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SUMMARY

The aim of the study was to evaluate the carbon storage capability of an unmanaged old-growth deciduous forest developing inside a Natural 
Reserve. Our research aims to emphasize how the conservative management, by determining the actual structure and species composition, 
resulted in a high carbon storage capability. The results highlight that the forest stores a large carbon amount (CTot = 418 Mg C ha–1) with the 
greater pool in the aboveground biomass and in the soil (42%). In particular, among the most abundant species, Populus spp. and Quercus robur 
are the major carbon sink of the forest, accounting for 31% and 63% of the forest aboveground biomass. In addition, the total economic benefits 
from carbon storage of the forest of 11 209 $ ha−1 was estimated. Thus, preserving this type of forest structure and tree species composition can 
ensure in the future the same forest contribution to the local carbon stock.

Keywords: aboveground biomass; carbon storage; old-growth forest; unmanaged forest 

Estimation de stockage de carbone dans une vieilles forêt: êtude de cas sur une forêt tempérée 
décidue au nord-ouest de l’Italie 

M.U. GRANATA, L. GRATANI, F. BRACCO, F. SARTORI et R. CATONI

L’ objectif de l’étude était d’évaluer la capacité de sequestration du carbone par une forêt primaire décidue, se développant à l’intérier d’une 
Réserve Naturelle. Notre recherche vise à mettre en évidence comment une gestion conservatrice, en déterminant la structure de la forêt et les 
espèces composantes, a eu comme résultat une haute capacité de stockage du carbone. Les résultats ont montré que la forêt retient une grande 
quantité de carbone dans biomasse èpigée (42%). En particulier, entre les espèces les plus abondantes, Populus spp. et Quercus robur, représen-
tent le puits de carbone principal, qui compte pour 31% et 63%, respectivement, de la biomasse èpigée. Les bénéfices économiques totales 
d’une telle forêt, par rapport à sa capacité d’absorption du carbone, ont été estimés à 11 209 $ ha−1. En préservant ce type de structure forestière 
ainsi que sa compostion d’espèces, dans le futur cela contribuera de la même manière au stockage du carbon sur le plan local. 

Estimación de almacenamiento de carbono de un bosque de edad madura no manejados: un 
estudio de caso de un bosque caducifolio en el noreste de Italia

M.U. GRANATA, L. GRATANI, F. BRACCO, F. SARTORI y R. CATONI

El objetivo del studio fue evaluar la capacidad de almacenamiento de carbono de un bosque caducifolio no manejados de edad madura que se 
desarrolla en una Reserva Natural. Nuestra investigación tiene como objetivo enfatizar cómo el tratamiento conservador, mediante la determi-
nación de la estructura actual y la composición del las species, dio como resultado una capacidad de almacenamiento de alto contenido de 
carbono (CTot = 418 Mg C ha–1), el pool con el mayor contenido de carbono resultó  la biomasa area y el suelo (42%). Las especies con el 
mayor contenido de carbono en la biomasa del fuste fueron Populus spp. y Quercus robur. Además, se estimó beneficio económico totales de 
almacenamiento de carbono del bosque de 11 209 $ ha–1. Así , la preservación de este tipo de estructura del bosque y la composición de 
especies arbóreas puede asegurar en el futuro la misma contribución de el bosque a las reservas de carbono local.
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carbon stocked and its distribution in its compartments in a 
unmanaged old-growth broadleaf deciduous forest developed 
inside the Riserva Integrale Bosco Siro Negri (Northwest of 
Italy). We analyzed the effect of this type of management 
on the forest carbon stock also considering the plant species 
regeneration inside the forest and in the forest boundary. 

MATERIALS AND METHODS

Study area

The study was carried out in an old-growth deciduous forest 
developing inside the Riserva Integrale Bosco Siro Negri 
(45°12′39″N; 09°03′26″E, 74 m a. s. l) in Italy, in the period 
May–July 2015. The studied forest is one of the few relicts of 
the original forest which in the past covered the alluvional 
valley along the Ticino river and where no logging has been 
carried out since the establishment of the Reserve in 1970 
(Sartori 1984, Motta et al. 2009, Castagneri et. al. 2013). The 
Reserve is a SIC (IT 2080014 ‘Bosco Siro Negri e Moriano’). 
The structure of the forest is that of a typical old-growth 
closed forest. It is characterized by a mosaic of different sized 
canopy gaps, decaying logs on the forest floor and dead stand-
ing trees. The tree layer has a mean height of 20 m and it is 
dominated by Quercus robur L., Acer campestre L., Robinia 
pseudoacacia L., Ulmus minor Mill., Populus nigra L. and 
Populus alba L. Many trees are more than 100-years old 
(Castagneri et al. 2013). The dominated tree layer is charac-
terized by younger individuals of the dominant species and 
also by Corylus avellana L., Prunus padus L. and herbaceous 
species. The forest tree density is 237 ± 100 stems ha–1, the 
total basal area 74.5 ± 24.6 m2 ha–1 and the Leaf Area Index 
(LAI) 4.5 ± 0.3 (Catoni et al. 2015a). The soil nitrogen 
content (N) is 0.16 ± 0.01%, the carbon/ nitrogen content ratio 
(C/N) 17 ± 1 and the organic matter (SOM) of 4.4 ± 0.1% 
(Catoni et al. 2015b). 

The climate of the area is characterized by a total annual 
rainfall of 654 mm most of it falling in autumn and winter. 
The mean minimum air temperature (Tmin) of the coldest 
month (January) is –0.2 ± 1.8°C, the mean maximum air 
temperature (Tmax) of the hottest month (July) 30.1 ± 1.3°C 
and the mean annual temperature (Tm) 13.7 ± 8.2 °C. Floods 
occurred sporadically every 5–10 years during the last 
40 years, with water levels up to 1.50 m height in the forest 
during exceptional events (Motta et al. 2009, Castagneri et al. 
2013). On average, groundwater level is around –4.50 m in 
winter reaching –3.50 m in summer due to irrigation in the 
surrounding area. During the study period, total rainfall 
was 257 mm, Tm 21.0 ± 4.9°C and Tmax (July) 32.8 ± 2.5°C 
(Lombardia Regional Agency for Environmental Protection, 
Meteorological Station of Pavia, Ponte Ticino SS35, data for 
the period 2002–2014 and May–July 2015). 

Forest measurements

The forest extension was measured by the QGIS (Geographic 
Information System) which is a tool for the digital landscape 

INTRODUCTION

Forest ecosystems are important components of the global 
carbon cycle. The Kyoto Protocol (UNFCCC 1997) recog-
nized the role of forests in carbon sequestration to mitigate 
climate change and encouraged forestation projects and strat-
egies for adapted forest management activities (Brown et al. 
2002). The Inter-governmental Panel on Climate Change 
highlights that the forestry sector has one of the greatest 
potential to reduce atmospheric CO2 at a reasonable cost in 
the next decades, compared to all other mitigation activities 
(IPCC 2007). In fact, forests contribute to climate change 
mitigation by removing atmospheric carbon dioxide and 
storing it in different carbon pools (i.e., biomass, soil, dead 
organic matter, litter) accounting for 77–82% of the total 
carbon stocked by the terrestrial vegetation (Garcia-Gonzalo 
et al. 2007). Carbon is accumulated in forests through bio-
mass, dead organic matter, litter and soil while it is released 
throughout respiration and decomposition (Del Río et al. 
2008). Forests switch between being a source or a sink of 
carbon, depending on the succession stage, forest type, distur-
bance and management activities (Masera et al. 2003). The 
capacity of forests to act as a carbon sink generally decreases 
with age as respiration begins equal or exceeds net photosyn-
thesis (Odum 1969). However, little evidence exists that this 
hypothesis holds true for unmanaged forests covering a wide 
range of age classes due to natural regeneration and canopy 
structure (Knohl et al. 2003). Forest management has an 
important impact on carbon balance (McGrath et al. 2015) 
and human activities have several direct and indirect influ-
ences on forest ecosystems and thus, on carbon sequestration 
potential (Nabuurs and Schelhaas 2002). In Europe, the total 
area covered by forests has increased by 25% since 1950 
(Fuchs et al. 2013) resulting in a 44% forested area of 
ecological, political and economic importance (Gallaun et al. 
2010). In particular, the European forests absorb about 10% 
of the European CO2 emission (Cameron et al. 2013). There 
has been a long history of forest exploitation and management 
in Europe. Thus, the conservation of mature forests is impor-
tant for the long-term permanence of forest C sinks (Carey 
et al. 2001). In such context, a forested area of 30 million of 
ha in Europe has been protected with the main objective to 
conserve the biodiversity and landscape as triggered by the 
EU’s biodiversity policy (Forest Europe et al. 2011). In 
particular, old-growth forests provide a large number of eco-
systems services such as biodiversity conservation, carbon 
reservoir and the opportunity for studying ecological process 
in undisturbed conditions (Wirth et al. 2009). Thus, due to the 
importance of the forest role in carbon stored and biodiversity 
conservation, the interest in forested areas has increased in 
recent years (Parviainen 2005, Kallio et al. 2008, Hein 2011). 
Moreover, carbon stock estimation and knowledges about its 
distribution in the different compartments (i.e. aboveground, 
belowground, deadwood, litter and soil) is essential to evalu-
ate the quantity of carbon that is potentially emitted to the 
atmosphere when natural or human-induced disturbance 
occurs (Fonseca et al. 2012). In this context, the main objec-
tive of our research was to evaluate the amount of the total 
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exploration proving the necessary functions for spatial data 
collection, management, analysis and representation. 

Forest measurements were carried out on 10 randomly 
sample areas (500 m2 each, according to Gallaun et al. 2010). 
The following species were considered: A. campetre, 
C. avellana, Crateagus monogyna L., P. alba, P. nigra, 
P. padus, Q. robur, R. pseudoacacia and U. minor. Trees with 
a diameter greater than 5 cm (Tabacchi et al. 2011) and in a 
good condition (i.e. percentage of branch dieback in crown 
between 1% and 10%, according to Nowak et al. (2002) were 
considered. In particular, tree height (H) was measured 
by clinometers and diameter at the breast height (dbh) by 
callipers. The density of the considered species (plants ha–1) 
was determined in the whole area of the Reserve.

Plant regeneration 

Plant regeneration was measured in 50 randomly selected 
plots (25 m2 each) distributed inside the forest and in the 
forest boundary (parallel at the forest, at a distance of 5 m 
from the forest border). Saplings were defined as woody 
plants between 0.5 and 3 m tall, according to Hall and Swaine 
(1976). 

Microclimate 

Microclimate was measured in June, in the selected plots 
inside the forest (n = 10), in the forest boundary (n = 10 plots) 
and in the open (n = 10 plots in clearing outside the forest), 
from 12:00 p.m. to 04:00 p.m. in 4 days with comparable 
weather conditions and without clouds (the same plots used 
for plant regeneration were used). The photon flux density 
(PFD) was measured by a quantum radiometer (LI-189 
LI-COR, USA) with a quantum sensor LI-190SA. The photon 
flux density was measured at soil level below the vegetation 
both inside the forest (PFD%I) and at the forest boundary 
(PFD%B) with the following formula: 

PFD% = PFDb/PFDo

where PFDb was the photon flux density below the vegetation 
and PFDo was photon flux density measured outside the 
forest. Measurements of irradiance in red light (R, 660 nm), 
far-red light (FR, 730 nm) and blue spectral bands were 
carried out with a photometer IL 150 (International Light, 
U.S.A.) in each of the considered plots. Moreover, the ratio 
R/FR was calculated in order to quantify the quality of solar 
radiation (Mitchell and Woodward 1988). 

Forest biomass and carbon storage 

The aboveground biomass (ABS) of each species was 
obtained by allometric equations (Zianis et al. 2005, Tabacchi 
et al. 2011) using dbh and H for each species. The forest 
aboveground biomass (ABF) was obtained by summing the 
product of ABS and the related plant density for each of the 
considered species. The forest belowground biomass (BBF) 
was obtained by multiplying ABF and the root/shoot ratio, 
according to Vitullo et al. (2007) and Federici et al. (2008). 

The forest dead wood biomass (DBF) was calculated by 
multiplying ABF by the Dead Factor Conversion (DFC = 0.14, 
IPCC 2003), according to Vitullo et al. (2007) and Federici 
et al. (2008). 

The carbon storage in the aboveground (CA), belowground 
(CB) and deadwood (CD) biomasses was calculated by multi-
plying ABF, BBF and DBF by 0.5, respectively (IPCC 2003). 
Carbon storage in the litter (CL) and in the soil (CS) was 
estimated using a linear correlation where CL and CS were 
the dependent variables and ABF the independent variable, 
according to Federici et al. (2008). 

In particular, the relation between litter and aboveground 
C ha–1 was expressed by the following equation: 

y = –0.0299ABF + 9.3665

and the relation between the soil and the aboveground C ha–1 
was expressed by the following equation:

y = 0.9843ABF + 5.0746

The total forest carbon storage (CTot, Mg C ha–1) was obtained 
by summing CA, CB, CD, CL and CS. 

Statistical analysis 

All statistical tests were performed using a statistical software 
package (PAST, Version 3.10). Differences in the considered 
traits were determined by the analysis of variance (ANOVA) 
and the Tukey test for multiple comparisons. Kolmogorov–
Smirnov and Levene tests were used to verify the assumption 
of normality and homogeneity of variances, respectively. 
Values are reported as mean ± standard error (S.E.).

RESULTS 

Forest structure and microclimate

Among the considered species, U. minor had the highest den-
sity (45 plants ha–1), followed by Q. robur (40 plants ha–1), 
R. pseudoacacia and C. monogyna (38 plants ha–1), A. campestre 
(19 plants ha–1), P. nigra (17 plants ha–1), C. avellana (15 plants 
ha–1), P.padus and P. alba (9 plants ha–1).

Plant traits are shown in table 1. P. nigra had the highest 
height and diameter at the breast height (38 ± 8 m and 106 ± 
24 cm, respectively) and C. avellana the lowest (5 ± 1 m and 
10 ± 4 cm, respectively). The diameter distribution of each of 
the considered species is shown in figure 1. 

The ratio of red to far-red spectral bands (R/FR) were 
0.5 ± 0.1, 0.78 ± 0.2 and 1.2 ± 0.2, inside the forest, in the 
forest boundary and in the open, respectively. Moreover, 
the photon flux density at soil level inside the forest (PFD%I) 
and in the forest boundary (PFD%B) were 0.77 ± 0.12% and 
1.54 ± 0.12%, respectively. 

Plant regeneration 

Plant regeneration inside the forest and in the forest boundary 
is shown in table 2. In particular, inside the forest P. padus 
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and 49 Mg ha–1, respectively. The species aboveground bio-
mass contribution to the forest aboveground biomass for each 
of the considered species is shown in table 3. 

The total forest carbon storage (CTot) was 418 Mg C ha–1 to 
which carbon storage in above-ground (CA) and in soil (CS) 
gave the same contribution (42% each), carbon storage in 
belowground contributed for 10%, in deadwood for 6% and 
in litter for 1% (Figure 2). 

DISCUSSION 

Carbon stock is associated with plant biomass which, in turn, 
depends on different factors such as forest management, 
climate and soil type (van Kooten et al. 2004). Moreover, 
the structure and the species composition contribute to the 
forest carbon stock. The current tree species composition and 
structure of the forest under study are the result of the conser-
vative management carried out from the establishment of the 
Reserve resulting in a high tree density (237 ± 100 stems ha–1) 
and LAI (4.5 ± 0.3; Catoni et al. 2015a), in the range of 

TABLE 1 Structural traits of the considered species; H – 
plant height, dbh – diameter at breast height. Mean values ± 
S.E. are shown (n = 100)

H
m

dbh
cm

Acer campestre 10 ± 5  14 ± 5

Corylus avellana  5 ± 2  10 ± 4

Crataegus monogyna  6 ± 2  11 ± 4

Popolus alba 32 ± 4  67 ± 19

Popolus nigra 38 ± 8 106 ± 24

Prunus padus 11 ± 8  16 ± 7

Quercus robur 31 ± 8  73 ± 22

Robinia pseudoacacia 18 ± 6  25 ± 8

Ulmus minor 12 ± 4  17 ± 7

FIGURE 1 Presence in percentage of each of the considered 
species in the five class of diameter at breast height. AC = 
Acer campestre, CA = Corylus avellana, CM = Crateagus 
monogyna, PA= Populus alba, PN = Populus nigra, PP = 
Prunus padus, QR = Quercus robur, RP = Robinia pseudo-
acacia, UM = Ulmus minor

showed the highest density (3 000 ± 1 000 saplings ha–1) and 
C. monogyna (744 ± 179 saplings ha–1) the lowest. In the 
forest boundary, R. pseudocacia had the largest density (1 504 
± 262 saplings ha–1) and P. padus (18 ± 8 saplings ha–1) 
the lowest. 

Forest carbon storage 

The forest aboveground (ABF), belowground (BBF), and 
deadwood (DBF) biomasses were 348 Mg ha–1, 80 Mg ha–1 

TABLE 3 Proportion in percentage of the species above-
ground to the forest above-ground biomass (ABS/ABF%) for 
each of the considered species

 ABS/ABF (%)

Acer campestre 0.31

Corylus avellana 0.08

Crataegus monogyna 0.23

Popolus alba 4.77

Popolus nigra 26.8

Prunus padus 0.17

Quercus robur 63.0

Robinia pseudoacacia 3.45

Ulmus minor 1.10

TABLE 2 Plant regeneration (saplings ha–1) in the forest 
interior and in the forest boundary. Mean ± S.E. are shown 
(n = 50)

Saplings ha–1

Forest interior Forest boundary 

A. campestre 1 976 ± 619  300 ± 58

C. avellana 2 200 ± 653   50 ± 10

C. monogyna   744 ± 179   600 ± 173

P. padus  3 000 ± 1000  18 ± 8

Q. robur  109 ± 42

R. pseudoacacia 1 504 ± 262

U. minor 2 322 ± 985  116 ± 55
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broadleaf deciduous forests in Italy (Gratani and Crescente 
2000). The high tree density determines a high light extinc-
tion at soil level (i.e. PFD%I = 0.77 ± 0.12% and R/FR = 0.5 ± 
0.1), which is in the range of the typical close canopy forests 
(0.5–5%; Chazdon and Percy 1991). This result is related to 
the dominant tree layer largely constituted by Q. robur, 
P. nigra and P. alba (height = 34 ± 4 m, mean value). The light 
amount in the forest understory is considered a crucial factor 
driving many processes such as understory tree regeneration, 
seedling survival (Kozlowski et al. 1991, Lieffers et al. 1999), 
growth (Page et al. 2001) and biomass allocation (Messier 
and Nikinmaa 2000). Thus, the assessment of available light 
in forest understory is important for a better understanding of 
a wide range of different processes (Sonohat et al. 2004). In 
this case, the low light in the forest understory determines a 
low regeneration of the dominant species. In fact, Q. robur 
and Populus spp. require sufficient light penetration and large 
opening for regeneration (Humphrey et al. 2002, Motta et al. 
2009). In particular, regeneration of Q. robur (one of the most 
important European oak species) has been considered a con-
cern in temperate forests because of the extreme scarcity of 
established saplings and young trees (Kelly 2002). This is due 
to competition with other species (i.e. shading and root com-
petition) (Shaw 1974), mechanical smothering (Humphrey 
and Swaine 1997) and the presence of inhibitory substances 
by field species (Jarvis 1964). In the forest understory there 
are also few sapling of R. pseudoacaia, a typical shade-
intolerant specie (Motta et al. 2009, Catoni et al. 2015a). This 
result highlights that the conservative management carried 
out in the Reserve has contributed to maintain under control 
the spread of this highly invasive species. On the contrary, 
C. avellana, U. minor, A. campestre (shade-tolerant species) 
and other broadleaves (C. monogyna and P. padus) can suc-
cessfully regenerate at the low light intensity inside the forest 
and in the gaps (Motta et al. 2009) as confirmed by the large 
saplings density (2 049 ± 368 saplings ha–1, mean value). 

The environmental conditions at forest boundaries are 
intermediate between those in clearings and those inside the 
forest resulting in a PFD%B of 1.54 ± 0.12% and a 56% higher 
ratio of red to far-red light than the forest interior. Accord-
ingly, the species composition in the forest boundary is char-
acterized mainly by shade-intolerant species, in accordance 
with the results of Chen et al. (1992) for temperate-forests. 
In fact, our results show the largest sapling density for 
R. pseudoacacia (1 504 ± 262 saplings ha–1) and a relatively 
high sapling number of Q. robur (109 ± 42 saplings ha–1) in 
the forest boundary rather than inside the forest. Otherwise, 
there are few saplings for the typical shade-tolerant species, i.e. 
50 ± 10, 300 ± 58 and 116 ± 55 saplings ha–1, for C. avellana, 
A. campestre and U. minor, respectively. The different plant 
regeneration patter in the forest boundary in respect to the 
interior forest could be seen as the potential forest dynamic 
if management activities are undertaken. Several type of 
management, particularly thinning, can modify light solar 
transmission, which in turn can modify tree growth and devel-
opment along with other processes such as those involved in 
plant diversity. Thus, the trees species currently present in the 
Reserve by fixing CO2 via photosynthesis and storing the 
carbon in excess as biomass (Nowak et al. 2002) determine a 
total forest above-ground of 348 Mg ha–1, 64% higher than the 
mean value shown by Saugier et al. (2001) for the temperate 
forests. Among the considered species, Populus spp. and 
Q. robur show the higher contribute to the forest aboveground 
biomass (by 31% and 63%, respectively). The capacity of the 
species to sequester CO2 and then to act as carbon sinks 
depends on their physiology, growth rate, plant structure and 
coverage (Nowak et al. 2002). In this case, these species are 
characterized by higher photosynthetic rates (Catoni et al. 
2015a) and ABS values (3 707 and 5 547 Kg, respectively). In 
particular, the larger diameter at breast height (87 ± 20 cm and 
73 ± 22 cm, respectively) highlights that the diameter is the 
main driver of the biomass accumulation and, in turn, of the 
species carbon stocked capacity. On the contrary, R. pseudoacia 
despite a relatively higher plant density (38 plants ha–1) and a 
higher photosynthetic rates (Catoni et al. 2015a) contributes 
by 3% to the forest aboveground biomass. This result can be 
justified by its high growth rate (Mohan et al. 2007), due to 
the negative correlation between relative growth rate and the 
increased partitioning into non-photosynthetic tissue, as sug-
gested by Shipley and Peters (1990) and resulting in a lower 
ABS (319 Kg). The other species (A. campestre, C. avellana, 
C. monogyna, U. minor, P. padus, tree density = 25 ± 15 tree 
ha–1, mean value) contribute less than 2% to ABF due to their 
lower ABS (45 ± 12 Kg, mean value) and diameter at breast 
height (14 ± 1 cm, mean value). 

The carbon stocked in the above-ground biomass (CA = 
174 Mg C ha–1) represents the 42% of the total carbon storage 
by the forest, which is in the range of temperate forests 
(147–377 Mt C ha–1) with comparable climatic conditions 
(Keith et al. 2009). Moreover, the carbon stocked by the stud-
ied forest is more than 100% higher than that of the Italian 
Parks (Marchetti et al. 2015) confirming that old unmanaged 
forests can sequester large C amounts. 

FIGURE 2 Carbon stored for each of the considered forest 
compartments: CA = carbon stored in the above-ground 
biomass; CB = carbon stored in the below-ground biomass; 
CD = carbon stored in deadwood; CL = carbon stored in the 
litter; CS = carbon stored in the soil
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In addition, our results highlight an equivalent contribu-
tion from the soil carbon pool (by 42%), in accordance 
with the results of Nabuurs et al. (2003) for European forests, 
indicating a significant sink strength of soils. The turnover of 
soil organic matter depends on soil composition and climate 
(Jandl et al. 2007) and the larger proportion in soils of temper-
ate forests compared to soils in tropical forests is related to 
a slower decomposition rates (Gorte 2009). Another aspect 
which should be considered is the species composition (Jandl 
et al. 2007), tree density and root characteristic (i.e. shallow 
vs deep roots). In particular, the rooting depth is relevant for 
C because root growth is a most effective way of introducing 
C into the soil (Vesterdal et al. 2002). Populus spp. and 
Q. robur largely contribute to the soil C pool for the studied 
forest due to their well-developed root systems (Wong et al. 
1985, Rosengren et al. 2006). The others compartment 
belowground, deadwood and litter account for 10%, 6% and 
1% to CTot, respectively. In particular, deadwood is a structural 
and functional element in a forest ecosystem and unmanaged 
forests typically have more deadwood compared to managed 
forest (Vandekerkhove et al. 2009) providing a resource for 
plant, animal and fungi. Moreover, the quantity and quality of 
deadwood provide information on mortality processes and 
disturbance regime (Castagneri et al. 2010) suggesting the 
degree of forest naturalness and indicating the nearness to the 
old-growth stage (Winter et al. 2010). In the considered for-
est, a natural disturbance results in the individual-tree death 
or in small-scale disturbances mainly caused by wind, insects 
and fungi. The absence of anthropogenic stumps (i.e. a proxy 
variable of human impact) confirms the high degree of natu-
ralness. Despite litter shows the minor contribution to CTot, 
among the five compartments, it results an important compo-
nent of the carbon biogeochemical cycle (Zhang et al. 2007) 
being the interface between vegetation and soil (Fonseca 
et al. 2012). The litter layer is, in fact, an important pool of 
nutrients and organic material and its quantity and quality 
determines the decomposition rate, which in turn defines the 
availability and mobility of essential elements influencing the 
functional processes in the forest ecosystems (Walle et al. 
2001). 

On the whole, the considered forest at an ‘advanced’ stage 
of development stores a large C amount (CTot = 418 Mg C ha–1) 
with the greater pool in the aboveground biomass and in the 
soil. Management providing the conservation of carbon stocks 
in a forest meets with the major climate change mitigation 
strategies under UNFCCC (United Nations Framework 
Convention on Climate Change) and assuming a monetary 
value for stored CO2 of 0.00334 $/lb (i.e. 0.00736 $/kg) 
(Peper et al. 2007) the total economic benefits of carbon 
storage in this forest amounts to 11 209 $ ha−1. 

In conclusion, this study highlights that the conservative 
management carried out in this forest can ensure the mainte-
nance of the actual carbon stocked. Thus, our results are 
an incentive to persist with the conservative management, 
carried out since the establishment of the Reserve. In fact, 
considering the plant regeneration potential in the forest 
boundary compared to the forest interior, it is important to 
maintain this type of management in the future since creating 

gaps could allow a greater regeneration of R. pseudoacacia 
over Q. robur and Populus spp. (i.e. the major carbon sink). 
Therefore, preserving this type of forest structure and tree 
species composition can ensure in the future the same forest 
contribution to the local carbon stock. 

ACKNOWLEDGMENTS

This work was supported by the ‘Natural Reserve Bosco 
Siro Negri’ funded by The Ministry of the Environment and 
Protection of Land and Sea of Italy. 

REFERENCES

BROWN, S., SWINGLAND, I.R., HANBURY-TENISON, 
R., PRANCE, G.T. and MYERS, N. 2002. Changes in 
the use and management of forests for abating carbon 
emissions: issues and challenges under the Kyoto Proto-
col. Philosophical Transactions of the Royal Society of 
London 360: 1593–1605.

CAMERON, D.R., VAN OIJEN, M., WERNER, C., BUT-
TERBACH-BAHL, K., GROTE, R., HAAS, E., HEUVE-
LINK, G.B.M., KIESE, R., KROS, J., KUHNERT, M., 
LEIP, A., REINDS, G.J., REUTER, H.I., SCHELHAAS, 
M.J., DE VRIES, W. and YELURIPATI, J. 2013. Environ-
mental change impacts on the C- and N-cycle of European 
forests: a model comparison study. Biogeosciences 10: 
1751–1773. 

CAREY, E.V., SALA, A., KEANE, R. and CALLAWAY, 
R.M. 2001. Are old forests underestimated as global 
carbon sinks? Global Change Biology 7: 339–344.

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. 
Forest Ecology and Management 260: 1592–1598. 

CASTAGNERI, D., GARBARINO, M. and NOLA, P. 2013. 
Host preference and growth patterns of ivy (Hedera helix 
L.) in a temperate alluvial forest. Plant Ecology 214: 1–9.

CATONI, R., GRATANI, L., SARTORI, F., VARONE, L. 
AND GRANATA, M.U. 2015a. Carbon gain optimization 
in five broadleaf deciduous trees in response to light 
variation within the crown: correlations among morpho-
logical, anatomical and physiological leaf traits. Acta 
Botanica Croatica 74(1): 71–94.

CATONI, R., GRANATA, M.U., SARTORI, F., VARONE, L. 
and GRATANI, L. 2015b. Corylus avellana responsive-
ness to light variations: morphological, anatomical and 
physiological leaf trait plasticity. Photosynthetica 53(1): 
35–46.

CHAZDON, R.L. and PEARCY, R.W. 1991. The Importance 
of Sunflecks for Forest Understory Plants. BioScience 
41(11): 760–766. 

CHEN, J., FRANKLIN, J.F. and SPIES, T.A. 1992. Vegeta-
tion response to edge environment in old-growth. 
Ecological Applications 2: 387–396. 



450  M.U. Granata et al.

DEL RÍO, M., BARBEITO, I., BRAVO-OVIEDO, A., CA-
LAMA, R., CAÑELLAS, I., HERRERO, C. and BRAVO, 
F. 2008. Carbon sequestration in mediterranean pine for-
ests. In: BRAVO, F. et al. (ed.) Managing forest ecosys-
tems: the challenge of climate change. Kluwer Academic 
Publishers, Printed in the Netherlands, pp. 215–241. 

FEDERICI, S., VITULLO, M., TULIPANO, S., DE LAURE-
TIS, R. and SEUFERT, G. 2008. An approach to estimate 
carbon stocks change in forest carbon pools under the 
UNFCCC: the Italian case. iForest 1: 86–95.

FONSECA, F., DE FIGUEIREDO, T. and BOMPASTOR 
RAMOS, M.A. 2012. Carbon storage in the Mediterra-
nean upland shrub communities of Montesinho Natural 
Park, northeast of Portugal. Agroforestry Systems 86(3): 
463–475. 

FOREST EUROPE, UNECE, FAO. 2011. State of Europe’s 
Forests 2011. Status and Trends in Sustainable Forest 
Management. FOREST EUROPE Liaison Unit Oslo. 

FUCHS, R., HEROLD, M., VERBURG, P.H. and CLEV-
ERS, J.G.P.W. 2013. A high-resolution and harmonized 
model approach for reconstructing and analysing historic 
land changes in Europe. Biogeosciences 10: 1543–1559. 

GALLUAN, H., ZANCHI, G., NABUURS, G.J., HEN-
GEVELD, G., SCHARDT, M. and VERKERK, P.J. 2010. 
EU-wide maps of growing stock and above-ground 
biomass in forests based on remote sensing and field 
measurements. Forest Ecology and Management 260: 
252–261. 

GARCIA-GONZALO, J., JÄGER, D., LEXER, M.J., 
PELTOLA, H., BRICEÑO-ELIZONDO, E. and KEL-
LOMÄKI, S. 2007 Does climate change affect optimal 
planning solutions for multi-objective forest manage-
ment? Allgemeine Forst und Jagdzeitung Allg. F. u. J. Ztg 
179: 77–94.

GORTE, R.W. 2009. Carbon sequestration in forests. In: 
Congressional Res. Serv. Rep. for Congress, USA. 

GRATANI, L. and CRESCENTE, M.F. 2000. Map-making 
of plant biomass and leaf area index for management of 
protected areas. Aliso 19: 1–12.

HALL, J.B. and SWAINE, M.D. 1976. Classification and 
ecology of closed-canopy forest in Ghana. Journal of 
Ecology 64: 913–951.

HEIN, L. 2011. Economic Benefits Generated by Protected 
Areas: the Case of the Hoge Veluwe Forest, the Nether-
lands. Ecology & Society 16(2): 13. 

HUMPHREY, J.W. and SWAINE, M.D. 1997. Factors 
affecting the natural regeneration of Quercus in Scottish 
oakwoods. Part I. Competition from Pteridium aquilinum. 
Journal of Applied Ecology 34: 577–584. 

HUMPHREY, J.W., DAVEY, S., PEACE, A.J., FERRIS, R. 
and HARDING, K. 2002. Lichens and bryophyte com-
munities of planted and semi-natural forests in Britain: 
the influence of site type, stand structure and deadwood. 
Biological Conservation 107: 165–180.

IPCC 2003. Good Practice Guidance for Land Use, Land-Use 
Change and Forestry. IPCC Technical Support Unit, 
Kanagawa, Japan.

IPCC 2007. Climate change 2007: The physical science basis. 
In: SOLOMON, S., QIN, D., MANNING, M., CHEN, Z., 
MARQUIS, M., AVERYT, K.B. et al. (ed.) Contribution 
of working group I to the fourth assessment report of the 
intergovernmental panel on climate change. Cambridge 
and New York: Cambridge University Press. p. 996. 

JANDL, R., VESTERDAL, L., OLSSON, M., BENS, O., 
BADECK, F. and ROC, J. 2007. Carbon sequestration 
and forest management. CAB Reviews: Perspectives in 
Agriculture, Veterinary Science, Nutrition and Natural 
Resources 2: 1749–8848. 

JARVIS, P.G. 1964. Interferences by Deschampsia flexuosa 
L. Trim. Oikos 15: 56–78. 

KALLIO, A.M.I., HÄNNINEN, R., VAINIKAINEN, N. and 
LUQUE, S. 2008. Biodiversity value and the optimal 
location of forest conservation sites in Southern Finland, 
Ecological Economics 67: 232–343. 

KEITH, H., MACKEY, B.G. and LINDENMAYER, D.B. 
2009. Re-evaluation of forest biomass carbon stocks and 
lessons from the world’s most carbon-dense forests. PNAS 
106: 11635–1164. 

KELLY, D.L. 2002. The regeneration of Quercus petraea 
(sessile oak) in southwest Ireland: a 25-year experimental 
study. Forest Ecology and Management 166: 207–226.

KNOHL, A., SCHULZE, E-D., KOLLE, O. and BUCH-
MANN, N. 2003. Large carbon uptake by an unmanaged 
250-year-old deciduous forest in Central Germany. 
Agricultural and Forest Meteorology 118: 151–167. 

KOZLOWSKI, T.T., KRAMER, P.J. and PALLARDY, S.G. 
1991. The physiological ecology of woody plants, 
Academic Press, San Diego, CA, p. 657. 

LIEFFERS, V.J., MESSIER, C., STADT, K.J., GENDRON, 
F. and COMEAU P.G. 1999. Predicting and managing 
light in the understorey of boreal forests. Canadian 
Journal of Forest Research 29: 796–811.

MASERA, O.R., GARZA-CALIGARIS, J.F., KANNINEN, 
M., KARJALAINEN, T., LISKI, J., NABUURS, G.J., 
PUSSINEN, A., DE JONG, B.H.J. and MOHREN, G.M.J. 
2003. Modeling carbon sequestration in afforestation, agro-
forestry and forest management projects: the CO2FIX V.2 
approach. Ecological Modelling 164: 177–199.

MARCHETTI, M., SALLUSTIO, L., OTTAVIANO, M., 
BARBATI A., CORONA, P., TOGNETTI, R., ZAVATTE-
RO, L. and CAPOTORTI, G. 2012. Carbon sequestration 
by forests in the National Parks of Italy. Plant Biosystems 
– An International Journal Dealing with all Aspects of 
Plant Biology 146(4): 1001–1011. 

MESSIER, C. and NIKINMAA, E. 2000. Effects of light 
availability and sapling size on the growth, biomass 
allocation, and crown morphology of understory sugar 
maple, yellow birch, and beech. Écoscience 7: 345–356.

McGRATH, M.J., LUYSSAERT, S., MEYFROIDT, P., 
KAPLAN, J.O., BUERGI, M., CHEN, Y., ERB, K., 
GIMMI, U., MCINERNEY, D., NAUDTS, K., OTTO, J., 
PASZTOR, F., RYDER, J., SCHELHAAS, M.-J. and 
VALADE, A. 2015. Reconstructing European forest man-
agement from 1600 to 2010. Biogeosciences Discussion 
12: 5365–5433. 



Carbon stock estimation in an unmanaged old-growth forest  451

of the British Isles Conference Report n° 14. E.W. Classey, 
Faringdom, Berkshire, pp. 162–181. 

SHIPLEY, B. and PETERS, R.H. 1990. A test of the Tilman 
model of plant strategies: relative growth rate and biomass 
partitioning. The American Naturalist 136: 139–153.

TABACCHI, G., DI COSMO, L., GASPARINI, P. and 
MORELLI, S. 2011. Stima del volume e della fitomassa 
delle principali specie forestali italiane. Equazioni di 
previsione, tavole del volume e tavole della fitomassa 
arborea epigea. Consiglio per la Ricerca e la sperimenta-
zione in Agricoltura, Unità di Ricerca per il monitoraggio 
e la pianificazione Forestale, Trento. 

UNFCCC (1997). The United Nations Framework Conven-
tion on Climate Change, English Conference of the Parties. 
Third session Kyoto. 

VANDEKERKHOVE, K., DE KEERSMAEKER, L., MEN-
KE, N., MEYER, P., VERSCHELDE, P., 2009. When 
nature takes over from man. Dead wood accumulation 
in previously managed oak and beech woodlands in 
North-western and Central Europe. Forest Ecology and 
Management 258(4): 425–435.

VAN KOOTEN, G.C., EAGLE, A.J., MANLEY, J. and 
SMOLAK, T. 2004. How costly are carbon offsets? 
A meta-analysis of carbon forest sinks. Environmental 
Science & Policy 7: 239–251.

VESTERDAL, L., RITTER, E. and GUNDERSEN, P. 2002 
Change in soil organic carbon following afforestation 
of former arable land. Forest Ecology and Management 
169: 137–147. 

VITULLO, M., DE LAURETIS, R. and FEDERICI, S. 2007. 
La Contabilità del carbonio contenuto nelle foreste italia-
ne. APAT, Agenzia per la Protezione dell’Ambiente e per 
i Servizi Tecnici. 

WALLE, I.V., MUSSCH, S., SAMSON, R., LUST N. and 
LEMEUR R. 2001. The above- and belowground carbon 
pools of two mixed deciduous forest stands located in 
East-Flanders (Belgium). Annals of Forest Science 58: 
507–517. 

WINTER, S., FISCHER, H.S. and FISCHER, A. 2010. Rela-
tive Quantitative Reference Approach for Naturalness 
Assessments of forests. Forest Ecology and Management 
259: 1624–1632. 

WIRTH, C., MESSIER, C., BERGERON, Y., FRANK, D. 
and FANKHANEL, A. 2009. Old-growth forests: func-
tion, fate and values. Ecological studies. Springer, New 
York, Berlin, Heidelberg. 

WONG, Z., FANG, Z.F., FU, S.D., ZHOU, Y.L., DONG, 
S.L., YU, Z.Y., YANG, C.Y. and FU, L.N. 1985. Salica-
ceae (in Chinese). In: ZHENG, W.J. (ed.) Silva Sinica. 
Chinese Forestry Press, Beijing. pp. 1954–2109. 

ZHANG, J., GE, Y., CHANG, J., JIANG, B., JIANG, H., 
PENG, C., ZHU, J., YUAN, W., QI, L. and YU, S. 2007,. 
Carbon storage by ecological service forests in Zhejiang 
Province, subtropical China. Forest Ecology and Manage-
ment 245: 64–75. 

ZIANIS, D., MUUKKONEN, P., MÄKIPÄÄ, R. and MEN-
CUCCINI, M. 2005. Biomass and Stem Volume Equations 
for Tree Species in Europe. Silva Fennica Monographs.

MITCHELL, P.L. and WOODWARD, F.I., 1988. Responses 
of three woodland herbs to reduced photosynthetically 
active radiation and low red to far-red ratio in shade. 
Journal of Ecology 76: 807–825. 

MOHAN, J.E., CLARK, J.S. and SCHLESINGER, W.H. 
2007. Long-term CO2 enrichment of a forest ecosystem: 
implications for forest regeneration and succession. 
Ecological Application 17: 1198–1212. 

MOTTA, R., NOLA, P. and BERRETTI, R. 2009. The rise 
and fall of the black locust (Robinia pseudoacacia L.) 
in the «Siro Negri» Forest Reserve (Lombardy, Italy): 
lessons learned and future uncertainties. Annals of Forest 
Science 66: 410–419.

NABUURS, G.J. and SCHELHAAS, M.J. 2002 Carbon 
profiles of typical forest types across Europe assessed 
with CO2FIX. Ecological Indicators 1: 213–223. 

NABUURS, G.-J., SCHELHAAS, M.-J., MOHREN, G.M.J. 
and FIELD, C.B. 2003. Temporal evolution of the Euro-
pean forest sector carbon sink from 1950 to 1999. Global 
Change Biology 9: 152–160.

NOWAK, D.J., STEVENS, J.C., SUSAN, M.S., CHRISTO-
PHER, J.L. 2002. Effects of urban tree management and 
species selection on atmospheric carbon dioxide. Journal 
of Arboriculture 28: 113–122.

ODUM, E.P. I969. The strategy of ecosystem development. 
Science 164: 262–270.

PAGE, L.M., CAMERON, A.D. and CLARKE, G.C. 2001. 
Influence of overstorey basal area on density and growth 
of advance regeneration of Sitka spruce in variably thinned 
stands. Forest Ecology and Management 151: 25–35.

PARVIAINEN, J. 2005. Virgin and natural forests in the 
temperate zone of Europe. Forest Snow and Landscape 
Research 79: 9–18.

PEPER, P.J., MCPHERSON, E.G., SIMPSON, J.R., GARD-
NER, S.L., VARGAS, K.E. and XIAO, Q. 2007. New York 
City, New York municipal forest resource analysis. Center 
for Urban Forest Research, USDA Forest Service, Pacific 
Southwest Research Station, Davis. 

ROSENGREN, U., GÖRANSSON, H., JÖNSSON, U., 
STJERNQUIST, I., THELIN, G., and WALLANDER, H. 
2006. Functional Biodiversity Aspects on the Nutrient 
Sustainability in Forests-Importance of Root Distribution. 
Journal of Sustainable Forestry 21: 77–100. 

SARTORI, F. 1984. Les forêts alluviales de la basse vallée du 
Tessin (Italie du nord). In: CRAMER, J. (ed.) Colloques 
phytosocologiques, la végétation des forêts alluviales, 
Berlin, pp. 201–216. 

SAUGIER, B., ROY, J. and MOONEY, H.A. 2001. Estima-
tions of global terrestrial productivity: Converging toward 
a single number? In: ROY, J., SAUGIER, B., and 
MOONEY, H.A. (ed.) Terrestrial Global Productivity. 
Academic Press, San Diego, pp. 543–557.

SONOHAT, G., BALANDIER, P. and RUCHAUD, F. 2004. 
Predicting solar radiation transmittance in the understory 
of even-aged coniferous stands in temperate forests. 
Annals of Forest Science 61: 629–641.

SHAW, C.M. 1974. The reproductive characteristics of oak: 
In: MORRIS, M.G., PERRING, F.H. (ed.) The British 
Oak: Its History and Natural History. Botanical Society 


