear-cut was limited by the dry conditions and favored by higher
moisture conditions in the mineral soil, while lower soil tempera-
tures with increasing soil depth reduced decomposition in the
uncut forest. Wood stake mass loss correlated positively with the
sum of soil temperature degree days both in the uncut forest and
clear-cut. However, stake mass loss correlated positively with
wood N accumulation only in the uncut forest, indicating that N
availability was a factor in decomposition before harvesting.

Analyses of the wood stakes in our study suggests that CWD
located on the soil surface of clear-cuts could provide long term
C storage, and CWD incorporated into surface organic layers, espe-
cially from conifers, could provide similar benefits in uncut boreal
forests. However, below-ground CWD from cut trees (stumps and
coarse roots) in clear-cuts would likely decompose more rapidly
due to more favorable temperature and moisture conditions in
the mineral soil. Our results also indicate that wood decomposition
in this boreal forest soil is highly sensitive to increased soil temper-
atures and N availability after clear-cut harvesting.
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