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Life is short. Forgive quickly, Kiss slowly, Love truly, Laugh uncontrollably.
And never regret anything that made you smile, or cry.
S. Bambarén

Trees are Earth's endless effort to speak to the listening heaven.
R. Tagore

Let’s take our hearts for a walk in the woods
and listen to the magic whispers of old trees.
Author Unknown

Adopt the pace of nature: her secret is patience.
R. W. Emerson
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Abstract
Fravolini G, 2016: Effects of climate on deadwood decomposition dynamics and

interaction with the soil in Apennine and Alpine beech forests.

Forests contribute to the sequestration of organic C and a key issue in C cycling in
forest ecosystems can be linked to deadwood dynamics. Deadwood and litter act as
important linkages between forest productivity and current community, an ecosystem
processes. In forest ecosystems, coarse woody debris (CWD) influences the nutrient
cycling, humus formation, carbon storage, fire frequency, water cycling and it
represents also a habitat for many organisms. While a broad range of literature about
CWD decay (above-ground) already exists, mechanisms describing the incorporation of
the woody necromass into humus forms are rather poorly investigated.

The objectives of this thesis are focused on providing a deeper understanding of
deadwood decay processes in forest ecosystems located in the Mediterranean and
Alpine montane areas. Moreover, this research project investigates the relationship
between deadwood decay, altitude and exposure, exploring the decomposition timing in
Apennine and Alpine forests, with the main aim to deeper understand the deadwood
decay processes in these climatic contexts.

In detail, the organic matter integration into the soil was investigated, focusing on the
CWD decay and its incorporation in the soil organic matter (SOM) through the analysis
of the wood biochemical compounds and soil chemical composition.

A climosequence approach was used to investigate the decay processes, comparing
along sites located on north- and south-facing slopes, at different elevations. An
accurate sampling configuration and experimental procedure was set up: at each site of
the climosequence, a field experiment using soil mesocosms (PVC tubes with deadwood
inside) was tested. Data were collected in Apennine (Fagus sylvatica) and Alpine
(Picea abies) forest types, in order to assess the variation of chemical and biochemical
compounds in CWD during the decay progression. Lignin and cellulose amounts were
quantified in 5 different decay stages of CWD in the Alpine sites (Picea abies and Larix
decidua).

Results showed that CWD decompose differently between Alps and Apennines,
depending on the tree species, climate factors and soil composition. In detail, CWD of
Fagus sylvatica decays very fast, while CWD decay progression of Picea abies is
lower, as demonstrated by the analysis of lignin and cellulose in the different 5 decay

stages.
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In conclusion, these results represent a contribution to the knowledge on CWD decay
progression in Mediterranean and Subalpine forest ecosystems. However, further
studies are needed to deeper explore the factors influencing the deadwood decay rates,
in order to clarify the role of deadwood in contributing to the overall forest functioning

at different scales.

Key words

Deadwood, mountain forests, decay progression, lignin, cellulose, soil.

Author’s Address: Fravolini Giulia, Department of Bioscience and Territory, University of Molise,
Contrada Fonte Lappone, 86090 Pesche (IS), Italy
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Extended Abstract

This PhD thesis dealt with CWD decay and integration into the soil of Fagus sylvatica
forests, in the Apennines (Majella Mt.) and Italian Alps (Val di Rabbi, Val di Sole), and
on how climate affects the CWD decay in subalpine natural forests, analysing the decay

rates and the relationship between lignin/cellulose decay and soil properties.

Deadwood is an important component in the functioning of forest ecosystems and their
structure, as it is relevant for biodiversity, trophic chains, forest natural regeneration,
nutrient cycles and overall carbon storage (Harmon et al., 1986; Franklin et al., 1987,
Jonsson and Kruys, 2001; Laiho and Prescott, 2004; Luyssaert et al., 2008; Russel et al.,
2015). A special contribution to the maintenance of forest functions is provided by
CWD (coarse woody debris) residues of living trees in a forest ecosystem including
whole fallen trees, fallen branches, and pieces of fragmented wood, stumps and standing
dead trees (snags) (Zhou et al., 2007).

Field soil-warming experiments (e.g. Rustad et al., 2001; Melillo et al., 2002; Eliasson,
2005; Allison et al., 2010; Agren, 2010; Budge et al., 2011) have provided evidences of
the particular sensitivity of litter decomposition to temperature. Consequently, a need
exists to explore more in detail the interplay between soils, forests, deadwood and

climate particularly in mountain areas (Egli et al., 2006; Ascher et al., 2012).

The decay rate of CWD is affected by several factors such as the ratio of bark to wood,
tree species, log diameter (or the geometry in general; MacMillan, 1988; Van der Wal et
al., 2007), contact with the forest floor (Ganjegunte et al., 2004), soil type (van der Wal
et al., 2007), and others. The negative exponential time model is the most commonly
used to estimate the decrease in density of CWD (Naesset, 1999; Chen et al., 2005).
Although the decay rate of CWD as a function of climate is basic information for
understanding the cycle of carbon and nutrients, only scarce data is available. Several
studies have been done in the North-Western Pacific in the U.S. and Canada (Harmon et
al., 1986; Daniels et al., 1997; Campbell and Laroque, 2007) while our knowledge
about decay rates of different tree species in European forest ecosystems is limited to
few experimental and field studies (Naesset, 1999; Storaunet and Rolstad, 2002;
Lombardi et al.,, 2008; Herrmann and Bauhus, 2012) or rough estimations and
modelling (Storaunet, 2004; Makinen et al., 2006).

Recently, more information on deadwood chemistry (even in Europe) as a function of

decay stage in temperate to subalpine environments is available (cf. Lombardi et al.,
8
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2008; Petrillo et al., 2015). The relation to the factor time is, however, in most cases
completely missing and only in rare cases some estimates are presented (e.g. Petrillo et
al., 2016). Detailed information on carbon stored in deadwood and its relationships with
different decay stages are required by national forest and carbon sink inventories to
understand deadwood dynamics and the impact on microhabitats with a changing
climate. These relationships are expected to vary with disturbance regime and forest

type.

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 (e.g. Busse, 1994; Melin et al.,
2009). The decay rate is commonly expressed through a decay constant k, which
indicates the density loss or mass loss per year. This constant is derived from a decay

model (Harmon, 1986), which can be most simply expressed by the equation
Xt = Xo & 1)

(single-negative-exponential model), where x; is the density or mass of deadwood at a

given time, and Xo is the initial density or mass (Jenny et al., 1949; Olson, 1963).

To unravel the decay behaviour of these compounds, a multiple-exponential model can
be applied (Means et al., 1985; Mackensen et al., 2003), with the general form:
—kqt

ky knt

X = x1€ + xe7 k2t 4+ x e

)

where x: is the density or mass of deadwood at a given time and x;., are partitioned
parameters. The portioning of cellulose and lignin is solved graphically using their mass
over time, and fitting them to an exponential regression curve. From this, the half-life of

cellulose or lignin in the CWD could be calculated:

1n(%)
bz =7 3)

where ti2 is the half-life and k is the decay constant (obtained from the exponential

regression curve).
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Experimental Procedure

In this PhD thesis an experimental procedure was set up: at each site of the
climosequence, a field experiment using soil mesocosms was set up. The design of the
mesocosms in the field followed Maestrini et al. (2014). Mesocosms (10.2 cm diam., 20
cm long PVC tubes) were inserted (summer 2014) into the soil and then normed wood
blocks were added. The mesocosms were placed >1 m from large trees and >0.5 m from
the adjacent mesocosms. Coarse woody debris having a uniform size was added to the
soil mesocoms (with 3 replicates for each time step and site). Because the size and
geometry of CWD can strongly influence the decay mechanisms (Van der Wal et al.,
2007), wood blocks, having the dimension of 2 cm x 5 cm x 5 cm, from the same Fagus
sylvatica tree were prepared. All wood blocks were placed on top of the soil and within
the mesocosms. The CWD wood blocks were sampled after 8, 16 and 52 weeks; always
with 3 replicates. The weight (density) and cellulose and lignin were recorded for these
blocks.

The wood cellulose extraction method begins weighing powdered samples into Teflon
pockets (10 mg). The first step is the washing of samples in 5% NaOH (Sodium
hydroxide) solution for two times at 60°C. Then samples are washed with 7% NaClO>
(Sodium chlorite) solution and 96% CH3COOH (acetic acid; until pH is between 4-5) at

60 °C for three times. This method eliminates lignin in the wood samples.

The method for extracting lignin from wood is a long procedure that begins with
extracting water-soluble compounds. It means that 80 °C ultrapure water is added to the
samples, mixed well and stirred for 3 times. After drying the procedure goes on with
extracting ethanol soluble compounds. So ethanol is added to all samples and mixed
well, centrifuged for three times. After that the samples with ethanol are filtered with
paper filters. Then 72% Sulphuric acid (H2SOs) is added in each sample also with
ultrapure water and put into the autoclave at 120 °C. This solution is then filtered in
ceramic crucibles. The lignin is measured in the crucibles (difference of weight gives
Klason lignin; Klason, 1893) and in the bottles that collect the discarded solution of the
samples (ASL, Acid Soluble Lignin; Klason, 1893).

The pH in the soil was measured through the Metrohm 620 pH-meter, while the
carbonates were analysed using NaOH (Sodium hydroxide) and HCI (Chloridric acid)

till the samples became pink.

10
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Soil pH (H20) was determined using a soil:solution ratio of 1:10. Particle size-
distribution of the <2 mm fraction was determined as weight percentage (USDA scale)
using the sieve-and-pipette method with prior oxidation of organic matter by
hypochlorite (NaClO) (Patruno et al., 1997).

Determination of the main physical properties

The cellulose was analysed as follows:
Cell % = (mg of cellulose *100)/mg of wood

Where cell mg of cellulose refers to weighed material in the Teflon bag after the whole
process, and mg of wood to wood weighed in the Teflon bag before the cellulose
extraction process (10 mg ca.).

The lignin extraction follows this formula:
(((a-b)-(c-b))/d)*100

Where a is the dry sample weighed in ceramic (mg), b is the ceramic tare, c is the
ceramic weight after incineration (550°C) and d is the weight of the sample at the

beginning of the extraction (300 mg ca.).

Table 1. Some typical characteristics of the soils (mesocosms) on the Apennines (1.a)
and on the Alps (1.b).

a) Apennines

Site Exposure pH (H20) Moisture Sand (%) Sand (%) Silt (%) Clay (%)
()] 500-250 250-53um  53-2 um <2um
S1 south 7.11 20,339 8238 2,411 8,824 6,174
S2 south 7.15 15,639 1,805 7,619 6,861 2,214
S3 south 6.48 28,325 1,045 2,207 3,273 0,739
S4 south 6.61 24,78 1,331 5,832 6,78 2,053
N6 north 6.38 19,317 0,867 5,09 8,132 3,501
N7 north 6.95 23,752 2,458 7,598 13,46 4,962
N8 north 7.31 18,676 4,316 9,376 17,14 7,217
N9 north 7.2 20,824 1,757 17,89 5,700 5,013
b) Alps
Site Exposure Sand (%) Silt (%) Clay (%) pH (H.0) Moisture
(9)
NO1 north 57 28 16 5.27 30.8

11
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188
189
190

191

192
193
194

195

196
197

NO02
NO3
NO04
S06
S07
S08
S09

north
north
north
south
south
south
south

41
52
62
57
41
62
47

39
26
24
29
47
23
29

20
22
14
13
12
15
24

4.54
4.39
5.61
5.76
5.62
5.46
5.25

42.3
47.9
58.0
33.9
13.3
34.0
45.8

a) Apennines

The following table shows decay constants, using Equation and Regression Approach.

The decay rate constants for beech CWD were estimated on the basis of the mass loss

within the observation period using a single negative exponential model and an

exponential regression approach. Both approaches yielded comparable values. Over

time, the detectable changes in wood mass and cellulose (less in lignin) appear to be

significant. Accordingly, the decay constants vary from 0.21 to a maximum of 0.49 y*!

(Table 7). The average k-values for CWD (mass loss per year) were in the range of 0.32

to 0.43 y*, depending on the calculation procedure and exposure.

Table 2. CWD, cellulose and lignin decay constants k (y?) based on a) equation 1, b) the
regression approach on the Apennines (2.a) and on the Alps (2.b). N= north-facing sites, S=
south-facing sites.

Sites S1 S2 S3 S4 Average N6 N7 N8 N9 Average Average
S N all

CwWD

a) 0,29 0,25 0,36 0,42 0,33 0,46 0,41 0,37 0,49 0,43 0,38

b) 0,27 0,21 0,38 0,43 0,32 0,41 0,32 0,44 0,48 0,41 0,37

Cellulose

a) 1,022 1,08 0,71 1,26 1,02 1,42 1,096 1,19 1,25 1,24 1,13

b) 0,975 1,051 0,742 1,321 1,022 1,034 1,107 1,189 0,853 1,046 1,034

Lignin

a) 0,082 0,054 0,12 0,21 0,12 0,33 0,28 0,19 0,35 0,29 0,204

b) 0,059 0,015 0,15 0,22 0,112 0,292 0,191 0,299 0,44 0,306 0,209

b) Alps

Sites Average Average Average
N1 N2 N3 N4 N S6 S7 S8 S9 S all

CWD

a) 0.080 0.036 -0.006 0.003 0.031 0.028 0.020 -0.009 0.145 0.046 0.039

b) 0.071 0.057 0.003 0.021 0.038 0.043 0.021 0.002 0.101 0.042 0.040

Cellulose

a) 0.072 0.096 0.131 0.103 0.101 0.042 0.011 0029 0.393 0.119 0.110

b) 0.078 0.128 0.135 0.127 0.117 0.062 0.077 0052 0.347 0.116 0.117

12
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200
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202
203
204
205
206
207
208
209
210
211
212

213

214
215
216

217

Lignin

a)
b)

-0.004 0.035 0.030 -0.028 0.003 -0.018 -0.071 -0.047 0.130 -0.002 0.001
-0.004 0.092 0.031 -0.007 0.028 -0.027 -0.024 -0.029 0.089 0.002 0.015

* negative values are not possible for a decay, but are due to measurement uncertainties.

Statistical analysis

All statistical analyses were performed using the software IBM SPSS Statistics 21. The
distribution of each population 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 or an analysis of variance (ANOVA). Otherwise, non-
parametric comparison tests were applied, i.e the Mann-Whitney (U-test) and the
Kruskal-Wallis test. 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. For the correlation analyses, the
Spearman rank correlation coefficient was used with non-normally distributed data. The
correlation analyses were applied to detect how the decay rates relate to (micro)climatic
conditions and soil parameters.

All statistical tests were carried out using a level of significance of p < 0.05.

Table 3. Relationships (Spearman rank correlation coefficients) of a) decay constants of
cellulose and CWD and b) mass of cellulose, CWD and lignin with environmental and soil
parameters on the Apennines (3.a) and on the Alps (3.b). *p < 0.05, **p < 0.01

a) Apennines

k CWD kLign pH InorgC OrgC N MAP MAAT  Moist
a) decay constants
k Cell 0.25 0.29 0.04 0.05 0.001 -0.23 0.03 0.19 0.01
k CWD 0.84™ -0.11 -0.14 0.11 0.16 -0.37" 0.62" 0.10
k Lign -0.22 -0.12 0.14 0.26 -0.20 0.55™ 0.13
pH 0.80™ -0.71™ -0.12 -0.24 0.31 -0.09
Inorg C -0.74™ 0.16 -0.01 0.18 -0.16
OrgC 0.06 0.25 -0.29 0.26
N 0.11 -0.20
MAP -0.83™ -0.22
MAAT 0.12
Moist

M CWD M Lig pH InorgC OrgC N MAP MAAT  Moist

13
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223
224
225

226

227
228
229

230

231
232

233

b) Mass

M Cell 0.73" 0.45" 0.17 -0.17 -0.04 -0.65™  0.03 -0.06 -0.12
M CWD 0.76™ -0.08 -0.35" 0.13 -0.50"  0.31 -0.54™  -0.24
M Lig -0.19 -0.37" 0.16 -0.30 0.23 -0.36" -0.17

k Cell (decay constant of cellulose), k CWD (decay constant of CWD), k Lign (decay constant of lignin), M CWD
(mass of CWD), M Cell (Mass of cellulose), M Lig (Mass of lignin), Inorg C (inorganic carbon content), Org C
(organic carbon content), N (nitrogen content), MAP (mean annual precipitation), MAAT (mean annual air

temperature), Moist (soil moisture content).

b) Alps
k CwWD MAP MAST pH MAAT Moist Clay Silt Sand
a) decay
constants
k Cell 0.46* 0.43* -0.26 -0.45*  -0.52** 0.49* 0.61** -0.05 -0.11
k CWD 0.01 0.18 -0.05 -0.03 -0.03 0.23 0.14 -0.09
MAP -0.68**  -0.29 -0.73**  0.78** 0.39 -0.42* 0.17
MAST 0.48* 0.81** -0.88** -0.41* 0.74** -0.47*
pH 0.62** -0.48*  -0.91** 0.11 0.32
MAAT -0.88**  -0.60** 0.40 -0.11
Moist 0.52**  -0.49* 0.26
Clay -0.14 -0.21
Silt -0.88**
M CWD M Lig MAP MAST pH MAAT Moist Clay Silt Sand
b) Mass
M Cell 0.80**  0.66** -0.43* 0.26 0.45*  0.52**  -0.49* -0.61** 0.05 0.11
M CWD 0.86** -0.28 0.01 0.33 0.29 -0.22 -0.48* -0.16 0.27
M Lig -0.22 0.05 0.42* 0.26 -0.26  -0.56**  -0.14 0.28

k Cell (decay constant of cellulose), k CWD (decay constant of CWD), M CWD (mass of CWD), M Cell (Mass of

cellulose), M Lig (Mass of lignin), MAP (mean annual precipitation), MAST (mean annual soil temperature),

MAAT (mean annual air temperature), Moist (soil moisture content)

In Table 3 and 4 the amount of cellulose and lignin is not displayed as a concentration

value but as a mass — obtained by multiplying the concentration of cellulose and lignin
with the CWD mass.

Table 4. Comparison of variables in South- and North-facing sites (using Mann-Whitney Test)

on Apennines (a) and Alps (b).

a) Apennines

14
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236
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240
241
242
243
244
245
246
247
248
249
250
251
252
253
254

North South

k cell 1,28 1,02

k lign 0,27 0,12

k CWD 0,43 0,33

M cell 3,03 3,30

M lign 3,28 3,58

M

CWD 10,42 11,80
b) Alps

North South

k cell 0,91 0,094

K 0,691 0,092

lign

K 0,737 0,303

CWD

M 0,91 0,094

cell

M 0,691 0,092

lign

M 0,988 0,095

CWD

k cell (decay constant of cellulose), k lign (decay constant of lignin), k CWD (decay constant of CWD), M
CWD (mass of CWD), M cell (Mass of cellulose), M lign (Mass of lignin), North (North-facing sites),
South (South-facing sites).

On the Apennines, already after 8 weeks, the lignin content of the dead wood increased
compared to the fresh wood. The cellulose analysis, however, showed a slight
decreasing trend (not always statistically significant), both for the north and the south
exposure. On the Alps, decay seems to be slower and, in most cases, the amount of
cellulose decreased with time while no significant variations were found for lignin. The
decay rate of cellulose not only correlates with climatic parameters such as annual
precipitation or mean annual temperature, but also with soil parameters such as pH and
soil moisture in all the sites. Especially at the highest altitudes this decreasing trend was
best expressed. The highest sites are the coolest and also have enough moisture during
the dry summer months. The amount of lignin does not seem to be affected by climatic
parameters. In addition, lignin significantly correlated with soil parameters such as
inorganic C, on the Apennines, and pH and soil texture, on the Alps. This correlation
analysis evidences the important role of soil parameters in the complex CWD decay
process. Despite all these potential ambiguities, our field experimental approach

confirms the fast decay rates of beech CWD in subalpine environments compared to

15
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spruce. At the local scale (our investigation areas) - besides air temperature and annual
precipitation - also soil moisture influences the decay dynamics. However, not all wood
components react similarly. Cellulose is decaying much faster than lignin or the bulk
CWD. Consequently, particularly good correlations of cellulose with environmental and
soil parameters can be detected. The slower decay of lignin compared to cellulose
suggests that lignin is an important long-term stock of organic carbon, providing the

presence of a stable background source for the forest soil.
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Introduction

In Europe, forests occupy about 160 million ha (35% of the EU’s land area). They are
home for the largest number of species on the continent and provide important
environmental functions, such as the conservation of biodiversity and the protection of
water and soil. The forests as CO; sinks gained the highest global political significance
in relation to climate change and implementation of the Kyoto Protocol. The
atmospheric concentration of CO; has increased from 280 ppm in 1750 to 367 ppm in
1999 (31%). About half of the anthropogenic CO. emissions between 1750 and 2011
have occurred in the last 40 years (high confidence) (IPCC 2014). More recently, it
reached constantly a new record: 400 ppm. In November 2015, the Met Office (United
Kingdom's national weather service) predicted that mean concentrations of atmospheric
CO2 in May 2016 would reach 407.57 ppm, with a 0.5 ppm margin of error. In fact,
they reached 407.7. In October 2016, NOAA (U.S. National Oceanic and Athmospheric
Administration) measured 401.57 ppm in Mauna Loaa, Hawaii. The UN'’s
Intergovernmental Panel on Climate Change (IPCC) says that CO2 concentrations must
be stabilized at 450 ppm to have a fair chance of avoiding global warming above 2 °C,
which could carry catastrophic consequences. Today’s CO2 concentration has not been
exceeded during the past 420,000 years and likely not during the past 20 million years.
The rate of increase over the past century is unprecedented, at least during the past
20,000 years (IPCC, 2001). The principal climate forcing, defined as an imposed
change of planetary energy balance, is increasing carbon dioxide (COz) from fossil fuel
emissions, much of which will remain in the atmosphere for millennia (Hansen et al
2013), and from deforestation (IPCC, 2001). The emission of CO2 concentration from
industries, burning of fossil fuels and deforestation causes GHGs (green house gases).
Hence, forests in terms of agroforestry, plantation, reforestation has been suggested as
one of the most appropriate land management systems for mitigating atmospheric CO>
through photosynthesis process (Alemu 2014). Forest ecosystems also contribute to
store more than 80% of all terrestrial aboveground C and more than 70% of all SOC
(Soil Organic Carbon) (Alemu 2014).

Total anthropogenic GHG (greenhouse gases) emissions have continued to increase
over 1970 to 2010 with larger absolute increases between 2000 and 2010, despite a
growing number of climate change mitigation policies. Emissions of CO. from fossil

fuel combustion and industrial processes contributed about 78% of the total GHG
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emissions increase from 1970 to 2010, with a similar percentage contribution for the
increase during the period 2000 to 2010 (high confidence) (IPCC 2014).

Terrestrial ecosystems return carbon to the atmosphere by respiration, decay and fires
(Post et al., 1990). The terrestrial carbon reservoir is actually a collection of carbon
pools with a wide range of net primary production rates, respiration rates and carbon
turnover times (Post et al., 1990). The total net primary production of terrestrial
vegetation has been estimated in 1983 by Olson and his colleagues at 62 gigatons per
year. This is assumed to be approximately balanced, over a period of several years, by
an equivalent return of carbon to the atmosphere from decomposition of litter and soil
organic matter (Olson et al, 1983; Post et al., 1990). The return flow comes from two
pools of “dead” organic matter: the detritus/decomposer pool, made up of litter and
decomposers at the soil surface, and the active soil carbon pool, which consists of that
fraction of the carbon in soils, and the associated decomposer organisms, that are in
relatively active exchange with the atmosphere (Post et al., 1990). The turnover time of
carbon in the detritus/decomposer pool can range from less than a year in moist tropical

forests to decades in cold, dry boreal forests (Post et al., 1990).

The IPCC (Gitay et al., 2002), SEC (2006) and the EU Soil Thematic Strategy (COM
(2006)231) identified, among others, the following information needs:

- Understanding of the response of biodiversity to changes in climatic factors and other

pressure

- Closing the gaps in knowledge about soil processes and strengthening the foundation

for policies.

- Knowledge and concepts on how mountainous landscapes, including the soil system,
in the Mediterranean to high-mountain areas may change under conditions of fast to

accelerated external (climatic) forcing.

Mountainous ecosystems are likely to be especially sensitive to changing environmental
conditions, including global warming, acid deposition or nutrient cycling (Theurillat et
al., 1998). Landscape, climate, society and infrastructure in the mountainous areas are
changing at high rates (Haeberli et al., 2007). Mountainous areas are a complex system,
in which different features influence each other while reacting with different intensities

and time frames to changing environmental conditions. Unfavorable or threatening
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processes need to be prevented or mitigated, in order to preserve the possibility of

sustainable development.

It is defined an ecologically sustainable forest management (ESFM) as forest
management that perpetuates ecosystem integrity while providing wood and nonwood
products; where ecosystem integrity means the maintenance of forest structural
complexity, species diversity and composition, and ecological processes and functions

within the bounds of normal disturbance regimes (Lindenmayer et al 2012).

The amounts and patterns of deadwood are therefore being increasingly used, both as an
index of current ecosystem health and as a means of setting standards for sustainable
forest management (Albrecht, 1991; Kohl, 1996; Tomppo, 1996).

Deadwood in forest ecosystems

Deadwood is a key indicator for assessing policy and management impacts on forest
biodiversity (Verkerk et al 2011).

Deadwood is an important component in the functioning of forest ecosystems and their
structure, as it is relevant for biodiversity, trophic chains, forest natural regeneration,
nutrient cycles and overall carbon storage (Harmon et al., 1986; Franklin et al., 1987,
Jonsson and Kruys, 2001; Laiho and Prescott, 2004; Luyssaert et al., 2008; Russel et al.,
2015). A special contribution to the maintenance of forest functions is provided by
CWD (coarse woody debris) residues of living trees in a forest ecosystem including
whole fallen trees, fallen branches, and pieces of fragmented wood, stumps and standing
dead trees (snags) (Zhou et al., 2007). The decomposition of woody debris has an
important influence on carbon (C) retention in forest ecosystems (Yatskov et al. 2003).
Woody debris is also an important long-term nutrient storage (Harmon et al. 1986) and
is widely regarded as an important structural element for the provision of biodiversity
(Christensen et al. 2005). Low levels of woody debris are considered to be a major
factor causing the decrease in biodiversity in European forests (Schuck et al. 2004;
Christensen et al. 2005; Assmann et al. 2007; B6hl and Bréndli 2007; von Oheimb et al.
2007).

The amount of woody debris is normally much lower in managed forests than in
unmanaged old-growth forests: most of the large-sized harvestable timber is extracted

from managed forests. The remaining trees produce woody debris consisting of twigs
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and branches (Christensen et al. 2005). In Germany, branches and twigs have not been
used as firewood for several decades. As a result, fine woody debris (FWD) is readily
available in most forests (Rohrig 1991). However, the high number of endangered
species of saproxylic fauna (Berg et al. 1995; Binot et al. 1998; Ranius and Fahrig 2006;
Franc et al. 2007) requiring woody debris to survive, suggests that the availability of
coarse woody debris (CWD) in managed forests is insufficient (Muller-Using and
Bartsch, 2009). A certain level of CWD storage is a requirement for close-to-nature
forest management (Pommerening and Murphy 2004) and certification (FSC 2008;
PEFC 2008) of forests. Timber harvesting forests should function as links in a woody
debris habitat network (Scherzinger 1996; Ammer and Utschick 2004). However,
management concepts to achieve goals for European forests have not yet been
developed, because the factors influencing the quantity, quality, and dynamics of woody
debris are not sufficiently identified. Therefore, current models for CWD dynamics in
Europe (Rademacher and Winter 2003 for beech; Ranius et al. 2003 for spruce) cannot
be widely applied (Muller-Using and Bartsch, 2009).

Deadwood cycling is the process of components of wood (carbon, minerals, moisture,
and so on) in the forest ecosystem through the processes of death, decomposition, and
uptake. The changes of trees, which are the most significant structural features of
forests, during this process affect many other forest components and functions (Maser et
al. 1979; Maser and Trappe 1984; Maser et al. 1988; Hammond 1991). The amount of
CWD in any stand is a function of mortality agents, site conditions and exposure, and
decay mechanisms and rates (Harmon and Hua 1991). CWD biomass in some
coniferous ecosystems may exceed the total biomass of many deciduous ecosystems
(Spies and Cline 1988). Decay classification for CWD has been described by Maser et
al. (1988). The total volume or biomass of CWD varies with ecological condition (Spies
and Cline 1988;_Lofroth, unpublished data). The substantial stocks of woody debris
(WD) — forested ecosystems constitute as much as 50% of total C in the terrestrial
biosphere (Malhi 2002) and WD represents up to 20% of the total in old-growth forests
(Delaney et al. 1998) — and its ecological importance have stimulated studies on various
aspects of their role in ecosystem processes (See reviews by Harmon & Sexton 1996;
Wirth et al. 2009).

Brewer (1993) reported that CWD in plots in some SBS (sub-boreal spruce) stands
ranged from 37 to 384 m3/ha. Mean volumes for all stand conditions and ages were 44.1
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m3/ha in the SBSdk (dry-cool) subzone and 159.2 m3/ha in the SBSmc (moist-cold)
subzone (Lofroth, unpublished data). The driest sites had the lowest biomass and moist
sites the greatest in Douglas-fir forests of Washington and Oregon (Spies et al. 1988).
Within mature stands in the SBSmc (moist-cold) subzone, CWD volumes were lowest
in xeric ecosystems (Dry Pine: 36.2 m%ha and highest in moist ecosystems (Devil's
Club: 268.4 m®/ha (Lofroth, unpublished data). Mean volumes of CWD in mature
stands by natural disturbance type (Province of British Columbia 1995) and
biogeoclimatic zone ranged from a low of 60 m3/ha in the Boreal Black and White
Spruce Zone in ecosystems with frequent stand-initiating events (NDT3) (Province of
British Columbia 1995) to a high of 390 m3/ha in the Coastal Western Hemlock Zone
in ecosystems with rare stand-initiating events (NDT1) (Lofroth, unpublished data).
Benson and Schlieter (1979) reported that CWD volumes were 210 m3/ha in dry-site

Douglas-fir stands, but as much as 560 m%ha in grand fir stands.

CWD volumes also vary with successional stages. Mean volumes across a range of
moisture and nutrient regimes in the SBSmc (moist-cold) subzone were high in early
successional stages (herb/shrub) (174.2 m3/ha), declined to a low of 58.2 m%nha in
young forest successional stages, and were highest in old-growth stands (261.5 m3/ha)
(Lofroth, unpublished data). Spies et al. (1988) reported that amounts of CWD were
high in the youngest successional stages, were lowest in 60-80-year-old forests, and
were high in old stands (< 500 years). After 500 years CWD amounts declined to an
intermediate level. Spies and Franklin (1988) reported that CWD input might be low in
young stands because of the small size of dead and dying stems. Volumes in these
stands are often high, however, due to residual CWD from the previous stand. The
amount of this residual CWD depends on the disturbance agent causing the change in
succession. In stands where succession has been retarded by natural catastrophic events
(windthrow, fire, etc.), it can be significant. Spies et al. (1988) suggest that the nature
and the timing of disturbance play a key role in CWD dynamics. Human-caused
changes (such as logging) will usually result in conditions different than those that may
have initiated the original stand. In these circumstances, the amount of CWD, as with

standing dead trees, may not be indicative of natural dynamics within ecosystems.

The rates of input and decay also vary with ecological site conditions and stand age, and
between tree species (Sollins 1982; Spies and Franklin 1988). Sollins (1982) reported
that although there was considerable variability in the data, the highest values for CWD
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biomass were reported from old-growth stands. Harmon et al. (1987) reported that
decay rates of logs might vary with microclimate, size, substrate, and species of log.
Mattson et al. (1987) reported that decay rates varied by as much as tenfold between
tree species. They also reported that aspect was an important factor in determining
decay rates, and that logs suspended above the ground decayed at slower rates than
those on the ground. Keenan et al. (1993) attribute large accumulations of CWD in
western red cedar and western hemlock stands on Vancouver Island to slow
decomposition rates, high rates of input following windstorms, and the large size and
decay resistance of western redcedar. Abbott and Crossley (1982) reported that in
chestnut oak (Quercus prinus) stands, decomposition was influenced by moisture and

temperature and was inversely related to the diameter of the material.

Deadwood quantities are normally much lower in managed forests than in unmanaged
old-growth forests, as most of the large-sized harvestable timber is extracted (Green and
Peterken, 1997; Kirby et al., 1998; Odor and Standovar, 2001; Winter and Nowak,
2001). In addition, deadwood in managed stands typically consists only of small twigs
and branches and short stumps, with few large logs or snags found (Kruys et al., 1999).
In the interest of sustainable forestry and biodiversity conservation, efforts are being
made to increase deadwood levels in managed forests (e.g. Hodge and Peterken, 1998;
Harmon, 2001). In Europe, the volume of standing and fallen deadwood is one of nine
pan-European indicators for sustainable forest management (criterion 4: maintenance,
conservation and appropriate enhancement of biological diversity in forest ecosystems)
(MCPFE, 2003).

In central and southern Europe deadwood has received less attention (Bretz Guby and
Dobbertin, 1996; Marage and Lemperiere, 2005; Motta et al., 2006; Lombardi et al.,
2008) and human pressure has affected forest dynamics since prehistoric times (Farrell
et al., 2000; Motta and Nola, 2001; Winter et al., 2010). In this context, quantity and
quality of coarse woody debris (CWD) are regarded as important structural indicators of
naturalness and biodiversity (Corona et al., 2003; MCPFE, 2003; Jonsson and Jonsson,
2007), providing information on the intensity of past human disturbances and closeness
to oldgrowth condition (Stokland, 2001; Woodall and Nagel, 2006).

The public attitude towards forests and forestry has dramatically changed (Castagneri et
al., 2010). Past management was concentrated on what was being extracted from the

forest, whereas current management emphasizes what is being left (Kohm and Franklin,
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1997). In the past, CWD was routinely removed in an attempt to limit fuel loading
(thereby minimizing wildfires) and make replanting easier. Also, because of the slow
rate at which CWD decayed, its role in nutrient cycling, and therefore its importance,

was not well understood (Triska and Cromack 1979).

Deadwood as indicator of biodiversity

Climate is projected to affect all aspects of ecosystems functioning and biodiversity, and
their ability to provide services (The Millennium Assessment, 2005); however, the
projected changes have to take into account the impacts from other past, present and
future human activities (Gitay et al., 2002). Below-ground diversity is difficult to
quantify but it is assumed to surpass above-ground plant and animal diversity (Wall et
al., 2010). Climate change is expected to affect individual organisms, populations,
species distributions and ecosystem composition and function through increases in
temperature and changes in precipitation. The data and models needed to project the
extent and nature of future ecosystem changes and changes in the geographical
distribution of species are incomplete, meaning that these effects can only be partially
quantified (Gitay et al., 2002).

Precipitation and temperature influence vegetation and consequently soil properties by
affecting type and rates of chemical, mineralogical, biological, and physical processes.
Field experiments about soil warming (e.g. Rustad et al., 2001; Melillo et al., 2002;
Eliasson et al., 2005; Allison et al., 2010; Agren, 2010; Budge et al., 2011) have
provided evidences about the temperature sensitivity of decomposition. Deadwood is an
important component in forest ecosystems, and despite its ecological role has been
recognized widely for a long time (Haapannen 1965; Elton, 1966), only recently,
research has focused on its role in ecosystems. Deadwood has become a structural key
factor (Larsson 2001) and an indicator in the assessment of biodiversity and naturalness

of forest systems (McComb and Lindenmayer, 1999; Skogsstyrelsen, 2001).

Wood decomposition rate and dynamics, like for other types of litter, are virtually
entirely determined by the interactions between (1) wood quality and (2) the
composition, abundance and activity of decomposer communities (Cadisch and Giller
1997). However, these interactions are strongly controlled by abiotic drivers, which
determine the growth performance of the trees and thereby the properties of their woody
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debris (Cornelissen et al., 2012). Moreover, these abiotic drivers also control the
moisture and temperature regime of the deadwood as well as the decomposer activity
and community. Micro-organisms, particularly fungi and invertebrates, are the main
agents of wood decay (Kaarik 1974). The structural and chemical traits of deadwood,
inherited from the traits of living trees, are also major drivers of wood decomposition
and these traits vary greatly among tree species (Chave et al. 2009; Cornwell et al.
2009; Weedon et al. 2009; Zanne and Falster 2010).

Deadwood and litter act as important linkages between recent productivity and current
community, and ecosystem processes (Anderson et al., 2009). The increasing interest in
the quantity and properties of coarse woody debris and litter is relevant both to
maintaining biodiversity and to global C dynamics (Kueppers et al., 2004). Dying and
dead trees are valuable habitats (providing food, shelter and breeding conditions, etc.)
for a large number of rare and threatened species: saproxylic insects, invertebrates,
fungi, lichens, bryophytes, birds and mammals (Harmon et al., 1986; Odor and
Standovar, 2001; Humphrey et al., 2002; Odor et al., 2006).

Although wood degrading organisms largely differ in preference of substrate and/or
abiotic conditions, most of them share the need for oxygen and water. This makes wood
moisture content an important driver of wood decomposition (Cornelissen et al., 2012).
Below a wood moisture content of 20%, most fungi are inactive while wood moisture
content of 80-100% restricts enzymatic activity of fungi due to lack of oxygen
(Tsoumis, 1991; Zabel and Morrell, 1992; Schmidt, 2006).

It has been demonstrated that advanced decay stages of CWD can leach significant
quantities of organic matter and dissolved organic carbon into the soil (Zalamea et al.,
2007), that soil chemical characteristics can be altered under its influence, increasing
calcium, magnesium, and total N concentrations (Kappes et al., 2007), as well as

decreasing soil pH (Spears and Lajtha, 2004).

In spite of its demonstrated importance in forest ecosystems, it is not well understood
how CWD could affect abiotic and biotic characteristics in its sphere of influence
(Gonzalez et al., 2013). Some authors have suggested that soil contact accelerates CWD
decomposition (Naesset, 1999; Garrett et al., 2010), but the feedback on soil biotic

activity from CWD presence is not clear.
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One of the principal legacies of CWD in forest ecosystems is its persistence in time and
its slow decomposition (Harmon et al., 1986), which allows for the development of

long-term interactions between CWD and soil (Gonzalez et al., 2013).

To a greater or lesser degree, depending on the moisture and temperature regimes of an
ecosystem, deadwood may add a significant amount of organic matter to the soil,
provide habitat for decomposer organisms, retain moisture through dry periods,
providing a refuge for ectomycorrhizal roots and their associated soil organisms,
provide a site for asymbiotic or associative nitrogen-fixing bacteria, represent a capital
pool of nutrients for the ecosystem, provide a site for the regeneration of conifers and

contribute to soil acidification and podsolization (Stevens 1997).

All size classes of decaying pieces of wood contribute to the long-term accumulation of
organic matter because the lignin and humus of well-decayed wood are high in carbon
constituents (Maser et al. 1988). It improves the moisture-carrying capacity and
structure of the soil. To protect the productive potential of a forest soil, a continuous
supply of organic materials must be maintained (FAO 2005). Also ectomycorrhizal

activity has been found to be essential to the healthy growth of conifers.

This activity is a moisture-dependent phenomenon (Harvey et al. 1983). Both diameter
and state of decay affect the ability of down wood to hold moisture. All size classes of
decaying wood act as a moisture store and provide refugia for tree roots and
ectomycorrhizal fungi during dry periods; however, the larger pieces can hold more
water and are therefore more effective at holding moisture and acting as refugia through
long, dry spells (Stevens 1997). When moisture returns to the site, it is a much faster
process to reinvade the organic layer of soil with ectomycorrhizal root tips when refugia
are scattered throughout the forest floor. Wood is only a moderate source of nutrients,
but usually occurs in sufficient volumes to be a significant source of moisture (Harvey
et al. 1986). Deadwood can also contribute to nutrient storage. This includes the
nutrients accumulated in the woody bole, large branches, roots and stumps during tree
growth and the nutrients added from litterfall and throughfall (rain falling through the
forest canopy) being intercepted by a down log rather than falling on the forest floor
(Stevens 1997). If the nutrients are added faster than they are leached out by rain, the
result is positive nutrient storage. As the wood decays, the nutrients are added to the
available pool. Mechanisms for removing the nutrients from deadwood and adding them

to the available pool vary. Harmon et al. (1994) found that during early stages of
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decomposition, fungal sporocarps (mushrooms) growing on decaying logs increased the
concentrations of nitrogen, potassium and phosphorous 38, 115 and 136 times,
respectively, over the concentrations found in the logs (Lombardi, 2013). When these
mushrooms fall off the logs and decay, they are returning nutrients from the downed
wood into the available nutrient pool. Arthropods and earthworms digest the complex,
organic molecules in down deadwood with the help of micro-organisms in their
digestive systems, and return the nutrients to the forest in their frass (Stevens 1997).
Thus, deadwood can be a reliable and steady source of nutrients over more than 100
years. When coarse woody debris is added to the ecosystem at regular intervals and is

well distributed, it represents a long-term source of nutrients (Lombardi et al., 2013).

Moreover, deadwood is also useful for the health of the soil. Soil health is a result of the
myriad of biological organisms and interactions that are a part of the forest ecosystem
we call soil. This involves soil arthropods, fungi, bacteria, animal waste and among
other things, decaying wood. There are many more species and interactions than we
currently know, but the strategy for assembling available nutrients into parts of a forest
ecosystem is present in all natural forests. These pieces and processes may differ

between ecosystems, depending on both biotic and abiotic components available.

Deadwood provides also a structural link with the previous stand in some natural
disturbance types, and as such provides continuity of habitat for some species (Hansen
et al. 1991). Carey and Johnson (1995) reported that along with understorey vegetation,
CWD is the most important habitat factor for small mammals. Healthy small mammal
populations help to sustain the ecological processes in which they are an integral part
(e.g., the dispersal of seeds and mycorrhizal fungi spores, the maintenance of healthy
predator populations, and the control of potentially harmful invertebrate populations).
Arthropods are one of the most diverse groups of animals and one of the least
understood. Soil microarthropods, although largely unidentified, are the most important
arthropods in terms of their impact on nutrient cycling. Groups of them associated with
deadwood have been shown to increase the availability and suitability of organic
particles for decomposer communities (Norton 1990), and contribute to nutrient cycling
and soil formation (Behan-Pelletier 1993; Setdld and Marshall 1994).

Moreover, many species of nonvascular plants and fungi are associated with deadwood.
The diversity of these species is related to the diversity of substrates, including a variety

of decay stages, and has been linked to forest health (Amaranthus et al. 1994; Crites and
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Dale 1995). Variability in piece size contributes to this diversity. Some bryophytes and
fungi are restricted to very large pieces (Soderstrom 1988). Deadwood is also important
in the geomorphology of terrestrial ecosystems, due to the physical properties of large
pieces of wood. Upland sources of deadwood contribute to slope stability, soil surface
stability, prevention of erosion and control of storm surface runoff. Particularly, where
there is a significant slope, deadwood may play a role in soil stabilization, controlling
the flow of water, soil and litter across the forest floor. Material in any decay class,
lying across the slope, will reduce soil movement down-slope. Larger pieces collect
more material on their upslope side, creating a substrate for invertebrate and small

mammal burrowing (Maser et al. 1988) and higher decomposition rates for the debris.

Finally, deadwood plays also a wider role by storing carbon to mitigate global warming
as efficiently as many young timber plantations (WWF 2004). As the reality of climate
change is widely recognised, carbon sequestration (the storing of carbon in ecosystems)
is gaining attention as one way of reducing greenhouses gases. Major forest carbon
pools include trees, under-storey vegetation, deadwood, litter, and soil. Deadwood is
important as it is both a store and source of carbon but is generally the least studied of
the carbon pools (WWF 2004). This will now change because national carbon
inventories are required under the Kyoto Protocol of the 1992 United Nations
Framework Convention on Climate Change (Woldendorp et al. 2002). Initial discussion
on carbon storage focused on fast-growing rotations of exotic plantations. Deadwood
itself releases carbon to the atmosphere — becoming a carbon source — during microbial
respiration from decomposer organisms (WWF 2004). But in ecosystems in cool
climates, microbial activity is restricted and decomposition very slow, so that deadwood
tends to act as a long-term storage site. Much of the carbon in long-lived and slow
decaying trees, such as Scots pine, can remain sequestered for over a thousand years.
Dead trees and old-growth forests are therefore usually better carbon stores than the
new forests, which replace them (WWF 2004).

Deadwood is an important and often neglected component of many terrestrial
ecosystems (Harmon et al., 1986; Sturtevant et al., 1997; Chen et al., 2001; Rock and
Badeck, 2004). Changes in the wood have been decisive influence on plant
communities that colonize this substrate. The quantity and wood decay rate in a forest
depends on many factors such as temperature, humidity, solar radiation, the specific
composition of tree species, structure, age of the population, the spatial structure, the
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type and frequency of natural and anthropogenic disturbances. Wood is therefore an
important and irreplaceable driving force of biodiversity, which helps to increase the

complexity, and with it the stability of forest ecosystems (Dudley and Vallauri 2004).

Deadwood decay processes

The causal factors governing wood decomposition are still poorly understood
(Cornwell et al. 2009). The decomposer community, climate, position of the tree
(standing or down), and chemical and physical properties of the wood are known to
influence the decay rates (Mackensen et al. 2003). Climatic factors determine the
temperature and moisture regimes in the woody material. These affect the biological
activity of the decomposing organisms.

This effect is apparent in the generally positive relationship between mean annual
temperatures and decay rates, when the differences in tree species-specific decay
resistance are taken into account (Alban and Pastor 1993, Chambers et al. 2000,
Yatskov et al. 2003, Laiho and Prescott 2004). On a stand scale, the dynamics of
deadwood, i.e. fluctuations in its volume and quality, are determined by tree mortality
and decomposition over time (Grove 2002, Jonsson et al. 2005). When the weakening

stress factors are taken into account, tree death can be a lengthy process.

Deadwood is an important component in the functioning of forest ecosystems, as it
plays an important role in biodiversity, trophic chains, forest natural regeneration,
nutrient cycles and overall carbon storage (Harmon et al., 1986; Franklin et al., 1987;
Jonsson and Kruys, 2001; Laiho and Prescott, 2004; Luyssaert et al., 2008). The role of
deadwood on biodiversity conservation of forest ecosystems is widely recognised.
Interest on deadwood has increased in the last years, and forest management policy
regards deadwood as indicator of sustainable forest management (Castagneri et al.,
2010). Coarse woody debris (CWD) is the residue of living trees in forest ecosystems
including whole fallen trees, fallen branches, and pieces of fragmented wood, stumps
and standing dead trees (snags) (Li et al., 2007). It comes from natural tree mortality,
disease and insects, as well as catastrophic events such as fires, storms and floods. Also
fire creates deadwood directly or by making trees more susceptible to wind, disease, or

insect damage. Insects and disease can cause tree death directly or weaken a tree,
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thereby contributing to its death and eventual fall to the forest floor (Lombardi et al.
2008).

CWD serves a variety of essential functions in forest ecosystems. It provides sites for
seed germination (Harmon et al. 1986 & 1989; Graham and Cromack 1982; Gray and
Spies 1997; Xu 1998), serves as reservoirs during droughts (Deng et al. 2002; Harmon
and Sexton 1995; Zhao et al. 2002), and provides habitats for many forest animals
(Rabe et al. 1998; Timothy and Mark 2004; Torgersen and Bull 1995) and microbes
(Amaranthus et al. 1994).

Decomposition of the organic matter is largely a biological process that occurs
naturally; it is the process whereby the complex organic structure of biological material
such as wood is reduced to its mineral form (Li et al., 2007). Its speed is determined by
three major factors: soil organisms, the physical environment and the quality of the
organic matter (Brussaard, 1994). In the decomposition process, different products are
released: carbon dioxide (COz), energy, water, plant nutrients and resynthesized organic
carbon compounds. Successive decomposition of dead material and modified organic
matter results in the formation of a more complex organic matter called humus (Juma,
1998). Humus affects soil properties. As it slowly decomposes, it colours the soil
darker; increases soil aggregation and aggregate stability; increases the CEC (the ability

to attract and retain nutrients); and contributes N, P and other nutrients.

Soil organisms, including micro-organisms, use soil organic matter as food and, as they
break down the organic matter, any excess nutrients (N, P and S) are released into the
soil in forms that plants can use (mineralization). The waste products produced by
micro-organisms are also soil organic matter. This waste material is less decomposable
than the original plant and animal material, but it can be used by a large number of
organisms (FAO 2005). By breaking down carbon structures and rebuilding new ones or
storing the C into their own biomass, soil biota plays the most important role in nutrient
cycling processes and, thus, in the ability of a soil to provide the crop with sufficient
nutrients to harvest a healthy product. The organic matter content, especially the more
stable humus, increases the capacity to store water and store (sequester) C from the
atmosphere (FAO 2005).

The decomposition or depletion of CWD involves many different biological and
physical processes (Harmon et al. 1986; Golladay and Webster 1988). Generally, fine
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deadwood material forms a richer habitat for fungi like morels, and cup fungi (Nordén
et al. 2004). Due to its high amount of lignin, deadwood is difficult to decay (Floudas et
al 2012). Under natural conditions, only fungi substantially decompose deadwood. With
their ability to use a battery of secreted oxidoreductases and hydrolases (wood
decomposition enzymes), they are considered as the primary wood decomposers and
among them are the only organisms, which are able to decompose lignin (Cornelissen et
al. 2012, Stokland et al. 2012, Purahong et al. 2014, Kubartva et al. 2015, Persoh et al.
2015). Diverse bacteria also colonize deadwood and form at least commensal
interactions with wood-inhabiting fungi, for example, by providing additional nitrogen
(de Boer et al. 2005, Hoppe et al. 2005, Hoppe et al. 2015). However, due to their
limited ability to decompose polymeric lignocelluloses, bacteria are thought to play only
a minor role in wood decomposition (Cornelissen et al. 2012). Elsewhere, research
shows that small logs and branches do not decay in the same way as large trunks, so that
necessary habitat types will not occur (Yee et al. 2001). The process of deadwood
recycling can sometimes take hundreds of years to complete and includes three main
phases (Speight 1989).

The dynamics of the mass of deadwood on a site are affected by decay processes and
material transfer processes. The first stage of decay processes is the fragmentation. It is
the breaking up of deadwood into smaller particles. This occurs as insects chew the
wood, as vertebrates forage for insects in decaying wood, when partially or fully
decayed snags fall, and when decayed wood is disturbed by falling trees, wind, rain or
other physical disturbances. Leaching, collapse and settling, and seasoning are all
aspects of fragmentation (Lombardi, 2007). Leaching (water percolating through the
log) dissolves soluble materials. It is less important in early decay classes as most of the
material in these classes is not soluble. As the decay process proceeds, decomposers
change the polymers into soluble material and leaching becomes more important
(Stevens 1997). In addition, in later decay classes, as fragmentation begins, the
importance of leaching increases as the surface-to-volume ratio increases. As the tree
decays, the internal structure becomes weak and settling occurs. This usually increases
the contact of the log with the ground, which can increase the activity of microbes,
invertebrates and vertebrates at the soil-log interface where there is likely to be
increased moisture retention and access for the above organisms (Stevens 1997). During
the decay processes, seasoning characterize deadwood. It refers to a series of changes,

including a decrease in moisture, shrinkage and the formation of cracks that increase
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access to microbes. Initially, it can harden the outside of a log and reduce its

susceptibility to fragmentation and interior moisture losses (Lombardi et al., 2013).

Decay rates of CWD are related to microbial activity, air temperature, moisture
availability and substrate quality (Edmonds et al., 1986; Harmon et al., 1995). Warmer
and moister conditions within openings created by clearcuts have been shown to
increase the rates of decomposition of the residual organic matter (Bormann et al., 1974;
Prescott, 2002).

Contradicting results may be explained in part by the varied methodologies employed or
by the different climates in which the studies were performed. In moisture-limited
regions, respiration would be expected to increase with moisture. Whereas, in the
relatively wet forests of the Pacific Northwest, dryer conditions promote higher
respiration and decomposition rates (Progar et al., 2000). Nearly all studies show an
interactive effect of temperature and moisture on decay dynamics. A number of other
variables including wood characteristics such as density, nutrient content, decay
resistance, and type (log, stump or root) may influence the decomposition as much as

the environmental factors surrounding the wood, but few of these have been evaluated.

The moisture content of CWD has previously been identified as a key variable affecting
decomposition (Progar et al., 2000) with the strongest effects exhibited at low and high
moisture extremes (Chambers et al., 2001; Wang et al., 2002). High moisture inhibits
decay by obstructing fungal growth and/or limiting available oxygen, both of which
result in lower respiration rates (Rayner and Boddy, 1988; Progar et al., 2000).

Woody debris decay rates have recently received much attention because of the need to
quantify temporal changes in forest carbon stocks (Fraver et al. 2013). Decay rates,
which may differ among species and regions (Mackensen et al. 2003, Yatskov et al.
2003, Makinen et al. 2006), eventually determine the rate of quality change and the

persistence of deadwood in forest ecosystems (Aakala 2011).

Accurate deadwood density estimates are essential for evaluating ecosystem biomass
and carbon stocks (Seedre et al. 2013). Published decay rates, available for many
species, are commonly used to characterize deadwood biomass and carbon depletion.
Deadwood biomass is one of the five terrestrial carbon pools that are relevant for the
estimation of carbon stocks and carbon stock changes under the UNFCCC and the
Kyoto Protocol (IPCC Guidelines for National Greenhouse Gas Inventories) (Di Cosmo
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et al., 2013). However, decay rates are often derived from reductions in wood density
through time, which when used to model biomass and carbon depletion are known to
underestimate rate loss because they fail to account for volume reduction (changes in
log shape) as decay progresses (Fraver et al. 2013). 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 (e.g. Busse, 1994; Melin et al., 2009). The decay rate is commonly
expressed through a decay constant k, which indicates the density loss or mass loss per
year. This constant is derived from a decay model (Harmon et al., 1986), which can be

most simply expressed by the equation
X = Xo €™ 1)

(single-negative-exponential model), where x; is the density or mass of deadwood at a
given time and xo is the initial density or mass (Jenny et al., 1949; Olson, 1963). Other
decay models have also been developed that take wood decomposition into account
(reviewed by Mackensen et al., 2003). Several authors (Minderman, 1968; Wider and
Lang, 1982; Means et al., 1985) consider the different wood components, e.g. bark,
sapwood, heartwood, and chemical compounds, and combine them in multiple-
exponential equations. Other authors (e.g. Harmon et al., 1986) consider the time
elapsed from the death of a standing tree to the moment when it falls and comes in
contact with the forest floor (lag-time models). In several environments, e.g. on dry
mountain slopes, the time lag between death and contact with the forest floor can last
for almost the entire decay process (Kueppers et al., 2004). A few models take not only
the losses due to heterotrophic respiration and leaching into account but also losses due

to fragmentation (Mackensen et al., 2003).

Recently, more information on deadwood chemistry (even in Europe) as a function of
decay stage in temperate to subalpine environments is available (cf. Lombardi et al.,
2008; Petrillo et al., 2015). The relation to the factor time is, however, in most cases
completely missing and only in rare cases some estimates are presented (e.g. Petrillo et
al., 2016). Detailed information on carbon stored in deadwood and its relationships with
different decay stages are required by national forest and carbon sink inventories to help
understanding deadwood dynamics and the impact on microhabitats with a changing
climate. These relationships are expected to vary with disturbance regime and forest

type.
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Until now, a number of methods to determine the decay rate have been used:

(1) Long-term studies provide the most reliable results (Stone et al., 1998; Miller-Using
and Bartsch, 2009; Anderson et al., 2009).

(2) Decay rate can be estimated from the ratio of deadwood mass inputs to the pool of
deadwood (Bond-Lamberty & Gower, 2008).

(3) Chronosequences use historic windfall, fire, wave regeneration, or harvest events.
Relating the density or mass of logs to the time they have been undergoing decay

determines the decay rate (e.g., Busse, 1994; Melin et al., 2009).

(4) Because of the naturally high variability of snags through time and across the
landscape, the sampling intensity must be high to achieve reliable results. A practical,

cost-effective, reliable method based on remote sensing techniques.

Determination of mass loss is the most common method used to investigate decay
processes (Christensen 1977; Grier 1978; Sollins 1982; Harmon et al. 1987; Arthur and
Fahey 1990; Arthur et al. 1993; Mackensen et al. 2003). Wood density has also been
used to describe decay processes (Arthur et al. 1993; Schwarze et al. 1999; Schéfer
2002), as it is easy to determine and the initial values within a species do not vary
greatly (Sollins et al. 1987; Frangi et al. 1997; Mackensen et al. 2003). Christensen
(1984) showed a direct relationship between mass loss and relative density. A
prerequisite for this is that mass loss is only due to leaching and biochemical decay. The
patterns of density and volume loss indicate, however, that in the decay of beech CWD,
fragmentation is not a negligible process. As the presented functions show, mean
density decreases only in the first 12 years of decomposition while volume loss
continues linear during the whole decomposition process. Additional studies of leaching
(Kuehne et al. 2008) and CO.-emission (Mdller-Using and Bartsch 2008) of the same
logs showed a difference between carbon loss by this processes and that calculated by
mass loss of CWD.

In coniferous forests in Oregon fragmentation has been reported to account for half of
the mass loss (Harmon and Hua 1991), usually the part of fragmentation seems about
30% for this type of climate (MacMillan 1988; Harmon and Hua 1991). Harmon et al.
(2000) concluded in a comparative study of the decay rate constants of mass, volume

and density of pine, spruce, and birch woody debris in northwestern Russia that the
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mass decreases more strongly than the density. The change in density due to
disintegration of the stem was not taken into account in these studies (Laiho and
Prescott 2004), and thus fragmentation was underestimated. The fragmented mass was
not included in the estimation of woody debris storage, because the fragmented pieces
could not be found and were amalgamated into the humus layer. The smaller the

dimension of woody debris, the earlier the process occurred.

While a broad range of literature about CWD decay (above-ground) exists (see e.g. Zell
et al., 2009), mechanisms of the incorporation of the trunk necromass into the humus of
the soil (Kueppers et al., 2004) are rather poorly investigated (van der Wal et al., 2007).
To link processes in the soils, biochemical analyses (e.g. cellulose and lignin) coupled
with dendrochronological analyses should provide useful information (e.g. Lombardi et
al., 2008).

In an early attempt to determine decay rates for Southern European forests, Lombardi et
al. (2008) applied methods commonly used in North America, focusing on
dendrochronological techniques. They found that time-since-natural-death of silver fir
and beech stumps in Central Italy only roughly indicates decay rates because decay
processes only fully start when the tree falls to the forest floor and not the year of tree
death, which can be assessed by dendrochronological methods. It was noticed that the
typical morphological analysis carried out in the field (Hunter 1990) is insufficient to
describe the wood decay progression in these forest ecosystems. As proposed by several
authors (Bdtler et al. 2007; Saunders et al. 2011) wood density, carbon, nitrogen and
phosphorous contents, and lignin and cellulose concentrations may be used to better
assess decay patterns of coarse woody debris correlated with specific site
characteristics, such as soil and air microclimatic conditions (Lombardi et al. 2013).
Lombardi et al. (2008) demonstrated that time since death and decay class were
inconsistently related and the structural characteristics of logs did not always reflect the
length of time they had been dead (see also Daniels et al. 1997). Stumps could also
derive from living trees that started to decay in the heartwood many years before the
overall tree death (Cherubini et al. 2002). On the other hand, the features of a stump
could erroneously indicate advanced stages of decay, and mask recent tree death.
However, decay classes described in the field through visual assessment reflect the

decay progression of wood and the sequence of organisms that decompose the wood on
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the forest floor rather clearly. Questions remain on deadwood behaviour as chemical
pool within forest ecosystems (Lombardi et al. 2013).

Although the decay rate of CWD as a function of climate is basic information for
understanding the cycle of carbon and nutrients, only scarce data is available. A recent
work has demonstrated that climate alone failed to predict wood decomposition rates at
regional scales, while local-scale factors were found to be much more important for
explaining most of the variation (Bradford et al. 2014). Other studies indicate that
substratum (e.g. litter) quality may be more important than climate in controlling
decomposition rates across different biomes (Cornwell et al. 2008, Weedon et al. 2009,
Bradford et al. 2014). Deadwood characterizations in the Southern parts of Europe are
largely missing for the most commonly occurring forest types and the knowledge is
quite low, particularly at Mediterranean latitudes. Several studies have been done in the
North-Western Pacific in the U.S. and Canada (Harmon et al., 1986; Daniels et al.,
1997; Campbell and Laroque, 2007) while our knowledge about decay rates of different
tree species in European forest ecosystems is limited to few experimental and field
studies (Naesset, 1999; Storaunet and Rolstad, 2002; Lombardi et al., 2008; Herrmann
and Bauhus, 2012) or rough estimations and modelling (Storaunet, 2004; Makinen et
al., 2006). Such studies have shown different patterns of decay in response to climate
depending on the species (e.g., wood quality) and site conditions (e.g., faster decay rates
at lower latitudes and warmer sites). New methods and tools for the assessment of decay
rates in European forests are urgently needed. A recent work has demonstrated that
climate alone failed to predict wood decomposition rates at regional scales, while local-
scale factors were found to be much more important for explaining most of the variation
(Bradford et al. 2014). Other studies indicate that substratum (e.qg. litter) quality may be
more important than climate in controlling decomposition rates across different biomes
(Cornwell et al. 2008, Weedon et al. 2009, Bradford et al 2014).

Mountainous ecosystems are especially sensitive to changing environmental conditions
such as global warming, and most mountain area are experiencing environmental
degradation. Mountains also represent unique areas for the detection of climate change

and the assessment of climate-related impacts.

In mountain forests, deadwood tends to act as a long-term carbon storage site.
Deadwood itself releases carbon to the atmosphere — becoming a carbon source — during

microbial respiration from decomposer organisms. But in ecosystems in cool climates,
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microbial activity is restricted and decomposition very slow, so that deadwood tends to
act as a long-term storage site. As the reality of climate change is widely recognised,

carbon sequestration is gaining attention as one way of reducing greenhouses gases.

In contrast to North America and the boreal zone of Europe, where natural deadwood
levels have been reviewed thoroughly (Harmon et al., 1986; Siitonen, 2001), there is no
such review for the beech and mixed-beech forests of temperate Europe, in which Fagus
sylvatica L. is a dominant or co-dominant tree. Consequently, a need exists to explore
more in detail the interplay between soils, forests, deadwood and climate particularly in
Alpine (Egli et al., 2006; Ascher et al., 2012) and Mediterranean areas.

European beech is one of the most important European trees, not only because of its
expected role in the face of climate change, but also as a frequent species in forest
reserves, national parks and the NATURA 2000 network. For such areas, naturalness
and biodiversity conservation are significant issues, in which the presence of deadwood
plays an important role. To manage deadwood in forests, one needs to know how the
residence time of coarse woody debris is influenced by the environment (Privetivy et
al., 2016). Because beech forests are widespread and represent the potential natural
vegetation of many areas in Central Europe (Czajkowski et al. 2006; Bolte et al. 2007),
information about the decay dynamic are of particular interest for these forests. The
study by Christensen et al. (2005) offers an indication of what guidelines for a
sustainable woody debris management might include, but it also demonstrates the

limited basic knowledge on decay dynamics of beech woody debris.

Moreover, most studies examining the decomposition of CWD of Norway spruce have
concentrated on the above-ground biomass (e.g. Shorohova et al., 2008). Regarding
gymnosperm, specifically the lignin, N and P content seem to play a role (Weedon et
al., 2009). Because the spatial distribution of CWD is highly heterogeneous, only few
quantitative data about its long-term decay dynamics are available for European alpine
and subalpine forests. Decay models in Europe have, therefore, rarely been

parameterised using empirically derived decay constants.

In the field, the different stages of CWD decomposition are often described by so-called
decay classes (as defined by Hunter, 1990) through a visual assessment of the wood
status (Lombardi et al., 2013). In a previous study, Petrillo et al. (2015) demonstrated
that the Hunter classification is particularly suitable for describing changes in the

physical-chemical characteristics of European larch (Larix decidua Mill.) and Norway
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spruce (Picea abies (L.) Karst.) deadwood in alpine environments. An improved
knowledge of the decay progression of deadwood and the factors affecting these
changes is important for maintaining long-term sustainability of soils, to help
conservation, and to evaluate the role of deadwood in carbon storage and to preserve

microhabitat occurrence.
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State-of-the-Art

Climate is projected to affect all aspects of ecosystems functioning and biodiversity, and
their ability to provide services (The Millennium Assessment, 2005); however, the
projected changes have to take into account the impacts from other past, present and
future human activities (Gitay et al., 2002). Below-ground diversity is difficult to
quantify but it is assumed to surpass above-ground plant and animal diversity (Wall et
al., 2010). Climate change is expected to affect individual organisms, populations,
species distributions and ecosystem composition and function through increases in
temperature and changes in precipitation. The data and models needed to project the
extent and nature of future ecosystem changes and changes in the geographical
distribution of species are incomplete, meaning that these effects can only be partially
quantified (Gitay et al., 2002).

The IPCC (Gitay et al., 2002), SEC (2006) and the EU Soil Thematic Strategy (COM

(2006)231) identified, among others, the following information needs:

- Understanding of the response of biodiversity to changes in climatic factors and other

pressure

- Closing the gaps in knowledge about soil processes and strengthening the foundation
for policies.

- Clarifying how mountainous landscapes, including the soil system, in the
Mediterranean to high-mountain areas may change under conditions of fast to
accelerated external (climatic) forcing.

Mountainous ecosystems are likely to be especially sensitive to changing environmental
conditions, such as global warming, acid deposition or nutrient cycling (Theurillat et al.,
1998). Landscape, climate, society and infrastructure in the mountainous areas are
changing at high rates (Haeberli et al., 2007). Mountainous areas are a complex system,
in which different features influence each other while reacting with different intensities
and time frames to changing environmental conditions. Unfavourable or threatening
processes need to be prevented or mitigated in order to preserve the possibility of

sustainable development.

Precipitation and temperature influence vegetation and consequently soil properties by
affecting type and rates of chemical, mineralogical, biological, and physical processes.

Field experiments about soil warming (e.g. Rustad et al., 2001; Melillo et al., 2002;
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Eliasson et al., 2005; Allison et al., 2010; Agren, 2010; Budge et al., 2011) have
provided evidences about the temperature sensitivity of decomposition. Deadwood and
litter act as important linkages between recent productivity and current community, and
ecosystem processes (Anderson et al., 2009). The increasing interest in the quantity and
properties of coarse woody debris and litter is relevant both to maintaining biodiversity
and to global C dynamics (Kueppers et al., 2004). Dying and dead trees are valuable
habitats (providing food, shelter and breeding conditions, etc.) for a large number of
rare and threatened species: saproxylic insects, invertebrates, fungi, lichens, bryophytes,
birds and mammals (Harmon et al., 1986; Odor and Standovar, 2001; Humphrey et al.,
2002; Odor et al., 2006). Consequently, a need exists to understand more in detail the
interplay between soils, forests, deadwood and climate in Apennine areas. While a
broad range of literature about CWD decay (above-ground) exists (see e.g. Zell et al.,
2009), mechanisms of the incorporation of the trunk necromass into humus forms
(Kueppers et al., 2004) are rather poorly investigated (van der Wal et al., 2007).
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Thesis Aims and Questions

This thesis is a contribution to the knowledge on deadwood dynamics in mountain
forests of Italy. In the past years, other studies and projects were realized, aiming to

understand the role and decay of deadwood in Italian forest ecosystems.

The realized study focused on Fagus sylvatica forests, in the Apennines and on Picea
abies, in the Italian Alps, where ecosystems are sensitive to climate warming. Since
deadwood can be a substantial fraction of stored carbon in forest ecosystems, CWD
decay rates may be sensitive to climate warming. However, the mechanisms of the
decay and incorporation of CWD into the soil and its relation to humus formation and
climate are poorly understood. Data and models are strongly needed to quantify future

changes in ecosystem processes.

The main objective of this thesis focuses on the integration of plant organic matter into
the soil: the decomposition of coarse woody debris (CWD) and its incorporation into the
soil organic matter (SOM), through the biological activity of the topsoil. Moreover, the
general aim is linked to the following: understand the functional links between climate,

degraded CWD and soil properties, evaluating their effects on the stabilisation of SOM.

The main research questions are: 1) What time scales are involved in CWD decay and
integration into the soil? 2) How does climate affect the CWD decay in temperate and

subalpine natural forests?

Sites along a climosequence were investigated. The selected study areas are located (1)
on the central Apennines, in an altitudinal range from 1000 m to 1650 m a.s.l., (2) on
the Italian Alps where the altitude varies from 1100 m to 2200 m a.s.l. Moreover, at
each site, two altitudinal transect were selected, considering the north- and south-facing

slope.

The studies in this thesis were realized in the context of the DecApp project
(abbreviated title of a project focused on Fagus sylvatica deadwood decay on montane
forests on the Italian Apennines), and related to the international DecAlp (dealing with
decay on the Alps) project, that dealt with wood decay mechanisms in Alpine forest
soils, soil organisms and humus forms and their relation to climate change. The results
of this project regarded a conifer species, Picea abies. Thus, the DecApp project helped

to build up an integrated model of CWD decay mechanisms, comparing coniferous
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(DecAlp project) and broadleaved species (DecApp project), and enabled to estimate the

effects of a warmer climate on decay processes in subalpine area.

The project was focused only on semi-natural forest ecosystems of subalpine sites along
an altitudinal gradient (climosequence). The climosequence approach furnished
precious insight into the effects of climate on CWD decay. The above-mentioned linear
approach is not absolute because several feedback processes exist, such as the duration
of CWD conservation and their interrelation to humus forms. The objectives,
hypotheses, research plan and methods aim at understanding: a) the main processes in

each of the studied compartment and b) the interrelations between them.
Furthermore, the project tested the following hypotheses:

- On the Alps, CWD decay products will not or only to a very low degree affect the
stable organic matter fraction due to already existing strong organic-mineral
associations (Favilli et al., 2008). CWD will only affect the labile fractions, especially
on north-facing sites.

- On the Apennines, CWD decay should be quite fast because of warm conditions, and,
moreover, moisture conditions on the north exposure should influence positively decay
process.

- Decay of deciduous species on the Apennines is expected to be faster than conifer

species on the Alps.

Summary of papers

European beech is one of the most important European trees, not only because of its
expected role in the face of climate change, but also as a frequent species in forest
reserves, national parks and the NATURA 2000 network (Privetivy et al., 2016). For
such areas, naturalness and biodiversity conservation are significant issues, in which the
presence of deadwood plays an important role. To manage deadwood in forests, one
needs to know how the residence time of coarse woody debris is influenced by the

environment.

41



1023

1024
1025
1026
1027
1028
1029

1030
1031
1032

1033
1034
1035
1036
1037
1038
1039
1040
1041
1042
1043
1044
1045
1046

1047
1048
1049
1050
1051
1052
1053
1054

Study areas

The studies in this thesis were conducted in two different geographical zones. All the
papers were realized in Italian context, respectively | and Il on the Alps (Trentino
region) and paper Il on the Apennines (Abruzzo region). Both in Trentino and Abruzzo,
to assess the contribution of climate, decomposition processes were studied at sites with
different constellations: a) exposure: north and south exposure; b) altitude

(toposequence).

Sites along two climosequences were investigated: one north- and one south-facing. The
climosequence includes sites from 1000 m asl up to 2400 m asl on the Alps and from
1000 to 1650 m asl on the Apennines.

Particularly, paper Il was realized in an Italian National Park founded in 1991, Parco
Nazionale della Majella (fig. 1b). The area of the Majella National Park (740.95 km?),
especially the Majella Mount, has been subject to a major international geoscientific
research Project Task Force Majella from 1998 up to 2005. Majella Mount (called
Padre dei Monti - Mountains' Father - by Pliny the Elder and Montagna Madre -
Mother Mountain - by the people of Abruzzi) is a high, imposing, wild mountain group,
which is part of the world heritage of National Parks. This National Park is unique for
several factors, such as its geographical position, harshness, extension, and climatic
changes. It also includes widelands with peculiar wilderness features, the most precious
and rare part of the biodiversity national heritage, important not only at a European, but
also at a world level. Our 8 sites were located in Fagus sylvatica natural forests.
Altitude range went from 1000 to 1650 m asl; 4 sites were located in Feudo d’Ugni and
4 in Orfento Valley. In these sites climate is temperate and precipitation range is usually
between 800 and 1000 mm.

Paper | and 111 were conducted in Trentino region, particularly in Val di Rabbi and Val
di Sole (fig. 1a). This area was chosen due to its situation in between a rather warm
Insubric and a cold Alpine climate and the existing and well-established network
(including the good collaboration with local authorities). All sites have a natural
coniferous forest, a natural forest that is usually dominated by a Piceetum montanum
and a Larici-Pinetum. The selected areas are in dry inner-Alpine valleys The climate of
the valleys ranges from temperate to alpine (above the timberline), the mean annual
temperature from 8.2 °C at the valley floor to about 0 °C at 2400 m a.s.l., and the mean
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annual precipitation from approximately 800 to 1300 mm (Shoarina and Cescatti, 2004).
Furthermore, an already existing large dataset (soil profiles, chemical and mineralogical

data, GIS datasets) serves as the basis for the planned investigations.
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Fig.1. Location of the investigation areas: a) Alps, in Trentino (Paper | and I11) and b) Apennines, in
Abruzzo (Paper I1).
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Climate and soil parameters are main drivers of the slow decay of Norway spruce in

sub-alpine forests (Paper 1)

How the decay rate of deadwood is affected by climate is basic information for
understanding the C-cycle and other nutrients. Deadwood chemistry has recently been
studied as a function of decay stage in temperate to subalpine environments (Lombardi
et al., 2008; Petrillo et al., 2015), but only exceptionally related to time (Petrillo et al.,
2016). To better assess deadwood decay processes, analysing wood density, carbon,
nitrogen, phosphorous contents, as well as lignin and cellulose concentrations have been
proposed (Bdtler et al., 2007; Saunders et al., 2011).

The purpose of this paper was to collect data about deadwood decay from temperate and
subalpine forests on the Alps. The study was conducted at 8 different sites, in Trentino
region, northern Italy, chosen to represent a typical mountain climate. To assess the
contribution of climate, the decay processes were studied at sites with different
exposures (north- vs south-facing), and altitudes (toposequence). Eight sites were
selected along two climosequences: 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
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sites). At each climosequence site, a field experiment using soil mesocosms; the
mesocosms design was set up as described by Bird and Torn (2006) and by Maestrini et
al. (2014). Some 10.2 cm diam., 25 cm long PVC tubes were inserted into the soil prior
to the addition of the substrates. The soil and the CWD were sampled after 12, 25, 52

and 104 weeks; each having 3 replicates.

Decay experiments using standardised wood blocks of local Picea abies informed about
the rate dynamics as a function of climate. Because the size and geometry of CWD can
strongly influence the decay mechanisms (Van der Wal et al., 2007), wood blocks,
having the dimension of 2 cm x 5 cm x 5 ¢cm, from the same Picea abies tree were
prepared. After 12, 25, 52 and 104 weeks (T1, T2, T3, T4) three replicates were
removed and analysed for the carbon, cellulose and lignin content and for the isotopic
ratio of C and N.

@ee
000

T1

Figure 2: Wood blocks experiment; the replicates were placed into “mesocosms” (i.e. tubes opened
on top and bottom, firmly inserted in the soil).

The negative exponential model of time is the most commonly used to estimate the
decline in density of logs and CWD (Naesset, 1999; Chen et al., 2005). 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 or
mass 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 = Xo ekt 1)

where X is the density or mass of deadwood at a given time (t), and Xo is the initial mass
(Jenny et al., 1949; Olson, 1963) or density. The mass is a more reliable parameter

because density may underestimate deadwood decay rates. In this investigation, we used
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the mass of the wood blocks. Individual decay rates were determined on the basis of

total mass losses of deadwood, cellulose and lignin.

To unravel the decay behaviour of these compounds, a multiple-exponential model can

be applied (Means et al., 1985; Mackensen et al., 2003), with the general form:

ks

x = x;e ft 4 x,e7Ret | 4 x et (2)

where x: is the density or mass of deadwood at a given time and x;., are partitioned
parameters. The portioning of cellulose and lignin is solved graphically using their mass
over time, and fitting them to an exponential regression curve. From this, the half-life of
cellulose or lignin in the CWD could be calculated:
1

) _ 11’1(2) 3

1z 7 "k (3)
where t12 is the half-life and k is the decay constant (obtained from the exponential

regression curve).

Table 1. 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<0.05).

North? South? Low? High?) N1 - N3Y S6 — S8Y
Keenl 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
Meern 8.29/8.28 8.32/9.36 9.061/9.45 7.54/8.28 8.29/8.19* 9.53/9.77*
Miign 6.95/6.82 7.041/7.29 7.19/7.06 6.93/6.85 6.95/6.82 7.041/7.29
M deadwood 21.35/21.23 21.55/22.74 22.07/21.75 20.28/21.92 21.14/21.20 23.03/23.23

Ykeen (decay constant of cellulose), ki (decay constant of lignin), Keeaawood (decay constant of deadwood), Meeadwood (Mass of deadwood), Meen
(mass of cellulose = concentration x dry weight of wood block), Mg, (Mass of lignin = concentration x dry weight of wood block), North
(north-facing sites), South (South-facing sites), Low (sites < 1500 m asl), High (sites > 1500 m asl), N1 — N3 (north-facing sites except the
highest site N4), S6 — S8 (south-facing sites except the highest site S9)

Results revealed that 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 detected decay rates could be compared
moderately well to average values observed for the same species at other sites in
Europe. It seems that local scale factors, such as soil parameters and topographic
properties, are important and distinctly influence the decay dynamics of deadwood and

its components (e.g soil moisture and clay content). In Alpine areas, it seems that
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topographic exposure (south- vs north-facing sites) also affects decay processes, which

are faster on north-facing sites over 1800 m a.s.l. owing to the moister conditions.

The measured decay rates for deadwood in this study were rather similar to those

reported by Petrillo et al. (2016), in the same sites, using a chronosequence approach.

Is climate the most important factor on deadwood decomposition in Apennine mountain

forests? (Paper II)

Due to its slow decomposition and persistence on the forest floor (Beets et al. 2008),
CWD can represent a substantial reservoir of organic carbon and nutrients in many
forest ecosystems (Carmona et al. 2002; Currie and Nadelhoffer 2002; Ganjegunte et al.
2004). The past years have seen substantial interest in efficient methods for collecting
information on deadwood material (e.g. Stahl et al. 2001; Travaglini et al. 2006a).
Recently, more data of deadwood chemistry (even in Europe) as a function of decay
stage in temperate to subalpine environments is available (cf. Lombardi et al., 2008;
Petrillo et al., 2015). The relation to the factor time is, however, in most cases
completely missing and only in rare cases some estimates are presented (e.g. Petrillo et
al., 2016).

In this paper we used a field-experimental approach having controlled conditions,
mesocosm approach (see Paper 1), to study beech wood decay and how fast wood-
compounds cellulose and lignin decay in such a temperate environment. The CWD
wood blocks were sampled after 8, 16, 52 and 104 weeks (Fig. 2); always with 3
replicates. The weight (density) and cellulose and lignin were recorded for these blocks.
The decay rate constants for spruce CWD were estimated on the basis of the mass loss
within the observation period using a single negative exponential model and an
exponential regression approach. Over this one-year study, wood mass, cellulose and
lignin (Figs. 1, 2 and 3) changed a lot. In all the cases the mass of deadwood, lignin and

cellulose exhibited a continuous loss.

Results showed that a close and significant relation between the amount of lignin and
mean annual average temperature and the amount of deadwood and mean annual
precipitations exists and that cellulose, lignin and CWD decayed significantly (p < 0.05)
faster at the north-facing sites.
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Fig. 2. Deadwood blocks Weight loss during the one-year experiment time.

Time since death and decay rate constants of Norway spruce and European larch
deadwood in subalpine forests determined using dendrochronology and radiocarbon

dating (Paper 111)

Until now, various different sampling designs have been used to determine the time
since death to estimate the decay rate of deadwood. Dendrochronology can be a helpful
tool to determine the year of death, and the technique has been used in several studies to
determine the time elapsed since tree-death (Campbell and Laroque, 2007, Lombardi et
al., 2008, 2013). Decay models in Europe have, therefore, rarely been parameterised
using empirically derived decay constants. In the field, the different stages of CWD
decomposition are often described by so-called decay classes (as defined by Hunter,

1990) through a visual assessment of the wood status (Lombardi et al. 2013).

In this paper the CWD decay dynamics in an Alpine valley in Italy were investigated,
using the chronosequence approach and the five-decay class system that is based on a
macromorphological assessment. The study area was the same as Paper I, 8 sites in Val
di Rabbi and Val di Sole. In spring and summer 2013, wood cores from living trees and
cross sections of CWD were taken from all sites. Before sampling, each CWD was first
classified relative to the decay stage, using the five-class classification system of Hunter
(1990). Tree rings were first counted and then measured using the LINTAB tree-ring-
width measurement device (RINNTECH e.K., Heidelberg, Germany), coupled together
with a stereomicroscope (Leica, Germany). Most of the CWD samples of the decay
classes 1 — 3 could be dendrochronologically dated, but those of decay classes 4 and 5

had to be radiocarbon dated because of the poorly preserved tree rings.
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To estimate the decay constants, the average densities in class 1 and in class 5 (the
earliest and latest decay stages) were used and the single-negative exponential model of
Jenny et al. (1949) applied (eq. 1):

Xt = Xo €™ (1)

where Xx: is the density or mass of deadwood at a given time, and Xo is the initial density
or mass (Jenny et al., 1949; Olson, 1963). Equation 1 was then solved for the decay
constant k according to equation 2:

- xt
L |H(A))
t
where x; is the density of each deadwood sample at a given time (i.e. the estimated time

elapsed since death), and Xo the initial density (0.45 g cm™ for Picea abies and 0.59 g
cm for Larix decidua).
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Fig. 3. Calculated decay rate constants (k) as a function of tree
species and site exposure.
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of decay class.
Results showed that the spruce chronology ranged from 1848 to 2012 AD and the larch
chronology from 1871 to 2012 AD. About CWD, in the first three decay classes, ages of
spruce and larch seemed to be in a similar range: values varied from 1 to 54 years. In
decay classes 4 and 5, the average and maximum ages of CWD were usually higher for
larch than for spruce; particularly, in decay class 5, the average age of spruce CWD
increases to 77 years and the age of larch CWD to 210 years. This showed that larch
wood, particularly in the decay classes 4 and 5, is much more resistant to rotting than

spruce.

The first 3 decay classes do not seem to reflect the age of the CWD, but taking classes 1
— 3 as one group and relating them to the decay classes 4 and 5, a time trend with
increasing decay stage can then be detected. This time trend also closely correlates to

the wood density, and the cellulose and lignin content (analysed in Petrillo et al., 2015).

Moreover, using the dating approach (dendrochronology and **C-dating), the behaviour
of cellulose and lignin as a function of time could be assessed. Results demonstrated
that lignin in larch may persist particularly long, with a mean residence time of > 100

years.
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Conclusions and Future Perspectives

The aim of this study was to investigate the decomposition processes in a montane
Mediterranean and in an Alpine ecosystem, and specifically to assess changes in
chemical variables (lignin, cellulose, carbon and nitrogen content) in deadwood during

the decomposition process, in relation to climate and to the species.

Results showed how lignin degraded slowly in comparison with cellulose and
differences between species were observed. Microclimate conditions may influence the
decay progression. Water availability, micro-topography and incoming radiation are
factors that influence the high variability of decomposition patterns (Lombardi et al.,
2013).

CWD and cellulose decay rates were higher at the north facing sites both in Alps and
Apennines. Although north-facing sites are thermally less favourable compared to the
south-facing sites, decay rates seemed to be higher. These differences should, therefore,
be better explained by moisture availability. At the south-facing sites,
evapotranspiration is higher (annual precipitation is the same as at north-facing sites)

giving rise to drier conditions and a subsequent limited wood degradation.

The hypothesis that the deciduous species on Apennines would decompose faster than
conifer species on Alps was accepted. The slower decay of lignin, compared to
cellulose, suggested that lignin could be an important long-term source of soil organic
carbon, and that this process could be greatly affected by forest species mixtures.
Finally, decomposition processes in the investigated Mediterranean montane forests

were definitely faster than in the colder climates of the Alps.

Using a field-experimental approach, it was possible to measure decay rates under
controlled conditions. These results highlight the importance of multiple edaphic and
topographic factors that control CWD decomposition processes in mountain forest
ecosystems, in conjunction with climate. The analysis of CWD dynamics, including
decomposition of deadwood, is important for modelling and managing mountain forests

and for understanding the contribution to nutrient cycling and carbon balance.

This study showed that soil properties and involved environmental parameters influence
decay rates in montane forests on Alps and Apennines. The factors that mostly influence

this process (according to statistics) seem to be air temperature and precipitations in
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both areas, then moisture into the soil (on Apennines) and soil moisture, soil acidity and
grain size (on Alps). Within the framework of this study we could shed more light on
some important deadwood decay factors and their interactions, including chemical
compounds, soil moisture, soil texture and... Therefore, in these areas, a basis for

further research on decay process interactions, dynamics and rates has been established.

This study was focused on the beginning of the decay process and a short-term approach
was adopted. For this reason, it will be interesting to extend future studies in a long-
term perspective, using more replicates, with the aim to follow the decay progression
for several years. Yet, advancement in this analysis can be represented by the
comparison of the activities of the microbial communities at the studied forest

ecosystems, for a deeper understanding of the processes involved in deadwood decay.

Using a field-experimental approach we were able to measure decay rates under
controlled conditions. These results highlight the importance of multiple edaphic and
topographic factors that control CWD decomposition processes in mountain forest
ecosystems, in conjunction with climate. The analysis of CWD dynamics, including
input and decomposition of deadwood, is important for modelling and managing
mountain forests and their projections after disturbances, and for understanding the

contribution to nutrient cycling and carbon balance.

In this study, we showed that site-specific conditions (e.g. texture) influence ground
conditions (e.g. soil moisture). Moisture conditions are essential for many soil processes
(including allocation of soil carbon). To obtain a more detailed picture, however, it
would be necessary to monitor soil conditions, when soil is in contact with deadwood,
in the long term in order to accurately describe the interaction of deadwood decay

processes and site-specific conditions.

A large empirical dataset based on chemical and physical data was obtained. The
chemical and physical data can now be conveniently integrated in deadwood decay
modelling to understand the decay processes related to subalpine environments in more
detail, and to provide a predicting framework for decomposition processes under

changing climate conditions.

51



1295

1296
1297
1298
1299
1300

1301
1302
1303
1304
1305

1306
1307
1308
1309
1310
1311

1312
1313
1314
1315
1316
1317
1318
1319
1320

1321
1322
1323

1324
1325
1326
1327
1328
1329
1330
1331
1332
1333

1334
1335
1336
1337
1338
1339
1340
1341
1342
1343

Acknowledgements

First, |1 have to thank the CFS (Corpo Forestale dello Stato), that supported me during
the experimental part of the PhD thesis. | am very pleased to thank the CFS collaborators:
Luciano Schiazza, Mario De Menna,, Nino Di Cosmo, Liliana Perfettibile, Zyhra Lakia
Shahina, Vincenza Graniglia, Sergio D’Ambrosio, Massimiliano Carboni, Roberto
Fracasso; these nice persons never left me alone during the sampling.

I would like to express my special appreciation and thanks to my advisor Prof. Marco
Marchetti. I would like to thank you for encouraging my research and for allowing me to
grow as a research scientist. Besides my advisor, | would like to thank the rest of my
thesis committee: Prof. Roberto Tognetti and Prof. Fabio Lombardi for their insightful
comments and also Bruno Lasserre.

My sincere thanks goes to Prof. Dr. Markus Egli, for his encouragement and precious
help, but also for the hard question which incented me to widen my research from various
perspectives. | also have to thank Dr. Paolo Cherubini, Prof. Paolo Nannipieri and Prof.
Giacomo Pietramellara, who provided me an opportunity to join their team as intern, and
who gave access to the laboratory and research facilities. Without their precious support it
would not be possible to conduct this research.

I want to thank Dr. Judith Ascher-Jenull, a great researcher and a good friend, who gave
me the opportunity to work in Florence and gave me a lot of very good suggestions and
ideas and motivated me till the end of my PhD. Another important person | have met
during the last three years is Dr. Paola Arfaioli, whom | am delighted to thank for her
great help in and outside the laboratory. | really like your strong and good personality. |
will never forget our schiacciate, coffees and cornetti at Giulia’s bar; amazing moments
during our work together in Florence. | have to thank Tommaso Bardelli, a super clever
PhD student and a fantastic new friend; he gave me ideas and help during my stay in
Florence; our tours, coffees, schiacciate, lunches and dinners in the city were great.

I thank in a special way the persons who helped me during the experimental set-up:
Carmen Giancola and Simone Di Benedetto. Carmen, you are a special, kind and nice
person and you have always found the right words in the right moments.

Surely | have to thank my good friends, who supported me during this experience and
were next to me in the worst moments: Cecilia Milicia, Francesca Serra, llaria Ruffolo,
Simona Tondato, Elisa Picone, Marta Belli, Angelo Tavella, Maria Menendez,
Alessandro Batazzi, Lucilla Libertini, Annalisa Perone and Claudia Cocozza. | also have
to thank two new friends, PhD students, with whom | have shared good and bad moments
of the last part of PhD: Monica Zanini and Daniela Lobianco. A big thanks goes to my
“Swiss” friends, with whom I have shared great moments but also a difficoult part of my
life: Maria Grimm, Rick Van Meurs, Pawel Matulewski, Quim Canelles Trabal, Giulio
Demetrio Perulli. | thank Maria Mendez Garcia, Gilles Antoniazza, Peter Kummer, Alice
Idone, Anil Yildiz and Ana Stritih as well.

Another important thanks goes to the FILO Onlus association, where | have been a
volunteer for some years. They are all very special persons and | am delighted to know
them; being useful to someone makes you realize what is the real meaning of life. | thank
Ferdinando Taschini, Mr. President, all guys and girls of the association and their parents,
and all volunteers.

A very very special thanks is for my family. Thanks for supporting me spiritually
throughout my PhD and my life in general. Words cannot express how grateful 1 am to
my mother and father for all of the sacrifices they have made on my behalf. Last (but for
me she is always the first), | am very grateful to my sister Elena, you are the most special
person | know and you have always been next to me, anywhere, anytime.

52



1344

1345
1346

1347
1348
1349
1350
1351

1352
1353
1354
1355

1356
1357
1358

1359
1360
1361
1362
1363

1364
1365

1366
1367
1368
1369
1370
1371
1372
1373
1374
1375
1376
1377
1378
1379
1380
1381
1382
1383
1384
1385
1386
1387
1388
1389
1390
1391
1392

List of papers (published or submitted).

Petrillo M., Cherubini P., Fravolini G., Ascher J., Scharer M., Synal H.-A., Bertoldi D.,
Camin F., Larcher R., Egli M. (2016): "Time since death and decay rate constants of
Norway spruce and European larch deadwood in subalpine forests determined using
dendrochronology and radiocarbon dating” — Publ. Biogeosciences, 13: 1537-1552,
www.hiogeosciences.net/13/1537/2016/ doi:10.5194/bg-13-1537-2016

Fravolini, G., Egli M., Derungs C., Cherubini P., Ascher-Jenull J., Gomez-Brandon M.,
Bardelli T., Tognetti R., Lombardi F., Marchetti M. (2016): “Soil attributes and
microclimate are important drivers of initial deadwood decay in sub-alpine Norway
spruce forests.” — Publ. Science of The Total Environment, 569: 1064-1076.

Fravolini G., Egli M., Ascher-jenull J., Arfaioli P., Bardelli T., Tognetti R., Cherubini P.,
Lombardi F., Marchetti M.: “Quantifying decomposition in coarse woody debris in
Mediterranean mountain forests ’- Subm.

Gomez-Brandon M., Ascher-Jenull J., Bardelli T., Fornasier F., Fravolini G., Arfaioli P.,
Ceccherini M.T., Pietramellara G., Lamorski K., Stawinski C., Bertoldi D., Egli M.,
Cherubini P., Insam H. (2017): “’Physico-chemical and microbiological evidence of
exposure effects on Picea abies — coarse woody debris at different stages of decay” —
Publ. Forest Ecology and Management, 391: 376-384.

References

Aakala, T. 2010. Tree mortality and deadwood dynamics in late-successional boreal
forests. Dissert For 100, 41.

Abbott D.T., Crossley D.A. 1982. Woody L.itter Decomposition Following Clear-Cutting.
Ecol 63(1): 35-42

Agren, G.1. 2010. Microbial mitigation. Nat Geosci 3: 303-304.

Alban, D. H., Pastor, J. 1993. Decomposition of aspen, spruce, and pine boles on two
sites in Minnesota. Can J For Res 23(9): 1744-1749.

Albrecht, L. 1991. Die Bedeutung des toten Holzes im Wald. Forstwissenschaftliches
Centralblatt vereinigt mit Tharandter forstliches Jahrbuch 110(1): 106-113.

Alemu B. 2014. The Role of Forest and Soil Carbon Sequestrations on Climate Change
Mitigation. J of Envir and Earth Sci 4 (13) ISSN 2224-3216 (Paper) ISSN 2225-0948
(Online)

Allison, S.D., Wallenstein, M.D., Bradford, M.A. 2010. Soil-carbon response to warming
dependent on microbial physiology. Nat Geosci 3: 336-340.

Amaranthus, M.P., Trappe, J.M., Bednar, L., et al. 1994. Hypogeous fungal production in
mature Douglas-fir forest fragments and surrounding plantations and its relation to
coarse woody debris and animal mycophagy. Can J For Res 24: 2157-2165.

Ammer U., Utschick H. 2004. Folgerungen aus waldo“kologischen Untersuchungen auf
hochproduktiven, nadelholzreichen Standorten fu'r eine an Naturschutzzielen orientierte
Waldwirtschaft. Forst Holz 59:119-128

Anderson, L.O., Malhi, Y., Ladle, RJ. et al. 2009. Influence of landscape heterogeneity
on spatial patterns of wood productivity, wood specific density and above ground
biomass in Amazonia. Biogeosci 6: 1883-1902.

Arthur, M.A., Fahey, T.J. 1990. Mass and nutrient content of decaying boles in an
Engelmann spruce-subalpine fir forest, Rocky Mountain National Park, Colorado. Can J
For Res 20: 730-737.

53



1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406
1407
1408
1409
1410
1411
1412
1413
1414
1415
1416
1417
1418
1419
1420
1421
1422
1423
1424
1425
1426
1427
1428
1429
1430
1431
1432
1433
1434
1435
1436
1437
1438
1439
1440
1441
1442
1443
1444
1445
1446

Arthur M, Tritton L, Fahey T. 1993. Dead bole mass and nutrients remaining 23 years
after clear-felling of a northern hardwood forest. Can J For Res 23:1298-1304.
doi:10.1139/x93-166

Ascher J., Sartori G., Graefe U., Thornton B., Ceccherini M.T., Pietramellara G., Egli M.
2012. Are humus forms, mesofauna and microflora in subalpine forest soils sensitive to
thermal conditions? Biol Fertil Soils 48 (6): 709-725. - doi: 10.1007/s00374-012-0670-
9.

Assmann T., Drees C., Schroder E., Ssymank A. 2007. Mythos Artenarmut—
Biodiversitat von Buchenwaldern. Naturforsch Landsch 82:401-406

Baritz, R., Seufert, G., Montanarella, L., Van Ranst, E. 2004. Reports of the Technical
Working Groups established under the Thematic Strategy for Soil Protection. EUR
21319 EN/3, 872 pp. Office for Official Publications of the European Communities,
Luxembourg, pp. 439-465.

Beets P.N., Hood I.A., Kimberley M.O., Oliver G.R., Pearce S.H., Gardner J.F. 2008.
Coarse woody debris decay rates for seven indigenous tree species in the central North
Island of New Zealand. For Eco and Manag 256(4): 548-557

Behan-Pelletier, V. M., Paoletti, M. G., Bissett, B., Stinner, B. R. 1993. Oribatid mites of
forest habitats in northern Venezuela. Trop Zool: 39-54.

Benson R.E., Schlieter J.A. 1979. Woody material in northern Rocky Mountain forests:
volume, characteristics, and changes with harvesting. In: Environmental Consequences
of Timber Harvesting in Rocky Mountain Coniferous Forests. Symposium Proceedings.
pp. 11-13.

Berg A., Ehnstrom B., Hallingback T., Jonsell M., Weslien J. 1995. Threat levels and
threats to Red-Listed species in Swedish forests. Conserv Biol 9:1629-1633.
doi:10.1046/.1523-1739.1995.09061629.x

Binot M., Bless R., Boye P., Gruttke H., Pretscher P. 1998. Rote Liste gefahrdeter Tiere
Deutschlands. Schriftenr Landschaft Nat 55:243-249

Bird, J. A., Torn, M. S. 2006. Fine roots vs. needles: a comparison of 13C and 15N
dynamics in a ponderosa pine forest soil. Biogeochem 79(3): 361-382.

Bohl, J., Brandli U.B. 2007. Deadwood volume assessment in the third Swiss National
Forest Inventory: methods and first results. Eur J For Res 126:449-457.
doi:10.1007/s10342-007-0169-3

Bolte A., Czajkowski T., Komap T. 2007. The north-eastern distribution range of
Europaean beech—a review. For 80:413-429. doi:10.1093/forestry/cpm028

Bond-Lamberty, B., Gower, S.T. 2008. Decomposition and fragmentation of coarse
woody debris: Re-visiting a boreal black spruce chronosequence. Ecosys 11: 831-840.

Bormann, F. H., Likens, G. E., Siccama, T. G., Pierce, R. S., Eaton, J. S. 1974. The
export of nutrients and recovery of stable conditions following deforestation at Hubbard
Brook. Ecol Monogr 44(3): 255-277.

Bradford, M. A., Warren Il, R. J., Baldrian, P., Crowther, T. W., Maynard, D. S,
Oldfield, E. E., Wieder W.R., Wood S.A., King, J. R. 2014. Climate fails to predict
wood decomposition at regional scales. Nat Clim Ch 4(7): 625-630.

Bretz Guby N. A., Dobbertin M. 1996. Quantitative Estimates of Coarse Woody Debris
and Standing Dead Trees in Selected Swiss Forests. Glob Ecol Biogeogr Lett 5 (6):
327-341

Brewer R. 1993. The Science of Ecology. Second Edition.Saunders College Publishing.
Toronto, Ont.

Brussaard L. 1994. An appraisal of the Dutch Programme on Soil Ecology of Arable
Farming Systems (1985-1992). Agric, Ecosys & Envir 51 (1-2): 1-6

Budge, K., Leifeld, J., Egli, M., Fuhrer, J. 2011. Soil microbial communities in
(sub)alpine grasslands indicate a moderate shift towards new environmental conditions
11 years after warming. Soil Biol & Biochem 43: 1148-1154.

Busse, M.D. 1994. Downed bole-wood decomposition in lodgepole pine forests of central
Oregon. Soil Sci Soc of Amer J 58: 221-227.

54



1447
1448
1449
1450
1451
1452
1453
1454
1455
1456
1457
1458
1459
1460
1461
1462
1463
1464
1465
1466
1467
1468
1469
1470
1471
1472
1473
1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502

Bitler, R., Patty, L., Le Bayon, R.C., Guenat, C., Schlaepfe, R. 2007. Log decay of
Picea abies in the Swiss Jura Mountains of Central Europe. For Ecol Manag 242:
791-799.

Cadisch G., Giller K.E. 1997. Driven by nature: plant litter quality and decomposition.
pp. Xvi + 409 pp.

Campbell, L.J-, Laroque, C.P. 2007. Decay progression and classification in two old-
growth forests in Atlantic Canada. For Ecol Manag 238: 293-301.

Carey, A. B., Johnson, M. L. 1995. Small Mammals in Managed, Naturally Young, and
Old- Growth Forests. Ecol applic 5(2): 336-352.

Carmona, M. R., Armesto, J. J., Aravena, J. C., Pérez, C. A. 2002. Coarse woody debris
biomass in successional and primary temperate forests in Chiloé Island, Chile. For Ecol
Manag 164(1): 265-275.

Castagneri D., Garbarino M., Berretti R., Motta R. 2010. Site and stand effects on coarse
woody debris in montane mixed forests of Eastern Italian Alps. For Ecol Manag 260
(9): 1592-1598

Cebon, P., Davies, H., Imboden, D., Jager, C. 1998. A view from the Alps: Regional
perspectives on climate change. MIT Press, Cambridge, Massachussetts.

Chambers J., Higuchi N., Schimel J., Ferreira L., Melack J. 2000. Decomposition and
carbon cycling of dead trees in tropical forests of the central Amazon. Oecol 122:380—
388. doi: 10.1007/s004420050044

Chambers, J. Q., dos Santos, J., Ribeiro, R. J., & Higuchi, N. 2001. Tree damage,
allometric relationships, and above-ground net primary production in central Amazon
forest. For Ecol Manag 152(1): 73-84.

Chave J., Coomes D., Jansen S., Lewis S.L., Swenson N.G., Zanne A.E.. 2009. Towards
a worldwide wood economics spectrum. Ecol lett 12 (4): 351-366

Chen, H., Harmon, M.E., Griffiths, R.P. 2001. Decomposition and nitrogen release from
decomposing woody roots in coniferous forests of the Pacific Northwest: a
chronosequence approach . Can J For Res 31: 246 — 260.

Chen, X.Y., Wei, X.H., Scherer, R. 2005. Influence of wildfire and harvest on biomass,
carbon pool, and decomposition of large woody debris in forested streams of southern
interior British Columbia. For Ecol Manag. 208: 101-114.

Cherubini, P., Fontana, G., Rigling, D., Dobbertin, M., Brang, P., Innes, J. L. 2002.
Tree- life history prior to death: two fungal root pathogens affect tree- ring growth
differently. J of ecol 90(5): 839-850.

Christensen O. 1977. Estimation of standing crop and turnover of deadwood in a Danish
oak forest. Oikos 28:177-186. doi: 10.2307/3543969

Christensen O. 1984. The states of decay of woody litter determined by relative density.
Oikos 42:211-219. doi:10.2307/3544795

Christensen M., Hahn K., Mountford E.P., Odor P., Standovar T., Rozenbergar D., Diaci
J., Wijdeven S., Meyer P., Winter S., Vrska T. 2005. Deadwood in European beech
(Fagus sylvatica) forest reserves. For Ecol Manag 210:267-282

COM (Commission of the European Communities) 2006. Thematic Strategy for Soil
Protection. Communication from the commission to the council, the European
parliament, the European economic and social committee and the committee of the
regions. COM(2006)231.

Cornelissen J. H. C., Sass-Klaassen U., Poorter L., van Geffen K., van Logtestijn R.S.P.,
van Hal J., Goudzwaard L., Sterck F.J., Klaassen R.K.W.M. et al. 2012. Controls on
Coarse Wood Decay in Temperate Tree Species: Birth of the LOGLIFE Experiment.
AMBIO 41 (3): 231-245

Cornwell W.K., Cornelissen J.H.C., Allison S.D., Bauhus J., Eggleton P., Preston C.M.,
Scarff F., Weedon J.T., Wirth C., Zanne A.E. 2009. Plant traits and wood fates across
the globe: rotted, burned, or consumed? Glob Change Biol 15 (10): 2431-2449

Corona P., Kohl M., Marchetti M. 2003. Advances in Forest Inventory for Sustainable
Forest Management and Biodiversity Monitoring. For Sci 76.

Crites, S., Dale, M. 1995. Relationships between nonvascular species and stand age and
stand structure in aspen mixedwood forests in Alberta. Relationships Between Stand

55



1503
1504
1505
1506
1507
1508
1509
1510
1511
1512
1513
1514
1515
1516
1517
1518
1519
1520
1521
1522
1523
1524
1525
1526
1527
1528
1529
1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540
1541
1542
1543
1544
1545
1546
1547
1548
1549
1550
1551
1552
1553
1554
1555
1556

Age, Stand Structure, and Biodiversity in Aspen Mixedwood Forests in Alberta. Alberta
Environmental Centre, Canadian Forest Service, Alberta Land and Forest Service,
Ministry of Supply and Services, Canada, 91-114.

Currie, W. S., Nadelhoffer, K. J. 2002. The imprint of land-use history: patterns of carbon
and nitrogen in downed woody debris at the Harvard Forest. Ecosys 5(5), 446-460.

Czajkowski T, Kompa T, Bolte A. 2006. Zur Verbreitungsgrenze der Buche (Fagus
sylvatica L.) im nordo“'stlichen Mitteleuropa. Forstarchiv 77:203-216

DACH DecAlp project (2013): http://www.decalp.org/#!mesocosm-experiment/c9vz

Daniels, L.D., Dobry, J., Klinka, K., Feller, M.C. 1997. Determining year of death of logs
and snags of Thujaplicata in south-western coastal British Columbia. Can J For Res 27:
1132-1141.

de Boer, W., Folman, L. B., Summerbell, R. C., Boddy, L. 2005. Living in a fungal
world: impact of fungi on soil bacterial niche development. FEMS microbiol rev 29(4):
795-811.

Delaney, M., Brown, S., Lugo, A. E., Torres- Lezama, A., Quintero, N. B. 1998. The
quantity and turnover of deadwood in permanent forest plots in six life zones of
Venezuelal. Biotrop 30(1): 2-11.

Deng Hongbing, Xiao Baoying, Dai Limin, et al. 2002. Advances in ecological studies on
in-stream coarse woody debris. Acta Ecologica Sinica, 22(1): 87-93. (in Chinese)

Di Cosmo, L., Gasparini, P., Paletto, A., Nocetti, M. 2013. Deadwood basic density
values for national-level carbon stock estimates in Italy. For Ecol Manag 295: 51-58.

Dudley, N., Vallauri, D. 2004. Deadwood-living forests. The importance of a veteran
trees and deadwood to biodiversity-WWF Report, Gland, Switzerland.

Edmonds, R.L., Vogt, D.J., Sandberg, D.H., Driver, C.H. 1986. Decomposition of
Douglas-fir and red alder wood in clear-cutting. Can J For Res 16: 822-831.

Egli, M., Mirabella, A., Sartori, G., Zanelli, R., Bischof, S. 2006. Effect of north and
south exposure on weathering rates and clay mineral formation in Alpine soils. Catena
67:155-174.

Egli, M., Sartori, G., Mirabella, A., Favilli, F. 2009. Effect of north and south exposure
on organic matter in high Alpine soils. Geoderma, 149:124-136.

Eliasson, P.E., 2005. The response of heterotrophic CO2-flux to soil warming. Glob Ch
Biol 11:167-181.

Elton C.S. 1966. Dying and deadwood. In: The patterns of animal communities. John
wiley, New York: 279-305.

Eusterhues, K., Rumpel, C., Kleber, M., Kdgel-Knabner, 1. 2003. Stabilization of soil
organic matter by interactions with minerals as revealed by mineral dissolution and
oxidative degradation. Org Geochem 34: 1591-1600.

FAO. 2005. The importance of Soil Organic Matter. FAO Soils Bull, Rome

Farrell E.P., Fiihrer E., Ryan D., Andersson F., Huttl R., Piussi P. 2000. European forest
ecosystems: building the future on the legacy of the past. For Ecol Manag 132 (1):5-20

Favilli, F., Egli, M., Cherubini, P., Sartori, G., Haeberli, W., Delbos, E. 2008.
Comparison of different methods of obtaining a resilient organic matter fraction in
Alpine soils. Geoderma 145: 355-369.

Floudas, D., Binder, M., Riley, R., Barry, K., Blanchette, R. A., Henrissat, B., et al. 2012.
The Paleozoic origin of enzymatic lignin decomposition reconstructed from 31 fungal
genomes. Sci 336(6089): 1715-1719.

Franc N., Gotmark F., @kland B., Nordén B., Paltto H. 2007. Factors and scales
potentially important for saproxylic beetles in temperate mixed oak forest. Biol Conserv
135:86-98. doi: 10.1016/j.biocon.2006.09.021

Frangi J, Richter L, Barrera M, Aloggia M. 1997. Decomposition of Nothofagus fallen
deadwood in forests of Tierra del Fuego, Argentina. Can J For Res 27:1095-1102.
doi:10.1139/cjfr-27-7-1095

Franklin, J.F., Shugart, H.H., Harmon, M.E. 1987. Tree Death as an Ecological Process.
The causes, consequences, and variability of tree mortatlity. BioSci. 37:550-556.

56


http://www.decalp.org/#!mesocosm-experiment/c9vz

1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573
1574
1575
1576
1577
1578
1579
1580
1581
1582
1583
1584
1585
1586
1587
1588
1589
1590
1591
1592
1593
1594
1595
1596
1597
1598
1599
1600
1601
1602
1603
1604
1605
1606
1607
1608
1609
1610
1611

Fraver, S., Milo, A. M., Bradford, J. B., D’Amato, A. W., Kenefic, L., Palik, B. J., et al.
2013. Woody debris volume depletion through decay: implications for biomass and
carbon accounting. Ecos 16(7): 1262-1272.

Friedlingstein, P., Cox, P., Betts, R., Bopp, L., Von Bloh, W., Brovkin, V., Cadule P.,
Doney S., Edy M., Fung I., Bala G., John J., Jones C., Joos F., Kawamiya M., Knorr
W., Lindsay K., Matthews H.D., Raddatz T., Rayner P., Reick C., Roeckner E.,
Schnitzler K.G., Schnur R., Strassmann K., Weaver A.J., Yoshikawa C., Zeng N. 2006.
Climate-carbon cycle feedback analysis: Results from the C4MIP model
intercomparison. J Clim 19: 3337-3353.

Ganjegunte, G.K., Condron, L.M., Clinton, P.W., Davis, M.R., Mahieu, N. 2004.
Decomposition and nutrient release from radiata pine (Pinus radiata) coarse woody
debris. For Ecol Manag 187: 197-211.

Garrett L.G., Kimberley M.O., Graeme R.O., Pearce S.H., Paul T.S.H. 2010.
Decomposition of woody debris in managed Pinus radiata plantations in New Zealand.
For Ecol Manag 260(8): 1389-1398

Gitay H, Avelino S, Watson R. 2002. Climate change and biodiversity. IPCC Technical
Paper V. Intergovernmental Panel on Climate Change. Cambridge Univ Press,
Cambridge, U.K.

Golladay, S.W., Webster, J.R. 1988. Effects of clear-cut logging on wood breakdown in
Appalachian Mountain streams. Amer Midland Natur 119: 143-155.

Gonzalez M., Fernandez-Souto A., Austin A.T. 2013. Coarse Woody Debris Stimulates
Soil Enzymatic Activity and Litter Decomposition in an Old-Growth Temperate Forest
of Patagonia, Argentina. Ecosys 16 (6): 1025-1038

Graham, R.L., Cromack, K. 1982. Mass, nutrient content and decay rate of dead boles in
rain forests of Olympic National Park. Can J For Res 12: 511-521.

Gray, A.N., Spies, T.A. 1997. Microsite controls on tree seedling establishment in conifer
forest canopy gaps. Ecol 78: 2458-2473.

Green P., Peterken G.F. 1997. Variation in the amount of deadwood in the woodlands of
the Lower Wye Valley, UK in relation to the intensity of management. For Ecol Manag
98 (3):229-238

Grier C.C. 1978. A Tsuga heterophylla-Picea sitchensis ecosystem of coastal Oregon:
decomposition and nutrient balances of fallen logs. Can J For Res 8:198-206

Grove, S. J. 2002. Saproxylic insect ecology and the sustainable management of forests.
Annual rev ecol and syst 1-23.

Haapannen A. 1965. Bird fauna in the Finnish forests in relations to forest succession.
Annales Zoologici Fennici 2: 153-196

Haeberli W., Egli M., Keller F., Krisi B., Rothenbuhler C., Meilwes J., Gruber S. 2007.
Raum-zeitliche Informationen (Gber schnelle Klimadnderungen in hochalpinen
Umweltsystemen als strategisches Werkzeug fir Analyse, Kommunikation,
partizipative Planung und Management im Tourismusgebiet Oberengadin.
Schlussbericht GISALP, NFP48 (Nationales Forschungsprogramm ,,Alpen‘). vdf-
Verlag, Zurich

Hammond H. 1991. Seeing the forest among the trees:the case for wholistic forest use.
pp. 309

Hansen A.J., Spies T.A., Swanson F.J., Ohmann J.L. 1991. Conserving biodiversity in
managed forests. Lessons from natural forests. BioSci 41: 292-382.

Hansen J., Kharecha P., Sato M., Masson-Delmotte V., Ackerman F., Beerling D.J.,
Hearty P.J., Hoegh-Guldberg O., Hsu S.L., Parmesan C., Rockstrom J., Rohling E.J.,
Sachs J., Zachos J.C. et al 2013. Assessing “Dangerous Climate Change”: Required
Reduction of Carbon Emissions to Protect Young People, Future Generations and
Nature. Plos One. http://dx.doi.org/10.1371/journal.pone.0081648

Harmon, M.E., Franklin, J.F., Swanson, F.J., Sollins, P., Gregory, S.V., Lattin, J.D,
Anderson, N.H., Cline, S.P., Aumen, N.G., Sedell, J.R., Lienkaemper, G.W., Cromack,
K., Cummins, K.W. 1986. Ecology of coarse woody debris in temperate ecosystems.
Adv. Ecol. Res. 15: 133-302.

57


http://dx.doi.org/10.1371/journal.pone.0081648

1612
1613
1614
1615
1616
1617
1618
1619
1620
1621
1622
1623
1624
1625
1626
1627
1628
1629
1630
1631
1632
1633
1634
1635
1636
1637
1638
1639
1640
1641
1642
1643
1644
1645
1646
1647
1648
1649
1650
1651
1652
1653
1654
1655
1656
1657
1658
1659
1660
1661
1662
1663
1664
1665

Harmon M.E., Cromack K., Smith B.G. 1987. Coarse deadwood in mixed-conifer forests,
Sequoia National Park, California. Can J For Res 17:1265-1272. doi:10.1139/x87-196
Harmon, M.E., Franklin, J.F. 1989. Tree seedlings on logs in Picea-Tsuga forests of

Oregon and Washington. Ecol 70(1): 48-59.

Harmon M.E., Hua C. 1991. Coarse Woody Debris Dynamics in Two Old-Growth
Ecosystems. BioSci 41 (9): 604-610. Publ. by: Oxford University Press on behalf of the
American Institute of Biological Sciences

Harmon, M.E., Sexton, J. 1995. Water balance of conifer logs in early stages of
decomposition. Pl and Soil 172: 1141-1521.

Harmon, M.E. 2001. Carbon Sequestration in Forests: Addressing the Scale Question.
Journ For 99(4):24-29

Harvey, P. H., Colwell, R. K., Silvertown, J. W., May, R. M. 1983. Null models in
ecology. Annual Rev Ecol System 14: 189-211.

Helfrich, M., Flessa, H., Mikutta, R., Dreves, A., Ludwig, B. 2007. Comparison of
chemical fractionations methods for isolating stable soil organic carbon pools. Eur J
Soil Sci 58: 1316-1329.

Henderson G.S. 1995. Soil Organic Matter: A link between forest management and
productivity. In: Bigham J M, Bartels J M. (Eds.), Carbon Forms and Functions in
Forest Soils. Soils Science Society of America, Madison, W1, pp. 419-435.

Herrmann, S., Kahl, T., Bauhus, J. 2015. Decomposition dynamics of coarse woody
debris of three important central European tree species. For Ecosyst 2:27, DOI
10.1186/540663-015-0052-5.

Hodge S.J., Peterken G.F. 1998. Deadwood in British forests: priorities and a strategy.
For 71 (2): 99-112.

Hofgaard A. 1993. 50 years of change in Swedish boreal old-growth forest. J Veg Sci 4.

Hoppe, S., Thomsen, F. 2005. Occurrence of organochlorine compounds in a forest bog at
Stubbetorp, Kolmarden:-Indication for a natural formation?.

Hoppe, B., Kruger, D., Kahl, T., Arnstadt, T., Buscot, F., Bauhus, J., Wubet, T. 2015. A
pyrosequencing insight into sprawling bacterial diversity and community dynamics in
decaying deadwood logs of Fagussylvatica and Piceaabies. Scic rep 5, 9456.

Humphrey JW., Davey S., Peace AJ. Ferris R., Harding K. 2002. Lichens and
bryophyte communities of planted and seminatural forests in Britain: the influence of
site type, stand structure and deadwood. Biol Cons 107: 165-180.

Hunter M.L. Jr. 1990. Wildlife, forests and forestry: principles for managing forests for
biological diversity. Prentice Hall, Englewood Cliffs, N.J., USA.

Hytteborn H., Packham J. 1987. Decay rate of Picea abies logs and the storm gap theory:
a re-examination of Serander Plot 111, Fiby Urskog, Central Sweden. Arboric J 11:299—
311

IPCC, 2014. Climate Change 2014: Synthesis Report. Contribution of Working Groups I,
Il and Il to the Fifth Assessment Report of the Intergovernmental Panel on Climate
Change [Core Writing Team, R.K. Pachauri and L.A. Meyer (eds.)]. IPCC, Geneva,
Switzerland, 151 pp

Jenny, H., Gessel, S.P., Bingham, F.T. 1949. Comparative study of decomposition of
organic matter in temperate and tropical regions. Soil Sci. 68: 419-432.

Jonsson, B.G., Kruys, N. 2001. Ecology of Woody Debris in Boreal Forests. Ecol Bull
49: 279-281.

Jonsson, B. G., Kruys, N., Ranius, T. 2005. Ecology of species living on dead wood—
lessons for dead wood management. Silva Fenn 39(2): 289-309.

Jonsson M.T, Jonsson B.G. 2007. Assessing coarse woody debris in Swedish woodland
key habitats: Implications for conservation and management. For Ecol Manag 242 (2-
3): 363-373

Juma N.G. 1998. The pedosphere and its dynamics: a systems approach to soil science.
Vol. 1, Edmonton, Canada, Quality Color Press Inc. 315 pp.

Kéarik, A. A. 1974. Decomposition of wood. Biol plant litter decomp 1: 129-174.

58


http://www.jstor.org/publisher/oup
http://www.jstor.org/publisher/aibs

1666
1667
1668
1669
1670
1671
1672
1673
1674
1675
1676
1677
1678
1679
1680
1681
1682
1683
1684
1685
1686
1687
1688
1689
1690
1691
1692
1693
1694
1695
1696
1697
1698
1699
1700
1701
1702
1703
1704
1705
1706
1707
1708
1709
1710
1711
1712
1713
1714
1715
1716
1717
1718
1719
1720
1721

Kaiser, C., Meyer, H., Biasi, C., Rusalimova, O., Barsukov, P., Richter, A. 2007.
Conservation of soil organic matter through cryoturbation in arctic soils in Siberia. J
Geophys Res Biogeosci 112: G02017.

Kappes H., Catalano C., Werner T. 2007. Coarse woody debris ameliorates chemical and
biotic soil parameters of acidified broad-leaved forests. Appl Soil Ecol 36 (2-3): 190-
198

Keenan R.J., Prescott C.E., Hamish Kimmins J.P. 1993. Mass and nutrient content of
woody debris and forest floor in western red cedar and western hemlock forests on
northern Vancouver Island. Can J For Res 23(6): 1052-1059

Kirby K.J, Reid C.M., Thomas R.C., Goldsmith F.B. 1998. Preliminary Estimates of
Fallen Deadwood and Standing Dead Trees in Managed and Unmanaged Forests in
Britain. Jour Appl Ecol 35(1): 148-155

Klason P. 1893. Framstallning af rent lignin ur granved och denna sednares kemiska
sammansattning. Teknisk Tidskrift 23: 55-56

Kohl, M., Paivinen, R. 1996. Definition of a system of nomenclature for mapping
European forests and for compiling a pan-European forest information system.

Kohm K.A., Franklin J.F. 1997. Creating a Forestry for the 21% Century: The science of
ecosystem management. Island Press, Washington D.C. pp. 480

Kokfelt, U., Rosen, P., Schoning, K., Christensen, T.R., Forster, J., Karlsson, J., Reuss,
N., Rundgren, M., Callaghan, T.V., Jonasson, C., Hammerlund, D. 2009. Ecosystem
responses to increased precipitation and permafrost decay in subarctic Sweden inferred
from peat and lake sediments. Glob Ch Biol 15: 1652-1663.

Kruys K., Fries C., Jonsson B.G., Lamas T., Stahl G. 1999. Wood-inhabiting cryptogams
on dead Norway spruce (Picea abies) trees in managed Swedish boreal forests. Can
Journ For Res 29(2): 178-186

Kubart, A., Vasaitis, R., Stenlid, J., Dahlberg, A. 2016. Fungal communities in Norway
spruce stumps along a latitudinal gradient in Sweden. For Ecol Manag 371: 50-58.

Kuehne C., Donath C., Muler-Using S., Bartsch N. 2008. Nutrient fluxes via leaching
from coarse woody debris in a Fagus sylvatica forest in the Solling Mountains,
Germany. Can J For Res 38:2405-2413. doi:10.1139/X08-088

Kueppers LM, Sourthon J, Baer P, Harte J. 2004. Deadwood biomass and turnover time,
measured by radiocarbon, along a subalpine elevation gradient. Oecol 141:641-651.

Laiho, R., Prescott, C.E. 2004. Decay and nutrient dynamics of coarse woody debris in
northern coniferous forests: a synthesis. Can J For Res 34: 763-777.

Larsson, T. B. 2001. Biodiversity evaluation tools for European forests. Criteria and
Indicators for Sustainable Forest Management at the Forest Management Unit Level,
75.

Leifeld, J., Kdgel-Knabner, 1. 2005. Soil organic matter fractions as early indicators for
carbon stock changes under different landuse? Geoderma 124: 143-155.

Li, W. J., Xu, P., Schumann, P., Zhang, Y. Q., Pukall, R., Xu, L. H., Stackebrandt E.,
Jiang, C. L. 2007. Georgenia ruanii sp. nov., a novel actinobacterium isolated from
forest soil in Yunnan (China), and emended description of the genus Georgenia. Intern J
System Evolut Microbiol57(7):1424-1428.

Lindenmayer, D. B., Franklin, J. F., L6hmus, A., Baker, S. C., Bauhus, J., Beese, W., et
al. 2012. A major shift to the retention approach for forestry can help resolve some
global forest sustainability issues. Conserv Lett 5(6): 421-431.

Liu, W., Schaefer, D., Liu, X. 2013. What controls the variability of wood-decay
rates?. For Ecol Manag 310: 623-631

Lombardi, F., Cherubini, P., Lasserre, B., Tognetti, R., Marchetti, M. 2008. Tree rings
used to assess time since death of deadwood of different decay classes in beech and
silver fir forests in the central Apennines (Molise, Italy). Can J For Res 38: 821-833.

Lombardi, F., Cherubini, P., Tognetti, R. Cocozza C., Lasserre B., Marchetti M. 2013.
Investigating biochemical processes to assess deadwood decay of beech and silver fir in
Mediterranean mountain forests. Ann For Sci 70: 101. doi:10.1007/s13595-012-0230-3.

Luyssaert, S., Schulze, E.S., Borner, A., Knohl, A., Hessenméller, D., Law, B.E., Ciais,
P., Grace, J. 2008. Old-growth forests as global carbon sinks. Nature 455; 213-215.

59



1722
1723
1724
1725
1726
1727
1728
1729
1730
1731
1732
1733
1734
1735
1736
1737
1738
1739
1740
1741
1742
1743
1744
1745
1746
1747
1748
1749
1750
1751
1752
1753
1754
1755
1756
1757
1758
1759
1760
1761
1762
1763
1764
1765
1766
1767
1768
1769
1770
1771
1772
1773
1774
1775

Mackensen, J., Bauhus, J. 2003. Density loss and respiration rates in coarse woody debris
of Pinus radiata, Eucalyptus regnans and Eucalyptus maculata. Soil Biol and Biochem
35: 177-186.

MacMillan, P.C. 1988. Decomposition of coarse woody debris in old-growth Indiana
forest. Can J For Res 18: 1353-1362.

Maestrini, B., Abiven, S., Singh, N., Bird, J.A., Torn, M.S., Schmidt, M.W.I. 2014.
Carbon losses from pyrolysed and original wood in a forest soil under natural and
increased N deposition. Biogeosci 11: 5199-5213.

Mékinen, H., Hynynen, J., Siitonen, J., Sievénen, R. 2006. Predicting the decomposition
of scots pine, Norway spruce, and birch stems in Finland. Ecol Appl 16: 1865-1879.

Malhi, Y., Pegoraro, E., Nobre, A. D., Pereira, M. G. P., Grace, J., Culf, A. D., Clement,
R. 2002. Energy and water dynamics of a central Amazonian rain forest. J Geoph Res:
Atmospheres, 107(D20).

Marage D., Lemperiere G. 2005. The management of snags: A comparison in managed
and unmanaged ancient forests of the Southern French Alps. Ann For Sci 62 (2): 135-
142.

Marschner, B. et al. 2008. How relevant is recalcitrance fort the stabilization of organic
matter in soils? J Plant Nutr Soil Sci 171, 91-110.

Maser, C., Anderson, R., Cromack, Jr., K., Williams, J.T., Martin, R.E. 1979. Dead and
down woody material. In: Thomas, J.W. (Ed.), Wildlife habitats in managed forests: the
Blue Mountains of Oregon and Washington. USDA Agricultural Handbook 553: 78-95.

Maser C., Trappe J.M. 1984. The Seen and Unseen World of the Fallen Tree. USDA
Forest Service, Pacific Northwest Forest and Range Experiment Station, General
Technical Report PNW-164, 56 pp.

Maser C., Tarrant R.F., Trappe J.M., Franklin J.F. 1988. From the forest to the sea: a
story of fallen trees. USDA Forest Service General Technical Report PNW-GTR-229,
153 pp.

Mattson, K. G., Swank, W. T., Waide, J. B. 1987. Decomposition of woody debris in a
regenerating, clear-cut forest in the Southern Appalachians. Can J For Res 17(7): 712-
721.

McComb W., Lindenmayer J. 1999. Dying, dead, and down trees. In: Hunter, M.L. (Ed.),
Maintaining Biodiversity in Forest Ecosystems. Cambridge University Press,
Cambridge, UK: 335-372.

MCPFE. 2003. Background information for improved Pan-European indicators for
sustainable forest management. MCPFE, Liason Unit, Vienna, pp. 46.

Means, J.E., Cromack, K., MacMillan, P.C. 1985. Comparison of decomposition
models using wood density of Douglas-fir logs. Can J For R 15: 1092—-1098.

Melillo, J.M., Steudler, P.A., Aber, J.D., Newkirk, K., Lux, H., Bowles, F.P., Catricla, C.,
Magill, A., Ahrens, T., Morrisseau, S. 2002. Soil warming and carbon-cycle feedbacks
to the climate system. Science 298: 2173-2175.

Melin, Y., Petersson, H., Nordfjell, T. 2009. Decomposition of stump and root systems of
Norway spruce in Sweden — A modelling approach. For Ecol Manag 257: 1445-1451.

Minderman, G. 1968. Addition, decomposition and accumulation of organic matter in
forests. J Ecol 355-362.

Motta R., Nola P. 2001. Growth trends and dynamics in sub-alpine forest stands in the
Varaita Valley (Piedmont, Italy) and their relationships with human activities and global
change. J Veg Sci 12(2): 219-230.

Motta R., Berretti R., Lingua E., Piussi P. 2006. Coarse woody debris, forest structure
and regeneration in the Valbona Forest Reserve, Paneveggio, Italian Alps. For Ecol
Manag 235 (1-3): 155-163.

Miiller-Using, S., Bartsch, N. 2009. Decay dynamic of coarse and fine woody debris of a
beech (Fagus sylvatica L.) forest in Central Germany. Europ J For Res 128: 287-296.

Naesset, E. 1999. Decomposition rate constants of Picea abies logs in southeastern
Norway. Can J For Res 29: 372-381.

60



1776
1777
1778
1779
1780
1781
1782
1783
1784
1785
1786
1787
1788
1789
1790
1791
1792
1793
1794
1795
1796
1797
1798
1799
1800
1801
1802
1803
1804
1805
1806
1807
1808
1809
1810
1811
1812
1813
1814
1815
1816
1817
1818
1819
1820
1821
1822
1823
1824
1825
1826
1827
1828
1829
1830
1831

Nordén, B., Ryberg, M., Gétmark, F., Olausson, B. 2004. Relative importance of coarse
and fine woody debris for the diversity of wood-inhabiting fungi in temperate broadleaf
forests. Biol Cons 117(1): 1-10.

Norton, R.A. 1990. Acarina: Oribatida. In: Soil Biology Guide. D.L. Dindal (ed.). John
Wiley & Sons, Toronto. pp. 779-803.

Odor P., Standovar T. 2001. Richness of bryophyte vegetation in a near-natural and
managed beech stands: The effects of management-induced differences in deadwood.
Ecol Bull 49: 219-229.

Odor P., Heilmann-Clausen J., Christensen M., Aude E., van Dort K.W., Piltaver A.,
Siller I., Veerkamp M.T., Walleyn R., Standovar T., van Hees A.F.M., Kosec J., Matoec
N., Kraigher H., Grebenc T. 2006. Diversity of deadwood inhabiting fungi and
bryophytes in semi-natural beech forests in Europe. Biol Conserv 131: 58-71.

Olson, J.S. 1963. Energy storage and the balance of producers and decomposers in
ecological systems. Ecol 44: 322—-331.

Patruno, A., Cavazza, L., Castrigano, A. 1997. Metodi di analisi fisica del suolo, Parte IlI,
1. Ministero per le Politiche Agricole Osservatorio Nazionale Pedologico e per la
Qualita del Suolo, in collab. con International Society of Soil Science, ISO/DIS 11277.

PerSoh, D. 2015. Plant-associated fungal communities in the light of metanomics. Fung
Div 75(1): 1-25.

Petrillo, M., Cherubini, P., Sartori, G., Abiven, S., Ascher, J., Bertoldi, D., Barbero, A.,
Larcher, R., Egli, M. 2015. Biochemical characteristics of decomposing deadwood in an
Alpine forest and their relation to climate. iForest 9: 154-164.

Petrillo, M., Cherubini, P., Fravolini, G., Marchetti, M., Ascher, J., Scharer, M., Synal, H.-
A., Bertoldi, D., Camin, F., Larcher, R., Egli, M. 2016. Time since death and decay rate
constants of Norway spruce and European larch deadwood in subalpine forests
determined using dendrochronology and radiocarbon dating. Biogeosci 13: 1537-1552;
d0i:10.5194/bg-13-1537-2016.

Pommerening A., Murphy S.T. 2004. A review of the history, definitions and methods of
continuous cover forestry with special attention to afforestation and restocking. Forestry
77:27-44. doi: 10.1093/forestry/77.1.27

Prescott, C.E. 2002. The influence of the forest canopy on nutrient cycling. Tree Physiol
22:1193-1200.

Piivétivy, T., Janik, D., Unar, P., Adam, D., Kral K. 2016. How do environmental
conditions affect the deadwood decomposition of European beech (Fagus sylvatica L.)?
Forest Ecol Manag 381: 177-187. http://dx.doi.org/10.1016/j.foreco.2016.09.033.

Ponge, J.-F., Topoliantz, S., Ballof, S., Rossi, J.-P., Lavelle, P., Betsch, J.-M., Gaucher, P.
2006. Ingestion of charcoal by the Amazonian earthworm Pontoscolex corethrurus: a
potential for tropical soil fertility. Soil Biol Biochem 38: 2008-2009.

Progar, R.A., Schowalter, T.D., Freitag, C.M., Morrell, J.J. 2000. Respiration from coarse
woody debris as affected by moisture and saprotroph functional diversity in Western
Oregon. Oecol 124: 426-431.

Purahong, W., Hoppe, B., Kahl, T., Schloter, M., Schulze, E. D., Bauhus, J., et al. 2014.
Changes within a single land-use category alter microbial diversity and community
structure: Molecular evidence from wood-inhabiting fungi in forest ecosystems. J envir
manag 139: 109-119.

Rabe, M.J., Morrell, T.E., Green, H., et al. 1998. Characteristics of ponderosa pine snag
roosts used by reproductive bats in northern Arizona. J Wild. Manag 62(2): 612-621.

Rademacher C., Winter S. 2003. Totholz im Buchen-Urwald: Generische Vorhersagen
des Simulationsmodells BEFORECWD zur Menge, raumlichen Verteilung und
Verfugbarkeit. Forstwiss Centralbl 122:337-357. doi:10.1007/s10342-003-0002-6

Ranius, T., Kindvall, O., Kruys, N., Jonsson, B.G. 2003. Modeling deadwood in
Norway spruce stands subject to different management regimes. For Ecol Manag
182: 13-29.

Ranius T, Fahrig L. 2006. Targets of maintenance of deadwood for biodiversity
conservation on extinction thresholds. Scand J For Res 21:201-208.
doi:10.1080/02827580600688269

61


http://dx.doi.org/10.1016/j.foreco.2016.09.033

1832
1833
1834
1835
1836
1837
1838
1839
1840
1841
1842
1843
1844
1845
1846
1847
1848
1849
1850
1851
1852
1853
1854
1855
1856
1857
1858
1859
1860
1861
1862
1863
1864
1865
1866
1867
1868
1869
1870
1871
1872
1873
1874
1875
1876
1877
1878
1879
1880
1881
1882
1883
1884
1885
1886
1887

Rayner, A. D., Boddy, L. 1988. Fungal decomposition of wood. Its biology and ecology.
John Wiley & Sons Ltd.

Rock, J., Badeck, F.W. 2004. Decay constants for European tree species. In COST E21.:
Contribution of Forests and Forestry to the Mitigation of the Greenhouse Effect. UCD,
Dublin.

Rohrig E. 1991. Totholz im Wald. Forstl Umsch 34:259-270

Russel, M.B., Fraver, S.F., Aakala, T., Gove, J.H., Woodall, C.W., D’Amato, A.W.,
Ducey, M.J. 2015. Quantifying carbon stores and decomposition in deadwood: A
review. For Ecol Manag 350: 107-128.

Rustad, L.E., Campbell, J.L., Marion, G.M., Norby, R.J., Mitchell, M.J., Hartley, A.E.,
Cornelissen, J., Gurevitch, J. 2001. A meta-analysis of the response of soil respiration,
net nitrogen mineralization, and aboveground plant growth to experimental ecosystem
warming. Oecol 126: 543-562.

Sartori G., Mancabelli A., Corradini F., Wolf U. 2005. Atlante dei suoli del Parco
Adamello-Brenta. Suoli Schmidt W. 2006. Temporal variation in beech masting (Fagus
sylvatica L.) in a limestone beech forest (1981-2004). Allgemeine Forst- und
Jagdzeitung 177: 9-19 (In German).

Saunders, M.R., Fraver, S., Wagner, R.G. 2011. Nutrient concentration of down
woody debris in mixed wood forests in central Maine, USA. Silva Fennica 45: 197—
210.

Shoarina, C., Cescatti, A. 2004. Il clima del Trentino — Distribuzione spaziale delle
principali variabili climatiche. In: Report 33, Centro di Ecologia Alpina Monte
Bondone. Italy, Trento.

Schafer M. 2002. Zersetzung der sturmgeworfenen Buchenstamme im Naturwaldreservat
Weiherskopf seit 1990. Mitt Hess Landesforstverw 38:49-60

Scherzinger W. 1996. Naturschutz im Wald. Eugen Ulmer, Stuttgar

Schuck A., Meyer P., Menke N., Lier M., Lindner M. 2004. Forest Biodiversity Indicator:
Deadwood — A Proposed Approach towards Operationalising the MCPFE Indicator. In:
Marchetti M. (ed.), Monitoring and Indicators of Forest Biodiversity in Europe From
Ideas to Operationality. EFI Proceedings No. 51.

Schwarze F.W., Engels J., Mattheck C. 1999. Holzzersetzende Pilze in Ba'umen.
Strategien der Holzzersetzung. Rombach Okologie 5. Rombach, Freiburg

Seedre, M., Taylor, A. R., Chen, H. Y., Jogiste, K. 2013. Deadwood density of five boreal
tree species in relation to field-assigned decay class. For. Sci 59(3): 261-266.

Setala, H., Marshall, V. G. 1994. Stumps as a habitat for Collembola during succession
from clear-cuts to old-growth Douglas-fir forests.

Shorohova, E., Kapitsa, E., Vanhna-Majamaa, I. 2008. Decomposition of stumps in a
chronosequence after clear-felling vs. clear-felling with prescribed burning in a southern
boreal forest in Finland. For Ecol Manag 255:3606-3612

Shorohova, E., Kapitsa, E. 2014. Influence of the substrate and ecosystem attributes on
the decomposition rates of coarse woody debris in European boreal forests, For Ecol
Manag 315: 173-184, doi: 10.1016/j.forec0.2013.12.025.

Siitonen, J. 2001. Forest management, coarse woody debris and saproxylic organisms:
Fennoscandian boreal forests as an example. Ecol bull 11-41.

Skogsstyrelsen F. 2001. Skogsbransle, hot eller mojlighet—vagledning till miljovanligt
skogsbransleuttag. Skogsstyrelsen forlag, Kristianstad, Sweden (in Swedish).

Soderstrom L. 1988. The occurence of epxylic bryophyte and lichen species in an old
natural and a managed forest stand in Northeast Sweden. Biol Conserv 45: 169-178.

Sollins P. 1982. Input and decay of coarse deadwood in coniferous stands in western
Oregon and Washington. Can J For Res 12:18-28. doi:10.1139/x82-003

Spears J.D.H., Lajtha K. 2004. The imprint of coarse woody debris on soil chemistry in
the western Oregon Cascades. Biogeochem 71: 163-175

Speight M.C.D. 1989. Nature and Environment series, No. 42. Council of Europe,
Strasbourg.

Spies, T. A., Cline S. P. 1988. Coarse woody debris in manipulated and unmanipulated
coastal Oregon forests. In C. Maser, R. F. Tarrant, J. M. Trappe, and J. F. Franklin,

62



1888
1889
1890
1891
1892
1893
1894
1895
1896
1897
1898
1899
1900
1901
1902
1903
1904
1905
1906
1907
1908
1909
1910
1911
1912
1913
1914
1915
1916
1917
1918
1919
1920
1921
1922
1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938
1939
1940
1941
1942
1943

technical editors. From the forest to the ocean—a story of fallen trees. Forest Service
General Technical Report PNW.

Spies, T. A., Franklin, J. F., Thomas, T. B. 1988. Coarse woody debris in Douglas- fir
forests of western Oregon and Washington. Ecol 69(6): 1689-1702.

Stahl, G., Ringvall, A., Fridman, J. 2001. Assessment of coarse woody debris: a
methodological overview. Ecol Bull: 57-70.

Stevens V. 1997. The ecological role of coarse woody debris: an overview of the
ecological importance of CWD in B.C. forests. Res. Br, B.C. Min. For, Victoria, B.C.
Work. Pap. 30/1997

Stokland J.N. 2001. The Coarse Woody Debris Profile: An Archive of Recent Forest
History and an Important Biodiversity Indicator. Ecol Bull, Ecology of Woody Debris
in Boreal Forests: 49: 71-83

Stokland, J. N., Siitonen, J., Jonsson, B. G. 2012. Biodiversity in dead wood. Cambridge
University Press.

Stone, M. K., Wallace, J. B. 1998. Long- term recovery of a mountain stream from
clear- cut logging: the effects of forest succession on benthic invertebrate community
structure. Freshw Biol 39(1): 151-169.

Storaunet, K.O., Rolstad, J. 2002. Time since death and fall of Norway spruce logs in old-
growth and selectively cut boreal forest. Can J For Res 32: 1801-1812.

Storaunet, K.O. 2004. Models to predict time since death of Picea abies shags. Scand. J.
For. Res. 19: 250-260.

Sturtevant, B.R., Bissonette, J.A., Long, J.N., Roberts, D.W. 1997. Coarse woody debris
as a function of age, stand structure, and disturbance in boreal Newfoundland. Ecol
Appl 7: 702 - 712.

The Millennium Assessment, 2005. Ecosystems and Human Well-Being. Synthesis.
Island Press.

Theurillat J.P., Felber F., Geissler P., Gobat J.M., Fierz M., Fischlin A., Kupfer P.,
Schlussel A., Velluti C., Zhao G.F., Williams J. 1998. Sensitivity of plant and soil
ecosystems of the alps to climate change. In: P. Cebon, U. Dahinden, H.C. Davies, D.
Imboden, C.C. Jaeger (Editors),Views from the Alps. MIT Press, Massachusetts, pp.
225-308.

Timothy, S.M., Mark, J.K. 2004.Demographic responses of shrews to removal of coarse
woody debris in a managed pine forest. For Ecol Manag 189: 387-395.

Tomppo, E., Mikkeld, P., Veijanen, A., Mdkisara, K., Henttonen, H., Katila, M., et al.
1996. Application of ERS-1 SAR Data in Large-Area Forest Inventory. In ERS
Applications (Vol. 383, p. 103).

Torgersen, T., Bull, E. 1995. Down logs as habitat for forest-dwelling ants-the primary
prey of pileated woodpeckers in northeastern Oregon. Northw Sci 69: 294-303.

Travaglini D., Mason F., Lopresti M., Lombardi F., Marchetti M., Chirici G., Corona P.
2006. Aspect of biological diversity in the CONECOFOR plots. Deadwood surveying
experiments in alpine and mediterranean forest ecosystems. Annali dell’Istituto
Sperimentale per la Selvicoltura 30(2): 71-86.

Triska F. J., Cromack K. 1979. The role of wood debris in forests and streams. fresh
perspectives from ecosystem analysis. Proceedings 40th annual biology colloquium.
Oregon State University, Corvallis. R. H. Waring, ed. Forests: 171-190

Tsoumis G. 1991. Science and technology of wood. Structure, properties, utilization.
Science and technology of wood. Structure, properties, utilization. pp. 494.

Van der Wal, A., de Boer, W., Smant, W., van Veen, J.A. 2007. Initial decay of woody
fragments in soil is influenced by size, vertical position, nitrogen availability and soil
origin. PI Soil 301: 189-201.

Verkerk, P. J., Lindner, M., Zanchi, G., Zudin, S. 2011. Assessing impacts of intensified
biomass removal on deadwood in European forests. Ecol Indic 11(1): 27-35.

Von Litzow, M., Kdgel-Knabner, 1., Ludwig, B., Matzner, E., Flessa, H., Ekschmitt, K.,
Guggenberger, G., Marschner, B., Kalbitz, K. 2008. Stabilization mechanisms of
organic matter in four temperate soils: Development and application of a conceptual
model. J Plant Nutr Soil Sci 171:111-124.

63



1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987
1988
1989
1990
1991
1992
1993
1994
1995
1996
1997

von Oheimb G., Westphal C., Hardtle W. 2007. Diversity and spatiotemporal dynamics
of deadwood in a temperate near-natural beech forest (Fagus sylvatica). Eur J For Res
126:359-370. doi: 10.1007/s10342-006-0152-4

Vrska, T., Pfivétivy, T., Janik, D., Unar, P., Samonil, P., Kral, K. 2015. Deadwood
residence time in alluvial hardwood temperate forests—A key aspect of biodiversity
conservation. For Ecol Manag 357: 33-41.

Wall D.H., Bardgett R.D., Kelly E.F. 2010. Biodiversity in the dark. Nat Geosci 3: 297-
298.

Wang, H., Hall, C. A., Cornell, J. D., & Hall, M. H. 2002. Spatial dependence and the
relationship of soil organic carbon and soil moisture in the Luquillo Experimental
Forest, Puerto Rico. Landsc Ecol 17(8): 671-684.

Weedon, J.T., Cornwell, W.K., Cornelissen, J.H.C., Zanne, A.E., Wirth, C., Coomes,
D.A. 2009. Global meta-analysis of wood decompostion rates: a role for trait variation
among tree species? Ecol Lett 12: 45-56.

Wider, R. K., & Lang, G. E. 1982. A critique of the analytical methods used in examining
decomposition data obtained from litter bags. Ecol 63(6): 1636-1642.

Winter S., Nowak E. 2001. Totholz in bewirtschafteten und nicht bewirtschafteten
Buchen- und Eichen-Hainbuchenwaldern im Biospharenreservat Spreewald. Natur- und
Landschaftspflege Brandenburg, 10: 128-133.

Winter S., Fischer H.S., Fischer A. 2010. Relative Quantitative Reference Approach for
Naturalness Assessments of forests. For Ecol Manag 259 (8): 1624-1632.

Wirth, C., Gleixner, G., Heimann, M. 2009. Old-growth forests: function, fate and value—
an overview. In Old-Growth Forests (pp. 3-10). Springer Berlin Heidelberg.

Woldendorp, G., Keenan, R. J., Ryan, M. F. 2002. Coarse woody debris in Australian
forest ecosystems. A report for the national greenhouse strategy, Module, 6.

Woodall, C. W., Nagel, L. M. 2006. Coarse woody type: a new method for analyzing
coarse woody debris and forest change. For Ecol Manag 227(1): 115-121.

WWEF. 2004. Deadwood — Living Forests. WWF Report, 2004

Xu Huacheng. 1998. China Daxinganling forest. Beijing: Science Press. (in Chinese)

Yatskov M., Harmon M.E., Krankina O.N. 2003. A chronosequence of wood
decomposition in the boreal forests of Russia. Can J For Res 33:1211-1226.
doi:10.1139/x03-033

Yee, M., Yuan, Z. Q., Mohammed, C. 2001. Not just waste wood: decaying logs as key
habitats in Tasmania's wet sclerophyll Eucalyptus obliqua production forests: the
ecology of large and small logs compared. TASFORESTS-HOBART 13(1): 119-128.

Yin X. 1999. The decay of forest deadwood: numerical modeling and implications based
on some 300 data cases from North America. Oecol 121:81-98.
d0i:10.1007/s004420050909

Zabel R.A., Morrell J.J. 1992. Wood Microbiology: decay and its prevention. Academic
Press Inc., New York.

Zalamea M., Gonzélez G., Ping C., Michaelson G. 2007. Soil organic matter dynamics
under decaying wood in a subtropical wet forest: effect of tree species and decay stage.
PI Soil 296(1): 173-185

Zanella A., Tomasi M., De Siena C., Frizzera L., Jabiol B., Nicolini G. 2001. Humus
forestali. Manuale di ecologia per il riconoscimento e 1’interpretazione — Applicazione
alle faggete. Ediz. Centro di Ecologia Alpina, Trento.

Zanella A. 2010. Humus Forms ERB 2010. A European Reference Base for humus
forms: proposal for a morpho-functional classification. Short version submitted by Eur
Journ of Soil Sc.

Zanne A.E., Falster D.S. 2010. Plant functional traits — linkages among stem anatomy,
plant performance and life history. New Phytol 185 (2): 348-351

Zell J., Kéandler G., Hanewinkel M. 2009. Predicting constant decay rates of coarse
woody debris — A meta-analysis approach with a mixed model. Ecol model 220: 904-
912.

64


http://dx.doi.org/10.1139/x03-033

1998
1999
2000
2001
2002

Zhao Y., Yu X., Cheng G., et al. 2002. A slighting tache in field of forest hydrology
research-hydrological effects of coarse woody debris. J Mount Sc, 20(1):12-18. (in
Chinese)

Zhou, L., Dai, L., Gu, H., Zhong, L. 2007. Review on the decomposition and influence
factors of coarse woody debris in forest ecosystem. J For Res 18: 48-54.

65



