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Direct and Indirect Assessment of Carbon Stock  
in Deadwood: Comparison in Calabrian Pine 
(Pinus brutia Ten. subsp. brutia) Forests in Italy
Isabella De Meo , Alessandra Lagomarsino , Alessandro Elio Agnelli, and Alessandro Paletto

Deadwood is a key element in forest ecosystems contributing to biodiversity conservation, carbon (C) stocking and cycling, and nutrient inputs to soil. Forest management 
has an important role to maintain deadwood temporary C stock by regulating the amount of deadwood in forests during harvesting operations. Deadwood C stocks can be 
estimated directly, by measuring C concentration in deadwood samples, or indirectly, by converting the biomass into the amount of C stored in the deadwood. The aim of the 
study was (1) to compare direct and indirect methods for deadwood C stocks estimation; (2) to determine differences between the two methods; and (3) to evaluate the most 
appropriate, easiest, and least expensive method depending on specific circumstances. The investigation was implemented in a Calabrian pine (Pinus brutia Ten. subsp. brutia) 
forest located in Central Italy. In 18 sample plots, deadwood biomass was measured separately by component (logs, snags, stumps) and decay class. During a field survey, 
150 deadwood samples were collected and analyzed in the laboratory for moisture content, mass determination, and direct and indirect estimation of C content. The results 
showed small differences in the estimation of deadwood C stock using direct and indirect methods. We propose that indirect estimation of C stock, which is less demanding of 
time and monetary resources, can replace direct estimation, and using the same coefficient for different deadwood components and decay classes produces reliable estimates.
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Deadwood is an important component of forest ecosys-
tems that includes nonliving components such as stems of 
dead trees lying on forest floor (logs), standing dead trees 

(snags), stumps, branches, and wood boles in all stages of decom-
position (Harmon et al. 1986). In traditional forest management, 
deadwood was removed during thinning and final cutting be-
cause it was considered an obstacle to forest-management practices 
(Travaglini et al. 2007) and a potential source of biotic and abiotic 
stresses (Marage and Lemperiere 2005, Pastorella et al. 2016). Since 
the 1990s, with the implementation of sustainable forest-manage-
ment principles, deadwood volume is considered as one of the most 
important indicators of forest biodiversity (Lassauce et al. 2011). 
Deadwood is considered a fundamental habitat for numerous rare 
and endangered species (Nordén et al. 2004, Persiani et al. 2015); 
an important seed bed for regenerating trees, ferns, and mosses 
(Marage and Lemperiere 2005); a key factor in nutrient cycling 
(Krankina and Harmon 1995); an important element in geomor-
phological and soil hydrological processes (Bragg and Kershner 

1999); and for temporary C storage contributing to climate change 
mitigation (Kueppers et al. 2004).

According to the Intergovernmental Panel on Climate Change 
(IPCC 2003), deadwood represents an important forest carbon 
pool. The C stored in forests and its dynamics are information re-
quired by the United Nations Framework Convention on Climate 
Change-UNFCCC (1992), the Kyoto Protocol (1997), and the 
Marrakesh Accords (2001). The “Good Practice Guidance for Land 
Use, Land Use Change and Forestry” by IPCC (2003) recom-
mends the measurement of the input and output of the five forest 
C pools (aboveground biomass, belowground biomass, deadwood, 
litter, and soil). Within these C pools, deadwood often accounts 
for 10–20% of the aboveground biomass in mature forests (Brown 
2002, Guldin and Kaiser 2004).

In accordance with the above-mentioned documents, changes in 
the amount of stored C must be inventoried and monitored over 
time (Rock et al. 2008, Teissier du Cros and Lopez 2009). Changes 
in deadwood C stocks depend on many variables such as forest type, 
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micro-climatic conditions, weather conditions (temperature and 
moisture), and forest-management practices (Green and Peterken 
1997). Deadwood C stocks are influenced by forest practices adopted 
to maintain biodiversity and temporary C stocking to achieve man-
agement goals (Edwards et  al. 2012). In practice, a percentage of 
snags and logs must be maintained in the forest during harvesting 
operations. This percentage depends on site and stand characteristics, 
and strategic objectives of forest management (Edwards et al. 2012).

At the national level, data on deadwood volume are available 
from National Forest Inventories (NFIs) (Tomppo et  al. 2010), 
whereas C storage is obtained by converting the volume mass into 
the amount of C stored in the deadwood pool (Di Cosmo et al. 
2013). Basic wood density must be known for this conversion. 
Normally, C content in deadwood is estimated to be about 50.0% 
of mass (Coomes et al. 2002), with estimates for conifers ranging 
between 52.1% (Birdsey 1992) and 48.0% (Tobin et  al. 2007). 
However, a lack of information on C conversion constants has been 
highlighted (Woodall et al. 2008). Di Matteo et al. (2015) found C 
concentrations lower than the conventional 50.0% in most cases, 
leading to possible systematic errors.

Alternatively, deadwood C stock can be assessed through di-
rect estimation, measuring C concentration in deadwood sam-
ples. The dry combustion method through an elemental analyzer 
is commonly used to directly determine C pools, which has been 
demonstrated to be more reliable than other methods based on C 
oxidation in forest ecosystems (Lettens et al. 2007). Moreover, the 
dry combustion method gives a direct measurement of nitrogen 
(N) content, also providing information about deadwood N stock-
ing and organic-matter quality (C/N ratio). Although precise, the 
direct method is labor-intensive and cost-prohibitive. Thus, we 
tested if indirect methods, which are less labor-intensive and ex-
pensive, are reliable to measure C stocks in this forest type.

Starting from these considerations, the aim of this paper was 
to compare the deadwood C stock estimation using basic density 
by decay class and the C stock estimation with the direct method. 
The study was implemented in a Calabrian pine (Pinus brutia Ten. 
subsp. brutia) forest in Central Italy (Monte Morello forest in the 
Tuscany region). The Calabrian pine forest was chosen because few 
studies on deadwood in this type of forest are available in the in-
ternational literature (La Fauci et al. 2006, Karahalil et al. 2017). 
In addition, degraded Calabrian pine forests—such as the Monte 
Morello forest—have high log and snag volumes, and are important 
terrestrial carbon reservoirs (De Meo et al. 2017).

The results of the present study may improve the accuracy and 
precision of C estimates reported in the national inventories and 
provide quantitative and qualitative indications on different dead-
wood components (logs, snags, stumps) and decay classes, which are 
lacking. In addition, the results increase the information available 
to forest managers on deadwood management for climate change 
mitigation objectives. In particular, the coefficients provided for 
the Calabrian pine by this study can be used to define the correct 
amount of deadwood volume to mitigate climate change taking into 
account tradeoffs and synergies with other forest-ecosystem services.

Materials and Methods
Study Area

The study site was located in the peri-urban forest of Monte 
Morello (43°51ʹ20ʺN; 11°14ʹ23ʺE), near the urban area of 

Florence in Central Italy (Tuscany region). The peri-urban forest 
of Monte Morello covers a surface of about 1,035 hectares, de-
rived from a reforestation carried out for soil protection objectives 
in the early 1900s. The main tree species used were: Calabrian 
pine (Pinus brutia Ten. subsp. brutia), Austrian black pine (Pinus 
nigra J.F. Arnold), cypress (Cupressus spp.), flowering ash (Fraxinus 
ornus L.), Turkey oak (Quercus cerris L.), and downy oak (Quercus 
pubescens L.). Currently, Monte Morello forest is a Calabrian pine 
and Austrian black pine-dominant forest, collectively representing 
more than 80.0% of the basal area (Cenni et  al. 1998). Forest-
management practices (i.e., thinning) have not been applied during 
stand development, and forest stands have been largely abandoned, 
with important consequences with regard to tree stability, mor-
tality, and forest fire risk.

The altitude is between 55 m and 934 m a.s.l. The climate is 
typically Mediterranean with precipitation concentrated in the 
period from autumn to early spring. July is the driest month, 
whereas October and November are the wettest months. During 
the last decades (from the early 1980s), the total annual rainfall was 
1,003 mm, and the average annual temperature was 13.9°C.

Field Measurements
The data were collected in 18 sample plots (circular fixed-area 

plot of 531 m2) randomly located in the Monte Morello peri-urban 
forest. In each sample plot, all coarse woody debris pieces with a 
diameter greater than 5 cm were measured distinguishing by com-
ponent (Di Cosmo et al. 2013): (1) logs (sound and rotting pieces 
of wood located on the ground); (2) snag (standing dead trees with 
a height greater than 1.3 m); and (3) stumps (standing dead trees 
truncated or cut to a height of less than 1.3 m). The 5-cm threshold 
was adopted because large deadwood is considered the most impor-
tant component for biodiversity conservation (Nordén and Paltto 
2001, Nordén et al. 2004) and C storage (Stevens 1997).

For each log in the sample plot, two diameters in the minimum 
section, two diameters in the end section, and the distance between 
the minimum section and the end section were measured (length 
of log). The minimum section was determined by measuring the 
diameter along the stem up to 5 cm. For snags and stumps, two 
diameters—at the cutting plane or broken height for the stump and 

Management and Policy Implications

The results of the present study show that indirect estimation of deadwood 
C stock can replace direct estimation when necessary, allowing a faster and 
cheaper procedure for C stock determination in forests. These results can be 
useful for decisionmakers (forest managers and planners) to estimate the po-
tential contribution of the deadwood to the carbon cycle in forest ecosystems. 
In addition, these results allow us to understand the role of forest deadwood 
in relation to climate change mitigation which helps decisionmakers in the 
choice of the most suitable forest management practices to enhance this forest 
component. Finally, the present study provided fresh density and basic den-
sity of Calabria pine (Pinus brutia Ten. subsp. brutia) distinguished by decay 
class (five decay-class classification system) and component (standing dead 
trees, lying deadwood, and stumps). These data will be useful for the scientific 
community and decisionmakers to develop future studies on C storage and C 
sequestration in the Calabrian pine forests.
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at 1.4 m height for snags—and the height of standing dead tree (or 
height of stump) were measured. In addition, for each log, snag, or 
stump, two qualitative features were identified and recorded: spe-
cies and decay class.

Decay class is a key variable to consider for deadwood C stock 
estimation, and it depends on the time since death and influence 
by the local environment (temperature and rainfall), species-
specific decay rates, and substrate quality (Laiho and Prescott 
2004). Decay class was assigned using the five decay-class  clas-
sification system based on visual, geometric, and tactile features 
(Hunter 1990). The visual assessment of decay class has been exe-
cuted considering the following key visible features (Næsset 1999, 
Paletto and Tosi 2010): (1) structure of bark; (2) presence of small 
branches with a diameter of less than 3 cm; (3) softness of wood; 
and (4) other visible characteristics (rot extension and develop-
ment of fungus mycelium).

The volume of logs (Vl) was estimated using Huber’s formula:

 V L
D d

l l
l l= ⋅ ⋅
+





π
4 2

2

 (1)

where Ll is the length of a log (m), Dl is the maximum diameter as 
the average of two diameters in the end section (m), and dl is the 
minimum diameter as the average of two diameters in the min-
imum section (m).

The volume of snags (Vs) was calculated using the following 
equation (Cannell 1984):

 V f hs BA= ⋅ ⋅  (2)

where BA is the basal area (m2), f is the stem form factor of 0.5, and 
h is the height obtained from the hypsometric curve (m).

The volume of stumps (Vst) was calculated using the following 
equation:

 V
H h D d

st
st st st st= ⋅
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π
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where Hst is the maximum height of stump (m), hst is the minimum 
height of stump (m), Dst is the maximum diameter (m), and dst is 
the minimum diameter (m).

In accordance with the procedure proposed by Paletto and 
Tosi (2010), 150 deadwood samples (cylindrical core) for logs, 
snags, and stumps in the plots were collected using a battery drill 
(20.4 V) with a modified bit. The modified bit was used to remove 
standard cylinders of wood with a volume between 15.3 cm3 and 
56.5 cm3. The diameter of the cylinder was fixed (3 cm), whereas 
the length was variable and was measured by a caliper with an 
accuracy of 1/10  mm. In particular, 50 deadwood samples of 
Calabrian pine per component (logs, snags, and stumps) were 
collected. For each component, 10 samples per decay class were 
collected.

Other forethoughts adopted during the field measurements 
were: working only in days with dry weather (that is, two days 
without rain) and conservation of deadwood samples in her-
metic plastic bags. These forethoughts were adopted in accord-
ance with the protocol for the collection of deadwood samples 
of the 2nd Italian National Forest Inventory (Di Cosmo et al. 
2013). These indications are based on empirical data collected 

and analyzed in prior studies in Italy (Morelli et al. 2007, Paletto 
and Tosi 2010).

Laboratory Analysis
The deadwood samples collected in the field were analyzed in 

laboratory for moisture content and mass determination. In order 
not to alter the quality of deadwood samples and moisture level, 
the analysis was carried out within 24 h of sample collection. The 
tests were carried out over three days: during the first day, the fresh 
weight of the deadwood sample was determined using an analytical 
balance. Subsequently, the sample was dried in the oven for 48 h 
at the temperature of 50°C. During the third day, the sample was 
reweighed for the determination of the dry weight after cooling 
in a dryer with silica gel. The data obtained from the laboratory 
analyses were used to calculate the moisture content (MCd) using 
Equation 4:

 MCd
w d

d

=
−

×
W W

W
100  (4)

where MCd is moisture content as a percentage of oven-dry weight 
(%), Ww is green weight of wood (g), and Wd is oven-dry weight of 
wood (g). In addition, fresh (or green) density (Dw) and basic (or 
dry) density (Dd) were calculated, starting from laboratory data. 
The results of the laboratory analysis allowed us to determine mois-
ture content, fresh density, and basic density of Calabria pine dead-
wood by component and decay class.

Carbon Content Estimation

Indirect Estimation
The C stock in deadwood was indirectly estimated by converting 

the deadwood volume into the mass of C stored. Volumes in plots 
were converted to mass using the appropriate basic density value 
distinguished by component and decay class. Subsequently, dead-
wood mass was converted to the corresponding C storage using a C 
content coefficient. In accordance with the IPCC (2003), C con-
tent of deadwood is approximately 50.0%. Direct chemical analysis 
for C shows that there are differences linked to the species and to 
the method. The C content of pine wood obtained both by di-
rect analysis and by extractive analysis is 49.9% (Matthews 1993). 
Several studies carried out in North America and Europe have esti-
mated the C content in the pine species to be between 45.8% and 
50.9% (direct analysis). The equation used to estimate the C stock 
was as follows:

 C V D
i

i
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j
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=

−

−

−

∑ ∑
1

5

1

3

0 4991.  (5)

where Ci is the total carbon stock (C stock) (g) estimated indirectly, 
Vij is the volume of component j and decay class i (m3), Ddij  is the 
basic wood density of component j and decay class i (g cm–3), and 
0.4991 is the carbon factor of pine wood from literature.

Direct Estimation
After oven drying, deadwood samples were homogenized with 

a cutting mill (Retsch SM100) and a rotor speed of 1500 min–1 
until a final fineness of 0.25 mm was obtained. The C content of 
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the homogenized samples was measured by dry combustion on a 
Thermo Flash 2000 CN soil analyzer (Thermo Fisher Scientific). 
To this aim, 10–20-mg samples were weighed into Ag-foil cap-
sules and loaded into an automatic sampler. The samples in the 
capsules were then dropped into a combustion tube at a tempera-
ture above 900°C, in a constant stream of helium as the carrier gas. 
In “flash combustion,” the sample is converted rapidly and quan-
titatively into its gaseous components (pure N2 and CO2). The 
gaseous combustion products are carried by the helium through 
another tube filled with reduced copper. Water is removed by a 
magnesium perchlorate trap. Finally, the detection is carried out 
using a thermal conductivity detector that produces an electrical 
signal proportional to the concentration of N and C. The final 
result is the percentage content of N and C contained in the  
original sample.

The carbon content calculation was performed using the follow-
ing formula:

 C C Dd % mass= ⋅  (6)

where: Cd = C analyzed by direct estimation (MgC ha–1), C% = per-
centage C content, and Dmass = mass of deadwood (Mg ha–1).

Overall, 150 deadwood samples were analyzed, with a number 
of replicates for each deadwood component and decomposition 
class ranging from 7 to 25. Statistical analysis was performed on 
C percentage of deadwood, by factorial ANOVA using deadwood 
components and decay classes as independent variables, followed 
by Fisher’s LSD post hoc test, to assess differences among dead-
wood components in the same decay class and differences among 
decay classes for the same deadwood component (Statistica 7, 
StatSoft Inc.).

Results
Moisture Content, Fresh Density, and Basic Density

The results of our laboratory analysis (Table  1) showed that 
the first decay class was characterized by the lowest moisture con-
tent (U%) (74.8% for logs, 78.3% snags, and 49.9% for stumps). 
Conversely, the highest moisture content occurred in the samples of 
the 2nd decay class for logs (154.7%), and of the fourth decay class 

for snags (187.0%) and stumps (151.2%). The fresh density values 
were between 0.302 g cm–3 and 0.764 g cm–3 for the logs, between 
0.243 g cm–3 and 0.753 g cm–3 for the snags, and between 0.399 g 
cm–3 and 0.914 g cm–3 for the stumps. In all cases, the downward 
trend from the first to fifth decay class was confirmed. Concerning 
the values of basic density estimated for five decay classes and three 
components, the results confirmed the descending trend from 
the first decay class to the fifth decay class (Figure 1). The average 
losses of initial mass because of the transaction from a decay class 
to the next were 20.5% for logs (range between 27.8% from third 
to fourth decay class and 12.6% from first to second decay class), 
21.9% for snags (range between 36.5% from fourth and fifth decay 
class and 9.8% from first to second decay class), and 25.9% (range 
between 47.6% from first and second decay class and 15.6% from 
third and fourth decay class).

C Stock Estimation
The results showed that Monte Morello peri-urban forest was 

characterized by a high quantity of deadwood (75.1 m3 ha–1) com-
pared with the average of Italian forests (8.8 m3 ha–1). The dead-
wood volume was concentrated in the logs with an average volume 
of 59.9 m3 ha–1 followed by snags (13.9 m3 ha–1) and stumps (1.25 
m3 ha–1). Considering the distribution of deadwood volume by 
decay class, the results showed that in Monte Morello, the volume 
of logs was concentrated in the third decay class (54.0% of total 
volume) followed by the second and fourth decay class (respectively 
with 25.0% and 14.0% of total volume). The volume of snags was 
equally distributed among the first three decay classes (with 32.0%, 
35.0%, and 32.0%, respectively, of total volume of this compo-
nent). The volume of stumps was concentrated in the third and 
fourth decay classes (respectively 56.0% and 32.0%).

Starting from these data, the total C stock in deadwood in Monte 
Morello peri-urban forest was 9.94 MgC ha–1 (7.29 MgC ha–1  
in logs, 2.50 MgC ha–1 in snags, and 0.15 MgC ha–1 in stumps).

In addition, the results showed that C percentage in deadwood 
ranged from 47.0 to 54.0%, with a mean value of 49.1% (Figure 2, 
top). Among deadwood components, stumps showed on average a 
higher C percentage, significant in the first, third, and fifth decay 
classes. Among decay classes, stumps and logs showed the highest C 
percentage in the first and forth decay classes, respectively, whereas 
snags did not show any significant differences.

N percentage content (Figure 2, middle) showed a clear trend 
among decay classes, with the ranking decay class 5 > decay class 
4 > decay class 1, 2, and 3 for logs and snags; for stumps, class 1 
showed lower values than class 2 and 3, also. Within each decay 
class, no difference was observed among deadwood components. 
As a consequence, deadwood C/N ratio revealed an opposite trend 
showing the ranking decay class 1 > decay class 2 and 3 > decay 
class 4 and 5 for logs and stumps, decay class 1 and 2 > decay class 
3 > decay class 4 and 5 for snags. In the first decay class, the C/N 
ratio (Figure 2, bottom) was highest value in stumps and lowest in 
snags, whereas no differences among deadwood components were 
observed in other decay classes.

Comparing direct and indirect estimation, C content (MgC 
ha–1) showed the same trend, with the highest stock in the logs, in 
the second and third decay classes (Table 2). A highly significant 
linear regression (Figure 3) between the two methods, independent 
of deadwood component or decomposition class, was found 

Table 1. Moisture content (U%), fresh density (Dw), and basic density 
(Dd) of Calabrian pine deadwood by component and decay class.

Component/decay class U% Dw (g cm–3) Dd (g cm–3)

Logs
 Decay class 1 74.8 0.7640 0.4470
 Decay class 2 154.7 0.6680 0.2726
 Decay class 3 143.3 0.5570 0.2357
 Decay class 4 103.1 0.4023 0.2048
 Decay class 5 126.8 0.3019 0.1330
Snags
 Decay class 1 78.3 0.7534 0.4176
 Decay class 2 86.4 0.7160 0.3767
 Decay class 3 102.0 0.6181 0.3113
 Decay class 4 187.0 0.6580 0.2366
 Decay class 5 74.9 0.2418 0.1503
Stumps
 Decay class 1 49.9 0.9137 0.6349
 Decay class 2 92.7 0.6111 0.3327
 Decay class 3 100.4 0.5268 0.2562
 Decay class 4 151.2 0.5063 0.2163
 Decay class 5 111.8 0.3985 0.1782
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(y = 0.9661x + 0.007, R2 = 0.9999). Finally, the results showed small 
differences in the estimation of deadwood C stock using direct and 
indirect methods (Table 2). For the five decay classes of logs, the av-
erage difference was 0.0417 MgC ha–1 (range between –0.007 MgC 
ha–1 of fourth decay class and 0.135 MgC ha–1 of third decay class), 
whereas the average difference for the five decay classes of snags and 
stumps was 0.0068 MgC ha–1 (range between –0.0007 MgC ha–1 
and 0.0186 MgC ha–1) and –0.0001 MgC ha–1, respectively (range 
between –0.0030 MgC ha–1 and 0.002 MgC ha–1).

Discussion
The results of the present study are comparable with those re-

ported by Paletto and Tosi (2010) for three alpine pine species 
(Table  3): Austrian black pine (Pinus brutia Ten. subsp. brutia), 
Scots pine (Pinus sylvestris L.), and Swiss pine (Pinus cembra L.). 
The comparison of the results among species shows higher values 
of moisture content for the Calabrian pine than the other three 
pine species. These differences are probably due to different climatic 
and micro-climatic conditions between alpine and Mediterranean 
forests.

Renvall (1995) estimated the basic density for four decay classes 
of Scots pine deadwood in Finland (0.2673  g cm–3 first decay 
class, 0.2444 g cm–3 second decay class, 0.2171 g cm–3 third decay 
class, 0.1939 g cm–3 fourth decay class), whereas Söderström et al. 
(2007) estimated the following wood density values for Scots pine 
in Sweden: 0.2170  g cm–3 first decay class, 0.2315  cm–3 second 
decay class, 0.2425 g cm–3 third decay class, 0.2569 g cm–3 fourth 
decay class.

The results of the present study on deadwood C stock are com-
parable with those of other similar studies. The values of C stock are 
influenced by multiple variables such as development stage and for-
est-management practices. In this sense, Paletto et al. (2014) high-
lighted that the C stock in deadwood is strongly influenced by forest 
management. These authors estimated a C content in oak (Quercus 
spp.) forests in the south of Italy between 2.28 MgC ha–1 (0.98 

Figure 1. Basic density values (g cm–3) of Calabrian pine deadwood by component (logs, standing dead tree, stumps) and decay class 
(five-class classification system).

Figure 2. C (top) and N (middle) percentage and C/N ratio (bot-
tom) of Calabrian pine deadwood by component and decay class. 
Different lower-case letters (when reported) indicate significant dif-
ferences among deadwood components (log, snag, stump) in the 
same decay class; different upper-case letters indicate significant 
differences among decay classes in the same deadwood compo-
nent (Fisher LSD post hoc test).
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MgC ha–1 logs, 0.82 MgC ha–1 snags and 0.48 MgC ha–1 stumps) 
for multifunctional managed forests and 0.70 MgC ha-1 (0.24 MgC 
ha–1 logs, 0.27 MgC ha–1 snags and 0.19 MgC ha–1 stumps) for in-
tensively managed forests. In the present study, the high values of 

deadwood C stock (9.94 MgC ha–1) compared with other studies 
are due to the absence of forest-management practices in the Monte 
Morello forest in the last 50 years. Many authors have pointed out 
that deadwood C stock is closely related to forest-management prac-
tices (Green and Peterken 1997, Kirby et al. 1998, Duvall and Grigal 
1999, Paletto et al. 2014): generally, stored carbon has a growing 
trend from forests managed for timber and bioenergy production 
to unmanaged forests and forests in protected areas (i.e., national 
and regional parks, natural reserves, Natura 2000 sites). The results 
of these studies on the deadwood C stock estimation and the influ-
ence of forest management practices on C stock provide informa-
tion to forest managers to adopt strategies to increase or decrease the 
amount of deadwood volume in forests.

As far as the method of estimation is concerned, conventionally 
C stock in deadwood is estimated indirectly, using a fixed percentage 
of 49.9 (Matthews 1993). However, during the decomposition 
process, changes in C percentage and C/N ratio are expected, fol-
lowing changes in size (Harmon et al. 1986) and chemical compo-
sition including lignin content (Harmon et  al. 2013). Lombardi 
et  al. (2012) found a lower concentration in deadwood than in 

Table 3. Moisture content (%) and basic density values (g cm–3) by component, species, and decay class of four pine species.

Component/decay class/species Austrian black pine Scots pine Swiss pine Calabrian pine

Moisture content (%)
 Logs
  Decay class 1 68.9 112.2 93.2 74.8
  Decay class 2 47.1 36.3 114.9 154.7
  Decay class 3 33.6 23.7 23.7 143.3
  Decay class 4 51.8 38.2 38.2 103.1
  Decay class 5 69.3 32.2 32.2 126.8
 Snags
  Decay class 1 43.1 57.7 14.6 78.3
  Decay class 2 29.9 31.4 18.9 86.4
  Decay class 3 27.3 20.6 20.6 102.0
  Decay class 4 32.0 28.5 28.5 187.0
  Decay class 5 57.6 45.2 45.2 74.9
Basic density values: snag + logs (g cm–3)
 Decay class 1 0.42 0.42 0.38 0.43
 Decay class 2 0.47 0.41 0.38 0.33
 Decay class 3 0.43 0.41 0.40 0.27
 Decay class 4 0.37 0.20 0.31 0.22
 Decay class 5 0.24 0.21 0.20 0.14

Note: Source: present study and Paletto and Tosi (2010).

Table 2. Volume (m3 ha–1), mass (Mg ha–1), and direct carbon content (MgC ha–1) of Calabrian pine deadwood by component and decay 
class.

Component/decay class Volume
(m3 ha–1)

Mass
(Mg ha–1)

Indirect C-stock (MgC ha–1) Direct C-stock (MgC ha–1)

Logs
 Decay class 1 2.9 1.3 0.6347 0.6216
 Decay class 2 15.05 4.1 2.0082 1.9441
 Decay class 3 32.37 7.63 3.7343 3.5992
 Decay class 4 8.51 1.74 0.8529 0.8604
 Decay class 5 1.09 0.14 0.0707 0.0672
Snags
 Decay class 1 4.48 1.87 0.9159 0.9105
 Decay class 2 4.82 1.81 0.8883 0.8697
 Decay class 3 4.48 1.39 0.6827 0.6723
 Decay class 4 0.12 0.03 0.0141 0.0148
 Decay class 5 0.02 0.003 0.0013 0.0010
Stumps
 Decay class 1 0.002 0.001 0.0005 0.0010
 Decay class 2 0.07 0.02 0.0119 0.0097
 Decay class 3 0.7 0.18 0.0876 0.0883
 Decay class 4 0.4 0.09 0.0423 0.0453
 Decay class 5 0.07 0.01 0.0065 0.0050

Figure 3. Linear regression between direct and indirect C estima-
tion of Calabrian pine deadwood.
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living silver fir (Abies alba Mill.) and European beech (Fagus syl-
vatica L.), as well as variability among decay classes. Other studies 
on temperate forests (Weiss et al. 2000, Bütler et al. 2007) reported 
values of around 50% for individual tree species of Central Europe 
that remained stable during the whole decomposition process of 
deadwood.

As pointed out recently, chemical characterization of deadwood 
decay classes is often lacking for specific tree species (Petrillo et al. 
2016), and to our knowledge, no direct measurements of C con-
tent of different deadwood component and decay class have been 
performed on pine species growing in a Mediterranean climate. The 
different climate conditions influence the decomposition process 
of deadwood and, consequently, the C stock. In particular, in a 
Mediterranean climate, the decomposition process is faster, whereas 
in the boreal climate, this process is slower with long transition 
times from one decay class to the next. A decrease in deadwood 
density during the decomposition process was found to be the most 
important factor determining C stocks, with either direct or indi-
rect estimation.

Conversely, a significant increase in N was found in more decom-
posed classes with respect to living trees or the first two decompo-
sition classes, with a consequent decrease in C/N ratio (Bütler et al. 
2007, Lombardi et al. 2012). Our results confirmed and added new 
evidence of a significant increase in N during the decomposition 
process, from 0.14 in decay class 1 to 0.80 N% in decay class 5, 
with an almost fivefold increase. The increase in nutrients (mainly 
N and phosphorus) is commonly reported with increasing decay 
stage (Bütler et  al. 2007, Palviainen et  al. 2010, Lombardi et  al. 
2012), but not for Austrian black pine. N enrichment is the result 
of (1) relative enrichment caused by C and mass loss and (2) active 
transfer by fungi (Harmon et al. 1986), which was demonstrated 
by Petrillo et al. (2016) to be the main mechanism. The decrease 
in C/N ratio was therefore a simple consequence of N concentra-
tion increasing with the decay stage. A  longer residence time of 
deadwood in the last decay classes has been commonly observed 
(Harmon et al. 2013), together with a relative increase in lignin and 
a decrease in cellulose content. The decrease in C/N ratio, being a 
rough indicator of organic matter decomposability, supports the 
evidence of different decomposition rates among decomposition 
classes, which are constrained by the availability of macronutrients 
(Weedon et al. 2009). The pattern of N percentage among dead-
wood decomposition classes hampers the extrapolation of a conver-
sion coefficient to be used for indirect estimation of N stock from 
deadwood biomass. These results highlighted that direct estimation 
is useful for forest managers when assessing deadwood N pool and/
or deadwood quality, but is not needed for broad-scale deadwood 
C stock estimations.

Conclusions
In conclusion, our results highlighted that the applied method 

(direct or indirect) has a negligible influence on C stock assessment. 
However, in order to improve the C stock assessment, it would be 
important to use specific basic density values for species, decay 
class, and component. Indeed, a decrease in the basic density values 
during the decomposition process was found to be the most impor-
tant factor determining C stock.

These findings indicate that indirect estimation allows a faster 
and cheaper procedure for C stock determination in pine forests. 

From a practical point of view, the negligible differences between 
direct and indirect assessment suggest the opportunity to use the 
basic density per species in order to estimate C stock in deadwood. 
This method of estimating the deadwood C stock is particularly 
useful in NFIs and in forest planning and management. Robust 
data on deadwood in forests can target forest managers’ choices 
more effectively in order to better manage this important forest 
carbon pool.

Direct estimation may be more appropriate in specific studies, 
when additional information, such as N and C/N ratio, is col-
lected to understand qualitative changes during the decomposition 
process.

During the study, a major concern was the assignment of a 
decay class to deadwood samples. The five-class system used, based 
on a visual assessment, is affected by the subjectivity of the oper-
ator. In order to minimize any bias in the visual assessment, the 
forest technicians involved in the field measurements received 
training over two days. An important challenge for future stud-
ies is to define a system of classification of deadwood decompo-
sition stages based on objective and measurable variables, such as 
wood resistance, finalized at establishing clearly defined boundar-
ies among decay classes.

Since deadwood represents an important forest C pool, improv-
ing the informative potential by taking into account the species, 
the three deadwood components (logs, snags, and stumps) and the 
decay classes would help make C accounting easier. Based on our 
knowledge, no comparisons between direct and indirect estima-
tion of C stock have been carried out before in this type of forest. 
The C stored in deadwood and its changes must be inventoried 
and monitored over time for successful implementation of climate-
change-mitigation policies. For this reason, more empirical data 
are needed to develop a database to share data on different spe-
cies, different management strategies, and different environmental 
situations.
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