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Effects of traditional forest management on carbon storage in a 
Mediterranean holm oak (Quercus ilex L.) coppice
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In the last decade, there has been increased interest in measuring and model-
ing storage in the five forest carbon pools: the aboveground and belowground
biomass (living biomass), the deadwood and litter (dead biomass), and the soil
(soil organic matter). In this paper, we examined carbon storage in a holm oak
coppice stand in the Madonie Mountains in Sicily (Italy), which is a typical case
of managed coppice stands. Today, traditional coppice practices are only ap-
plied to a small number of forested areas in Sicily, such as the selected site,
because of the decline in demand for wood and charcoal. The dendrometric
parameters of the stands were recorded, and silvicultural indices were calcu-
lated immediately after cutting as well as during and at the end of the rotation
period; they showed the trends typical of coppices. The carbon stocks in the
five carbon pools were quantified to investigate the effects of coppicing on
carbon storage in this Mediterranean area. Results showed that the lowest liv-
ing biomass values were observed in the first years following coppicing, except
for litter carbon. Belowground biomass and the soil carbon stock did not vary
significantly with coppicing. During the rotation period, the aboveground bio-
mass was completely restored, and the balance of the carbon stocks indicates
that coppicing is a sustainable forest management choice from the point of
view of the carbon balance, given that the logged trees are generally used for
bioenergy production.

Keywords: Carbon Pool, Aboveground Carbon, Belowground Carbon, Dead Car-
bon, Litter Carbon, Soil Carbon, Coppicing

Introduction
According to Intergovernmental Panel on

Climate  Change (IPCC 2003),  carbon stor-
age in forest ecosystems involves the fol-
lowing five carbon pools: the aboveground
and  belowground  biomass  (living  bio-
mass), the deadwood and litter (dead bio-
mass),  and  the  soil  (soil  organic  matter).
Forest carbon storage provides an impor-
tant  mechanism  for  mitigating  climate
change,  and  it  is  an  essential  ecosystem
service that is classified as a regulating ser-
vice (MEA 2005). However, the role of for-
ests as a carbon pool is only ensured if the
proportion  of  living  biomass  exceeds the
loss of carbon due to dying biomass, forest
fires, and harvest. In the context of climate
change, Mediterranean forests are consid-

ered vulnerable to the loss of biodiversity
and carbon storage services (Fischlin et al.
2007,  Badalamenti  et  al.  2017).  Moreover,
the  projections  of  the  effects  of  climate
change in Mediterranean basin may lead to
reduced productivity  and lower  resilience
of forests (Sferlazza et al. 2017). Therefore,
estimating carbon stocks and their distribu-
tion in the different components of ecolog-
ical and production systems is essential to
understanding  how  carbon  is  allocated
among labile and stable components. This
information  is  also important  for  evaluat-
ing the quantity of carbon that can poten-
tially be emitted into the atmosphere ow-
ing  to  natural  or  human-induced  distur-
bances (Sierra et al. 2007).

Interest in measuring and modeling car-

bon  storage  in  forests  has  greatly  in-
creased  over  the  last  decade,  and  many
studies have adopted a comprehensive ap-
proach to investigate the quantification of
carbon stocks that accounts for all  of the
five carbon pools in forest ecosystems (Nu-
nes et al. 2010,  De Simon et al. 2012,  Ruiz-
Peinado et al.  2013,  Moreno-Fernandez et
al. 2015, Oubrahim et al. 2015, Ruiz-Peinado
et  al.  2016).  However,  some  studies  fo-
cused on only one carbon pool, such as the
soil (Vesterdal et al. 2008,  Diaz-Pines et al.
2011,  Rodeghiero  et  al.  2011),  deadwood
(logs, snags, fine and coarse woody debris
– Herrero & Bravo 2012, Herrero et al. 2014,
Paletto et al. 2014) or living biomass (Ruiz-
Peinado  et  al.  2011,  Ruiz-Peinado  et  al.
2012), while other studies have considered
4 carbon pools by omitting pools such as
soil  (Xu  et  al.  2016)  or  deadwood  (Rode-
ghiero et  al.  2010,  Scalenghe et  al.  2015).
Pan et al. (2011) attempted to quantify for-
est carbon pools at the global level and es-
timated the total stock to be 861 Pg of car-
bon  with  45%  in  the  soil  (up  to  1  m  in
depth), 42% in the above- and belowground
biomass, 8% in deadwood and 5% in litter.
Geographically, 55%, 32% and 14% of carbon
is stored in tropical, boreal and temperate
forests, respectively, which is why studies
of the carbon pools in the Mediterranean
region are required.

In  recent  years,  some  research  has  fo-
cused on the influences of forest manage-
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ment  on  carbon  storage  (Powers  et  al.
2013), and some studies have also investi-
gated  the  distribution  of  carbon  stocks
among the different pools in the Mediter-
ranean region (Bravo et al. 2008, De Simon
et al. 2012,  Ruiz-Peinado et al. 2013,  More-
no-Fernandez et  al.  2015,  Oubrahim et  al.
2015,  Ruiz-Peinado et  al.  2016).  However,
most  of  those  studies  have  been  carried
out in coniferous stands, except for  De Si-
mon et al. (2012) and Oubrahim et al. (2015)
who investigated broadleaved stands.

The history of Mediterranean forests en-
compasses  fragmentation,  degradation
and deforestation, natural expansion (Sca-
rascia-Mugnozza et al. 2000) and afforesta-
tion, and Sicilian forests reflect all of these
dynamics. In Sicily, the typical forest stand
is dominated by holm oak (Quercus ilex L.),
which  forms  a  discontinuous  patchwork
mainly located along the slopes of the pri-
mary mountain ranges. Holm oak coppices
account  for  28,650  hectares  or  approxi-
mately 10% of the forest area in Sicily (Cam-
erano et al. 2011), and play a significant role
in  the  carbon  balance  of  this  region.  In
most of these stands, minimal  or no silvi-
cultural  management has been applied in
recent  decades.  Since  these  forests  are
generally  characterized  by  a  simplified
structure  and  composition  originated  by
past intensive coppicing, they urgently re-
quire  silvicultural  treatments  to  ensure
both  their  ecological  resilience  and  func-
tioning as carbon pools. Only a few holm
oak coppices are still managed, thus the re-
construction  of  historical  management  in
most  cases  is  practically  impossible.  Cop-
picing  remains  the  only  traditional  forest
management system used to provide fire-
wood at the local scale.

The  objectives  of  this  study  were  (i)  to
quantify the carbon stocks in the five car-
bon  pools  (above  and  belowground  bio-
mass, deadwood, litter and soil) in a holm
oak  coppice  stand  generated  by  silvicul-
tural felling practices carried out at differ-
ent times and (ii) to investigate the effects
of  traditional  forest  management,  in  the
form of coppicing, on carbon storage in a
Mediterranean area by examining a signifi-
cant example of correctly and timely man-
aged stand in Sicily.  The quantification of
carbon in forest stands is currently of inter-
est to forest managers since carbon stor-
age can be significantly modified through
silvicultural practices (Del Río et al. 2008).
This work contributes to the knowledge on
carbon dynamics  in a managed holm oak
coppice in Mediterranean area.

Materials and methods

Study area
The study area is located in the Madonie

Mountains (Sicily, Italy – 37° 53′ N, 14° 06′ E,
elevation ~1000 m a.s.l.) within the B zone
of the Madonie National Park, in the meso-
Mediterranean  vegetation  belt.  The  se-
lected forest stand is mainly composed of
holm  oak  (Quercus  ilex  L.),  downy  oak

(Quercus pubescens  Willd.) and manna ash
(Fraxinus ornus  L.).  According to data col-
lected at  the Castelbuono meteorological
station  over  the  period  1980-2003,  the
mean annual rainfall is 811 mm, and the cor-
responding mean air temperature is 14.5 °C.
According  to  the  USDA  classification  sys-
tem,  the  soil  in  the  plots  is  Lithic  Xe-
rorthents (Soil Survey Staff 2010).

In  the  past,  coppicing  represented  the
main silvicultural management system aim-
ed at firewood and charcoal productions in
the  Madonie  Mountains  (Cullotta  et  al.
2016a,  2016b). The number of residents of
the  nine  municipalities  of  the  Madonie
Mountains (Castelbuono, Petralia Soprana,
Petralia  Sottana,  Castellana  Sicula,  Polizzi
Generosa,  Isnello,  Gratteri,  Collesano  and
Geraci Siculo) has decreased from 52,762 in
1951 to 31,258 in 2011 (-41% –ISTAT 2017) due
to emigration to other countries and inter-
nal migration. The trend of forest harvest-
ing and its products (cutter timber and fuel
wood) in Sicily (ISTAT 2011) reflects the de-
population  of  the  rural  areas  such  as
Madonie  Mountains:  (i)  forest  harvesting
has decreased from 133,000 m3 in 1950 to
35,000 m3 in 2011; (ii) cutting timber has de-
creased from 36,000 m3 in 1950 to 16,000
m3 in  2011;  and  (iii)  fuel  wood  has  de-
creased from 97,000 m3 in 1950 to 20,000
m3 in 2011 (La Mela Veca et al.  2016). The
gradual  abandonment  of  any  silvicultural
treatments  has  consequently  led  these
stands  to  a  state  of  natural  evolution,
which is now the most common manage-
ment system. Today, traditional coppicing
practices  are  currently  applied  only  to  a
small  number of areas, such as the forest
stand selected for study. 

Four plots (A1, A2, A3, and A4) were es-
tablished in the study area on the north-
eastern slopes (Tab. S1 in the Supplemen-
tary  material)  that  were characterized by
coppice  stands  of  different  age  (i.e.,  40-
year  rotation)  based  on  the  past  silvicul-
tural  felling  age.  In  particular,  felling  oc-
curred in 2013 in plot A1, 2009 in plot A2,
1993 in plot A3, and 1973 in plot A4.

Sampling of dendrometric and 
structural attributes

Field surveys were conducted in 2014, and
one circular subplot with a 20-m radius was
established in each plot. The subplots were
as homogeneous as possible in terms of al-
titude,  exposure and stand structure.  For
the  dendrometric  characterizations,  all
trees taller than 1.30 m were individually la-
beled, and their diameters at breast height
(Dbh)  ≥  4  cm  and  heights  (H)  were  mea-
sured  in  each  subplot.  Dbh values  were
measured for all shoots on each stool. Us-
ing these basic data, the following parame-
ters  were  calculated  for  each  plot:  stem
density (shoots ha-1),  stool density (stools
ha-1), mean tree diameter (Dm, in cm), mean
tree  height  (Hm,  in  m)  and  basal  area  (G
m2), and the whole shoot volume (V, in m3)
was calculated using mathematical models
developed by  Tabacchi et al. (2011). More-

over,  three  different  deadwood  compo-
nents  were  sampled  in  each  subplot:
woody  debris  (WD),  standing  dead  trees
(SDT) and stumps (S).  WD includes fallen
dead  trees  and  branches  lying  on  the
ground with a minimum top diameter (di-
ameter of the narrowest section of the end
of a piece of deadwood) of 3 cm and a min-
imum  length  of  20  cm;  SDT  includes  all
dead trees still standing with Dbh ≥ 3 cm; S
includes the portions of trees remaining af-
ter  cutting  or,  less  frequently,  the  stems
truncated by natural hazards less than 1.30
m and with a diameter at least 3 cm at the
cut  section or  breaking section.  All  dead-
wood components were classified accord-
ing  to  decay  classes  adopted  for  dead-
wood  assessment  by  the  Italian  National
Forest  Inventory  (Paletto  &  Tosi  2010,  Di
Cosmo et al.  2013,  Paletto et al.  2014). To
characterize the structure,  measurements
were taken along 10 × 12-m transects ori-
ented to the cardinal directions within the
core  subplots  owing  to  the  homogeneity
of  the forest  stand.  In  each transect,  we
recorded DBH and H of all  living trees, the
height  of  crown  insertion  (m),  crown  ra-
dius (mean of  the radii  taken at  the four
cardinal  points),  diameter  of  the  cut  sec-
tion and the height of the stools (in the A1
and  A2  plots),  and  the  polar  coordinates
(angle  and  distance  of  each  shoot  and
stool from the center of the subplot). Nat-
ural regeneration was also recorded along
each  transect;  in  particular,  the  origin  of
the plants from seeds or sprouts was de-
termined  by  examining  the  form  of  the
stem base and the belowground root sys-
tem. All plants were classified based on dif-
ferent dimensional thresholds: h < 130 cm,
h  ≥  130  cm  and  Dbh <  4  cm.  The  forest
crown  cover  was  determined  using  the
Stand Visualization System (SVS) software
(McGaughey 1997), which generates graph-
ic images of stand conditions and displays
overhead, profile, and perspective views of
a forest stand. Finally, we assessed the di-
versity of the holm oak coppice stands us-
ing  three  indices  (see  Tab.  S2  in  Supple-
mentary material). First, the Shannon index
(SH  – Shannon 1948) accounts for species
diversity; second, the Winkelmass index (W
– Von  Gadow  et  al.  1998)  describing  the
spatial  distribution or horizontal  structure
of the stand; finally, vertical evenness (VE)
index  which  describes  the  vertical  struc-
ture (Neumann & Starlinger 2001). The SH
index integrates both species number and
the  relative  abundance  of  the  different
species, assuming values from 0 to  ∞; val-
ues close to zero indicate low species di-
versity while high values indicate high spe-
cies diversity. The W index reflects the reg-
ularity of the horizontal spatial distribution
of  trees  in  a  forest  and  was  calculated
based  on  the  number  of  reference  trees
(n=6) and the k trees closest to a randomly
identified  reference tree (k=4).  The W in-
dex assumes values between 0 (regular dis-
tribution) and 1 (clumped distribution); val-
ues close to 0.5 indicate a random distribu-
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tion. The VE index characterizes the verti-
cal  distribution  of  the  coverage  within  a
stand and was assessed using the TSTRAT
function  (Latham  et  al.  1998),  which  de-
fines multiple vertical height cut-off points
based on tree and crown lengths and as-
signs individual trees to the vertical strata
depending on the position of tree crowns
relative  to  these  cut-off  points.  In  this
study,  we set  the  lower  strata  limit  at  a
height  of  1.30  m  based  on  field  observa-
tions;  all  trees  with  heights  below  this
lower limit were placed in the lower stra-
tum.  The  VE  index  assumes  values  be-
tween 0 and 1; low VE values are character-
istic  of  single-storied stands,  whereas the
theoretical  maximum of 1  would result  in
vertically equally distributed trees.

Soil sampling
Soil  sampling  was  performed  at  10  ran-

domly selected points in each subplot. For
a  given  point,  20  undisturbed  soil  cores
(0.05 m in height by 0.05 m in diameter)
were  collected  following  the  removal  of
the litter layer at the depths of 0 to 0.05 m
and 0.05 to 0.10 m. In the laboratory, the
undisturbed soil cores were used to deter-
mine the initial  volumetric soil  water con-
tent, θi (m3  m-3),  i.e., the antecedent mois-
ture  condition  (soil  water  content  at  the
time  of  sampling),  and  the  dry  soil  bulk
density, ρb (Mg m-3). Both quantities were
measured  using  the  oven-drying  method
and were averaged over  the two depths.
Ten disturbed soil samples (0 to 0.10 m in
depth) in each subplot were also collected
to determine the clay (cl), silt (si), and sand
(sa) contents according to USDA standards
(Gee & Bauder 1986). The soil organic car-
bon, SOC (kg Mg-1), of seven samples was
measured by the Walkley-Black method.

Carbon stock estimation
To estimate the carbon stocks in the five

forest carbon pools, the approach shown
in Fig. 1 was adopted.

The  biomass  equations  for  holm  oak,
downy oak and manna ash developed by
Tabacchi et al. (2011) were used to estimate
the  dry  weight  of  the  aboveground  bio-
mass, ABVshoots (Mg ha-1), using the tree Dbh

and the H of the shoots. In the recently cut
A1 (in 2013) and A2 (2009) plots, the above-
ground  biomass  (ABV)  of  cut  stools  was
also estimated as follows (eqn. 1):

(1)

where V (m3) is the fresh volume of the cut
stool, WBD (Mg m-3) is the wood basic den-
sity  to  convert  the  fresh  volume  to  dry
weight  for  each  forest  typology  (ISPRA
2015), and A (ha) is the area of the subplot.
The fresh volume of the cut stools was cal-
culated  assuming  a  cylindrical  shape  for
the cut stool as follows (eqn. 2):

(2)

where  d (in m) is the average diameter of

the  cut  section  taking  into  account  two
perpendicular measures, and h (in m) is the
height of the stool.

The aboveground biomass per unit area
(Mg ha-1)  was  defined as  the  sum of  the
aboveground  biomass  of  the  shoots  and
the  aboveground  biomass  of  the  cut
stools. A 0.5 carbon fraction to dry matter
conversion factor (IPCC 2003) was applied
to  obtain  the  aboveground  carbon,  Cabv

(Mg ha-1), from the biomass.
The belowground biomass was estimated

by applying a standard root/shoot ratio (di-
mensionless)  for  each  forest  typology  to
the aboveground biomass (ISPRA 2015). In
particular,  we  chose  to  use  a  coefficient
equal to: (i) 1 for evergreen oak (i.e., holm
oak);  (ii)  0.2  for  other  oaks  (i.e.,  downy
oak);  and (iii)  0.24 for  other  broadleaved
species (i.e., manna ash). Additionally, the
carbon  fraction  of  dry  matter  conversion
factor  (IPCC 2003),  which is  equal  to 0.5,
was  applied  to  obtain  the  belowground
carbon,  Cblw (Mg  ha-1),  from  the  biomass,
but  because these  stands  were managed
as coppice, the belowground biomass, cal-
culated  for  the  40-year-old  stand,  is  as-
sumed to remain constant after each cut-
ting when shoot production begins.

Litter  carbon,  Clitter (Mg  ha-1),  was  esti-
mated from the amount of  carbon in the
aboveground biomass based on linear rela-
tionships between the stand biomass and
litter  for  each  forest  typology;  this  ap-

proach has been used in many forest stud-
ies (Waring & Running 1998,  Federici et al.
2008).  We applied  the following relation-
ship for evergreen oak coppices (eqn. 3):

(3)

where  x is  the  aboveground  carbon  (Mg
ha-1),  and  y is  the litter  carbon  (Mg ha-1).
Thus, it is assumed that the litter carbon is
at  least  equal  to  9.366  Mg  ha -1 with  no
aboveground carbon.

Dead mass in the form of woody debris
(WD),  standing  dead  trees  (SDT)  and
stumps (S) was estimated by recording all
of the dead material in the subplots. In the
case of WD and S, volume (m3) was calcu-
lated using the following relationship (eqn.
4):

(4)

where D (in m) is the maximum diameter, d
(in m) is the minimum diameter, and L (in
m) is the length/height of the dead mate-
rial.

In the case of SDT, volume (V, in m3) was
calculated  using  the  standard  biometric
equation (Cannell 1984 – eqn. 5):

(5)

where G (in m2) is the basal area, h (in m) is
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Fig. 1 - Flowchart 
describing the 
approach 
adopted for esti-
mating forest car-
bon pools in the 
investigated 
stands.
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the height obtained from the hypsometric
curve; and f is a standard stem form factor
equal to 0.5.

To estimate the deadwood carbon stock,
the  volume  (in  m3)  of  each  subplot  was
converted to dead mass (Mg) using the ap-
propriate  basic  density  (kg  m-3)  value  for
each deadwood category (broadleaves, in
our case) and decay class (Di Cosmo et al.
2013,  Paletto  et  al.  2014).  Therefore,  the
dead  mass  was  converted  to  deadwood
carbon per unit area, Cdead (Mg ha-1), by ap-
plying an oak wood carbon factor equal to
0.4895 that was obtained by direct analysis
(Matthews 1993).

The soil  carbon stock per  unit  area,  Csoil

(Mg ha-1), was calculated using the follow-
ing relationship (eqn. 6):

(6)

where SOC (kg Mg-1) is the soil organic car-
bon  content,  ρb (Mg  m-3)  is  the  soil  bulk
density,  L (m) is the depth of the sampled
layer,  and the ratio  10000/1000 expresses
Csoil in Mg ha-1.

Data analysis
Spearman’s correlation analysis was used

to individuate the correlation between the
species diversity index (SH index) and the
stand structure indices (W and VE index).
Differences  in  the  carbon  pools  among
plots  were  analyzed  with  Kruskal-Wallis
one-way  analysis  of  variance  on  ranks.  If
any significant differences were detected,
a post-hoc Tukey’s Honestly Significant Dif-
ference  (THSD)  test  was  applied  to  the
pairwise comparisons, and Dunn’s Method
was applied for  post-hoc pairwise multiple
comparisons in the case of unequal treat-
ment group sizes. For the basic soil proper-
ties considered in this investigation (cl, si,
sa, θi, ρb, SOC), each dataset was summa-
rized  by  calculating  the  arithmetic  mean,
ma, and the associated coefficient of varia-

tion, CV. The four plots were compared in
terms of the basic soil properties (cl, si, sa,
θi,  ρb,  SOC)  using  THSD  test.  The  signifi-
cance level for all tests was α=0.05.

Results and discussion

Dendrometric and structural aspects
For each forest plot, the values of all mea-

sured and derived stand parameters are re-
ported in  Tab.  1.  Moving from plot  A1  to
plot A4, the complexity and closure of the
forest stands increased with the age of the
stems (shoots) since the last  coppice fel-
ling (see Tab. S1 in the Supplementary ma-
terial). For example, the crown cover index
progressively increased from 34% in plot A1
to 97% in plot A4; similarly, the basal area
(G)  and  the  volume  (V)  of  all  shoots  in-
creased from A1 to A4 (Tab. 1). Conversely,
the stool density decreased from the A1 to
A4 plots, which can be explained by normal
competition  among  plants  for  space  and
light over time.

In  the  recently  cut  A1  (2013)  and  A2
(2009) plots, the percentages of natural re-
generation with height < 130 cm were 100%
(41,322  shoot  ha-1)  and  67%  (21,916  shoot
ha-1),  respectively,  and  the  corresponding
percentages of sprout origin regeneration
were 86% (35,447 shoot ha-1) in plot A1 and
90% (29,583 shoot ha-1) in plot A2 (Tab. S3
in the Supplementary material). In plots A3
and  A4,  the  natural  regeneration  with
height < 130 cm was less than in the other
plots (A1 and A2) and equal to 90% (5,000
shoot ha-1)  and 97% (7,750 shoot ha-1),  re-
spectively. In both plots, the natural regen-
eration was sprout origin (Tab. S3). Consid-
ering (i) that manna ash is a light-demand-
ing species and (ii)  that  there is  a  higher
density  of  sprout  origin  regeneration  in
more recently disturbed plots (A1 and A2),
the  lower  abundance  of  standards  in  A3
(63.7 plants ha-1) and A4 (127.3 plants ha-1)
suggests  a  tree-cutting  effect;  the  open-
ness of the canopy and light should have

positively influenced seed germination and
early seedling development.

The values of all structural indices calcu-
lated for each forest plot  are reported in
Tab.  S4  (Supplementary  material).  Gener-
ally,  all  stands  showed low species  diver-
sity,  but  the  Shannon  index  values  were
higher  in  plots  A1,  A2  and  A3,  as  three
species (holm oak, downy oak and manna
ash) were detected in the tree layers; con-
trastingly,  only  two  species  were  found
(holm oak and downy oak) in plot A4. Holm
oak  was  dominant  in  all  stands.  Forest
stands A1 and A2 were characterized by a
clumped tree distribution with W index val-
ues  equal  to  0.71  and  0.83,  respectively,
whereas stands A3 and A4 were character-
ized by randomly distributed trees with W
index values  equal  to  0.63  and 0.46.  The
vertical distribution of crowns obtained by
TSTRAT  consisted  of  three  strata  for  the
A2,  A3 and A4 forest  stands,  which were
characterized  by  VE  values  greater  than
0.8, and two strata for the more recently
cut stand (A1) with a VE value of 0.37. Ex-
cept for the latter stand, the distribution of
crowns into the strata was  uniform since
the crowns of all trees were within the ver-
tical strata. There were no significant corre-
lations  (p>0.05)  between  any  pair  of  in-
dices (SH, W and VE).

Soil properties
The A1, A2, A3 and A4 forest plots were

established very close together, no further
than 600 meters apart which assured the
pedological uniformity of the site; thus, the
mean steepness values  were very  similar,
varying from 48% (for A4) to 59% (for A3 –
Tab. 2).  Therefore, stand age represented
the main factor that differed among these
plots. Plots A3 and A4 did not differ signifi -
cantly  in terms of  any basic  soil  property
(Tab.  2),  suggesting  that  the  possible  ef-
fects of soil alteration due to tree cutting
did not last for more than 20 years.

A coppicing effect was detectable when
the less disturbed plots (A3 and A4) were
compared  with  more  recently  disturbed
plots (A1 and A2). The soil in the latter plots
was  denser  and  had  less  organic  carbon
than in the former, but the effects of cop-
picing on ρb and SOC were statistically neg-
ligible. However, the plot disturbed 6 years
ago (A2)  had significantly  more sand and
less clay than the less disturbed plots (A3
and A4), and similar result was detected in
the more recently  disturbed plot  (A1),  al-
though  the  differences  were  smaller  and
not  significant.  Accounting  for  the  close
proximity of the four stands, in particular
plots A1 and A3, differences in soil texture
likely  resulted from coppicing.  The soil  in
plot A2 remained exposed to the direct ac-
tion of rainfall the longest, and it was also
affected by some loss or weakening of sta-
bilizing  agents  since  the  re-establishment
of plant cover was rapid but not immediate
(i.e., a couple of years). Therefore, the con-
ditions in this plot particularly favored soil
erosion and likely facilitated the removal of
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Tab. 1 - Main dendrometric characteristics of the four investigated plots. (Dm): Mean
diameter; (Hm): mean tree height; (G): basal area; (V): volume.

Plot Species
Crown
cover
(%)

Stools 
(n ha-1)

Shoots
(n ha-1)

Dm
(cm)

Hm
(m)

G
(m2 ha-1)

V
(m3 ha-1)

A1- Age 1 Holm oak - 1200.0 55.7 14.9 10.2 1.0 4.9
Downy oak - 380.0 71.6 25.7 11.7 3.7 24.5
Manna ash - 999.6 79.6 13.9 10.4 1.2 6.4
Total 34 2579.6 206.9 - - 5.9 35.9

A2- Age 6 Holm oak - 1066.0 87.5 20.5 12.9 2.9 16.2
Downy oak - 238.0 95.5 34.5 13.5 8.9 70.6
Manna ash - 999.6 39.8 15.3 12.2 0.7 4.7
Total 74 2303.6 222.8 - - 12.6 91.5

A3- Age 20 Holm oak - 1209.6 3199.0 8.6 7.5 18.6 66.5
Downy oak - 95.5 262.6 17.0 8.2 6.0 28.6
Manna ash - 1050.4 1957.6 7.1 6.8 7.7 26.3
Total 94 2355.5 5419.2 - - 32.3 121.4

A4- Age 40 Holm oak - 1496.1 2840.9 12.2 10.4 33.3 180.4
Downy oak - 286.5 262.6 25.4 13.7 13.3 110.1
Total 97 1782.5 3103.5 - - 46.6 290.5
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fine and easily transportable soil particles.
The data collected in plot A1 were consis-
tent with this interpretation since they sug-
gested that the above-described phenom-
ena began soon after coppicing.

Carbon storage
The  aboveground  carbon  (Cabv)  was

higher in the older coppices (109.82 Mg ha -1

in A3 and 245.67 Mg ha-1 in A4) than in the
recently cut plots (23.87 Mg ha-1 in A1 and
22.00 Mg ha-1 in A2) with significant differ-
ences between the plots, except for A1 and
A2 (Tab. 3). The belowground carbon (Cblw)
was 170.93 Mg ha-1 in plot A4 and was as-
sumed  to  have  remained  constant  over
time.  The  litter  carbon  (Clitter)  decreased
from the recently cut plots (8.65 Mg ha -1 in
A1 and 8.71 Mg ha-1 in A2) to the older cop-
pices (6.08 Mg ha-1 in A3 and 2.02 Mg ha -1 in
A4)  with  significant  differences  between
the plots except for A1 and A2 (Tab. 3). The
recently cut plots (A1 and A2) had low lev-
els  of  carbon  stored  in  the  deadwood
(Cdead), 1.61 Mg ha-1 in A1 and 0.06 Mg ha-1 in
A2, with no significant differences between
the two plots. In contrast, Cdead was higher
in  the older coppices (4.89 Mg ha-1 in  A3
and 9.56 Mg ha-1 in A4) with no significant
differences  between  the  plots,  but  there
were significant  differences between plot
A4 and the recently cut plots (A1 and A2 –
Tab. 3). Soil carbon stock (Csoil) varied from
67.25 to 87.90 Mg ha-1 (Tab. 4). The lowest
values for Csoil were observed in the stands
with the lowest stand density with no sig-
nificant differences between the four plot
(Tab. 4). The total carbon stocks (Cstock) in
plots  A1,  A2,  A3  and A4 were 276.89 Mg
ha-1,  268.95  Mg  ha-1,  377.61  Mg  ha-1 and
516.08  Mg  ha-1,  respectively  (Fig.  2),  and
there were no statistically significant differ-
ences among the plots (Tab. 4). Cstock values
of  the  studied  stands  were  higher  than
those found for stands of other species un-
der  similar  climatic  conditions  and  sam-
pling  methods  in  Mediterranean  forests,
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Tab. 3 - Carbon stocks in the living and dead biomass of each forest stand. For a given
carbon  pool,  values  followed  by  the  same  letter  are  not  significantly  different
(p>0.05) according to Tukey’s Honestly Significant Difference test.

Plot
Living biomass Dead biomass

Cabv (Mg ha-1) Cblw (Mg ha-1) Clitter (Mg ha-1) Cdead (Mg ha-1)
A1 23.87 a 170.93 8.65 a 1.61 a

A2 22.00 a 170.93 8.71 a 0.06 a

A3 109.82 b 170.93 6.08 b 4.89 ab

A4 245.67 c 170.93 2.02 c 9.56 b

Tab. 4 - Soil carbon stocks (Csoil, Mg ha-1) and total carbon stock (Cstock, Mg ha-1) of each
forest stand (± standard error). For a given carbon pool, means followed by the same
letter are not significantly different (p>0.05) according to Tukey’s Honestly Significant
Difference test.

Plot Csoil (Mg ha-1) Cstock (Mg ha-1)

A1 71.83 ± 9.54 * a 276.89 ± 31.37 * a

A2 67.25 ± 4.86 a 268.95 ± 31.49 a

A3 85.89 ± 14.56 a 377.61 ± 31.77 a

A4 87.90 ± 11.66 a 516.08 ± 46.97 a

Fig. 2 - Estimation of carbon stocks in the five carbon pools for each investigated plot.
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ple size; (CV): coefficient of variation; (ρb): dry soil bulk density; (SOC): soil organic
carbon. For a given variable, means followed by the same letter are not significantly
different (p>0.05) according to Tukey’s Honestly Significant Difference test.

Variable Statistic A1 A2 A3 A4
Slope (%) Mean 56.6 55.3 59.3 48.2
Clay (%) Ns 10 10 10 10

Mean 17.2 ab 14.9 a 22.0 b 21.2 b

CV (%) 23.0 41.9 8.2 14.2
Silt (%) Ns 10 10 10 10

Mean 37.5 a 35.2 a 34.5 a 37.5 a

CV (%) 15.3 12.9 5.8 8.7
Sand (%) Ns 10 10 10 10

Mean 45.3 ab 49.9 a 43.4 b 41.2 b

CV (%) 10.7 7.2 5.1 8.9
ρb (Mg m-3) Ns 20 20 20 20

Mean 0.914 a 0.892 a 0.863 a 0.785 a

CV (%) 24.5 15.8 20.0 24.4
SOC (kg Mg-1) Ns 7 7 7 7

Mean 77.4 a 76.1 a 97.8 a 102.7 a

CV (%) 24.3 20.9 26.6 28.0
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such  as  values  of  86.5-159.5  Mg  ha -1 re-
ported by  Oubrahim et al. (2015) for  Quer-
cus suber L. stands in Morocco, 234.4-317.3
Mg  ha-1 observed  by  Ruiz-Peinado  et  al.
(2013) for a reforestation of  Pinus pinaster
Ait. in degraded open woodlands of  Quer-
cus faginea Lamk. and Q. suber L. in Spain,
and 197.1-276.8  Mg ha-1 recorded by  Ruiz-
Peinado et al. (2016) for a reforestation of
Pinus  sylvestris L.  established  on  natural
forests of Quercus pyrenaica Willd. in Spain.
The most important carbon pool identified
in  the  studied  stands  was  living  biomass
(70.4-80.7%) which included above and be-
lowground carbon (Fig. 2). The next largest
was the carbon soil pool (top 10 cm in our
case)  which  accounted  for  17.0-25.9%  ac-
cording to the stands. Finally, the remain-
ing  carbon  being  withheld  in  dead  wood

and litter (Fig.  2).  Soils  from the Mediter-
ranean  broadleaved  forests  are  relatively
poor in carbon; our results, therefore, fall
well within the range of other observations
(Diaz-Pines et  al.  2011,  Ruiz-Peinado et  al.
2013, Moreno-Fernandez et al. 2015, Oubra-
him et  al.  2015,  Ruiz-Peinado et  al.  2016).
The results revealed an effect of coppicing
on carbon storage in the living and dead
biomass; except for litter carbon, the low-
est carbon storage values  were observed
in the plots with the lowest stand density
(A1 and A2), and basal area was explained
by coppicing. In terms of soil carbon, cop-
picing caused an almost immediate loss of
carbon, i.e., plot A2, which was followed by
a slow  recovery  of  the  carbon  pool  over
time as exhibited by the older coppices in
plots  A3  and  A4  (Tab.  4).  The  Csoil value

measured  in  the more recently  disturbed
plot A1 was consistent with this interpreta-
tion, since it is conceivable that these phe-
nomena begin a few years after coppicing,
but  there  were  no  statistically  significant
differences in soil carbon among the plots
(Tab. 4). These results agree with those of
other studies (Powers et al. 2013,  Ruiz-Pei-
nado et al. 2013,  2016), which, on average,
report little effect of harvesting on soil car-
bon, but this depends on the type of har-
vest.

Taking into account the relationships be-
tween carbon stocks and the five dendro-
metric  parameters  (crown cover,  number
of stools, number of shoots, basal area and
volume), the most appropriate parameter
to  describe  the  changes  in  the  values  of
the carbon stocks  among the four  forest
stands  was  basal  area,  G  (m2 ha-1),  since
there were statistically significant relation-
ships  between  this  factor  and  the  three
carbon pools  (aboveground carbon,  dead
carbon and soil carbon). In particular, Cabv,
Cdead and Csoil significantly linearly increased
with G (Fig. 3a, Fig. 3b, Fig. 3c). In all case,
the correlations were very strong (R2 equal
to  0.922,  0.890  and  0.845,  respectively).
The  positive  relationship  found  between
Csoil and G has already been reported in the
Mediterranean area (Oubrahim et al. 2015).
Therefore, these relationships, despite be-
ing obtained for a small number of plots in
this  study,  could be applied under similar
forest conditions (i.e., stand development,
climate, topography, soil properties) to es-
timate carbon storage in the aboveground,
dead and soil  pools  of  holm oak  coppice
stands.

Conclusions
This study examined managed holm oak

stands  that  had  been  regularly  coppiced
under  a  40-year  rotation  in  the  Madonie
Mountains of Sicily. This case study is par-
ticularly significant given that, contrary to
most  Sicilian  stands,  few  holm  oak  cop-
pices are managed and the reconstruction
of historical management in most cases is
practically  impossible.  The  trends  in  the
dendrometric  parameters  and silvicultural
indices of the stands immediately after cut-
ting and during and at the end of the rota-
tion period  were  typical  of  coppices,  i.e.,
they were characterized by poor composi-
tional and structural diversity with very lim-
ited diversification in the older stands.

A complete analysis of five carbon pools
has  been carried  out.  Living biomass  was
the main carbon pool, and, on average, no
significant differences were found in terms
of  total  carbon  stock  and  soil  carbon  of
each  investigated  forest  stand.  However,
we observed an effect of coppicing on car-
bon storage in the living and dead biomass.
Except for litter  carbon,  the lowest living
biomass values were observed in the plots
in  the  early  stages  of  development  after
coppicing.  The  results  of  this  study  re-
vealed that coppicing does not affect the
carbon balance, endorsing the sustainabil-
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Fig. 3 - Relationships
between basal area
(G, m2 ha-1) and: (a)

aboveground car-
bon (Cabv, Mg ha-1);

(b) dead carbon
(Cdead, Mg ha-1); and
(c) soil carbon (Csoil,

Mg ha-1).
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ity  of  this  kind  of  management,  at  least
from a four decades perspective, and from
the  point  of  view  of  total  carbon  stocks
and the carbon stored in the soil. The lim-
ited number of investigated plot does not
allow to draw conclusions of general valid-
ity on the relationship between basal area
and three carbon pools (aboveground car-
bon,  dead carbon and soil  carbon) in the
Mediterranean area. However, the data ob-
tained in the present study improve under-
standing of the effects of coppicing on car-
bon storage in a Mediterranean holm oak
stand. A long-term monitoring of the inves-
tigated stands, as well as the characteriza-
tion  of  other  managed  coppices  in  Sicily
and  in  the  Mediterranean  area  would  be
useful for the development of an interna-
tional  database on the effects of coppice
management on carbon storage.

List of abbreviations
The  following  abbreviations  have  been

used throughout the paper:
• WD: woody debris
• SDT: standing dead trees
• S: stumps
• SVS: standing visualization system
• SH: Shannon index
• W: Winkelmass index
• VE: vertical evenness
• ABV: aboveground biomass
• WBD: wood basic density
• SOC: soil organic carbon
• THSD: Tukey’s honestly significant differ-

ence
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