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Abstract

1.

Local and landscape diversity loss, habitat fragmentation and land-use changes
commonly co-occur and impair ecosystem multifunctionality, yet they are often
studied in isolation. Therefore, we ignore the relative importance of these drivers
of ecosystem change or whether or not they interact to determine ecosystem

functioning.

. We measured how changes in local (plant richness) and landscape (different land

uses) diversity, land use (orchards, shrubland, pine, oak and mixed forests) and
habitat sise, and their interactions, affected the functioning of Mediterranean
ecosystems. At 49 plots, we measured 17 above- and below-ground func-
tions, related to nutrient cycling, carbon sequestration and biotic interactions.
Additionally, we generated different combinations of plots to compose artificial
landscapes where multifunctionality and biodiversity conservation can be max-
imised, in order to aid land managers to preserve or design functional and diverse

areas.

. The relative importance of local and landscape attributes varied slightly depend-

ing on the target function, yet land use was by far the strongest predictor of
most functions and multifunctionality above local plant biodiversity, habitat sise
or landscape diversity. Oak and mixed forest were the most multifunctional land
uses but were functionally wcomplemented by other land uses that maximised

some individual functions.

. The relative proportion of each land use within optimal landscapes varied if the

target was biodiversity conservation (with an even dominance of land uses),
carbon stocks or multifunctionality (highly dominated by native oak and mixed

forests).

. Synthesis and applications: Our results highlight the importance of remnant native

forest to provide multiple ecosystem functions and the potential to restore them

and complement these uses with sustainable agriculture. By merging landscape
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1 | INTRODUCTION

Anthropogenic disturbances are altering natural ecosystems by re-
ducing biodiversity at local and landscape levels, changing land uses
and fragmenting landscapes, all known to impact ecosystem func-
tioning (Cardinale et al., 2012; Liu et al., 2018; Mori et al., 2015). The
strong and positive relationships between biodiversity and ecosys-
tem functioning (BEF hereafter), often reported both in experiments
and field observations, clearly suggest that local biodiversity loss
hinders ecosystem functioning (Cardinale et al., 2012), and that this
effect could extend to larger spatial scales (e.g. Hautier et al., 2017;
Le Provost et al., 2023; Pasari et al., 2013). Habitat fragmentation
also affects ecosystem functioning, with smaller and/or more iso-
lated habitats showing alterations in critical biotic interactions, bio-
mass production, or nutrient cycling (Haddad et al., 2015; Hertzog
etal.,2019; Magrach et al., 2014). In addition to local biodiversity and
habitat fragmentation, land use itself also drives important changes
in ecosystem functioning. Sometimes these changes are wanted and
obvious (e.g. maximise food production even at the expense of car-
bon sequestration or soil fertility when shifting forests to croplands;
DeFries et al., 2004; Foley et al., 2005). Most of the times, however,
the response of multiple functions to such land-use changes, par-
ticularly among natural or semi-natural vegetation types (e.g. forest
to shrublands when fire frequency increases, conifer plantations or
recruitment in former broadleaved forests) are much less well un-
derstood (but see Hertzog et al., 2019; Moghli, Santana, Soliveres,
et al., 2022; Neyret et al., 2023).

Habitat fragmentation, land-use changes and biodiversity loss,
commonly co-occur and impair ecosystem multifunctionality, yet
they are often studied in isolation. The former two are mostly stud-
ied by landscape ecology, which often ignores the effect of changes
(including biotic composition or use intensity) within contrasting land
uses and rarely measure multiple ecosystem functions on site (but
see Neyret et al., 2023). These within-use variations are important,
as contrasting intensities within a given land use (e.g. amount of fer-
tiliser used in a grassland or cropland, type of management within a
given forest type) can drastically affect ecosystem functioning (Allan
et al., 2015; Felipe-Lucia et al., 2018). Analogously, the diversity of
land uses across the landscape is also an important determinant
of ecosystem functioning, as recently shown in grassland and ag-
ricultural landscapes (Tamburini et al., 2022; Wittwer et al., 2021).
Different land uses can promote different ecosystem service “bun-
dles” (e.g. Raudsepp-Hearne et al., 2010) and complement each
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and ecosystem approaches we provide specific numbers regarding the propor-
tion that each land use should have in order to maximise biodiversity conserva-

tion and/or functioning in these charismatic environments.

biodiversity, complementarity, conservation, ecosystem functioning, habitat sise, landscape
diversity, multifunctional landscapes

other if they promote different sets of functions (e.g. Alsterberg
et al., 2017; Felipe-Lucia et al., 2014). In addition, different land-
use types can facilitate each other's functioning through transfer of
material and energy (e.g. carbon and nutrient fluxes between land-
use or ecosystem types through animal movement [e.g. Gounand
etal., 2018], crop yield aided by the presence of pollinators and pest-
predators in surrounding habitats [e.g. Ricketts et al., 2004]). Thus, it
is important to measure multiple functions as well as landscape hab-
itat composition to properly evaluate the functional consequences
of land-use changes (Stiirck & Verburg, 2017).

On the other hand, BEF relationships are mostly studied within
individual land-use types (commonly grasslands), but rarely across
different land uses or landscape compositions. BEF studies often
ignore landscape-level changes (reviewed in Liu et al., 2018), de-
spite changes at this scale can be even more important for ecosys-
tem functioning than those at the local scale (Zirbel et al., 2019).
Indeed, land-use change is the main cause of habitat fragmentation
(Van Dijk, 2003), which at the time is one of the strongest drivers of
biodiversity loss (Haddad et al., 2015). Habitat fragmentation and
local biodiversity loss can strongly interact to determine ecosys-
tem functioning, as recently observed in forests or islands (Hertzog
et al., 2019; Wardle & Zackrisson, 2005), although with contrasting
results. Sometimes the functioning of smaller patches is more likely
to decline after biodiversity loss than that in big patches (Hertzog
et al., 2019), and sometimes the bigger patches are those more sen-
sitive to biodiversity loss (Wardle & Zackrisson, 2005). Such BEF
relationships may also depend on land use, again with contrasting
findings in the literature; sometimes there are more positive BEF
relationships in human-made than natural ecosystems (e.g. Felipe-
Lucia & Comin, 2015), and sometimes BEF relationships remain con-
sistent across different ecosystems (e.g. Fanin et al., 2018). Due to
the likely interactions between biodiversity and landscape attributes
and their unknown relative importance, studies simultaneously con-
sidering the effects of contrasting land uses, biodiversity levels
within such land uses, and landscape configuration can be highly rel-
evant for improving management at the landscape scale and to fully
understand the consequences of these multiple co-occurring biotic
changes (Le Provost et al., 2023).

Herewe studied theresponse of the functioning of Mediterranean
ecosystems to changes in local (plant species richness) and land-
scape (different land uses) diversity, land-use type (from orchards
to mature forests, including shrublands and pine plantations) and
habitat sise (proportion of such land use within a 500m radius).

85U8017 SUOWILLOD BAIERID 3|qed![dde au) Ag peuenob a1e DR VO 88N JO S3INJ I0} ARG BUIIUO AB]IM UO (SUORIPUCD-PUR-SLLLBYWOD" A8 |1 ARe1q 1BUIIUO//SHNL) SUORIPUOD PUE S L 8U3 885 *[5202/60/82] U0 ARiq18uliuo A|im ‘pupeiN 2@ esuein|dwoD pepsieAun A 895KT #992-GIET/TTTT OT/I0p/U0d | 1M AIq1ju! U0 S UIN0 630//SdNY WOy popeojumod € “YZ0e ‘Y99ZSIET



LOPEZOSA ET AL.

AR |, | of Applied Ecology E%E;ST‘F“

To provide a holistic view of the functioning of the ecosystem, we
studied 17 functions, including aboveground biomass, biotic inter-
actions (seed, insect and mammal predation rates), litter decomposi-
tion, water infiltration, nutrient cycling (enzymatic activities, N and
P content), tree regeneration and carbon stocks (woody biomass
and soil organic matter), and their collective response using a mul-
tifunctionality metric. We aimed to answer four main questions: (i)
Which are the most important local and landscape-level drivers of
ecosystem functioning? (ii) Does the relative importance of these
different drivers depend on the function studied? (iii) Do these
local and landscape drivers interact to determine the functioning of
Mediterranean ecosystems? (iv) How similar are different land uses
in the functions they provide? Additionally, our goal is designing
landscapes combining different land uses where biodiversity con-
servation, carbon stocks or multifunctionality can be maximised, in
order to aid land managers to preserve or design functional and di-

verse areas.

2 | MATERIALS AND METHODS
21 | Studyarea

The study took place in two Natural Parks: Carrascal de la Font Roja
and Serra de Mariola, Alicante, in southeast Spain, (38°39'25"N
0°33'12"W, 2298ha, 660-1340m.a.s.l.; 38°43'59”"N 0°33'17"W,
17257 ha, 640-1390m.a.s.l., respectively, Figure S1). This area is
characterised by a dry mesomediterranean climate, with an aver-
age annual temperature of 11°C and mean precipitation between
420 and 520mm per year (https://en.climate-data.org/), and
dominated by calcareous soils (Generalitat Valenciana, Conselleria
d'Agricultura, Medi Ambient, Canvi Climatic i Desenvolupament
Rural, 2015). This area was managed during the last centuries, as
other Mediterranean areas, for charcoal and wood extraction, ur-
banisation or forest fires (Blondel, 2006; Padilla et al., 2010), also
afforestation with pine stands have been a usual practice over
the past few decades (Pausas et al., 2004). Therefore, this area is
characterised by a mixed landscape combining orchards (28.08%),
shrublands (22.96%) and pine forests (22.46%), with mixed de-
ciduous/evergreen (1.60%) and oak forests (18.44%) more rarely
found, and often relegated to the least favourable sites (see also
Figure S1).

2.2 | Study design

We selected a total of 49 plots within both Natural Parks (each
plot was sampled once), 10 in each of the land-use types, except
for mixed forest (where we took only nine due to access difficul-
ties to this type of habitat). The median distance between plots was
around 10km (range 0.05-20km). Plots sampled with the same land
use were separated a least 1 km apart. The five land uses were: Pinus
halepensis (pine) forest (N=10), Quercus rotundifolia (oak) forest

(N=10), shrublands dominated by Cistus albidus, Thymus vulgaris,
Stipa offneri and Brachypodium retusum (N = 10), mixed (Q. rotundifo-
lia and deciduous trees such as Fraxinus ornus and Acer opalus subsp.
granatense) forests (N=9) and tree orchards, mostly olive (Olea eu-
ropaea) and almond (Prunus dulcis) crops (N=10). We selected these
plots to maximise variation in landscape features (diversity and
sise) and local diversity (based upon local plant species richness).
Fieldwork took place between June-July 2020 [June 10, 2020-July
8, 2020] and April-June 2021 [April 23, 2021-June 4, 2021] (25 and
24 sampled plots [half of each land-use type] sampled each year,
respectively).

Plots were 5x5m, geolocated and characterised in situ by land
use (orchards, shrubland, pine forest, oak forest or mixed forest).
In each plot, we placed 5 0.50x0.50m quadrats (245 samples al-
together) to perform vegetation and soil sampling (details below).
Within each quadrat, we took a soil sample (0-10 cm depth), air-dried
it in the laboratory and sieved (2mm mesh) before further analyses
(see below).

Our aim was to evaluate how changes in biodiversity and land-
scape attributes affect multifunctionality at local and landscape
levels. To do so, we measured four landscape attributes aimed at
summarising spatial heterogeneity, habitat quality (indicated by the
different species richness levels within each land use), habitat frag-
mentation and land-use typology (see below). As response variables
we assessed 17 ecosystem functions related to biotic interactions,
nutrient cycling, carbon sequestration, water infiltration and plant

productivity in each plot.

2.3 | Landscape and local attributes

We estimated three landscape attributes: habitat diversity and
habitat richness (spatial heterogeneity), and habitat sise (habitat
fragmentation). We evaluated the area surrounding each plot (500 m-
radius circles with each plot as the centre) to obtain habitat diversity
(Shannon index with the proportion of habitats in the 500m circle),
habitat richness (number of different habitat types around), and
habitat sise (proportion of the same land-use type within the 500-m
circle). We used this 500-m spatial scale as it was small enough to
avoid overlapping areas between our sampling points, but still rel-
evant to provide a measure of the landscape influence on ecosystem
functioning (e.g. Couthouis et al., 2023; Moore et al., 2015; Perrot
et al., 2021; but see Wittwer et al., 2021 for a larger scale). In any
case, we also considered 1km- instead of 500 m-radius circles and
results remained qualitatively consistent (data not shown). To obtain
these estimates, we used a detailed vegetation map available for the
study area (Terrones et al., 2006) and the QGIS' (QGIS Madeira 3.4)
buffer vector geoprocessing (GDAL). We dismissed habitat richness
from further analyses, as it was highly correlated with habitat diver-
sity (p=0.80). We classified in situ the type of land use of each plot
as local attribute, differing between orchards, shrubland, oak, pine
and mixed forest. See Table 1 for average values of these attributes
per land use.
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TABLE 1 Mean, maximum and minimum of considered predictors: habitat sise (proportion of the same land-use type as the plot within the 500-m circle), habitat diversity (Shannon index

with the proportion of habitats in the 500 m circle) and plant species richness of each plot, per land use.

Maximum plant Minimum plant

Plant species
richness

Minimum habitat

diversity

Maximum habitat

diversity

Habitat diversity

mean

Minimum

Maximum

Habitat sise
mean

species richness

species richness

habitat sise

habitat sise

Land use

30
15
26
22

101
55

0.50
0.49
0.69
0.84
0.21

1.38
1.42
1.40
1.36
1.43

0.94
0.91
1.05
1.16
0.98

13.56
0.00
0.00
8.28
0.00

80

54.46
10.24

33.96

Orchards

44.85

Mixed forest

52
82
65

76.27
56.71

46.50

Oak forest

38.91

Pine forest
Shrubland

25

16.88
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2.4 | Biodiversity

At each plot, we estimated plant and bird richness (Table 1). Plant
richness was evaluated as the number of different plant species
found in the 5mx5m plot, whereas bird richness was estimated
through 15’ point-counts, where we recorded each bird species
heard or seen (Bibby et al., 1992). These point-counts took place
between 7:00 and 11:00 in the morning, avoiding adverse weather
conditions such as wind or rain, and were randomly distributed
among plots and land uses, to avoid biasing our results. Point-counts
detect animals at spatial scales larger than our plots sise (100-m ra-
dius circles, on average; Ralph et al., 1995). However, the area where
we sampled each plot that was covered by the same land-use was
generally larger than this distance. Hence, we can assume that, if
detected, birds use this type of habitat.

2.5 | Ecosystem functions

At each plot, we measured 17 functions, either field or laboratory-
based. We measured in the field (1) aboveground (herbaceous, shrub
and tree) plant biomass, (2) litter decomposition rate, (3) regeneration
capacity (species richness of tree seedlings recruiting, highly corre-
lated with their abundance), (4) mouse predation, (5) seed preda-
tion, (6) caterpillar predation, (7) herbivory and pathogens” damage,
and three indices obtained from the landscape functional analysis
(Tongway & Hindley, 2004; visual evaluation of 11 soil surface in-
dicators including plant cover, litter depth, soil erosion, aggregate
stability, etc., see Table S1 for further details), which are combined to
produce indices of: (8) nutrient cycling, (9) resistance to soil erosion
[stability], and (10) runoff capture. In addition, we also measured in
the laboratory (11) infiltration capacity, (12) field capacity, (13) soil
organic matter, (14) beta-glucosidase and (15) acid phosphatase
enzymatic activities, (16) available phosphorous, and (17) nitrogen
(NH,+ + NO,-) content. These variables are related to nutrient cy-
cling (2, 8, 14-17; Keuskamp et al., 2013; Maestre et al., 2012), bi-
otic interactions (4-7; Castro et al., 1999; Garcia et al., 2021; Jactel
et al.,, 2021), water regulation (9-12; Tongway & Hindley, 2004), car-
bon stocks (1, 13; Flombaum & Sala, 2007) and forest regeneration
(3; Gil-Tena et al., 2019; Van Der Plas et al., 2016; see Table S1 for
full details and rationale).

We standardised each individual function to a common scale
to avoid a higher influence of those functions with larger units.
This was done according to the following formula: STD=(X-X . )/
(X X where STD is the standardised function and X, X ;|
and X, are the value of target function at a given plot, its mini-

max ™ Ximin)3
mum and maximum value across all plots, respectively. Then, we
computed Spearman correlation coefficients for all pairs of eco-
system functions and removed from further analyses those of-
fering redundant information (p>0.7 with others; Table S1). We
then used the remaining functions to calculate a unique multi-
functionality metric (MF) per plot using the averaging method. It
is important to note that, when calculating multifunctionality, we
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did not assign negative values to any function (e.g. seed preda-
tion or herbivory), regardless of the implications for management.
We just assumed faster rates of matter and energy transference
as high functioning (i.e. ecosystem function multifunctionality as
opposed to ecosystem service multifunctionality; see Manning
et al., 2018 for a review). We checked alternative multifunction-
ality measures, such as weighted average organised by groups
of functions related to ecosystems services of interest, and also
following the multiple thresholds approach (Byrnes et al., 2014).
First, we grouped functions into five ecosystem services: climate
regulation (biomass and soil organic matter), forest regeneration
(regeneration capacity, seed predation*-1), nutrient cycling (beta-
glucosidase and acid phosphatase enzymatic activities, available
phosphorous, dissolved inorganic nitrogen and litter decompo-
sition rate), water regulation (stability, infiltration/run off index,
infiltration capacity, field capacity) and pest control (mouse pre-
dation, caterpillar predation, herbivory*-1 and pathogens *-1). We
calculated the average of the standardised values for the func-
tions forming each service, and then average these service-values
to produce a multifunctionality index. That way we provide the
same weight to all services of interest, regardless of the number
of indicators used to measure them (see Maestre et al., 2022 for a
related approach). For the multiple threshold approach, and con-
sidering we have multiple potential drivers, we chose to focus only
on three contrasting threshold levels (50%, 70% and 90%), which
provide a sufficient description of potential trade-offs in between
the supply of different functions (see Soliveres et al., 2016 for
a related approach). All these multifunctionality indices were all
highly correlated and rendered the same conclusions as the results
presented here (Figure S2).

2.6 | Statistical analysis

We wanted to evaluate which were the most important local and
landscape-level drivers of ecosystem functioning, and if the relative
importance of these different drivers (the % of variance explained
by them) depends on the function studied. To do so, those variables
that did not have a normal distribution were log-transformed to ap-
proximate it. Otherwise, if variables did not get normal distribution
after transformation, we kept untransformed data. The only excep-
tion was regeneration capacity whose distribution fit better with
negative binomial, and for which negative binomial regressions were
applied. Then, we fitted linear models using each individual function,
as well as the overall multifunctionality metric as response variables
and local and landscape attributes (plant richness, land use, habi-
tat diversity and habitat sise) as predictors. Since the effect of local
plant richness can be modulated by both habitat sise and land use,
and the latter two can also interact with each other to determine
ecosystem functioning (see Section 1), we considered interactions
between these predictors in our models. The model structure was:
Function or MF~Plant richness * (Land use + Habitat sise + Habitat
diversity) +Land use * Habitat sise + Year.

We later simplified this model by using multiple model inference
by applying the function “dredge”, from MuMIn package. In a nut-
shell, multiple model inference fits all the possible models from a
given initial model structure (i.e. models containing all possible com-
binations of predictors previously specified) to obtain the Akaike
information criteria (AIC) of each model. The model with the lowest
value of AIC is considered the most parsimonious, and those with
AIC difference respect to the most parsimonious of <2 are consid-
ered equally well suited. This procedure allowed us to simplify our
modelling framework; selecting a set of the most relevant predictors
(i.e. those included at least in one of the models) for each function
and multifunctionality. We calculated the Variance Inflation Factors
(VIF) to confirm that we did not have any multicollinearity issues
(all VIFs <5; Table S2). We also used “SimulateResiduals” function
from the DHARMa package (Hartig, 2022) to check if our models
fulfilled assumptions of normality, lack of over/under-dispersion and
existence of influential points (Table S3). These later tests pointed
that the models fitted for mouse predation failed to fulfil normality
of residuals. Since no transformation fixed this problem, we keep
the model results but interpret these results cautiously considering
this limitation. To evaluate the relative importance of each one of
our predictors, we performed a variance partitioning (evaluating
the relative percentage of R? explained by each predictor) using the
function “calc.imp” from R package “relaimpo” (Gromping, 2006). For
this latter analysis, we used linear models fitted with the individual
predictors and the interactions selected from the multiple model
inference explained above. Additionally, we ranked the importance
of all predictors including interactions for each function and mul-
tifunctionality, graphing the respective average standardised ef-
fect sise across those models in which the predictor was significant
and the number of models in which each predictor was significant
(Figure S3).

We also wanted to test if functions provided in each land use
were complementary. To do so we estimated Euclidean's dissim-
ilarity index (as implemented in the “vegan” package, function
“vegdist”), between every pair of land uses and with itself (average
across all possible plot pairs) as a measure of g-multifunctionality,
where the value of each function was considered as the “species”
abundance” at each plot (see Hautier et al., 2017; Mori et al., 2018;
Pasarietal.,2013; Van Der Plas et al., 2016 for related approaches).
Hence, higher values of this metric indicate that the functions pro-
vided by two different land uses are less similar and therefore that
these land uses are more complementary in the functions they
promote collectively. Lower B-multifunctionality values, in turn,
indicate that two land uses are relatively redundant in terms of
the functions they support. High -multifunctionality values could
also occur under low complementarity if a given land use pro-
vided all functions at high levels and the other one would provide
none. However, this was not our case (see Section 3 below), and
therefore in our study high p-multifunctionality values reflect high
functional complementarity between land uses. In order to aid the
interpretation of these results, we also calculated differences be-
tween land uses in the levels provided for the multifunctionality
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metric, by using ANOVAs with land use as the sole factor and
Tukey's post-hoc tests to tease apart significant different between
our five land-use categories.

Finally, we complemented our analysis by designing landscape
compositions with different proportion of land uses that could max-
imise biodiversity conservation (higher richness of plants [including
recruitments] and birds), or carbon stocks (carbon storage in soils and
vegetation). In addition to plant and bird richness, we also considered
the richness of young tree recruitments (forest regeneration function)
in the biodiversity conservation scenario, due to the strong limitation
of new forest recruits in the area, and their interest in conservation
and management (Natural Park's staff, pers. comm.). Habitat provi-
sion for plants and animals and carbon capture (related to the two
landscape scenarios presented above), are among the top services pri-
oritised by local stakeholders (Silva et al., 2021) and government agen-
cies (PATFOR, 2018) and are also top priorities in the natural parks
where we worked according to several conversations with Natural
Parks' staff. We also produced a third “multifunctionality” scenario,
maximising all processes simultaneously. The latter may not be neces-
sarily related to a desired state by society (as it includes for example,
high levels of herbivory or seed predation; details for each individual
function in Figure S4). Nevertheless, our multifunctionality index was
highly correlated to the more service-oriented one (the “ecosystem
service bundles” explained above; p=0.74; Figure S2) and thus could
be of interest from a management perspective. For the multifunction-
ality scenario, we used the average of functions across the five plots
composing the landscape. For carbon stocks, we used the average of
belowground (soil organic matter) and aboveground (biomass) carbon
stocks. For the biodiversity scenario, we considered Gamma diversity
across each combination of five plots. We seek for those combina-
tions of land uses that maximises each one of our three management
scenarios (see Neyret et al., 2023 for similar approach). To do this, we
built 1,906,884 artificial landscapes, each one with a random combi-
nation of 5 of our plots, considering all possible combinations. From
these, we took the best 100 combinations, and quantified the average
proportion of each land-use type. Then, we performed;(2 tests to iden-
tify which of these land uses were over- or underrepresented in each
case. To assess this, we assumed that the null expectation is an even
distribution of 20% cover of each land use (our “expected” values). To
aid interpretation of these results, we repeated the same procedure
with every individual ecosystem function. We used R version 4.2.1 (R
Core Team, 2022) and RStudio 2022.12.0.353 (Posit Team, 2022) to
perform all the analyses. Fieldwork was performed in a protected area
(Carrascal de la Font Roja and Serra de Mariola Natura Parks) with per-
mission granted to do so from the Conselleria d'agricultura, desenvo-
lupament rural, emergeéncia climatica i transicié ecologica (Generalitat

Valenciana, Spain).

3 | RESULTS

Land use was by far the most important predictor of multifunctional-
ity and of many individual functions, explaining, together with plant

Journal of Applied Ecology E EE‘E@JW

richness and habitat sise, 44% of the variance in our multifunction-
ality metric (Table S2, Figure 1, Figure S3). Mixed and oak forests
were the land uses with the highest multifunctionality, but also
those showing more similarities to the functions they favoured (f-
multifunctionality=1.37; Figure 2). Orchards, in turn, were the least
multifunctional land use (Figure 3), but also the one showing more
complementarity with all other land uses in the functions it favoured
(mainly litter decomposition and aboveground biomass) and the high-
est heterogeneity across the 10 plots sampled (Figure 2). We observed
positive BEF relationships in three out of five land uses, with the most
positive one (and the only statistically significant) observed in orchards
(Figure S5).

The relative importance of local and landscape attributes varied
depending on the target function, which at the same time showed a
contrasting level of responsiveness to our local and landscape pre-
dictors (from ca. 1% vs. 68% of the variance explained for dissolved
inorganic Nitrogen vs stability, respectively). Although land use still
predominated overall, other drivers became relevant for some spe-
cific functions (Figure 1, Table S2, Figure S3). Habitat sise and diver-
sity were important to determine carbon stocks (soil organic matter),
water infiltration and functions related with predation (seed and cat-
erpillar predation). Plant richness, in turn, was an important predictor
for soil organic matter (which together with stability was the function
with a higher R?, over 60% of the variance explained), and for some of
the biotic interactions evaluated (seed predation, herbivory; Figure 1,
Table S2). We found that land use interacted significantly with plant
richness to determine stability and betaglucosidase enzymatic activity.
Land-use x habitat sise interactions, in turn strongly affected infiltra-
tion capacity (Table S2). Larger plant richness reduced beta glucosidase
enzymatic activity and stability, but this negative effect was only evi-
dent in forests (oak, mixed and pine forest) and not in other land uses.
However, larger habitats promoted infiltration capacity in natural land
uses (oak forest, pine forest and shrubland).

The simulations of landscape mixtures maximising each of the
three management scenarios (multifunctionality, biodiversity conser-
vation, and carbon stocks) exhibited remarkable differences on the
cover of each land-use type. If the aim was to maximise biodiversity
conservation, orchards (19.6%), oak forest (42.6%) and mixed forest
(32.4%) predominated. For maximum carbon stocks, oak and mixed
forests (43.4% and 30.4%, respectively), were the land uses to favour,
which were also similar to those needed to maximise multifunctionality
(0oak [58.6%] and mixed [33.8%)] forests; Figure 4). Considering each in-
dividual function separately rendered qualitatively similar results, oak
and mixed forest were generally overrepresented in 11 out of the 16
optimal landscapes (13 functions and 3 management scenarios), and
orchards and shrublands were generally under-represented in the op-
timal landscape compositions (Figure S4).

4 | DISCUSSION

Biodiversity loss, landscape homogenisation and fragmentation, and
land-use change are widespread and co-occurring anthropogenic
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FIGURE 1 Relative importance of local and landscape drivers on the variance explained for the individual functions. The sise of the
column shows the amount of variance explained by our predictors (R?) for each individual function. Values were estimated using “calc.relimp”
from linear models. (see Table S1 for detailed description of each function, and S2 for full results). DIN: Dissolved Inorganic Nitrogen.

pressures with known implications for conservation and ecosys-
tem functioning (Cardinale et al., 2012; Haddad et al., 2015; Isbell
et al., 2017). By studying their influence simultaneously, we found
that although these drivers often interact and influence each other,
land use was the main predictor of multifunctionality and of most
individual functions, over and above local biodiversity, habitat sise
or landscape diversity (Table S2). This agrees with previous com-
parisons on the influence of local biodiversity versus other factors,
showing that the positive BEF relationships often observed locally
can be overridden by the even larger effects of landscape (Hertzog
et al.,, 2019; Zirbel et al., 2019) or environmental (Wardle, 2002)
factors, in our case covered by contrasting land uses (but see Mori
et al., 2015). Generally, changes in land use are considered one of
the most important drivers of biodiversity loss (Newbold et al., 2015;
Sala et al., 2000) and affect important ecosystems processes such as
the global carbon cycle (Foley et al., 2005). Our study extends those
findings to the multiple ecosystem functions humans rely upon, and
show that remnants of native well-conserved vegetation (in our case
oak and mixed forests) are of particular importance in the supply of
these functions.

Millennia of anthropogenic management in the Mediterranean
Basin, and particularly the extensive deforestation occurred during
the 1950s and 60s for charcoal, food and fibre production in our
study area, have relegated remnant native forests to the least

favourable sites (steepest and least accessible slopes, shallowest
soils). Despite this, our results show that oak and mixed forests are
still the most multifunctional land uses and clearly support the im-
portance of conserving these remnant and diverse forest patches
in order to maintain ecosystem functioning (see also Arroyo-
Rodriguez et al., 2020; Ding et al., 2021; Gamfeldt et al., 2013). In
parallel, these results suggest strong potential for the restoration
of more favourable habitats (e.g. abandoned orchards with deeper
soils) with this vegetation, which could importantly enhance carbon
stocks and multifunctionality overall, well above those registered for
the most commonly used conifer (Pinus halepensis) plantations (see
differences in Figure 3). Although beyond the scope of our study,
oak and mixed forests are also less vulnerable to wildfires than pine
forests or shrublands; hence, increasing their coverage within the
landscape could also enhance resilience to such disturbances in the
future (e.g. Moghli, Santana, Baeza, et al., 2022; Pausas et al., 2004).
Reintroducing these native forests in more favourable habitats could
also enhance colonisation of new tree individuals in these stagnating
ecosystems, the recruitment of which is limited by current climatic
conditions or overgrazing (reviewed in Gil-Tena et al., 2019) and a
concern for land managers in the driest parts of the distribution of
these tree species (Natural Park's staff, pers. comm.).

Conversely, orchards were the least multifunctional land use, at
least for the functions we considered in this study, which left out
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ORCHARDS MIXED FOREST
. Aboveground Decomposition Infiltration Organic Regeneration . Mouse Caterpillar  Seed Beta- . -
Habitat biomass rate capacity  matter capacity Herbivory predation predation predation glucosidase PO, Nitrogen Stability

Orchards 0.44 0.41 0.25 0.06 0.01 0.49 0.16 0.20 0.34 0.25 058 0.21 0.27
Shrubland 0.01 0.32 0.52 0.35 0.03 0.66 0.28 0.34 0.39 0.43 032 0.36 0.58
Pine forest 0.28 0.36 0.54 0.38 0.24 0.30 0.49 0.20 0.36 0.35 025 022 0.71
Oak forest 0.30 0.31 0.48 0.70 0.49 0.47 0.31 0.24 0.57 0.63 0.61 0.46 0.78
0.19 0.35 054 069 0.22 0.25 013 0.35 0.31 059 065 027 083

FIGURE 2 Dissimilarity indices between the functions favoured by each land use, calculated using Euclidean's distance. Higher
numbers mean more dissimilarity in the functions provided between any given pair of land uses. The sise of the number and the arrows are
proportional to the number. Red and blue values and lines were the three maximum and minimum values respectively. The table shows the
mean standardised (0-1) values for each function and land use (N=9-10).

FIGURE 3 Mean (+/- SE; N=9-10)
multifunctionality in each type of land
use. Different letters show significant
differences between land-use types
(results from pots-hoc test).
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FIGURE 4 Proportion of each land use in landscapes maximising biodiversity conservation, carbon stocks or multifunctionality. These
proportions were estimated as the average of the 100 highest values obtained from 1,906,884 artificial landscapes built from five randomly
chosen plots from the 49 sampled in the different land uses. The three management scenarios were built according to: biodiversity
conservation (bird richness, plant richness and tree recruitment richness), carbon stocks (aboveground plant biomass and soil organic matter)
and multifunctionality (average of the 13 non-correlated individual functions; see Table S1).

some important processes such as food production or wildfire reg-
ulation, in which croplands could offer much higher levels of func-
tioning. Nevertheless, our results are in line with previous studies
highlighting that fertiliser application, pesticide use and mechan-
ical disturbance on orchards reduce biodiversity and impairs the
functioning of agricultural landscapes (de Graaff et al., 2019; Flynn
et al.,, 2009). Interestingly, the relationship between biodiversity and
functioning within orchards was the strongest and most positive in
our study (Figure S5), as observed in other human-made ecosystems
(e.g. Felipe-Lucia et al., 2014; Yin et al., 2019). Biodiversity in these
agricultural systems relates to management intensity (e.g. Allan
et al., 2014). Hence, the strongest BEF relationships we observed in
orchards show strong potential for sustainable management prac-
tices in these ecosystems to improve multiple functions simulta-
neously (Allan et al., 2015; Foley et al., 2005; Rallings et al., 2019),
where fostering and conserving biodiversity may be even more
beneficial than in less anthropogenic ecosystems. Indeed, taken
collectively, the biodiversity xland use interactions we found, to-
gether with those previously shown in the literature (Felipe-Lucia
et al., 2014; Hertzog et al., 2019; Wardle & Zackrisson, 2005) sug-
gests that biodiversity conservation may be particularly important in
those habitats showing overall lower functioning levels, regardless of
their proportion in the landscape, land-use type or degree of anthro-
pogenic pressure. The latter suggests that, in addition to the level
of species richness or the type of function considered (reviewed in
Cardinale et al., 2012; Hagan et al., 2021; Van der Plas, 2019), we
should take into account the average level of functioning a given
habitat or land use has, in order to predict the strength of its BEF
relationships. In other words, in addition to the X-axis (biodiversity),
we should be able to better predict BEF relationships if we also focus
on the Y-axis (the functioning itself) and expect less positive BEF re-
lationships in ecosystems already showing high levels of functioning.

While land use was the most important predictor explaining
overall multifunctionality in our sites, we also found a high degree

of functional complementarity among land uses (Figure 2). Oak
and mixed forest provided the highest levels of functioning, but
they also fostered similar functions, which were complemented by
those provided by orchards. This result suggests that different land
uses may complement each other to provide multiple functions at
the same time (Alsterberg et al., 2017; DeFries et al., 2004; Neyret
et al., 2023). The fact that different functions are co-determined
by different local and landscape attributes (Figure 1, Table S2) may
partly explain this complementarity. Beta-diversity positive effects
on functioning are explained because different species provide
different functions in different sites, and because dissimilarity in
species composition may enhance movement of organisms and re-
sources in between sites (e.g. Hautier et al., 2017; Mori et al., 2015;
Van Der Plas et al., 2016). Similarly, different land uses can promote
different functions across the landscape (Neyret et al., 2023; Stirck
& Verburg, 2017), and diverse landscapes can also enhance move-
ment of organisms and resources in between land uses. For example,
bird species that contribute largely to pest control or seed disper-
sal (Garcia et al., 2021), often nest in forests but prefer to forage
on shrublands and orchards. Thus, having these different land uses
next to each other could favour both biodiversity conservation and
bird-related ecosystem processes. Perhaps, this is the reason why
habitat diversity was a good predictor in our two predation's func-
tions (caterpillar and seed predation), because these functions imply
movement of organisms and resources.

Considering this complementarity in between land uses, we
generated landscapes by mixing different plots aiming at maximis-
ation of three different scenarios: biodiversity conservation, carbon
stocks and multifunctionality overall. There is strong support to the
benefits of the mosaic of land uses characterising Mediterranean
landscapes for biodiversity conservation and functioning (reviewed
in Aurelle et al., 2022; Blondel, 2006; Naveh, 1998). However, to
the best of our knowledge no previous study has placed concrete
numbers about the relative coverage of different land uses within
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this Mediterranean mosaic. Our results suggest that oak and mixed
forests should cover a large proportion (~90%) of the landscape, far
more than what they cover now, in order to maximise multifunction-
ality (Figure 4). This figure will, of course, depend on the functions
and attributes of interest for landscape managers, and can be much
lower in other ecological or cultural contexts (Neyret et al., 2023).
In fact, our results showed a lower proportion of these forest types
if we want to prioritise carbon stocks or biodiversity conservation
(Figure 4). Under the former scenarios, oak and mixed forests were
still important, but orchards were also of strong interest for these
management scenarios. The slow-growing, long-aged tree crops as
olive trees, like most sampled orchards in our study, could contribute
to accumulate woody mass in Mediterranean landscapes (Brunori
et al.,, 2017) and, if well-managed, can function as a biodiversity res-
ervoir in these environments (Rey et al., 2019) and elsewhere (e.g.
Neyret et al., 2023). Thus, if orchards and crops are managed sus-
tainably, the potential trade-offs between food production (which
we did not measure in this study), biodiversity conservation, and
other ecosystem services of interest could be promoted simultane-
ously (see Muller et al., 2017; Wittwer et al., 2021 for more detailed
discussions on the topic). Our study revealed that land use is the
most important driver of multifunctionality above local plant biodi-
versity, habitat sise, or landscape diversity. Our results highlight the
crucial role of remnant native forests to provide multiple ecosystem
functions and the potential to restore them in more favourable envi-
ronments that the ones they are currently relegated too. In addition
to remnant native forests, we highlight the interest of orchards and
the strong and positive biodiversity-relationships they hold, which
suggest that biodiversity conservation may hold the greatest bene-
fits for functioning in human-made or less productive environments.
Finally, our study highlights that preserving a diverse array of land
uses may help maximising the provision of different functions in
landscapes, as they complement each other. Supporting the interest
to keep a mosaic of land uses in Mediterranean landscapes, we were
also able to provide specific numbers regarding the proportion each
of these land uses should have in order to maximise biodiversity con-

servation and/or functioning in these charismatic environments.

AUTHOR CONTRIBUTIONS

Santiago Soliveres designed the study. Paula Lopezosa, Santiago
Soliveres and Soraya Constan-Nava conducted field and lab work.
Lluis Serra identified plant species. Paula Lopezosa curated and
analysed the data, with assistance of Miguel Berdugo and Santiago
Soliveres. Paula Lopezosa wrote the first draft of the manuscript,

and all authors contributed revisions.

ACKNOWLEDGEMENTS

Staff from Carrascal de la Font Roja and Serra de Mariola Natural
Parks helped finding suitable study sites. Internship students collab-
orated in fieldwork: Alejandra, Alvaro, Mandé, Miriam, Nacho and
Saul. Beatriz Gozalo and Manuel Delgado-Baquerizo collaborated
teaching some of the lab techniques. This research is funded by the
Spanish Ministry of Science, Innovation and Universities (project

Journal of Applied Ecology E EE‘E@JW

FOBIASS; RTI2018-098895-A-100). Miguel Berdugo acknowledges
support by a Ramén y Cajal grant (RYC2021-031797-1) from Spanish

Ministry of Science.

CONFLICT OF INTEREST STATEMENT
The author(s) declare no conflict of interest.

DATA AVAILABILITY STATEMENT
Data are available on Figshare https://figshare.com/s/d2f47ee34c
44285c9d24: (Lopezosa, 2023).

ORCID
Paula Lopezosa "= https://orcid.org/0000-0002-2776-6271
https://orcid.org/0000-0001-9661-7192

https://orcid.org/0000-0003-1053-8907

Santiago Soliveres

Miguel Berdugo

REFERENCES

Allan, E., Bossdorf, O., Dormann, C. F., Prati, D., Gossner, M. M,
Tscharntke, T., Bluthgen, N., Bellach, M., Birkhofer, K., Boch,
S., Bohm, S., Borschig, C., Chatzinotas, A., Christ, S., Daniel, R.,
Diekotter, T., Fischer, C., Friedl, T., Glaser, K., ... Fischer, M. (2014).
Interannual variation in land-use intensity enhances grassland mul-
tidiversity. Proceedings of the National Academy of Sciences of the
United States of America, 111(1), 308-313. https://doi.org/10.1073/
pnas.1312213111

Allan, E., Manning, P., Alt, F., Binkenstein, J., Blaser, S., Blithgen, N.,
Bohm, S., Grassein, F., Holzel, N., Klaus, V. H., Kleinebecker, T.,
Morris, E. K., Oelmann, Y., Prati, D., Renner, S. C,, Rillig, M. C.,
Schaefer, M., Schloter, M., Schmitt, B., ... Fischer, M. (2015). Land
use intensification alters ecosystem multifunctionality via loss of
biodiversity and changes to functional composition. Ecology Letters,
18(8), 834-843. https://doi.org/10.1111/ele. 12469

Alsterberg, C., Roger, F., Sundback, K., Juhanson, J., Hulth, S., Hallin, S.,
& Gamfeldt, L. (2017). Habitat diversity and ecosystem multifunc-
tionality—The importance of direct and indirect effects. Science
Advances, 3(2), e1601475. https://doi.org/10.1126/sciadv.1601475

Arroyo-Rodriguez, V., Fahrig, L., Tabarelli, M., Watling, J. |., Tischendorf,
L., Benchimol, M., Cazetta, E., Faria, D., Leal, I. R., Melo, F. P. L.,
Morante-Filho, J. C., Santos, B. A., Arasa-Gisbert, R., Arce-Pefia,
N., Cervantes-Lopez, M. J., Cudney-Valenzuela, S., Galan-Acedo,
C., San-José, M., Vieira, I. C. G, ... Tscharntke, T. (2020). Designing
optimal human-modified landscapes for forest biodiversity conser-
vation. Ecology Letters, 23(9), 1404-1420. https://doi.org/10.1111/
ele.13535

Aurelle, D., Thomas, S., Albert, C., Bally, M., Bondeau, A., Boudouresque,
C., Cahill, A. E., Carlotti, F., Chenuil, A., Cramer, W., Davi, H., De
Jode, A., Ereskovsky, A., Farnet, A., Fernandez, C., Gauquelin, T.,
Mirleau, P.,, Monnet, A, Prévosto, B., ... Fady, B. (2022). Biodiversity,
climate change, and adaptation in the Mediterranean. Ecosphere,
13, e3915. https://doi.org/10.1002/ecs2.3915

Bibby, C. J., Burgess, N. D., & Hill, D. A. (1992). Point counts. In Bird
census techniques (pp. 85-104). Elsevier. https://doi.org/10.1016/
B978-0-12-095830-6.50010-9

Blondel, J. (2006). The ‘design’ of Mediterranean landscapes: A millennial
story of humans and ecological systems during the historic period.
Human Ecology, 34(5), 713-729. https://doi.org/10.1007/s1074
5-006-9030-4

Brunori, A., Dini, F., Cantini, C., Sala, G., La Mantia, T., Caruso, T., Marra,
F. P, Trotta, C., Nasini, L., Regni, L., & Proietti, P. (2017). Biomass
and volume modeling in Olea europaea L. cv “Leccino”. Trees, 31(6),
1859-1874. https://doi.org/10.1007/s00468-017-1592-9

85U8017 SUOWILLOD BAIERID 3|qed![dde au) Ag peuenob a1e DR VO 88N JO S3INJ I0} ARG BUIIUO AB]IM UO (SUORIPUCD-PUR-SLLLBYWOD" A8 |1 ARe1q 1BUIIUO//SHNL) SUORIPUOD PUE S L 8U3 885 *[5202/60/82] U0 ARiq18uliuo A|im ‘pupeiN 2@ esuein|dwoD pepsieAun A 895KT #992-GIET/TTTT OT/I0p/U0d | 1M AIq1ju! U0 S UIN0 630//SdNY WOy popeojumod € “YZ0e ‘Y99ZSIET


https://figshare.com/s/d2f47ee34c44285c9d24
https://figshare.com/s/d2f47ee34c44285c9d24
https://orcid.org/0000-0002-2776-6271
https://orcid.org/0000-0002-2776-6271
https://orcid.org/0000-0001-9661-7192
https://orcid.org/0000-0001-9661-7192
https://orcid.org/0000-0003-1053-8907
https://orcid.org/0000-0003-1053-8907
https://doi.org/10.1073/pnas.1312213111
https://doi.org/10.1073/pnas.1312213111
https://doi.org/10.1111/ele.12469
https://doi.org/10.1126/sciadv.1601475
https://doi.org/10.1111/ele.13535
https://doi.org/10.1111/ele.13535
https://doi.org/10.1002/ecs2.3915
https://doi.org/10.1016/B978-0-12-095830-6.50010-9
https://doi.org/10.1016/B978-0-12-095830-6.50010-9
https://doi.org/10.1007/s10745-006-9030-4
https://doi.org/10.1007/s10745-006-9030-4
https://doi.org/10.1007/s00468-017-1592-9

LOPEZOSA ET AL.

el |, of Applied Ecology E%E;ST‘J‘“

Byrnes, J. E. K., Gamfeldt, L., Isbell, F., Lefcheck, J. S., Griffin, J. N.,
Hector, A., Cardinale, B. J., Hooper, D. U., Dee, L. E., & Emmett
Duffy, J. (2014). Investigating the relationship between biodiver-
sity and ecosystem multifunctionality: Challenges and solutions.
Methods in Ecology and Evolution, 5(2), 111-124. https://doi.org/10.
1111/2041-210x.12143

Cardinale, B. J., Duffy, J. E., Gonzalez, A., Hooper, D. U., Perrings, C.,
Venail, P., Narwani, A., Mace, G. M., Tilman, D., Wardle, D. A.,
Kinzig, A. P., Daily, G. C., Loreau, M., Grace, J. B., Larigauderie, A.,
Srivastava, D. S., & Naeem, S. (2012). Biodiversity loss and its im-
pact on humanity. Nature, 486(7401), 59-67. https://doi.org/10.
1038/nature11148

Castro, J., Gémez, J. M., Garcia, D., Zamora, R., & Hédar, J. A. (1999).
Seed predation and dispersal in relict Scots pine forests in southern
Spain. Plant Ecology, 145, 115-123.

Couthouis, E., Aviron, S., Pétillon, J., & Alignier, A. (2023). Ecological per-
formance underlying ecosystem multifunctionality is promoted by
organic farming and hedgerows at the local scale but not at the
landscape scale. Journal of Applied Ecology, 60(1), 17-28. https://doi.
org/10.1111/1365-2664.14285

de Graaff, M.-A., Hornslein, N., Throop, H. L., Kardol, P., & van Diepen, L.
T. A. (2019). Effects of agricultural intensification on soil biodiver-
sity and implications for ecosystem functioning: A meta-analysis.
Advances in Agronomy, 155, 1-44. https://doi.org/10.1016/bs.
agron.2019.01.001

DeFries, R. S., Foley, J. A., & Asner, G. P. (2004). Land-use choices:
Balancing human needs and ecosystem function. Frontiers in Ecology
and the Environment, 2(5), 249-257. https://doi.org/10.1890/1540-
9295(2004)002[0249:LCBHNA]2.0.CO;2

Ding, J., Delgado-Baquerizo, M., Wang, J., & Eldridge, D. J. (2021).
Ecosystem functions are related to tree diversity in forests but soil
biodiversity in open woodlands and shrublands. Journal of Ecology,
109(12), 4158-4170. https://doi.org/10.1111/1365-2745.13788

Fanin, N., Gundale, M. J,, Farrell, M., Ciobanu, M., Baldock, J. A., Nilsson,
M. C., Kardol, P., & Wardle, D. A. (2018). Consistent effects of bio-
diversity loss on multifunctionality across contrasting ecosystems.
Nature Ecology & Evolution, 2(2), 269-278. https://doi.org/10.1038/
s41559-017-0415-0

Felipe-Lucia, M. R., & Comin, F. A. (2015). Ecosystem services-biodiver-
sity relationships depend on land use type in floodplain agroeco-
systems. Land Use Policy, 46, 201-210. https://doi.org/10.1016/j.
landusepol.2015.02.003

Felipe-Lucia, M. R., Comin, F. A., & Bennett, E. M. (2014). Interactions
among ecosystem services across land uses in a floodplain agro-
ecosystem. Ecology and Society, 19(1), 20. https://doi.org/10.5751/
ES-06249-190120

Felipe-Lucia, M. R., Soliveres, S., Penone, C., Manning, P., van der Plas,
F., Boch, S., Prati, D., Ammer, C., Schall, P., Gossner, M. M., Bauhus,
J., Buscot, F., Blaser, S., Blithgen, N., de Frutos, A., Ehbrecht, M.,
Frank, K., Goldmann, K., Hansel, F., ... Allan, E. (2018). Multiple for-
est attributes underpin the supply of multiple ecosystem services.
Nature Communications, 9(1), 4839. https://doi.org/10.1038/s4146
7-018-07082-4

Flombaum, P., & Sala, O. E. (2007). A non-destructive and rapid method
to estimate biomass and aboveground net primary production in
arid environments. Journal of Arid Environments, 69(2), 352-358.
https://doi.org/10.1016/j.jaridenv.2006.09.008

Flynn, D. F. B., Gogol-Prokurat, M., Nogeire, T., Molinari, N., Richers, B.
T., Lin, B. B., Simpson, N., Mayfield, M. M., & DeClerck, F. (2009).
Loss of functional diversity under land use intensification across
multiple taxa. Ecology Letters, 12(1), 22-33. https://doi.org/10.
1111/j.1461-0248.2008.01255.x

Foley, J. A., DeFries, R., Asner, G. P, Barford, C., Bonan, G., Carpenter, S.
R., Chapin, F. S., Coe, M. T,, Daily, G. C., Gibbs, H. K., Helkowski, J.
H., Holloway, T., Howard, E. A., Kucharik, C. J., Monfreda, C., Patz,
J. A, Prentice, I. C., Ramankutty, N., & Snyder, P. K. (2005). Global

consequences of land use. Science, 309(5734), 570-574. https://
doi.org/10.1126/science.1111772

Gamfeldt, L., Snall, T., Bagchi, R., Jonsson, M., Gustafsson, L.,
Kjellander, P., Ruiz-Jaen, M. C., Fréberg, M., Stendahl, J.,
Philipson, C. D., Mikusinski, G., Andersson, E., Westerlund, B.,
Andrén, H., Moberg, F., Moen, J., & Bengtsson, J. (2013). Higher
levels of multiple ecosystem services are found in forests with
more tree species. Nature Communications, 4(1), 1340. https://
doi.org/10.1038/ncomms2328

Garcia, D., Mifarro, M., & Martinez-Sastre, R. (2021). Enhancing ecosys-
tem services in apple orchards: Nest boxes increase pest control
by insectivorous birds. Journal of Applied Ecology, 58(3), 465-475.
https://doi.org/10.1111/1365-2664.13823

Gil-Tena, A., Moran-Ordéiiez, A., Comas, L., Retana, J., Vayreda, J., &
Brotons, L. (2019). A quantitative assessment of mid-term risks
of global change on forests in Western Mediterranean Europe.
Regional Environmental Change, 19, 819-831. https://doi.org/10.
1007/s10113-018-1437-0

Gounand, |., Harvey, E., Little, C. J., & Altermatt, F. (2018). Meta-
ecosystems 2.0: Rooting the theory into the field. Trends in Ecology
& Evolution, 33(1), 36-46. https://doi.org/10.1016/j.tree.2017.10.
006

Grémping, U. (2006). Relative importance for linear regression in R: The
package relaimpo. Journal of Statistical Software, 17(1), 1-27.

Haddad, N. M., Brudvig, L. A., Clobert, J., Davies, K. F., Gonzalez, A.,
Holt, R. D., Lovejoy, T. E., Sexton, J. O., Austin, M. P,, Collins, C. D.,
Cook, W. M., Damschen, E. I., Ewers, R. M., Foster, B. L., Jenkins,
C. N, King, A. J,, Laurance, W. F,, Levey, D. J., Margules, C. R., ...
Townshend, J. R. (2015). Habitat fragmentation and its lasting
impact on Earth's ecosystems. Science Advances, 1(2), e1500052.
https://doi.org/10.1126/sciadv.1500052

Hagan, J. G., Vanschoenwinkel, B., & Gamfeldt, L. (2021). We should not
necessarily expect positive relationships between biodiversity and
ecosystem functioning in observational field data. Ecology Letters,
24,2537-2548. https://doi.org/10.1111/ele.13874

Hartig, F. (2022). DHARMa: Residual diagnostics for hierarchical (multi-
level/mixed) regression models. R package version 0.4.6. https://
CRAN.R-project.org/package=DHARMa

Hautier, Y., Isbell, F., Borer, E. T., Seabloom, E. W., Harpole, W. S., Lind, E.
M., MacDougall, A. S., Stevens, C. J., Adler, P. B., Alberti, J., Bakker,
J. D., Brudvig, L. A., Buckley, Y. M., Cadotte, M., Caldeira, M. C.,
Chaneton, E. J., Chu, C., Daleo, P., Dickman, C. R., ... Hector, A.
(2017). Local loss and spatial homogenization of plant diversity re-
duce ecosystem multifunctionality. Nature Ecology & Evolution, 2(1),
50-56. https://doi.org/10.1038/s41559-017-0395-0

Hertzog, L. R., Boonyarittichaikij, R., Dekeukeleire, D., de Groote, S. R.
E., van Schrojenstein Lantman, I. M., Sercu, B. K., Smith, H. K., de la
Pefa, E., Vandegehuchte, M. L., Bonte, D., Martel, A., Verheyen, K.,
Lens, L., & Baeten, L. (2019). Forest fragmentation modulates ef-
fects of tree species richness and composition on ecosystem mul-
tifunctionality. Ecology, 100(4), e02653. https://doi.org/10.1002/
ecy.2653

Isbell, F., Gonzalez, A., Loreau, M., Cowles, J., Diaz, S., Hector, A., Mace,
G. M., Wardle, D. A., O'Connor, M. |, Duffy, J. E., Turnbull, L. A,,
Thompson, P. L., & Larigauderie, A. (2017). Linking the influence
and dependence of people on biodiversity across scales. Nature,
546(7656), 65-72. https://doi.org/10.1038/nature22899

Jactel, H., Moreira, X., & Castagneyrol, B. (2021). Tree diversity and
forest resistance to insect pests: Patterns, mechanisms, and pros-
pects. Annual Review of Entomology, 66(1), 277-296. https://doi.org/
10.1146/annurev-ento-041720-075234

Keuskamp, J. A., Dingemans, B. J. J., Lehtinen, T., Sarneel, J. M., &
Hefting, M. M. (2013). Tea bag index: A novel approach to collect
uniform decomposition data across ecosystems. Methods in Ecology
and Evolution, 4(11), 1070-1075. https://doi.org/10.1111/2041-
210X.12097

85U8017 SUOWILLOD BAIERID 3|qed![dde au) Ag peuenob a1e DR VO 88N JO S3INJ I0} ARG BUIIUO AB]IM UO (SUORIPUCD-PUR-SLLLBYWOD" A8 |1 ARe1q 1BUIIUO//SHNL) SUORIPUOD PUE S L 8U3 885 *[5202/60/82] U0 ARiq18uliuo A|im ‘pupeiN 2@ esuein|dwoD pepsieAun A 895KT #992-GIET/TTTT OT/I0p/U0d | 1M AIq1ju! U0 S UIN0 630//SdNY WOy popeojumod € “YZ0e ‘Y99ZSIET


https://doi.org/10.1111/2041-210x.12143
https://doi.org/10.1111/2041-210x.12143
https://doi.org/10.1038/nature11148
https://doi.org/10.1038/nature11148
https://doi.org/10.1111/1365-2664.14285
https://doi.org/10.1111/1365-2664.14285
https://doi.org/10.1016/bs.agron.2019.01.001
https://doi.org/10.1016/bs.agron.2019.01.001
https://doi.org/10.1890/1540-9295(2004)002%5B0249:LCBHNA%5D2.0.CO;2
https://doi.org/10.1890/1540-9295(2004)002%5B0249:LCBHNA%5D2.0.CO;2
https://doi.org/10.1111/1365-2745.13788
https://doi.org/10.1038/s41559-017-0415-0
https://doi.org/10.1038/s41559-017-0415-0
https://doi.org/10.1016/j.landusepol.2015.02.003
https://doi.org/10.1016/j.landusepol.2015.02.003
https://doi.org/10.5751/ES-06249-190120
https://doi.org/10.5751/ES-06249-190120
https://doi.org/10.1038/s41467-018-07082-4
https://doi.org/10.1038/s41467-018-07082-4
https://doi.org/10.1016/j.jaridenv.2006.09.008
https://doi.org/10.1111/j.1461-0248.2008.01255.x
https://doi.org/10.1111/j.1461-0248.2008.01255.x
https://doi.org/10.1126/science.1111772
https://doi.org/10.1126/science.1111772
https://doi.org/10.1038/ncomms2328
https://doi.org/10.1038/ncomms2328
https://doi.org/10.1111/1365-2664.13823
https://doi.org/10.1007/s10113-018-1437-0
https://doi.org/10.1007/s10113-018-1437-0
https://doi.org/10.1016/j.tree.2017.10.006
https://doi.org/10.1016/j.tree.2017.10.006
https://doi.org/10.1126/sciadv.1500052
https://doi.org/10.1111/ele.13874
https://cran.r-project.org/package=DHARMa
https://cran.r-project.org/package=DHARMa
https://doi.org/10.1038/s41559-017-0395-0
https://doi.org/10.1002/ecy.2653
https://doi.org/10.1002/ecy.2653
https://doi.org/10.1038/nature22899
https://doi.org/10.1146/annurev-ento-041720-075234
https://doi.org/10.1146/annurev-ento-041720-075234
https://doi.org/10.1111/2041-210X.12097
https://doi.org/10.1111/2041-210X.12097

LOPEZOSA ET AL.

487

Le Provost, G., Schenk, N. V,, Penone, C., Thiele, J., Westphal, C., Allan,
E., Ayasse, M., Bliithgen, N., Boeddinghaus, R. S., Boesing, A. L.,
Bolliger, R., Busch, V., Fischer, M., Gossner, M. M., Holzel, N., Jung,
K., Kandeler, E., Klaus, V. H., Kleinebecker, T., ... Manning, P. (2023).
The supply of multiple ecosystem services requires biodiversity
across spatial scales. Nature Ecology & Evolution, 7, 236-249. https://
doi.org/10.1038/s41559-022-01918-5

Liu, J., Wilson, M., Hu, G, Liu, J., Wu, J., & Yu, M. (2018). How does hab-
itat fragmentation affect the biodiversity and ecosystem function-
ing relationship? Landscape Ecology, 33(3), 341-352. https://doi.
org/10.1007/s10980-018-0620-5

Lopezosa, P. (2023). Database. https://doi.org/10.6084/m9.figshare.
24805704

Maestre, F. T., Le Bagousse-Pinguet, Y., Delgado-Baquerizo, M., Eldridge,
D. J.,, Saiz, H., Berdugo, M., Gozalo, B., Ochoa, V., Guirado, E.,
Garcia-Gomez, M., Valencia, E., Gaitan, J. J., Asensio, S., Mendoza,
B. J., Plaza, C., Diaz-Martinez, P, Rey, A., Hu, H. W, He, J. Z,, ...
Gross, N. (2022). Grazing and ecosystem service delivery in global
drylands. Science, 378(6622), 915-920. https://doi.org/10.1126/
science.abq4062

Maestre, F. T., Quero, J. L., Gotelli, N. J., Escudero, A., Ochoa, V., Delgado-
Baquerizo, M., Garcia-Gémez, M., Bowker, M. A., Soliveres, S.,
Escolar, C., Garcia-Palacios, P., Berdugo, M., Valencia, E., Gozalo,
B., Gallardo, A., Aguilera, L., Arredondo, T., Blones, J., Boeken, B, ...
Zaady, E. (2012). Plant species richness and ecosystem multifunc-
tionality in global drylands. Science, 335(6065), 214-218. https://
doi.org/10.1126/science.1215442

Magrach, A., Laurance, W. F.,, Larrinaga, A. R., & Santamaria, L. (2014).
Meta-analysis of the effects of forest fragmentation on interspe-
cific interactions: Forest fragmentation and interspecific interac-
tions. Conservation Biology, 28(5), 1342-1348. https://doi.org/10.
1111/cobi.12304

Manning, P., van der Plas, F., Soliveres, S., Allan, E., Maestre, F. T., Mace,
G., Whittingham, M. J., & Fischer, M. (2018). Redefining ecosys-
tem multifunctionality. Nature Ecology & Evolution, 2(3), 427-436.
https://doi.org/10.1038/s41559-017-0461-7

Moghli, A., Santana, V. M., Baeza, M. J., Pastor, E., & Soliveres, S. (2022).
Fire recurrence and time since last fire interact to determine the
supply of multiple ecosystem services by Mediterranean forests.
Ecosystems, 25(6), 1358-1370. https://doi.org/10.1007/s10021-
021-00720-x

Moghli, A., Santana, V. M., Soliveres, S., & Baeza, M. J. (2022). Thinning
and plantation of resprouting species redirect overstocked pine
stands towards more functional communities in the Mediterranean
basin. Science of the Total Environment, 806, 150715. https://doi.
org/10.1016/j.scitotenv.2021.150715

Moore, E. K., Britton, A. J., lason, G., Pemberton, J., & Pakeman, R. J.
(2015). Landscape-scale vegetation patterns influence small-scale
grazing impacts. Biological Conservation, 192, 218-225. https://doi.
org/10.1016/j.biocon.2015.09.019

Mori, A. S., Isbell, F., Fujii, S., Makoto, K., Matsuoka, S., & Osono, T.
(2015). Low multifunctional redundancy of soil fungal diversity at
multiple scales. Ecology Letters, 19, 249-259. https://doi.org/10.
1111/ele.12560

Mori, A. S., Isbell, F., & Seidl, R. (2018). g-Diversity, community assem-
bly, and ecosystem functioning. Trends in Ecology & Evolution, 33(7),
549-564. https://doi.org/10.1016/j.tree.2018.04.012

Muller, A., Schader, C., El-Hage Scialabba, N., Briiggemann, J., Isensee,
A., Erb, K.-H., Smith, P., Klocke, P., Leiber, F., Stolze, M., & Niggli,
U. (2017). Strategies for feeding the world more sustainably with
organic agriculture. Nature Communications, 8(1), 1290. https://doi.
org/10.1038/s41467-017-01410-w

Naveh, Z. (1998). From biodiversity to ecodiversity—Holistic conser-
vation of the biological and cultural diversity of Mediterranean
landscapes. In P. W. Rundel, G. Montenegro, & F. M. Jaksic (Eds.),
Landscape disturbance and biodiversity in Mediterranean-type

Journal of Applied Ecology E EE‘E@JW

ecosystems. Ecological studies (Vol. 136). Springer. https://doi.org/
10.1007/978-3-662-03543-6_2

Newbold, T., Hudson, L. N., Hill, S. L. L., Contu, S., Lysenko, I., Senior,
R. A., Borger, L., Bennett, D. J., Choimes, A., Collen, B., Day, J., De
Palma, A., Diaz, S., Echeverria-Londoiio, S., Edgar, M. J., Feldman,
A., Garon, M., Harrison, M. L. K., Alhusseini, T,, ... Purvis, A. (2015).
Global effects of land use on local terrestrial biodiversity. Nature,
520(7545), 45-50. https://doi.org/10.1038/nature14324

Neyret, M., Peter, S., Le Provost, G., Boch, S., Boesing, A. L., Bullock, J. M.,
Holzel, N., Klaus, V. H., Kleinebecker, T., Krauss, J., Miiller, J., Miller, S.,
Ammer, C., Buscot, F.,, Ehbrecht, M., Fischer, M., Goldmann, K., Jung,
K., Mehring, M., ... Manning, P. (2023). Landscape management strat-
egies for multifunctionality and social equity. Nature Sustainability, é,
391-4083. https://doi.org/10.1038/541893-022-01045-w

Padilla, F. M., Vidal, B., Sanchez, J., & Pugnaire, F. |. (2010). Land-use
changes and carbon sequestration through the twentieth century
in a Mediterranean mountain ecosystem: Implications for land man-
agement. Journal of Environmental Management, 91(12), 2688-2695.
https://doi.org/10.1016/j.jenvman.2010.07.031

Pasari, J. R., Levi, T., Zavaleta, E. S., & Tilman, D. (2013). Several scales of
biodiversity affect ecosystem multifunctionality. Proceedings of the
National Academy of Sciences of the United States of America, 110(25),
10219-10222. https://doi.org/10.1073/pnas.1220333110

PATFOR. (2018). Plan de accién territorial forestal de la comunitat valen-
ciana. https://agroambient.gva.es/va/web/medio-natural/patfor

Pausas, J. G., Bladé, C., Valdecantos, A., Seva, J. P, Fuentes, D., Alloza, J.
A., Vilagrosa, A., Bautista, S., Cortina, J., & Vallejo, R. (2004). Pines
and oaks in the restoration of Mediterranean landscapes of Spain:
New perspectives for an old practice—A review. Plant Ecology
(Formerly Vegetatio), 171(1/2), 209-220. https://doi.org/10.1023/B:
VEGE.0000029381.63336.20

Perrot, T., Rusch, A., Coux, C., Gaba, S., & Bretagnolle, V. (2021).
Proportion of grassland at landscape scale drives natural pest
control services in agricultural landscapes. Frontiers in Ecology and
Evolution, 9, 607023. https://doi.org/10.3389/fevo.2021.607023

R Core Team. (2022). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-project.
org/

Rallings, A. M., Smukler, S. M., Gergel, S. E., & Mullinix, K. (2019). Towards
multifunctional land use in an agricultural landscape: A trade-off
and synergy analysis in the lower Fraser Valley, Canada. Landscape
and Urban Planning, 184, 88-100. https://doi.org/10.1016/j.landu
rbplan.2018.12.013

Ralph, C. J.,, Droege, S., & Sauer, J. R. (1995). Managing and monitoring
birds using point counts: Standards and applications. In C. J. Ralph, J.
R. Sauer, & S. Droege (Eds.), Monitoring bird populations by point counts
(Gen. Tech. Rep. PSW-GTR-149) (pp. 161-168). U.S. Department of
Agriculture, Forest Service, Pacific Southwest Research Station.

Raudsepp-Hearne, C., Peterson, G. D., & Bennett, E. M. (2010).
Ecosystem service bundles for analyzing tradeoffs in diverse land-
scapes. Proceedings of the National Academy of Sciences of the United
States of America, 107(11), 5242-5247. https://doi.org/10.1073/
pnas.0907284107

Rey, P. J., Manzaneda, A. J.,, Valera, F., Alcantara, J. M., Tarifa, R., Isla, J.,
Molina-Pardo, J. L., Calvo, G., Salido, T., Gutiérrez, J. E., & Ruiz, C.
(2019). Landscape-moderated biodiversity effects of ground herb
cover in olive groves: Implications for regional biodiversity conser-
vation. Agriculture, Ecosystems and Environment, 277, 61-73. https://
doi.org/10.1016/j.agee.2019.03.007

Ricketts, T. H., Daily, G. C., Ehrlich, P. R., & Michener, C. D. (2004).
Economic value of tropical forest to coffee production. Proceedings
of the National Academy of Sciences of the United States of America,
101(34), 12579-12582. https://doi.org/10.1073/pnas.0405147101

Sala, O. E., Stuart Chapin, F., lll, Armesto, J. J., Berlow, E., Bloomfield, J.,
Dirzo, R., Huber-Sanwald, E., Huenneke, L. F., Jackson, R. B., Kinzig,
A., Leemans, R., Lodge, D. M., Mooney, H. A, Oesterheld, M., Poff,

85U8017 SUOWILLOD BAIERID 3|qed![dde au) Ag peuenob a1e DR VO 88N JO S3INJ I0} ARG BUIIUO AB]IM UO (SUORIPUCD-PUR-SLLLBYWOD" A8 |1 ARe1q 1BUIIUO//SHNL) SUORIPUOD PUE S L 8U3 885 *[5202/60/82] U0 ARiq18uliuo A|im ‘pupeiN 2@ esuein|dwoD pepsieAun A 895KT #992-GIET/TTTT OT/I0p/U0d | 1M AIq1ju! U0 S UIN0 630//SdNY WOy popeojumod € “YZ0e ‘Y99ZSIET


https://doi.org/10.1038/s41559-022-01918-5
https://doi.org/10.1038/s41559-022-01918-5
https://doi.org/10.1007/s10980-018-0620-5
https://doi.org/10.1007/s10980-018-0620-5
https://doi.org/10.6084/m9.figshare.24805704
https://doi.org/10.6084/m9.figshare.24805704
https://doi.org/10.1126/science.abq4062
https://doi.org/10.1126/science.abq4062
https://doi.org/10.1126/science.1215442
https://doi.org/10.1126/science.1215442
https://doi.org/10.1111/cobi.12304
https://doi.org/10.1111/cobi.12304
https://doi.org/10.1038/s41559-017-0461-7
https://doi.org/10.1007/s10021-021-00720-x
https://doi.org/10.1007/s10021-021-00720-x
https://doi.org/10.1016/j.scitotenv.2021.150715
https://doi.org/10.1016/j.scitotenv.2021.150715
https://doi.org/10.1016/j.biocon.2015.09.019
https://doi.org/10.1016/j.biocon.2015.09.019
https://doi.org/10.1111/ele.12560
https://doi.org/10.1111/ele.12560
https://doi.org/10.1016/j.tree.2018.04.012
https://doi.org/10.1038/s41467-017-01410-w
https://doi.org/10.1038/s41467-017-01410-w
https://doi.org/10.1007/978-3-662-03543-6_2
https://doi.org/10.1007/978-3-662-03543-6_2
https://doi.org/10.1038/nature14324
https://doi.org/10.1038/s41893-022-01045-w
https://doi.org/10.1016/j.jenvman.2010.07.031
https://doi.org/10.1073/pnas.1220333110
https://agroambient.gva.es/va/web/medio-natural/patfor
https://doi.org/10.1023/B:VEGE.0000029381.63336.20
https://doi.org/10.1023/B:VEGE.0000029381.63336.20
https://doi.org/10.3389/fevo.2021.607023
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.1016/j.landurbplan.2018.12.013
https://doi.org/10.1016/j.landurbplan.2018.12.013
https://doi.org/10.1073/pnas.0907284107
https://doi.org/10.1073/pnas.0907284107
https://doi.org/10.1016/j.agee.2019.03.007
https://doi.org/10.1016/j.agee.2019.03.007
https://doi.org/10.1073/pnas.0405147101

LOPEZOSA ET AL.

B || of Applied Ecology E%E;ST‘J‘“

N. L., Sykes, M. T., Walker, B. H., Walker, M., & Wall, D. H. (2000).
Global biodiversity scenarios for the year 2100. Science, 287(5459),
1770-1774. https://doi.org/10.1126/science.287.5459.1770

Silva, E., Derak, M., Climent-Gil, E., Aledo, A., Bonet, A., Lépez, G., &
Cortina-Segarra, J. (2021). Participatory planning for ecological res-
toration of a highly anthropised semi-arid landscape. Ecosistemas:
Revista Cietifica y Tecnica de Ecologia y Medio Ambiente, 30(3), 2266.
https://doi.org/10.7818/ECOS.2266

Soliveres, S.,vander Plas, F., Manning, P., Prati, D., Gossner, M. M., Renner,
S. C., Alt, F,, Arndt, H., Baumgartner, V., Binkenstein, J., Birkhofer,
K., Blaser, S., Blithgen, N., Boch, S., Bohm, S., Bérschig, C., Buscot,
F., Diekoétter, T., Heinze, J., ... Allan, E. (2016). Biodiversity at mul-
tiple trophic levels is needed for ecosystem multifunctionality.
Nature, 536(7617), 456-459. https://doi.org/10.1038/nature19092

Stuirck, J., & Verburg, P. H. (2017). Multifunctionality at what scale? A
landscape multifunctionality assessment for the European Union
under conditions of land use change. Landscape Ecology, 32(3), 481-
500. https://doi.org/10.1007/s10980-016-0459-6

Tamburini, G., Aguilera, G., & Ockinger, E. (2022). Grasslands enhance
ecosystem service multifunctionality above and below-ground in
agricultural landscapes. Journal of Applied Ecology, 59(12), 3061-
3071. https://doi.org/10.1111/1365-2664.14302

Terrones, B., Bonet, A., Carchano, R., Brotons, J., & Segura, M. (2006).
Cartografia de la cubierta vegetal del Parque Natural del Carrascal
de la Font Roja. Iberis, 4, 73-88.

Tongway, D., Hindley, N., & CSIRO (Australia). Division of Sustainable
Ecosystems. (2004). Landscape function analysis manual: Procedures
for monitoring and assessing landscapes with special reference to mine-
sites and rangelands. CSIRO Sustainable Ecosystems.

Van der Plas, F. (2019). Biodiversity and ecosystem functioning in nat-
urally assembled communities. Biological Reviews, 94, 1220-1245.
https://doi.org/10.1111/brv.12499

Van Der Plas, F., Manning, P., Soliveres, S., Allan, E., Scherer-Lorenzen,
M., Verheyen, K., Wirth, C., Zavala, M. A., Ampoorter, E., Baeten,
L., Barbaro, L., Bauhus, J., Benavides, R., Benneter, A., Bonal, D.,
Bouriaud, O., Bruelheide, H., Bussotti, F., Carnol, M., ... Fischer, M.
(2016). Biotic homogenization can decrease landscape-scale forest
multifunctionality. Proceedings of the National Academy of Sciences
of the United States of America, 113, 3557-3562. https://doi.org/10.
1073/pnas.1517903113

Van Dijk, T. (2003). Scenarios of central European land fragmentation.
Land Use Policy, 20(2), 149-158. https://doi.org/10.1016/50264-
8377(02)00082-0

Wardle, D. A. (2002). Islands as model systems for understanding how
species affect ecosystem properties. Journal of Biogeography, 29(5-
6), 583-592. https://doi.org/10.1046/j.1365-2699.2002.00708.x

Wardle, D. A., & Zackrisson, O. (2005). Effects of species and functional
group loss on Island ecosystem properties. Nature, 435(7043),
806-810. https://doi.org/10.1038/nature03611

Wittwer, R. A., Bender, S. F., Hartman, K., Hydbom, S., Lima, R. A. A,,
Loaiza, V., Nemecek, T., Oehl, F,, Olsson, P. A., Petchey, O., Prechsl,
U. E., Schlaeppi, K., Scholten, T., Seitz, S., Six, J., & Van Der Heijden,
M. G. A. (2021). Organic and conservation agriculture promote
ecosystem multifunctionality. Science. Advances, 7(34), eabg6995.
https://doi.org/10.1126/sciadv.abg6995

Yin, R., Eisenhauer, N., Auge, H., Purahong, W., Schmidt, A., & Schadler,
M. (2019). Additive effects of experimental climate change and land
use on faunal contribution to litter decomposition. Soil Biology and
Biochemistry, 131, 141-148. https://doi.org/10.1016/j.s0ilbio.2019.
01.009

Zirbel, C. R., Grman, E., Bassett, T., & Brudvig, L. A. (2019). Landscape
context explains ecosystem multifunctionality in restored grass-
lands better than plant diversity. Ecology, 100(4), e02634. https://
doi.org/10.1002/ecy.2634

SUPPORTING INFORMATION

Additional supporting information can be found online in the
Supporting Information section at the end of this article.

Table S1. Measured functions and used methodology.

Table S2. Results of the linear models performed for each function
as response variable.

Table S3. Results from model assumptions evaluation.

Figure S1. Detailed map from study area.

Figure S2. Relative importance of landscape and local attributes
explaining the variance of bundles of Ecosystems Services and
Threshold Multifunctionality.

Figure S3. Importance of each predictor (and their interactions)
across different functions.

Figure S4. Representation of biodiversity-functioning relationships
for each land use type.

Figure S5. 42 results. The over- or underrepresentation of each land
use in order to maximize each function and scenario.

How to cite this article: Lopezosa, P., Soliveres, S., Serra, L.,
Constan-Nava, S., & Berdugo, M. (2024). Land use determines
Mediterranean ecosystems' multifunctionality more than plant
richness or habitat composition. Journal of Applied Ecology, 61,
476-488. https://doi.org/10.1111/1365-2664.14568

85U8017 SUOWILLOD BAIERID 3|qed![dde au) Ag peuenob a1e DR VO 88N JO S3INJ I0} ARG BUIIUO AB]IM UO (SUORIPUCD-PUR-SLLLBYWOD" A8 |1 ARe1q 1BUIIUO//SHNL) SUORIPUOD PUE S L 8U3 885 *[5202/60/82] U0 ARiq18uliuo A|im ‘pupeiN 2@ esuein|dwoD pepsieAun A 895KT #992-GIET/TTTT OT/I0p/U0d | 1M AIq1ju! U0 S UIN0 630//SdNY WOy popeojumod € “YZ0e ‘Y99ZSIET


https://doi.org/10.1126/science.287.5459.1770
https://doi.org/10.7818/ECOS.2266
https://doi.org/10.1038/nature19092
https://doi.org/10.1007/s10980-016-0459-6
https://doi.org/10.1111/1365-2664.14302
https://doi.org/10.1111/brv.12499
https://doi.org/10.1073/pnas.1517903113
https://doi.org/10.1073/pnas.1517903113
https://doi.org/10.1016/S0264-8377(02)00082-0
https://doi.org/10.1016/S0264-8377(02)00082-0
https://doi.org/10.1046/j.1365-2699.2002.00708.x
https://doi.org/10.1038/nature03611
https://doi.org/10.1126/sciadv.abg6995
https://doi.org/10.1016/j.soilbio.2019.01.009
https://doi.org/10.1016/j.soilbio.2019.01.009
https://doi.org/10.1002/ecy.2634
https://doi.org/10.1002/ecy.2634
https://doi.org/10.1111/1365-2664.14568

	Land use determines Mediterranean ecosystems' multifunctionality more than plant richness or habitat composition
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study area
	2.2|Study design
	2.3|Landscape and local attributes
	2.4|Biodiversity
	2.5|Ecosystem functions
	2.6|Statistical analysis

	3|RESULTS
	4|DISCUSSION
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


