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Abstract
& Context We investigated the relationships between decay
classes, morphological characteristics and chemical com-
pounds in Abies alba Mill. and Fagus sylvatica L. stumps
in two forest stands in the central Apennines (Italy). The
analysis of deadwood decomposition is important in esti-
mating carbon sequestration potential and carbon residence
time in forest ecosystems. In addition, deadwood decompo-
sition affects nutrient cycling and microhabitat distribution.

& Aims The overall aim of this study was to investigate the
decomposition processes in a mountainous Mediterranean
ecosystem, and specifically to assess changes in chemical
variables (lignin, cellulose, carbon and nitrogen content) in
deadwood during the decomposition process, in relation to
decay classes and to the species.
&Methods Cross-sections were collected from stumps. Sam-
ples were assigned to visually discernible decay classes, and
cellulose, lignin and carbon (C) and nitrogen (N) content in
relation to total dry mass were analysed during the decay
process.
& Results Results showed how C/N ratio decreased over
decades due to an increase in nitrogen content. On the
contrary, carbon concentration in stumps remained substan-
tially stable. Lignin degraded slowly in comparison with
cellulose and differences between species were observed.
& Conclusion The hypothesis that the conifer species would
decompose faster than deciduous species did not prove correct.
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 montane–Mediterranean forests were definite-
ly faster than in the colder climates of northern Europe.

Keywords Deadwood . Apennines . Decay progression .

Carbon–nitrogen . Lignin–cellulose

1 Introduction

Deadwood is a key component in forest ecosystems, and is
important for understanding the global carbon cycle and for
maintaining biodiversity (Lassauce et al. 2011). Neverthe-
less, until the 1980s, only a few pathologists were interested
in wood-decay processes and studying the spatio-temporal
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distribution of deadwood in forest ecosystems. More recent-
ly, increasing attention has been given to the assessment of
the quantity of deadwood lying on the floor of forests and
nutrient dynamics (Laiho and Prescott 2004; Muller-Using
and Bartsch 2009; Saunders et al. 2011).

Deadwood may act as a sink for atmospheric carbon and
it is an important structural and functional component of
forest ecosystems (Harmon et al. 1986). Indeed, deadwood
influences soil development, stores carbon, nutrients and
water, reduces erosion and serves as a major habitat for
saproxylics (Lassauce et al. 2011). Nevertheless, in temper-
ate and Mediterranean Europe, studies on the quantity of
deadwood have been sporadic and deadwood is poorly
described in comparison to other systems (Bretz Guby and
Dobbertin 1996; Lombardi et al. 2010; Olajuyigbe et al.
2011). Moreover, the contribution of deadwood to nutrient
cycling, soil carbon and nutrient pools and to long-term
forest sustainability is not well understood.

Nowadays, the increasing attention to deadwood function
and decomposition makes the management and utilization of
deadwood in forest a primary objective, providing a chance to
integrate many related research subjects. This involves com-
prehensive, long-term and multi-scale research, which focus
on several aspects: (a) the simulation and quantification of
decomposition processes and decomposition rates; (b) the
modelling of biochemistry cycling and nutrients re-
leased during deadwood decomposition; (c) the change
of soil physical and chemical properties and microbe
communities during deadwood decomposition; (d) the
long-term response, adaptation and feedback of dead-
wood decomposition through carbon dioxide fluxes and
global change and (e) the relationship between dead-
wood decomposition and ecological process integrity
and forest health (Zhou et al. 2007).

The decomposition of deadwood has been investigated in
tropical and subtropical forests of Central America (Wilcke et
al. 2005) and Australia (Mackensen and Bauhus 2003), and in
boreal forests of Northern Europe (Aakala 2010). The major-
ity of studies on deadwood decay dynamics, however, have
been carried out in the coniferous forests of North America
(Lambert et al. 1980) or Northern Europe (Krankina et al.
1999). In fact, information about deadwood abundance, spa-
tial and temporal development is relatively abundant in the
American North-Western Pacific ecosystems, for which
pivotal studies provided basic knowledge for the sustain-
able management of forest ecosystems (Harmon et al.
1986; Lambert et al. 1980). In particular, forest inventory
surveys have been recently focused on issues related to
carbon sequestration (e.g. Richards and Stokes 2004),
aiming at assessing the spatial distribution of deadwood
and estimating species-specific carbon sequestration rates.
In these studies, it soon became clear that the temporal
dynamics of deadwood decay are still poorly understood.

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 dendrochro-
nological 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 dendrochrono-
logical methods. It was noticed that the typical morpholog-
ical 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 (Bütler et
al. 2007; Saunders et al. 2011) wood density, carbon, nitro-
gen and phosphorous contents, and lignin and cellulose
concentrations may be used to better assess decay patterns
of coarse woody debris correlated with specific site charac-
teristics, such as soil and air microclimatic conditions.

Lombardi et al. (2008) demonstrated that time since death
and decay class were inconsistently related and the structur-
al 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 the forest floor rather clearly.
Questions remain on deadwood behaviour as chemical pool
within forest ecosystems. This is particularly interesting in
forest systems where a large mass of deadwood is created by
short-term events. Such episodic situations are common fol-
lowing fires, pest outbreaks, windstorms or logging where
stumps constitute a large mass of wood (Lambert et al. 1980).

An improved knowledge of the decay progression of dead-
wood and the factors affecting these changes is important for
maintaining long-term sustainability of soils, to help conserva-
tion, and to evaluate the role of deadwood in carbon storage
and to preserve microhabitat occurrence. The overall aim of
this study was to investigate the decomposition processes in
silver fir and beech forests in a mountainous Mediterranean
ecosystem, and specifically to assess changes in chemical
compounds (lignin, cellulose, carbon and nitrogen content) in
deadwood during the decomposition in relation to decay clas-
ses. It was hypothesized that the coniferous silver fir would
decompose at a faster rate than the deciduous beech, due to
different proportion of chemicals such as lignin and cellulose,
resulting in a different chemical variability depending on de-
composition classes andwood types. In particular, we expected
that the faster decay in silver fir could be induced by lower
lignin content. Typically, the classifications of deadwood de-
composition processes are inherently subjective, raising
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questions about repeatability. Such questions are of particular
concern because in practice, the class definitions themselves
often fail to clarify how to assign deadwood that is decompos-
ing to a specific decay class. A dendroecological approach,
which includes chemical analysis of wood, is proposed to
avoid some of the problems related to the use of decay classi-
fication for estimation of the mass of woody debris.

2 Materials and methods

2.1 Site description

This study is located in two mountain sites in the Apen-
nines (Molise Region, Italy). The two sites, considered
representative of montane beech and coniferous forests of
the Mediterranean, are located 10 km apart from each
other and both are within the temperate bioclimatic re-
gion, humid-meso-temperate type. Characteristics of the
study sites are shown in Table 1.

The silver fir site is located in the forest “Abeti Soprani”,
near Pescopennataro (Isernia). The study area is located at an
elevation ranging from 1,000 to 1,450 ma.s.l. The slope is
north facing, and the geology is dominated by Miocenic-clay
soils and Cretacic white limestone. Rendzina soils are com-
mon. The mean annual temperature at the nearest meteorolog-
ical station (Capracotta) is 8.4 °C, with an annual mean
precipitation of 1,124 mm (1927–1987). January is the coldest
month and July is the warmest month, withmean temperatures
of −0.1 and 18.0 °C, respectively. The forest is a relict stand
dominated by silver fir, typical of the fir forests currently
widespread in the Mediterranean and Anatolian regions. Its
structure and composition are similar to forests common in the
past throughout the Apennines, but which nowadays survive
only in small areas of the Italian peninsula.

The European beech site is located in the “Montedimezzo”
MaB UNESCO Reserve, close to Vastogirardi (Isernia). This
forest stand has been unmanaged since 1950. The site is
located at an elevation ranging from 920 to 1,240 ma.s.l.
The slope is north facing, and the geology is dominated by

Cretacic limestone, with greensands and clay soils prevalent.
The mean annual temperature at the nearby meteorological
station (Vastogirardi) is 8.6 °C, with an annual mean precip-
itation of 1,022 mm (1980–1991). January is the coldest
month and July the warmest month, with average temper-
atures of 1.5 and 17.0 °C, respectively. The structure of this
Apennine-Corsican montane beech forest is very diverse,
containing all phases of the forest life cycle.

2.2 Sampling protocol

Cross-sections of beech and silver fir were taken from
stumps of trees that had died naturally.

Stumps were considered as the part of a tree trunk left
protruding from the ground after the tree has naturally fallen
as consequence of storms or insects attacks. In total, 50 silver
fir and 59 beech cross-sections from stumps were sampled,
always taken approximately at a height of 40 cm. Ten cross-
sections for each decay class were sampled for the two spe-
cies, with the exception of beech stumps in decay classes 1
and 2: in these cases, 14 and 15 sections were respectively
collected. For each stump, the diameter at the top was mea-
sured. Considering that deadwood composition and shape are
strongly influenced by many factors that affect decay rates,
such as slope aspect and soil moisture and log diameter, each
site was chosen taking into account the common requirements
for a regular slope and comparable soil characteristics. The
study sites were identified measuring the slope and aspect
values (degrees) with several replications for each site. More-
over, attention was dedicated to select the stumps to be sam-
pled: the micro-topography where each stump was located
was observed, avoiding sampling stumps located in implu-
vium and watershed areas. Stumps were selected only if their
height from the forest floor was below 40 cm, and if diameters
at the top level ranged from 30 to 50 cm.

The assignment of each stump to a decay class in the field
was based on a visual assessment of stump morphological
characteristics. Stumps were classified according to the five-
stage system described by Hunter (1990), based on decay
levels with a five-grade scale (Table 2).

Since the stage of decay varies in different parts of the
stump, when more than one class of decay was present
on the same stump, we used the decay class most widely
represented in the cross-section taken at the top of the
stump. The cross-sections were wrapped in plastic bags,
returned to the laboratory, and stored at 2 °C. Sub-
samples were cut from the cross-sections: the wood den-
sity varied across the samples, so two small block of
1 cm3 were selected in the most and in the least decayed
part of the cross-section, in order to obtain two sampling
points for each stump. Within the same cross-section,
density varied irregularly and randomly, without follow-
ing a clear trend from pith to bark. For this reason, the

Table 1 Main characteristics of the study sites

Abeti Soprani
(silver fir)

Montedimezzo
(beech)

Latitude (degrees) 41°51′51″ 41°45′16″

Longitude (degrees) 14°17′54″ 14°16′05″

Altitude (m a.s.l.) 1,260 1,100

Aspect North North

Slope (degrees) 10–15° 10°

Annual T °C mean 8.4 8.6

Annual pp mean (mm) 1,124 1,022
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location of the two subsamples was defined by using a
“knife test”, which involves pressing a knife into a stump
and classifying the stump according to the penetration,
identifying two areas characterized by the most and the
least decayed part; we used a simplified approach: i,
knife penetrates all the way and wood can be broken
with the hand and ii, knife penetrates 0–5 mm. The
values obtained from each samples was an average of
these two extreme values.

In order to have a comparison for each species, cores
from living trees were sampled and analysed. Ten living
trees were cored at the breast height (DBH, 1.30 m), for
each species. Living trees were located in the same study
areas where stumps were selected: the sampling plots were
about 2 ha, in each study site. The sampled living trees were
characterized by a DBH ranging from 61 to 82 cm for silver
fir and from 65 to 86 cm for beech. Tree age ranged from
120 to 160 years and from 110 to 150 years for silver fir and
beech, respectively. Considering the homogeneity of wood
structure and the absence of decomposition for wood in the
cores extracted from living trees, only one piece of 1 cm3 for
each core was cut and analysed.

Before laboratory analyses (particularly for deadwood)
we first removed any moss, fungi, litter and mineral soil
particles attached to the surfaces of the samples with a knife
and a brush. The samples were then washed after being
weighed to ±0.01 g. This washing procedure was conducted
for only 5 min to avoid the leaching of soluble components,
after which the samples were dried at 65 °C until a constant
mass was reached (after about 48 h) and then weighed.

2.3 Klason lignin and α-cellulose determination

Part of the two small block obtained from each cross-section
were first dried and ground (<0.1 mm) in a centrifugal mill
(Retsch GmbH, Hann, Germany), and soluble phenolics,

carbohydrates, and other components were removed by
successive extractions. First, water extraction was carried
out to separate the supernatant by three incubations with hot
water (85 °C) and one with water at ambient temperature,
and then the samples were dried (80 °C) overnight. Second,
the dried samples were washed three times in ethanol, and
then dried (105 °C) overnight. The last step was the extrac-
tion with H2SO4 72 %. Lignin content was determined from
1 g of each sample (in two replicates) as the total amount of
the insoluble part (Klason lignin) (Dence and Lin 1992) and
the soluble part (acid soluble lignin). The Klason lignin
was the material remaining at the end of this process.
Standard procedures were used for extracting α-cellulose
(Boettger et al. 2007). Small amounts of the remaining
wood derived from the two small blocks (20–50 mg)
were washed with 1 % NaClO2 solution at 70 °C for
30 h, and then transferred into a 17 % NaOH solution at
25 °C for 45 min. In order to neutralize NaOH from the
previous steps, the samples were rinsed with 1 % HCl
solution (three times in 5 min). After that, HCl was
replaced by hot deionised water. The samples were then
dried at 50 °C in oven for 72 h and the dry weights
measured. The cellulose content was estimated as the
ratio between the weight of the cellulose and the dry
weight of the original sample.

2.4 Carbon and nitrogen determination

In order to test whether there was a change in the C/N ratio
with increased decomposition, samples from the same area
of the disc, for both species were analysed for nitrogen and
carbon content. Samples from stumps corresponding to all
the five decay classes were considered.

Afterwards, the wood samples were dried to constant
weight at 65 °C (about 48 h) and ground with a vibratory mill
(0.25 mm; Retsch GmbH, Hann, Germany). Finally, the C/N
ratio of all the samples was measured with a C+N analyser
(NC 2500, CE instruments Thermoquest, Milano, Italy).

2.5 Years since death, decay classes and biochemical
processes

In a previous study on the same samples, dendrochronolog-
ical methods were used in order to determine the years since
death for the decay classes 1, 2 and 3 (for details, see
Lombardi et al. 2008). For beech, class 1 died from 2002
to 1977, class 2 died from 1996 to 1959 and class 3 died
from 1994 to 1947; whereas for silver fir, class 1 died from
2002 to 1976, class 2 died from 1998 to 1962 and class 3
died from 1987 to 1951. It was not possible to estimate the
age of death for decay classes 4 and 5, since the samples
were too decayed to use dendrochronological techniques.
The years since death suggested a stochastic relationship

Table 2 The classification adopted for determining decay stage in
stumps according to the five-class system described by Hunter
(1990), based on decay levels

Stage Indicators

1 Stumps with intact bark and all wood sound; intact structure
and wood’s original colour

2 Bark broken up into patches and partly fallen off; wood still
maintains its structural integrity and original colour; the outer
layers started to soften because of rot

3 Bark completely absent; all wood structure has started to soften;
the soft outer layers disintegrate easily (knife test); the core is
still solid and the colour has already started to fade

4 Bark totally absent; texture small and soft; shape oval

5 Wood structure soft and powdery; wood partially covered with
moss and vegetation, mixed with the forest soil
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with chemical compounds (data not shown) characterizing
the samples analysed. For this reason, results obtained were
related to decay classes that better explained the decay
progression over time.

3 Data analysis

Statistical analyses, using SPSS v.13.0 (SPSS Inc., Chicago,
IL, USA), were performed to investigate differences be-
tween the relative amounts of chemical compounds among
decay classes for each species, between species and for
comparison with the chemical composition observed in
living trees.

First of all, the distribution of each population (for
each species, lignin, cellulose, carbon and nitrogen con-
tent of samples) was tested using the Kolmogorov–
Smirnov normality test (Dagnelie 1975). If the result
of the normality test was positive (i.e. the distribution
of data is normal), parametric comparison methods were
adopted. In the present work, this was the case for all

the distributions of data analysed. Two sample t tests
were used on independent samples, in order to compare
the means of each investigated variable. The null hy-
pothesis tested through this method is that there was no
differences in lignin, cellulose, carbon or nitrogen con-
tent, on one hand between decay classes and living trees
within each species and, on the other hand, for each
decay class and living trees among species. Results of
statistical comparisons were finally adjusted using SPSS,
depending on the result of Levene’s test for the equality
of variances.

4 Results

4.1 Klason lignin

Patterns of distribution of Klason lignin and α-cellulose for
all decay classes in silver fir and beech stumps are shown in
Fig. 1. Values are presented as a percentage of the total dry
mass of each sample. Lignin content in silver fir was

Fig. 1 Klason lignin amounts
according to decay classes in
silver fir (dark lines) and in
beech (pale lines), represented
as error bar graph. In the error
bar graph, the central circle
corresponds to the value of the
mean of the distribution while
the vertical lines represent the
value of two standard
deviations in order to provide a
measure of dispersion around
the mean. In the lower part, the
table reports the significant
differences between decay
classes for each species and
between species among the
same classes (*p<0.05; **p<
0.01; circle non-significant)
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significantly higher in living trees than all the decay classes
(more than 20 %) and was significantly lower only in decay
class 5, while remaining stable from decay class 1 to decay
class 4 (approximately 17 %). Beech trees had the same
amount of lignin as in living trees and decay classes 1, 2 and
3 (around 21 %). In classes 4 and 5 the lignin amount was
reduced but was only significantly lower in decay class 5
(10 %).

Comparing the decay processes between the two species
studied, lignin in decay class 1 was significantly higher in
beech than in silver fir, while it was lower in beech than in
silver fir in decay classes 3, 4 and 5. No other averaged
values differed statistically.

Moreover, Klason lignin amounts in beech are more
variable than in silver fir, both in living trees and stumps
across decay classes. Finally, living trees did not reveal
significant differences in Klason lignin amount.

4.2 α-Cellulose content

Trends in Fig. 2 describe α-cellulose amounts for all decay
classes, as a percentage of total dry mass. We found a
decrease from 44 % (decay class 1) to 12 % (decay class

5), for silver fir, and from 39 % (decay class 1) to 5 %
(decay class 5), for beech. Unfortunately, cellulose data for
living trees are not available. Therefore, pure cellulose de-
creased with decay classes, even if the rate of the decay was
not regular from the least to the most decayed samples. Its
concentration was not significantly different between clas-
ses 1 and 2, for silver fir; in beech samples, cellulose
amounts were not significantly different among classes 1,
2 and 3. Finally, the most decayed samples (classes 4 and 5)
were characterized by significant lower amounts of pure
cellulose than other classes. Cellulose content was similar
in classes 1 and 3, while being higher in beech than in silver
fir in classes 2, 4 and 5. The standard deviation, particularly
in class 3, revealed high variability between samples.

Pure cellulose was higher than Klason lignin in decay
classes 1, 2 and 3, in both species. With the processes of
decay, an inversion of lignin and cellulose percentage oc-
curred in beech samples, particularly in the transition from
class 4 to class 5: the most decayed samples being richer in
lignin than in α-cellulose. Silver fir samples were always
richer in lignin than cellulose, with the exception of decay
class 5, in which the percentage of these chemical com-
pounds was similar, around 12 %.

Fig. 2 α-Cellulose amounts
according to decay classes in
silver fir (dark lines) and in
beech (pale lines). In the lower
part, the table reports the
significant differences between
decay classes for each species
and between species among the
same classes (*p<0.05; **p<
0.01; circle non-significant)
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4.3 Carbon and nitrogen concentrations

Carbon and nitrogen contents were calculated as percentage
of the total dry mass basis, in relation to decay classes. For
silver fir, distribution patterns of carbon showed lower con-
centration in deadwood than in living trees (Fig. 3). Stumps
in classes 1 and 2 showed similar amounts of carbon, while
carbon slightly increased for decay stages 3 to 5. Values
were invariably high, lowering by only 2 % from living trees
to the most decayed class of decomposition, although class
5 was characterized by high variability between samples.
For beech, samples in class 1 showed lower amount of
carbon (less than 45 %) in comparison with the other decay
stages and with living trees. For the remaining decay classes
the carbon amount was almost constant throughout the
decay process (Fig. 3), with values not dissimilar to those
recorded for living trees. Also for beech, class 5 revealed
high variability between samples.

Living silver fir trees were characterized by significantly
higher carbon content in comparison with beech, but when
comparing the same decay classes, the two species studied

revealed similar percentages of carbon throughout the pro-
cesses of wood decay.

Similarly to carbon, there were no significant differences
between the two species for nitrogen content, except for
stumps in class 1 where the nitrogen content was higher in
beech than in silver fir. In contrast to the carbon content, the
living trees were characterized by similar amounts of nitro-
gen. However, the main result showed in Fig. 4 was the
marked increase in nitrogen content from living trees to
decay classes 1, 2 and 3, with higher values recorded in
the last two decay classes in both species; values increased
approximately from 0.15 to 0.80 %.

Overall, silver fir stumps showed a slight decrease in
nitrogen content from living trees to classes 1 and 2, fol-
lowed by a small increase to class 3 and, finally, by a large
increase to classes 4 and 5. These last two classes did not
differ statistically from each other.

Beech samples had similar percentage of nitrogen from
living trees to class 3. Then, values increased strongly from
0.15 % to more than 0.90 % in class 5. The most decom-
posed classes (4 and 5) differed statistically from each other,

Fig. 3 Carbon content
according to decay classes in
silver fir (dark lines) and in
beech (pale lines). In the lower
part, the table reports the
significant differences between
decay classes for each species
and between species among the
same classes (*p<0.05; **p<
0.01; circle non-significant)
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with higher values in class 5. Finally, the samples revealed a
high variability between samples in class 5.

5 Discussion

Chemical compounds were reported on a total dry mass basis,
without considering the relative amount of each compound.
Therefore, because of the different methodological approach,
the relative increase of lignin and cellulose, as generally ob-
served in other studies (Bütler et al. 2007; Hedges et al. 1985),
was not found in the present experiment. In both species, lignin
persisted longer than cellulose. One explanation could be
related to the inhibitory effects induced by low moisture and
consequent anaerobiosis inside the wood, restricting the oxi-
dative decomposition of lignin by fungi (Preston et al. 1990).
Another hypothesis could be that the low-incoming radiation
levels on the forest floor reduce the photodegradation of lignin.
Lignin content was similar in living trees and decay classes 1 to
4 in silver fir, whereas in beech, lignin content started decreas-
ing from decay class 3, onwards.

In the Apennines, Rutigliano et al. (1996) also demonstrat-
ed that lignin degradation was slower in silver fir than in

beech, with lignin losses of 60–67 % and 73–87 % of initial
amount, respectively; differences in decay rates between
beech and silver fir litter were always consistent with differ-
ences in lignin concentration. It is evident that in the early
phase of decay, lignin decomposed faster in beech than in
silver fir, while in the late stage of decay, lignin decomposition
tended to be higher in silver fir than in beech. In gymno-
sperms, lignin would be slowly degraded due to the resistance
to decay of guaiacyl-based lignin, while in angiosperms,
syringyl-based lignin would tend to be more easily decom-
posed (Ganjegunte et al. 2004). The slower decay of lignin
compared to cellulose suggested that lignin might be a more
constant source of carbon so that it provides a stable back-
ground source of organic carbon to the forest soil. Klason
lignin amounts in beech appeared more variable than in silver
fir, both in living trees and stumps across decay classes. This
might affect processes of wood decay and formation of humic
substances since various fungi act differently on the cellulose
and lignin of wood. Melillo et al. (1983) found that woody
debris of deciduous species decomposed at higher rates than
conifer species. Unfortunately, there is paucity of information
on decomposition processes and related communities of
decomposers in Mediterranean mountain forests.

Fig. 4 Nitrogen content
according to decay classes in
silver fir (dark lines) and in
beech (pale lines). In the lower
part, the table reports the
significant differences between
decay classes for each species
and between species among
the same classes (*p<0.05; **p
<0.01; circle non-significant)
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Cellulose decayed faster than lignin in the last three
decay classes and an inversion of lignin and cellulose
percentages particularly in the transition from class 4 to
class 5, was observed. Class 5 was characterized by
higher variability of data between samples. Considering
the definition of class 5 (soft and powdered wood struc-
ture, and wood partially covered with moss/vegetation
and mixed with the forest soil), it might be that the larger
variability was related to the intense interaction between
wood and soil chemical compounds. Micro-environmental
characteristics, as well as the likely greater age variation
of wood samples would, therefore, explain the extreme
variability of data.

Cellulose content was not statistically different between
species in the first stages of decay progression, while differ-
ences in cellulose levels were observed in the most decayed
samples (decay classes 4 and 5), wherein it was higher in
beech than in silver fir. Cellulose is easily decomposed by
decomposing organisms, particularly in coniferous trees that
are characterized by a relatively simple wood structure
(Laiho and Prescott 2004; Lambert et al. 1980). Indeed,
substrate quality and local environment (temperature, pre-
cipitation, aeration and decomposers) are key factors influ-
encing rates of decay (Zhou et al. 2007). Wood chemistry,
e.g. content of carbon, nitrogen and lignin, and other
species-specific traits can have significant influence on the
course of decomposition (Harmon et al. 1986). Higher car-
bohydrate concentration is known to enhance decomposi-
tion rates (Preston 1992). In contrast, the presence of
compounds such as tannins and lignin, which are capable
of restricting microbial colonization, can inhibit wood de-
composition (Baldock et al. 1997). Preferential degradation
of carbohydrates (by brown rot fungi) with a concomitant
increase in the concentration of aromatic compounds in
deadwood has been also reported in many studies (Preston
et al. 1990; Baldock et al. 1997). On the other hand, in a
global data set compiled in a review on the decomposition
trends on deadwood, no relationships between the lignin and
cellulose content were observed among decay classes
(Mackensen et al. 2003), demonstrating the extreme vari-
ability of data sets in relation to specific study areas.

The carbon fraction of stumps ranged from 44 to 48 % in
both species. The value observed was smaller than usually
reported for logs of temperate zones. Lambert et al. (1980)
also reported a steady carbon concentration, of 48 to 52 % in
balsam fir (Abies balsamea (L.) Mill.), boles of varying
stages of decay. Laiho and Prescott (1999) report a carbon
fraction of 50 % in Engelmann spruce (Picea engelmannii
Parry ex Engelm.) logs after 14 years of decomposition. In
this study, the carbon fraction of deadwood was 2 % lower
than that of fresh stem wood. Moreover, from decay stage 3
to 5 the carbon concentration slightly increased. It may be
hypothesized that the presence of cerambycid frass and

fungi in the xylem enhanced carbon concentration in the
heartwood, as showed in previous studies (Torres 1994).
The constant carbon values, compared with the reduction
of original water-soluble carbohydrates, demonstrated how
carbohydrates tend to be disaggregated into simple aromatic
compounds (therefore not extracted as Klason lignin or
cellulose). Consequently, deadwood was still characterized
by the occurrence of decay-resistant materials allowing car-
bon to persist, even if in a relatively changed form, for
several decades or centuries (Lombardi et al. 2011). Nitro-
gen concentration of decaying wood is of particular interest,
owing to its role in the function of terrestrial ecosystems, but
also because it can affect the rate of decay (Cowling and
Merril 1966). The nitrogen concentration remained quite
constant as decay progressed (from living trees to class 3)
until the advanced decay stages, at which point nitrogen
levels increased sharply and significantly, with the highest
values recorded for the last two decay classes, indicating
that decayed woody debris may be an important source of
nitrogen over a long time scale. Deadwood may act as a
constant source of nitrogen rather than providing a sudden
increase in the availability of nutrients, as in the case of leaf
and needle litter. This would be important for the biogeo-
chemistry of these Mediterranean mountain forests and for
buffering changes in the concentrations of soil nitrogen con-
centration. These findings are consistent with results already
observed in other environments (Ganjegunte et al. 2004;
Laiho and Prescott 2004; Lambert et al. 1980; Saunders et
al. 2011), even though the observation has not always been
statistically significant across species. The most plausible
explanation of this increase could be related to the fact that
as the material became increasingly fragmented, it was also
more accessible to microflora. The fungal retention of the
original nitrogen as well as translocation of new nitrogen into
the decomposing stumps from litter fall and crown wash
increase, and from fungal transfer from the surrounding forest
floor or soil (Harmon et al. 1994). In addition, fixation of
nitrogen by bacteria may also add nitrogen in the most decom-
posed stumps (Graham and Cromack 1982). The relative
importance of these mechanisms was not identified in the
present study, but together these mechanisms may be an
efficient mechanism in these forests.

Nitrogen concentrations found in our study were low in
comparison with those observed in other studies (Krankina
et al. 1999). Nevertheless, we studied debarked wood,
whereas in Krankina et al. (1999) and studies described
therein reported chemical analyses of samples containing
bark, which contains more nutrients than wood. The starting
nutrient concentration values were consequently rather
higher in the work of Krankina et al. (1999) compared to
our debarked samples. Samples in class 5 revealed the high-
est variability in nitrogen content amongst samples, as also
observed for lignin, cellulose and carbon contents, which
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might be most probably ascribed to the bigger age variation,
but also to the high interrelation with soil characteristics.

Our study was limited to a small study area, characterized
by specific climatic conditions and forest structures. Never-
theless, results are similar to those obtained in more com-
prehensive studies (Angers et al. 2010), and could be used to
understand the role of deadwood in nutrient cycling in
Mediterranean forest ecosystems. Decomposition processes
in the investigated montane–Mediterranean forests were
definitely faster than in colder climates of northern Europe.
In a previous study conducted in the same area and on the
same samples (Lombardi et al. 2008), it was observed how
the correlation between decay classes and the number of
years since tree death of trees was not strong and the age
variation of stumps within decay classes was rather high.
Microclimate conditions on the forest floor may influence
the decay progression. Water availability, micro-topography
and incoming radiation are factors that influence the high
variability of decomposition patterns after tree death. More-
over, decay is also influenced by the causes of tree death,
which might imply that the investigated trees had suffered
from progressive weakening of the bole through fungal
decomposition while still alive, in contrast to trees suffering
sudden death such as though stem breakage during a storm.

Decay classes selected by visual identification may still be
useful to distinguish and observe the decay progression in
relation to wood characteristics, such as hardness, resistance
and penetrability, and decay classes may reflect the relative
abundance of chemical compounds that define physical prop-
erties of the wood, in terms of wood density and wood
resistance (Larjavaara and Muller-Landa 2010). Easily deter-
mined decay classes can assist in the determination of carbon
and nitrogen levels within woody litter in Mediterranean
mountain forests, thus contributing to estimates of the carbon
and nitrogen cycling in such ecosystems.

We recommend establishing long-term monitoring in
Mediterranean forests that will allow investigation of the dif-
ferent factors that may influence deadwood decomposition,
such as edaphic and climatic conditions, as well as monitoring
the release of nutrients and forest biogeochemistry. A better
knowledge of the functional roles and dynamics of the dead-
woodwould help us to improve our understanding of terrestrial
nutrient cycles and carbon sequestration. In order to better
understand the processes influencing decay rates, since
decay classes may also be related to the presence of
saproxylic organisms, the role of soil fauna (earthworms
and microarthropods), soil microorganisms, fungi and their
biological processes need to be investigated in Mediterranean
mountainous forest ecosystems. For this reason, analyses on
saproxylic colonization throughout the wood decay process
are in progress in the same study sites, with the purpose of
understanding the relationships between patterns of decay and
the presence of saproxylics.
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