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Introduction

Emissions of CO, have largely contributed
to the observed changes in global climate
over the last decades (IPCC 2007) and the
link with human activities is no longer de-
bated (Hansen & Sato 2004). Terrestrial
ecosystems represent a considerable part
of global carbon stocks (IPCC 2013) and of
all terrestrial ecosystems, forest ecosys-
tems make up the largest part, containing
around 80% of the aboveground and 40 %
of the belowground terrestrial carbon (Di-
xon et al. 1994). Soils represent roughly
two-thirds of the terrestrial carbon in fo-
rests, but this varies across biomes with
85% in boreal forests, 60% in temperate
forests and 50% in tropical rain forests (Di-

The present study aims to quantify the carbon stored in a degraded cork oak
(Quercus suber L.) ecosystem in the north west of Morocco, in view of poten-
tial management implications. To this end, carbon stocks were evaluated in
the first 100 cm of the soil, the cork oak trees, and the understorey species
(both above- and belowground). Results show that the total carbon stocks in
the cork oak ecosystem ranges from 65 to 237 Mg ha' with a mean value of
121 Mg ha'. The first 100 cm of the soil (including the forest floor) represents
the largest carbon pool (~51% of the total organic carbon) of the ecosystem.
Tree biomass (above- and belowground tissues of cork oak) represents the se-
cond largest pool (47%), whereas the contribution of the understorey is less
than 2%. Within the first 100 cm of the soil, over 87% of all the soil organic
carbon is situated in the first 40 cm of the soil depth. The amount of carbon
stored here ranges from 30 to 110 Mg ha'and these organic carbon stocks vary
considerably with the stand basal area of the cork oak (R? = 0.82). In practice,
the carbon stocks of the different pools considered are strongly correlated
with the stand density of the cork oak stands. In the semi-arid forest ecosys-
tems of our study, management prescriptions aiming at increasing the standing
biomass of the cork oak should thus considerably contribute, both directly
through tree biomass and indirectly through increased soil organic matter, to
efficient carbon sequestration.
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xon et al. 1994). Forest soils account for
35% of the global soil C stock (Robert 2002)

2006, De Graaff et al. 2006, Elser et al.
2007, Dijkstra & Cheng 2008), but also on

and this value is 2-3 times higher than the C
contained in the atmosphere (Makipaa et
al. 1999, Schlesinger 2000, Ducroux et al.
2001). Clearly, whether such ecosystems
are a source or a sink is thus a critical issue
for the evolution of the carbon concentra-
tion in the atmosphere. At the same time,
increased CO, levels in the atmosphere
have been shown to lead to increased se-
questration in terrestrial ecosystems (Nor-
by et al. 2005), in particular in forests. The
extent to which this may occur will depend
on local site conditions such as climate,
nutrient and water availability, stand vita-
lity, latitude, tree age or species (Pajot

1 (1) Université Mohammed V Agdal - Faculté des Sciences- Rabat, Address: 4 Avenue Ibn
Battouta B.P. 1014 RP, 10 000 Rabat (Morocco); (2) Laboratoire de Pédologie, Centre de
Recherche Forestiere, B.P. 763, Av. Omar Ibn Khattab Agdal-Rabat, 10 000 Rabat (Morocco);
(3) Bordeaux Sciences Agro, UMR 1391 ISPA, F-33170 Gradignan (France); (4) INRA, UMR 1391

ISPA, F-33140 Villenave d’Ornon (France)

@ Hayat Oubrahim (h.oubrahim@gmail.com)

Received: May 30, 2014 - Accepted: Mar 30, 2015

Citation: 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. -

doi: 10.3832/ifor1364-008 [online 2015-08-08]

Communicated by: Giorgio Matteucci

© SISEF http://www.sisef.it/iforest/

125

anthropogenic influences, such as manage-
ment, land degradation, or overexploita-
tion (Pajot 2006, Lal 2005, Jandl et al.
2007). Clearing vegetation or removing the
forest is estimated to account for 17% of
the total emissions of greenhouse gases
(IPCC 2007), and recently emphasis has
been laid on this in developing countries.
However, to our knowledge, the effect of
human (over-) exploitation on carbon sto-
rage in these forested ecosystems has not
been fully addressed. Typically, carbon ac-
counting studies or predictive models high-
light differences between boreal, tempe-
rate and tropical rain forests (Pan et al.
2011), but do not present any values for
arid or semi-arid regions. According to the
FAO (2006), the carbon stocks in forested
ecosystems in North Africa (including bio-
mass, dead organic debris, forest floors
and the first 30 cm of the soil) were on
average 64.9 Mg ha". Many forested eco-
systems in these climates, such as those
around the Mediterranean basin, are cha-
racterized by low stocking for the over-
storey species, with variable amounts of
understorey. In the present study, we tried
to characterize carbon pools of stands typi-
cal of the Mediterranean basin: a cork oak
forest.

Cork oak (Quercus suber L.) is a species
endemic to the Mediterranean basin and
has been present in the western Mediter-
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ranean for more than 60 million years. Its
distribution range has greatly decreased as
a result of the large variations in climatic
conditions during this long period, but
above all due to human activities (De Sousa
et al. 2008). Cork oak forests in Morocco
are representative of semi-arid forested
ecosystems, often suffering from overex-
ploitation, and currently they cover appro-
ximately 377 500 ha (SEIFN 2006), equal to
15% of the world’s cork oak forests. From
the ecological, economical and societal
point of view, these cork oak forests are of
great value. The cork oak forests of the
coastal plains in the Mamora region cove-
red more than 130 000 ha at the beginning
of the 20" century (Emberger 1939), whe-
reas the cork oak makes up less than
60 000 ha at present (Aafi et al. 2005b).
The regression in surface area of the cork
oak forests in Mamora is mainly due to the
pressure of mankind and its livestock.
Indeed, while the human population totals
300 000 inhabitants living in 300 villages,
the Mamora region also has no less than
225000 sheep and cows (Laaribya et al.
2013). Between 1913 and 1958, human acti-
vities were held responsible for the disap-
pearance of up to 60 000 trees per year
due to programmed or illegal exploitation,
harvest of firewood, collection of aromatic
or medicinal plants, fires, intensification of
pasture grazing by livestock, cork exploita-
tion from bark, charcoal production or
transformation to crop lands for local
needs (Boudy 1952). These rural pressures,
combined with more frequently occurring
water stress in drought periods and insect
attacks (El-Badri & Abadie 2000, Lumaret
et al. 2005, Ghaioule et al. 2007) have led to
a degradation of the cork oak ecosystem.
In addition to rural pressures, the cork oak
forest of Mamora is influenced by several
surrounding cities, thereby exposing the
forest to leisure activities as well as uncon-
trolled urbanization (Laouina et al. 2010).
As a result of all these factors of forest
degradation and regression, the specific
composition of the forest is disturbed,
recruitment of new saplings has become
almost impossible (Benabid 2000), and its
surface area has greatly decreased over
the last century (Aafi 2007).

Despite the relevance for the local econo-
my and ecology, intensive use by mankind
has resulted in severe degradation of the
forest vegetation, stand structure and tree
stocking. Restrictions of cutting and collec-
tion of firewood or acorns, along with ma-
ny efforts to rehabilitate and replant the
forest, have not been able to fully compen-
sate for the degradation due to intensive
use. A challenging issue, not addressed
hitherto, is the actual and potential for car-
bon storage in such degraded low stocked
forests. To this end, our study targets the
quantification of carbon storage in this flat
lowland cork oak forest. Our objectives
were to: (1) quantify the carbon storage in
a Mediterranean degraded forest ecosys-
tem, such as the cork oak forest of Mamo-
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ra; (2) assess the local determinants of car-
bon storage of degraded land; and (3)
derive prescriptions for management sche-
mes and optimization of carbon storage.

Materials and methods

Site description

The Mamora forest is located in the north
west of Morocco close to the Atlantic
Ocean, between 6° and 6° 45’ W and 34°
and 34° 20’ N (Fig. S1 in Appendix 1). The
topography is flat with altitudes ranging
from 6-8 m close to the coast up to 300 m
in the north easterly corner. The gentle
slopes are oriented from south-west to the
north-east and this flat topography enables
easy access to and circulation in the forest.
The Mamora geological formations are
mostly marine deposits from the Pliocene
to the Pleistocene (Aafi et al. 2005a) with
sandy soils overlying a clayey substratum.
Soils are sandy and slightly acidic through-
out the region. They are classified as are-
nosols, based on the WRB nomenclature
(FAO/IUSS 2006). The climate is Mediter-
ranean with mean air temperatures rang-
ing from 11 °C in January to 34 °C in August
(annual mean value: 18 °C). The annual pre-
cipitation ranges from 450-600 mm, with
most rain in November and December. The
coastal area receives about 100 mm more
rain than the inland area. Periods of sum-
mer drought easily last for more than two
months, even though some alleviation may
come from the humid atmosphere close to
the coast. This dry season generally starts
by the end of April or early May and ex-
tends until October (Aafi et al. 2005a). High
summer temperatures and extreme dry-
ness of the sandy top soils contribute to a
rapid oxidation of all organic material at
the surface whenever soils are bare or lose
their cover, leading to very low levels of
soil organic matter (Lepoutre 1967). As a
result of these differences in microclimatic
conditions, the western part of the Mamo-
ra forest is characterized by a sub humid
climate with warm winters, while the east-
ern part is semi-arid with temperate win-
ters (Benabid & Fennane 1994).

Mamora forest has a total surface area
of 133 000 ha (Laaribya 2006), of which
around 60 000 ha has cork oak as the main
species, together with an endemic pear
(Pyrus mamorensis Trab.) appearing in little
thickets, but never in full stands. The mas-
tic tree (Pistacia lentiscus L.), wild olive
(Olea europaea L. subsp. oleaster [Hoff-
mans & Link] Negodi) and mock privet
(Phillyrea latifolia L.) can be found, but
remain uncommon. The understorey vege-
tation, when it is dense, is composed of
flax-leaf broom (Genista linifolia L.) and
Thymelaea lythroides (Barr. et Murbeck) in
the western part of the forest and of rock
rose (Halimium halimifolium [L.] Willk.) in
the eastern part. These shrubs can form
dense maquis vegetation that can almost
completely eliminate the other shrub spe-
cies (Aafi 2007). Dense stands (density >

200 trees ha™) make up 7% of the cork oak
surface area, moderately dense stands
(100-200 trees ha") account for 29%, and
stands with low stocking levels (<100 trees
ha™) make up the remaining 64% (Aafi et al.
2008). Besides forest stands, open areas
occupy about 5.6% of the surface area in
the Mamora forest (Aafi et al. 2008). These
include degraded cork forests and natural
clearings when soil conditions do not ena-
ble trees to grow (i.e., shallow soils close
to the clayey subsoil, resulting in high wa-
ter tables in winter).

Since 1914, the forest has been subjected
to several management programs, inclu-
ding restoration attempts, introduction of
exotic tree species (e.g., Eucalptus camal-
dulensis Dehnh. and Pinus pinaster Ait. in
Soland var. atlantica), and management
schemes which aim to implicate local users
and to regenerate cork oak by seeding or
replanting. Despite all these efforts, the
actual cork oak stands represent only half
of the former area and many stands have
fairly low stocking levels (i.e., lower than
150-200 individuals per ha). Most remaining
stems have grown tall and the coppice can
be characterized as overstood; some even
have several large stems on one stool.

Sampling strategy

A total of 21 stands were investigated in
this study, all of them being in the western
part of the forest (cantons A and B of the
forest, between 6° 21" and 6° 44’ W and
between 33° 59" and 34° 18’ N - see Fig. S1
in Appendix 1). All of these stands have not
experienced any cut for 63 years and the
total area with cork oak in these cantons is
around 25000 ha. The soils studied are
sandy, devoid of rock and with a fine frac-
tion (<2 mm) in the order of 100% as shown
by the particle size analysis. A summary
description is presented in Tab. 1. In addi-
tion to forest stands, one open area was
also included in the investigation, so as to
be able to compare the soil carbon storage
in an area deforested for a long time. In
each stand, all trees present in a central
area of 1 ha were measured (tree girth at
breast height: Cy;, in cm). This survey of
4963 trees enabled us to establish the
diameter distribution in our study area. We
selected individual trees for tree volume
assessments and regression equations ba-
sed on this inventory. A first allometric re-
lationship was built between tree height
and Cy, using 117 trees representing the
range of tree size encountered in the
whole study region (Fig. S2 in Appendix 1).
Out of these 117 trees, we selected 34 trees
which were representative of our 21 stu-
died stands. As Moroccan law does not
allow trees to be sampled destructively in
the protected cork oak stands in Mamora,
we used an indirect method of geometrical
cubing, considering that one stem belon-
ged to several successive geometrical ty-
pes (Pardé 1966). Tree volumes were thus
determined by cubing all the subsequent
boles. To this end, all of the 34 trees were
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Tab. 1 - Summary description of the study area and distribution of the stands per den-
sity class. (D): range of average tree diameters (at 130 cm) per stand using quadratic
means to compute the mean diameter for each stand; (BA): Basal area; (a): of each
density class in the cantons A and B, after Aafi et al. 2008; (b): data from this study.

Stands Density class Surface areain  Soil pH® D® BA®
(stems ha™) Mamora (ha) ® (H;0) (m) (m?ha’)
Open area - 7350 6.1-6.9 - -
$1-S6 (n=6) <100 37621 4.9-6.4 2.7-4.4 5.6-15.1
S7-512 (n=6) 100-200 16665 4.9-6.4 3.1-43 7.8-14.4
$13-521 (n=9) >200 4110 4.9-6.4 3.4-5.8 9.0-26.7

accessed by climbing and the height and
circumference of the boles were measured
at 30 ¢cm, 130 ¢cm and then for each of the
boles up to the height where the stem
diameter reached 10 cm. The length and
circumference of the branches were mea-
sured as well on each bole of 1 m length
until the cutting diameter of 10 cm was
reached.

For the understorey vegetation, in each
central area of 1 ha of each stand, 25
squares of 1 m> were established at ran-
dom. In each of these squares, the entire
aboveground tissue of understorey species
was harvested. Plants were weighed per
species after drying at 65°C to constant
weight. Finally, the plant material was cut
into fine pieces and then ground before
laboratory analyses. In order to estimate
belowground biomass of the understorey
vegetation, we harvested 10 individuals per
understorey species completely (both
aboveground and belowground). This was
used to compute an average root/shoot
ratio. The main understorey species were
Chamaerops humilis, Thymelaea lythroides
and Genista linifolia.

For the study of litter and soil, sampling
was restricted to a plot of 0.25 ha located
in the central 1 ha area used to survey the
trees. This 0.25 ha plot was further subdi-
vided into 25 subplots of 100 m* each. In
the middle of each one of these 25 sub-
plots, a 1 m? square was established for lit-
ter collection, followed by soil sampling
down to a soil depth of 1 meter. The depth
of 1 meter was based on preliminary obser-
vations showing that organic matter was
mostly located in the uppermost horizons
of the soil. For the litter, all of the litter
from each 1 m® square was collected, dried
and weighed. For the soil, a soil core was
taken and divided into five soil layers (0-20,
20-40, 40-60, 60-80, 80-100 c¢m). Both for
the litter and the five soil depth layers, the
25 individual samples for the 0.25 ha plot
were used to compose one composite
sample per layer for the 0.25 ha plot (equal
weight basis). These composite samples
were oven-dried at 65°C to constant
weight, then ground and sieved at 2 mm.
Soil bulk density was assessed on one soil
pit per 0.25 ha stand using density cylin-
ders (@ 5.5 cm, length 10.5 cm). To this end,
a cylinder was inserted horizontally into
each soil layer from the pit wall with a rub-
ber hammer. The cylinder was then gently
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removed with a knife and excess soil was
discarded. The density cylinders were emp-
tied into sample bags and the weight was
assessed for each sample after drying at 65
°C to constant weight, from which the soil
bulk density (kg dm?) was calculated.

For the soil samples, the organic carbon
content was assessed by the acid oxidation
method (Walkley & Black 1934). It has been
suggested that the above method used to
determine soil carbon can lead to underes-
timates of organic carbon contents, but
this bias has been shown to be lower for
soils under dry conditions (Meersmans et
al. 2009, Tirez et al. 2014). In order to check
this potential bias, we first established a
representative subset of soil samples and
compared the Walkley & Black’s method
with the method by Anne (1945) and a
method based on loss on ignition (600 °C
for four hours). The three methods gave
very comparable results for our conditions
and consequently, for the entire set of soil
samples, we applied the Walkley & Black’s
method on a routine basis. For organic car-
bon analysis of the litter samples and plant
samples, an aliquot of 2 g was combusted
at 600 °C for four hours in a muffle furnace
to estimate the organic matter content.
The amount of carbon was then computed
by dividing the organic matter content by a
coefficient of 1.73 (after Bernoux et al.
2013).

Data handling and statistics

First, regression equations were used to
estimate the aboveground tree volume
and for this the circumference at breast
height (Ci5 in ¢cm) was used (Rapp et al.
1999, Davi et al. 2005). The equations were
performed with SAS™ (JMP® 9.0.0 — SAS
Institute, Cary, NC, USA) and included poly-
nomial and logarithmic relationships with
one (circumference Ci,) or two (circumfe-
rence Cy and height H) entries (see Tab.
S2 in Appendix 1 for the equations tested
for the volume estimations). The choice of
the final model was based on the following
parameters: coefficient of determination
(R?), residual standard error (Sy,x), Fisher’s
F-test and Furnival’s indice (IF), mean rela-
tive errors for cubing (e) and standard
deviation of error distribution for cubing
(Se). The models were adjusted for the
tree volume of wood, thick branches (@ >
10 cm) and cork using the data from the 34
measured trees. In total eight equations

were tested (Tab. S1 in Appendix 1). The
statistical analysis of these models showed
that the logarithmic models performed
better, and furthermore they have the
advantage of being easily transferable to
other contexts and comparable to other
studies. Therefore, in our study, the mo-
dels retained were (eqgn. 1):

vV =0.6C*"

tree
for the one entry model, and for the two
entry model (egn. 2):

V,.=0.25 (2088 pyo3ez
where Vi is the tree volume (in m?), C the
circumference at 130 ¢m (in m) and H the
tree height (in m). Model performance for
both equations was good and comparable
(see Tab. S2 in Appendix 1 for the summary
parameters for all eight equations, and in
Fig. S3 in Appendix 1 for the residuals of
eqgn. 1 and eqn. 2).We finally preferred to
retain the equation using only the circum-
ference (eqgn. 1) as the tree heights could
not be assessed on a routine basis for all
trees in all of the stands. As destructive
measurements in the stand were not possi-
ble, we could not sample cork separately
from wood. Likewise, we were unable to
consider the small branches and leaves
directly by the tree climbing and cubing
method. Therefore, we chose to use an
equation for cork biomass from the work
by Makhloufi et al. (2008) for nearby Quer-
cus suber forests on hilly sites north of the
study area in Morocco, and equations by
Ruiz-Peinado et al. (2012) from comparable
ecoystems in Spain for the branches be-
yond our threshold of 10 cm diameter as
well as foliage. The diameter and tree
height ranges used in these two studies
were well matched with those of this inves-
tigation. In particular, for the cork bark
material we used the equation from Makh-
loufi et al. (2008) — eqgn. 3:

V. .=0.0151{(C )"

cork

and (eqn. 4):

Vslem —without—bark — Vfree - Vcork

where Vo is the volume of the cork (equa-
tion from Makhloufi et al. 2008, in dm?),
Ciso the circumference at 130 cm (in cm),
Vetemwithoutbark 1S the tree volume without
bark (m?), and Ve the tree volume of
wood, thick branches and cork (in m? from
eqgn. 1). The corresponding biomass values
for both compartments were then com-
puted as follows (eqn. 5):

ch‘k = erk -D
and (eqgn. 6):

B stem—without—bark — 14 stem—without bark * D

where B« the biomass of cork (kg), Veor

127

o)
S
-
wn
()
1
o
L.
©
c
(1}
w
()
v
c
L
v
v
o
()
oD
0
o
!
e
v
v
S
(o}
L




o)
1S
-
(%]
(V)
1
o
L
©
c
(1}
w
()
v
c
L
v
w
o
()
o0
0
o
1
e
w
v
S
(o}
L

Oubrahim H et al. - iForest 9: 125-137

the volume of cork (m?), Bstem-withoutbark IS the
biomass of the stem and coarse branches
without bark (Kg), Vsemwithout bark the volume
of the stem without bark (m?) and D the
specific tissue density (Tab. 2, kg m?3). For
the medium branches and small branches
including their foliage, we used the eqn. 7
and eqn. 8 from Ruiz-Peinado et al. (2012):

Bmediumfbmm'h: 0.127- Dl30' H
and (eqn. 8):
Bsmall —branch — foliage = 00463 -D 130" H

where Bmedumbranch 1S the biomass of me-
dium branches (diameter 2-10 cm) in kg,
Bimaltbranchsoinge the biomass of small bran-
ches (< 2 cm diameter) and supported fo-
liage (kg), Do the diameter at breast
height (in cm) and H the tree height (in m).
For trees whose height was not measured
directly, tree heights were derived from
the relationship between H and Ci, (Fig. S2
in Appendix 1). Then we computed tree
biomass for all the aboveground tissues
(egn. 9) on an individual tree basis by
adding the biomass of medium branches,
small branches and foliage (from eqgn. 7
and eqgn. 8) to the biomass of trunk and
branches without cork and the biomass of
this cork (from eqn. 5 and eqn. 6), as fol-
lows (eqn. 9):

Btree —ABG— Bstemf without —bark +ch‘k +

Bmediumfbranch+Bsmallfbranchf Jfoliage
where Bireeass is the tree biomass (in kg),
Bgemwithourbark the biomass of the stem and
coarse branches without bark (kg), Be the
biomass of cork (kg), Bmedumbrancn is the
biomass of medium branches (kg) and
Bimaltbranch-foliage the biomass of small and sup-
ported foliage (kg). Then for the carbon
contained in the aboveground biomass of
the cork oak trees we applied the following
equation (eqn. 10):

Comape= Z 107 '(Brme—ABG 'Cwm»—ABG)

where Ci.agc is the carbon stock (in kg) for

an individual tree, 107 is a conversion fac-
tor, Bieensc is the aboveground biomass (in
kg) for the respective components (ie.,
cork, stem without bark, medium-bran-
ches, small branches and foliage) and Ccon..
asc is the mean carbon concentration of the
respective aboveground tissues (in g kg™ -
values from Tab. 2). For the carbon content
in the belowground tissues of trees, we
used the equation developed by Ruiz-Pei-
nado et al. (2012) to estimate the root bio-
mass, and multiplied this by the mean car-
bon concentration (eqgn. 11):

Biree—p16= 0'0829'D1230

where Bireesis is the belowground biomass
of an individual tree in kg and Dy, the
diameter at breast height (130 cm) in cm.
Combined with the mean carbon concen-
tration, this can be written as (eqgn. 12):

_ -3
CsthLG =10 .B{reefBLG. CcmxchLG

where Cysc is the carbon stock in the
belowground tissues of an individual tree
(in kg), 107 is a conversion factor and Ceonc
sLc the average carbon concentration in be-
lowground tissues (in g kg™ - Tab. 2).

Then for each stand, the total carbon
content in aboveground (Csascstana) and
belowground (Cstsiestna) tissues was calcu-
lated as the sum of the carbon contents of
all the individual trees (eqgn. 13):

CslfQUERCUS: Z (Cst —ABG +C.vthLG)

where Cg.quercus is the total carbon content
in the Quercus suber trees of each entire
stand (Mg ha"), and Cs.usc and Cyeic are
the carbon contents in aboveground and
belowground parts of each tree (kg), res-
pectively.

For the understorey species, firstly dry
weights per species for the fully harvested
aboveground tissues were assessed after
drying. Based on specific root/shoot values
(see above), we estimated the correspon-
ding root biomass. Then average biomass
values were computed for each under-
storey species at the stand scale and multi-

Tab. 2 - Specific tissue density and mean carbon concentration of the tissues.

Plant

Mean carbon Specific tissue

Species component con((:gerlm(tgltia)tlon density (kg m)
Quercus Wood of the trunk and thick 560 830
suber branches (@ > 10 cm)
Medium branches (2 < @ < 10 cm) 540 -
Small branches (@ < 2 cm) 530 -
Foliage 520 -
Cork 560 540
Roots 540 -
Understorey - -
Thymelea  Aboveground 520 -
lythroides  Belowground 450 -
Genista Aboveground 540 -
linifolia Belowground 530 -
Chamaerops Aboveground 530 -
humilis Belowground 550 -
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plied by the average carbon concentration
for each component to assess the carbon
storage of the understorey (eqn. 14):

Cslf Understorey = z 1 073 ’
[( BABG—sp 1 'Cconc) + (BBLG—spl 'Cmne)]

where Cs.understorey IS the carbon stock in the
understorey vegetation (Mg ha”), 103 is a
conversion factor, Bagc.sp: is the biomass of
the aboveground tissues of species 1 (kg
ha"), Bsicsp is the biomass of the below-
ground tissues of species 1 (kg ha™) and
Ceonc the average carbon concentration for
the respective tissues (specific to species
and component - g kg™).

For the carbon stocks in the litter we
used the following equation (eqgn. 15):

_ —3
C,\'t— LITTER™ z 10 (M LITTER.Cwnc—LlTTER)

where Cq..rrer is the carbon stock (Mg ha™),
107 is a conversion factor, M is the dry
mass (g m?) obtained from the harvested
litter for each 1 m* square, and Ceoncurrer the
mean carbon concentration for each plot
(g kg"). Carbon stocks in the different soil
horizons were computed using three para-
meters (Belkacem et al. 1998, Peng et al.
2000, Evans et al. 2001, Cerri et al. 2007 -
eqgn. 16):

C.\l*SOIL*la_ver =0.1-Thickness Layer ‘BD 'Cconcf SOIL

where CiesoLayer is the carbon content in a
given soil layer (Mg ha™), 0.1is a conversion
factor, Thicknessiayer is the thickness of this
soil layer (cm), BD is the bulk soil density (g
cm?) and Ceoncson is the carbon concentra-
tion (g kg"). Then, for each plot the total
carbon content in the soil down to 1 m of
soil depth was calculated as the sum of the
carbon contents of all five soil depth layers
(egn.17):

CS[*SO[L = z (C st—soil 7layer)

where Cyson is the carbon content of the
soil down to 1 m of soil depth (Mg ha") and
Ciesoiliayer i the carbon content of individual
layers (Mg ha"). In order to evaluate the
carbon storage in our ecosystem, relation-
ships between the overall parameters of
stand density and basal area on the one
hand, and carbon stocks in the trees (Ci.
quercus), the understorey (Cs.unoerstorev), the
soil (Cst—SOIL) and the litter (Cst—LITTER) on the
other hand, were explored.

Results

Carbon storage in cork oak trees

The structure of the cork oak stands con-
sidered in this work was regular with a mo-
dus occuring in the 70 cm circumference
class, but no stems had a circumference
less than 30 cm. This is representative of
the overall structure of cork oak forest in
the Mamora region. Small circumference
individuals nearly only occur in regenera-
tion plots protected by a fence, while very
large individuals with diameters beyond
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Tab. 3 - Biomass and carbon stocks in the cork oak stands. (D): stand density of the cork oak stand (stem ha™); (BA): basal area of
the stand (m? ha"); (ABG): aboveground tissues; (BLG): belowground tissues; (C): carbon stock in the cork; (TTB): carbon stock in
trunk and thick branches (@ > 10 cm) without cork; (MB): carbon stock in medium branches (2 < @ < 10 cm); (SBF): carbon stock in

small branches (@ < 2 cm) and foliage; (2):

sum of carbon in the aboveground tissues.

Stand biomass (Mg ha™)

Stand carbon (Mg ha™')

Density class

: Stand . ABG
(stem ha™') an (m*ha’) ABG  BLG  Total BLG  Total
C TTB MB SBF :
D<100 st 8.04 54.63 849 6312 42 235 24 0.7 305 46 35.1
2 15.14 10400 1599 119.99 8.0 450 3.7 13 580 8.6  66.6
s3 821 5424  8.67 6291 43 228 2.3 0.8 302 47 349
54 5.63 3813 595 4408 3.0 163 1.5 05 213 32 245
55 126 8623 1331 9954 6.6 372 3.1 11 48.0 72 553
s6 745 48.41 7.5 5597 3.8 207 1.8 0.7 27.0 41 311
Mean . 6427 10.00 7427 5.0  27.6 2.4 0.9 358 5.4 4.2
100<D<200 57 9.75 63.14 10.30 73.44 52 261 2.9 1.0 352 5.6 40.8
s8 7.77 50.88 821 59.09 4.1 M2 22 0.8 283 44 328
59 9.94 6439 1050 74.89 53 266 3.0 1.0 359 5.7 41.6
510 8.04 7255 11.69 8424 59 303 3.1 11 40.4 63 467
S11 9.59  63.59 1013 73.72 5.1 268 2.7 0.9 355 5.5 409
512 1445 97.62 1526 112.88 7.6 417 3.8 13 544 82  62.6
Mean . 6870 11.02 7971 55 288 2.9 10 383 5.9 442
D>200 513 1241 103.56  16.97 120.53 8.5  42.6 4.9 1.7 57.7 92 66.9
S14 18.56 117.78  19.67 137.45 9.9  47.6 6.0 21 656 106 762
515 243 15432 25.66 179.98 129  62.6 7.7 2.7 859 139  99.9
516 16.57 103.28 17.50 120.78 8.8  41.1 5.6 20 575 95  67.0
517 15.49  100.01 16.36 116.37 82  41.2 47 1.7 55.8 8.8 645
518 2673 17019 2823 198.42 142 691 85 30 948 152 1100
519 2229 14111 2354 16465 11.8 574 74 25 785 127 913
$20 2132 133.31 2252 155.83 11.4 532 7.1 25 742 122 864
521 899 5753  9.56 67.09 48 233 2.9 10 320 52 372
Mean . 12042 20.00 14012 101 48.6 6.0 21 669 108 717

200 cm are uncommon (Fig. S4 in Appendix
1). The biomass at the stand scale ranged
from 64.3 to 120.1 ha” for aboveground tis-
sues and 10-20 Mg ha™ for belowground tis-
sues (Tab. 3). The overall averages were
89.5 Mg ha' for aboveground biomass
(range of 38.1-170.2 Mg ha") and 14.6 Mg
ha" for belowground biomass (range 5.9-
28.2 Mg ha' - Tab. 3). This represented
average carbon stocks of 35.8-66.9 Mg ha”
for aboveground tissues and 5.4-10.8 Mg
ha" for belowground tissues (Tab. 3). The
lowest value for carbon stocks occurred in
the rather open stand S4 (21.3 Mg ha"
aboveground, 3.2 Mg ha" belowground),
while the highest value was recorded in
the dense stand S18 (94.8 Mg ha™ above-
ground, 15.2 Mg ha" belowground). For the
aboveground tissues, on average 14.7% of
all stored carbon was found within the
cork, 74.1% in the trunk and thick branches,
8.3 % in medium branches and 2.9 % in small
branches and foliage (Tab. 3). The below-
ground biomass represented around 14% of
total stand biomass. Fig. 1a shows the rela-
tionship between stand density and the
total carbon stocks per stand present in
the aboveground tissues of the cork oak
trees (Csascswand)- The correlation was fairly
strong (R* = 0.78). Despite some dimen-
sional variation between individual trees,
having a higher tree density correlated well
with the total carbon stocks in the above-
ground tissues. Had there been very young
(small diameter, small height and small
biomass) dense stands in Mamora forest,
the relationship might not have been valid
for such stands. The relationship can thus
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be used under our forest conditions (stand
structure, age, dimensions) to estimate
carbon storage in the aboveground parts
of the cork oak trees.

Carbon storage in the understorey of
the cork oak stands

Understorey vegetation was present in
variable quantities in the 21 stands investi-
gated, i.e., very degraded stands where
understorey was nearly absent co-occurred
with stands still having a fairly well deve-
loped understorey. Over larger areas typi-
cally the understorey vegetation was ei-
ther nearly absent or rather homogenous
as distribution and dimensions. Three spe-
cies were dominant in the inventory, and

(a)
Cst-spcsna = 0.0984 (SD) + 26.593
90 R?=0.7817 b

Cst-ppG.stana (Mg ha')

40 240 440 640
Stand density (stem ha')

these represented in total between 0.5 and
4.8 Mg ha" of biomass (Tab. 4), with an
average of 1.6 Mg ha". The average was
0.85 Mg ha" for the densest stands and
2.62 Mg ha™ for the most open stands. Flax-
leaf broom was the species contributing
most to the total biomass. Understorey re-
presented 0.4 to 2.3 % of total stand above-
ground biomass for cork oak stands with
stand densities over 200 stems ha” or less
than 100 stems ha’, respectively. The
respective carbon stocks in the understo-
rey (aboveground and belowground) ran-
ged from 0.3 to 2.9 Mg ha™ with an average
of 1.0 Mg ha" (Tab. 4). Fig. 1b shows the
relationship between stand density and the
total carbon stocks per stand present in

° (b)

Cst_ynderstorey_apc = 7-1748 (SD) 053
1,0 R?=0.6882

Cst_ynderstorey_aBc (Mg ha')

0 200 400 600 800
Stand density (stem ha™')

Fig. 1- Relationships between stand density and total carbon stocks per stand present
in the aboveground tissues. Diagrams refer to: (a) Quercus suber; (b) understorey.
(Cst_asc_stana): total carbon stock per stand present in the aboveground tissues of the

cork oak trees (Mg ha™); (Cst_understorey_asc):

total carbon stock per stand present in the

aboveground tissues of understorey (Mg ha™); (SD): stand density (stem ha™).
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>
e Tab. 4 - Biomass and carbon stocks in the understorey of the cork oak stands. (ABG): aboveground tissues; (BLG): belowground tis-
o sues; (D): stand density of the cork oak stand (stem ha™); (*): belowground biomass was computed with a mean root : shoot ratio
3 (R/S) established on 10 uprooted individuals for each main understory species, yielding values of R/S of 35% for G. linifolia, 49% for T.
L. lytrhoides and 93% for C. humilis.
©
=
] Density Cl Total biomass ABG + BLG (Mg ha™)’ Total carbon ABG + BLG (Mg ha™')
ensi ass
3 (stemyh a) Stand Genista Thymelaea Chamearops )2 Genista Thymelea Chamearops z
g linifolia  lythroides humilis  understory linifolia  lythroides humilis understory
9 D<100 S1 2.50 1.62 0.71 4.83 1.34 1.14 0.39 2.87
b,’ S2 1.49 0.97 0.43 2.89 0.80 0.68 0.23 1.72
8 S3 1.29 0.83 0.37 2.49 0.69 0.59 0.20 1.48
o0 S4 0.97 0.63 0.28 1.87 0.52 0.44 0.15 1.1
2 S5 1.09 0.70 0.31 2.10 0.58 0.50 0.17 1.25
c? S6 0.80 0.52 0.23 1.55 0.43 0.36 0.13 0.92
ol Mean 1.36 0.88 0.39 2.62 0.73 0.62 0.21 1.56
$ 100<D<200 S7 0.00 1.29 0.50 1.79 0.00 0.91 0.27 1.18
’6 S8 0.00 1.62 0.62 2.24 0.00 1.14 0.34 1.49
w S9 0.94 0.00 0.97 1.92 0.51 0.00 0.53 1.04
S10 1.47 0.00 0.72 2.19 0.79 0.00 0.39 1.18
S11 0.73 0.00 0.36 1.08 0.39 0.00 0.20 0.59
S12 0.92 0.00 0.45 1.37 0.49 0.00 0.25 0.74
Mean 0.68 0.49 0.60 1.77 0.36 0.34 0.33 1.04
D>200 S13 0.08 0.92 0.15 1.15 0.04 0.65 0.08 0.78
514 0.05 0.56 0.09 0.70 0.03 0.39 0.05 0.47
S15 0.07 0.83 0.14 1.04 0.04 0.58 0.08 0.70
S16 0.06 0.72 0.12 0.90 0.03 0.51 0.07 0.61
S17 0.05 0.55 0.09 0.69 0.03 0.38 0.05 0.46
S18 0.04 0.47 0.08 0.59 0.02 0.33 0.04 0.39
S19 0.64 0.07 0.13 0.85 0.34 0.05 0.07 0.47
S20 0.34 0.04 0.07 0.45 0.18 0.03 0.04 0.25
521 0.93 0.15 0.20 1.28 0.50 0.11 0.11 0.71
Mean 0.25 0.48 0.12 0.85 0.14 0.34 0.07 0.54

the aboveground tissues of the under- mass of the understorey is inversely corre- Carbon storage in the litter and soil of
storey (Csunderstoreyasc)- This shows that the lated to the cork oak stand density (with R*  the cork oak stands
stock of carbon in the aboveground bio- =0.69). The carbon concentrations in the litter

Tab. 5 - Carbon concentrations in the litter and the soil at different soil depths. (D): stand density of the cork oak stand (stem ha™).

Soil depth (cm)

Density class Stand Litter
(stem ha™) an (g ke") 0-2(_) 20-4_0 40-6_0 60-8_0 80-1(_)0
1 1 1 1 1
(g kg) (g kg™) (g kg™) (g kg™) (gkg™)

D=0 Open area - 3.0 0.6 0.1 0.1 0.1

D<100 S1 550 9.7 0.7 1.0 0.1 0.1
S2 560 12.0 2.5 0.9 0.1 0.1
S3 550 14.3 2.9 0.6 0.1 0.1
S4 540 10.8 1.1 1.0 0.1 0.1
S5 550 11.0 2.2 0.8 0.1 0.1
S6 550 12.0 0.8 0.6 0.1 0.1
Mean 550 11.6 1.7 0.8 0.1 0.1

100<D<200 S7 550 12.5 3.4 0.9 0.1 0.1
S8 540 11.3 2.1 0.6 0.1 0.1
S9 550 12.1 3.2 0.7 0.1 0.1
S10 550 15.3 1.9 1.1 0.1 0.1
S11 550 14.8 2.3 1.8 0.1 0.1
$12 550 14.6 2.1 1.7 0.1 0.1
Mean 550 13.4 2.5 1.1 0.1 0.1

D>200 S13 550 21.0 2.6 1.3 0.2 0.1
S14 550 17.8 4.5 1.4 0.1 0.1
S15 560 23.7 4.1 1.8 0.3 0.1
S16 550 23.4 3.7 1.3 0.2 0.1
S17 540 20.1 2.5 1.6 0.3 0.1
S18 540 32.3 9.2 2.5 0.3 0.1
S19 550 21.4 2.9 1.5 0.2 0.1
S20 540 20.6 4.3 2.1 0.1 0.1
S21 550 17.0 2.3 1.0 0.1 0.1
Mean 550 21.9 4.0 1.6 0.2 0.1
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and soils varied from 540 to 560 g kg" for
the litter and between 0.1 to 32 g kg" for
the soil (Tab. 5). The lowest organic carbon %
concentrations were observed at the deep-
est soil depth (i.e., 80-100 cm soil depth),
although these low values of 0.1 g kg™ were 70
attained in some stands from 60 cm down-

100

80

wards and in the open area from 40 cm P T

downwards (Tab. 5). The lowest carbon w 50}
concentrations in the top soil layers (i.e., o- =

20 c¢m soil depth) were found in the stands £ or

with the lowest stand density (with values g 3}

ranging between 9.7-14.3 g kg” and a mean ©

value of 11.6 g kg"). Elsewhere, the carbon 2 ol |
concentrations of this soil depth layer were 10 F o [omnnnmnnn
intermediate (18.5 g kg"). The values for L

the open area were very low, even in the
top soil layer (3 g kg™ or lower). The mini-
mum and maximum organic carbon stocks 80-100 cm B60-80 cm @40-60 cm 020-40 cm m0-20 cm @ Litter
at the stand scale ranged between 0.2-8.1
Mg ha" of carbon for the litter and 34.8-
118.2 Mg ha" for the soil (0-100 cm). Fig. 2
displays the average carbon stocks per ha
for each stand density class. The total
stocks of organic carbon in the soils of our

Open area Very low density Low density Moderate density
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Fig. 2 - Mean organic carbon stocks (Mg ha”) in the litter and in the first 100 cm of the
soil. Error bars represent the standard error.

. . 120,0 ®0-40  040-60 1,2 m60-80 A 80-100
study (total of 0-100 cm soil depths) varied o (@ o - (b)
on average from 12.5 to 81.2 Mg ha' for the  ~'""0 [ Cotwomimme = 27331 BA) +17.315 = -
. . = R*=0.8204 5 Cst-sortimyer= 0-0237(BA) + 0.1613
open area and the highest stand density =2 800 = 08 "R =0.4499
class, respectively (Fig. 2), with an overall = 60,0 Z 06
average of 58 Mg ha. With the exception £ 40,0 3 .~ £ o4
4 : E 5 _ .
of stand S1§ (18 Mg ha), the organic car- 2 200 Cst m.L..,,ve,Wo:-zt;'t;i 1(43A)+1.0627 § i Csteson oy = -0.0008(BA) + 0.3552
bon stocks in the first 100 cm of the soil did Z ’ o < R?=0.4787
not exceed 86 Mg ha. The relative impor- & *° " o 00 .
0 30

10 20
BA (m? ha)

tance of the different soil layers is given in s (m ha-l)zo
Tab. 6. Soil depth appeared to be the most
important factor explaining the observed
differences. With the exception of stand

S18, the carbon stocks within the first 40

Fig. 3 - Relationships between basal area (BA, m? ha™) and stocks of organic carbon in
the soil layers (Csisoiiayer , Mg ha™); (BA): basal area (m? ha™).

Tab. 6 - Relative contribution to the total soil organic carbon pool of the five soil layers studied.

Relative contribution per soil depth (cm)

Density class

(stem ha™) Stand 0-20 20-40 40-60 60-80 80-100
(%) (%) (%) (%) (%)
D=0 Open area 75.8 15.8 2.7 2.8 2.8
D<100 S1 81.9 6.6 9.5 1.0 1.0
S2 75.6 16.7 6.3 0.7 0.7
S3 77.7 17.2 3.7 0.6 0.7
54 80.8 9.0 8.5 0.9 0.9
S5 75.9 16.3 6.2 0.8 0.8
S6 87.1 6.4 4.8 0.8 0.8
Mean 79.8 12.0 6.5 0.8 0.8
100<D<200 S7 71.6 21.1 5.9 0.7 0.7
S8 77.9 15.8 4.7 0.8 0.8
S9 72.6 21.1 4.8 0.7 0.7
S10 81.0 11.0 6.7 0.6 0.6
S11 75.3 12.6 10.9 0.6 0.6
S12 76.3 12.0 10.4 0.6 0.6
Mean 75.8 15.6 7.2 0.7 0.7
D>200 S13 81.8 1.1 5.7 0.9 0.5
S14 73.2 19.4 6.3 0.5 0.5
S15 77.7 13.9 6.8 1.2 0.4
516 79.8 13.9 5.1 0.8 0.4
S17 79.6 1.1 7.4 1.4 0.5
S18 71.0 21.8 6.1 0.8 0.3
S19 80.9 11.4 6.3 0.9 0.5
S20 73.5 16.8 8.8 0.4 0.4
S21 81.3 12.1 5.4 0.6 0.6
Mean 77.6 14.6 6.4 0.8 0.5
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1,‘3 (a) 1 (b) s (c)

HSoil ®Tree ™ Understorey

Fig. 4 - Contribution of the three components of the ecosystem (tree, understorey
and soil) to total carbon stocks. (a): lowest stand density class (D<100 stems ha™); (b):
moderate density class (100<D< 200 stems ha™); (c) highest density class (> 200 stems

ha™).

Total = 86.5

Tree

abo veground |
biomass

Tree
belowground

biomass 43.4 Mineral soil

! Very low stand density
: (<100 trees ha')

Total = 97.4

Low stand density
(100-200 trees ha)

Total =159.5

z )
S
- -

Moderate stand density
(> 200 trees ha)

Fig. 5 - Change in the average carbon stocks (Mg ha™) in different compartments, de-

pending on the cork oak stand density.

cm of the soil profile did not exceed 78 Mg
ha™. In all stands, more than 72% of the to-
tal carbon stocks were present within the
first 20 cm of the soil. Then, for the first 40
cm of soil, this value was over 88% of the
total carbon stocks in the soil (Tab. 6). For
the investigated stands, the total organic
carbon stocks (in 0-40 cm and in 40-60 cm
soil depths) were dependent on the total
basal area of the stands (Fig. 3a). In con-
trast, the carbon stocks of the 60-80 and
80-100 cm soil depths did not show any sig-
nificant relationship with basal area (Fig.
3b).

Discussion and conclusions

General considerations

When evaluating ecosystem stocks and
fluxes, the computed values probably in-
clude both spatial and temporal variations
(Yanai et al. 2012). Temporal variation —
such as differences in the ecology between
seasons or between years for some fluctu-
ating parameters - seems of minor impor-
tance in our study, relative to the biomass
of the cork oak stands. In the longer term,
events such as cuttings or annual growth
will of course change the biomass of our
stands slightly, but the data of the present
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study are robust for the year of our inven-
tory. The sampling effort in the present
study included the complete inventory of
21 stands (central parts of 1 ha each) in the
western part of Mamora forest, having a
total surface area of around 25000 ha,
where cork oak is still present. The inven-
tory consisted of all trees present in these
plots, and the structure (diameter distribu-
tion) was representative of the forest area
in these cantons. The equation used for
assessing the tree volume gave very com-
parable results to the outcome reported by
Makhloufi et al. (2008) in the mountainous
regions of Morocco, even though we had
to restrict the entry to our model to only
one parameter, i.e., the circumference at
breast height. The equations used to esti-
mate either aboveground or belowground
tissues of the cork oak included several
equations obtained from the literature
(Ruiz-Peinado et al. 2012), but these were
from a similar context, were based on a
similar diameter range and the values for
stem and trunk biomass in both their and
our equations were similar. However, as
most stems in our study forest were gro-
wing from stools, it is not impossible that
the equation used might lead to some un-
derestimation of total root biomass (Vade-

boncoeur et al. 2007). Overall, given that 21
stands of 1 ha were sampled in the area,
we are confident that the biomass values
obtained for these stands are valid in the
experimental context of the Mamora fo-
rest, and that the estimates do not suffer
from a strong spatial variation.

As stated by Augusto et al. (2009), rather
than choosing allometric relationships
from the literature or established for the
study, there is a need to ensure that nutri-
ent concentration values obtained locally
are used, due to the higher uncertainty
when using those from literature. Accor-
dingly, we used locally-obtained carbon
concentrations to compute our carbon
stocks. Overall, the sampling effort and
prediction for the cork oak volume, bio-
mass and carbon content seem adequate
and the obtained data for biomass and car-
bon storages were in line with those from
the literature (see below). The understorey
was inventoried on a complete basis (ex-
tensively in all the 21 stands) for the above-
ground biomass, and 10 individuals per spe-
cies were harvested to establish species-
specific root/shoot ratios. Likewise, carbon
concentrations were assessed for all of the
plant species-compartment combinations.
As a consequence, the sampling effort
seems appropriate for this compartment of
the ecosystem in our 21 stands. Outside our
stands, variation in the understorey may be
somewhat larger; in particular, some more
species can be expected, such as the Ma-
mora pear or the mastic tree.

Soils and litter were sampled with a two-
step sampling strategy, with 1 sample eve-
ry 100 m* subplot before generating the
composite samples used for analysis, yield-
ing 25 individual samples and one composi-
te sample per layer. This should overcome
problems of spatial variability (Yanai et al.
2012), and seems an adequate sampling
intensity for our conditions (Yanai et al.
2003). However, some temporal variability
must occur, notably for the litter samples,
as this layer is the most exposed to micro-
climatic effects (including fast oxidation of
organic matter — Lepoutre 1967). Overall,
we feel confident in the values produced
for the carbon stocks in the ecosystem of
our experimental context.

Carbon in trees and understorey
vegetation

In our study the values of aboveground
biomass per tree ranged from 26 to 2177 kg
(mean value of 379 kg). Such range fairly
overlaps those reported by Makhloufi et al.
(2008) for Morocco (range: 11-1255) and by
Ruiz-Peinado et al. (2012) for Spain (range:
11-2412 kg). In this study, the 38.1-170.2 Mg
ha" for the aboveground biomass of cork
oak stands is fairly comparable to the mean
biomass of 34 and 183 Mg ha™ for Quercus
ilex stands respectively in the high and mid-
dle Atlas in Morocco (Boulmane 2010). The
respective carbon stocks in the above-
ground parts of the cork oak vary from 21.3
to 94.8 Mg ha". To our knowledge, this is
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the first work reporting carbon stocks in
cork oak forests. Indeed, Quercus species,
such as Q. canariensis, Q. faginea and Q.
suber have been poorly studied so far, des-
pite their great ecological and economic
importance (Ruiz-Peinado et al. 2012). The
observed range compares well with spe-
cies of the same genus, such as Quercus
ilex (17-91 Mg ha" of carbon - Boulmane et
al. 2010), though these figures are much
lower than those reported for mature
stands of exotic fast growing species such
as Pinus pinaster Ait. in the same region
(166-249 Mg ha" of carbon - Ruiz-Peinado
etal. 2013).

Root biomass was reported to account
for 10-40% of total tree biomass (MacDi-
cken 1997), between one fifth and one
third for coniferous species (Ruiz-Peinado
et al. 2011) and between 15-49% for decidu-
ous species (Ruiz-Peinado et al. 2012). Com-
monly, root biomass is supposed to be
scaled to the aboveground dimensions
rather than tree age or the growing site
(Drexhage & Colin 2001, Le Goff & Ottorini
2001), although trees growing in dense or
open stands were shown to have different
root/shoot ratios (Ritson & Sochacki 2003).
Root biomass values in our study ranged
between 5.9-28.2 Mg ha", representing
about 14% of the total tree biomass, thus
close to the lower values reported for
deciduous species (10-49% - MacDicken
1997, Ruiz-Peinado et al. 2012). Regarding
the carbon content in trees, roots were
reported to make up between 13-15% of the
carbon content of trees, though most stu-
dies state that the estimate for the below-
ground part is rather inprecise (Lossaint &
Rapp 1971, Arrouays et al. 1999, Dupouey et
al. 1999, Rapp et al. 1999, Montes et al.
2002, Pansu 2006). Indeed, despite the
large size of root biomass as a carbon pool,
roots remain relatively poorly studied, as
the methods for their assessment is always
complex and very time consuming (Ron-
deux 1993, MacDicken 1997, Millikin et al.
1997). Concerning the soil, roots were also
credited as being a large carbon pool (Na-
delhoffer & Raich 1992), representing bet-
ween 20 to 40 % of the total carbon stocks
in forest soils (Jackson et al. 1997). Here,
the amount of carbon stored in the roots
of cork oak varied between 3.2-15.2 Mg ha”
for the lowest and highest stands, respec-
tively. Such content is rather low com-
pared with the recorded values for tropical
and temperate forests (21-22 Mg ha™ - Jack-
son et al. 1997) or even boreal forests (14
Mg ha" - Jackson et al. 1997).

The understorey was reported to repre-
sent between 1-7% on average of the total
ecosystem aboveground biomass for tem-
perate forests (Dupouey et al. 2000, Peichl
& Arain 2006, Gonzalez et al. 2013). Under
high light conditions due to low stand den-
sity or more canopy openings, understorey
biomass would be expected to be higher
(Sabo et al. 2009, Ares et al. 2010), as more
light and more resources such as water
and nutrients are available for understorey
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primary productivity (Gonzalez et al. 2013).
For our cork oak stands, despite a low
stand density and the presence of open-
ings throughout the stands, the part of
understorey vegetation in the total above-
ground ecosystem biomass varied on ave-
rage between only 0.4 to 2.3% of total
stand aboveground biomass for stand den-
sities over 200 stems ha" and below 100
stems ha”, respectively. This rather low
value probably reflects the low fertility and
the overexploitation in this area for deca-
des, if not centuries. In addition, part of the
understorey has probably been harvested
for fuel wood or charcoal production. The
total carbon storage was only 0.3-2.9 Mg
ha”, with an average of 1.0 Mg ha". These
values are lower than those obtained for
Pinus pinaster stands in the south west of
France, with mean carbon stocks for the
understorey of 1.7 Mg ha" and a range of
0.7-4.1 Mg ha" (Porté et al. 2009). Under
our conditions, the aboveground carbon
stocks in the understorey decrease with
increasing cork oak stand density, which
can be explained by the competition for
light between trees and the understorey.

Carbon storage in the litter and soil of
the cork oak stands

The litter of the western area of the
Mamora forest contained between 0.2 and
8.1 Mg ha" of organic carbon. These values
are close to the 3.5-8.6 Mg ha" reported for
Quercus ilex stands in Morocco (Boulmane
et al. 2010). In comparison, the arenosols
of European forests show higher carbon
stocks in the litter layer (Dupouey et al.
1999, Baritz et al. 2010), except under a
Mediterranean climate where this pool is
similar in size (Baritz et al. 2010). The rather
low values for the Mamora forest can be
explained by the human pressure on the
area, including pasture with cattle and col-
lection of dead woody debris (branches,
twigs) as fire wood by the local population.

Carbon concentration generally decrea-
ses with increasing depth of the mineral
soil (Augusto et al. 2010, Diaz-Pinés et al.
2011). This general pattern was also obser-
ved in all our stands. Furthermore, the low-
est values for the topsoil were observed in
the stands with the lowest stand density.
As a result, both soil depth and stand den-
sity explained differences in organic car-
bon stocks in our stands. With the excep-
tion of 1 out of the 21 stands investigated,
the carbon stocks in the top 40 cm did not
exceed 78 Mg ha". Therefore, our values
were close to those (40-70 Mg ha") ob-
served by Diaz-Pinés et al. (2011) in 50 cm
of soil underneath a Quercus pyrenaica
Willd. stand in the center of Spain, but infe-
rior to the 100 Mg ha™ reported by Sabir &
Roose (2002) for a 30 cm deep soil profile
in a weakly degraded cork oak forest in the
Rif mountains in Morocco. In our study, a
strong decrease of carbon content with
depth occurred in all stands. This result is
consistent with the scientific literature, as
topsoil is shown to contain the major part

of the soil organic carbon pool in Mediter-
ranean forest ecosystems (Augusto et al.
2010, Boulmane et al. 2008, 2010, 2014,
Chiti et al. 2012, Pulido-Ferndndez et al.
2013). The relative contribution of topsoil
to the soil pool of organic carbon of our
degraded Mediterranean forest (here as
much as 88% of all the organic carbon was
contained in the top 40 ¢cm) was notably
higher than values commonly reported for
the first 100 cm of soils throughout the
world (Batjes 1996). Presumably, some fur-
ther carbon is present below the first 100
cm of soil, but concentrations were at least
100 times lower than in the top soil, so that
likely this share of carbon overlooked in
our calculations is overall very low.

The total stocks of organic carbon in the
soils of our study (total of 0-100 cm soil
depths) ranged from 35 to 118 Mg ha™, with
an overall average of 58 Mg ha. The entire
forest of Mamora has been disturbed by
human and animal pressure, sparing no
stand density class. Therefore, the total
organic carbon stocks for the top 60 cm
were correlated to the total stand basal
area, underlining the relationship between
the soil and the trees (notably by inputs of
organic carbon by aboveground- and be-
lowground litter, which protect against
erosion and leaching). The open areas have
even lower organic carbon stocks, as no
new organic matter inputs from trees to
soil occur, and existing organic matter de-
grades rapidly. The average value of 58 Mg
ha" for organic carbon stocks in the first
100 cm of the soil is clearly lower than the
136 and 152 Mg ha" given by Eglin (2005)
and Lecointe et al. (2005), respectively.
Soils from the Mediterranean region are
relatively poor in carbon (Rodriguez-Muril-
lo 2001) and studies on carbon stocks in
soils have shown that the organic carbon
stocks may vary considerably with the soil
type (Batjes 1996, Droogers & Bouma 1997,
Bouma et al. 1998, Baritz et al. 2010). For a
soil depth of 100 cm, values range from 12
Mg ha" for Xerosols to more than 100 Mg
ha" for Podzols.

Total carbon storage of the cork oak
ecosystems

The soil is a key reservoir for carbon and
may contain up to two-thirds of the total
ecosystem carbon stocks (Dixon et al.
1994, Mao et al. 2010). This has also been
demonstrated in Mediterranean forest eco-
systems (Ruiz-Peinado et al. 2013 and refer-
ences therein). In our context, for the
three stand density classes considered, the
first 100 cm of the soil (including the forest
floor) represented the major storage com-
partment of this ecosystem, with roughly
51% of the total organic carbon stocks (Fig.
4). The biomass of the cork oak, including
aboveground and belowground tissues,
constituted the second largest pool of car-
bon (more than 47 %) and the contribution
of the understorey to the total organic car-
bon stocks was less than 2% (Fig. 4).

In holm oak (Quercus ilex) ecosystems
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from the middle Atlas Mountains in Moroc-
co the stock of organic carbon in litter and
soils represents between 40 and 55% of the
total organic carbon stocks (Boulmane
2010, Boulmane et al. 2014). Such distribu-
tion over pools depends apparently on the
biome. Indeed, tropical forests were repor-
ted to have 56% of carbon stored in bio-
mass and 32% in soil, whereas boreal fo-
rests had only 20% in biomass and 60% in
soil, the remaining carbon being withheld
in dead wood and litter (Pan et al. 2011).

According to the FAO (2006), carbon
stocks in forests in North Africa (the total
carbon in biomass, dead wood, forest floor
and the first 30 cm of the soil profile) were
on average 64.9 Mg ha". Here, the total
stock of organic carbon in the first 20 cm
of soil ranged from 58 to 202 Mg ha”, with
an average stock of 107 Mg ha”, which is
somewhat higher than the overall FAO esti-
mate.

Based on our results, the deforestation of
1 hectare of cork oak would lead to a loss
of 183 Mg ha" of CO,. Such deforestation
would eventually induce a loss of organic
carbon from the soil organic carbon stocks
of more than 79%, underlining the strong
relationship between stand biomass and
soil carbon. The extremely dry soil condi-
tions may actually exacerbate this loss of
organic soil carbon (Lepoutre 1967), as
organic material can be oxidized rapidly
whenever soils are bare or lose their cover.
Boulmane (2010) showed that this loss
could even be as high as 90%. This confirms
that forest is the land use having the high-
est stock of soil carbon, thereby human
activities that modify these ecosystems
can profoundly affect both carbon reser-
voirs in biomass but also in soils (Rodri-
guez-Murillo 2001). The stock of organic
carbon within all of the compartments
studied (tree biomass, understorey bio-
mass, forest floor and the first 100 cm of
soil) are very well correlated with the den-
sity of the cork oak stands. In particular,
with the exception of the understorey ve-
getation, the higher the stand density, the
higher the carbon stocks in these stands
(Fig. 5). This tight link may be the result of
the high dependency of soil carbon stocks
on litterfall fluxes, provided that the litter
on soil remains undisturbed, as suggested
by the location of almost all of the soil car-
bon pool in the upper-most layer of soil
profiles. According to Fischlin et al. (2007),
in the context of climate change, Mediter-
ranean forests are considered vulnerable
with a risk of biodiversity loss and a decrea-
sed function of carbon sequestration. As a
consequence, a sustainable forest mana-
gement scheme should be applied in line
with multi-criterion objectives aimed at
optimizing both the increase of biomass
and the sequestration of carbon (Bravo et
al. 2008).

In this context and taking into considera-
tion the results of this study with the objec-
tive of improving the carbon storage capa-
city in this ecosystem, there is a need to
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encourage management strategies that
favor the restoration of cork oak stands. To
this end, we propose:

* to temporarily prevent the access to low-
density stands (less than 200 stems ha”)
with fences, followed by seeding or plan-
tations of cork oak seedlings from local
nurseries, with the aim of increasing the
stand density up to more that 200 stems
ha™;

to fence the open areas within the stands
which have resulted from the degrada-
tion of the cork oak forest, where Quer-
cus suber plantations should be establi-
shed, with the aim of locally restoring the
canopy cover by this species.

to promote among local users and stake-
holders the awareness of the numerous
functions of such forest (notably ecologi-
cal) and of the negative impact of its irra-
tional exploitation.

Conclusions

Regarding our first objective, the present
study showed that the total organic carbon
stocks in the cork oak forests investigated
range from 65 to 237 Mg ha”, with an ave-
rage total organic carbon stock of 121 Mg
ha. These stocks, which are relatively low,
can be explained by the widespread degra-
dation and the high pressure the Mamora
forest is subjected to. The soil is the major
reservoir of carbon in such ecosystem:
more than 88 % of the organic carbon was
found within the first 40 cm of the soil pro-
file. Carbon stocks estimates varied consi-
derably with the basal area of the cork oak
stands. The biomass of cork oak trees re-
presents the second largest carbon pool,
whereas the understorey biomass poorly
contributes (less than 2%) to the total orga-
nic carbon stocks. Concerning our second
objective, the main parameter correlated
with carbon stocks in this cork oak forests
was the tree density of stands. Indeed, the
stand density was strongly related to the
total carbon sequestration within the three
main compartments: tree biomass, soil and
understorey vegetation. As such, a shift
from dense to open cork oak stands due to
overexploitation implies a calculated loss in
total organic carbon stocks of around 47%
on average. Loss of carbon in tree biomass
and in the first 100 cm of soil in low-density
cork oak stands is not compensated by an
increase of carbon in the understorey ve-
getation (representing less than 2% of the
total carbon pool). Regarding our third
objective, forest managers should imple-
ment silvicultural practices aimed at increa-
sing the stand density and enhancing the
public awareness among forest users to
avoid continued over-exploitation.
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Supplementary Material
Appendix 1

Fig. St - Location of the studied cork oak
forest of Mamora. Inset on upper left
shows its position in Morocco. All stands
included in this study are located within
cantons A and B (western part of the larger
Mamora forest).

Fig. S2 - Relationship between overall
height and circumference at breast height

(1.30m).
Fig. S3 - The residuals of (a) eqn. 1, and (b)
eqn. 2, where Cj, is the circumference at

breast height of the sampled trees (in m).

Tab. S1 - The equations tested for the vo-
lume estimations.

Tab. S2 - The models adjusted for the total
volume (trunk and branches).
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