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Introduction

Forests deliver a range of goods and ser-
vices that are important for human well-be-
ing and environmental health: understand-
ing the interactions with respect to their
provision, trade-offs and synergies, as well
as the drivers influencing their interactions,
represents a challenge for forest resources
management. On the other hand, it can
help in identifying effective practices to-
ward multi-stakeholders and multifunc-
tional goals (Gatto et al. 2009, Marchetti et
al. 2014, Gonzalez et al. 2016).

A spatially explicit approach for stand-scale economic valuation of current and
future potential of cork forests with respect to ecosystem production is devel-
oped and presented. The approach, which relies in large part on the mensura-
tion of stand top height and number of trees as main drivers, has been tested
on the pure cork forests of Sardinia (ltaly). The test was conducted to assess
the effects of alternative silvicultural options on cork and fodder production,
carbon sequestration, and water yield. Under current conditions, the surveyed
pure cork oak forest stands in Sardinia are characterized, on average, by an
annual economic production of 93 euro ha™' yr' as concerns cork, 37 euro ha™
yr'' as concerns carbon sequestration and 261 euro ha™' yr' as concerns water
yield. The value of cork production on an 11-year cycle equals 1023 euro ha™
on average. The total economic production values among the tested silvicul-
tural alternatives have proven to be characterized by relatively small differ-
ences, due to the trade-offs among the considered goods and services. There-
fore, at least under conditions similar to those surveyed, managers may safely
rely on different stand density options, without any relevant detrimental ef-
fect on total economic production. The tested spatial visualization of the eco-
nomic values of goods and services production can be useful in supporting for-
est management planning, e.g., to identify priority areas in order to maximize
ecosystem production for local communities. The approach proposed here and
tested to this end proves to be readily applicable to other cork contexts with
similar characteristics under Mediterranean conditions.

Keywords: Forest Management, Cork Production, Fodder Production, Carbon
Sequestration, Water Yield

Tools for assessing the economic value of
multifunctional production by forest eco-
systems have been developed since the
middle of the last century (Clawson &
Knetsch 1966). The Economic Accounts for
Forestry (European Communities 2000),
the System of Environmental-Economic Ac-
counting 2012-Central Framework (UN/EU
2014a), and the System of Environmental
Economic Accounting 2012-Experimental
Ecosystem Accounting (UN/EU 2014b) are
current official proposals concerning the
valuation and accounting of forest ecosys-
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tems and their services. Developments ex-
panding these official proposals have been
provided by Remme et al. (2015), Sumarga
et al. (2015), and Obst et al. (2016). In a dis-
tinctive manner, recent research has been
directed at the spatial analysis of economic
provision of goods and services (Barredo
et al. 2015, Ovando et al. 2017), recognizing
this as a key step toward identifying the ap-
propriate scale for decision-making.

On the other hand, only few studies
(Seidl et al. 2007, Bottalico et al. 2016) have
investigated the effects of alternative silvi-
cultural strategies on multifunctional eco-
system production at the operational level
of forest management unit (FMU). The
possibility of simulating the effect of alter-
native management strategies on the sup-
ply of goods and services at the FMU scale
is instead crucial, especially under Mediter-
ranean conditions that are usually charac-
terized by fragmented ownership (Palahi
et al. 2008), like in the case of cork oak
woodland in Sardinia (Italy).

Various publications can be found about
cost-benefit analyses, related to the estab-
lishment and management of cork oak
stands (Campos et al. 2007, Ovando et al.
2010). However, no information about eco-

iForest 11: 660-667


http://www.sisef.it/iforest/contents/?id=ifor2558-011
mailto:nicola.puletti@crea.gov.it

o)
1 S
ey
w
[
1
o
L.
o
=
(]
w
[
(9}
c
A
v
w
o
()
°0
2
0
|
-
w
]
15
o
L.

Corona P et al. - iForest 11: 660-667

1480000

1560000 1640000
!

Fig. 1- Location of

the sampled forest g
management units < ¥
(coordinate system:
GCS_International | ¢ s 5
1909 - Hayford). §7 % g E
151, 5000 151;000 FoN 153\')000
& ‘ v
5,~
g L g
,/'
iﬂ/‘}
)
3
B 4\ 1504000 R
§ », ’ E
{ L3
\?‘, " il
8
%J
//
e [§ 4 H
g { "1f - [+ e
g k& 2
/\ ;*1; ’f A 1500000
N PN
J ok & \/"./ '
\\F b 5 Legend
.A <\\ A Forest Management Unit (FMU)
le’!J /\\‘“/ I forest management plans
[ | sardinia region

T
1480000

nomic valuation of ecosystem production
from cork oak forests in Sardinia, a rele-
vant cork production area in western
Mediterranean basin, can be found. To fill
this gap, in this study we present a spatially
explicit experiment for stand-scale eco-
nomic valuation of the potential of cork
forests in Sardinia to produce a selected
set of goods and services. Specifically, we
have integrated forest inventory and GIS-
based data of pure cork forests managed
by FoReSTAS (the agency in charge of the
forests owned by the Sardinian region, mu-
nicipalities and, to a lesser extent, private
owners) with economic valuation, aiming
at economically assessing the influence of
alternative silvicultural options on the pro-
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vision of cork, fodder, water vyield (ie.,
aquifer recharge rate), and carbon seques-
tration. The options taken into account un-
der the compared management scenarios
are referred to high-density stands, such as
those usually preferred for biodiversity-re-
lated motivations, and low-density stands,
such as those managed under intensively
integrated production approaches (agro-
forestry systems).

Materials and methods

Study area

Sardinia is the second largest island in the
Mediterranean Sea, with about 1.6 million
inhabitants. According to the Italian na-

Tab. 1 - Statistical summary of dendrometric attributes of the surveyed forest manage-
ment units. (*): Estimated from tree volumes, according to Federici et al. (2008).

Stand attribute Min Max Mean Std. Dev.
Number of cork trees (n ha™) 59 1500 539.9 234.1
Number of productive cork trees (n ha™) 20 850 418.3 207.1
Tree diameter (cm) 10.0 32.0 24.0 5.1
Tree height (m) 3.0 10.0 6.2 1.3
Stand top height (m) 5.0 14.0 9.1 1.6
Basal area (m? ha™) 3.9 62.3 26.0 12.0
Basal area increment rate (%) 1.2 4.0 1.7 0.4
Above-ground tree carbon* (Mg ha™) 7.4 110.7 47.5 22.9
Cork age (yr) 2 15 8.6 3.9
Cork thickness (cm) 0.5 9.0 3.1 1.6
Debarking height (cm) 100.0 170.0 118.4 14.0
Mean annual increment of cork mass (kg ha'yr™) 4.8 376.2 156.7 87.0
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tional forest inventory (INFC - http://www.
sian.it/inventarioforestale/), nearly 600,000
ha of forests and about 600,000 ha of
other wooded land is spread on this island
for a total woodland area representing
more than half of the land area. Sardinian
forests are mainly exploited for wood fuel,
grazing, and cork production (http://www.
regione.sardegna.it/j/v/252s=71168&v=2&c=
9&t=1). One quarter of the forests is char-
acterized by prevailing cork oak, which is in
large part represented by pure stands with
“composite” structure sensu Zhu et al.
(2003), i.e., mono-layered, bi-layered and
multi-layered forest stand structures coex-
ist in relatively small areas. A relevant part
of these stands is suitable for silvicultural
intensification of cork production (e.g.,
around 60% in Marghine-Planargia area, ac-
cording to Corona et al. 1989). Nearly 90%
of the cork oak forests are privately
owned, within estates that are 15-20-ha
wide on average (http://www.regione.sard
egna.it/j/v[252s=71168&v=2&c=9&t=1). Offi-
cially marketed cork production from Sar-
dinia is about 8,000 tons per year, which lo-
cally feeds about 25 specialized industrial
enterprises and about 30 handicraft firms
(with a total of about 850 employees) for
an annual production of cork goods valuing
more than 20 million euro (http://censi
mentoindustriaeservizi.istat.it/).

Field data

The FoReSTAS Agency has recently com-
pleted forest management planning of
over 52,000 hectares of their forests (all
the management plans can be found at
http://www.sardegnaambiente.it/j/v/1522s=
281225&v=2&c=12078&t=1), out of which
cork oak is predominant on 2,270 ha. As
mentioned above, these forest stands are
largely characterized by composite struc-
tures with multi-aged trees that cannot be
strictly assigned to the classical even-aged
vs. uneven-aged classification. Nearly 930
ha (i.e., 154 FMUs) is composed of stands in
which >80% of crown coverage is attrib-
uted to cork oak, hereafter called pure
cork oak stands. For this study, we have
considered a random sample of 73 pure
cork oak FMUs (Fig. 1), whose average area
is 6.9 ha (median area = 5.3 ha), amounting
to a total of 508 ha (i.e., a field sampling of
about 0.3% of the total area with predomi-
nant cork oak in Sardinia). Within such
FMUs, the following dendrometric data
were measured in the year 2014: number of
trees (with stem diameter at breast height
larger than 2.5 cm), number of productive
trees (i.e., cork oak trees under harvestable
cork production); for each tree: diameter
at breast height, diameter increment at
breast height, height, tree crown base
height, and crown projection; for each pro-
ductive tree: debarking height, diameter at
half debarking height, thickness of cork,
and cork age (i.e., number of cork rings).
The statistical summary of collected den-
drometric data is reported in Tab. 1.
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Silvicultural options

The economic valuation experiment car-
ried out here is in reference to the 73 sam-
pled pure cork oak FMUs. The annual provi-
sion of the considered goods and services
was first valued under current conditions.
Furthermore, four stand density alterna-
tives were designed resembling the stan-
dard models for pure stands of cork oak, as
proposed by Vericat et al. (2014). Distinc-
tively, silvicultural options, which were
aimed at stands with low (350 trees ha™) or
high (800 trees ha™) number of cork pro-
ductive trees, were devised. Starting from
the current conditions of each FMU, the
following two types of options were simu-
lated: (i) a theoretical stand density (called
OLDS with reference to the 350 trees ha
threshold and OHDS with reference to the
800 trees ha'threshold) where the number
of cork productive trees in a stand is al-
lowed to be reduced or increased without
any constraint, and with the stand top
height being constant; and (ii) a more real-
istic stand density (called CLDS with refer-
ence to the 350 trees ha” threshold and
CHDS with reference to the 800 trees ha”
threshold) where the number of trees and
number of cork productive trees in a stand
vary according to practically feasible short-
term management, as described by Fig. 2.

Supporting prediction models

Annual cork mass production and above-
ground carbon stock

Two models were developed for predict-
ing the sequestered above-ground carbon
stock (AGC, expressed in Mg ha”) and the
annual increment of cork mass (AICORK,
expressed in kg ha'yr") of pure cork oak
stands, respectively. The annual cork pro-
duction from a given FMU was modelled as
the sum of the annual production (i.e., an-
nual increment of cork) within a cycle by
each productive tree in the FMU. The cork
mass of each productive tree was assessed
by cork thickness, debarking surface, and
the application of a density coefficient of
240 kg m* (http://www.aqua-calc.com/pa
ge/density-table/substance/cork-coma-and-
blank-solid), while mean annual increment
of cork mass was estimated by dividing
cork mass by the number of cork rings.

Model development was based on the ev-
idence extracted from data recorded in the
surveyed FMUs. Since most stands are
characterized by composite structures, (i)
stand age cannot be conceived as a suit-
able predictor, and (ii) stand basal area in-
crement proved to be a rather constant
proportion (1.7%) of stand basal area, with-
out any significant decrement at increasing
values of basal area (Pearson’s correlation
coefficient between stand basal area incre-
ment and stand basal area is r =-0.172, p =
0.15; no significant correlation was found
even after considering the transformations
of stand basal area according to power val-
ues 0.5, 2, and -1). Such a constant incre-
ment rate of 0.017 yr' can be safely ex-
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tended to biomass and carbon stock incre-
ment. In addition, (i) under the range of
conditions of the surveyed stands, the an-
nual cork increment of individual trees was
not influenced by the total number of trees
in the stand (r = -0.128, p = 0.28; no signifi-
cant correlation was found even consider-
ing the transformations of total number of
trees according to power values 0.5, 2 and
-1) or by the cork age (r = 0.038, p = 0.75;
no significant correlation was found even
considering the transformations of cork
age according to power values 0.5, 2 and
-1), while it was significantly correlated (r =
0.352, p < 0.01) to the stand top height (the
mean height of the dominant trees in a
stand), which is taken as an indicator of
site productive capacity in uneven-aged
stands (West 2009); (iv) annual increment
of cork mass at stand level was signifi-
cantly correlated to the stand top height (r
= 0.442, p < 0.001) and the total number of
productive trees in the stand (r = 0.811, p <
0.001); (v) above-ground carbon stock at
stand level was significantly correlated to
the stand top height (r = 0.290, p = 0.01)
and the number of trees (r = 0.721, p <
0.001); (vi) stand basal area proved to be
highly correlated to the number of trees (r
= 0.777, p < 0.001), the number of produc-
tive trees (r = 0.665, p < 0.001), and the
stand top height (r = 0.272, p = 0.02).

The development of the models to pre-
dict AGC and AICORK was carried out by lin-
ear regression, exploiting the number of
trees (NT, expressed per hectare) and the
stand top height (TH, expressed in m), re-
spectively, as predictors for AGC and the
number of productive cork trees (NPT, ex-
pressed per hectare) and TH as predictors
for AICORK. Stand basal area was not con-
sidered as a predictor because of its close
collinearity with NT, NPT and TH, while be-
ing a parameter that is much less easily as-
sessable on a large scale than NT, NPT and
TH (see also Discussion and conclusions).
Model predictors were included as mea-
sured values and their transformations, ac-
cording to power values 0.5, 2 and -1. They
were selected by the conventional step-

wise method (Draper & Smith 1981) by
adopting a critical value of F in the process
of inclusion equal to that of the process of
elimination; the level of significance of criti-
cal F was set equal to 0.90 to ensure the
selection of few predictors.

Annual water yield provision

The approach proposed by InVEST
(http://www.naturalcapitalproject.orgfinve
st/) was followed here. Specifically, the In-
VEST ver. 3.3.2 water yield model was used.
A full documentation of the model is re-
ported by Sharp et al. (2015) and an infor-
mative application example can be found
in Redhead et al. (2016). Among the mi-
crometeorological factors driving the wa-
ter yield model, the plant (vegetation)
evapotranspiration coefficient K (Sadnchez-
Canales et al. 2012) is directly associated to
the forest stand structure, particularly with
regard to crown coverage (Sharp et al.
2015). Under this basis and following the
literature pertaining to Quilchano et al.
(2008) and Pérez-Ramos et al. (2008), Fig.
S1 (Supplementary material) reports the
trend of K in cork oak stands as a function
of crown coverage from TH and NT.

Annual fodder production

The forage units (FU) annually produced
in forests is known to be significantly de-
termined by stand development and tree
density (Clason & Sharrow 2005). Under
this assumption and on the basis of litera-
ture pertaining to Dettori et al. (2001), Fig.
S2 (Supplementary material) shows the
trend of produced FU per year in cork oak
stands as a function of TH and NT. With re-
gard to the economic valuation of such
production, it must be considered that in
Sardinia grazing is practiced either for free
on self-owned land or as a public right of
local communities or against a token tax
paid by forest users to local authorities.
However, the taxes are nominal, so they do
not reflect the real value of grazing. On the
other hand, there is no established market
for grazing rents. An approach based on
the substitute goods approach was used

NT < threshold

if A < threshold

NT_new = NT
NPT_new = NT

NT_new = threshold
NPT_new = threshold

A=NT-30%NT

NT > threshold

if A > threshold

NT_new=A
NPT_new = threshold

Fig. 2 - Flow chart of the CLDS and CHDS silvicultural models. (NT): number of trees
(NPT): number of cork productive trees. See text for further explanation.
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Tab. 2 - Results of the regression analysis carried out to estimate the numerical coeffi-
cients of the established AICORK and AGC models (r* = coefficient of determination;
SEE = standard error of the estimate, in kg ha'yr" for AICORK and Mg ha" for AGC).

Model r’ SEE
AICORK = -217.5 + 11.34 -/ NPT + 50.36+/ TH 0.687 49.3
AGC =9.712 + 3.100-/NT - (287.2/TH) 0.600 14.6

Tab. 3 - Leave-One-Out validation of the established AGC and AICORK models.

Model Mean of Mean of absolute  Explained
deleted residuals deleted residuals variance (%)

Annual increment of cork mass 0.06 38.68 66.4

(kg ha'yr)

Above ground carbon (Mg ha™) 0.05 10.91 57.7

by Croitoru (2007) for the economic valua-
tion of fodder produced by the Mediter-
ranean forests. It was also adopted by
Mavsar et al. (2014) through the conver-
sion of FU into an equivalent of barley,
based on a comparison of nutrients’ con-
tent (1 FU = 1 kg of barley). The latter ap-
proach clearly conveys an economic over-
valuation of fodder production and was
used here just for a relative comparison of
the values provided by Croitoru (2007) and
among the considered management alter-
natives.

Pricing

A given pure cork oak stand was priced as
the sum of values from annual cork pro-
duction, annual carbon sequestration, and
annual water yield. The reference year for
pricing was 2016.

For annual cork production, subdividing
AICORK by standard cork quality propor-
tions (first quality = 30%; second quality =
40%; third quality = 30%) and multiplying
the mass of these quality classes by their
stumpage prices, we got 0.95 euro kg,
0.50 euro kg' and 0.20 euro kg" respec-
tively (reference: http://www.ar.camcom.it
/modules/wfdownloads/singlefile.php?cid=
70&lid=1491). With regard to annual carbon
sequestration, we multiplied AGC by the in-
crement rate of 0.017 yr" and a value of 44
euro per Mg of C (reference: http://www.
crea.gov.it/wp-content/uploads/2016/08/M
erc_Forestale_Carbonio_15.pdf, see also

Tab. 4 - Comparison of the mean economic
production of selected goods and services

Storti et al. 2015). For annual water yield a
value of 0.0637 euro m? was used, which is
the average price of water for agricultural
irrigation purposes in Sardinia (https://
www.regione.sardegna.it/documenti/1_470
_20160127133532.pdf). Finally, for forage
unit, a shadow price of 0.3 euro per kg of
barley was used, as suggested by Mavsar
et al. (2014), with respect to Mediterranean
forests. One has to be warned, however,
that we are here valuing fodder that may
or may not be consumed by animals, and in
the latter case, nobody would pay for this
product.

Results

AICORK and AGC models

The established models for predicting
AICORK and AGC are presented in Tab. 2.
The regression coefficients of the AICORK
model are significant (at least) at p < 0.05,
while those of the AGC model are signifi-
cant at p < 0.01. The graphical analysis of
the residuals from both the models is re-
ported in Fig. S3 (Supplementary material).
The actual reliability of the models was
checked by a ‘“leave-one-out” procedure,
i.e., by the so-called deleted residuals (for
each observation, a deleted residual is cal-
culated by excluding the observation from
the calculation of the regression coeffi-
cients). The validation results corroborated
the established models, which are not only
independently proven to provide unbiased

values (expressed in euro ha™ yr') of the
from pure cork oak forests managed by

the FOReSTAS agency in Sardinia (Italy). Reference year: 2016. (*): Fodder is esti-
mated by the substitute good approach, which may convey overvaluation of the

reported absolute economic figures.

Model Cork Fodder* Sut:—total seqﬁzgfar::ion tS:tI:l v\\(liat:l?jr Total

1) (2) (3=1+2) ) (5=4+3)  (6) (5+6)
Current condition 93.0 36.7 129.6 36.6 166.2 260.7 426.9
CLDS model 77.5 39.4 116.8 29.6 146.4  267.7 414.0
CHDS model 105.0 36.7 141.7 36.3 178.1 260.7 438.7
OLDS model 81.0 40.7 121.7 27.3 149.1 272.4 421.4
OHDS model 140.2 30.0 170.2 49.5 219.8  249.9  469.7
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predictions, but also explain a high portion
of the variability of AICORK and AGC (Tab.
3). The percent ratios between the mean
of absolute deleted residuals and the mean
of AICORK and AGC, which provide a figure
of the magnitude of error when predicting
AICORK and AGC for single stands, appear
quite satisfactory (given the variability of
these two stand attributes), being equal to
25% and 23%, respectively.

Economic value of ecosystem
production

The economic value per hectare of annual
production of the considered goods and
services in the sampled pure cork stands is
presented in Tab. 4. The values were in the
range reported by Croitoru (2007) with re-
gard to fodder and relatively lower with re-
spect to cork. The value of fodder was also
similar to that assessed by grazing rents in
the cork oak woodland of northern Tunisia
(Campos et al. 2009). Overall, under cur-
rent conditions, the surveyed 73 pure cork
oak FMUs were characterized by an annual
economic production of 47,248 euro yr7,
18,607 euro yr', and 132,485 euro yr' in rela-
tion to cork, carbon sequestration, and wa-
ter yield respectively. On average, in the
sampled FMUs, the value of cork produc-
tion on an 11-year cycle equaled 1,023 euro
ha™. Fig. 3 shows the map of the economic
value of annual ecosystem production for
selected FMUs under current conditions
and the simulated silvicultural options.

The models adopted for quantifying the
physical provision of the considered goods
and services as well as the adopted unitary
prices obviously exert a direct significant
influence on the assessed economic values,
as can be observed by their wide range un-
der the sensitivity analysis carried out by
adding or subtracting a percent equal to
50% to the quantities or the prices (Fig. 4 -
see Tab. S1-S2 in supplementary materials),
as suggested by Kreuter et al. (2001) and
Wang et al. (2014).

Under the assumed conditions and pric-
ing, annual water yield outweighs the eco-
nomic value of all the other goods and ser-
vices examined here. Cork production
ranks second in terms of economic value,
while, under current conditions, the annual
provision of fodder and the carbon seques-
tration rank almost equal, albeit, given the
likely overestimation induced by the
adopted valuation approach, it is likely that
fodder actually ranks the lowest in terms
of economic value. Cork production in-
creases in the high density scenario as well
as carbon sequestration, while the oppo-
site holds true for fodder and water yield.
On the whole, the most productive silvicul-
tural options are those oriented toward
high-density stands, at least under the as-
sumed considerations and pricing condi-
tions, though the overall range of total
economic values from the considered
goods and services is relatively small under
the investigated alternatives, since there is
a clear trade-off among the considered
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Fig. 3 - Map of the economic values of
total annual production of the consid-
ered goods and services in selected
pure cork oak forest management units
in Sardinia, under current conditions
and simulated management scenarios:
(i) OLDS, theoretical silvicultural option
with reference to 350 trees ha™; (ii)
OHDS, theoretical silvicultural option
with reference to 800 trees ha; (iii)
CLDS, realistic silvicultural option with
reference to 350 trees ha”; (iv) CHDS,
realistic silvicultural option with refer-
ence to 800 trees ha” (see text for
explanation; coordinate system:
GCS_International 1909 - Hayford).

goods and services with respect to stand
density. Its increase, under the examined
conditions, exerts positive effects on cork
production and carbon sequestration at
stand level and negatively affects fodder
production and water yield.

Discussion and conclusions

This study, carried out on a large sample
of FMUs representative of pure cork oak
stands with composite structure in Sardi-
nia, contributes to the ongoing debate on
interactions and synergies between goods
and services associated with the manage-
ment of Mediterranean forests (Mavsar et
al. 2014). Few studies (Campos et al. 2009,
Ovando et al. 2010, Bugalho et al. 2011,
2016, Anaya-Romero et al. 2016) can be
found in literature specifically with regard
to valuation of ecosystem production from
cork oak forests, and none, at least to our
knowledge, has investigated the effects of
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alternative silvicultural strategies on pro-
vided goods and services at the opera-
tional level of FMUs. The methodological
framework adopted here is quite similar to
those developed by Seidl et al. (2007) and
Bottalico et al. (2016), which, however,
consider quite different goods and services
from those considered here, besides car-
bon sequestration. Bugalho et al. (2011,
2016) described cork oak savanna-related
payment for ecosystem services mecha-
nisms and identified areas for maximizing
such services, but did not deal with valua-
tion at the level of forest management
unit, as this study has done. Similarly, Ana-
ya-Romero et al. (2016) provided an estima-
tion of ecosystem production in south
Spain at the large-scale level of the so-
called eco-management units. On the other
hand, Ovando et al. (2010) dealt mainly
with the estimation of the private net ben-
efits from new afforestation on marginal
shrubland and cropland with cork oaks in
Spain, while the analyses from Campos et
al. (2007) focused on total income supplied
by cork oak woodland activities in Tunisia,
not taking into account unmarketed ser-
vices (e.g., carbon sequestration) like this
study.

Dealing with a relatively still not explored
field, many of the assumptions and simplifi-
cations adopted here were uncertain. For
instance, to evaluate the function of water
cycle regulation exerted by cork oak for-
ests by pricing their water yield with re-
spect to agricultural irrigation is a quite
strong assumption, and probably one of
the main reasons as to why water yield
shows the highest production value among
all the productions here considered. An-
other issue is that cork age and the number
of previous debarking operations are usu-
ally considered to have an influence on
cork production, at least for predominantly
even-aged stands, although it is not always
possible to count on that information be-
ing included in the cork production model:
in the considered composite stands, char-
acterized by multi-aged trees, the first at-
tribute did not prove to exert a significant
influence on individual cork production,
while the second could not be assessed at
stand level since each tree had a different
debarking history. A further critical issue is
that the method adopted here for assess-
ing fodder economic value can convey
overvaluation, not only because the substi-
tute good approach is used, but also be-
cause the valued production may or may
not be consumed.

On the other hand, major advancements
are provided by this study. From a method-
ological point of view, the proposed stand-
scale valuation approach does not refer to
the age of the forest stands, a parameter
most often taken into account for ecosys-
tem production modeling but rather mean-
ingless under Mediterranean conditions,
because, except managed coppices and
forest plantations, the Mediterranean for-
est stands are usually characterized by
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composite structures with multi-aged trees
(Nocentini & Coll 2013). On the contrary,
the ecosystem production modeling devel-
oped here relies in large part on the assess-
ment of stand top height and number of
trees as main drivers: such parameters are
relatively feasibly retrievable even over
large areas, e.g., by remote sensing tools
like (manned or unmanned) airborne laser
scanning (Corona et al. 2012, Montaghi et
al. 2013). From an operational point of
view, the proposed spatial visualization of
the economic values of production of
goods and services (Fig. 3) is a useful sup-
port for forest management planning, e.g.,
to project selected productions by cork
oak stands in the future in order to im-
prove the effectiveness of management
strategies toward their preservation and
enhancement and/or identify priority areas
that would maximize ecosystem produc-
tion for local communities. From a manage-
ment point of view, the total economic
production values among the tested silvi-
cultural alternatives (Tab. 4) has proved to
be characterized by relatively small differ-
ences: therefore, at least under conditions
similar to those of the FMUs here sur-
veyed, managers may safely rely on differ-
ent stand density options, without any rel-
evant detrimental effect on total economic
production of the considered goods and
services. From a governance point-of view,
the data and tools provided here may be
effective toward the establishment of local
schemes of payments for ecosystem ser-
vices (e.g., with respect to water yield and
carbon sequestration), which, in turn may
support the owners in the light of manage-
ment practices contributing to the conser-
vation and sustainable use of cork oak
woodland (Bugalho et al. 2011).

From a general point of view, the ob-
tained economic values of ecosystem pro-
duction and the proposed valuation ap-
proach are readily portable to other con-
texts with similar characteristics to those
investigated here (pure cork oak stands
with composite stand structure). Specifi-
cally, using the data from the FoReSTAS
management plans as reference, it can be
inferred that nearly half of the cork forests
in Sardinia possess the range of conditions
for which the economic valuation devel-
oped here can be directly applied to. Ac-
cording to INFC, a similar inference is also
valid with respect to other Italian regions,
and might be even applied to those cork
oak woodlands across the western Me-
diterranean basin whose predominant
stands are characterized by relatively
closed canopies and not savanna-like (e.g.,
northeastern Spain).

The analyses carried out could provide
important information on how to balance
economic production from alternative
goods and services according to manage-
ment strategies and landscape characteris-
tics (Cademus et al. 2014), enabling deci-
sion-makers, stakeholders and landscape
planners to better guide management

strategies and decisions (Palma et al. 2015,
Santos et al. 2016). Further work is re-
quired in order to consider other services
from cork oak stand management, such as
soil conservation, landscape quality and
recreation, which have not been evaluated
here but that, from the socio-economical
point of view, may be very meaningful in
many Mediterranean contexts.
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Tab. S1 - Effect on the economic value of
cork production exerted by the different
cork quality class proportions and by the
variation of quantity (or unitary price) of
cork production (values expressed in euro
ha'yr™).

Tab. S2 - Effect on the economic value of

water yield exerted by the variation of the
K coefficient (see text) and by the variation
of the unitary price assigned to water yield
(values expressed in euro ha™yr?).

Fig. S1 - K values of the INVEST water-yield
model adopted for pure cork oak forests in
Sardinia as a function of stand top height
(TH) and number of trees (NT).

Fig. S2 - Annual production of forage units
from pure cork oak forests in Sardinia as a
function of stand top height (TH) and num-
ber of trees (NT).

Fig. S3 - Graphical analysis of the residuals
of the established AICORK (expressed in kg
ha' yr') and AGB (expressed in Mg ha”)
models.
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