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Abstract
Aim of study: TTo review and acknowledge the value of carbon sequestration by forest management in the Mediterranean area.
Material and methods: We review the main effects of forest management by comparing the effects of silvicultural systems (even-aged
vs. uneven-aged stands, coppice systems, agroforestry systems), silvicultural options (thinning, rotation period, species composition),
afforestation, harvesting, fire impact or effects of shrub layer on carbon sequestration in the Mediterranean area.
Main results: We illustrate as forest management can clearly improve forest carbon sequestration amounts. We conclude that forest
management is an effective way to maintain and enhance high carbon sequestration rates in order to cope with climate change and
provision of ecosystem services. We also think that although much effort has been put into this topic research, there are still certain
gaps that must be dealt with to increase our scientific knowledge and in turn transfer this knowledge to forest practitioners in order to
achieve sustainable management aimed at mitigating climate change.
Research highlights: It is important to underline the importance of forests in the carbon cycle as this role can be enhanced by
forest managers through sustainable forest management. The effects of different management options or disturbances can be critical as
regards mitigating climate change. Understanding the effects of forest management is even more important in the Mediterranean area,
given that the current high climatic variability together with historical human exploitation and disturbance events make this area more
vulnerable to the effects of climate change.
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Introduction
Carbon sequestration in forests, which perform a key
role as CO2 sinks, can help mitigate the effects of climate
change. CO2 from the atmosphere is removed by plant
photosynthesis and stored as carbon in biomass. Hence,
biomass and soil (from the decomposition of biomass
from litterfall and rhizodeposition) are the two main
forest compartments in which carbon is stored. The
deadwood compartment can account for a high quantity
of carbon in some forests and should also be considered,
particularly as biodiversity policies encourage an
increase in the amount of deadwood. In turn, this would
result in greater soil carbon sequestration (Magnússon

et al., 2016), although in the case of managed forests,
deadwood usually comprises small branches, twigs and
stumps, with few large logs or snags (Christensen et
al., 2005).
The world forest carbon stock was estimated to be
861 Pg C in 2011 (Pan et al., 2011), with soil to a depth
of 1m being the main pool (44%), followed by biomass
(42%), deadwood (8%) and litter (5%). The potential
carbon sink of world forests has been addressed by
several authors. For example, Pan et al. (2011) reported
that the gross sink in established forests is 2.4 Pg C/yr
and that there are tropical land use change emissions
of 1.3 Pg C/yr, resulting in a net forest sink of 1.1 Pg
C/yr. Other authors, such as Le Quere et al. (2015)
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quote a figure of between 2.3 and 3.0 Pg C/yr as the
net forest sink. Emissions from fossil-fuel combustion
and industrial processes reached 9.7 Pg C/yr in 2015
(35.7 Pg CO2/yr) (Olivier et al., 2015), the net effect
of forests being to remove 11% of the annual CO2
emissions.
In order to increase this annual sink, forest
stakeholders (managers, owners, policy makers, etc.)
should improve management with the aim of expanding
growth and providing better timber products such as
building material or substitution of other materials.
Conservation must also be promoted, reducing
deforestation and degradation of forest land. This
needs to be addressed in the short term since the global
forested area decreased by 3.1% over the period 1990
to 2015 (FAO, 2015). However the worldwide demand
for wood is increasing. The quantity of wood harvested
over the period 2010-2014 has increased from 3.5 to
3.7·106 m3/yr (FAO, 2016). According to the FAO data,
the forested area under management plans accounts for
2100·106 ha (taking into consideration both production
and conservation functions) and certified forests cover
438·106 ha. These figures provide important indicators,
revealing that sustainable forest management is being
applied and that mitigation and adaptation to global
change can be considered among the main objectives
of forestry.
The main forestry strategies aimed at mitigating
climate change (Dixon et al., 1994; Nabuurs et al.,
2007; Canadell & Raupach, 2008; Bravo et al.,
2008b) are to: (i) maintain the forest area or increase
it through reforestation; (ii) avoid deforestation and
degradation; III) to maintain or increase the carbon
density of existing forests; (iii) encourage the use
of forest products (mainly wood products, thereby
improving off-site carbon storage), promoting them as
alternatives to products with high manufacturing costs,
and increasing the use of bioenergy to substitute fossil
fuels. These forestry strategies should be assessed
within the framework of sustainable forest management
(Nabuurs et al., 2007). It has been observed that
unmanaged forests may hold larger amounts of carbon
than managed forests, depending on site conditions,
forest structure, development stage, etc. Hence, some
authors have suggested that old-growth forests should
be left intact as they continue removing huge amounts
of carbon from the atmosphere and storing into
biomass and soil (Luyssaert et al., 2008; Stephenson
et al., 2014). Harmon & Marks (2002) reported that
the old-growth forest strategy was best when carbon
sequestration was the only concern. Nevertheless, this
strategy is discussed as it presents some disadvantages,
for example it is known such forests do not fulfill the
needs of society with regard to the supply of wood
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products. Furthermore, die-off processes in old-growth
forests would tend to reduce the balance with growth
or take it towards zero. Carbon sequestration, however,
is frequently not the only objective that managers must
consider. They must also take into consideration all the
possible ecosystem services provided by forest systems,
from environmental, economic and social perspectives.
As regards carbon sequestration, more benefits can be
obtained from managed forests, such as higher forest
growth rates, lower mortality rates, better provision of
wood and non-wood forest products, enhanced stand
health, or decreased risk of forest fire and therefore
a reduced vulnerability to extreme climatic events.
Therefore, given the benefits of forest management
on stand growth and development along with the
ecosystem services previously mentioned, we consider
that sustainable forest management provides the most
appropriate approach to addressing global change.
Hence, a greater understanding of the impact of forestry
on the carbon cycle is needed in order to develop and
improve management strategies to mitigate climate
change.
Mediterranean areas are characterized by high
annual climatic variability, with hot, dry summers
and irregular precipitation. Climate change scenarios
point to increasing temperatures and changes in the
precipitation regime in this area (Lindner & Calama,
2013). Furthermore, forests in the Mediterranean area
have a long history of human exploitation. These key
characteristics, together with the frequent occurrence
of disturbances such as fire or pests, have influenced
the composition, structure and functioning of these
forest ecosystems. Hence, in order to maintain the level
of ecosystem services in this area, forest management
is required, particularly in the light of reports that
climate change is causing a reduction in the carbon sink
capacity of unmanaged Spanish forests due to lower
water availability (Vayreda et al., 2012).
Data regarding carbon stocks (living biomass,
deadwood and soil) in this area are therefore essential.
Due to the lower productivity of Mediterranean systems
in comparison to other northern- or central-European
ecosystems, most of the national or regional biomass
carbon accounting has only recently been conducted,
mainly for the development of biomass models and
sampling procedures. Identifying soil carbon stocks
is crucial, both with regard to mitigating the effects
of climate change (carbon can be stored in the soil for
years) and as a source of organic matter (indicator of
soil quality). Mediterranean soils are characterized by
variability of soil properties, reduced water holding
capacity, shallow soil horizons, great amounts of stony
materials on the soil surface, different soil processes such
as carbonate loss and high risk of erosion (Rodeghiero
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et al., 2011). Hence, determining the forest floor (litter)
and mineral soil organic carbon stocks as well as the
influence of forest management on soil carbon stocks
forms a critical part of decision-making processes
(Jandl et al., 2007; Tonon et al., 2011). Deadwood is
recognized as an essential component in forest stands,
particularly with regard to biodiversity conservation
and ecosystem functioning, and it represents an
important forest carbon pool (Rondeux et al., 2012).
Forest inventories provide data to estimate this carbon
pool (e.g., Harmon & Marks, 2002) and although
deadwood estimates for Mediterranean forests are
scarce, the importance of deadwood in carbon storage
and the influence of forest management have gained
prominence in recent years (e.g., Lombardi et al., 2008;
Herrero et al., 2010; Paletto et al., 2014).
The main effects of forest management on carbon
stocks usually occur in the living biomass compartment
due to a reduction in stocking density as a consequence
of harvesting, thinning, regeneration cuttings, etc.
(D’Amato et al., 2011). Stocking density reduction also
affects litterfall by decreasing input after cuttings (e.g.,
Roig et al., 2005; Jiménez & Navarro, 2016). In the shortterm, the soil carbon stock (particularly in the forest
floor, which may receive more litter and deadwood such
as logging residues from harvesting operations), might
also be strongly affected by silvicultural operations as a
result of soil compaction by machinery along with litter
removal and mixing with the mineral soil. The new
microclimatic conditions of the soil caused by opening
of the canopy cover through thinning or regeneration
cuttings may lead to more light/temperature on the soil
surface, which may in turn modify the decomposition
rate of the organic matter (e.g., Montero et al., 1999;
Roig et al., 2005; Blanco et al., 2011; Bravo-Oviedo et
al., 2017).
Improving carbon estimation and our understanding
of the effects of forest management poses important
challenges but also provides opportunities for forest
managers to include carbon sequestration among the
different objectives pursued in the management of large
areas of forest land.
The main objective of this review was to compile
the most relevant information with regard to forest
management strategies aimed at mitigating climate
change through carbon sequestration, focusing on the
Mediterranean region. Firstly, we review the effect
of different management options on carbon storage,
embracing different forest systems, silviculture,
afforestation and the impact of disturbances. Finally,
we discuss the main challenges for research on carbon
sequestration in Mediterranean forests.
In order to help forest managers in making decisions
as regards silviculture aimed at carbon sequestration,
Forest Systems

the different management systems commonly employed
in the Mediterranean region and their implications for
carbon are presented in the first section. The second part
addresses the impact of common silvicultural activities
on soil carbon to determine how carbon stocks could be
maximized. The effects of major disturbance events in
the Mediterranean area, which managers should attempt
to minimize to reduce the risk of carbon loss, are also
assessed.

Silviculture system
Even-aged vs. uneven-aged systems
According to the silvicultural system used, the age
structure of the resultant stand can vary from even- to
uneven-aged. Forest stands are frequently managed
as even-aged stands for economic reasons, with
timber being the most important product. However, if
other ecosystem services are considered such as soil
protection, biodiversity conservation or non-wood forest
products (cones, mushrooms, berries….), then unevenaged stands might sometimes be more appropriate
(Pukkala et al., 2011; Pukkala, 2016). As regards carbon
sequestration, uneven-aged systems may be the better
alternative and should be taken into consideration. The
main advantage of uneven-aged stands with regard to
carbon stocks is that tree cover and therefore continuous
litter input is always present, ensuring permanent soil
and watershed protection, whereas in even-aged stands
there will be periods with no soil cover or only partial
soil cover, which could lead to carbon losses. Longterm studies have reported that uneven-aged forests
may present higher carbon stocks than even-aged
forests (e.g., Powers et al., 2011; Nilsen & Strand, 2013;
Puhlick et al., 2016). Model simulations also support
these assertions. In stand simulations in Austria, Seidl
et al. (2008) concluded that uneven-aged structures
have significant potential to increase carbon storage
and achieve multiple management objectives. Taylor
et al. (2008), through a simulation which compared the
management effects of clear-fellings and partial-felling
systems in Canada, also found that total ecosystem
carbon increased in uneven-aged stands. Similarly,
based on simulations for northeastern USA, Nunery
& Keeton (2010) reported the same pattern, indicating
that carbon sequestration was greater in uneven-aged
systems. Higher soil carbon stocks were also found by
Jonard et al. (2017) in uneven-aged stands in France.
When other management objectives (e.g., timber, berries
and carbon) were considered in the simulation, Pukkala
et al.(2011) found that uneven-aged management was
more profitable than even-aged plantation forestry
August 2017 • Volume 26 • Issue 2 • eR04S
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in Finland. This general trend, pointing to greater
carbon stocks in uneven-aged structures, has also been
reported for Mediterranean environments. Río et al.
(2017), in a simulation for Stone pine stands in Spain
observed that an uneven-aged structure favors the joint
production of cones and timber, resulting in a higher
carbon sequestration rate while maintaining a minimum
carbon stock on-site, which is never extracted from the
forest. This uneven-aged structure implies greater soil
protection along with other advantages of particular
relevance in Mediterranean systems. Although more
complex structures, such as uneven-aged stands, may
be more appropriate in terms of carbon sequestration,
the risk of disturbances should also be taken into
consideration (Jactel et al., 2009). In this regard,
uneven-aged structures can be more susceptible to
fire, facilitating the transition from surface to crown
due to the vertical continuity of fuel associated with
these structures. González et al. (2007) reported that
the degree of expected fire damage is lower in mature
even-aged stands in comparison to uneven-aged stands
or young even-aged stands. However, more research
is required to confirm such differences between stand
structures in terms of carbon sequestration, particularly
as most of the examples mentioned above were
obtained through forest modeling. Our understanding
of the effects of structure is still limited in the case of
Mediterranean areas.

Coppice systems
Although the coppice system was widely employed
until the middle of the last century due to the demand
for firewood and charcoal in Europe, the importance of
this system began to decrease over the second half of
the century. By the beginning of the XXI century, most
coppice stands were no longer managed (Serrada et al.,
1992; Buckley & Mills, 2015). Today, coppice stands
are again gaining prominence due to their potential role
in the production of bioenergy, which is currently being
promoted as part of a strategy to reduce emissions from
fossil fuels, as well as the increasing revenues from
firewood. The production of high quality wood can
also be a valuable output in the case of species suited
to coppice systems (ash, chestnut, oaks…). However,
these systems could be enhanced through management
aimed at achieving higher carbon sequestration rates
while maintaining the provision of ecosystem services.
Coppice stands account for a large area. In the
Mediterranean area of Europe, coppice stands cover
more than 15·106 ha (Bravo-Fernández et al., 2008;
Stajic et al., 2009), with more than 3.5·106 ha in
Italy (INFC, 2005) and more than 2.2·106 ha in Spain
(Bravo-Fernández et al., 2008). However, due to lack
Forest Systems

of management, coppice forests currently present
the following problems of vitality and stability, as
described by Bravo-Fernández et al. (2008): (i) The
age of these forests tends to be greater than the length
of their rotation period, hence, older stools may have
lost their regeneration ability, (ii) sexual regeneration
is scarce, (iii) stocking density is often excessive and
competition is intense, leading to reduced vitality, a
large accumulation of biomass and therefore a high risk
of forest fire. According to these authors, strategies that
should be considered in order to recover these coppice
forests include conversion to high forest, conversion
to coppice with standards, or maintenance of the
present coppice system. Appropriate strategies are
important not only as regards the conservation of these
forests but also to improve the provision of ecosystem
services, including fuelwood production for bioenergy
purposes (Chatziphilippidis & Spyroglou, 2004; BravoFernández et al., 2008; Cotillas et al., 2016; Mairota et
al., 2016).
The soil carbon pool has been identified as the
main compartment in these coppice systems (Gallardo
Lancho & González, 2004a,b; Makineci et al., 2015),
with high potential for carbon sequestration (Turrión
et al., 2009). However, the biomass carbon sink is also
relevant, as has been evidenced in studies conducted in
the Mediterranean region (e.g., Montero et al., 2004;
Cañellas et al., 2008; Cotillas et al., 2016). Hence, in the
Mediterranean area, coppice management for biomass
production using medium rotation periods could
also provide an important source of raw material for
bioenergy purposes, providing an alternative to fossil
fuels and therefore reducing the emissions associated
with the latter (Cañellas et al., 2004; Laina et al., 2013;
Spinelli et al., 2014).

Agroforestry systems
In areas where natural pastures and shrub formations
are important for livestock or for hunting, in which
trees are scarce or have completely disappeared due
to either natural disturbance such as fires or human
activities, conversion to agroforestry systems by
incorporating trees into the landscape could help to
maintain the current land uses and also improve the
functioning of the ecosystem. This strategy could also
be employed on agricultural land, where trees could
be used as windbreaks, buffers or for shade provision
(Nair et al., 2010). Soil fertility will be improved as a
result of the increase in soil organic matter by litterfall
and rhizodeposition in agroforestry systems and the
employment of this strategy will also contribute to
reducing soil erosion and improve water quality (Buresh
& Tian, 1998; Moreno et al., 2007; Jose, 2009). This
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positive effect would be greater if N-fixing tree species
were used. This kind of restoration could be important in
dry areas, where trees can also be a source of fuelwood,
fodder, fruits and/or other non-wood forest products.
Carbon stocks would be higher in agroforestry systems
in comparison to traditional management systems
without tree species as a consequence of tree biomass
growth and the resultant effect on the soil (Jose, 2009;
Jose & Bardhan, 2012). The carbon sequestration rate
in this system will depend on the species composition,
age of the component species, geographic location,
environmental factors and management practices
adopted (Nerlich et al., 2013) as well as on the soil
type and legacy effect of historical management.
In the south of Europe, agroforestry systems offer
great potential for carbon sequestration given the large
area covered by these systems in the Iberian peninsula,
covering more than 5.5·106 ha (Marañón, 1988). The
restoration and management of the tree and shrub
layers in these systems will also have a substantial
effect on soils. Studies focusing on soil carbon stock
distribution (Howlett et al., 2011a,b; Simón et al.,
2013), land management (Pulido-Fernández et al.,
2013; Seddaiu et al., 2013, López-Díaz et al., 2017),
fine root distribution (Moreno et al., 2005) or shrub
biomass (Castro & Freitas, 2009; Ruiz-Peinado et
al., 2013b) could help forest managers to maximize
carbon sequestration, avoid degradation and guarantee
sustainability.

Shrub layer importance
Shrublands account for a large part of forest land
throughout the world, around 22.7·106 km2 in total
(Friedl et al., 2010). In 1981, shrublands covered
more than 450,000 km2 in the Mediterranean basin
(Di Castri, 1981). This area may now be greater as
pastures, abandoned agricultural land and open forests
are increasingly being encroached by woody species.
Several factors have contributed to this situation,
ranging from climate change to anthropogenic factors
related to land management or disturbances (e.g., Van
Auken, 2000; Eldridge et al., 2011) such as those
associated with the reduction of agricultural cultivation
on marginal land; the decrease in forest livestock; the
effect of recurrent forest fires; and in some instances,
as a consequence of forest management. The effect
of the encroachment of woody species is positive in
terms of carbon sequestration due to the increase in
soil organic carbon as well as aboveground biomass
(Maestre et al., 2009; Eldridge et al., 2011; Li et al.,
2016). Among other positive effects of shrub cover
is the role of shrubs as nurse plants (facilitation) for
the establishment of tree regeneration. In this regard
Forest Systems

they help reduce abiotic and biotic stress during the
seedling stages (Castro et al., 2002; Gómez-Aparicio
et al., 2004). However, dense shrub layers can hamper
the regeneration process due to competition which
can interfere with seedling development. Shrub
clearing (particularly strip clearing) can be applied
in Mediterranean areas to provide space for tree
regeneration, either natural or human-induced, in
semiarid ecosystems (Pérez-Devesa et al., 2008). This
operation also serves to reduce forest fire risk or to
improve pastures for livestock, although a certain level
of shrub cover, which may be beneficial to improve
pasture productivity (López-Díaz et al., 2015) is
retained. Shrubland management aimed at facilitating
tree establishment and stand development, even where
tree stocking density is low, can lead to increased
carbon stock. This is due to the higher tree biomass
growth and litter inputs to soil from litterfall and
rhizodeposition, as well as to soil protection by tree
canopies. In fact, the soil carbon stock under the adult
tree canopy can be double that of areas with lower tree
incidence (Howlett et al., 2011a; Rossetti et al., 2015).
The carbon stock associated with shrubs is
frequently neglected, even though it could play
an important role as a carbon sink (Daryanto et al.,
2013). An increasing amount of research in recent
years has been focused on estimating the carbon
stocks in Mediterranean shrublands, mainly through
the development of estimation tools (e.g., Navarro &
Blanco, 2006; Corona et al., 2012; Ruiz-Peinado et
al., 2013b; Botequim et al., 2014; Pasalodos-Tato et
al., 2015). The importance of shrub layer will depend
on the ecosystem considered, the shrub species and
tree density among other factors. For example, in a
Pinus sylvestris L. stand in Central Spain, the mean
shrub carbon stock was between 1-2% of the total
aboveground carbon biomass (García del Barrio,
2000). However, in open woodlands of Quercus ilex
L. (dehesas in western Spain), because of the lesser
magnitude of the tree layer, the contribution of the
shrub layer to the total biomass carbon stock ranges
from 20% to 29% (Ruiz-Peinado et al., 2013b).
In Spain, shrublands account for 11·106 ha of
forest area, more than 7.8·106 ha of which is either
treeless or with a scattering of trees (San Miguel et
al., 2008). National carbon estimations for Spanish
shrublands have been conducted by Montero et al.
(2016) using models for different shrub associations
(Pasalodos-Tato et al., 2015). The results suggest that
aboveground shrub biomass accounts for more than 91
Tg C. This figure represents 8.2% of the tree carbon
stock in Spanish forests (Montero & Serrada, 2013),
highlighting the importance of including shrubland in
carbon accounts. The shrub layer in the Mediterranean
August 2017 • Volume 26 • Issue 2 • eR04S
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Table 1. Effect of thinning on carbon sequestration based on several long-term studies.
Species (stand
origin)
Picea abies
(planted)

Picea abies
(planted)

Pinus pinaster
(planted)

Pinus sylvestris
(planted)
Pinus sylvestris
(natural)

C
off-site

Biomass

Soil[2]

185.2

87.9

nc

273.1

Thinning B

161.1

91.1

nc

252.2

Thinning C

135.1

89.3

nc

224.4

Thinning D

94.7

90.1

nc

184.8

112.6

114.2

nc

226.8

N1100

90.4

118.4

nc

208.8

N820

86.6

108.8

nc

195.4

196.9

120.5

6.7

324.1

Thinning
grade[1]

Stand age

Unthinned

58

N2070

Unthinned

50

59

Total C stock

(Mg C/ha)

[3]
[3]
[3]

Thinning D

139.3

117.2

56.2

312.7

Thinning E

126.8

107.6

68.5

302.9

206.8

105.6

3.1

315.5

Thinning D

164.0

106.6

33.7

304.3

Thinning E

148.8

102.1

43.9

294.8

Unthinned

Unthinned

52

90

Reference

129.2

149.1

19.4

297.7

Thinning C

106.0

135.6

36.6

284.2

Thinning D

93.3

153.2

48.2

301.8

Skovsgaard et
al. (2006)

Nilsen & Strand
(2008)

Ruiz-Peinado et
al. (2013a)
Ruiz-Peinado et
al. (2016)
Bravo-Oviedo et
al. (2015)

Thinning grade intensities are explained in each reference. Soil: Forest floor+ Mineral soil 0-30 cm.[3] Soil carbon stock until a 1-m
depth. nc: off-site carbon stock was not reported by the authors

[1]

[2]

area is also highly important with regard to soil
conservation which, in turn, is also vital to carbon
sequestration and to the nutrient cycle, thereby
improving the sink capacity of the system.

Silvicultural options
Thinning
Although thinning will result in lower carbon storage
on-site in comparison with unthinned stands due to
a reduction in the number of trees and therefore the
litterfall input, thinning is essential to achieve certain
forest management objectives, particularly as regards
controlling species composition, improving the health
of the stand and obtaining production in the early
stages. Furthermore, thinning leads to increased tree
size and therefore value of future products (Río, 1999).
When harvested products (off-site carbon) are taken
into account, the total carbon stock of thinned stands
is greater or at least similar to that of unthinned stands,
with the economic advantage that some of the carbon
is stored outside the forest as wood products. It could
also be an appropriate strategy in areas where there is
Forest Systems

significant risk of forest disturbances (fire, pests and
diseases, windstorms, droughts, etc.). Moreover, carbon
stocks under heavier thinning regimes have been found
to be similar to those of lighter regimes (Powers et al.,
2011; Ruiz-Peinado et al., 2013a; 2016; Bravo-Oviedo
et al., 2015). From a management perspective, this
implies greater flexibility, allowing the forest manager
to put greater emphasis on other environmental services.
In the Mediterranean area of Spain, using inventory
data from long term experimental plots belonging to
the Spanish Forest Research Center (INIA-CIFOR) and
biomass equations for P. sylvestris (Ruiz-Peinado et al.,
2011), it was concluded that lightly-thinned stands had
higher on-site carbon biomass stocks (151 Mg C/ha)
than either unthinned stands (145 Mg C/ha) or heavily
thinned stands (116 Mg C/ha) (Fig. 1). When the offsite carbon stock (harvested biomass) is included in
this balance, managed stands always present higher
accumulated carbon stocks. Lightly- thinned stands
reached 181 Mg C/ha, heavily thinned stands 174 Mg
C/ha while unthinned stands were found to have 161
Mg C/ha. The loss of production in heavily thinned
P. sylvestris in comparison with lightly thinned stands
has previously been reported across Europe, both in
terms of volume production (e.g., Mäkinen & Isomäki,
August 2017 • Volume 26 • Issue 2 • eR04S
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Figure 1. Effect of forest management on live biomass
carbon stock in low quality sites of Pinus sylvestris
stands in Central Spain for different thinning regimes.
2004; Río et al., 2008b) and of carbon stocks in the
Mediterranean region (Bravo-Oviedo et al., 2015; RuizPeinado et al., 2016).
Although addressing carbon sequestration issues was
not envisaged when the long-term experiments were
established, these trials contribute valuable information
in terms of identifying trends, providing pertinent
information for planning purposes (Table 1).
Regarding the distribution of carbon in different
forest compartments, empirical studies focused on
thinning and conducted in the Mediterranean area for
Pinus pinaster Ait. (Ruiz-Peinado et al., 2013a) and
P. sylvestris stands (Bravo-Oviedo et al., 2015; RuizPeinado et al., 2016) found that on-site biomass carbon
stocks were higher in unmanaged stands and decreased
as the thinning intensity increased. The amount of
deadwood was higher in unmanaged forests when a
whole-tree harvesting method was applied and was
lower when stem-only harvesting was used. Forest floor
carbon stocks generally showed a decreasing trend as
the thinning intensity increased, although differences
were not statistically significant. These authors also
found no differences between thinning intensities as
regards the mineral soil carbon stock.
Besides the thinning intensity, the type of thinning
also affects the carbon sequestration rates and mean
residence time of the products. Thinning from below
presented the highest carbon sequestration rate, while
mixed thinning and thinning from above resulted in
lower carbon storage rates than in unthinned stands
(Hoover & Stout, 2007; D’Amato et al., 2011).
However, the products obtained using the latter type of
thinning presented the longest lifespan (long-lived wood
products) due to the greater dimensions of the wood
Forest Systems

harvested in the intermediate cuttings. Nevertheless,
the products obtained at the final harvest might be of
smaller size than those obtained where thinning from
below is employed, which could affect the lifespan of
the product and the substitution effect (avoiding carbon
fossil fuel emissions). Hence, thinning regimes and
product lifespan should be taken into account in order
to determine the most suitable forest management for
carbon sequestration (Perez-García et al., 2007; Fortin
et al., 2012; Prada et al., 2016).
Simulation of thinning regimes has been developed
to evaluate carbon sequestration in the biomass
compartment. Garcia-Gonzalo et al. (2007), using
a modeling approach, found that an increase in the
thinning intensity also led to an increase in the total
carbon stock, the pattern being similar for the different
species considered. Scenarios in which no thinning
was performed always showed the highest amounts of
carbon as the carbon stock was mainly in the standing
tree biomass. However, the lack of intermediate cuttings
resulted in a temporary absence of wood products. Río et
al. (2008a), using a growth model to compare different
thinning regimes (simulations), found that in the case
of Mediterranean maritime pine (P. pinaster) in central
Spain (rotation period of 80 years), the best carbon
sequestration strategy was to adopt an early (20 years),
heavy thinning regime. However the opposite tendency
has also been reported. For example, Balboa-Murias et
al. (2006) found the highest biomass stocks under light
thinning regimes (rotation period 30 years) in the case
of maritime pine plantations on the Atlantic coast of
Spain when the harvested wood is used for chipboard
or panelboard. Coletta et al. (2016) also observed that
for Douglas-fir plantations in Italy, a selective light
thinning regime was the best treatment (rotation period
30 years) in terms of biomass carbon stock, without
taking into account the harvested biomass. Under
other simulations for P. pinaster in Spain (rotation
period of 80 years), using a hybrid modeling approach
with different climate predictions, Río et al. (2017)
obtained the same pattern (heavy thinning regime) for
the reference climate (current mean climate) as well
as under a climate change scenario (+ 1.1 ºC annual
temperature and -2% annual precipitation).
If the productivity of the stand is not very high,
as is often the case in Mediterranean areas, timber
production may not be the main management
objective of the stand. Although thinning should be
performed in order to improve stand conditions (fire
risk reduction, avoiding growth stagnation, etc.),
thinning may also be appropriate where biomass is
grown for bioenergy purposes since the use of biomass
in energy production would lead to a reduction in
fossil fuel emissions.
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Carbon losses in forests resulting from episodes of
extreme heat and drought have been widely documented.
The severe heat and drought that occurred in Europe
in 2003 led to a 30% reduction in gross primary
productivity and net carbon source of 0.5 Pg C/yr (Ciais
et al., 2005). The same pattern was reported for drought
episodes in the Amazon region in 2005 and 2010
(Phillips et al., 2009; Feldpausch et al., 2016). These
carbon losses reflect a decline in tree growth, reduction
in net primary production and tree mortality (Ma et
al., 2012). Thinning to increase drought tolerance is
considered a short-term adaptation strategy in the face
of climate change, as stocking reduction will lead to
increased soil water availability per tree in comparison
to unthinned stands (D’Amato et al., 2013; Bradford &
Bell, 2017). As thinning from below will focus growth
on the stronger, remaining trees, mortality will decrease
and carbon stocks will be maintained and/or increase.
Sohn et al. (2016) in a meta-analysis reported that
thinned stands maintained higher growth levels before,
during and after drought events and that the benefits
increased with thinning intensity. These authors also
reported that the benefits of thinning decreased with
time the elapsed since the treatment was performed.
These important findings are supported by recent
studies in Mediterranean areas in which authors report
that thinning enhances drought tolerance, with thinned
stands showing higher growth than unthinned stands
(Fernández-de-Uña et al., 2015; Aldea et al., 2017).
The results obtained by Ruiz-Benito et al. (2013) also
point to thinning as a suitable climate change adaptation
strategy, leading to lower tree mortality. The trade-offs
between mitigation and adaptation could be of particular
importance in Mediterranean areas. For example, heavy
thinning leads to greater water availability per tree but
could reduce carbon sequestration rates. Conversely,
light thinning maintains high carbon stocks in-situ but
may increase their vulnerability in areas with high risk
of disturbance (D’Amato et al., 2011).

Rotation period
Extending the rotation period has been identified as
a suitable management approach with regard to carbon
storage both for tree biomass and soil carbon (Liski
et al., 2001; Bravo et al., 2008a; Sohngen & Brown,
2008; Roberge et al., 2016). Optimal rotations have
traditionally been defined by economic objectives,
subject to temporal burdens, neglecting the potential that
mature stands still possess in terms of tree growth. Litter
production could also be greater beyond the rotation
period, which would have a positive influence on the
soil carbon stock. Furthermore, the products obtained
using a longer rotation would be of larger dimensions;
Forest Systems

hence, carbon could be stored in manufactured products
with a longer lifespan. However, if the rotation period
were prolonged excessively, the decrease in net primary
production, along with an increase in the mortality rate,
could offset the abovementioned beneficial effects.
Another risk associated with a longer rotation period
is that timber rot may attack certain trees, such as the
Mediterranean species Phellinus pini (Brot.) Bondartsev
and Singer attacks Pinus pinea L. (García-Güemes &
Montero, 1998), leading to a loss in the value of the
wood. Certain net carbon effects cited in the literature
are presented in Table 2.
Longer rotation lengths have been simulated
using models such as CO2fix (Nabuurs & Schelhass,
2002; Masera et al., 2003), which have pointed to
the effectiveness of this strategy in achieving higher
amounts of carbon (e.g., Kaipainen et al., 2004;
Kaul et al., 2010; Nizami et al., 2014; Prada et al.,
2016). However, the existing literature on this subject
contains scarce real examples of extended rotation
periods, which would be necessary to confirm the
model predictions. For example, Moreno-Fernández
et al. (2015) studied a chronosequence in two Scots
pine stands in a Mediterranean mountain area where
regeneration is achieved using the shelterwood system.
Thinning intensities were similar between stands, but
there were distinct rotations periods due to differences
in the regeneration system (for more details see the cited
paper). One of the main conclusions of the authors was
that longer rotation periods were more advantageous as
regards carbon sequestration. In addition, they highlight
the role of longer rotation periods to improve structural
biodiversity, achieve natural regeneration and lower the
susceptibility to drought.
Shorter rotation periods could also be considered
which approximate the age of the maximum mean annual
increment in order to maximize biomass productivity
and biomass carbon sequestration. However, longer
rotations yielded a higher proportion of stem carbon
storage (Bravo et al., 2008a, 2017; Tonon et al., 2011).
Thus, wood products with longer lifespans may result
from longer rotations, which is of particular importance
for off-site carbon storage.

Species composition
Silvicultural techniques could be used to convert
existing stands to more suitable stand compositions,
which may imply changing the main species or mixtures
as a strategy to increase carbon sequestration as well as
to mitigate and adapt to the effects of global change. In
the same way, forest managers can also select the most
appropriate combination of species in plantations with
this objective in mind.
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Table 2. Effects of extending the rotation period in different species.
Reference

Species

Liski et al. (2001)

coniferous

Kaipainen et al. (2004)

pine

Pinus sylvestris
Picea abies
Pinus sylvestris

Pinus pinaster

Kaipainen et al. (2004)

spruce

Picea abies
Picea sitchensis

Bravo et al. (2008a)

Pinus sylvestris
Pinus pinaster

Extending length period proposed
(rotation period)
+ 30 years
(from 90 to 120 in Finland)
(from 90 to 120 in Finland)

Long-term effect
(% C/ha or Mg C/ha)
Total C increases
Total C decreases

+ 20 years
(from 90 to 110 in Finland)
(from 120 to 140 in Germany)
(from 100 to 120 in Spain)
(from 80 to 100)

+ 6-13% C/ha

+ 20 years
(from 90 to 110 in Finland)
(from 100 to 120 in Germany)
(from 40 to 60 in UK)

+ 14-37% C/ha

+ ~40-50 years
(from 70-80 to 120-140 in Spain)
+ ~50 years
(from 80-100 to 130-150 in
Spain)

+ 13-42% C/ha
+ 22-28% C/ha

González-Benecke et al.
(2010)

Pinus elliotti

+ 13 years
(from 22 to 35 in USA)

+ 21-28 Mg C/ha

Kaul et al. (2010)

Shorea robusta

+ 30 years
(from 120 to 150 in India)

+ 18% C/ha

Nizami et al. (2014)

Hevea brasilensis

+ 5 years
(from 35 to 40 in China)

González-Benecke et al.
(2015)

Pinus pallustris

+ 25 years
(from 75 to 100 in USA)

+ 10 Mg C/ha

Prada et al. (2016)

Castanea sativa

+ 20 years
(from 40 to 60 in Spain)

+ 10% C/ha

Few studies have focused on the importance of
the species admixture in carbon sequestration (e.g.,
Gamfeldt et al., 2013; Ruiz-Benito et al., 2014), although
some have addressed the increase in stand productivity
in mixed stands (e.g., Forrester et al., 2006; Pretzsch et
al., 2013, 2015; Liang et al., 2016). Therefore, we might
hypothesize that the carbon stock in living biomass in
mixed stands of complementary species will also be
higher than in monocultures. Higher productivity in
mixed stands as opposed to monospecific stands has
also been reported for Mediterranean forests (e.g., Río
& Sterba, 2009; Nunes et al., 2013; Riofrío et al., 2017),
although it is important to state that the effect of mixing
on productivity varies with stand development stage,
stand density and site conditions (Forrester, 2014).
A less known effect of mixing, which is important to
consider in the context of carbon sequestration, is its
effect on wood quality (Pretzsch & Rais, 2016), which
can have a significant influence on the lifespan of offsite carbon stocks.
Forest Systems

Tree species richness has an impact on soil carbon
stock through litter quality, nitrogen fixation and rooting
pattern, as well as on the water balance, soil microclimate
and nutrient availability (Böttcher & Lindner, 2010).
Gamfeldt et al. (2013) concluded that soil carbon
storage in organic soil (forest floor) increased with tree
species richness. The results of a study by Dawud et al.
(2016) revealed that forests with greater diversity had
higher soil carbon stocks in samples taken from deeper
layers (from 20 to 40 cm depth), which may be related
to the stratification of roots of different tree species
(niche complementarity).
A review of the existing literature suggests that the
impact on forest floor or mineral soil depends on the
identity of the species, species richness and typology
of the admixture. Díaz-Pinés et al. (2011) observed that
forest floor in Mediterranean mixed stands of Scots
pine and Pyrenean oak (Quercus pyrenaica Willd.)
presented intermediate soil carbon stocks between pure
pine (highest) and pure oak stands (lowest). However,
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as regards mineral soil, they found no differences
between pinewoods and mixtures (oak stands had lower
carbon stocks). González-González et al. (2012) found
that mixtures with Q. ilex (Holm oak) in Spain showed
lower soil carbon stocks than pure stands, although the
differences were not statistically significant. Cavard
et al. (2010) found that the mixture effect can be
unfavorable when two species are mixed in a highly
competitive environment (competing at the same level
for the light, water and nutrient resources) in the absence
of complementarity. Forrester et al. (2013) found that
soil organic carbon in mixed plantations of Eucalyptus
and N-fixing Acacia in Australia was higher than in pure
plantations due to the increase in productivity resulting
from the inclusion of the latter species.

Harvesting operations
Harvesting operations modify the stand conditions
since biomass, and therefore stored carbon, is removed
from the forest. During these processes, the soil is
also affected as the forest floor and mineral top layer
may be mixed by the machinery used in harvesting.
Compaction processes could also affect the mineral
soil depending on the harvesting intensity and the
type of machinery employed (e.g., Ampoorter et al.,
2012; Cambi et al., 2015). Tree cover reduction and
the effects of harvesting on the soil could lead to
soil erosion. As previously mentioned, decreasing
tree cover will reduce litterfall, although there may
be an accumulation of logging residue at the time of
harvesting. The soil microclimate will also be affected
as more radiation reaches the soil, photodegradation
being one of the main drivers of litter decomposition
and leading to a possible increase in soil temperature
and reduced moisture. In turn, these effects could
have a notable influence on the decomposition
rate of organic matter, with an intensification of
decomposition in moist climates (Son et al., 2004;
Kunhamu et al., 2009) although the opposite could
occur in drier climates (Blanco et al., 2011; LadoMonserrat et al., 2015; Bravo-Oviedo et al., 2017).
All these processes can modify soil carbon content
and this can be especially significant in the case of the
forest floor. The meta-analysis conducted by Nave et
al. (2010) found that harvesting (in general) involves
a small reduction (-8%) in total soil carbon stock. But
the effects were different depending on the considered
compartment: a considerable reduction was found for
the forest floor carbon stock (-30%) and no significant
effects were reported for mineral soil carbon stock.
The same general tendency was reported by James
& Harrison (2016) with a mean soil carbon stock
reduction of 14.4%.
Forest Systems

Harvesting methods influence the soil carbon stock
in several ways depending on the residue management
approach employed. Johnson & Curtis (2001) reported
that whole-tree harvesting resulted in slight decreases in
soil organic carbon stock (-6%) while sawlog harvesting
increases (18%) the soil carbon stock in the A horizon.
Achat et al. (2015) stated that conventional harvesting
of tree stems (sawlog) reduced the forest floor carbon
stock by 22% in comparison to unharvested stands, but
no effects were found in the mineral soil organic carbon
stock. When intensive harvesting was considered
(whole-tree harvesting), the forest floor carbon stock
was reduced by 37% and mineral soil carbon stock was
mainly affected in the deeper layers (-7%).
Some of the abovementioned processes in forest
soils will vary according to the climate. Hence, specific
studies focusing on Mediterranean areas are required to
determine the impact of harvesting on carbon stocks.
Such studies could help to enhance our understanding
of the carbon and nutrient cycle in these areas and allow
policy makers to develop sustainable management
policies (e.g., Blanco et al., 2005; Merino et al., 2008;
Ruiz-Peinado et al., 2013a; 2016; Bravo-Oviedo et al.,
2015). Special care must be taken under fast-growing
species with intensive harvesting as productivity could
be negatively affected in the long term (Merino et al.,
1998; 2005; Edeso et al., 1999; Gartzia-Bengoetxea et
al., 2009).

Fires
Two main types of forest fires exist: wildfires and
prescribed or controlled burnings (Certini, 2005).
According to this author, wildfires are very severe fires
with low recurrence and which affect all fuel loads.
Prescribed burnings are low severity, standard operations
to decrease fuel levels and which can be applied with
high frequency. These prescribed burnings affect mainly
forest floor or slash, with the main objective of reducing
the extent and severity of wildfires.
In the Mediterranean area, wildfires are the most
important disturbance agents and fire risk has to be taken
into account in forest management. Hence, prescribed
fires could be used to reduce wildfire risk by decreasing
fuel load. In this area, many species show adaptation
strategies to the fire regime in order to increase their
resilience to this disturbance: resprouting, serotiny, firestimulated germination, enhanced flammability, thick
bark, etc. (e.g., Keely et al., 2011; Pausas, 2015).

Wildfires
Although the most evident impact of wildfires
on forest carbon stocks is the total or partial loss of
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aboveground biomass, in terms of long-term carbon
sequestration in stable compartments, litter and soil
organic carbon are severely affected by fires. The
overall effect of wildfires on soil organic carbon
stock depends on factors such as fire intensity (energy
release), severity (impact on ecosystem components)
and soil characteristics (porosity, moisture, etc.). In this
regard, Johnson & Curtis (2001) reported no significant
overall impact of fires in A horizons or whole soils.
They also found that there was an increase in soil
carbon stocks where fires had occurred more than 10
years previously, which could reflect the incorporation
of unburnt residues; the transformation of fresh
materials to more recalcitrant forms; the emergence of
N-fixing species that enhance soil carbon sequestration
or a decline in the mineralization rate (Certini, 2005).
In contrast, a meta-analysis by Nave et al. (2011)
found that wildfires in temperate forests led to a mean
reduction in soil carbon stock of 35% and it was
estimated that the recovery period could be between
100 and 130 years. These authors also observed that the
impact of fire on soil carbon stock differs according to
the soil layer considered, with a carbon stock reduction
of 59% in the forest floor and no significant decline in
the mineral soil.
In the case of Mediterranean ecosystems, Caon et al.
(2014) stated that, as a general pattern, the forest floor
carbon stock was reduced after wildfire and the mineral
soil carbon stock declined in the short-term as well as

long-term. The severe impact of fire on the forest floor is
clearly the result of almost all the fresh litterfall material
being burned. However, as regards the first layer of
mineral soil, some studies have reported higher carbon
stocks in burned areas in comparison to unburned areas,
although differences are often not significant (Certini
et al., 2011; Santana et al., 2016). Different impacts
of wildfires as regards forest floor and mineral soil
concentration and stock are shown in Table 3.
To maintain or recover soil carbon stocks, forestry
strategies should firstly focus on minimizing the risk of
wildfire and secondly, if a wildfire has already occurred,
on restoring the forest cover in order to maintain and
recover soil carbon stocks. In Mediterranean areas,
carbon loss from mineral soil could be severe in the
post-fire period due to soil erosion as the tree layer and
forest floor could be greatly reduced (Novara et al.,
2011; Caon et al., 2014).
Forest managers must take into account the
wildfire risk, bearing in mind that the fire regime in
the Mediterranean Basin has changed over the last 50
years with an increase in frequency and especially in
size (Pausas & Fernández-Muñoz, 2012). Therefore,
fire-smart forest management could involve changes to
rotation lengths as well as to the timings and intensity
of thinning treatments (González-Olabarría et al., 2008;
García-Gonzalo et al., 2014) together with the removal
of surface fuels through prescribed burning or the use
of mechanical tools.

Table 3. Tendencies in soil carbon stock and content in Mediterranean forests and shrublands after fire.
Fire type
Wildfires

Reference

Forest floor

Mineral soil

Mineral soil

C stock

C stock

C concentration

Hernández et al. (1997)

↓

González-Pérez et al. (2004)

↑
↓

Tinoco et al. (2006)
Certini et al. (2011)

↓

NE (↑)

NE (↓)

Vergnoux et al. (2011)
Rovira et al. (2012)

↓

Badía et al. (2014)

NE (long-term)
↓ (long-term)

Caon et al. (2014)
Santana et al. (2016)
Prescribed burnings

NE

De Marco et al. (2005)
Campo et al. (2008)
Granged et al. (2011)
Meira-Castro et al. (2015)
Alcañiz et al. (2016)
Armas-Herrera et al. (2016)

↓

↑

↑
↑
NE
↓
NE
NE (long-term)
↓

↑ soil carbon stock/concentration increased; ↓ soil carbon stock/concentration decreased; NE: no significant effect with tendency in
brackets if reported.
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Prescribed burnings
As described above, prescribed burning is a valuable
forest management tool used to reduce fire risk by
decreasing fuel load. The effects of prescribed fires
on soil carbon stocks vary considerably, although the
impact is generally lower than that of wildfires. These
effects will depend on frequency and severity, due to
the limited soil heating and the protective effect of the
remaining surface cover (Fernandes et al., 2013). As
regards differences between low or high frequency
fire occurrence, Benett et al. (2014) identified a slight,
although not significant, decreasing tendency in soil
carbon stocks both for forest floor and mineral soil to
a 30-cm depth. The interval between prescribed fires
should be as long as possible in order to minimize the
potential carbon loss associated with high fire frequency
regimes. Temporary effects on soil carbon stocks may
be observed after a prescribed fire. In a study conducted
in a Mediterranean forest, Alcañiz et al. (2016) found
an increase in the carbon concentration one year after
the fire and then a progressive decrease over time to
lower values than those registered previous to the fire,
although differences were not statistically significant.
Other studies of prescribed burning in Mediterranean
areas which describe tendencies in soil carbon stock are
presented in Table 3.
The severity of prescribed burning should also be
taken into account as regards carbon stocks. Less severe
fires should be established as the most sustainable
regime (Fernandes et al., 2013) in order to maintain
the soil carbon stocks as high as possible. There may
also be a notable loss of carbon through soil erosion
following a prescribed fire, reaching similar levels to
those of direct carbon loss through fire.
Although the use of mechanical tools both to reduce
the fuel load and use of wood chips for energy purposes
may be preferred to prescribed burning (Madrigal et
al., 2017), the latter is a more cost-effective operation
(Fernandes et al., 2013) which could also have a
positive influence on tree growth as long as it is of low
intensity (Valor et al., 2013).

Afforestation
Even in the Mediterranean area where productivity
is not particularly high, afforestation offers a high
potential for carbon sequestration as tree biomass
develops quickly, rapidly exceeding that of areas with
no afforestation or that of natural stand development.
The effects on soil carbon stocks are also significant
(e.g., Novara et al., 2012; Pérez-Cruzado et al., 2012),
with mean ratios of mineral soil carbon sequestration
of 0.46 Mg C/ha·yr in temperate areas for land-use
Forest Systems

change from cropland to forest (0.80 Mg C/ha·yr
including forest floor and mineral soil) (Poeplau et al.,
2011). However, soil carbon sequestration processes
are very slow and changes are difficult to determinate
in the short-term due to the high spatial variability. Soil
preparation techniques could also cause a temporary
reduction in soil carbon stock in the short- or mediumterm and the net effects on the soil of afforestation may
be delayed due to the mixing of forest floor and mineral
soil along with the exposure of the latter, which leads to
an increase in decomposition rates (Jandl et al., 2007).
Carbon losses are higher as the intensity of the soil
disturbance increases (e.g., Johansson, 1994; GartziaBengoetxea et al., 2011; Fonseca et al., 2014; Wang
et al., 2016). Intense soil preparation techniques, e.g.
mechanical terracing, which has been used in some
areas of Spain, is not thought to increase soil organic
carbon (Garcia-Franco et al., 2014). Segura et al.
(2016) compared different soil-preparation techniques
at a semi-arid site, reporting that they had a similar
effect on carbon stocks in the medium-term. These
authors suggest that because both soil carbon dynamics
and input of organic matter take place very slowly in
Mediterranean areas, evidence of changes may be
difficult to detect in the short or medium-term. Hence,
any increase in soil organic carbon stocks resulting
from litter inputs and soil protection may only become
apparent after a long time period (Fernández-Ondoño
et al., 2010).
The main improvement in soil carbon sequestration
and soil fertility (Jandl et al., 2007) associated with
afforestation results from increased litterfall and
rhizodeposition inputs, improved soil protection due
to the soil cover, greater nutrient availability and
increased water-retention capacity (e.g., FernándezOndoño et al., 2010; Tesfaye et al., 2016). The amounts
of soil carbon sequestered will depend on the species
used (e.g., Pérez-Cruzado et al., 2012; Vesterdal et al.,
2013; Gómez de la Bárcena et al., 2014). The use of
N-fixing species could provide an optimal strategy as
these species stimulate the humification of the litter,
increasing the soil carbon sequestration (Prescott,
2010).
The previous land use, as previously mentioned, is
considered the main factor when assessing soil carbon
pools as this is the reference level for accounting
soil carbon stock. According to results of a study by
Laganière et al. (2010), afforestation in croplands
results in a mean increase of 26% in soil organic carbon
stocks, with slight improvements in pastures (3%)
and natural grasslands (9%), although not statistically
different from zero. These authors also support the
observation that clay soils have a greater carbon
storage potential (+25%) than coarse-textured soils.
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Table 4. Main effects (both positive and negative) of forest management on forest carbon stocks in the Mediterranean
area.
Decision
about
Structure

Treatment

Rotation period

Species composition

Simple management

Stages with reduced or no soil cover that
could finish in soil erosion, increase in
decomposition rates of organic matter
and soil carbon stock reduction

Uneven-aged

Higher carbon stocks (Observed & Modelled)
than even-aged stand
Soil protection (higher soil carbon stock)

Complex management
Higher forest fire risk (vertical canopy
structure)

Coppice
systems

Recovery of coppice systems (now mainly
Intensive management could reduce soil
unmanaged)
carbon and nutrient stocks
Firewood production (bioenergy)
Incorporation of a tree layer (multiple products) Complex management
Higher carbon stocks

Shrub layer

Higher carbon stocks (biomass and soil)
Soil cover (reduced erosion)
Tree regeneration could be enhanced (nurse
effect)

Higher forest fire risk (more biomass and
continuous structure)
Tree regeneration could be difficult to
obtain (competition processes)

Unthinned

Higher carbon stock on-site

Higher carbon stocks on-site could not be
a good strategy in areas with high risk of
disturbances

Thinned

Carbon storage off-site
Flexibility of thinning intensities for carbon
storage
No significant effect in forest floor and mineral
soil carbon stock in medium-long rotations
Higher biomass and soil carbon stocks
Higher sizes of wood products
Enhancement of biodiversity

Intensive management could reduce soil
carbon and nutrient stocks

Extending rotation period
Shorter rotation period
Pure stands
Mixed stands

Harvesting

Fires

Forest Systems

Maximum annual carbon increment
Simple management
Higher productivity in case of complementary
species
More diverse ecosystem services (adaptation to
climate change)
Higher impact of species richness in soil carbon
stock
Soil carbon stock depends on species identity
Wood products
Competition control
Reduction of fire risk (on-site carbon protection)

Wildfires

Prescribed
burning

Afforestation

Handicaps

Even-aged

Agroforestry
systems

Stocking
reduction

Advantages

Higher risk of timber rot attacks

Wood products are not showing the maximum lifespan
Higher fire risk or disturbance effects
Complex management

Reduced litter inputs and soil cover
Potential increase of decomposition rates
Compaction could impact soil carbon
storage
Aboveground biomass losses (total or
partial)
A general reduction of soil carbon stocks

Planned reduction of fire risk (by biomass
reduction)
Complex management

Partial reduction of aboveground biomass
and forest floor (depends on fire intensity)
Temporal effect on soil carbon stock
(reduction)

Improve in biomass and soil carbon stock (depending on previous land use)
Improve on soil fertility (higher litterfall inputs,
depending on previous land use)

Soil carbon sequestration is a very slow
process in poor soils under Mediterranean
climate
Site preparation techniques could impact
soil carbon stocks
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Furthermore, the tree species planted is important; the
soil carbon stock increments approximating 25% when
broadleaf species are employed whereas the percentage
drops to 12% in the case of Pinus spp. or Eucalyptus
spp. However, processes that stabilize carbon in
soils are slow, perhaps taking more than a century.
Therefore, any increment may not be detected in the
short or medium-term (Poeplau et al., 2011). Their
results revealed that in the temperate area, afforestation
of croplands led to an increase of 22% in the soil carbon
stock in the first 20 years and 117% after 100 years,
considering forest floor and mineral soil to a depth
of 30 cm. These authors reported that almost 30% of
this stock is present in the forest floor in a labile form
that could be affected by disturbances. Conversion of
grassland to forest resulted in a reduction of 4% in
the soil carbon stock 20 years after the afforestation.
Additionally, they reported that the soil carbon stock
could be temporarily reduced in the short- or mediumterm due to the soil preparation techniques (as it has
been mentioned in a previous section), with an increase
of 30% after 100 years (including forest floor), mainly
due to the forest floor carbon accumulation. Nave et al.
(2013) reported that afforestation increases soil carbon
stocks by 21% and that this increase can be observed
between 15 and 30 years after the afforestation. This
time span may not be sufficient in arid or semi-arid
areas in the Mediterranean region due to the poor soil
conditions and slow soil dynamics under this climate.
Hence, soil organic carbon stocks in a semi-arid area
under a different land use may not differ significantly
(Albaladejo et al., 2013).

Perspectives and challenges
Carbon sequestration potential and human
intervention in forests was identified as a research
priority at the beginning of this century for Mediterranean
forests (Scarascia-Mugnozza et al., 2000). An
important research effort has been undertaken over
the last decade to improve forest carbon estimations
and to determine the effects of management on carbon
sequestration in the Mediterranean area, as described
this review and summarized in Table 4. Most of this
research has been done in the northern and western
areas of the Mediterranean region, but more research
along these lines is currently in progress in southern
and eastern areas (e.g., Durkaya et al., 2013; Makineci
et al., 2015; Oubrahim et al., 2015; Zribi et al., 2016).
In spite of this effort, there are still certain gaps in our
knowledge that need to be addressed in order to fulfill
the requirements of our society. Most of these gaps in
our knowledge are not specific to Mediterranean forests,
Forest Systems

such as the need for better estimation of belowground
biomass or the need to develop biomass equations for
mixed forests. Others, however, are more pronounced
in this region, such as the role of afforestations for
carbon sequestration.
Many of the studies focusing on different
management alternatives, such as extending rotation
period, different age structures or thinning schedules,
have been based on forest model simulations (e.g.,
Liski et al., 2001; Bravo et al., 2008a; Rio et al.,
2017). Although this approach can help to identify
the best management alternatives in terms of carbon
accounts, empirical studies which consider all forest
carbon compartments are needed to test the simulation
results. This fact is even more patent for Mediterranean
forest, since there are scarce empirical studies dealing
with management alternatives (e.g., de las Heras et
al., 2013; Ruiz-Peinado et al., 2013a; 2016; BravoOviedo et al., 2015). For instance, only a few studies
have addressed the effect of silvicultural treatments on
carbon sequestration in Mediterranean coppices (e.g.,
López-Serrano et al., 2010; Makineci et al., 2015) or
the effect of longer rotation periods in this area (Bravo
et al., 2008a; Moreno-Fernández et al., 2015).
Mixed forests display huge potential benefits in
terms of ecosystem services (depending on site and
species) so interest in this kind of forest is currently
increasing (Bravo-Oviedo et al., 2014). Most of the
tree biomass models developed to estimate forest
carbon have been fitted as species-specific models.
However, tree allometry depends on several factors
such as site conditions or species composition (e.g.,
Barbeito et al., 2014; Pretzsch, 2014). The applicability
of species-specific biomass models developed in pure
stands should be tested in mixed stands, and specific
models for mixed stands or generalized equations for
admixtures should also be developed in order to obtain
accurate carbon estimations.
The belowground biomass stock is the least studied
compartment due to the difficulty involved in sampling,
measuring and estimating this stock. Nevertheless,
the importance of this carbon compartment is
unquestionable, particularly in Mediterranean areas
where woody species are mainly resprouters. Root
systems could account for more than 50% of total
biomass in Quercus spp. coppices (e.g., Canadell et
al., 1999; Serrada et al., 2013; Cotillas et al., 2016)
with higher values in shrublands (e.g, Cañellas & San
Miguel, 2000; Marziliano et al., 2015). Belowground
biomass in broadleaf stands was found to be 25%
higher than in conifer stands (Montero et al., 2005).
High variability can be found depending on water and
nutrient availability. Moreover, root loss in sampling
procedures can account for up to 35% in the case of
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Fagus sylvatica (Le Goff & Ottorini 2001), 15% in
maritime pine (Danjon et al., 2013) or 23% in some
tropical forests (Niiyama et al., 2010). It has been
suggested that the degree of loss is dependent on tree
size (the larger the tree, the greater the root biomass loss)
and that losses are greater in stony soils and/or when
the species shows a deeper rooting pattern (Danjon et
al., 2013). Accurate estimation is necessary in order to
determine belowground biomass carbon stocks. Hence,
more research is needed to identify a suitable sampling
approach; comparing different methods to find the most
accurate, cheapest and easiest method to perform this
estimation on larger samples.
In the Mediterranean area, forest stands and soils have
historically suffered profound, permanent alterations as
a consequence of deforestation, cultivation, grazing,
fires, etc., which are associated with degradation
processes such as soil erosion and land use changes.
These processes, together with the spatial and temporal
variability of the Mediterranean climate have led to
poor conditions for forest restoration and the evolution
of soils may be unknown. Within the context of
international agreements aimed at the reduction of
CO2 emissions (Kyoto Protocol, Paris Agreements,
European Climate Policy), which refer to the role of
afforestation in sequestering carbon, more studies
focusing on soil carbon sequestration are needed to
determine the response of the soil to afforestation,
placing special emphasis on Mediterranean areas and
on the way in which these processes take place in
naturally regenerated areas of former agricultural land
(Merino et al., 2016).
Using forest management strategies to mitigate the
effect of climate change, the timeframe for becoming
a low-carbon economy may be lengthened. However,
climate change influences the functioning of forests so
management strategies should also aim to adapt forest
ecosystems to change. The better forests are adapted
to climate change the lower the impact will be. Thus,
by furthering our understanding of forest drought
adaptation, the effects of soil degradation and fertility
loss or productivity reduction in the Mediterranean area
due to global change, etc., it may be possible to develop
suitable forest management strategies which combine
both adaptation and mitigation (e.g., Verchot et al.,
2007; D’Amato et al., 2011; 2013; Sohn et al., 2016).
Besides the trade-offs between adaptation
and mitigation, in order to correctly address the
abovementioned gaps in our knowledge as regards the
impact of forest management on carbon sequestration,
multidisciplinary studies must be undertaken which
consider all the forest carbon components (biomass of
trees and understory vegetation, soils, and off-site carbon
storage), as well as the short and long-term effects of
Forest Systems

management. Therefore, a major challenge in the case
of Mediterranean forests is to undertake new holistic
experimental studies to compare forest management
alternatives based on long-term monitoring.

Acknowledgments
This work is included as one of the lines of research
developed by Dr. Gregorio Montero up until his
retirement in October 2016. He led most of the research
projects on this topic where he played a key role in the
development of the ideas, detection of difficulties and
solutions as well as publication of the project results.
This manuscript is intended to be a gentle tribute from
his colleagues and friends for his support, leadership
and kindness. We thank the editor and two anonymous
reviewers for their comments, which have helped to
improve the quality and clarity of the manuscript. We
also thank to Adam Collins for the English grammar
review.

References
Achat DL, Fortin M, Landmann G, Ringeval B, Augusto L,
2015. Forest soil carbon is threatened by intensive biomass
harvesting. Sci Rep 5: 15991. https://doi.org/10.1038/
srep15991
Albaladejo J, Ortiz R, Garcia-Franco N, Navarro AR, Almagro
M, Pintado JG, Martínez-Mena M, 2013. Land use and
climate change impacts on soil organic carbon stocks in
semi-arid Spain. J Soil Sedim 13: 265-277. https://doi.
org/10.1007/s11368-012-0617-7
Alcañiz M, Outeiro L, Francos M, Farguell J, Úbeda X,
2016. Long-term dynamics of soil chemical properties
after a prescribed fire in a Mediterranean forest (Montgrí
Massif, Catalonia, Spain). Sci Total Environ 572: 13291335. https://doi.org/10.1016/j.scitotenv.2016.01.115
Aldea J, Bravo F, Bravo-Oviedo A, Ruiz-Peinado R, Rodríguez
F, Río M, 2017. Thinning enhances the species-specific
radial increment response to drought in Mediterranean
pine-oak stands. Agr Forest Meteorol 237-238: 371383. https://doi.org/10.1016/j.agrformet.2017.02.009
Ampoorter E, de Schrijver A, Van Nevel L, Hermy M,
Verheyen K, 2012. Impact of mechanized harvesting on
compaction of sandy and clayey forest soils: results of
a meta-analysis. Ann For Sci 69: 533-542. https://doi.
org/10.1007/s13595-012-0199-y
Armas-Herrera CM, Martí C, Badía D, Ortiz-Perpiñá O,
Girona-García A, Porta J, 2016. Immediate effects of
prescribed burning in the Central Pyrenees on the amount
and stability of topsoil organic matter. Catena 147: 238244. https://doi.org/10.1016/j.catena.2016.07.016
August 2017 • Volume 26 • Issue 2 • eR04S

16

Ricardo Ruiz-Peinado, Andrés Bravo-Oviedo, Eduardo López-Senespleda, Felipe Bravo and Miren del Río

Badía D, Martí C, Aguirre AJ, Aznar JM, González-Pérez
JA, De la Rosa JM, León J, Ibarra P, Echeverría T, 2014.
Wildfire effects on nutrients and organic carbon of a
Rendzic Phaeozem in NE Spain: changes at cm-scale
topsoil. Catena 113: 267-275. https://doi.org/10.1016/j.
catena.2013.08.002
Balboa-Murias MA, Rodriguez-Soalleiro R, Merino A,
Álvarez-Gonzalez JG, 2006. Temporal variations and
distribution of carbon stocks in aboveground biomass of
radiata pine and maritime pine pure stands under different
silvicultural alternatives. For Ecol Manag 237: 29-38.
Barbeito I, Collet C, Ningre F, 2014. Crown responses to
neighbor density and species identity in ayoung mixed
deciduous stand. Trees 28: 1751-1765. https://doi.
org/10.1007/s00468-014-1082-2
Bennett LT, Aponte C, Baker TG, Tolhurst KG, 2014.
Evaluating long-term effects of prescribed fire regimes
on carbon stocks in a temperate eucalypt forest. For Ecol
Manag 328: 219-228.
Blanco JA, Zavala MA, Imbert JB, Castillo FJ, 2005.
Sustainability of forest management practices: Evaluation
through a simulation model of nutrient cycling. For Ecol
Manag 213: 209-228.
Blanco JA, Imbert JB, Castillo FJ, 2011. Thinning affects
Pinus sylvestris needle decomposition rates and chemistry
differently depending on site conditions. Biogeochemistry
106: 397-414. https://doi.org/10.1007/s10533-010-9518-2
Botequim B, Zubizarreta-Gerendiain A, Garcia-Gonzalo
J, Silva A, Marques S, Fernandes P, Pereira J, Tomé M,
2014. A model of shrub biomass accumulation as a tool
to support management of Portuguese forests. iForest 8:
114-125.
Böttcher H, Lindner M, 2010. Managing forest plantations
for carbon sequestration today and in the future. In:
Ecosystem goods and services from plantation forests;
Bauhaus P, van der Meer P, Kanninen M (Eds.). Earthscan,
London, UK, pp: 43-76.
Bradford JB, Bell DM, 2017. A window of opportunity
for climate-change adaptation: easing tree mortality by
reducing forest basal area. Front Ecol Environ 15: 1117. https://doi.org/10.1002/fee.1445
Bravo F, Bravo-Oviedo A, Díaz-Balteiro L, 2008a. Carbon
sequestration in Spanish Mediterranean forest under two
management alternatives: a modeling approach. Eur J For
Res 127: 225-234. https://doi.org/10.1007/s10342-0070198-y
Bravo F, Río M, Bravo-Oviedo A, del Peso C, Montero
G, 2008b. Forest management strategies and carbon
sequestration. In: Managing forest ecosystems: the
challenge of climate change; Bravo F, Jandl R, LeMay
V, Gadow K, (Eds). Springer Netherlands, pp: 179-194.
https://doi.org/10.1007/978-1-4020-8343-3_11
Bravo F, Río M, Bravo-Oviedo A, Ruiz-Peinado R, del
Peso C, Montero G, 2017. Forest carbon sequestration:
Forest Systems

the impact of forest management. In: Managing forest
ecosystems: The challenge of climate change; Bravo F,
LeMay V, Jandl R, (Ed.). Springer, pp: 251-275. https://
doi.org/10.1007/978-3-319-28250-3_13
Bravo-Fernández JA, Roig S, Serrada R, 2008. Selvicultura
de montes bajos y medios de Quercus ilex L., Q.
pyrenaica Willd. y Q. faginea Lam. In: Compendio de
Selvicultura aplicada en España; Serrada R, Montero
G, Reque J (Eds). INIA-Fundación Conde del Valle de
Salazar, Madrid, pp: 657-744.
Bravo-Oviedo A, Ruiz-Peinado R, Modrego P, Alonso R,
Montero G, 2015. Forest thinning impact on carbon stock
and soil condition in Southern European populations of
P. sylvestris L. For Ecol Manag 357: 259-267.
Bravo-Oviedo A, Pretzsch H, Ammer C, Andenmatten E,
Barbati A, Barreiro S, Brang P, Bravo F, Coll L, Corona
P, et al., 2014. European mixed forests: Definition and
research perspectives. For Syst 23: 518-533.
Bravo-Oviedo A, Ruiz-Peinado R, Onrubia R, Río M,
2017. Thinning alters the early-decomposition rate and
nutrient immobilization-release pattern of foliar litter in
Mediterranean oak-pine mixed stands. For Ecol Manag
391: 309-320.
Buckley P, Mills J, 2015. Coppice silviculture: from the
Mesolithic to the 21st century. In: Europe’s changing
woods and forests: from wildwood to managed landscapes;
Kirby K, Watkins C (Eds). Cabi Int, Oxfordshire, UK,
pp: 77-92. https://doi.org/10.1079/9781780643373.0077
Buresh RJ, Tian G, 1998. Soil improvement by trees in subSaharan Africa. Agroforest Syst 38: 51-76. https://doi.
org/10.1023/A:1005948326499
Cambi M, Certini G, Neri F, Marchi E, 2015. The impact of heavy
traffic on forest soils:Areview. For Ecol Manage 338:124-138.
Campo J, Gimeno-García E, Andreu V, González-Pelayo
O, Rubio JL, 2008. Aggregation of under canopy and
bare soils in a Mediterranean environment affected by
different fire intensities. Catena 74: 212-218. https://doi.
org/10.1016/j.catena.2008.05.002
Canadell JG, Raupach MR, 2008. Managing forests for climate
change mitigation. Science 320: 1456-1457. https://doi.
org/10.1126/science.1155458
Canadell J, Djema A, López B, Lloret F, Sabaté S, Siscart D,
Gracia CA, 1999. Structure and dynamics of the root system.
In: Ecology of Mediterranean evergreen oak forests; Rodá
F, Retana J, Gracia CA, Bellot J (Eds). Springer, pp: 4759. https://doi.org/10.1007/978-3-642-58618-7_4
Cañellas I, San Miguel A, 2000. Biomass of root and shoot
systems of Quercus coccifera shrublands in Eastern
Spain. Ann For Sci 57: 803-810. https://doi.org/10.1051/
forest:2000160
Cañellas I, Rio M, Roig S, Montero G, 2004. Growth
response to thinning in Quercus pyrenaica Willd. coppice
stands in Spanish central mountain. Ann For Sci 61: 243250. https://doi.org/10.1051/forest:2004017
August 2017 • Volume 26 • Issue 2 • eR04S

17

Forest management and carbon sequestration in the Mediterranean region: A review

Cañellas I, Sánchez-González M, Bogino SM, Adame P,
Herrero C, Roig S, Tomé M, Paulo JA, Bravo F, 2008.
Silviculture and carbon sequestration in Mediterranean
oak forests. In: Managing forest ecosystems: The
challenge of climate change; Bravo F, LeMay V, Jandl
R, Gadow K (Eds). Springer, pp. 317-338. https://doi.
org/10.1007/978-1-4020-8343-3_18
Caon L, Vallejo VR, Ritsema CJ, Geissen V, 2014. Effects
of wildfire on soil nutrients in Mediterranean ecosystems.
Earth-Sci Rev 139: 47-58. https://doi.org/10.1016/j.
earscirev.2014.09.001
Castro H, Freitas H, 2009. Above-ground biomass and
productivity in the Montado: From herbaceous to
shrub dominated communities. J Arid Environ 73: 506511. https://doi.org/10.1016/j.jaridenv.2008.12.009
Castro J, Zamora R, Hódar JA, Gómez JM, 2002.
Use of shrubs as nurse plants: A new technique for
reforestation in Mediterranean mountains. Restor
Ecol 10: 297-305. https://doi.org/10.1046/j.1526100X.2002.01022.x
Cavard X, Bergeron Y, Chen HYH, Paré D, 2010. Mixedspecies effect on tree aboveground carbon pools in
the east-central boreal forests. Can J For Res 40: 3747. https://doi.org/10.1139/X09-171
Certini G, 2005. Effects of fire on properties of forest soils:
a review. Oecologia 143: 1-10. https://doi.org/10.1007/
s00442-004-1788-8
Certini G, Nocentini C, Knicker H, Arfaioli P, Rumpel C,
2011. Wildfire effects on soil organic matter quantity
and quality in two fire-prone Mediterranean pine forests.
Geoderma 167: 148-155. https://doi.org/10.1016/j.
geoderma.2011.09.005
Chatziphilippidis G, Spyroglou G, 2004. Sustainable
management of coppice forests in Greece. In: Towards
the sustainable use of Europe’s forests; Andersson F, Birot
Y, Päivinen R (Eds). Forest Ecosystem and Landscape
Research: Scientific Challenges and Opportunities. EFI
Proc 49: 51-60.
Christensen M, Hahn K, Mountford, EP, Ódor P, Standovár
T, Rozenbergar D, Diaci J, Wijdeven S, Meyer P, Winter
S, Vrska T, 2005. Dead wood in European beech (Fagus
sylvatica) forest reserves. For Ecol Manag 210: 267-282.
Ciais P, Reichstein M, Viovy N, Granier A, Ogee J, Allard
V, Aubinet M, Buchmann N, Bernhofer C, Carrara A, et
al., 2005. Europe-wide reduction in primary productivity
caused by the heat and drought in 2003. Nature 437: 529533. https://doi.org/10.1038/nature03972
Coletta V, Menguzzato G, Pellicone G, Veltri A, Marziliano
PA, 2016. Effect of thinning on above-ground biomass
accumulation in a Douglas-fir plantation in southern Italy.
J For Res: 1313-1320. https://doi.org/10.1007/s11676016-0247-9
Corona P, Pasta S, Giardina G, La Mantia T, 2012. Assessing
the biomass of shrubs typical of Mediterranean pre-forest
Forest Systems

communities. Plant Biosyst 146: 252-257. https://doi.org/
10.1080/11263504.2011.593200
Cotillas M, Espelta JM, Sánchez-Costa E, Sabaté S, 2016.
Aboveground and belowground biomass allocation
patterns in two Mediterranean oaks with contrasting leaf
habit: an insight into carbon stock in young oak coppices.
Eur J For Res 135: 243-252. https://doi.org/10.1007/
s10342-015-0932-9
D’Amato AW, Bradford JB, Fraver S, Palik BJ, 2011. Forest
management for mitigation and adaptation to climate
change: Insights from long-term silviculture experiments.
For Ecol Manag 262: 803-816.
D’Amato AW, Bradford JB, Fraver S, Palik BJ, 2013.Effects
of thinning on drought vulnerability and climate response
in north temperate forest ecosystems. Ecol Appl 23: 17351742. https://doi.org/10.1890/13-0677.1
Danjon F, Caplan JS, Fortin M, Meredieu C, 2013.
Descendant root volume varies as a function of root type:
estimation of root biomass lost during uprooting in Pinus
pinaster. Front Plant Sci 4: 402. https://doi.org/10.3389/
fpls.2013.00402
Daryanto S, Eldridge DJ, Throop HL, 2013. Managing semiarid woodlands for carbon storage: Grazing and shrub effects
on above- and belowground carbon. Agric Ecosyst Environ
169: 1-11. https://doi.org/10.1016/j.agee.2013.02.001
Dawud SM, Raulund-Rasmussen K, Domisch T, Finér L,
Jaroszewicz B, Vesterdal L, 2016. Is tree species diversity
or species identity the more important driver of soil
carbon stocks, C/N ratio, and pH? Ecosystems 19: 645660. https://doi.org/10.1007/s10021-016-9958-1
de las Heras J, Moya D, López-Serrano FR, Rubio E, 2013.
Carbon sequestration of naturally regenerated Aleppo
pine stands in response to early thinning. New Forests 44:
457-470. https://doi.org/10.1007/s11056-012-9356-2
De Marco A, Gentile AE, Arena C, De Santo AV, 2005.
Organic matter, nutrient content and biological activity in
burned and unburned soils of a Mediterranean maquis area
of southern Italy. Int J Wildland Fire 14: 365-377. https://
doi.org/10.1071/WF05030
Di Castri F, 1981. Mediterranean-type shrublands of the
world. In: Ecosystems of the World 11:Mediterrane type
shrublands; Di Castri F, Goodall DW, Specht RL (Ed.).
Elsevier, Amsterdam, pp: 1-52.
Díaz-Pinés E, Rubio A, Van Miegroet H, Montes F, Benito M,
2011. Does tree species composition control soil organic
carbon pools in Mediterranean mountain forests? For Ecol
Manag 262: 1895-1904.
Dixon RK, Brown S, Houghton RA, Solomon AM, Trexler MC,
Wisniewski J, 1994. Carbon pools and flux of global forest
ecosystem. Science 263: 185-190. https://doi.org/10.1126/
science.263.5144.185
Durkaya B, Durkaya A, Makineci E, Ülküdür M, 2013. Estimation
of above-ground biomass and sequestered carbon of Taurus
cedar (Cedrus libani L.) in Antalya, Turkey. iForest 6: 278-284.
August 2017 • Volume 26 • Issue 2 • eR04S

18

Ricardo Ruiz-Peinado, Andrés Bravo-Oviedo, Eduardo López-Senespleda, Felipe Bravo and Miren del Río

Edeso JM, Merino A, Gonzalez MJ, Marauri P, 1999. Soil
erosion under different harvesting managements in
steep forestlands from northern Spain. Land Degrad
Dev 10: 79-88. http://dx.doi.org/10.1002/(SICI)1099145X(199901/02)10:1<79::AID-LDR324>3.0.CO;2-4
Eldridge DJ, Bowker MA, Maestre FT, Roger E, Reynolds
JF, Whitford WG, 2011. Impacts of shrub encroachment
on ecosystem structure and functioning: towards a global
synthesis. Ecol Lett 14: 709-722. https://doi.org/10.1111/
j.1461-0248.2011.01630.x
FAO, 2015. Global forest resources assessment 2015. FAO
Forestry Series 49. Roma, 44 pp
FAO, 2016. FAO yearbook of forest products: 2010-2014. Roma,
243 pp.
Feldpausch TR, Phillips OL, Brienen RJW, Gloor E, Lloyd J,
Lopez-Gonzalez G, Monteagudo-Mendoza A, Malhi Y,
Alarcón A, Álvarez Dávila E, et al., 2016. Amazon forest
response to repeated droughts. Glob Biogeochem Cycles
30: 964-982. https://doi.org/10.1002/2015GB005133
Fernandes PM, Davies GM, Ascoli D, Fernández C, Moreira
F, Rigolot E, Stoof CR, Vega JA, Molina D, 2013.
Prescribed burning in southern Europe: developing fire
management in a dynamic landscape. Front Ecol Environ
11: e4-e14. https://doi.org/10.1890/120298
Fernández-de-Uña L, Cañellas I, Gea-Izquierdo G, 2015.
Stand competition determines how different tree species
will cope with a warming climate. PLoS One 10:
e0122255. https://doi.org/10.1371/journal.pone.0122255
Fernández-Ondoño E, Serrano LR, Jiménez MN, Navarro
FB, Díez M, Martín F, Fernández J, Martínez FJ, Roca
A, Aguilar J, 2010. Afforestation improves soil fertility in
south-eastern Spain. Eur J For Res 129: 707-717. https://
doi.org/10.1007/s10342-010-0376-1
Fonseca F, de Figueiredo T, Martins F, 2014. Carbon storage
as affected by different site preparation techniques two
years after mixed forest stand installation For Syst 23:
84-92.
Forrester DI, 2014. The spatial and temporal dynamics
of species interactions in mixed-species forests: From
pattern to process. For Ecol Manag 312: 282-292.
Forrester DI, Bauhus JR, Cowie AL, Vanclay JK, 2006.
Mixed-species plantations of Eucalyptus with nitrogenfixing trees: a review. For Ecol Manag 233: 211-230.
Forrester DI, Pares A, O’Hara C, Khanna PK, Bauhus JR,
2013. Soil organic carbon is increased in mixed-species
plantations of Eucalyptus and nitrogen-fixing Acacia.
Ecosystems 16: 123-132. https://doi.org/10.1007/s10021012-9600-9
Fortin M, Ningre F, Robert N, Mothe F, 2012. Quantifying the
impact of forest management on the carbon balance of the
forest-wood product chain: A case study applied to evenaged oak stands in France. For Ecol Manag 279: 176-188
Friedl MA, Sulla-Menashe D, Tan B, Schneider A,
Ramankutty N, Sibley A, Huang X, 2010. MODIS
Forest Systems

Collection 5 global land cover: Algorithm refinements and
characterization of new datasets. Remote Sens Environ
114: 168-182. https://doi.org/10.1016/j.rse.2009.08.016
Gallardo Lancho JF, González MI, 2004a. Sequestration of
C in a Spanish chestnut coppice. Invest Agrar: Sist Rec
For: 108-113.
Gallardo Lancho JF, González Hernández MI, 2004b.
Sequestration of carbon in Spanish deciduous oak forests.
In: Sustainability of agrosilvopastoral systems: Dehesas,
Montados; Schnabel S, Ferreira A (Eds). Catena Verlag,
pp: 341-351.
Gamfeldt L, Snall T, Bagchi R, Jonsson M, Gustafsson
L, Kjellander P, Ruiz-Jaen MC, Froberg M, Stendahl
J, Philipson CD, et al., 2013. Higher levels of multiple
ecosystem services are found in forests with more tree
species. Nat Commun 4: 1340. https://doi.org/10.1038/
ncomms2328
García del Barrio JM, 2000. Compartimentos y flujos de
biomas y nutrientes en un pinar de Pinus sylvestris en el
monte de Valsaín. Monografías INIA: Forestal nº2. INIA,
MCyT, Madrid, 178 pp.
Garcia-Franco N, Wiesmeier M, Goberna M, MartínezMena M, Albaladejo J, 2014. Carbon dynamics after
afforestation of semiarid shrublands: Implications of site
preparation techniques. For Ecol Manag 319: 107-115.
García-Gonzalo J, Peltola H, Briceno-Elizondo E, Kellomaki
S, 2007. Changed thinning regimes may increase carbon
stock under climate change: A case study from a Finnish
boreal forest. Clim Chang 81: 431-454. https://doi.
org/10.1007/s10584-006-9149-8
Garcia-Gonzalo J, Pukkala T, Borges JG, 2014. Integrating
fire risk in stand management scheduling. An application
to maritime pine stands in Portugal. Ann Oper Res 219:
379-395. https://doi.org/10.1007/s10479-011-0908-1
García-Güemes C, Montero G, 1998. Influencia de ciertas
variables selvícolas en la pudrición provocada por
Phellinus pini sobre Pinus pinea. Invest Agrar: Sist Rec
For 7: 203-218.
Gartzia-Bengoetxea N, González-Arias A, Martínez de Arano
I, 2009. Effects of tree species and clear-cut forestry on
forest-floor characteristics in adjacent temperate forests in
northern Spain. Can J For Res 39: 1302-1312. https://doi.
org/10.1139/X09-053
Gartzia-Bengoetxea N, Camps-Arbestain M, Mandiola
E, Martínez de Arano I, 2011. Physical protection
of soil organic matter following mechanized forest
operations in Pinus radiata D. Don plantations. Soil
Biol Biochem 43: 141-149. https://doi.org/10.1016/j.
soilbio.2010.09.025
Gómez de la Bárcena T, Gundersen P, Vesterdal L, 2014.
Afforestation effects on SOC in former cropland: oak
and spruce chronosequences resampled after 13 years.
Glob Chang Biol 20: 2938-2952. https://doi.org/10.1111/
gcb.12608
August 2017 • Volume 26 • Issue 2 • eR04S

19

Forest management and carbon sequestration in the Mediterranean region: A review

Gómez-Aparicio L, Zamora R, Gómez JM, Hódar JA,
Castro J, Baraza E, 2004. Applying plant facilitation to
forest restoration: a meta-analysis of the use of shrubs
as nurse plants. Ecol Appl 14: 1128-1138. https://doi.
org/10.1890/03-5084
González JR, Trasobares A, Palahí M, Pukkala T, 2007.
Predicting stand damage and tree survival in burned
forests in Catalonia (North-East Spain). Ann For Sci 64:
733-742. https://doi.org/10.1051/forest:2007053
Gonzalez-Benecke CA, Martin TA, Cropper Jr WP, Bracho
R, 2010. Forest management effects on in situ and ex situ
slash pine forest carbon balance. For Ecol Manag 260:
795-805.
Gonzalez-Benecke CA, Samuelson LJ, Martin TA, Cropper
Jr WP, Johnsen KH, Stokes TA, Butnor JR, Anderson PH,
2015. Modeling the effects of forest management on in
situ and ex situ longleaf pine forest carbon stocks. For
Ecol Manag 355: 24-36.
González-González I, Grau Corbí J, Fernández-Cancio A,
Jiménez-Ballesta R, González-Cascón M, 2012. Soil
carbon stocks and soil solution chemistry in Quercus
ilex stands in Mainland Spain. Eur J For Res 131: 16531667. https://doi.org/10.1007/s10342-012-0623-8
González-Olabarría JR, Palahí M, Pukkala T, Trasobares A,
2008. Optimising the management of Pinus nigra Arn.
stands under endogenous risk of fire in Catalonia. Invest
Agrar: Sist Recur For 17: 10-17. https://doi.org/10.5424/
srf/2008171-01019
González-Pérez JA, González-Vila FJ, Almendros G,
Knicker H, 2004. The effect of fire on soil organic
matter-A review. Environ Int 30: 855-870. https://doi.
org/10.1016/j.envint.2004.02.003
Granged AJP, Zavala LM, Jordán A, Bárcenas-Moreno G,
2011. Post-fire evolution of soil properties and vegetation
cover in a Mediterranean heathland after experimental
burning: A 3-year study. Geoderma 164: 85-94. https://
doi.org/10.1016/j.geoderma.2011.05.017
Harmon ME, Marks B, 2002. Effects of silvicultural practices
on carbon stores in Douglas-fir- western hemlock
forests in the Pacific Northwest, USA: Results from a
simulation model. Can J For Res 32: 863-877. https://doi.
org/10.1139/x01-216
Hernández T, Garcia C, Reinhardt I, 1997. Short-term
effect of wildfire on the chemical, biochemical and
microbiological properties of Mediterranean pine
forest soils. Biol Fertil Soils 25: 109-116. https://doi.
org/10.1007/s003740050289
Herrero C, Pando V, Bravo F, 2010. Modelling coarse woody
debris in Pinus spp. plantations. A case study in Northern
Spain. Ann For Sci 67: 708. https://doi.org/10.1051/
forest/2010033
Hoover C, Stout S, 2007. The carbon consequences of
thinning techniques: stand structure makes a difference.
J For 105: 266-270.
Forest Systems

Howlett DS, Moreno G, Mosquera Losada MR, Nair PKR,
Nair VD, 2011a. Soil carbon storage asinfluenced by tree
cover in the Dehesa cork oak silvopasture of centralwestern Spain. J Environ Monit 13: 1897-1904. https://
doi.org/10.1039/c1em10059a
Howlett DS, Mosquera-Losada MR, Nair PKR, Nair VD,
Rigueiro-Rodríguez A, 2011b. Soil carbon storage
in silvopastoral systems and a treeless pasture in
Northwestern Spain. J Environ Qual 40: 825-832. https://
doi.org/10.2134/jeq2010.0145
Jactel H, Nicoll BC, Branco M, Gonzalez-Olabarria JR,
Grodzki W, Langström B, Moreira F, Netherer S, Orazio
C, Piou D, Santos H, Schelhaas MJ, Tojic K, Vodde F,
2009. The influences of forest stand management on biotic
and abiotic risks of damage. Ann For Sci 66: 701. https://
doi.org/10.1051/forest/2009054
James J, Harrison R, 2016. The effect of harvest on forest
soil carbon: A meta-analysis. Forests 7: 308. https://doi.
org/10.3390/f7120308
Jandl R, Lindner M, Vesterdal L, Bauwens B, Baritz R,
Hagedorn F, Johnson DW, Minkkinen K, Byrne KA,
2007. How strongly can forest management influence soil
carbon sequestration? Geoderma 137: 253-268. https://
doi.org/10.1016/j.geoderma.2006.09.003
Jiménez MN, Navarro FB, 2016. Thinning effects on
litterfall remaining after 8 years and improved stand
resilience in Aleppo pine afforestation (SE Spain). J
Environ Manage 169: 174-183. https://doi.org/10.1016/j.
jenvman.2015.12.028
Johansson MB, 1994. The influence of soil scarification
on the turn-over rate of slash needles and nutrient
release. Scand J Forest Res 9: 170-179. https://doi.
org/10.1080/02827589409382828
Johnson DW, Curtis PS, 2001. Effects of forest management
on soil C and N storage: meta analysis. For Ecol Manag
140: 227-238.
Jonard M, Nicolas M, Coomes DA, Caignet I, Saenger A,
Ponette Q, 2017. Forest soils in France aresequestering
substantial amounts of carbon. Sci Total Environ 574:
616-628. https://doi.org/10.1016/j.scitotenv.2016.09.028
Jose S, 2009. Agroforestry for ecosystem services and
environmental benefits: An overview. Agrofor Syst 76:
1-10. https://doi.org/10.1007/s10457-009-9229-7
Jose S, Bardhan S, 2012. Agroforestry for biomass production
and carbon sequestration: An overview. Agrofor Syst 86:
105-111. https://doi.org/10.1007/s10457-012-9573-x
Kaipainen T, Liski J, Pussinen A, Karjalainen T, 2004.
Managing carbon sinks by changing rotation length in
European forests. Environ Sci Policy 7: 205-219. https://
doi.org/10.1016/j.envsci.2004.03.001
Kaul M, Mohren G, Dadhwal V, 2010. Carbon storage and
sequestration potential of selected tree species in India.
Mitigation Adapt Strateg Glob Chang 15: 489-510. https://
doi.org/10.1007/s11027-010-9230-5
August 2017 • Volume 26 • Issue 2 • eR04S

20

Ricardo Ruiz-Peinado, Andrés Bravo-Oviedo, Eduardo López-Senespleda, Felipe Bravo and Miren del Río

Keeley JE, Pausas JG, Rundel PW, Bond WJ, Bradstock RA,
2011. Fire as an evolutionary pressure shaping plant traits.
Trends Plant Sci 16: 406-411. https://doi.org/10.1016/j.
tplants.2011.04.002
Kunhamu TK, Kumar BM, Viswanath S, 2009. Does thinning
affect litterfall, litter decomposition, and associated
nutrient release in Acacia mangium stands of Kerala in
peninsular India? Can J For Res 39: 792-801. https://doi.
org/10.1139/X09-008
Lado-Monserrat L, Lidón A, Bautista I, 2015. Litterfall,
litter decomposition and associated nutrient fluxes in
Pinus halepensis: influence of tree removal intensity in a
Mediterranean forest. Eur J For Res 134: 833-844. https://
doi.org/10.1007/s10342-015-0893-z
Laganière J, Angers DA, Paré D, 2010. Carbon accumulation
in agricultural soils after afforestation: A meta-analysis.
Glob Chang Biol 16: 439-453. https://doi.org/10.1111/
j.1365-2486.2009.01930.x
Laina R, Tolosana E, Ambrosio Y, 2013. Productivity and
cost of biomass harvesting for energy production in
coppice natural stands of Quercus pyrenaica Willd. in
central Spain. Biomass Bioenergy 56: 221-229. https://
doi.org/10.1016/j.biombioe.2013.04.016
Le Goff N, Ottorini JM, 2001. Root biomass and biomass
increment in a beech (Fagus sylvatica L.) stand in NorthEast France. Ann For Sci 58: 1-13. https://doi.org/10.1051/
forest:2001104
Le Quéré C, Moriarty R, Andrew RM, Canadell JG, Sitch
S, Korsbakken JI, Friedlingstein P, Peters GP, Andres RJ,
Boden TA, et al., 2015. Global carbon budget 2015. Earth
Syst Sci Data 7: 349-396. https://doi.org/10.5194/essd-7349-2015
Li H, Shen H, Chen L, Liu T, Hu H, Zhao X, Zhou L,
Zhang P, Fang J, 2016. Effects of shrub encroachment
on soil organic carbon in global grasslands. Sci Rep 6:
28974. https://doi.org/10.1038/srep2897
Liang J, Crowther TW, Picard N, Wiser S, Zhou M, Alberti
G, Schulze ED, Mcguire AD, Bozzato F, Pretzsch
H, et al., 2016 Positive biodiversity-productivity
relationship predominant in global forests. Science 354:
aaf8957. https://doi.org/10.1126/science.aaf895
Lindner M, Calama R, 2013. Climate change and the
need for adaptation in Mediterranean forests. In: Forest
management of Mediterranean forests under the new
context of climate change; Lucas-Borja ME (Ed). Nova
Science Pub, NY, pp: 13-30.
Liski J, Pussinen A, Pingoud K, Mäkipää R, Karjalainen
T, 2001. Which rotation length is favourable to carbon
sequestration? Can J For Res 31: 2004-2013. https://doi.
org/10.1139/x01-140
Lombardi F, Lasserre B, Tognetti R, Marchetti M, 2008.
Deadwood in relation to stand management and forest
type in Central Apennines (Molise, Italy). Ecosystems 11:
882-894. https://doi.org/10.1007/s10021-008-9167-7
Forest Systems

López-Díaz ML, Rolo V, Benítez R, Moreno G, 2015. Shrub
encroachment of Iberian dehesas: implications on total
forage productivity. Agrofor Syst 89: 587-598. https://doi.
org/10.1007/s10457-015-9793-y
López-Díaz ML, Benítez R, Moreno G, 2017. How do
management techniques affect carbon stock in intensive
hardwood plantations? For Ecol Manag 389: 228-239.
López-Serrano FR, de las Heras J, Moya D, García-Morote
FA, Rubio E, 2010. Is the net new carbon increment of
coppice forest stands of Quercus ilex ssp. ballota affected
by postfire thinning treatments and recurrent fires? Int
J Wildland Fire 19: 637-648. https://doi.org/10.1071/
WF08180
Luyssaert S, Schulze ED, Borner A, Knohl A, Hessenmoller
D, Law BE, Ciais P, Grace J, 2008. Old-growth forests
as global carbon sinks. Nature 455: 213-215. https://doi.
org/10.1038/nature07276
Ma Z, Peng C, Zhu Q, Chen H, Yu G, Li W, Zhou X, Wang W,
Zhang W, 2012. Regional drought-induced reduction in
the biomass carbon sink of Canada’s boreal forests. Proc
Natl Acad Sci 109: 2423-2427. https://doi.org/10.1073/
pnas.11115761
Madrigal J, Fernández-Miguelañez I, Hernando C, Guijarro
M, Vega-Nieva DJ, Tolosana E, 2017. Does forest
biomass harvesting for energy reduce fire hazard in the
Mediterranean basin? A case study in the Caroig Massif
(Eastern Spain). Eur J For Res 136: 13-26. https://doi.
org/10.1007/s10342-016-1004-5
Maestre FT, Bowker MA, Puche MD, Belén Hinojosa M,
Martínez I, García-Palacios P, Castillo AP, Soliveres
S, Luzuriaga AL, Sánchez AM, Carreira JA, Gallardo
A, Escudero A, 2009. Shrub encroachment can reverse
desertification in semi-arid Mediterranean grasslands.
Ecol Lett 12: 930-941. https://doi.org/10.1111/j.14610248.2009.01352.x
Magnússon RI, Tietema A, Cornelissen JHC, Hefting MM,
Kalbitz K, 2016. Tamm Review: Sequestration of carbon
from coarse woody debris in forest soils. For Ecol Manag
377: 1-15.
Mairota P, Manetti MC, Amorini E, Pelleri F, Terradura M,
Frattegiani M, Savini P, Grohmann F, Mori P, Terzuolo
PG, Piussi P, 2016. Opportunities for coppice management
at the landscape level: the Italian experience. iForest 9:
918-925.
Makineci E, Ozdemir E, Caliskan S, Yilmaz E, Kumbasli
M, Keten A, Beskardes V, Zengin H, Yilmaz H, 2015.
Ecosystem carbon pools of coppice-originated oak forests
at different development stages. Eur J For Res 134: 319333. https://doi.org/10.1007/s10342-014-0854-y
Mäkinen H, Isomäki A, 2004. Thinning intensity and growth
of Scots pine stands in Finland. For Ecol Manag 201: 311325.
Marañón T, 1988. Agro-sylvo-pastoral systems in the Iberian
Peninsula: Dehesas and montados. Rangelands 10: 255-258.
August 2017 • Volume 26 • Issue 2 • eR04S

21

Forest management and carbon sequestration in the Mediterranean region: A review

Marziliano PA, Lafortezza R, Medicamento U, Lorusso L,
Giannico V, Colangelo G, Sanesi G, 2015. Estimating
belowground biomass and root/shoot ratio of Phillyrea
latifolia L. in the Mediterranean forest landscapes. Ann
For Sci 72: 585-593. https://doi.org/10.1007/s13595-0150486-5
Masera OR, Garza-Caligaris JF, Kanninen M, Karjalainen
T, Liski J, Nabuurs GJ, Pussinen A, De Jong BHJ,
Mohren GMJ, 2003. Modeling carbon sequestration
in afforestation, agroforestry and forest management
projects: The CO2FIX V.2 approach. Ecol Model 164:
177-199. https://doi.org/10.1016/S0304-3800(02)004192
Meira-Castro A, Shakesby RA, Marques JE, Doerr SH,
Meixedo JP, Teixeira J, Chaminé HI, 2015. Effects
of prescribed fire on surface soil in a Pinus pinaster
plantation, northern Portugal. Environ Earth Sci 73:
3011-3018. https://doi.org/10.1007/s12665-014-3516-y
Merino A, Edeso JM, González MJ, Marauri P, 1998. Soil
properties in a hilly area following different harvesting
management practices. For Ecol Manag 103: 235-246.
Merino A, Balboa-Murias MA, Rodríguez-Soalleiro R,
Álvarez-González JG, 2005. Nutrient exports under
different harvesting regimes in fast-growing forest
plantations in southern Europe. For Ecol Manag 207:
325-339.
Merino A, Real C, Rodríguez-Guitián MA, 2008. Nutrient
status of managed and natural forest fragments of Fagus
sylvatica in southern Europe. For Ecol Manag 255: 36913699.
Merino A, Moreno G, Navarro FB, Gallardo JF, 2016. Future
issues. In: The soils of Spain; Gallardo JF (Ed). Springer,
pp: 189-195. https://doi.org/10.1007/978-3-319-20541-0_6
Montero G, Ortega C, Cañellas I, Bachiller A, 1999.
Productividad aérea y dinámica de nutrientes en una
población de Pinus pinaster Ait. sometida a distintos
regímenes de claras. Invest Agrar: Sist Rec For 8 (FS):
175-206.
Montero G, Muñoz M, Donés J, Rojo A, 2004. Fijación de
CO2 por Pinus sylvestris L. y Quercus pyrenaica Willd.
en los montes “Pinar de Valsaín” y “Matas de Valsaín”.
Invest Agr: Sist Rec For 13: 399-415.
Montero G, Ruiz-Peinado R, Muñoz M, 2005. Producción
de biomasa y fijación de CO2 por los bosques españoles.
INIA, MEC, Madrid, 270 pp.
Montero G, Serrada R, 2013. La situación de los bosques y
el sector forestal en España - ISFE 2013. SECF, Lourizán,
Pontevedra, 252 pp.
Montero G, Pasalodos-Tato M, Ruiz-Peinado R, Onrubia
R, López-Senespleda E. 2016. Estimación de biomasa
de los matorrales espa-oles. Foro de Bosques y Cambio
Climático, Jornada Bosques… ¿para qué? http://
www.fbycc.org/index.php/jornada-bosques-paraque/ [20/12/2016].
Forest Systems

Moreno G, Obrador JJ, Cubera E, Dupraz C, 2005. Fine root
distribution in Dehesas of Central-Western Spain. Plant
Soil 277: 153-162. https://doi.org/10.1007/s11104-0056805-0
Moreno G, Obrador JJ, García A, 2007. Impact of evergreen
oaks on soil fertility and crop production in intercropped
dehesas. Agr Ecosyst Environ 119: 270-280. https://doi.
org/10.1016/j.agee.2006.07.013
Moreno-Fernández D, Díaz-Pinés E, Barbeito I, SánchezGonzález M, Montes F, Rubio A, Cañellas I, 2015.
Temporal carbon dynamics over the rotation period of
two alternative management systems in Mediterranean
mountain Scots pine forests. For Ecol Manag 348: 186195.
Nabuurs G, Schelhaas M, 2002. Carbon profiles of typical
forest types across Europe assessed with CO2FIX.
Ecol Indic 1: 213-223. https://doi.org/10.1016/S1470160X(02)00007-9
Nabuurs GJ, Masera O, Andrasko K, Benítez-Ponce P,
Boer R, Dutschke M, Elsiddig E, Ford-Robertson J,
Frumhoff P, Karjalainen T, et al., 2007. Forestry. In:
Climate Change 2007: mitigation. Working Group III to
the Fourth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge Univ Press, UK,
pp: 541-584.
Nair PKR, Nair VD, Kumar BM, Showalter JM, 2010.
Chapter five-carbon sequestration in agroforestry systems.
Adv Agron 108: 237-307. https://doi.org/10.1016/S00652113(10)08005-3
Navarro RM, Blanco P, 2006. Estimation of aboveground
biomass in shrubland ecosystems of southern Spain.
Invest Agr: Sist Rec For 15: 197-207.
Nave LE, Vance ED, Swanston CW, Curtis PS, 2010. Harvest
impacts on soil carbon storage in temperate forests. For
Ecol Manag 259: 857-866.
Nave LE, Vance ED, Swanston CW, Curtis PS, 2011. Fire
effects on temperate forest soil C and N storage. Ecol
Appl 21: 1189-1201. https://doi.org/10.1890/10-0660.1
Nave LE, Swanston CW, Mishra U, Nadelhoffer KJ,
2013. Afforestation effects on soil carbon storage in the
United States: A synthesis. Soil Sci Soc Am J 77: 10351047. https://doi.org/10.2136/sssaj2012.0236
Nerlich K, Graeff-Hönninger S, Claupein W, 2013.
Agroforestry in Europe: A review of the disappearance
of traditional systems and development of modern
agroforestry practices, with emphasis on experiences
in Germany. Agrofor Syst 87: 475-492. https://doi.
org/10.1007/s10457-012-9560-2
Niiyama K, Kajimoto T, Matsuura Y, Yamashita T, Matsuo
N, Yashiro Y, Ripiin A, Kasssim AR, Noor NS, 2010.
Estimation of root biomass based on excavation of
individual root systems in a primary dipterocarp forest in
Pasoh Forest Reserve, Peninsular Malaysia. J Trop Ecol
26: 271-284. https://doi.org/10.1017/S0266467410000040
August 2017 • Volume 26 • Issue 2 • eR04S

22

Ricardo Ruiz-Peinado, Andrés Bravo-Oviedo, Eduardo López-Senespleda, Felipe Bravo and Miren del Río

Nilsen P, Strand LT, 2008. Thinning intensity effects on
carbon and nitrogen stores and fluxes in a Norway spruce
(Picea abies (L.) Karst.) stand after 33 years. For Ecol
Manag 256: 201-208.
Nilsen P, Strand LT, 2013. Carbon stores and fluxes in evenand uneven-aged Norway spruce stands. Silva Fenn 47:
1024. https://doi.org/10.14214/sf.1024
Nizami SM, Yiping Z, Liqing S, Zhao W, Zhang X, 2014.
Managing carbon sinks in rubber (Hevea brasilensis)
plantation by changing rotation length in SW China.
PLoS ONE 9: e115234. https://doi.org/10.1371/journal.
pone.0115234
Novara A, Gristina L, Bodì MB, Cerdà A, 2011. The impact
of fire on redistribution of soil organic matter on a
mediterranean hillslope under maquia vegetation type.
Land Degrad Dev 22: 530-536. https://doi.org/10.1002/
ldr.1027
Novara A, La Mantia T, Barbera V, Gristina L, 2012. Pairedsite approach for studying soil organic carbon dynamics
in a Mediterranean semiarid environment. Catena 89:
1-7. https://doi.org/10.1016/j.catena.2011.09.008
Nunes L, Lopes D, Castro Rego F, Gower ST, 2013.
Aboveground biomass and net primary production of
pine, oak and mixed pine-oak forests on the Vila Real
district, Portugal. For Ecol Manag 305: 38-47
Nunery JS, Keeton WS, 2010. Forest carbon storage in the
northeastern United States: Net effects of harvesting
frequency, post-harvest retention, and wood products. For
Ecol Manag 259: 1363-1375.
Olivier JGJ, Janssens-Maenhout G, Peters JAHW, 2015.
Trends in global CO2 emissions: 2015 Report. Neth
Environ Assess Agency. http://edgar.jrc.ec.europa.eu/
news_docs/jrc-2015-trends-in-global-co2-emissions2015-report-98184.pdf [27/10/2016].
Oubrahim H, Boulmane M, Bakker MR, Augusto L, Halim
M, 2015. Carbon storage in degraded cork oak (Quercus
suber) forests on flat lowlands in Morocco. iForest 9:
125-137.
Paletto A, De Meo I, Cantiani P, Ferretti F, 2014. Effects
of forest management on the amount of deadwood in
Mediterranean oak ecosystems. Ann For Sci 71: 791800. https://doi.org/10.1007/s13595-014-0377-1
Pan Y, Birdsey RA, Fang J, Houghton R, Kauppi PE, Kurz
WA, Phillips OL, Shvidenko A, Lewis SL, Canadell JG,
et al., 2011. A large and persistent carbon sink in the world’s
forests. Science 333: 988-993.https://doi.org/10.1126/
science.1201609
Pasalodos-Tato M, Ruiz-Peinado R, Río M, Montero G,
2015. Shrub biomass accumulation and growth rate
models to quantify carbon stocks and fluxes for the
Mediterranean region. Eur J For Res 134: 537-553. https://
doi.org/10.1007/s10342-015-0870-6
Pausas JG, 2015. Bark thickness and fire regime. Funct Ecol
29: 315-327. https://doi.org/10.1111/1365-2435.12372
Forest Systems

Pausas JG, Fernández-Muñoz S, 2012. Fire regime changes
in the Western Mediterranean Basin: From fuel-limited
to drought-driven fire regime. Clim Chang 110: 215226. https://doi.org/10.1007/s10584-011-0060-6
Pérez-Cruzado C, Mansilla-Salinero P, Rodríguez-Soalleiro
R, Merino A, 2012. Influence of tree species on carbon
sequestration in afforested pastures in a humid temperate
region. Plant Soil 353: 333-353. https://doi.org/10.1007/
s11104-011-1035-0
Pérez-Devesa M, Cortina J, Vilagrosa A, Vallejo R, 2008.
Shrubland management to promote Quercus suber L.
establishment. For Ecol Manag 255: 374-382.
Perez-Garcia J, Lippke B, Comnick J, Manriquez C, 2007.
An assessment of carbon pools, storage, and wood
products market substitution using life-cycle analysis
results. Wood Fiber Sci 37: 140-148.
Phillips OL, Aragao LEOC, Lewis SL, Fisher JB, Lloyd J,
López-González G, Malhi Y, Monteagudo A, Peacock
J, Quesada CA, et al., 2009. Drought sensitivity of the
Amazon Rainforest. Science 323: 1344-1347. https://doi.
org/10.1126/science.1164033
Poeplau C, Don A, Vesterdal L, Leifeld J, Van Wesemael
BAS, Schumacher J, Gensior A, 2011. Temporal
dynamics of soil organic carbon after land-use change in
the temperate zone. Carbon response functions as a model
approach. Glob Chang Biol 17: 2415-2427. https://doi.
org/10.1111/j.1365-2486.2011.02408.x
Powers MD, Kolka R, Palik B, McDonald R, Jurgensen
M, 2011. Long-term management impacts on carbon
storage in Lake States forests. For Ecol Manag 262:
424-431.
Prada M, Bravo F, Berdasco L, Canga E, Martínez-Alonso
C, 2016. Carbon sequestration for different management
alternatives in sweet chestnut coppice in northern Spain.
J Clean Prod 135: 1161-1169. https://doi.org/10.1016/j.
jclepro.2016.07.041
Prescott CE, 2010. Litter decomposition: what controls
it and how can we alter it to sequester more carbon in
forest soils? Biogeochemistry 101: 133-149. https://doi.
org/10.1007/s10533-010-9439-0
Pretzsch H, 2014. Canopy space filling and tree crown
morphology in mixed-species stands compared with
monocultures. For Ecol Manag 327: 251-264.
Pretzsch H, Bielak K, Block J, Bruchwald A, Dieler J,
Ehrhart HP, Kohnle U, Nagel J, Spellmann H, Zasada
M, 2013. Productivity of mixed versus pure stands of
oak (Quercus petraea (Matt.) Liebl. and Quercus robur
L.) and European beech (Fagus sylvatica L.) along an
ecological gradient. Eur J For Res 132: 263-280. https://
doi.org/10.1007/s10342-012-0673-y
Pretzsch H, Rais A, 2016. Wood quality in complex
forests versus even-aged monocultures: review and
perspectives. Wood Sci Technol 50: 845-880. https://
doi.org/10.1007/s00226-016-0827-z
August 2017 • Volume 26 • Issue 2 • eR04S

23

Forest management and carbon sequestration in the Mediterranean region: A review

Pretzsch H, Río M, Ammer C, Avdagic A, Barbeito I, Bielak
K, Brazaitis G, Coll L, Dirnberger G, Drössler L, et al.,
2015. Growth and yield of mixed versus pure stands of
Scots pine (Pinus sylvestris L.) and European beech
(Fagus sylvatica L.) analysed along a productivity gradient
through Europe. Eur J For Res 134: 927-947. https://doi.
org/10.1007/s10342-015-0900-4
Puhlick JJ, Weiskittel AR, Fernandez IJ, Fraver S, Kenefic LS,
Seymour RS, Kolka RK, Rustad LE, Brissette JC, 2016.
Long-term influence of alternative forest management
treatments on total ecosystem and wood product carbon
storage. Can J For Res 46: 1404-1412. https://doi.
org/10.1139/cjfr-2016-0193
Pukkala T, 2016. Which type of forest management provides
most ecosystem services? Forest Ecosyst 3: 9. https://doi.
org/10.1186/s40663-016-0068-5
Pukkala T, Lähde E, Laiho O, Salo K, Hotanen J-P, 2011.
A multifunctional comparison of even-aged and unevenaged forest management in a boreal region. Can J For Res
41: 851-862. https://doi.org/10.1139/x11-009
Pulido-Fernández M, Schnabel S, Lavado-Contador JF,
Miralles Mellado I., Ortega Pérez R, 2013. Soil organic
matter of Iberian open woodland rangelands as influenced
by vegetation cover and land management. Catena 109:
13-24. https://doi.org/10.1016/j.catena.2013.05.002
Rio M, 1999. Régimen de claras y modelo de producción
para Pinus sylvestris en los Sistemas Central e Ibérico.
Universidad Politécnica de Madrid. 257 pp.
Río M, Barbeito, I, Bravo-Oviedo A, Calama R, Cañellas
I, Herrero C, Bravo F, 2008a. Carbon sequestration
in Mediterranean pine forests. In: Managing forest
ecosystems: The challenge of climate change; Bravo F,
LeMay V, Jandl R, Gadow K (Eds). Kluwer Acad Publ,
pp: 221-245.
Río M, Barbeito, I, Bravo-Oviedo A, Calama R, Cañellas
I, Herrero C, Montero G, Moreno-Fernández D, RuizPeinado R, Bravo F, 2017. Mediterranean pine forests:
Management effects on carbon stocks. In: Managing forest
ecosystems: The challenge of climate change; Bravo F,
LeMay V, Jandl R, Gadow K (Eds). Kluwer Acad Publ,
pp: 301-327.
Río M, Calama R, Cañellas I, Roig S, Montero G, 2008b.
Thinning intensity and growth response in SW-European
Scots pine stands. Ann For Sci 65: 308. https://doi.
org/10.1051/forest:2008009
Rio M, Sterba H, 2009. Comparing volume growth in
pure and mixed stands of Pinus sylvestris and Quercus
pyrenaica. Ann For Sci 66: 502. https://doi.org/10.1051/
forest/2009035
Riofrío J, Río M, Bravo F, 2017. Mixing effects on growth
efficiency in mixed pine forests. Forestry 90: 381-392.
Roberge JM, Laudon H, Björkman C, Ranius T, Sandström
C, Felton A, Sténs A, Nordin A, Granström A, Widemo
F, 2016. Socio-ecological implications of modifying
Forest Systems

rotation lengths in forestry. Ambio 45: 109-123. https://
doi.org/10.1007/s13280-015-0747-4
Rodeghiero M, Rubio A, Díaz-Pinés E, Romanyà J,
Marañón-Jiménez S, Levy GJ, Fernandez-Getino
AP, Sebastià MT, Karyotis T, Chiti T, et al., 2011.
Soil carbon in Mediterranean ecosystems and related
management problems. In: Soil carbon in sensitive
European ecosystems; Jandl R, Rodeghiero M, Olsson M
(Eds). John Wiley & Sons Ltd, pp: 175-218. https://doi.
org/10.1002/9781119970255.ch8
Roig S, Rio M, Cañellas I, Montero G, 2005. Litter fall in
Mediterranean Pinus pinaster Ait. stands under different
thinning regimes. For Ecol Manag 206: 179-190.
Rondeux J, Bertini R, Bastrup-Birk A, Corona P, Latte
N, McRoberts RE, Stahl G, Winter S, Chirici G, 2012.
Assessing deadwood using harmonized National Forest
Inventory data. For Sci 58: 269-283.
Rossetti I, Bagella S, Cappai C, Caria MC, Lai R, Roggero
PP, Martins da Silva P, Sousa JP, Querner P, Seddaiu G,
2015. Isolated cork oak trees affect soil properties and
biodiversity in a Mediterranean wooded grassland. Agric
Ecosyst Environ 202: 203-216. https://doi.org/10.1016/j.
agee.2015.01.008
Rovira P, Romanyà J, Duguy B, 2012. Long-term effects of
wildfires on the biochemical quality of soil organic matter:
A study on Mediterranean shrublands. Geoderma 179-180:
9-19. https://doi.org/10.1016/j.geoderma.2012.02.011
Ruiz-Benito P, Lines ER, Gómez-Aparicio L, Zavala
MA, Coomes DA, 2013. Patterns and drivers of tree
mortality in Iberian forests: Climatic effects are modified
by competition. PLoS ONE 8: e56843. https://doi.
org/10.1371/journal.pone.0056843
Ruiz-Benito P, Gómez-Aparicio L, Paquette A, Messier C,
Kattge J, Zavala MA, 2014. Diversity increases carbon
storage and tree productivity in Spanish forests. Global
Ecol Biogeogr 23: 311-322. https://doi.org/10.1111/
geb.12126
Ruiz-Peinado R, Bravo-Oviedo A, López-Senespleda
E, Montero G, Río M, 2013a. Do thinnings influence
biomass and soil carbon stocks in Mediterranean maritime
pinewoods? Eur J For Res 132: 253-262. https://doi.
org/10.1007/s10342-012-0672-z
Ruiz-Peinado R, Bravo-Oviedo A, Montero G, Río M, 2016.
Carbon stocks in a Scots pine afforestation under different
thinning intensities management. Mitigation Adapt
Strateg Glob Chang 21: 1059-1072.
Ruiz-Peinado R, Moreno G, Juarez E, Montero G, Roig S,
2013b. The contribution of two common shrub species
to aboveground and belowground carbon stock in
Iberian dehesas. J Arid Environ 91: 22-30. https://doi.
org/10.1016/j.jaridenv.2012.11.002
Ruiz-Peinado R, Río M, Montero G, 2011. New models for
estimating the carbon sink capacity of Spanish softwood
species. For Syst 20: 176-188.
August 2017 • Volume 26 • Issue 2 • eR04S

24

Ricardo Ruiz-Peinado, Andrés Bravo-Oviedo, Eduardo López-Senespleda, Felipe Bravo and Miren del Río

San Miguel A, Roig S, Cañellas I, 2008. Fruticeticultura.
Gestión de arbustedos y matorrales. In: Compendio de
selvicultura aplicada en España; Serrada R, Montero G,
Reque J (Eds). INIA-Fundación Conde del Valle Salazar,
Madrid, pp: 877-907.
Santana VM, González-Pelayo O, Maia PAA, Valdecantos A,
Vallejo VR, Keizer JJ, 2016. Effects of fire recurrence and
different salvage logging techniques on carbon storage in
Pinus pinaster forests from northern Portugal. Eur J For
Res: 1-11. https://doi.org/10.1007/s10342-016-0997-0
Scarascia-Mugnozza G, Oswald H, Piussi P, Radoglou
K, 2000. Forests of the Mediterranean region: Gaps in
knowledge and research needs. For Ecol Manag 132: 97-109.
Seddaiu G, Porcu G, Ledda L, Roggero PP, Agnelli
A, Corti G, 2013. Soil organic matter content and
composition as influenced by soil management in a semiarid Mediterranean agro-silvo-pastoral system. Agric
Ecosyst Environ 167: 1-11. https://doi.org/10.1016/j.
agee.2013.01.002
Segura C, Jiménez MN, Nieto O, Navarro FB, FernándezOndoño E, 2016. Changes in soil organic carbon over 20
years after afforestation in semiarid SE Spain. For Ecol
Manag 381: 268-278.
Seidl R, Rammer W, Lasch P, Badeck F, Lexer MJ, 2008.
Does conversion of even-aged, secondary coniferous
forests affect carbon sequestration? A simulation study
under changing environmental conditions. Silva Fenn 42:
369. https://doi.org/10.14214/sf.243
Serrada R, Allué M, San Miguel A, 1992. The coppice system
in Spain, Current situation, state of art and major areas to
be investigated. Ann Ist Sper Selv 23: 266-275.
Serrada R, Bravo-Fernández JA, Otero J, Ruiz-Peinado R,
Mutke S, Roig S, 2013. El bosque invisible bajo el monte
bajo: una mirada al sistema radical de las cepas de encina.
SECF, VI Congreso Forestal Español. Vitoria, pp: 6CFE01176.
Simón N, Montes F, Díaz-Pinés E, Benavides R, Roig S,
Rubio A, 2013. Spatial distribution of the soil organic
carbon pool in a Holm oak dehesa in Spain. Plant Soil 366:
537-549. https://doi.org/10.1007/s11104-012-1443-9
Skovsgaard JP, Stupak I, Vesterdal L, 2006. Distribution of
biomass and carbon in even-aged stands of Norway spruce
(Picea abies (L.) Karst.): A case study on spacing and
thinning effects in northern Denmark. Scand J For Res 21:
470-488. https://doi.org/10.1080/02827580601056268
Sohn JA, Saha S, Bauhus J, 2016. Potential of forest thinning
to mitigate drought stress: A meta-analysis. For Ecol
Manag 380: 261-273.
Sohngen B, Brown S, 2008. Extending timber rotations:
carbon and cost implications. Clim Policy 8: 435451. https://doi.org/10.3763/cpol.2007.0396
Son Y, Jun YC, Lee YY, Kim RH, Yang SY, 2004. Soil carbon
dioxide evolution, litter decomposition, and nitrogen
availability four years after thinning in a Japanese Larch
Forest Systems

plantation. Commun Soil Sci Plant Anal 35: 11111122. https://doi.org/10.1081/CSS-120030593
Spinelli R, Ebone A, Gianella M, 2014. Biomass production
from traditional coppice management in northern Italy.
Biomass Bioenergy 62: 68-73. https://doi.org/10.1016/j.
biombioe.2014.01.014
Stajic B, Zlatanov T, Velichkov I, Dubravac T, Trajkov P,
2009. Past and recent coppice forest management in some
regions of south Eastern Europe. Silva Balc 10: 9-19.Ç
Stephenson NL, Das AJ, Condit R, Russo SE, Baker PJ,
Beckman NG, Coomes DA, Lines ER, Morris WK, Ruger
N, et al., 2014. Rate of tree carbon accumulation increases
continuously with tree size. Nature 507: 90-93. https://doi.
org/10.1038/nature12914
Taylor AR, Wang JR, Kurz WA, 2008. Effects of harvesting
intensity on carbon stocks in eastern Canadian red spruce
(Picea rubens) forests: An exploratory analysis using the
CBM-CFS3 simulation model. For Ecol Manag 255: 36323641.
Tesfaye MA, Bravo F, Ruiz-Peinado R, Pando V, BravoOviedo A, 2016. Impact of changes in land use, species
and elevation on soil organic carbon and total nitrogen
in Ethiopian Central Highlands. Geoderma 261: 7079. https://doi.org/10.1016/j.geoderma.2015.06.022
Tinoco P, Almendros G, Sanz J, González-Vázquez R,
González-Vila FJ, 2006. Molecular descriptors of the
effect of fire on soils under pine forest in two continental
Mediterranean soils. Org Geochem 37: 1995-2018. https://
doi.org/10.1016/j.orggeochem.2006.08.007
Tonon G, Dezi S, Ventura M, Scandellari F, 2011. The
effect of forest management on soil organic carbon.
In: Sustaining soil productivity in response to global
climate change; Sauer TJ, Norman JM, Sivakumar
MVK (Eds). Wiley-Blackwell, pp: 225-238. https://doi.
org/10.1002/9780470960257.ch16
Turrión MB, Schneider K, Gallardo JF, 2009. Carbon
accumulation in Umbrisols under Quercus pyrenaica
forests: Effects of bedrock and annual precipitation. Catena
79: 1-8. https://doi.org/10.1016/j.catena.2009.04.004
Valor T, Piqué M, López BC, González-Olabarria JR, 2013.
Influence of tree size, reduced competition, and climate on
the growth response of Pinus nigra Arn. salzmannii after
fire. Ann For Sci 70: 503-513. https://doi.org/10.1007/
s13595-013-0284-x
Van Auken OW, 2000. Shrub invasions of North American
semiarid grasslands. Annu Rev Ecol Syst 31: 197215. https://doi.org/10.1146/annurev.ecolsys.31.1.197
Vayreda J, Martinez-Vilalta J, Gracia M, Retana J, 2012.
Recent climate changes interact with stand structure and
management to determine changes in tree carbon stocks in
Spanish forests. Glob Chang Biol 18: 1028-1041. https://
doi.org/10.1111/j.1365-2486.2011.02606.x
Verchot LV, Van Noordwijk M, Kandji S, Tomich T, Ong
C, Albrecht A, Mackensen J, Bantilan C, Anupama KV,
August 2017 • Volume 26 • Issue 2 • eR04S

25

Forest management and carbon sequestration in the Mediterranean region: A review

Palm C, 2007. Climate change: linking adaptation and
mitigation through agroforestry. Mitigation Adapt Strateg
Glob Chang 12: 901-918. https://doi.org/10.1007/s11027007-9105-6
Vergnoux A, Di Rocco R, Domeizel M, Guiliano M, Doumenq
P, Théraulaz F, 2011. Effects of forest fires on water
extractable organic matter and humic substances from
Mediterranean soils: UV-vis and fluorescence spectroscopy
approaches. Geoderma 160:434-443. https://doi.org/10.1016/j.
geoderma.2010.10.014

Forest Systems

Vesterdal L, Clarke N, Sigurdsson BD, Gundersen P, 2013.
Do tree species influence soil carbon stocks in temperate
and boreal forests? For Ecol Manag 309: 4-18.
Wang J, Wang H, Fu X, Xu M, Wang Y, 2016. Effects of site
preparation treatments before afforestation on soil carbon
release. For Ecol Manag 361: 277-285.
Zribi L, Chaar H, Khaldi A, Henchi B, Mouillot F, Gharbi
F, 2016. Estimate of biomass and carbon pools in
disturbed and undisturbed oak forests in Tunisia. For
Syst 25: 060.

August 2017 • Volume 26 • Issue 2 • eR04S

