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• The temporal behaviour of Alpine dead-
wood and its chemistry is poorly under-
stood.

• Deadwood of Picea abies decays very
slowly.

• Cellulose decays faster at the moister
and cooler north-facing sites.

• A high clay content and low soil-pH ac-
celerate deadwood decay.
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Deadwood is known to significantly contribute to global terrestrial carbon stocks and carbon cycling, but its
decay dynamics are still not thoroughly understood. Although the chemistry of deadwood has been studied as
a function of decay stage in temperate to subalpine environments, it has generally not been related to time.
We therefore studied the decay (mass of deadwood, cellulose and lignin) of equal-sized blocks of Picea abies
wood in soil-mesocosms over two years in the Italian Alps. The 8 sites selected were along an altitudinal se-
quence, reflecting different climate zones. In addition, the effect of exposure (north- and south-facing slopes)
was taken into account. The decay dynamics of the mass of deadwood, cellulose and lignin were related to soil
parameters (pH, soil texture, moisture, temperature) and climatic data. The decay rate constants of Picea abies
deadwood were low (on average between 0.039 and 0.040 y−1) and of lignin close to zero (or not detectable),
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while cellulose reacted much faster with average decay rate constants between 0.110 and 0.117 y−1. Our field
experiments showed that local scale factors, such as soil parameters and topographic properties, influenced
the decay process: higher soil moisture and clay content along with a lower pH seemed to accelerate wood
decay. Interestingly, air temperature negatively correlated with decay rates or positively with the amount of
wood components on south-facing sites. It exerted its influence rather on moisture availability, i.e. the lower
the temperature the higher the moisture availability. Topographic features were also relevant with generally
slower decay processes on south-facing sites than on north-facing sites owing to the drier conditions, the higher
pH and the lowerweathering state of the soils (less clayminerals). This study highlights the importance of amul-
tifactorial consideration of edaphic parameters to unravel the complex dynamics of initial wood decay.

© 2016 Elsevier B.V. All rights reserved.
Soil
Cellulose
Lignin
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1. Introduction

Deadwood and coarse woody debris (CWD) are important compo-
nents in the functioning of forest ecosystems and their structure, as
they are relevant for biodiversity, trophic chains, natural regeneration
in forests, nutrient cycles and overall carbon storage (Harmon et al.,
1986; Jonsson and Kruys, 2001; Russell et al., 2015). CWD includes fall-
en trees, fallen branches, pieces of fragmentedwood, stumps and stand-
ing dead trees (snags) (Zhou et al., 2007). The amount of deadwood
varies with forest management. It may comprise up to 160 m3/ha or
40% of the total biomass volume in natural spruce forests (Bobiec
2002; Ranius et al., 2003; Bobiec et al., 2005), but is typically b5% in
managed forest stands (MCPFE, 2007). Since CWD is relevant for both
maintaining biodiversity and understanding global C dynamics
(Kueppers et al., 2004; Stokland et al., 2012), quantifying and determin-
ing its properties has recently received more attention.

The decay rate of deadwood is governed by several factors such as
the ratio of bark to wood, the tree species, the log diameter (and the
log's geometry in general; MacMillan, 1988; Van der Wal et al., 2007),
the contact with the forest floor (Ganjegunte et al., 2004) and the soil
type (van der Wal et al., 2007). The decrease in deadwood density
over time is usually estimated using a negative exponential model
(Naesset, 1999; Chen et al., 2005). The single negative exponential
model, particularly for short-term studies, is the one most commonly
used to determine and categorise the decomposition rate (e.g., Olson,
1963; Harmon et al., 1986; Laiho and Prescott, 2004). Tobin et al.
(2007) showed, however, that the decay constants might vary slightly
as a function of decay class. How the decay rate of deadwood is affected
by climate is basic information for understanding the C-cycle and other
nutrients. However, little data is available, apart from some studies in
the North-Western Pacific in the U.S. and Canada (Harmon et al.,
1986; Daniels et al., 1997; Campbell and Laroque, 2007), a few experi-
mental and field studies (Naesset, 1999; Storaunet and Rolstad, 2002;
Lombardi et al., 2008; Herrmann and Bauhus, 2012) on the decay
rates of different tree species in European forest ecosystems and some
rough estimates and models (Storaunet, 2004; Mäkinen et al., 2006).
Russell et al. (2014) used a modelling approach to estimate the decay
constants for 36 tree species common to eastern US forests and were
able to show that the decay constants increased from 0.024 y−1 (with
a mean annual temperature of b2.8°) to 0.040 y−1 (≥13.7 °C). Further-
more, decay rates have been found (Ferschet et al., 2012; Cornelissen
et al., 2012) to differ in response to (micro)climate features
(e.g., wood moisture), species (e.g., wood quality) and site conditions
(e.g., faster decay rates under warmer conditions).

Mountainous ecosystems are particularly sensitive to changing envi-
ronmental conditions (Mountain Research Initiative EDW Working
Group, 2015). New or alternative techniques for assessing the decay
rates of deadwood in European forests, particularly in coolmountain re-
gions, are needed to i) obtain more data and ii) overcome difficulties
with existing approaches.

The often-used chronosequence approach, however, may be
criticised since it uses the so-called snap-shot sampling. This may lead
to an underestimation of the decay constant k or decay rate in general
and an overestimation of the age and themean residence time of dead-
wood (Kruys et al., 2002). Furthermore, the dating of deadwood is diffi-
cult, particularly for the decay classes 4 and 5 (Petrillo et al., 2016) since
these are themost advanced decay stages (Hunter, 1990). Alternatively,
sites can be revisited and the decay of different deadwood components
such as snags and CWD monitored (Russell and Weiskittel, 2012), but
this may be skewed by episodic mortality events and uncontrolled con-
ditions. An additional difficulty in determining CWD decay is the fall
rate of snags. They can remain upright for several years and decay
much more slowly than fallen dead trees (Yatskov et al., 2003). This
makes it difficult to determine a clear age trend in decay. The fall rates
of snags in Europe are largely unknown and comparisons between
tree species are almost impossible, but more data is available from
North America, see, e.g. Hilger et al. (2012) and Dixon (2015) for
overviews.

As deadwood decomposes, its chemical structure and composition
change. The type and rate of changes are wood specific and dependent
on extrinsic factors, such as climate and others. With time, deadwood
becomes incorporated into surface organic soil horizons, where it con-
tributes to the chemical heterogeneity of the forest floor (Strukelj
et al., 2013). To better assess deadwood decay processes, the analysis
of carbon, nitrogen, phosphorous contents, as well as lignin and cellu-
lose concentrations has been proposed (Bütler et al., 2007; Saunders
et al., 2011). Deadwood chemistry has recently been studied as a func-
tion of decay stage in temperate to subalpine environments (Lombardi
et al., 2008; Strukelj et al., 2013; Petrillo et al., 2015), but only exception-
ally related to time (Petrillo et al., 2016). Such information, however,
would be necessary to detect how the dynamics of deadwood change
with site conditions and climate. Petrillo et al. (2016) showed that the
decay of Picea abies in Alpine environments is very slow.

The following research questionswere posed: 1) Canwe confirm the
very slow decay rates of Picea abies (L) Karst. as determined by Petrillo
et al. (2016) in an Alpine setting (Trentino, Italy) by using a field-
experimental approach with controlled conditions?; 2) How fast do
the major wood-compounds (cellulose and lignin) in Picea abies decay
in this cool and humid mountain environment?; 3) How do the decay
rates relate to microclimatic conditions and soil parameters? — We
hypothesised that Norway spruce wood decay would be very slow but
that it might be enhanced under moister (atmosphere and soil) and
warmer conditions. We furthermore assumed that cellulose should
decay relatively fast and that probably only small changes would be de-
tectable for lignin.

2. Study area

Sites in Trentino (Val di Rabbi and Val di Sole, northern Italy) in the
European Alps (Fig. 1, Table 1) were chosen to represent a typical
mountain climate. The sites were particularly suitable because a com-
prehensive database about their soilswas available and that they belong
to an already existing observation network (Egli et al., 2006). To assess
the contribution of climate, the decay processes were studied at sites
with different a) exposures (north- vs south-facing), and b) altitudes
(toposequence). Eight sites were selected along two climosequences:



Fig. 1. Location of the investigation area in Trentino (Italy).
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one north-facing and one south-facing ranging from 1200 m a.s.l. up to
2000 m a.s.l. (with 4 sites, pairs on each, resulting in a total of 8 sites).

The climate of the slope area ranges from subalpine to alpine (above
the timberline), the mean annual temperature from 8.2 °C at the valley
floor (about 750m a.s.l.) to about 0 °C at 2300m a.s.l., and themean an-
nual precipitation from approximately 800 to 1300 mm (Sboarina and
Cescatti, 2004). The geological parent material at all sites is paragneiss
debris which is acidic. The soil units are Cambisols, Umbrisols and Pod-
zols (WRB: IUSS working group, 2014). Forests are dominated by
Norway spruce and at higher altitudes by European larch (Petrillo
et al., 2016), with the timberline close to 2000–2200 m a.s.l.

3. Materials and methods

3.1. Experimental set-up

At each site of the climosequence, a field experiment using soil
mesocosms was set up as described in Maestrini et al. (2014). A soil
mesocosm is an open soil monolith enabling field-experiments under
semi-controlled conditions. Mesocosms (10.2 cm diam., 20 cm long
PVC tubes) were inserted in the summer of 2012 into the natural soil
Table 1
Characteristics of the study sites (Egli et al., 2006; Petrillo et al., 2016).

Plot ID Elevation Aspect Slope MAPa MAATa MASTa Parent material

(m a.s.l.) (°N) (°) (mm
y−1)

(°C) (°C)

North-facing
sites

N1 1180 340 31 950 5.6 7.3 Paragneiss debris

N2 1390 0 28 1000 4.6 6.3 Paragneiss debris

N3 1620 0 29 1060 3.5 5.8 Paragneiss debris

N4 1930 20 12 1180 1.4 5.0 Paragneiss debris,
moraine material

South-facing
sites

S6 1185 160 31 950 7.6–8.6b 8.1 Paragneiss debris

S7 1400 145 33 1000 6.6–7.6b 8.7 Paragneiss debris

S8 1660 210 33 1060 5.5–6.5b 6.0 Paragneiss debris

S9 1995 160 25 1180 3.4–4.4b 6.4 Paragneiss debris

a MAAT = mean annual air temperature, MAP = mean annual precipitation (Sboarina and
b Thermal favourable conditions on south-facing sites included (according to Ascher et al., 2
one year prior to the addition of the wood blocks at a distance of
N1m from large trees and N0.5m from the adjacentmesocosms, leaving
at the surface a border of about 1 cm (Fig. 2). Since the size and geom-
etry of deadwood can strongly influence the decay mechanisms (Van
derWal et al., 2007), wood blocks of the same Picea abies treewere pre-
pared having a uniform size of 2 cm × 5 cm × 5 cm. These wood blocks
were added to the soil mesocoms and directly placed on top of the soil
with three replicate mesocosms for each time step installed on each of
the 8 study sites. The wood blocks were, thus, in contact with the soil
surface from the very beginning of the experiment. The deadwood
blocks were sampled after 12 (t1), 25 (t2), 52 (t3) and 104 weeks (t4)
(Fig. 2), resulting in a total of 96 samples (including the 3 replicates),
with five wood blocks (for chemical analyses) kept as controls for t0
and 50 wood blocks for weight and density control (t0). The wood
blocks were collected (with lab-gloves), placed in plastic bags, and
transported in cool-boxes to the laboratory. They were then air-dried
at room temperature, cut-milled to 4 mm (Retsch mill), aliquoted into
sterile Falcon tubes (50 mL) and stored at 4 °C until further processing.

The dryweight of thewood blocks that were used in themesocosms
was determined by standard methods (48 h in the oven at 105 °C). The
fresh weight and dry weight were determined to assess the density and
Dominating
tree

Land use Soil classification (WRB)

Species

Picea abies Natural forest (ecological
forestry)

Chromi-Episkeletic Cambisol
(Dystric)

Picea abies Natural forest (ecological
forestry)

Chromi-Episkeletic Cambisol
(Dystric)

Picea abies Natural forest (ecological
forestry)

Chromi-Endoskeletic Cambisol
(Dystric)

Larix
decidua

Originally used as pasture Episkeletic Podzol

Picea abies Ex-coppice, natural forest
(ecological forestry)

Episkeleti-Endoleptic Cambisol
(Chromi-Dystric)

Larix
decidua

Natural forest (ecological
forestry)

Dystri-Endoskeletic Cambisol

Picea abies Natural forest (ecological
forestry)

Skeletic Umbrisol

Larix
decidua

Ex pasture, natural forest Skeletic Umbrisol

Cescatti, 2004); MAST = mean annual soil temperature (at 10 cm depth).
012).



Fig. 2. Set-up of the experimental plotswithwoodblocks. For each time segment, three replicateswere used.Wood blockswith a uniform shape and sizewere placed into the ‘mesocosms’
(i.e. open tubes inserted into the soil) on the soil surface and left for the indicated duration (weeks).
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water content of the wood blocks. The initial dry weight (at the start of
the experiment) was obtained from the wood blocks at t0 (n = 50).

3.2. Cellulose and lignin extraction

For the wood cellulose extraction, the powdered samples were first
weighed and 10 mg placed in Teflon bags (Leavitt and Danzer, 1993).
They were washed then in 5% NaOH solution, twice at 60 °C, and
again three times using a 7% NaClO2 solution and 96% CH3COOH at
60 °C to ensure the pHwas between 4 and 5. This procedure extracts lig-
nin from the samples. The bags were dried in the oven at 50 °C and the
cellulose content determined as the difference between the initial
weight and dried samples.

Both the total lignin and the so-called Klason lignin, which is insolu-
ble in strong acid (Dence and Lin, 1992), were determined. The Klason
lignin was obtained in a sequential extraction where first the water-
soluble compounds were extracted (Dence and Lin, 1992). Ultrapure
water (80 °C) was then added to 1 g of each sample and stirred 3
times for 15min. After centrifuging for 10min at 4500 rpm, the samples
were dried in the oven at 80 °C, washed three times with 5 mL of etha-
nol and then centrifuged again for 10min at 4500 rpm. The supernatant
was discarded before adding ethanol again and filtering the sample. The
filters were dried over night at 60 °C. Afterwards, 3 mL of a 72%
sulphuric acid (H2SO4) solution were added to 300 mg of the filter
cake. Thiswas stirredwith 84mL of ultrapurewater and put into the au-
toclave for 1 h at 120 °C. The resulting solutionwas then filtered into ce-
ramic crucibles and the liquid evaporated at 110 °C, beforeweighing the
lignin in the crucibles (Klason lignin). The acid-soluble lignin (ASL;
Klason, 1893) in the filtrate was determined using a photometer (Cary
50 conc UV–Visible Spectrophotometer; 205 nm). The total lignin is
the sum of the ASL + the Klason lignin; this lignin fraction includes
also other recalcitrant compounds, such as tannins, cutin and suberin.

3.3. Determination of mass losses of deadwood, cellulose and lignin and re-
lated decay rates

The decay rate can be estimated by relating the time-since-death to
the density loss or mass loss of deadwood during a given time period
(Busse, 1994;Melin et al., 2009). The decay rate is commonly expressed
through a decay constant k, which indicates the density loss ormass loss
per year. This constant is derived from a decay model (Harmon et al.,
1986), which can be most simply expressed by the equation in the
single-negative-exponential model:

xt ¼ x0e−kt ð1Þ
where xt is the density ormass of deadwood at a given time (t), and x0 is
the initialmass (Jenny et al., 1949; Olson, 1963) or density. Themass is a
more reliable parameter because densitymay underestimate deadwood
decay rates. In this investigation, we used the mass of the wood blocks.
Individual decay rateswere determined on the basis of total mass losses
of thewood blocks, cellulose and lignin. As previouslymentioned, decay
rate constants may slightly vary during the whole decay process.
Herrmann and Prescott (2008) detected that the decay patterns of
pine and spruce were similar with the highest k between 6 and
14 years. The information retrieved from a single decay rate constant
may, thus, not fully reflect the whole decomposition process.

Due to the faster decomposition of cellulose, lignin is relatively
enriched. Lignin, however, also decomposes with time. To unravel the
decay behaviour of these compounds, a summation-exponential
model can be applied (Means et al., 1985; Mackensen et al., 2003),
with the general form:

xt ¼ x1e−k1t þ x2e−k2t…þ xne−knt ð2Þ

where xt is the mass (or density) of deadwood at a given time, and x1…n

are partitioned parameters. Subsequently, the half-life of the deadwood
mass, cellulose or lignin could be calculated:

t1=2 ¼ ln 1�
2

� �

−k
ð3Þ

where t1/2 is the half-life and k is the decay constant. In addition to equa-
tion 1, thedecay rate constants of sprucedeadwoodwere also estimated
on the basis of the mass loss within the observation period using an ex-
ponential regression approach.

Freschet et al. (2012), however, question the use of the negative ex-
ponential (although it is very commonly used). Therefore, other regres-
sion functions to describe themass loss of deadwood and its compounds
as a function of timewere applied and compared to the previouslymen-
tioned approaches. This included a linear, a polynomial (2nd order) and
two sigmoid functions. The first sigmoid function (sigmoid function
1) is described by an exponential decay model (cf. Lichter, 1998):

f tð Þ ¼ aþ b−að Þe−kt ð4Þ

where a represents an asymptote, b the initial quantity, and k the decay
constant. The second (sigmoid function 2) is given by (Lichter, 1998):

f tð Þ ¼ a
1þ eb t−eð Þ� �þ d ð5Þ

where a = range of the wood property, t = time, b = slope coefficient,



Fig. 3.Weight (±standard error) of the wood blocks (placed into mesocosms) as a function of time (0–2 years), site (altitude) and exposure (north vs south).
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c = time (in years) of the maximal rate of change and d = asymptotic
value (t = ∞).

3.4. Soil parameters

The soil temperature was measured close to the mesocosms be-
tween July 2013 and June 2014 at 3 h intervals with miniature temper-
ature loggers, iButton® (Schmid et al., 2012), placed 10 cm below the
soil surface. Soil pH (H2O) was determined using a soil:solution ratio
of 1:10. Particle size-distribution of the b2mm fractionwas determined
as a weight percentage (USDA scale) using the sieve-and-pipette meth-
od with prior oxidation of organic matter by hypochlorite (NaClO)
(Patruno et al., 1997). Soil clay mineralogical data were available from
Egli et al. (2006, 2007).

3.5. Statistical analysis

The statistical analyseswere performed using the software IBM SPSS
Statistics 21 and R (3.2.3). For visualisation, the ggplot package was
used. The data distribution of the mass of cellulose, lignin, deadwood
and their corresponding decay constant was tested using the Shapiro
Wilk normality-test. If the result of the normality test was positive,
parametric comparison methods were then adopted through a t-test
Fig. 4. Amount of cellulose (=concentration × dry weight of wood block; weight ± standar
or an analysis of variance (ANOVA). Otherwise, two non-parametric
comparison tests were applied, the Mann-Whitney (U test) and the
Kruskal-Wallis test. Bonferroni-corrections were considered. These
tests were used to see if differences between north- and south-facing
sites or along the altitudinal gradient exist with respect to the decay
rates (mass losses) of deadwood, cellulose or lignin. To explain the
data distribution of cellulose, lignin and deadwood (decay rates and
amount), explanatory variables such as altitude, exposure (north vs.
south), air temperature, precipitation, soil moisture, soil temperature,
soil-pH and grain size were used. For several parameters, however,
only one measurement or one series of measurements (altitude, expo-
sure, air temperature, etc.) exist. Instead of a mixed linear modelling,
we decided for a particular type of correlation analyses. To avoid auto-
correlation, one replicate out of the 3 data points of each site (8) was
chosen arbitrarily and correlated to the explanatory variables. By per-
mutation, only one value per site was chosen. For each correlation 38

combinations (i.e. a total of 6561) were possible. In consequence, a
high number of permutations and subsequent correlations could be cal-
culated and the stability of the model tested. We performed 100 corre-
lations for each dependent and explanatory variable and displayed the
corresponding standard deviation of the correlation coefficients. The re-
lationship between the explanatory variables and cellulose, lignin and
deadwood are shown in cross-plots. This procedure does not allow the
d error) as a function of time (0–2 years), site (altitude) and exposure (north vs south).



Fig. 5.Amount of lignin (=concentration× dryweight ofwoodblock;weight± standard error) in thewood blocks as a function of time (0–2 years), site (altitude) and exposure (north vs
south).
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calculation of a significance level, but trends could be detected. In addi-
tion, a subdivision into south- and north-facing sites was done giving
rise to 34 permutations.
Table 2
Regression functions tested for the temporal trends of the mass of deadwood and cellu-
lose. Given are the R2 values.

Type of
function

Site Exponential
function

Linear
function

Polynomial
function (2nd
degree)

Exponential decay
model (sigmoid
function 1)

Logistic
function
(sigmoid
function 2)

Deadwood
N1 0.93 0.94 0.98 0.93 0.96
N2 0.28 0.26 0.29 0.27 0.25
N3 0.01 0.00 n.m. 0.00 0.00
N4 0.03 0.03 n.m. 0.03 0.01
S6 0.14 0.14 n.m. 0.16 0.11
S7 0.74 0.78 n.m. 0.52 0.33
S8 0.05 0.04 n.m. 0.04 0.07
S9 0.64 0.61 0.62 0.61 0.62

Cellulose
N1 0.70 0.69 0.73 0.70 0.45
N2 0.72 0.69 0.69 0.69 0.60
N3 0.66 0.64 0.85 0.62 0.91
N4 0.50 0.53 n.m. 0.56 0.35
S6 0.28 0.30 n.m. 0.31 0.07
S7 0.50 0.50 n.m. 0.32 0.10
S8 0.24 0.25 n.m. 0.26 0.17
S9 0.76 0.75 0.80 0.69 0.92

n.m. not meaningful trends (decrease and later increase with time).
4. Results

4.1. Decay rates and half-lives

Over the two-year study, the detectable changes in wood mass, cel-
lulose and lignin (Figs. 3–5) were rather small. In several cases almost
no time trend was detectable for lignin (Fig. 5) while the mass of dead-
wood and cellulose exhibited a continuous loss.

Several functions were tested to describe the time trends. The expo-
nential, linear and sigmoid functions often yielded quite comparable re-
sults (Table 2). Although some authors criticise the exponential
approach, it nonetheless seemed to describe the trends (Table 2,
Fig. 6)— in general— slightly better than the other approaches.With re-
spect to the comparability of our results with other publications, it
makes even more sense to use this approach.

Accordingly, the decay constants of deadwood varied from almost
zero to a maximum of 0.145 y−1 (Table 3). The average k-values for
deadwood were in the range of 0.039 to 0.040 y−1, depending on the
calculation procedure and exposure (Table 3). The biochemical data of
deadwood are given in Figs. 4 and 5. The amount of cellulose and lignin
is not displayed as a concentration value but as amass, obtained bymul-
tiplying the concentration of cellulose and lignin with the deadwood
mass (Figs. 4 and 5). We obtained the average value of 0.110 y−1 for
the decay constant of cellulose using the single negative exponential
model and 0.117 y−1 using the exponential regression approach
(Table 3).

Using the average k-values, the half-life could be calculated for dead-
wood and cellulose. The deadwood half-life seemed to vary (as an aver-
age) between 17 years (single negative exponential model) and
22 years (regression approach; negative values not considered). In
fact, negative k-values are not possible for decaying material, and can
be attributed to measurement uncertainties. The half-life for cellulose
was on average about 19 years using the negative exponential model
and only 8 years using the exponential regression approach. However,
along the altitudinal gradient it varied (as an average of the sites) be-
tween 2 and 74 years (Table 3). For lignin, the calculation of the k-
value and, thus, the half-life was difficult or impossible since the decay
rates fluctuated around zero (Table 3).
4.2. Effects of selected environmental parameters on deadwood decay

Climatic and pedogenic data are given in Tables 1 and 4. The climate
varies from temperate to boreal (according to the classification from
Köppen, 1918). The texture of the soils is sandy loam to loam. The com-
parison of thewood parameters (decay rate constants and amount) cel-
lulose, lignin and deadwood is visualised in Figs. 7 and 8. All soils are
acidic with generally more acidic conditions on the north-facing sites.

Due to the potential risk of autocorrelation, the replicate values of
wood componentswere used by permutation and related to the explan-
atory variables exposure (north vs. south), air temperature, precipita-
tion, soil moisture, soil temperature, soil-pH and grain size. For this
correlation analysis not only the decay rates but also the amount of cel-
lulose, lignin and deadwood at the end of the experiment were taken
into account. The decay rate of cellulose not only correlatedwith climat-
ic parameters, such as e.g. annual precipitation, but also with soil



Fig. 6. Comparison of exponential, linear, sigmoid (2 types; sigmoid function 1 (Eq. 4) and sigmoid function 2 (Eq. 5)) and polynomial (2nd order) best-fit decaymodel for deadwood (dry
weight of wood blocks) and amount of cellulose (concentration × dry weight of wood block) for site S9.
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parameters, such as the clay content. The south-facing sites showed a
good relation of the cellulose decay rate to MAP, MAAT, soil moisture,
soil-pH and particularly to the clay content (Table 5). The higher the
clay and soil water content, the faster is the decay of cellulose. Climate
exerted its influence over the mean annual precipitation (the higher
this parameter, the higher the decay rate of cellulose) and temperature.
With temperature, a negative relationship, however, was found. The
cooler the climate the faster is the decay rate of cellulose. This negative
relationship seems to be surprising. A lower temperature strongly cor-
relates with an increase in soil moisture. As a consequence, the temper-
ature predominantly seemed to interfere over moisture (the lower the
temperature the higher the soil moisture that positively influenced
the decay rates). On the north-facing sites, however, no particular corre-
lation between the wood parameters and explanatory variables could
be found while conditions are completely overlaid by moisture avail-
ability due to the lower thermal conditions.

In addition, the decay rate constants of deadwood did not seem to be
affected by any of the explanatory factors (Table 5). The lignin decay
rate constantwas not included in the statistical evaluations since during
the observation time the values were around zero.

However, when considering the mass of deadwood, cellulose and
lignin at the end of the field experiment (i.e., after 2 years), a correlation
analysis was rendered possible for all of the wood components. This re-
maining mass could then be compared to environmental parameters.
Using this approach, cellulose showed the same correlations as previ-
ously mentioned. At the south-facing sites particularly, a close relation
between the amount of cellulose and the explanatory variables MAP,
MAAT, soil moisture, soil-pH and the clay content exists. Noteworthy
is again the good correlation with the clay content (Table 5). Quite a
similar situation could be found for the mass of lignin and deadwood
when related to these environmental parameters. Whichever compari-
son is taken, it seemed that the clay content and the amount of precip-
itation were key variables for the decay of deadwood.
Table 3
Deadwood, cellulose and lignin decay constants k (y−1) based on a) equation 1 (±standard err
facing sites.

Sites N1 N2 N3 N4 Average N S6

Deadwood
a) 0.080

(0.060)
0.036
(0.051)

−0.006
(0.025)a

0.003
(016)

0.031
(0.021)

0.0
(0.

b) 0.071 0.057 0.003 0.021 0.038 0.0
Cellulose
a) 0.072

(0.043)
0.096
(0.067)

0.131
(0.036)

0.103
(0.062)

0.101
(0.024)

0.0
(0.

b) 0.078 0.128 0.135 0.127 0.117 0.0
Lignin
a) −0.004

(0.064)a
0.035
(0.029)

0.030
(0.057)

−0.028
(0.059)a

0.003
(0.025)

−0
(0.

b) −0.004a 0.092 0.031 −0.007a 0.028 −0

a Negative values are not possible for a decay, but are due to measurement uncertainties.
TheMann-Whitney test indicated that cellulose decayed significant-
ly (p= 0.04; Table 6) faster at the north-facing sites, apart from the up-
permost sites (N4 and S9). The cellulose half-life seemed to be higher on
the south-facing sites to about 1800m a.s.l., reaching in one case a value
of asmuch as 118 years. Both the decay rate constant and the amount of
cellulose differed significantly between north- and south-facing sites.

5. Discussion

5.1. Wood decomposition rates

The mesocosms approach showed that deadwood decays relatively
slowly in the Alpine environment we investigated. Although the obser-
vation period of 2 years was rather short, the experimental approach,
carried out under controlled conditions, enabled the derivation of rate
constants for cellulose and deadwood and to recognise relationships be-
tween wood parameters and explanatory (environmental and soil)
variables.

Themeasured decay rates for deadwoodwere rather similar to those
reported by Petrillo et al. (2016) who determined the mean rates for
spruce to be in the range of 0.018 to 0.022 y−1 using a chronosequence
approach. The average rates determined in this study were between
0.039 and 0.040 y−1, and were also in line with results reported by
Herrmann et al. (2015) for Norway spruce in Central Europe. Decompo-
sition rate constants of lying CWD of P. abies and P. sylvestris were
0.033 y−1 and 0.032 y−1, respectively (Herrmann et al., 2015). One
plausible explanation for the lower rates empirically determined by
Petrillo et al. (2016) could be related to the time lag between the
death of a standing tree and its contact with the soil (Kueppers et al.,
2004; Zielonka, 2006; Lombardi et al., 2013; Petrillo et al., 2016). Stand-
ing dead trees can remain upright for several years and therefore decay
much more slowly than fallen dead trees (Yatskov et al., 2003). More-
over, some parts of living trees may start to decompose before dying
or), b) the regression approach (exponential function). N= north-facing sites, S = south-

S7 S8 S9 Average S Average all

28
027)

0.020
(0.064)

−0.009
(0.034)a

0.145
(0.065)

0.046
(0.028)

0.039
(0.017)

43 0.021 0.002 0.101 0.042 0.040

42
045)

0.011
(0.042)

0.029
(0.032)

0.393
(0.080)

0.119
(0.052)

0.110
(0.028)

62 0.077 0.052 0.347 0.116 0.117

.018
026)a

−0.071
(0.060)a

−0.047
(0.020)a

0.130
(0.005)

−0.002
(0.028)a

0.001
(0.018)

.027a −0.024a −0.029a 0.089 0.002 0.015



Table 4
Some characteristic physico-chemical properties of the soils at the eight sites (values ±
standard error).

Plot Sand
(%)

Silt
(%)

Clay
(%)

pH (H2O) Soil moisture
(weight-%)

N01 59 (3) 26 (3) 15 (1) 5.27 (0.02) 30.8 (4.7)
N02 46 (7) 33 (5) 21 (3) 4.54 (0.20) 42.3 (3.6)
N03 51 (8) 31 (3) 18 (9) 4.39 (0.07) 47.9 (2.7)
N04 68 (4) 22 (2) 10 (3) 5.61 (0.07) 58.0 (3.8)
S06 56 (2) 30 (1) 14 (1) 5.76 (0.07) 33.9 (4.2)
S07 53 (6) 34 (6) 13 (0) 5.62 (0.04) 13.3 (1.3)
S08 60 (2) 21 (6) 19 (5) 5.46 (0.10) 34.0 (3.5)
S09 37 (5) 37 (4) 26 (1) 5.25 (0.05) 45.8 (5.1)
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and therefore decay faster than non-decayed wood after death
(Lombardi et al., 2008).

Decay rates are often derived from reductions in wood density
through time, whichwhen used tomodel biomass and carbon depletion
are known to underestimate decay rate loss because they fail to account
for volume reduction (changes in log shape) as decay progresses
(Fraver et al., 2013). This also might explain why Petrillo's et al.
(2016) decay rate constants were slightly lower than those in our and
other studies, such as that of Rock et al. (2008).

The size of the deadwood also matters to a certain extent during the
decay process (Tarasov and Birdsey, 2001). Usually, the smaller the size
of deadwood the faster the decomposition rate. Based on a
Fig. 7. Comparison between decay constants of cellulose (k1, [y−1]) and deadwood (k2, [y−1]
[mm y−1], mean annual soil temperature MAST [°C], soil-pH, mean annual temperature MAAT
chronosequence approach, Tarasov and Birdsey (2001) determined
quite similar decay rates with k = 0.059 y−1 using Picea abies (L.)
karst wood pieces having a size of 5–20 cm in diameter. Picea abies
bark (size b 20 cm) showed decay rates of 0.068 y−1 (Shorohova
et al., 2008). Owing to the low k values, the deadwood of this tree spe-
cies therefore constitutes a long-term carbon pool and a source of nutri-
ents for biota in mountain forests. Furthermore, the k-values we
obtained fit reasonably well with those of Russell et al. (2015). For envi-
ronments where the mean annual temperature is b8 °C, the decay rate
constants are mostly b0.06 y−1, and may even be below 0.04 y−1

(Mackensen et al., 2003). The differences between the different experi-
mental studies are probably also due to the uncertainty over the cause
of death and the conditions of the decomposition.

Means et al. (1985) were able to derive k values for cellulose values
of 0.0109–0.0117 y−1 for Douglas fir logs (in a cool to temperate cli-
mate). Petrillo et al. (2016) determined a decay rate constant of
0.032 y−1 for cellulose for spruce (Picea abies) and 0.014 y−1 for larch
(Larix decidua). The average values of the cellulose decay rate constant
in our experiment were in the range of 0.095 and 0.117 y−1. Compared
to Petrillo et al. (2016) these values are higher. In contrast to Means
et al. (1985) or Petrillo et al. (2016), contact with the soil was given in
our experiment from the outset. In addition, we used the wood mass
to calculate rates that may give rise to higher k values.

No changes in the amount of lignin over the two-year observation
period could be detected. This may be due to two reasons: i) No ob-
served changes might be due to a lag period that passes before the
) and explanatory variables such as the clay content [%], mean annual temperature MAP
[°C] and soil moisture [%]. The different colours refer to the individual sites.
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decay of lignin truly begins. Such lag periods are usually observed for
deadwood when the contact with soil is initially not given (Kueppers
et al., 2004; Zielonka, 2006; Lombardi et al., 2013). In this investigation,
this was not the case. Furthermore, the single-exponential model
(Olson, 1963) does not always adequately describe the deadwood de-
composition process (Harmon et al., 2000) due to a time lag required
for decomposers to become established (Harmon et al. 2000; Hérault
Fig. 8. Comparison between themass of cellulose [g], lignin [g] and deadwood [g] at the end of t
temperature MAP [mm y−1], mean annual soil temperature MAST [°C], soil-pH, mean annual
sites.
et al., 2010). In our investigation, this might probably be the case in
those situations where the sigmoid functions better described themea-
sured trend (Table 2, Fig. 6). ii) Lignin decomposes much slower than
cellulose and the overall mass of deadwood. As such, the recorded
changes over time (within these two years) were probably too small
to be detected due to the insensitivity of the methods used. Petrillo
et al. (2016) stated that the decay rate constant of lignin is a factor of
he decay experimentwith explanatory variables such as the clay content [%], mean annual
temperature MAAT [°C] and soil moisture [%]. The different colours refer to the individual
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about 5–10 lower than for cellulose (spruce, larch). Accordingly, the re-
sults are partially limited due to the rather short observation period
(i.e., 2 years).

Nonetheless, our field experimental approach confirmed the very
low decay rates of Norway spruce deadwood in Alpine environments,
despite all of these potential ambiguities. All in all, lignin seems to de-
compose very slowly (and almost not detectable over a two-year obser-
vation period) whereas cellulose reacts rather fast and gives a well-
discernible trend.

5.2. Relation of deadwood decay to soil and climatic parameters

Local scale factors do influence the decay dynamics, especially those
factors that are related to the soil or the substrate and to the wood itself
(Liu et al., 2013). Soil related parameters were only in very rare cases
taken into account when measuring the decay rates of deadwood (e.g.
Bütler et al., 2007; van der Wal et al., 2007; Risch et al., 2013). The
decay dynamics at the local scale of our investigation area were influ-
enced not only by air temperature and annual precipitation, but also
by soil acidity (pH), soil moisture and the grain size (i.e., clay content)
(Table 5). However, not all of the wood components reacted similarly.
In this sense, cellulose decays much faster than lignin or the bulk dead-
wood. Consequently, the relations of cellulose with environmental and
soil parameters could be better tested and were in some cases particu-
larly good. Owing to the slow and almost not detectable decay, lignin
is important in stocking organic carbon in the long-term and thus for
ensuring a stable background source of organic carbon for the forest
soil. This might affect processes of deadwood decay and the formation
of humic substances since decomposing organisms react differently to
wood cellulose and lignin (Stokland et al., 2012; Lombardi et al.,
2013). Cellulose is easily decomposed by (micro)organisms, particularly
in coniferous trees with a relatively simple wood structure (Lambert
et al., 1980; Laiho and Prescott, 2004). Compounds such as tannins
and lignin may, however, restrict microbial colonisation and thus slow
downwood decomposition (Baldock et al., 1997). Conifers are generally
rather resistant to decay and tend to decompose more uniformly than
broadleaves.

Themass of cellulose, lignin and deadwood (at the end of the exper-
iment) and the cellulose decay rates correlated well with the clay
Table 5
Average correlation coefficients (±SD) obtained by data permutation (replicates) at each site. D
(k(deadwood), Mass(dw)) were related to the explanatory variables annual precipitation (MAP
moisture (Moist) and clay content (clay).

k(cell) k(deadwood) Mass(

cor corSD cor corSD cor

All
MAP 0.56a 0.17 0.07 0.28 −0.50
MAST −0.25 0.18 0.11 0.36 0.35
pH −0.20 0.24 0.17 0.28 0.22
MAAT −0.37 0.20 −0.03 0.24 0.40
Moist 0.41 0.13 0.12 0.26 −0.46
Clay 0.70a 0.12 0.24 0.35 −0.71

North
MAP 0.12 0.54 −0.32 0.53 −0.15
MAST −0.11 0.52 0.39 0.55 0.09
pH −0.23 0.52 0.04 0.43 0.18
MAAT −0.18 0.58 0.37 0.47 0.07
Moist 0.00 0.55 −0.42 0.57 −0.23
Clay 0.11 0.49 −0.12 0.43 −0.14

South
MAP 0.85a 0.11 0.49 0.43 −0.83
MAST −0.47 0.15 −0.15 0.50 0.46
pH −0.78a 0.13 −0.42 0.42 0.77a

MAAT −0.82a 0.12 −0.45 0.40 0.82a

Moist 0.71a 0.10 0.43 0.55 −0.73
Clay 0.94a 0.06 0.54 0.46 −0.92

a High (R ≥ 0.5) and stable (corSD ≤ 0.20) correlations.
content of the soils (Figs. 7 and 8; Table 5). Particularly at the south-
facing sites, a close relationship of these parameters with explanatory
variables indicatingmoisture (soilmoisture, annual precipitation), tem-
perature (mean annual air temperature) and soil pH was evident. As a
consequence, soil parameters are not negligible when considering
wood decay. Important explanatory variables are consequently the
clay content, pH and soil moisture. These parameters are principally re-
lated toweathering processes andwater availability. The clay content of
the soils correlated well with soil-pH (R = 0.91, p b 0.01; Bonferroni
corrections considered). Smectitic compounds (i.e.
smectite + interstratified smectite-mica; Table 7), as an important
part of the clays, positively correlated with soil moisture (R = 0.78,
p b 0.05) and negatively with pH (R = −0.81, p b 0.01). The higher
the smectite content the higher the moisture content and the lower
the pH. Clays have the ability to better retain water and consequently
improve water availability that is necessary for decay. Clay minerals
are formed in these environments by weathering processes (transfor-
mation of primary minerals) that are more intense in cooler environ-
ments (Egli et al., 2006, 2010) having a lower pH. In addition, more
expanding minerals (smectites) were measured on the cooler north-
facing sites (particularly below 2000 m a.sl.) at the same study sites in
previous investigations (Egli et al., 2006, 2007; Table 7). Smectites
have the possibility to store water in their interlayers and to collapse
after drying. The hydroxy interlayering of clayminerals, which prevents
them from expansion, was more evident at south-facing sites (Table 7;
Egli et al., 2007). As a consequence, north-facing sites have a greater po-
tential to retain water.

Amore intenseweathering is often related tomore acidic conditions.
The more acidic, moister and cooler conditions gave rise to a more
expressed weathering at themoister north facing sites. More specifical-
ly, at the north-facing sites N1–N3 the clay content (depth 0–15 cm)
was significantly higher (18 ± 2%) compared to the south-facing sites
S6–S8 (having 14 ± 0.9%). Furthermore, fungi, the principal decom-
posers of deadwood (Jacobs and Work, 2012; Stokland et al., 2012;
Forrester et al., 2015; Hoppe et al., 2015a, b; van der Wal et al., 2015)
prefer more acidic conditions that give rise to an enhanced wood
decay. A nutrient-poor, strongly weathered substrate and low pH
seems to increase stem rot. According to Heinemann et al. (2015), the
frequency of stem rot increased significantly in soils with low pH and
ecay rates and amount of cellulose (k(cell), Mass(cell)), lignin (Mass(lig)) and deadwood
), mean annual soil temperature (MAST), MAAT (mean annual temperature), soil-pH, soil

cell) Mass(lig) Mass(dw)

corSD cor corSD cor corSD

a 0.20 −0.26 0.27 −0.40 0.26
0.18 0.15 0.35 0.12 0.27
0.23 0.37 0.25 0.22 0.26
0.20 0.16 0.32 0.21 0.31
0.17 −0.24 0.35 −0.28 0.29

a 0.13 −0.62a 0.21 −0.59a 0.20

0.57 0.13 0.56 0.18 0.66
0.56 −0.15 0.60 −0.11 0.63
0.48 0.47 0.49 0.15 0.60
0.56 −0.22 0.57 −0.24 0.65
0.54 0.21 0.57 0.11 0.63
0.52 −0.48 0.51 −0.18 0.58

a 0.14 −0.69a 0.13 −0.82a 0.10
0.19 0.39 0.31 0.40 0.17
0.17 0.63a 0.15 0.76a 0.11
0.14 0.68a 0.16 0.83a 0.09

a 0.11 −0.74a 0.20 −0.62a 0.17
a 0.06 −0.82a 0.11 −0.91a 0.05



Table 6
Comparison of variables between south- and north-facing sites, and higher and lower sites (using the Mann-Whitney Test). Average/median values are given. Significant differences are
indicated with * (p b 0.05).

Northa Southa Lowa Higha N1–N3a S6–S8a

kcell 0.101/0.095 0.119/0.034 0.055/0.029 0.164/0.095 0.100/0.096* 0.027/0.012*
kdeadwood 0.031/0.023 0.046/0.023 0.041/0.023 0.036/0.023 0.037/0.023 0.013/0.006
Mcell 8.29/8.28 8.32/9.36 9.061/9.45 7.54/8.28 8.29/8.19* 9.53/9.77*
Mlign 6.95/6.82 7.041/7.29 7.19/7.06 6.93/6.85 6.95/6.82 7.041/7.29
Mdeadwood 21.35/21.23 21.55/22.74 22.07/21.75 20.28/21.92 21.14/21.20 23.03/23.23

a kcell (decay constant of cellulose), klign (decay constant of lignin), kdeadwood (decay constant of deadwood),Mdeadwood (mass of deadwood),Mcell (mass of cellulose= concentration× dry
weight of wood block),Mlign (Mass of lignin = concentration × dry weight of wood block), North (north-facing sites), South (South-facing sites), Low (sites b 1500 m a.s.l.), High (sites
N1500 m a.s.l.), N1–N3 (north-facing sites except the highest site N4), S6–S8 (south-facing sites except the highest site S9).
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cation concentrations in topsoil. Soil acidity is known as a dominant fac-
tor affecting the soil microbial community structure (Ascher et al.,
2012). The saproxylic food web, and especially the role of fungi,
known to act as principal deadwood decomposers/digesters (brown
rot-, soft rot-, white rot-) (Jacobs and Work, 2012; Stokland et al.,
2012; Forrester et al., 2015; van der Wal et al., 2015), cannot be
neglected when addressing the decay/decomposition-dynamics of
deadwood. The composition of wood-inhabiting fungal communities
is predominantly related to the physico-chemical properties of the
deadwood substrate (Hoppe et al., 2015b). These properties seemed
to also be governed by extrinsic environmental properties as previously
mentioned.

Neither deadwood nor any of the wood components showed a
strong relationship to soil temperature in our study, despite the fact
that Risch et al. (2013) suggested that soil temperature was the main
variable to explain the differences in the decay rates of aspen and
pine. Herrmann and Bauhus (2012) observed that about 60% of the var-
iation in the CO2 flux of CWD of P. abieswas explained by climatic var-
iables (wood moisture and wood temperature) in a lab incubation
experiment, whereas N90% of CWD respiration of individual P. abies
logs was explained by temperature in a one-year field experiment.
This comparison with other data shows again that moisture availability
seems to be a stronger driver for decomposition than temperature
alone.

5.3. Effect of exposure

North-facing sites are normally cooler than comparable south-facing
sites, but unexpectedly decay rates on north-facing sites seemed to be
higher up to an elevation of about 1800 m a.s.l., again most likely due
to the different moisture availability. The soil moisture content was sig-
nificantly lower on the south-facing sites (24.8% ± 10.6) than on the
north-facing sites (38.9% ± 13.5), but evapotranspiration is higher.
The soil conditions are thus drier on south-facing sites, even though an-
nual precipitation is the same as on north-facing sites. Wood degrada-
tion is subsequently slow. Shorohova and Kapitsa (2014) found that
CWD decomposition was faster on sites with a moderate level of mois-
ture than on dry sites, but CWD decay on wet sites is slow in boreal for-
ests. The decay rate constant of 0.032 y−1 for Norway spruce
Table 7
Relative proportion (sum= 100%) of phyllosilicates (value, ±measurement error) in the clay

Plot Elevation
(m a.s.l.)

Smectite–Mica
(%)

Smectite
(%)

Chlorite
(%)

N1 1180 0 3 ± 1 3 ± 1
N2 1390 0 25 ± 4 6 ± 2
N3 1620 10 ± 2 30 ± 5 0
N4 1930 0 9 ± 2 4 ± 2
S6 1185 0 0 2 ± 1
S7 1400 0 0 4 ± 2
S8 1660 0 0 6 ± 2
S9 1995 0 3 ± 1 2 ± 1

HIV = Hydroxy-interlayered vermiculite, Smectite–Mica = interstratified smectite/mica, Mica
(Shorohova and Kapitsa, 2014) is very similar to our study. The high
variability of decomposition rates relates to water availability, local to-
pography, soil composition and incoming radiation. Soil moisture con-
trols nutrient availability and oxygen diffusion required for microbial
decomposition (Skopp et al., 1990). Although climatic conditions have
a strong impact on the wood decomposer community (Hoppe et al.,
2015a,b), Norway spruce is relatively resistant to decay confirming
the decay-rates to be tree-species specific.

6. Conclusions

From our measurements of decay rates under controlled conditions
using a field-experimental approach we found:

- The decay rates of Picea abies deadwood in Alpine environments
seem to be low. Although we used an experimental approach over
a rather short time period with relatively small wood blocks, the de-
tected decay rates could be compared moderately well to average
values observed for the same species at other sites in Europe.

- Lignin decay rates were difficult to determine and fluctuated (over
the observation period) around zero. In contrast, cellulose
responded much faster and clear trends could be found.

- Local scale factors, such as soil parameters and topographic proper-
ties, are important and distinctly influence the decay dynamics of
deadwood and its components. A higher soil moisture and clay con-
tent along with a lower pH – favourable conditions especially for
fungal deadwood decomposers – accelerate the decay process. Tem-
perature, interestingly, exerts rather an influence on the decay rates
over moisture availability. The cooler the environment, the higher
the moisture availability and the higher the decay rates. In contrast
to other findings, our observations suggest that a lower temperature
positively influenced the decay rates of cellulose.

- In Alpine areas, topographic exposure (south- vs north-facing sites)
also affects decay processes, which are slower on south-facing sites
below 1800 m a.s.l. owing to the drier conditions.

Although our study was conducted in one specific area of the Alps,
the findings can be extrapolated to similar regions. Our results highlight
fraction of the studied soils (according to Egli et al., 2006, 2007).

HIV
(%)

Vermiculite
(%)

Mica
(%)

Mica–HIV
(%)

Kaolinite
(%)

17 ± 3 7 ± 2 40 ± 6 26 ± 4 5 ± 2
8 ± 2 22 ± 3 11 ± 2 21 ± 3 7 ± 2
0 44 ± 7 14 ± 3 0 2 ± 1
9 ± 2 4 ± 2 41 ± 6 24 ± 4 10 ± 2
6 ± 2 1 ± 1 67 ± 9 17 ± 3 7 ± 2
10 ± 2 9 ± 2 27 ± 4 41 ± 6 9 ± 2
13 ± 2 32 ± 5 15 ± 3 28 ± 5 5 ± 2
6 ± 2 23 ± 3 22 ± 3 35 ± 5 10 ± 2

-HIV = interstratified mica/HIV.
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the importance of the multiple edaphic and topographic factors that
control deadwood decay processes in mountain forest ecosystems in
conjunction with climate. Controlled settings allowed for a better dis-
crimination of the processes involved. Longer-term measurements
would be advisable to see if the low decomposition rates, particularly
of ligninwere due to a lag period. Further analyses of deadwooddynam-
ics, including the input and decomposition of deadwood, are needed to
better understand andmodel mountain forests, and predict their devel-
opment after disturbances.
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