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A B S T R A C T

Plant di ver sity and proxy in di ca tors of ecosys tem ser vice were as sessed for three struc tural com po nents of
Mediter ranean sil vopas toral agro forestry sys tems: WL = cork oak wood lands, WG = cork oak wood grass lands,
and OG = open grass lands. Our study was con ducted in a long-term ob ser va tory lo cated in NE Sar dinia, char ac‐

ter ized by frag mented land own er ship and land use, which gen er ates a patchy land scape that is dif fer ent from
the ex ten sively stud ied large scale Iber ian de he sas and mon ta dos. Our re search ques tion was fo cused on as sess ing
whether, a “patchy” land use sce nario made of the com bi na tion of WL, WG and OG or a “spe cial ized” sce nario
could pro vide more plant di ver sity and ecosys tem ser vices than a “de hesa type” sce nario in clud ing only WG un‐

der the same over all tree cover. The re sults showed that γ and β di ver sity, species unique to a po si tion, C stock,
cork and acorn pro duc tion, Hemicryp to phytes cover, nec tar if er ous species cover, de creased and pas toral value,
ex cel lent and good for age species and legume cover, in creased along the WL➔WG➔OG land use gra di ent. Iso‐

lated trees in WG and clear ings in WL highly con tributed to achiev ing mainly high C stock and plant di ver sity
re spec tively. The re sults also showed that the “spe cial ized” sce nario can sup port higher bio di ver sity and bet ter
ecosys tem ser vices than the “de hesa type” sce nario, but the “patchy” sce nario made of all three com po nents
proved to sup port the high est level of both bio di ver sity and ecosys tem ser vices in Mediter ranean sil vopas toral
agro forestry sys tems.

1. Introduction

In Mediter ranean coun tries, oak-wood grass lands (WG), oak-dom i‐
nated wood lands (WL), and open grass lands (OG) are the key struc tural
com po nents of a typ i cal sil vopas toral agro forestry farm (García de
Jalón et al., 2018). These com po nents cor re spond to con trast ing land
uses and man age ment prac tices of the sil vopas toral agro forestry sys‐

tems that com bine ex ten sive live stock graz ing and forestry ac tiv i ties
(McAdam et al., 2009). WL, WG and OG are spa tially clus tered rang‐

ing from small frag ments of WL or WG in be tween OG and crop lands to
large ar eas with ho mo ge neous WG cover (den Herder et al., 2017).
In the EU27 (Croa tia not yet in cluded) WG cover some 15.1 Mha, i.e.
3.5% of the land, and rep re sent some 15% of the Eu ro pean grass lands
and 35% of the grazed land (den Herder et al., 2017). WG in the
con text of Mediter ranean sil vopas toral sys tems are very com mon in
Spain (3.04 Mha; García de Jalón et al., 2018) and Por tu gal (about
0.7 Mha; AFN, 2010), where they are named de he sas and mon ta dos, re‐

spec tively. They are also fre quent in other Mediter ranean ar eas such as

Greece (1.6Mha) and Italy (1.4 Mha; Paris et al., 2019). The tree
cover is a key fea ture of WG and is the out come of the co-evo lu tion of
hu man ac tiv i ties and the nat ural eco log i cal processes (Blondel, 2006).
Sparse trees in the grass lands are rec og nized to gen er ate spa tially het‐
ero ge neous habi tats pro vid ing a va ri ety of ecosys tem ser vices and sup‐

port ing dif fer ent lev els of bio di ver sity (Pinto-Cor reia, 2000; Ko niak
et al., 2011; Ribeiro et al., 2014; Schip pers et al., 2015).

A high pro por tion (45% of the ar ti cles) of the avail able lit er a ture on
agro forestry sys tems in Mediter ranean Eu rope is fo cused on the spa‐

tially ex ten sive WG in Spain and Por tu gal (Tor ralba et al., 2016;
Moreno et al., 2018; Tor ralba et al., 2018), whereas lit tle at ten tion
has been paid to sil vopas toral sys tems in other Mediter ranean re gions
(e.g.; Ros setti et al., 2015; Sed daiu et al., 2018). Ac cord ing to the
2018 EU CORINE Land Cover (CLC) pro gram (EEA, 2018), sil vopas‐

toral land uses of Sar dinia cov ered in 2018 some 167,000  ha (6,9%),
with a net change of −17,000  ha (−10%) when com pared to 1990
(EEA, 1990). This land use change was mainly due to a − 38,000 ha
(−21%) change of the WG con verted to crop lands (31% of the loss) or
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to the nat ural suc ces sion to wards WL (60%) fol low ing aban don ment,
and to the +21,000 ha of WG de riv ing from the aban don ment of crop‐

lands and grass lands (80% of the gain), or the con ver sion of WL into
WG (20%).

Tra di tional Mediter ranean sil vopas toral sys tems are char ac ter ized
by low tech nol ogy lev els, low agro nomic in puts, and rel a tively low pro‐

duc tiv ity and prof itabil ity (Plieninger et al., 2006; Moreno and
Pulido, 2009; Fager holm et al., 2016). From the live stock farmer's
per spec tive, the for age and the as so ci ated an i mal prod ucts such as milk
and meat are pro vi sion ing ser vices of pri mary im por tance of these
ecosys tems. Other pro vi sion ing ser vices, in clud ing the pro duc tion of
cork, honey, mush rooms, wild-ed i ble fruits and med i c i nal and aro matic
plants (Moreno et al., 2018) can be eas ily mon e tized while sup port‐
ing (e.g. nu tri ent cy cling and wa ter reg i men ta tion) or reg u lat ing (e.g.
pol li na tion or soil ero sion pre ven tion) ser vices are less per ceived and
rarely iden ti fied (Camilli et al., 2017; Kay et al., 2019; Rolo et al.,
2020). Com pre hen sive analy ses of the lit er a ture on ecosys tem ser vices
pro vided by Eu ro pean agro forestry sys tems were re cently car ried out
by Tor ralba et al. (2016), Fager holm et al. (2016) and Kay et al.
(2019) who, in par tic u lar, as sessed the eco nomic per for mance of mar‐
ketable and non-mar ketable ecosys tem ser vices, show ing the rel e vance
of the lat ter in the net eco nomic bal ance, par tic u larly for the Mediter‐

ranean agro forestry sys tems. The sus tain abil ity of Mediter ranean sil‐
vopas toral sys tems based on wood grass lands has also been se ri ously
ques tioned be cause of grass land man age ment con straints, the lack of
tree re gen er a tion (Plieninger et al., 2010; Ros setti and Bag ella,
2014) and the lower grass land pro duc tiv ity in the ar eas shaded by the
trees when com pared to the OG (Sed daiu et al., 2018). A high tree
cover in WG is there fore per ceived by farm ers as con strain ing if com‐

pared to spe cial ized agro forestry land uses, i.e. a com bi na tion of WL
and OG (Camilli et al., 2017).

The land scape het ero gene ity and the eco log i cal func tion ing of
Mediter ranean sil vopas toral sys tems are struc turally cou pled with the
spa tial dis tri b u tion of farm man age ment prac tices and land own er ship
(Pornaro et al., 2019), that can re sult into land scapes rang ing from
ho mo ge neous WG with large scale prop erty es tates, to patches of WL,
WG and OG (Fig. 1) emerg ing from frag mented land own er ship pat‐
terns and di verg ing long-term trends to wards aban don ment and in ten‐

si fi ca tion (Plieninger, 2006). The spa tial dis tri b u tion of farm man age‐

ment prac tices is also con strained by en vi ron men tal fac tors such as soil
fer til ity gra di ents, rocky out crops, and forested habi tats ar eas (Ribeiro
et al., 2014). Farm man agers may choose di verg ing ap proaches, ei ther
mod i fy ing the land scape through in ten sive man age ment prac tices such
as tree clear ing, fer til iza tion, tillage and seed ing to suit pri mar ily the
live stock farm ing goals or adapt ing farm man age ment to ex ist ing land‐

scape con straints through low-in ten sity man age ment op tions like weed
chop ping, con ser va tion tillage or sod seed ing. Such choices can have

rel e vant im pli ca tions on plant di ver sity and ecosys tem ser vices
(Ribeiro et al., 2016).

The in for ma tion on key in di ca tors of the eco log i cal dy nam ics of
Mediter ranean sil vopas toral sys tems is rel e vant for sup port ing sci ence-
based de ci sions on the de sign of sus tain able de vel op ment path ways
and agri-en vi ron ment schemes (San tos-Martín et al., 2013; Guerra
and Pinto-Cor reia, 2016; Ribeiro et al., 2016; Moreno et al.,
2018). This is par tic u larly im por tant for the site- and time-spe cific
man age ment and for the pre ven tion and mit i ga tion of cur rent and fu‐

ture en vi ron men tal haz ards .
We hy poth e sized that a sil vopas toral agro forestry land scape made

of patches of WL, OG, and WG, or a com bi na tion of spe cial ized land
uses based on just OG and WL, can re sult in sub stan tial changes in
terms of plant di ver sity and ecosys tem ser vices of large-scale land‐

scapes based on only WG, such as the ones of the Iber ian de he sas and
mon ta dos (Fig. 1), even if these land scapes share a sim i lar av er age tree
cover. This re search was thus de signed to im prove our un der stand ing
of the re la tion ships be tween con trast ing man age ment op tions, plant
bio di ver sity, and proxy in di ca tors of ecosys tem ser vices of sil vopas toral
sys tems in a Mediter ranean hotspot of bio di ver sity (Médail and
Quézel, 1999; My ers et al., 2000): the Sar dinia is land (Italy). In the
stud ied area, tra di tional sil vopas toral sys tems are the key com po nent of
the rural economies, which are based on dairy prod ucts from sheep and
goat graz ing or meat or milk from beef cat tle graz ing (Porqueddu et
al., 2016).

More specif i cally, the re search aimed to com pare plant di ver sity
and proxy in di ca tors of ecosys tem ser vices of sil vopas toral sys tems at
the scale of ho mo ge neous man age ment units (WL, WG, OG), or land‐

scape scale, con sid er ing con trast ing sce nar ios char ac ter ized by dif fer ent
pro por tions of WG, WL, and OG un der the same over all tree cover.

2. Materials and methods

2.1. Study area

The study was con ducted in the long term ob ser va tory es tab lished
in 2008 in Berchidda-Monti (NE Sar dinia, Italy) at 250–300  m  a.s.l.
cov er ing an area of ap prox i mately 20,000 ha (Fig. 2). Var i ous man age‐

ment units (i.e. farm fields) in the ob ser va tory are be ing sur veyed over
time to mon i tor farm prac tices and in di ca tors of bio di ver sity and
ecosys tem ser vices (Bag ella et al., 2013a, 2013b, 2014; Sed daiu et
al., 2013; Ros setti and Bag ella, 2014; Tardy et al., 2015; Bag ella
et al., 2016; Pulina et al., 2018; Sed daiu et al., 2018).; Bag ella
et al., 2016; Tardy et al., 2015; Ros setti and Bag ella, 2014;;).
The av er age 30-years an nual pre cip i ta tion is 632  mm, with at least
70% of rain falling from Oc to ber to May. The arid ity in dex (an nual
rain fall/ an nual ref er ence evap o tran spi ra tion) is 0.53 and the mean an‐

nual tem per a ture is 14.2  °C (Bag ella et al., 2013a). The soil type,
orig i nat ing from gran ite, is very ho mo ge neous in the area and was clas

Fig. 1. WG land scape of the Span ish de hesa (left) and patchy sil vopas toral agro forestry land scape in Sar dinia (right), where the white poly gons in di cate a sam ple of WL (up), WG (mid‐

dle) and OG (down). Im ages are taken from Google Earth Pro and are 1.5 × 1.0 km in size.
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Fig. 2. Land uses ac cord ing to CLC 2018 in the Long-term Ob ser va tory of Berchidda-Monti (NE Sar dinia, 40°44÷56 N; 9° 10÷24′E). Wood grass lands (WG) and open grass lands (OG)
were sam pled within the ar eas clas si fied by CLC 2018 with code 244; wood lands (WL) were sam pled within the ar eas clas si fied by CLC 2018 with code 311 or 323.

si fied as Typic Dy s trox erept (USDA, 2010). Soil tex ture in the Ap hori‐
zon is sandy loam with an av er age pH of 5.7, 2.3% or ganic C and 0.2%
to tal N (Sed daiu et al., 2013). The nat ural po ten tial veg e ta tion of the
stud ied area is rep re sented by cork oak woods of the Vi olo dehn hardtii-
Querce tum suberis as so ci a tion (Bag ella and Caria, 2011).

The live stock feed ing is mainly based on wood grass lands graz ing as
the main source: hay crops, fal low grass lands, and oc ca sion ally shrubs,
trees, and acorns are grazed all year round fol low ing a mix of con tin u‐

ous and ro ta tional graz ing schemes. Sheep are oc ca sion ally shel tered
overnight when nec es sary in win ter. Grass land graz ing on av er age con‐

tributes to 73% of the to tal diet of dairy sheep (Sarda breed) and 82%
of the diet of the cross bred beef suck ler cat tle (Bag ella et al., 2014).
Stock ing rates range from 0.7 to 1.5 Live stock Units (LU) ha  for
sheep and from 0.4 to 0.8 LU ha  for cat tle (1 LU = 500 kg cat tle live
weight = 6.6 dairy ewes) (Bag ella et al., 2013a).

Ac cord ing to CLC 2018 (EEA, 2018), agro forestry ar eas in the
long-term ob ser va tory (Fig. 2) cov ered 44% of the to tal land, with a
net change of −717 ha (−1047 ha loss +330 ha gain; −7.6% of agro‐

forestry ar eas in 1990) when com pared to CLC 1990 (EEA, 1990)
mainly be cause of the aban don ment of crop lands (39% of the loss) or
the en croach ment of aban doned WG (60% of the loss). In the same pe‐

riod, some new 330 ha of land was con verted to WG mainly from the
aban don ment of crop lands (82% of the gain) or the WL se lec tive cut
(17% of the gain). Such dy nam ics are con sis tent with the on go ing trend
of in ten si fi ca tion and aban don ment that are threat en ing Mediter ranean
WG (Pinto-Cor reia and Mas caren has, 1999).

Low (WL), medium (WG) or high (OG) land use in ten si ties were at‐
trib uted to the three struc tural com po nents of sil vopas toral sys tems in
re la tion to the level of agro nomic in puts (e.g. tillage, cut ting, fer til iza‐

tion) and graz ing man age ment in ten sity re quired to main tain their
long-term sta bil ity. In WL, the woody veg e ta tion is in ter rupted by small
and scat tered clear ings as so ci ated to the cork oak ex trac tion prac tices,
that are oc ca sion ally grazed. WL were not fer til ized nor tilled for at
least 80 years and emerged from the se lec tive cut ting of the wood un‐

der story to fa cil i tate the ac cess of cork cut ters. In WG, the grass land is
in ter rupted by patches of scat tered adult cork oak trees. WG ar eas are
grazed and, at 5 to 10 years in ter vals, they are over sown with an nual
hay crops (Ros setti et al., 2015). OG are char ac ter ized by a con tin u

ous herba ceous cover and are grazed and cul ti vated at 1–5 years in ter‐
vals with an nual hay-crops (Tardy et al., 2015).

2.2. Field experimental layout

The ex per i men tal lay out was de signed to com pare WL, WG and OG
at the scale of ho mo ge neous man age ment units (field scale). Two sam‐

pling po si tions within WL and WG were con sid ered: open ar eas
(WLc = clear ings in the wood land; WGo = out side the tree crowns in
the wooded grass land) and ar eas un der neath the crown of the oak trees
(WLu for the wood land; WGu for the wooded grass land) (Fig. 3). The
WGu po si tions were se lected within the hor i zon tal pro jec tion of the
tree canopy onto the ground in a North-East to South-west lin ear tran‐

sect be cause the dom i nant wind in the study area is from South-West
and the trees have typ i cally flag-shape crowns.

For each of the five sam pling po si tions un der com par i son (WLu,
WLc, WGo, WGu, and OG), nine repli cates were ran domly se lected.
Over all, the sur veys were made on a to tal of 45 sam pling units (Table
1). The sam pling ar eas were ran domly se lected as sum ing that they
were large enough to min i mize edge ef fects and be rep re sen ta tive in
terms of veg e ta tion of the se lected patchy land uses in the land scape.

2.3. Field measurements

Plant di ver sity and ecosys tem ser vices were as sessed based on
tested and com pa ra ble in di ca tors. Plant as sem blage com po si tion, α, β,
and ɣ di ver sity were used as bio di ver sity in di ca tors. A set of proxy in‐

di ca tors for ecosys tem ser vices were se lected fol low ing the Com mon In‐

ter na tional Clas si fi ca tion of Ecosys tem Ser vices (Haines-Young and
Potschin, 2018): Pas toral Value (PV) was used as a proxy in di ca tor of
for age pro duc tion; cork and acorn pro duc tion as a proxy in di ca tor of
pro duc tions of the oak tree com po nent; the cover of ex cel lent and very
good for age plant species as a proxy in di ca tor of high-value ge netic re‐

sources con ser va tion; legume cover as a proxy in di ca tor of ex ter nal nat‐
ural ni tro gen in put to the ecosys tem; the cover of hemicryp to phytes as
a proxy in di ca tor of soil pro tec tion; the plant nec tar if er ous value as a
proxy in di ca tor of po ten tial honey pro duc tion and pol li na tion ser vice;
the soil Car bon stock (SOC), live tree Car bon stock (LTC) and to tal Car
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Fig. 3. Areal pho togra phies il lus trat ing the three land use types in the study area and the rel a tive sam pling po si tions. WLu = Un der neath tree canopy in the wood lands; WLc = Clear‐
ings in the wood lands; WGu = Un der neath tree canopy in the wood grass lands; WGo = Open ar eas in the wood grass lands; OG = Open grass lands. Im ages are taken from Google Earth
Pro.

Table 1
Ex per i men tal de sign.

Land use
Sampling
position

No. of
sampling
units

Woodlands (WL) Underneath
tree canopy
in the
woodlands
(WLu)

9

  Clearings
in the
woodlands
(WLc)

9

Wood grasslands (WG) Underneath
tree canopy
in the
wood
grasslands
(WGu)

9

  Open areas
in the
wood
grasslands
(WGo)

9

Open grasslands (OG) Open
grasslands
(OG)

9

bon stock (TOC) as proxy in di ca tors of reg u la tory ecosys tem ser vices
(Layke et al., 2012).

Veg e ta tion sur veys were re peated in spring 2011 and spring 2012 at
each sam pling po si tion. Data were taken in side 2 m ×  2  m sam pling
units ran domly lo cated in the herba ceous or un der story layer within
each sam pling po si tion, ex cept for the WLu sam pling po si tion, were a
10 m × 10 m sam pling unit was used for the sam pling of the un der‐
story tall shrubs. All plant species rooted in side the sam pling units were
iden ti fied and as signed a cover score (Braun-Blan quet, 1951). Plant
iden ti fi ca tion and nomen cla ture fol low the free on line ap pli ca tion for
plant iden ti fi ca tion http: // dbiodbs. units. it/ carso/ chiavi_ pub21?
sc=624. The av er age yearly species cover in each sam pling po si tion
was used for build ing a species/ cover ma trix for data analy sis.

The soil was sam pled in May 2011 at 20 cm depth with a soil corer
(di am e ter 68 mm). At each sam pling po si tion, a soil bulk was ob tained
by pool ing five ran domly cho sen soil cores: one cen tral core and four
cores taken 1 m around. The soil sam ples were oven-dried at 40 °C and
sieved at 2 mm to re move rocks, large roots, and or ganic de bris be fore
analy sis. A LECO CHN 628 el e men tal an a lyzer was used to de ter mine
the soil or ganic C con tent. In or ganic C con tent was neg li gi ble. The SOC

(t ha ) in the 0–20 cm soil layer was cal cu lated as the prod uct of soil
or ganic C con tent (g kg ), soil bulk den sity (kg dm ), and soil thick‐

ness (dm). To mea sure the bulk den sity of the fine earth, soil cylin ders
of 493 cm  (height: 10.6 cm; di am e ter: 7.7  cm) were used to col lect
hor i zon tal soil cores from the soil layer (Sed daiu et al., 2013).

To quan tify LTC, ten cir cu lar plots of 20 m of ra dius were iden ti fied
us ing sys tem atic sam pling. In each plot, all trees hav ing a di am e ter
above 5 cm at breast height, i.e. at 1.3 m (dbh) were mea sured. Above
(AGB) and be low ground (BGB) dry bio mass was es ti mated us ing al lo‐

met ric equa tions de vel oped by Mon tero et al. (2005):

where Bio mass is dry bio mass (kg), CF is a cor rec tion fac tor ob‐

tained from the al lo met ric equa tions de vel oped by the Na tional In sti‐
tute of Agri cul tural Re search and Tech nol ogy and Food of Spain (Mon‐

tero et al., 2005), β1 and β2 are pa ra me ters for ei ther AGB or BGB,
and db hib is the dbh in side the bark. LTC was then cal cu lated by sum‐

ming AGB and BGB and by mul ti ply ing by the C con tent in the tree dry
mat ter that was as sumed to be 47.2% as in di cated by Mon tero et al.
(2005) for cork oak. All data were ex pressed as t ha .

An nual cork pro duc tion was es ti mated on sin gle oak plants in WL
(n = 36) and WG (n = 108) based on the num ber of cork oak plants
ha  (N), the av er age perime ter over bark at breast height
(pdh = dbh × π), the ac tual de bark ing height (dh) con sid er ing an av‐

er age bark thick ness of 0.035 m, a cork den sity of 210 kg  m  and a
har vest in ter val of 10 years, for all sam pled plants with a dbh >20 cm:

Cork (kg ha
The acorn pro duc tion was mon i tored from Sep tem ber 2013 to Au‐

gust 2014 us ing lit ter fall plas tic traps (Pit man et al., 2010). Four
traps (0.7 m × 0.7 m) were placed in six trees ran domly cho sen in the
WL and WG sam pling units at 1.0 m height from the soil level. Three of
the traps were placed start ing from the trunk fol low ing the car di nal NE
di rec tion: the first trap was placed within the space from the trunk to
half of the crown's ra dius length; the sec ond trap was placed within the
space of the sec ond half of crown's ra dius; the third one was placed im‐

me di ately out side the crown. The fourth trap was placed in the or thog‐

o nal di rec tion to the first three ones, in the ho mol o gous po si tion of the
first trap. The col lected sam ples were dried in a ven ti lated oven at
65 °C un til achiev ing con stant weight, af ter their sep a ra tion in wood,
leaves, flow ers, and acorns com po nents.

2.4. Data analysis

Plant cover-abun dance data from veg e ta tion sur veys were trans‐

formed into nu meric val ues ac cord ing to Van der Maarel (1979)
cover scale be fore sta tis ti cal analy sis. The pres ence/ ab sence data for
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the as sess ment of bio di ver sity in dices were de rived from the species/
cover ma trix.

Plant as sem blage com po si tion was com pared be tween the five sam‐

pling po si tions (WLu, WLc, WGo, WGu, OG) us ing a one-way per mu ta‐

tional mul ti vari ate analy sis of vari ance, PER MANOVA (An der son,
2001), with the sam pling po si tions and plant as sem blages in the five
sam pling po si tions as vari ables. The Bray–Cur tis dis sim i lar ity mea sure
was used on square-root trans formed data for cal cu lat ing a dis tance
ma trix be tween pairs of sam ples. Non-para met ric mul ti di men sional
scal ing (nMDS) was used as the or di na tion method for il lus trat ing dif‐
fer ences in the plant as sem blage com po si tion (Clarke and Gor ley,
2006). Taxa re spon si ble for dif fer ences among plant as sem blages in
dif fer ent habi tat types, as in di cated by a-pos te ri ori tests us ing PER‐

MANOVA, were iden ti fied by sim i lar ity per cent ages for species con tri‐
bu tions analy sis, SIM PER (Clarke, 1993). Species con tribut ing at least
5% dis sim i lar ity for any com par isons were con sid ered im por tant dis‐

crim i na tors. The PRIMER sta tis ti cal pack age ver sion 7, with the PER‐

MANOVA add-on (An der son et al., 2008) was used to con duct the
analy sis.

The av er age plant α di ver sity was quan ti fied as the av er age num ber
of plant species for each land use type and sam pling po si tions, the γ di‐
ver sity as the cu mu la tive num ber of species for land use type and po si‐
tion.

The β di ver sity was quan ti fied fol low ing (Whit taker, 1972), i.e.
β = γ/α.

PV was as sessed ac cord ing to Daget and Pois sonet (1971) based
on the spe cific in dices (Is) and of the CSP , i.e. the per cent age con tri bu‐

tion of each species to plant cover (Ap pen dix 1):

CSP  was cal cu lated as the per cent age ra tio be tween the species
cover as signed to each species and the sum of the cover of all species. Is
in di cates the agro nomic value of the plant (Bag ella et al., 2013a) and
ranges be tween 5 and 0 in re la tion to the for age value of each plant
species (5 = ex cel lent; 4 = very good; 3 = good; 2 = poor; 1 = oc ca‐

sion ally grazed; 0 = un grazed or toxic plant).
The nec tar if er ous value was as sessed as the sum of prod ucts be‐

tween the spe cific nec tar if er ous in dices in di cat ing the qual ity/ quan tity
of nec tar pro duced by each species by its spe cific cover (Bag ella et
al., 2013b). The nec tar if er ous spe cific in dex of each plant species
ranges be tween 3 and 0 (3 = ex cel lent nec tar if er ous plant, 2 = good
nec tar if er ous plant, 1 = poor nec tar if er ous plant, 0  =  non nec tar if er‐
ous plant).

The cover of peren nial herbs (Hemicryp to phytes) was as sessed con‐

sid er ing the sum of the cover of herba ceous peren nial species.
The legume species cover was as sessed con sid er ing the cover of the

plant species be long ing to the Fabaceae fam ily.
Data on α di ver sity, PV, nec tar if er ous value, He my crip to phyte

cover, legume cover, SOC, LTC, and TOC were used to com pare, fol‐
low ing a one-way ANOVA at a crit i cal P-value of 0.05, five sam pling
po si tions (WLu, WLc, WGo, WGu, OG). A one-way ANOVA was also
fol lowed to test dif fer ences be tween the land uses (WL, WG, OG) by ag‐

gre gat ing cover-weighted data of the sam pling po si tions within WL and
WG or to test dif fer ences be tween WG and WL for cork and acorn pro‐

duc tion. Prior to the ANOVA, the ho mo gene ity of vari ance was tested
by the Cochran's test (Winer, 1971) and data were trans formed when‐

ever nec es sary. When ANOVA iden ti fied a sig nif i cant dif fer ence be‐

tween treat ments, the post hoc Stu dent–New man–Keuls test was used
for mul ti ple com par isons (Un der wood, 1997). ANOVA was per formed
us ing the GMAV5 soft ware (Uni ver sity of Syd ney, Aus tralia). Dif fer‐
ences be tween LTC av er ages be tween the three land uses were an a‐

lyzed with a Fried man test fol lowed by a Conover test, due to the non-
equal ity of vari ances tested with the Bartlett's test.

The data ob tained from the sam pling po si tions and land uses were
used to com pare three dif fer ent sce nar ios at the land scape scale: (i) a

“de hesa type” sce nario in clud ing only WG hav ing an av er age tree cover
of 27%; (ii) a “spe cial ized” sce nario, that is com posed by dis tinct ar eas
of OG (73%) and WL (27%); (iii) a “patchy” sce nario, sim i lar to the
cur rent patchy land uses in the land scape of the study area, rep re sented
by 50% of the land cov ered by WG (with 27% tree cover), 13.5% of the
area cov ered by WL and 36.5% cov ered by OG. The three land scape
sce nar ios were iden ti fied con sid er ing the per spec tives of the many
farm ers in ter viewed over the years in the long-term ob ser va tory, who
showed a gen eral pref er ence for spe cial ized land uses (WL  +  OG)
within the same farm rather than WG, as the sparse trees in the grass‐

lands are per ceived as con straints for for age crop man age ment and pro‐

duc tion (Rolo et al., 2020), also be cause the in come from cork har‐
vest is con stantly de clin ing be cause of the low cork price.

The sce nario analy sis re lies on the as sump tion that the man age ment
units where the data were col lected large enough (WL  >  10  ha;
WG > 5 ha; OG > 3 ha) to min i mize edge ef fects and hence be fully
rep re sen ta tive of each land use type. To fa cil i tate the mul ti di men sional
com par isons of the dif fer ent proxy in di ca tors be tween land uses, the re‐

sults were stan dard ized as fol lows:

where: M  is the over all mean of vari able i (in di ca tor or proxy in di ca tor
of bio di ver sity or ecosys tem ser vices);  is the treat ment mean of vari‐
able i;  is the grand mean of each vari able; s  is the stan dard de vi a tion
of treat ment means for each vari able.

3. Results

3.1. Plant diversity

Over all, 202 plant species were de tected across the three land use
types.

The out comes from nMDS and PER MANOVA pointed out sig nif i cant
dif fer ences be tween all the plant as sem blages of the three land uses:
Pperm = 0.001 for all a pos te ri ori com par isons (Fig. 4). Sharp dif fer‐
ences in terms of plant as sem blages also emerged be tween sam pling
po si tions within WL and WG land uses. The high est sim i lar ity was ob‐

served be tween OG and WGo.
The main dis crim i nat ing plant species among as sem blages, as iden‐

ti fied by SIM PER, were 15 (Fig. 5). The most abun dant un der story
species in WLu were Cytisus vil lo sus and Ar bu tus unedo, while As pho delus
mi cro car pus, Puli caria odora and Cis tus mon spelien sis were most abun‐

dant in WLc as sem blages. The most abun dant species of WGo were
Avena bar bata and Tri folium sub ter ra neum, while WGu as sem blages were
dom i nated by Hordeum lep or inum and Briza max ima. The most abun

Fig. 4. Two-di men sional non metric mul ti di men sional scal ing or di na tion (NMDS) of plant
as sem blages com po si tion in the five sam pling po si tions. WLu = Un der neath tree canopy
in the wood lands; WLc = Clear ings in the wood lands; WGu = Un der neath tree canopy
in the wood grass lands; WGo = Open ar eas in the wood grass lands; OG = Open grass‐

lands.
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Fig. 5. Abun dance of the 15 species con tribut ing at least 5% to the dis sim i lar ity for any com par i son be tween plant as sem blages in the five sam pling po si tions ac cord ing to SIM‐

PER.WLu = Un der neath tree canopy in the wood lands; WLc = Clear ings in the wood lands; WGu = Un der neath tree canopy in the wood grass lands; WGo = Open ar eas in the wood
grass lands; OG = Open grass lands.Cyt_vil = Cytisus vil lo sus, Ar_une = Ar bu tus unedo, Myr_ com = Myr tus com mu nis, As_mic = As pho delus mi cro car pus, Pul_odo = Puli caria odora,
Cis_ mon = Cis tus mon spelien sis, Av_bar = Avena bar bata, Bri_ max = Briza max ima, Vul_bro = Vulpia bro moides, Tri_nig  =  Tri folium ni grescens, An_arv  =  An themis ar ven sis, Tri_‐
sub = Tri folium sub ter ra neum, Vul_lig = Vulpia ligus tica, Hor_lep = Hordeum lep or inum, Ono_ill = Ono por dum il lyricum.

dant species in OG were T. sub ter ra neum, T. ni grescens and Ana gal lis ar‐
ven sis.

The ANOVA of bio di ver sity in dices pointed out sev eral sig nif i cant
dif fer ences be tween sam pling po si tions (Table 2) and be tween land
uses (Table 3). WLu showed the high est ß di ver sity and species unique
to a sam pling po si tion and the low est av er age α di ver sity; WLc showed
the high est γ di ver sity and num ber of species unique to a po si tion and
an α di ver sity not sig nif i cantly dif fer ent from that of OG; WGu showed
the low est ß di ver sity and species unique to a sam pling po si tion and an
av er age α di ver sity not sig nif i cantly dif fer ent from WGo and OG; WGo
showed the high est γ di ver sity and av er age α di ver sity; OG showed a α
di ver sity not sig nif i cantly dif fer ent from that of WGo and WGu, the
low est ß di ver sity and num ber of species unique to a sam pling po si tion
(Table 2).

Among the species unique to WLu (Table 2), we found species typ i‐
cal of Mediter ranean forests, such as Cy cla men repan dum, Lonicera im‐

plexa, Luzula forsteri, Mel ica cil i ata, Smi lax as pera, Tamus com mu nis,
Vibur num ti nus and Vi ola alba subsp. dehn hardtii. Among the species

Table 2
Plant di ver sity and proxy in di ca tors of ecosys tem ser vices in the five sam pling po si tions.
WLu = Un der neath tree canopy in the wood lands; WLc = Clear ings in the wood lands;
WGu = Un der neath tree canopy in the wood grass lands; WGo = Open ar eas in the wood
grass lands; OG = Open grass lands. Av er age val ues with dif fer ent let ters sig nif i cantly dif
fer for P < 0.05.

Land uses: WL WG OG

Variable Sampling positions: WLu WLc WGu WGo  

Area covered 89% 11% 27% 73% 100%
ɣ diversity 76 98 86 99 78
Average α diversity 19.4c 37.0b 40.7ab 47.0a 41.6ab
β diversity 3.9a 2.6b 2.1bc 2.1bc 1.9c
Total no. of species unique to
a position

20 23 7 14 6

Pastoral value (PV) 13.7c 9.0c 21.5b 37.8a 40.4a
Excellent and very good
forage plant cover %

0.3d 1.7d 12.6c 36.7b 60.1a

Legume cover % 24.9b 3.1c 2.4c 28.9b 56.9a
Hemicryptophyte cover % 21.6b 56.3a 11.8c 22.2b 13.6c
Nectariferous value 23.3a 15.4b 4.7c 12.9b 15.6b
Soil organic Carbon stock (0–

20 cm), t ha  (SOC)
75.0a 64.2b 74.5a 57.0bc 55.4c

Live tree Carbon stock, t
ha  (LTC)

29.4b – 61.1a – –

Total organic C stock t ha
(TOC)

104.4a 64.2b 135.6a 57.0bc 55.4c

Table 3
Plant di ver sity and proxy in di ca tors of ecosys tem ser vices as in flu enced by land use.
WL = Wood lands, WG = Wood grass lands, OG = Open grass lands. For each vari able,
mean val ues with dif fer ent let ters sig nif i cantly dif fer for P < 0.05.

Variable Land uses: WL WG OG

ɣ diversity 129 128 78
Average α diversity 28.2b 43.9a 41.6a
β diversity 4.6a 2.9b 1.9c
Total no. of species unique to a land use type 43 21 6
Pastoral value (PV) 13.2c 33.4b 40.4a
Excellent and very good forage plant cover % 0.5c 30.2b 60.1a
Legume cover % 22.5b 21.7b 56.9a
Hemicryptophyte cover % 25.4a 19.4b 13.6c
Nectariferous value 22.4a 10.7b 15.6b
Acorn production (kg ha  year ) 1037a 643b –

Cork production (kg ha  year ) 214a 89b –

Soil organic Carbon stock (0–20 cm), t ha  (SOC) 73.8a 61.7b 55.4c
Live tree Carbon stock, t ha  (LTC) 26.2a 16.5b –

Total organic C stock t ha  (TOC) 100.0a 78.2b 55.4c

unique to WLc we found typ i cal species of ephemeral canopies such as
Cen tau rium mar iti mum, Isoetes histrix, Or chis longi cornu, Ro mulea ram i‐
flora and Tu ber aria gut tata. WGu was char ac ter ized by mesophi los
species such as Agrostis stolonifera and Aris arum vul gare. Sev eral plant
species unique to WGo were rud eral e.g. Echium vul gare or Scan dix
pecten-veneris, but there was also the Sar din ian spiny en demic Dip sacus
ferox (Bag ella et al., 2019). Among the species unique to OG we ob‐

served mainly rud eral species such as Raphanus raphanistrum and Sper‐
gula ar ven sis. The dif fer ences ob served be tween sam pling po si tions
within each land use ex plain the dif fer ences among the three land uses:
γ di ver sity, ß di ver sity and the num ber of species unique to a po si tion
de creased along the WL➔WG➔OG in ten si fi ca tion gra di ent, while av er‐
age α di ver sity in creased was low est in WL (Table 3).

3.2. Proxy indicators of ecosystem services

The ANOVA of the proxy in di ca tors of ecosys tem ser vices pointed
out sig nif i cant dif fer ences be tween sam pling po si tions (Table 2) and
land uses (Table 3).

The high est av er age PV was ob served in OG as a con se quence of the
high cover of Tri folium sub ter ra neum and T. ni grescens, sim i larly to WGo,
where the high PV was as so ci ated with the high cover of Avena bar bata.

OG also showed the high est cover of ex cel lent and very good for age
and legume plant species cover. Over all, ex cel lent plant species were
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five, the most abun dant be ing T. sub ter ra neum and very good species
were 12, the most abun dant be ing T. ni grescens. Over all, 35 herba ceous
legume species were iden ti fied, and the per ma nent shrub Cytisus vil lo‐

sus in WLu.
Hemicryp to phytes cover showed the high est value in WLc where

the dom i nant species (50% of the cover) was Puli caria odora.
The nec tar if er ous species showed the high est cover in WLu. Over all

21 ex cel lent and 27 very good nec tar if er ous plant species were de‐

tected. The most abun dant were As pho delus mi cro car pus among the ex‐

cel lent and Chon drilla juncea among the very good nec tar if er ous
species.

SOC was sim i lar in the WGu and WLu and sig nif i cantly lower in
WLc and WGo (−14% and − 24% re spec tively) and OG (−26%). No sig‐

nif i cant dif fer ences were ob served in terms of SOC be tween WGo and
OG. The LTC stock was in flu enced by the smaller tree size in WL than
in WG, whose C bio mass per plant was about dou ble than that of the
plants in WL. The TOC of WLu and WGo was be tween 1.6 and 2.4
times higher than that in WLc, WGo, and OG.

Con sid er ing the three land uses, on av er age, the num ber of cork oak
tree den sity was 308  ±  175 adult plants ha  in WL and 48  ±  43
plants ha  in WG. WL trees had sig nif i cantly lower av er age pbh
(0.78 ± 0.32 m std. dev) than WG trees (1.47 ± 0.34 m). The ac tual
av er age de bark ing height was on av er age 1.22  ±  0.68  m in WL and
1.50 ± 0.54 m. An nual cork pro duc tion of WG was lower (−59%) than
that of the WL (Table 3) but an nual cork pro duc tion per plant of cork
oak trees in the WG (1.83 ± 0.55 kg plant  year ) was sig nif i cantly
higher than in the WL (0.69 ± 0.51 kg plant  year ). How ever, the
av er age an nual acorn pro duc tion per hectare of cork oaks in the WG
was only 38% lower than in the WL as the av er age acorn pro duc tion
per plant was much higher in the sparse trees of the WG than in the
dense WL stand.

In syn the sis, WLu showed the high est nec tar if er ous val ues and SOC
and the low est PV and ex cel lent and good for age plant cover; WLc
showed the high est Hemicryp to phyte cover and the low est PV and ex‐

cel lent and good for age plant cover; WGu showed the high est SOC,
TOC and LTC stock and the low est nec tar if er ous value; WGo and OG
showed the high est PV and the low est LTC and TOC; OG showed the
high est ex cel lent and good for age plant cover and legume cover.

In the com par i son along the WL➔WG➔OG land use in ten sity gra di‐
ent, PV, ex cel lent and good for age plant cover and legume cover in‐

creased while Hemicryp to phytes cover, cork and acorn pro duc tion,
SOC, LTC, and TOC de creased.

3.3. Scenario analysis

The two al ter na tive sce nar ios to a large scale “de hesa type”, “spe‐

cial ized” and “patchy”, showed higher γ and ß plant di ver sity and num‐

ber of species unique to a land use type than each of the three land use
types taken sep a rately (Fig. 6). The γ di ver sity was about 3 and 2 stan‐

dard de vi a tions (SD) higher in the “patchy” and “spe cial ized” sce nar ios
re spec tively than the av er age γ di ver sity of the three land uses, while in
WL and WG it was only +0.6 SD and in OG −1.1 SD with re spect to
the over all mean. The high est av er age α di ver sity was ob served in the
“de hesa type” sce nario (+0.71 SD) while in the “patchy” and “spe cial‐
ized” sce nar ios α di ver sity was sim i lar to the over all mean.

PV, ex cel lent, and good for age species and legumes cover were al‐
ways less than 1 SD be low the grand mean in the “patchy” and “spe‐

cial ized” sce nar ios and close to 1 SD units over the grand mean in OG.
Nec tar if er ous species and Hemicryp to phyte cover were close to the
grand mean in the “spe cial ized” sce nario and close to −1 SD in the
“patchy” sce nario. TOC, live tree Car bon and SOC were clearly higher
in WL (1 SD over the grand mean) while they were close to the grand
mean in the “patchy” sce nario and 0.5 SD over the grand mean in the

“spe cial ized” sce nario. For the proxy in di ca tors of or ganic C stock, the
best sit u a tion was rep re sented by WL.

4. Discussion

The re sults demon strate that a patchy arrange ment of land uses
within Mediter ranean sil vopas toral sys tems, cor re spond ing to dif fer ent
man age ment prac tices, can en hance plant di ver sity and ecosys tems ser‐

vices with re spect to large scale de hesa type, and can con tribute in
many ways to the con ser va tion of eco log i cal processes and ser vices.
The Long-term Ob ser va tory was cho sen in an area char ac ter ized by ho‐

mo ge neous en vi ron men tal (i.e. soil type and mor phol ogy) and cli matic
con di tions, re sult ing into bench mark veg e ta tion of mixed Quer cus suber
and Quer cus ilex for est (Bag ella et al., 2016); there fore, the dif fer‐
ences found in plant di ver sity and ecosys tem ser vices can be at trib uted
to the dif fer ent land uses (Ros setti et al., 2015). The patchy land‐

scape of the cork oak sil vopas toral sys tems of Sar dinia is gen er ated by
a rel a tively frag mented and small size land own er ship, with most pure
cork oak WL in the range of 10–20 ha (Sedda et al., 2011), even if
the av er age uti lized agri cul tural land per farm in Sar dinia (24.5 ha) is
the high est among the Ital ian re gions, the na tional av er age be ing
11.0 ha (IS TAT, 2016). The patchy land use struc ture of Sar din ian sil‐
vopas toral sys tems is there fore very dif fer ent from that of the Span ish
de he sas, dom i nated by large farms and ho mo ge neous man age ment
units as so ci ated with large fields with wood grass lands (Milán et al.,
2006). We dis cuss re sults on plant di ver sity and ecosys tem ser vice
proxy in di ca tors by land use type as struc tural com po nents of sil vopas‐

toral sys tems in Sar dinia, then we com pare con trast ing sce nar ios de riv‐

ing from a range of com bi na tions at land scape scale of the three land
uses.

4.1. Plant diversity

The floris tic rich ness of the sam pled ar eas rep re sents about 10% of
to tal γ plant di ver sity of Sar dinia (Bag ella et al., 2020). Plant as sem‐

blage com po si tion was dis tinct in the five sam pling po si tions across the
land use in ten si fi ca tion gra di ent, re veal ing a sharp re sponse of veg e ta‐

tion to hu man ac tiv i ties, as al ready ob served in dif fer ent bio geo graph i‐
cal con texts (del Arco Aguilar et al., 2010; De Keers maeker et al.,
2013; Tor ralba et al., 2016). The main con tri bu tion to γ di ver sity
and to the va ri ety of plant species was pro vided by the low (WL) and
the medium (WG) in ten sity man age ment lev els, that gen er ated the mi‐
cro hab i tats as so ci ated with WL clear ings and WH iso lated trees (Ros‐

setti et al., 2015).
The Q. suber wood land (WL), the low est in ten sity land use un der

com par i son, was well struc tured and rich in shrubs, lianas and herba‐

ceous species in the un der story, with many char ac ter is tic el e ments of
the Vi olo dehn hardtii-Querce tum suberis as so ci a tion to which it was re‐

ferred (Bac chetta et al., 2009). The lower to tal γ di ver sity of WLu in
com par i son to that ob served un der the scat tered tree canopies of WG
should not be sur pris ing since the plant di ver sity of the un der story of
Mediter ranean ever green forests is con strained by the low so lar ra di a‐

tion due to the full ra di a tion in ter cep tion of the top tree layer. Nev er‐
the less, the to tal num ber of species found in WLu was rel a tively high if
com pared for in stance with the data re ported for the Q. suber forests of
south-east ern Spain, where only 64 species ha  were found (Díaz-
Villa et al., 2003). The high est β di ver sity of WL re flects the high spa‐

tial vari abil ity of Q. suber for est, in part gen er ated by lo cal dis tur bances
caused by the ex trac tion of cork and shrub clear ing around the oaks
(Díaz-Villa et al., 2003), and the pres ence of one/ few strongly dom i‐
nant species. Within WL, WLc pro vided a sub stan tial con tri bu tion to to‐

tal plant di ver sity, due to the high num ber of unique species and al‐
most the high est val ues of bio di ver sity in di ca tors. Díaz (2008) and
Marañón et al. (2009) re ported a sig nif i cantly higher di ver sity of
vas cu lar plants for Iber ian de he sas com pared to other ad ja cent land
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Fig. 6. Spi der di a grams of the stan dard ized val ues of plant di ver sity in di ca tors and ecosys tem ser vice proxy in di ca tors in re la tion to land uses and the dif fer ent sce nar ios. OG = 100%
open grass land; WL = 100% Wood lands; WG (“de hesa type”) = 100% wood grass lands with 27% tree cover; “spe cial ized” = 27% WL and 73% OG; “patchy” = 50% WL with 27% tree
cover, 13,5% WL and 36.5% OG. The scale of the di a gram ex presses the de vi a tion from the av er age value of the three land uses.Ab bre vi a tions: gamma = γ di ver sity; al pha = av er age α

di ver sity; beta = ß di ver sity; unique = To tal no. of species unique to a a land use type; PV=Pas toral Value; Ex cel = Ex cel lent and very good for age plant cover %; Leg = Legumes
cover%; Nec tar = Nec tar if er ous value; Hem = Hemicryp to phyte cover; Acorns  =  an nual acorn pro duc tion; Cork  =  an nual cork pro duc tion; SOC  =  Soil or ganic Car bon stock;
LTC = Live tree Car bon stock; TOC = To tal or ganic C stock.

uses, con firmed by Bergmeier et al. (2010) for other Eu ro pean coun‐

tries. On the con trary, our study shows that if the plant di ver sity as sess‐

ment of cork oak WL also in cludes the clear ings (WLc), the to tal plant
rich ness is sim i lar to that found in WG. In deed, WLc plays a mir ror role
of that of scat tered trees (WGu) in WG in sup port ing spa tial het ero‐

gene ity. We here high light for the first time the rel e vance for plant di‐
ver sity of the clear ings in cork oak wood lands gen er ated by the tra di‐
tional prac tices of cork ex trac tion, which are rarely if ever con sid ered
in the as sess ment of bio di ver sity of agro forestry sys tems (Díaz, 2008;
Bergmeier et al., 2010; Moreno et al., 2016)

The bio di ver sity rel e vance of WL and WG is also sup ported by the
cor re spon dence of the veg e ta tion types with habi tat types listed in An‐

nex I of the Habi tat Di rec tive (Gi gante et al., 2019). In deed, WLu
cor re sponds to the habi tat 9330-Quer cus suber forests, WLc to the pri or

ity habi tat 6220* Pseudo-steppe with grasses and an nu als of the Thero-
Brachy podi etea and WG to habi tat 6310 De he sas with ever green Quer cus
spp. sup port ing high plant and an i mal di ver sity lev els and serv ing as
habi tat for sev eral threat ened species of the Eu ro pean fauna (Gi gante
et al., 2016, 2018).

In WG, species unique to shaded po si tions con tribute to en hanc ing
the to tal species rich ness of WG (Man ning et al., 2006; Ros setti et
al., 2015; Sed daiu et al., 2018). The vari abil ity of the plant as sem‐

blage com po si tion and rich ness un der scat tered trees can be de pen dent
not only on the un der story man age ment but also on the live stock se lec‐

tive use as shel ter (Olea and San Miguel-Ayanz, 2006).
The OG and WGo grass lands were sim i lar in terms of plant as sem‐

blage com po si tion, with a high spe cific cover con tri bu tion of T. sub ter‐
ra neum in both sam pling po si tions. Nev er the less, the bio di ver sity in di
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ca tors were sig nif i cantly dif fer ent: to tal and av er age rich ness and spa‐

tial vari abil ity were lower in OG than in WGo. This was in ter preted as
the con se quence of the more fre quent ap pli ca tion of se lec tive agro‐

nomic prac tices (plow ing, cut ting, fer til iza tion, etc.) in OG than in
WGo. How ever, the man age ment prac tices ap plied in OG al lowed to
main tain a plant species-rich sward in clud ing ex cel lent and very good
an nual self-re seed ing for age legumes. The re la tion ships be tween grass‐

land man age ment prac tices, bio di ver sity, and ecosys tem ser vices and
the cor re spond ing val ues de pend on lo cal con di tions as de scribed by
other au thors in the same area or in dif fer ent con texts (e.g. Bag ella et
al., 2013a; Probo et al., 2016; Čop and Eler, 2019).

4.2. Ecosystem service proxy indicators

The three land uses un der study showed a sub stan tial vari a tion of
al most all the se lected ecosys tem ser vice proxy in di ca tors, pro vid ing
also a clear ev i dence of the com ple men tar i ties of ser vices be tween land
uses. As ex pected, OG were best in pro vid ing for age pro duc tion and
qual ity, while WL showed higher val ues for sup port ing and reg u la tory
ser vices. WG showed in ter me di ate val ues for al most all the proxy in di‐
ca tors, with WGo show ing very sim i lar val ues to OG and WGu show ing
sig nif i cantly lower val ues than WLu for all in di ca tors but SOC. These
re sults have di rect im pli ca tions on the out comes of the sce nario analy‐

sis (see 4.3) as none of the three land uses or sam pling po si tions
showed op ti mal val ues for all proxy in di ca tors.

The PV of the pas toral veg e ta tion as a proxy in di ca tor of the pro vi‐
sion ing of for age quan tity and qual ity, in creased along the
WL➔WG➔OG in ten si fi ca tion gra di ent, as well as the con tri bu tion of ex‐

cel lent and very good for age species cover. How ever, the pro vi sion ing
of feeds from oak trees to do mes tic an i mals, be sides grass and shrubs,
also in cludes a sub stan tial acorn pro duc tion in both of Sar din ian WL
and WG, which is con sis tent to what re ported by other au thors in Spain
(Cañel las et al., 2007; López-Díaz et al., 2015). Acorns pro vide
sup ple men tary feed in au tumn and early win ter, which is par tic u larly
im por tant when the sum mer dry sea son ex tends un til the end of Oc to‐

ber-mid No vem ber, and grass lands re growth is de layed (Ca ballero et
al., 2009; Par dini, 2009; Porqueddu et al., 2017). The for age pro‐

vi sion ing of oak tree branches of WL and WG can also rep re sent a
strate gic pas toral re source ei ther through di rect graz ing or through
prun ing (Scaras cia-Mug nozza et al., 2000) but were not con sid ered
in our as sess ment, there fore the con tri bu tion of the wood com po nent to
the pro vi sion ing of an i mal feed is here un der es ti mated. Par dini
(2009) es ti mated a for age pro duc tion up to 4 t ha  from the palat able
shrubs of the oak un der story. In the warmest months, cat tle live stock
pre fer to graze wood lands than open grass lands, as wood lands pro vide
also pro tec tion to the graz ing cat tle from flies such as Hy po derma bo vis
(Karatepe et al., 2013). Nev er the less, scat tered trees in the WG also
rep re sent a shel ter in the warm sea son for live stock, which how ever
can dam age the herba ceous veg e ta tion un der the trees by tram pling
and smear ing with dung and urine fa vor ing the pres ence of ni‐
trophilous species (De Miguel et al., 2013; Ros setti et al., 2015)
char ac ter ized by low palata bil ity (Rog gero et al., 2002; Bag ella et
al., 2013a). These re sults are also con sis tent with the find ings of
López-Car rasco et al. (2015) that ev i denced the lack of legumes and
preva lence of grasses un der the tree canopies in the Span ish de he sas.

Ac cord ing to the Daget and Pois sonet (1971), WG and OG could
po ten tially sup port some 0.6–0.8 live stock units ha , which is con sis‐

tent to what ob served in the farms in cluded in the long-term ob ser va‐

tory (Bag ella et al., 2013a) and in di cates sub stan tial self-suf fi ciency
and en vi ron men tal sus tain abil ity of the cur rent stock ing rates. Such
mod er ate graz ing pres sure in the long-term has gen er ated the ideal
habi tats for in situ con ser va tion of ge netic re sources that have be come
an im por tant ecosys tem ser vice of sil vopas toral sys tems of Sar dinia.
The germplasm of many an nual self-re seed ing legume species col lected

also in the study area has spe cific adap tive traits (e.g. soil acid ity tol er‐
ance, long-term per sis tence, tol er ance to pest and pathogens) that made
it suit able to in vest ments in plant breed ing pro grams (e.g. T. sub ter ra‐

neum, Med icago sp.pl., T. miche lianum, T. in car na tum, Or nitho pus sp.pl.
and many oth ers) by re searchers and pri vate en ter prises of south ern
Aus tralia since the 1950s (Nichols et al., 2013a, 2013b, 2016;
Porqueddu et al., 2016). A sus tain able germplasm re source man age‐

ment model which do not cause the de cline of bio di ver sity and does
not jeop ar dize the ca pa bil ity of fu ture gen er a tions to meet their needs
is still lack ing (Per rino et al., 2006) de spite the ob jec tives of the UN
Con ven tion on Bi o log i cal Di ver sity.

The legume species cover was con sid ered a proxy for the ni tro gen
fix a tion ecosys tem ser vice. The legume cover in WL was mainly rep re‐

sented by the un der story of City sus vil lo sus that es tab lishes N -fix ing
sym bio sis with the slow-grow ing bac te ria of the genus Bradyrhi zo bium
(Rodríguez-Echev erría and Pérez-Fernández, 2005). The high
legume cover ob served in OG rep re sents a very im por tant al ter na tive
source of com bined ni tro gen for these olig otrophic grass lands, where
ni tro gen leach ing is fa vored by the Mediter ranean rain fall regime and
the very per me able sandy soils. The low fer til ity is the main dri ver for
trig ger ing the en croach ment of grass lands with shrubs such as Cis tus
mon spelien sis L., a py ro phytic species which is fa vored by low pH and
soil fer til ity (Bag ella et al., 2017). There fore, in these sil vopas toral
sys tems, an nual legumes play a fun da men tal role in sup ply ing pro teins
to the graz ing an i mal, im prov ing soil fer til ity with nat ural N fix a tion
(Lu cas et al., 2010) and hence sup port ing C cy cling and the pro duc‐

tiv ity and per sis tence of sec ondary grass lands.
The nec tar if er ous value is an other im por tant proxy of ecosys tem

ser vices in the Mediter ranean sil vopas toral sys tems. WL rep re sents a
great re source for pol li na tors and honey pro duc tion, a tra di tional, re‐

new able, and there fore sus tain able re source from an eco nomic per spec‐

tive (Merlo and Croitoru, 2005). Honey char ac ter is tics are mainly
in flu enced by the com po si tion of feed re sources for bees and flow er ing
phe nol ogy (Floris et al., 2016) and in these con texts, for ag ing for
valu able uni flo ral honey is also pos si ble (i.e. Ar bu tus unedo and As pho‐

delus mi cro car pus). Be side honey pro duc tion, an other ser vice is re lated
to the pol li na tion of self-in com pat i ble grass land species such as T. ni‐
grescens, which is among the most im por tant species con tribut ing to the
over all PV of OG. Hence the cho sen proxy in di ca tor (nec tar if er ous
value) is rel e vant per se but is also im por tant con sid er ing that in a
patchy sil vopas toral land scape pol li na tors can find in the WL a source
of feed dur ing the dry sea son when OG veg e ta tion is al most com pletely
dry.

The Hemicryp to phyte cover, a proxy for soil pro tec tion from ero‐

sion and wa ter runoff (Naveh, 1974), was high est in WLc, which were
never cul ti vated, con firm ing that the pres sure of re cur rent tillage se‐

lects an nual with re spect to peren nial species in Mediter ranean grass‐

lands (Tuesca et al., 2001).
The ob served cork pro duc tiv ity and the bio met ric char ac ter is tics of

the oaks are con sis tent to what found by Sedda et al. (2011) in Sar‐

dinia, that had al ready ob served a rel a tively low de bark ing co ef fi cient
(de bark ing height/ plant perime ter at breast height), much lower than
the max i mum pre scribed by law (2 for vir gin cork and 3 for ma ture
cork ex trac tion). This is prob a bly one of the main rea sons why the cork
pro duc tiv ity ob served in the study area is rel a tively low when com‐

pared with the cork pro duc tiv ity ob served in Iber ian cork WL and WG
(Pereira and Tomé, 2004). Such non-wood prod ucts of cork-oaks in
WL and WG used to be one of the main sources of in come for the sil‐
vopas toral farm ers of Sar dinia, un til the raw cork price de clined in the
in ter na tional mar ket, thus threat en ing cork pro duc tion sys tem sus tain‐

abil ity (de Almeida Ribeiro et al., 2011).
The TOC in top soil and woody veg e ta tion ob served in WL and WG

was con sis tent with what found by Oubrahim et al. (2015). The
lower TOC in WG (−22%) than in WL, was a con se quence of a sub stan
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tially sim i lar SOC value in the top soil of WLu and WGu but a much
higher (×6) tree den sity and cover (×3) in WL than in WG and a × 2
av er age tree size in WG than in WL.

The SOC of OG was con sis tent with what found by Cap pai et al.
(2017) and Sed daiu et al. (2013) in the same area and was 25% or
10% lower than the C stock per unit area mea sured on WL and WG re‐

spec tively.
WL showed the high est TOC, of which about 26% was re lated to the

liv ing tree com po nent. While the TOC is con sis tent with sim i lar cork
oak WL in Spain, the pro por tion of LTC as sessed in Sar dinia was
slightly lower the tree C stock of Iber ian cork oak WL be ing about 35%
of the LTC + SOC mea sured in the 0–60 cm soil hori zon (Cor reia et
al., 2016). The TOC in the WL was un der es ti mated as we did not
quan tify the con tri bu tion of the un der story woody plants, which can be
sub stan tial in the patches sur round ing the cork oaks that were not
cleared for the cork har vest, dif fer ently to what as sessed in Spain,
where any way the con tri bu tion of the un der story and herba ceous lay‐

ers to TOC was as low as 1%. The ar eas un der neath the tree canopy
showed sim i lar SOC in the top soil layer in both WLu and WGu sam‐

pling po si tions, hav ing on av er age 18% more SOC than in the open ar‐

eas and in the OG. How ever, Sed daiu et al. (2013) in the same en vi‐
ron men tal and man age ment con di tions high lighted that when SOC is
cal cu lated for spe cific soil hori zons (e.g., Ap) rather than for fixed soil
depths as in the pre sent study, the sim i lar i ties be tween WLu and WGu
were not ev i dent and WGu showed up to 80% more SOC than WLu.
These re sults are as so ci ated with the lower thick ness (about 5  cm) of
the A hori zons in the WLu com pared to that of the Ap hori zons (about
20 cm) in the WGu. Over all, SOC in the 0–20 cm soil depth de creased
from WL to WG and to OG and WG showed higher val ues (62 Mg ha )
than those found in the cen tral-west ern Span ish de he sas with cork oaks
by Howlett et al. (2011). Our data, how ever, con firm the re sults ob‐

tained by Cap pai et al. (2017) in a Sar din ian study area. The es ti‐
mates of the C stocked in the oak bio mass are con sis tent with what
found by Oubrahim et al. (2015) on cork oaks in Mo rocco.

4.3. Scenario analysis

The patchy land scape gen er ated by the com bi na tion of the three
land uses, sim u lated in the “patchy” sce nario, showed the high est lev els
of plant di ver sity among those un der study and of fers niches for all
species unique to a sin gle po si tion.

The “spe cial ized” sce nario, con sist ing of WL and OG with an over all
tree cover com pa ra ble to that of a large scale WG, would not pro vide
niches for less than 5% of the to tal plant species iden ti fied across all
land uses and sam pling po si tions, mostly herba ceous species typ i cal of
the WGu, char ac ter ized by low PV. Ros setti and Bag ella (2014)
showed in the same area that un der the busi ness-as-usual man age ment
sys tem, where tree re gen er a tion in the open grass land is not ac tively
sought by farm ers, WG of pas toral farms would be pro gres sively con‐

verted into open grass lands over the decades as adult plants die, ei ther
nat u rally or be cause of the re cur rent dam age to the root sys tem dur ing
tillage for for age crops seedbed prepa ra tion. An al ter na tive pos si bil ity
is the evo lu tion of the WG to wards a ma ture WL caused by the aban‐

don ment of pas toral ac tiv i ties, pro vid ing that wild fires are pre vented
dur ing the nat ural eco log i cal suc ces sion through shrub lands (Bag ella
et al., 2017). Sim i lar prob lems were de scribed for two decades in the
Por tuguese mon ta dos by Pinto-Cor reia and Mas caren has (1999).
The iso lated trees in the pas ture are per ceived by farm ers as an ob sta‐

cle to farm mech a niza tion while WL are per ceived as a strate gic re‐

source for live stock farm ing sys tems. In the Sar din ian con text, the “spe‐

cial ized” sce nario then cor re sponds to the ex pec ta tions of many farm ers
who would pre fer to man age OG and WL as two dis tinct land uses on
the same farms.

The “patchy” sce nario was char ac ter ized by high est legume and
Hemicryp to phyte cover and nec tar if er ous value, while the “spe cial ized”

sce nario was al ways bet ter than the “de hesa type” sce nario for all
ecosys tem ser vices with the ex cep tion of SOC. These re sults in di cate
that a ho mo ge neous WG, that proved to be more bal anced in terms of
va ri ety of ecosys tem ser vice pro vi sion ing when com pared to WL or OG,
is not nec es sar ily more de sir able in terms of bio di ver sity and ecosys tem
ser vices than a patchy land scape com bin ing small wood lands and open
grass lands and that a di ver si fied land scape made of a bal anced pro por‐

tion of all three land use types (WL, WG, and OG), even if main tain ing
the same to tal tree cover of WG, would be a more de sir able than a
large scale WG both in terms of plant di ver sity and ecosys tem ser vices.
The cur rent Sar din ian sil vopas toral land scape is well rep re sen ta tive of
the “patchy” sce nario, while the more reg u lar land scape of de he sas and
mon ta dos in Spain and Por tu gal re spec tively are more like a uni form
WG and are threat ened by lack of re gen er a tion in the high-in ten sity
land uses cor re spond ing to the gen tle slopes and fre quently plowed ar‐

eas for crop ping (Sevil lano et al., 2017). In Sar dinia, the cur rent
patchy land scape might evolve into the “spe cial ized” if the WG are in‐

ten sively man aged ig nor ing the re gen er a tion of the tree com po nent
(Ros setti and Bag ella, 2014) or aban doned to the nat ural eco log i cal
suc ces sion to wards a WL, pro vid ing that they are pre served from wild‐

fires.

5. Conclusions

The re sults pre sented in this study high light that the patchy land‐

scape and the spa tial het ero gene ity within land uses of the Mediter‐

ranean sil vopas toral agro forestry sys tems of Sar dinia are a rel e vant
source of plant di ver sity and mul ti ple ecosys tem ser vices. The as sess‐

ment made in this study, fol low ing a decade of re search in a long-term
ob ser va tory, pro vides sub stan tial ev i dence on the struc tural cou pling
be tween farm ing prac tices, bio di ver sity, and ecosys tem ser vices in
Mediter ranean sil vopas toral sys tems.

Among the three main struc tural com po nents of these sys tems, WL
en sured the high est C stock, non-wood prod ucts, and strate gic for age
re sources for the graz ing live stock. The cork oak clear ings (WLc)
proved to be an im por tant source of plant di ver sity in cork oak WL and
are as so ci ated with the tra di tional cork oak ex trac tion man age ment
prac tices, which have been rarely if ever con sid ered in the as sess ment
of bio di ver sity of Mediter ranean agro forestry sys tems. OG and WGo
showed a rel a tively high PV, when con sid er ing the soil fer til ity and cli‐
matic con straints, and are in bal ance with the cur rent live stock stock‐

ing rate, which mostly re lies on the graz ing of nat ural veg e ta tion. In
the con text of the patchy Sar din ian sil vopas toral land scape, the role of
the tree cover in WG ap pears to be not as rel e vant as it is for the Iber‐
ian de he sas and mon ta dos, where the scat tered trees rep re sent one of
the few sources of land scape het ero gene ity, given the large farm size
and ho mo ge neous man age ment sys tems.

Sar din ian sil vopas toral sys tems, com bined with cork oak WL and
the frag mented land own er ship, pro vide a range of dif fer ent land man‐

age ment prac tices which in ter act with eco log i cal processes gen er at ing
valu able ecosys tem ser vices in clud ing for age and an i mal feed pro duc‐

tion, in situ con ser va tion of valu able ge netic re sources, pol li na tion and
honey, cork, soil pro tec tion from ero sion, N fix a tion and nu tri ent cy‐

cling, or ganic C stock.
The hy poth e sized “spe cial ized” and “patchy” sce nar ios both showed

higher plant di ver sity and sim i lar or bet ter ecosys tem ser vices than
large scale “de hesa type” sce nario. As for age pro vi sion ing is cur rently
the pri mary mar ketable prod uct of these agro forestry sys tems, the
farm ing in ten si fi ca tion goals are cur rently di rected to im prove grass‐

land pro duc tiv ity and qual ity, while bio di ver sity con ser va tion and the
pro vi sion of the other ecosys tem ser vices are in di rectly re lated to the
farm man age ment prac tices. An ad van tage of these sys tems is that the
farm man ager is also the main ben e fi ciary of sev eral ecosys tem ser vices
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de riv ing from the dif fer ent land use op tions which sup port the en vi ron‐

men tal het ero gene ity. A crit i cal is sue is that this vir tu ous cy cle of ben e‐

fits could be in ter rupted or de graded by changes in farm struc ture,
which is in flu enced by ex ter nal fac tors in clud ing nor ma tive, so cial, and
eco nomic dri vers.
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