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1. Introduction
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3.5% of the land, and represent
and 35% of the grazed 1 er et al., 2017). WG in the

astoral systems are very common in

Greece (1.6Mha) and Italy (1.4 Mha; Paris et al., 2019). The tree
cover is a key feature of WG and is the outcome of the co-evolution of
human activities and the natural ecological processes (Blondel, 2006).
Sparse trees in the grasslands are recognized to generate spatially het-
erogeneous habitats providing a variety of ecosystem services and sup-
porting different levels of biodiversity (Pinto-Correia, 2000; Koniak
et al., 2011; Ribeiro et al., 2014; Schippers et al., 2015).

A high proportion (45% of the articles) of the available literature on
agroforestry systems in Mediterranean Europe is focused on the spa-
tially extensive WG in Spain and Portugal (Torralba et al., 2016;
Moreno et al., 2018; Torralba et al., 2018), whereas little attention
has been paid to silvopastoral systems in other Mediterranean regions
(e.g.; Rossetti et al., 2015; Seddaiu et al., 2018). According to the
2018 EU CORINE Land Cover (CLC) program (EEA, 2018), silvopas-
toral land uses of Sardinia covered in 2018 some 167,000 ha (6,9%),
with a net change of —17,000 ha (-10%) when compared to 1990
(EEA, 1990). This land use change was mainly due to a — 38,000 ha
(—21%) change of the WG converted to croplands (31% of the loss) or

* Corresponding author at: Department of Chemistry and Pharmacy, University of Sassari, Sassari 07100, Italy.

E-mail address: bage@uniss.it (S. Bagella)

hitps://doi.org/10.1016/j.agsy.2020.102945

Received 9 February 2020; Received in revised form 27 August 2020; Accepted 1 September 2020

Available online xxx
0308-521/© 2020.



Edit

Proof

PDF




to the natural succession towards WL (60%) following abandonment,
and to the +21,000 ha of WG deriving from the abandonment of crop-
lands and grasslands (80% of the gain), or the conversion of WL into
WG (20%).

Traditional Mediterranean silvopastoral systems are characterized
by low technology levels, low agronomic inputs, and relatively low pro-
ductivity and profitability (Plieninger et al., 2006; Moreno and
Pulido, 2009; Fagerholm et al., 2016). From the livestock farmer's
perspective, the forage and the associated animal products such as milk
and meat are provisioning services of primary importance of these
ecosystems. Other provisioning services, including the production of
cork, honey, mushrooms, wild-edible fruits and medicinal and aromatic
plants (Moreno et al., 2018) can be easily monetized while support-
ing (e.g. nutrient cycling and water regimentation) or regulating (e.g.
pollination or soil erosion prevention) services are less perceived and
rarely identified (Camilli et al., 2017; Kay et al., 2019; Rolo et al.,
2020). Comprehensive analyses of the literature on ecosystem services
provided by European agroforestry systems were recently carried out
by Torralba et al. (2016), Fagerholm et al. (2016) and Kay et al.
(2019) who, in particular, assessed the economic performance of mar-
ketable and non-marketable ecosystem services, showing the relevance
of the latter in the net economic balance, particularly for the Mediter-
ranean agroforestry systems. The sustainability of Mediterranean sil-
vopastoral systems based on wood grasslands has also been seriously
questioned because of grassland management constraints, the lack of
tree regeneration (Plieninger et al., 2010; Rossetti and Bagella,
2014) and the lower grassland productivity in the areas shaded by the
trees when compared to the OG (Seddaiu et al., 2018). A high tree
cover in WG is therefore perceived by farmers as constraining if com-
pared to specialized agroforestry land uses, i.e. a combination of WL
and OG (Camilli et al., 2017).

The landscape heterogeneity and the ecological functioning
Mediterranean silvopastoral systems are structurally coupled wit e
spatial distribution of farm management practices and land ownetship
(Pornaro et al., 2019), that can result into landscapes rangi
homogeneous WG with large scale property estates, to patc
WG and OG (Fig. 1) emerging from fragmented land o

fertility gradients, rocky outcrops, and forested habitats
et al., 2014). Farm managers may choose diverging
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scape constraints through low-intensity
chopping, conservation tillage or sod se

relevant implications on plant diversity and ecosystem services
(Ribeiro et al., 2016).
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i al., 2013; Guerra
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goat gra at or milk from beef cattle grazing (Porqueddu et

icators of ecosystem services of silvopastoral systems at
ogeneous management units (WL, WG, OG), or land-

rials and methods
. Study area

The study was conducted in the long term observatory established
in 2008 in Berchidda-Monti (NE Sardinia, Italy) at 250-300 m a.s.l.
covering an area of approximately 20,000 ha (Fig. 2). Various manage-
ment units (i.e. farm fields) in the observatory are being surveyed over
time to monitor farm practices and indicators of biodiversity and
ecosystem services (Bagella et al., 2013a, 2013b, 2014; Seddaiu et
al., 2013; Rossetti and Bagella, 2014; Tardy et al., 2015; Bagella
et al., 2016; Pulina et al., 2018; Seddaiu et al., 2018).; Bagella
et al., 2016; Tardy et al., 2015; Rossetti and Bagella, 2014;;).
The average 30-years annual precipitation is 632 mm, with at least
70% of rain falling from October to May. The aridity index (annual
rainfall/annual reference evapotranspiration) is 0.53 and the mean an-
nual temperature is 14.2 °C (Bagella et al., 2013a). The soil type,
originating from granite, is very homogeneous in the area and was clas-

Fig. 1. WG landscape of the Spanish dehesa (left) and patchy silvopastoral agroforestry landscape in Sardinia (right), where the white polygons indicate a sample of WL (up), WG (mid-

dle) and OG (down). Images are taken from Google Earth Pro and are 1.5 x 1.0 km in size.
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sified as Typic Dystroxerept (USDA, 2010). Soil texture in the Ap hori-
zon is sandy loam with an average pH of 5.7, 2.3% organic C and 0.2%
total N (Seddaiu et al., 2013). The natural potential vegetation of the
studied area is represented by cork oak woods of the Violo dehnhardtii-
Quercetum suberis association (Bagella and Caria, 2011).

The livestock feeding is mainly based on wood grasslands grazing as
the main source: hay crops, fallow grasslands, and occasionally sh X
trees, and acorns are grazed all year round following a mix of continu-
ous and rotational grazing schemes. Sheep are occasionally shelteked

of the diet of the crossbred beef suckler cattle (Bagella et
Stocking rates range from 0.7 to 1.5 Livestock Units
sheep and from 0.4 to 0.8 LU ha~! for cattle (1 LU =
weight = 6.6 dairy ewes) (Bagella et al., 2013a).

long-term observatory (Fig. 2) covered 44% o

forestry areas in 1990) when compared to
mainly because of the abandonment of crop

(17% of the gain). Such dynamics
of intensification and abandonme
WG (Pinto-Correia and Mascar

with the ongoing trend
reatening Mediterranean

relation to the level of a
tion) and grazing m:
long-term stability. In
and scattered cleari

s (e.g. tillage, cutting, fertiliza-
intensity required to maintain their
vegetation is interrupted by small
d to the cork oak extraction practices,
that are occasional were not fertilized nor tilled for at
least 80 years and emer om the selective cutting of the wood un-
derstory to facilitate the access of cork cutters. In WG, the grassland is
interrupted by patches of scattered adult cork oak trees. WG areas are
grazed and, at 5 to 10 years intervals, they are oversown with annual
hay crops (Rossetti et al., 2015). OG are characterized by a continu-

over and are grazed and cultivated at 1-5 years inter-
1 hay-crops (Tardy et al., 2015).

experimental layout was designed to compare WL, WG and OG
at the scale of homogeneous management units (field scale). Two sam-
ing positions within WL and WG were considered: open areas

Lc = clearings in the woodland; WGo = outside the tree crowns in

e wooded grassland) and areas underneath the crown of the oak trees
(WLu for the woodland; WGu for the wooded grassland) (Fig. 3). The
WGu positions were selected within the horizontal projection of the
tree canopy onto the ground in a North-East to South-west linear tran-
sect because the dominant wind in the study area is from South-West
and the trees have typically flag-shape crowns.

For each of the five sampling positions under comparison (WLu,
WLc, WGo, WGu, and OG), nine replicates were randomly selected.
Overall, the surveys were made on a total of 45 sampling units (Table
1). The sampling areas were randomly selected assuming that they
were large enough to minimize edge effects and be representative in
terms of vegetation of the selected patchy land uses in the landscape.

2.3. Field measurements

Plant diversity and ecosystem services were assessed based on
tested and comparable indicators. Plant assemblage composition, o, f,
and y diversity were used as biodiversity indicators. A set of proxy in-
dicators for ecosystem services were selected following the Common In-
ternational Classification of Ecosystem Services (Haines-Young and
Potschin, 2018): Pastoral Value (PV) was used as a proxy indicator of
forage production; cork and acorn production as a proxy indicator of
productions of the oak tree component; the cover of excellent and very
good forage plant species as a proxy indicator of high-value genetic re-
sources conservation; legume cover as a proxy indicator of external nat-
ural nitrogen input to the ecosystem; the cover of hemicryptophytes as
a proxy indicator of soil protection; the plant nectariferous value as a
proxy indicator of potential honey production and pollination service;
the soil Carbon stock (SOC), live tree Carbon stock (LTC) and total Car-



ings in the woodlands; WGu = Underneath tree canopy in the wood grasslands; WGo = Open areas in the wood grasslands; O!
Pro.

Table 1
Experimental design.

No. of
Sampling sampling

Land use position units

Woodlands (WL) Underneath 9
tree canopy

in the
woodlands
(WLu)

Clearings 9
in the
woodlands
(WLc)
Underneath 9
tree canopy

in the

wood

grasslands
(WGu)

Wood grasslands (WG)

Open areas
in the
wood
grasslands
(WGo)

Open grasslands (OG)

bon stock (TOC) as proxy indicators of regulat
(Layke et al., 2012).

Vegetation surveys were repeated in s
each sampling position. Data were take

1 and spring 2012 at
X 2 m sampling

each sampling position, except fo
10 m X 10 m sampling unit wa
story tall shrubs. All plant species
identified and assigned a co
identification and nomenclature
plant identification
sc=624. The average
was used for building a s

The soil was sa

ampling position, were a
e sampling of the under-

n-Blanquet, 1951). Plant
the free online application for
s.units.it/carso/chiavi_pub21?
cies cover in each sampling position
r matrix for data analysis.

2011 at 20 cm depth with a soil corer
(diameter 68 mm). ling position, a soil bulk was obtained
by pooling five random en soil cores: one central core and four
cores taken 1 m around. The soil samples were oven-dried at 40 °C and
sieved at 2 mm to remove rocks, large roots, and organic debris before
analysis. A LECO CHN 628 elemental analyzer was used to determine
the soil organic C content. Inorganic C content was negligible. The SOC

opy in the woodlands; WLe = Clear-
grass ands. Images are taken from Google Earth

(t ha™1) in the 0-2
organic C conten

r was calculated as the product of soil
), soil"bulk density (kg dm™3), and soil thick-
e bulk density of the fine earth, soil cylinders
cm; diameter: 7.7 cm) were used to collect

e soil layer (Seddaiu et al., 2013).

C, ten circular plots of 20 m of radius were identified
mpling. In each plot, all trees having a diameter
height, i.e. at 1.3 m (dbh) were measured. Above

where
ta from the allometric equations developed by the National Insti-
tute of Agricultural Research and Technology and Food of Spain (Mon-

iomass is dry biomass (kg), CF is a correction factor ob-

ro et al., 2005), pl and p2 are parameters for either AGB or BGB,
d dbhib is the dbh inside the bark. LTC was then calculated by sum-
ing AGB and BGB and by multiplying by the C content in the tree dry
matter that was assumed to be 47.2% as indicated by Montero et al.
(2005) for cork oak. All data were expressed as t ha™!
Annual cork production was estimated on single oak plants in WL
(n = 36) and WG (n = 108) based on the number of cork oak plants
ha—! (N), the average perimeter over bark at breast height
(pdh = dbh x =), the actual debarking height (dh) considering an av-
erage bark thickness of 0.035 m, a cork density of 210 kg m~3 and a
harvest interval of 10 years, for all sampled plants with a dbh >20 cm:
Cork (kg ha_l year™ —1) = N x pbh x dh x 0.035 x 210 x
The acorn production was monitored from September 2013 to Au-
gust 2014 using litterfall plastic traps (Pitman et al., 2010). Four
traps (0.7 m x 0.7 m) were placed in six trees randomly chosen in the
WL and WG sampling units at 1.0 m height from the soil level. Three of
the traps were placed starting from the trunk following the cardinal NE
direction: the first trap was placed within the space from the trunk to
half of the crown's radius length; the second trap was placed within the
space of the second half of crown's radius; the third one was placed im-
mediately outside the crown. The fourth trap was placed in the orthog-
onal direction to the first three ones, in the homologous position of the
first trap. The collected samples were dried in a ventilated oven at
65 °C until achieving constant weight, after their separation in wood,
leaves, flowers, and acorns components.

2.4. Data analysis
Plant cover-abundance data from vegetation surveys were trans-

formed into numeric values according to Van der Maarel (1979)
cover scale before statistical analysis. The presence/absence data for
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the assessment of biodiversity indices were derived from the species/
cover matrix.

Plant assemblage composition was compared between the five sam-
pling positions (WLu, WLc, WGo, WGu, OG) using a one-way permuta-
tional multivariate analysis of variance, PERMANOVA (Anderson,
2001), with the sampling positions and plant assemblages in the five
sampling positions as variables. The Bray—Curtis dissimilarity measure
was used on square-root transformed data for calculating a distance
matrix between pairs of samples. Non-parametric multidimensional
scaling (nMDS) was used as the ordination method for illustrating dif-
ferences in the plant assemblage composition (Clarke and Gorley,
2006). Taxa responsible for differences among plant assemblages in
different habitat types, as indicated by a-posteriori tests using PER-
MANOVA, were identified by similarity percentages for species contri-
butions analysis, SIMPER (Clarke, 1993). Species contributing at least
5% dissimilarity for any comparisons were considered important dis-
criminators. The PRIMER statistical package version 7, with the PER-
MANOVA add-on (Anderson et al., 2008) was used to conduct the
analysis.

The average plant o diversity was quantified as the average number
of plant species for each land use type and sampling positions, the y di-
versity as the cumulative number of species for land use type and posi-
tion.

The B diversity was quantified following (Whittaker, 1972), i.e.
p=v/o

PV was assessed according to Daget and Poissonet (1971) based
on the specific indices (Is) and of the CSP;, i.e. the percentage contribu-
tion of each species to plant cover (Appendix 1):

PV =02Y1ZCSP; * Is;

CSP; was calculated as the percentage ratio between the species
cover assigned to each species and the sum of the cover of all species. I
indicates the agronomic value of the plant (Bagella et al., 2013a) a
ranges between 5 and 0 in relation to the forage value of each plant
species (5 = excellent; 4 = very good; 3 = good; 2 = poor; 1 = |@cca-
sionally grazed; 0 = ungrazed or toxic plant).

The nectariferous value was assessed as the sum of pr

Hemycriptophyte
cover, legume cover, SOC, LTC, and TC ed to compare, fol-
lowing a one-way ANOVA at a criti
positions (WLu, WLc, WGo, WG
followed to test differences betwe ses (WL, WG, OG) by ag-
positions within WL and
WL for cork and acorn pro-

geneity of variance was tested

Student-Newman-Keuls test was used
for multiple comp: ns (Undgrwood, 1997). ANOVA was performed
using the GMAVS5 so niversity of Sydney, Australia). Differ-
ences between LTC averages between the three land uses were ana-
lyzed with a Friedman test followed by a Conover test, due to the non-
equality of variances tested with the Bartlett's test.

The data obtained from the sampling positions and land uses were
used to compare three different scenarios at the landscape scale: (i) a

tween treatments, the post

“dehesa type” scenario including only WG having an average tree cover
of 27%j; (ii) a “specialized” scenario, that is composed by distinct areas
of OG (73%) and WL (27%); (iii) a “patchy” scenario, similar to the
current patchy land uses in the landscape of the,study area, represented
by 50% of the land covered by WG (with 27%tree cover), 13.5% of the
area covered by WL and 36.5% covered OG4The three landscape

bservatory, who

d uses (WL + OG)

arse trees in the grass-

p management and pro-
icome from cork har-

PDF k price.

ption that the management

duction (Rolo et al .
vest is constantly de Edit

The scenario analysis relies
units where the data we
WG > 5 ha; OG > 3 ini
representative of each4and use type. To facilitate the multidimensional
comparisons of the di proxy indicators between land uses, the re-

. Plant diversity

Overall, 202 plant species were detected across the three land use

es.

The outcomes from nMDS and PERMANOVA pointed out significant

ifferences between all the plant assemblages of the three land uses:
Pperm = 0.001 for all a posteriori comparisons (Fig. 4). Sharp differ-
ences in terms of plant assemblages also emerged between sampling
positions within WL and WG land uses. The highest similarity was ob-
served between OG and WGo.

The main discriminating plant species among assemblages, as iden-
tified by SIMPER, were 15 (Fig. 5). The most abundant understory
species in WLu were Cytisus villosus and Arbutus unedo, while Asphodelus
microcarpus, Pulicaria odora and Cistus monspeliensis were most abun-
dant in WLc assemblages. The most abundant species of WGo were
Avena barbata and Trifolium subterraneum, while WGu assemblages were
dominated by Hordeum leporinum and Briza maxima. The most abun-

20 stress: 0.08 || Sampling position
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Fig. 4. Two-dimensional nonmetric multidimensional scaling ordination (NMDS) of plant
assemblages composition in the five sampling positions. WLu = Underneath tree canopy
in the woodlands; WLc = Clearings in the woodlands; WGu = Underneath tree canopy
in the wood grasslands; WGo = Open areas in the wood grasslands; OG = Open grass-
lands.
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Fig. 5. Abundance of the 15 species contributing at least 5% to the dissimilarity for any comparison between plant assemp ii

dant species in OG were T. subterraneum, T. nigrescens and Anagallis ar-
vensis.

The ANOVA of biodiversity indices pointed out several significant
differences between sampling positions (Table 2) and between land
uses (Table 3). WLu showed the highest  diversity and species unique
to a sampling position and the lowest average a diversity; WLc showed
the highest y diversity and number of species unique to a position and
an « diversity not significantly different from that of OG; WGu showed
the lowest {3 diversity and species unique to a sampling position and an
average o diversity not significantly different from WGo and OG; WGo
showed the highest y diversity and average o diversity; OG showed a o
diversity not significantly different from that of WGo and WGu, th
lowest R diversity and number of species unique to a sampling positj
(Table 2).

Among the species unique to WLu (Table 2), we found species\typi-
cal of Mediterranean forests, such as Cyclamen repandum, Lo

Table 2
Plant diversity and proxy indicators of ecosystem services in the f
WLu = Underneath tree canopy in the woodlands; WLe =

fer for P < 0.05.

Land uses: WL

Variable Sampling positions: WLu W,

Area covered 89% 11 100%
y diversity 76 99 78
Average a diversity 19.4 37.0b@, 40.7ab  47.0a 41.6ab
B diversity 3.9a 2.6b 2.1bc 2.1bc 1.9¢
Total no. of species unique to 7 14 6

a position

Pastoral value (PV) 21.5b 37.8a 40.4a
Excellent and very good 12.6¢ 36.7b 60.1a
forage plant cover %

Legume cover % 2.4c 28.9b 56.9a
Hemicryptophyte cover % 56.3a 11.8¢ 22.2b 13.6¢
Nectariferous value a 15.4b 4.7¢ 12.9b 15.6b
Soil organic Carbon stock 64.2b  74.5a 57.0bc  55.4c
20 cm), t ha ~ ! (SOC)

Live tree Carbon stock, t 29.4b - 61.1a - -

ha ! (LTC)

Total organic C stock t ha ~ ! 104.4a 64.2b  135.6a  57.0bc  55.4c
(TOC)

11

Bri_max Vid bro Tri_nipg An_arv

|
| i
Edit PDF

Trisub Vi lig Horlep Ono_ il

in e sampling positions according to SIM-
grasslands; WGo = Open areas in the wood
microcarpus, Pul odo = Pulicaria odora,
olium nigrescens, An_arv = Anthemis arvensis, Tri_-

Table 3
Plant diversity and pro dicators of ecosystem services as influenced by land use.
WL = Woodlands, WG = grasslands, OG = Open grasslands. For each variable,
mean values with different letters significantly differ for P < 0.05.

WL WG oG
129 128 78
28.2b 43.9a 41.6a
4.6a 2.9b 1.9¢
43 21 6
13.2¢ 33.4b 40.4a
Excellent and very good forage plant cover % 0.5¢ 30.2b 60.1a
e cover % 22.5b 21.7b 56.9a
tophyte cover % 25.4a 19.4b 13.6¢
Nectariferous value 22.4a 10.7b 15.6b
corn production (kg ha = ! year = 1) 1037a 643b -

ork production (kg ha ~ ! year ~ B) 214a 89b -
Soil organic Carbon stock (0-20 cm), t ha ™~ 1 (so0) 73.8a 61.7b 55.4c
Live tree Carbon stock, t ha = 1 (LTC) 26.2a 16.5b -
Total organic C stock t ha ™ (TOC) 100.0a 78.2b 55.4c

unique to WLc we found typical species of ephemeral canopies such as
Centaurium maritimum, Isoetes histrix, Orchis longicornu, Romulea rami-
flora and Tuberaria guttata. WGu was characterized by mesophilos
species such as Agrostis stolonifera and Arisarum vulgare. Several plant
species unique to WGo were ruderal e.g. Echium vulgare or Scandix
pecten-veneris, but there was also the Sardinian spiny endemic Dipsacus
ferox (Bagella et al., 2019). Among the species unique to OG we ob-
served mainly ruderal species such as Raphanus raphanistrum and Sper-
gula arvensis. The differences observed between sampling positions
within each land use explain the differences among the three land uses:
y diversity, B diversity and the number of species unique to a position
decreased along the WL->WG-OG intensification gradient, while aver-
age a diversity increased was lowest in WL (Table 3).

3.2. Proxy indicators of ecosystem services

The ANOVA of the proxy indicators of ecosystem services pointed
out significant differences between sampling positions (Table 2) and
land uses (Table 3).

The highest average PV was observed in OG as a consequence of the
high cover of Trifolium subterraneum and T. nigrescens, similarly to WGo,
where the high PV was associated with the high cover of Avena barbata.

OG also showed the highest cover of excellent and very good forage
and legume plant species cover. Overall, excellent plant species were
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five, the most abundant being T. subterraneum and very good species
were 12, the most abundant being T. nigrescens. Overall, 35 herbaceous
legume species were identified, and the permanent shrub Cytisus villo-
sus in WLu.

Hemicryptophytes cover showed the highest value in WLc where
the dominant species (50% of the cover) was Pulicaria odora.

The nectariferous species showed the highest cover in WLu. Overall
21 excellent and 27 very good nectariferous plant species were de-
tected. The most abundant were Asphodelus microcarpus among the ex-
cellent and Chondrilla juncea among the very good nectariferous
species.

SOC was similar in the WGu and WLu and significantly lower in
WLc and WGo (—14% and — 24% respectively) and OG (—26%). No sig-
nificant differences were observed in terms of SOC between WGo and
OG. The LTC stock was influenced by the smaller tree size in WL than
in WG, whose C biomass per plant was about double than that of the
plants in WL. The TOC of WLu and WGo was between 1.6 and 2.4
times higher than that in WLc, WGo, and OG.

Considering the three land uses, on average, the number of cork oak
tree density was 308 * 175 adult plants ha™! in WL and 48 =+ 43
plants ha™! in WG. WL trees had significantly lower average pbh
(0.78 = 0.32 m std. dev) than WG trees (1.47 + 0.34 m). The actual
average debarking height was on average 1.22 + 0.68 m in WL and
1.50 * 0.54 m. Annual cork production of WG was lower (—-59%) than
that of the WL (Table 3) but annual cork production per plant of cork
oak trees in the WG (1.83 * 0.55 kg plant™! year™!) was significantly
higher than in the WL (0.69 + 0.51 kg plant™! year™!). However, the
average annual acorn production per hectare of cork oaks in the WG
was only 38% lower than in the WL as the average acorn production
per plant was much higher in the sparse trees of the WG than in the
dense WL stand.

In synthesis, WLu showed the highest nectariferous values and S
and the lowest PV and excellent and good forage plant cover; c
showed the highest Hemicryptophyte cover and the lowest PV and ex-
cellent and good forage plant cover; WGu showed the highest

creased while Hemicryptophytes cover, cork and ‘@
SOC, LTC, and TOC decreased.

3.3. Scenario analysis
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cialized” scenarios and close tojl SD units over the grand mean in OG.
Nectariferous species icryptophyte cover were close to the
grand mean in the “specialized” scenario and close to —1 SD in the
“patchy” scenario. TOC, live tree Carbon and SOC were clearly higher
in WL (1 SD over the grand mean) while they were close to the grand
mean in the “patchy” scenario and 0.5 SD over the grand mean in the

“specialized” scenario. For the proxy indicators of organic C stock, the
best situation was represented by WL.

4. Discussion
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4.1. t diversity

The floristic richness of the sampled areas represents about 10% of
tal y plant diversity of Sardinia (Bagella et al., 2020). Plant assem-
blage composition was distinct in the five sampling positions across the
land use intensification gradient, revealing a sharp response of vegeta-
tion to human activities, as already observed in different biogeographi-
cal contexts (del Arco Aguilar et al., 2010; De Keersmaeker et al.,
2013; Torralba et al., 2016). The main contribution to y diversity
and to the variety of plant species was provided by the low (WL) and
the medium (WG) intensity management levels, that generated the mi-
crohabitats associated with WL clearings and WH isolated trees (Ros-
setti et al., 2015).

The Q. suber woodland (WL), the lowest intensity land use under
comparison, was well structured and rich in shrubs, lianas and herba-
ceous species in the understory, with many characteristic elements of
the Violo dehnhardtii-Quercetum suberis association to which it was re-
ferred (Bacchetta et al., 2009). The lower total y diversity of WLu in
comparison to that observed under the scattered tree canopies of WG
should not be surprising since the plant diversity of the understory of
Mediterranean evergreen forests is constrained by the low solar radia-
tion due to the full radiation interception of the top tree layer. Never-
theless, the total number of species found in WLu was relatively high if
compared for instance with the data reported for the Q. suber forests of
south-eastern Spain, where only 64 species ha~! were found (Diaz-
Villa et al., 2003). The highest § diversity of WL reflects the high spa-
tial variability of Q. suber forest, in part generated by local disturbances
caused by the extraction of cork and shrub clearing around the oaks
(Diaz-Villa et al., 2003), and the presence of one/few strongly domi-
nant species. Within WL, WLc provided a substantial contribution to to-
tal plant diversity, due to the high number of unique species and al-
most the highest values of biodiversity indicators. Diaz (2008) and
Maranén et al. (2009) reported a significantly higher diversity of
vascular plants for Iberian dehesas compared to other adjacent land
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The biodiversity relevance of WL and WG is also supported by the
correspondence of the vegetation types with habitat types listed in An-
nex I of the Habitat Directive (Gigante et al., 2019). Indeed, WLu
corresponds to the habitat 9330-Quercus suber forests, WLc to the prior-

Sample illustration

wood grasslands with 27% tree cover; “specialized” = 27% WL and 73% OG; “patchy” = 50% WL with 27% tree
e deviation from the average value of the three land uses.Abbreviations: gamma = y diversity; alpha = average o
e to a a land use type; PV=Pastoral Value; Excel = Excellent and very good forage plant cover %; Leg = Legumes

ity habitat 6220* Pseudo-steppe with grasses and annuals of the Thero-
Brachypodietea and WG to habitat 6310 Dehesas with evergreen Quercus
spp. supporting high plant and animal diversity levels and serving as
habitat for several threatened species of the European fauna (Gigante
et al., 2016, 2018).

In WG, species unique to shaded positions contribute to enhancing
the total species richness of WG (Manning et al., 2006; Rossetti et
al., 2015; Seddaiu et al., 2018). The variability of the plant assem-
blage composition and richness under scattered trees can be dependent
not only on the understory management but also on the livestock selec-
tive use as shelter (Olea and San Miguel-Ayanz, 2006).

The OG and WGo grasslands were similar in terms of plant assem-
blage composition, with a high specific cover contribution of T. subter-
raneum in both sampling positions. Nevertheless, the biodiversity indi-



cators were significantly different: total and average richness and spa-
tial variability were lower in OG than in WGo. This was interpreted as
the consequence of the more frequent application of selective agro-
nomic practices (plowing, cutting, fertilization, etc.) in OG than in
WGo. However, the management practices applied in OG allowed to
maintain a plant species-rich sward including excellent and very good
annual self-reseeding forage legumes. The relationships between grass-
land management practices, biodiversity, and ecosystem services and
the corresponding values depend on local conditions as described by
other authors in the same area or in different contexts (e.g. Bagella et
al., 2013a; Probo et al., 2016; éop and Eler, 2019).

4.2. Ecosystem service proxy indicators

The three land uses under study showed a substantial variation of
almost all the selected ecosystem service proxy indicators, providing
also a clear evidence of the complementarities of services between land
uses. As expected, OG were best in providing forage production and
quality, while WL showed higher values for supporting and regulatory
services. WG showed intermediate values for almost all the proxy indi-
cators, with WGo showing very similar values to OG and WGu showing
significantly lower values than WLu for all indicators but SOC. These
results have direct implications on the outcomes of the scenario analy-
sis (see 4.3) as none of the three land uses or sampling positions
showed optimal values for all proxy indicators.

The PV of the pastoral vegetation as a proxy indicator of the provi-
sioning of forage quantity and quality, increased along the
WL->WG-O0G intensification gradient, as well as the contribution of ex-
cellent and very good forage species cover. However, the provisioning
of feeds from oak trees to domestic animals, besides grass and shrubs,
also includes a substantial acorn production in both of Sardinian W
and WG, which is consistent to what reported by other authors in Spaj
(Canellas et al., 2007; Lépez-Diaz et al., 2015). Acorns pr e
supplementary feed in autumn and early winter, which is particularly
important when the summer dry season extends until the end ,of -
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According to the D
potentially support some O:
tent to what obse in the

and environmental sustainability of the current stocking rates. Such
moderate grazing pressure in the long-term has generated the ideal
habitats for in situ conservation of genetic resources that have become
an important ecosystem service of silvopastoral systems of Sardinia.
The germplasm of many annual self-reseeding legume species collected

also in the study area has specific adaptive traits (e.g. soil acidity toler-
ance, long-term persistence, tolerance to pest and pathogens) that made
it suitable to investments in plant breeding programs (e.g. T. subterra-
neum, Medicago sp.pl., T. michelianum, T. inc tum, Ornithopus sp.pl.
and many others) by researchers and private enterprises of southern
Australia since the 1950s (Nichols et a, 2013b, 2016;
Porqueddu et al., 2016). A sustainable ger: Sm resource manage-
ment model which do not cause the d iversity and does

is still lacking (Perrino et al., 2006
Convention on Biological Diversit
. The legume spec Edit PDF roxy for the% nitrogen
ixation ecosystem ¢ WL was mainly repre-
sented by the understory of sus villosus that establishes No-fixing
symbiosis with the slow- i a of the genus Bradyrhizobium
(Rodriguez-Echeverrig -Fernandez, 2005). The high
legume cover observed represents a very important alternative
source of combined ai or these oligotrophic grasslands, where
s he Mediterranean rainfall regime and
'@ soils. The low fertility is the main driver for
triggering the encroa¢hment of grasslands with shrubs such as Cistus
monspeliensis L., a pyrophytic species which is favored by low pH and
soil fertili gella et al., 2017). Therefore, in these silvopastoral
mes play a fundamental role in supplying proteins
1, improving soil fertility with natural N fixation

nce of secondary grasslands.
erous value is another important proxy of ecosystem

ce for pollinators and honey production, a traditional, re-
ble, and therefore sustainable resource from an economic perspec-
erlo and Croitoru, 2005). Honey characteristics are mainly
influenced by the composition of feed resources for bees and flowering

enology (Floris et al., 2016) and in these contexts, foraging for

luable unifloral honey is also possible (i.e. Arbutus unedo and Aspho-
delus microcarpus). Beside honey production, another service is related
to the pollination of self-incompatible grassland species such as T. ni-
grescens, which is among the most important species contributing to the
overall PV of OG. Hence the chosen proxy indicator (nectariferous
value) is relevant per se but is also important considering that in a
patchy silvopastoral landscape pollinators can find in the WL a source
of feed during the dry season when OG vegetation is almost completely
dry.

The Hemicryptophyte cover, a proxy for soil protection from ero-
sion and water runoff (Naveh, 1974), was highest in WLc, which were
never cultivated, confirming that the pressure of recurrent tillage se-
lects annual with respect to perennial species in Mediterranean grass-
lands (Tuesca et al., 2001).

The observed cork productivity and the biometric characteristics of
the oaks are consistent to what found by Sedda et al. (2011) in Sar-
dinia, that had already observed a relatively low debarking coefficient
(debarking height/plant perimeter at breast height), much lower than
the maximum prescribed by law (2 for virgin cork and 3 for mature
cork extraction). This is probably one of the main reasons why the cork
productivity observed in the study area is relatively low when com-
pared with the cork productivity observed in Iberian cork WL and WG
(Pereira and Tomé, 2004). Such non-wood products of cork-oaks in
WL and WG used to be one of the main sources of income for the sil-
vopastoral farmers of Sardinia, until the raw cork price declined in the
international market, thus threatening cork production system sustain-
ability (de Almeida Ribeiro et al., 2011).

The TOC in topsoil and woody vegetation observed in WL and WG
was consistent with what found by Oubrahim et al. (2015). The
lower TOC in WG (—22%) than in WL, was a consequence of a substan-



tially similar SOC value in the topsoil of WLu and WGu but a much
higher (x 6) tree density and cover (X 3) in WL than in WG and a X 2
average tree size in WG than in WL.

The SOC of OG was consistent with what found by Cappai et al.
(2017) and Seddaiu et al. (2013) in the same area and was 25% or
10% lower than the C stock per unit area measured on WL and WG re-
spectively.

WL showed the highest TOC, of which about 26% was related to the
living tree component. While the TOC is consistent with similar cork
oak WL in Spain, the proportion of LTC assessed in Sardinia was
slightly lower the tree C stock of Iberian cork oak WL being about 35%
of the LTC + SOC measured in the 0-60 cm soil horizon (Correia et
al., 2016). The TOC in the WL was underestimated as we did not
quantify the contribution of the understory woody plants, which can be
substantial in the patches surrounding the cork oaks that were not
cleared for the cork harvest, differently to what assessed in Spain,
where anyway the contribution of the understory and herbaceous lay-
ers to TOC was as low as 1%. The areas underneath the tree canopy
showed similar SOC in the topsoil layer in both WLu and WGu sam-
pling positions, having on average 18% more SOC than in the open ar-
eas and in the OG. However, Seddaiu et al. (2013) in the same envi-
ronmental and management conditions highlighted that when SOC is
calculated for specific soil horizons (e.g., Ap) rather than for fixed soil
depths as in the present study, the similarities between WLu and WGu
were not evident and WGu showed up to 80% more SOC than WLu.
These results are associated with the lower thickness (about 5 c¢cm) of
the A horizons in the WLu compared to that of the Ap horizons (about
20 cm) in the WGu. Overall, SOC in the 0-20 cm soil depth decreased
from WL to WG and to OG and WG showed higher values (62 Mg ha 1)
than those found in the central-western Spanish dehesas with cork oaks
by Howlett et al. (2011). Our data, however, confirm the results ol
tained by Cappai et al. (2017) in a Sardinian study area. The esti
mates of the C stocked in the oak biomass are consistent with wihat
found by Oubrahim et al. (2015) on cork oaks in Morocco.

4.3. Scenario analysis

The patchy landscape generated by the combination o
land uses, simulated in the “patchy” scenario, showed
of plant diversity among those under study and off
species unique to a single position.

usual management
system, where tree regeneration in the and is not actively
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verted into open grasslands over
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cle to farm mechani e WL are perceived as a strategic re-
source for livestock farming Systems. In the Sardinian context, the “spe-
cialized” scenario then corresponds to the expectations of many farmers
who would prefer to manage OG and WL as two distinct land uses on
the same farms.

Portuguese montados by
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The “patchy” scenario was characterized by highest legume and
Hemicryptophyte cover and nectariferous value, while the “specialized”
scenario was always better than the “dehesa type” scenario for all
ecosystem services with the exception of SOG, These results indicate
that a homogeneous WG, that proved to be miore balanced in terms of
variety of ecosystem service provisioning w: pared to WL or OG,
is not necessarily more desirable in terms of b ersity and ecosystem
i dlands and open
of a balanced propor-

grasslands and that a diversified land
tion of all three land use types (WL,
the same total tree cover of WG
large scale WG both in terms o
The current Sardinian silvopa:
the “patchy” scenario, while the
montados in Spain and P
WG and are threatene
land uses correspondi
eas for cropping (Sewi

patchy landscape
d lg

seape is well representative of
lar landscape of dehesas and
Setively are more like a uniform
egeneration in the high-intensity
gentle slopes and frequently plowed ar-
t al., 2017). In Sardinia, the current
evolvelinto the “specialized” if the WG are in-
ing the regeneration of the tree component
2014) or abandoned to the natural ecological
providing that they are preserved from wild-

tensively manag
(Rossetti and Bage
succession towards a
fires.

5. Con¢

ults presented in this study highlight that the patchy land-

ant diversity and multiple ecosystem services. The assess-
made in this study, following a decade of research in a long-term
tory, provides substantial evidence on the structural coupling
etween farming practices, biodiversity, and ecosystem services in
diterranean silvopastoral systems.

Among the three main structural components of these systems, WL
ensured the highest C stock, non-wood products, and strategic forage
resources for the grazing livestock. The cork oak clearings (WLc)
proved to be an important source of plant diversity in cork oak WL and
are associated with the traditional cork oak extraction management
practices, which have been rarely if ever considered in the assessment
of biodiversity of Mediterranean agroforestry systems. OG and WGo
showed a relatively high PV, when considering the soil fertility and cli-
matic constraints, and are in balance with the current livestock stock-
ing rate, which mostly relies on the grazing of natural vegetation. In
the context of the patchy Sardinian silvopastoral landscape, the role of
the tree cover in WG appears to be not as relevant as it is for the Iber-
ian dehesas and montados, where the scattered trees represent one of
the few sources of landscape heterogeneity, given the large farm size
and homogeneous management systems.

Sardinian silvopastoral systems, combined with cork oak WL and
the fragmented land ownership, provide a range of different land man-
agement practices which interact with ecological processes generating
valuable ecosystem services including forage and animal feed produc-
tion, in situ conservation of valuable genetic resources, pollination and
honey, cork, soil protection from erosion, N fixation and nutrient cy-
cling, organic C stock.

The hypothesized “specialized” and “patchy” scenarios both showed
higher plant diversity and similar or better ecosystem services than
large scale “dehesa type” scenario. As forage provisioning is currently
the primary marketable product of these agroforestry systems, the
farming intensification goals are currently directed to improve grass-
land productivity and quality, while biodiversity conservation and the
provision of the other ecosystem services are indirectly related to the
farm management practices. An advantage of these systems is that the
farm manager is also the main beneficiary of several ecosystem services



deriving from the different land use options which support the environ-
mental heterogeneity. A critical issue is that this virtuous cycle of bene-
fits could be interrupted or degraded by changes in farm structure,
which is influenced by external factors including normative, social, and
economic drivers.
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