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Abstract 
Context  Mediterranean landscapes are undergoing 
severe transformations (land-use change and homog-
enization) that threatens biodiversity and the services 
these ecosystems provide. These effects can differ 
amongst biodiversity facets (plants vs. birds, taxo-
nomic vs. functional) and ecosystem functions (e.g., 
seed dispersal, forest regeneration, pest control), 
although these are still poorly understood in Mediter-
ranean landscapes.
Objectives  Our study aims at understanding how 
Mediterranean landscape characteristics and land use 
(tree croplands, shrublands and pine, oak and mixed 
forest) affect the diversity of birds and plants, and 
how these changes in biodiversity could affect eco-
system functioning.
Methods  In 2020–2021, we sampled 49 (5 × 5 m) 
plots in South-eastern Spain and from five different 
land uses: tree croplands, shrublands, and pine, oak 

and mixed forests. We measured land use, habitat 
diversity and size, together with birds and plant diver-
sity. We assessed both direct and indirect (via bird 
and plant diversity) effects of landscape characteris-
tics on 6 different ecosystem functions related to for-
est regeneration, predation, herbivory or aboveground 
biomass, which imply interactions between birds, 
plants and their environment.
Results  Plant communities responded mainly to 
local features (land use), whereas birds did so to habi-
tat size and landscape diversity (within 500 m radius). 
Seed and caterpillar predation were more affected 
by bird’s diversity, whereas regeneration capacity of 
woody species was driven by both plants and birds. 
Land use was amongst the most important drivers of 
all measured functions, with generally higher func-
tioning levels in oak and mixed forests than in the rest 
of land uses.
Conclusions  Our results emphasize the complemen-
tary information obtained when considering multiple 
biodiversity facets in studying the consequences of 
landscape transformation. We also show that these 
multiple biodiversity changes can be as important as 
those of land-use or landscape characteristics for eco-
system functioning.
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Introduction

Mediterranean ecosystems have been managed for 
centuries, generating the diverse landscapes intermin-
gling near natural and anthropogenic land uses, such 
as forests, croplands, open woodlands and shrub-
lands that foster their characteristic large biodiver-
sity (Blondel and Aronson 1999). These heteroge-
neous Mediterranean landscapes are home to more 
than 10% of the world’s vascular plant and 75% of 
the European’s bird biodiversity (Médial and Qué-
zel, 1997; Covas and Blondel 2008). However, over 
the last decades to centuries many natural forests in 
the Mediterranean Basin have been decimated for 
wood and charcoal extraction, by urbanization, or via 
frequent and intensive fires (Blondel 2006; Padilla 
et al. 2010). Therefore, their regeneration is compro-
mised by limited seedling recruitment (Gil-Tena et al. 
2019). In parallel, abandoned agricultural lands are 
being colonized (or have been afforested) by dense 
and mono-specific pine stands since 1950s, rendering 
more homogeneous landscapes with limited potential 
for biodiversity protection and high risks of wildfires 
(Maestre and Cortina 2004; Ameztegui et  al. 2018; 
Moghli et al. 2022). In addition, most remaining crop-
lands are under intensive management, performed on 
large plots without crop margins or understorey veg-
etation, and with commonly monospecific young and 
dense orchards that often receive large inputs of ferti-
lizers and pesticides (García-Navas et al. 2022).

All these changes (loss of native forests, abandon-
ment of small crops, mono-specific pine stands, and 
intensive agriculture) are homogenizing Mediterra-
nean landscapes, leading to biodiversity loss (Bas-
compte and Rodríguez 2001; Fahrig 2003; Gardiner 
et  al. 2018). However, the effect of this homogeni-
zation, and that of different features of the changing 
landscape configuration (e.g., land use, habitat size, 
diversity or configuration, or connectivity changes), 
may have contrasting effects on different biodiversity 
facets (Hertzog et al. 2019), notably across organisms 
with contrasting mobility. For example, birds seem 
to respond more strongly to habitat size than to other 
changes in landscape configuration (Fahrig 2003; De 
Camargo et  al. 2018) whereas other organisms such 
as rodents or insects may show stronger responses to 
connectivity, spatial configuration or habitat diversity 
changes (Fahrig 2003; Brudvig et al. 2015). Plants, in 
turn, are more responsive to changes in local land use 

or land-use intensification (Allan et al. 2015; García-
Vega and Newbold 2020). Due to their contrasting 
responses, focusing on multiple organisms, therefore, 
can shed light on the overall consequences of ongoing 
changes in Mediterranean landscape configuration on 
biodiversity. Biodiversity changes in birds and plants 
are particularly well-understood (Sullivan et al. 2009; 
Troudet et al. 2017), are generally good indicators of 
overall biodiversity change (Padoa-Schioppa et  al. 
2006; Scherber et al. 2010; Morelli et al. 2021), have 
high conservation value in the Mediterranean (Médial 
and Quézel, 1997; Covas and Blondel 2008), and 
show seemingly contrasting responses to land-use and 
landscape changes (Fahrig 2003; Allan et  al. 2014; 
Brudvig et  al. 2015). Hence, they are a good study 
system to evaluate the effects of the homogenization 
of Mediterranean landscapes on biodiversity.

In addition to biodiversity loss, landscape changes 
in the Mediterranean Basin could also likely have 
profound implications on ecosystem functioning and 
nutrient stocks, as has been observed elsewhere. For 
example, large amounts of carbon are stored into the 
soil when croplands are reforested (Guo and Gifford 
2002; Bárcena et al. 2014), a process that also influ-
ences temperature and water balance (Bellot et  al. 
2004; Peng et al. 2014). Changes in landscape config-
uration and connectivity are also likely to affect eco-
logical processes involving animal movement, includ-
ing seed dispersal, pollination, predation or herbivory 
(Levey et  al. 2005; Brudvig et  al. 2015; Liu et  al. 
2018). Yet, the responses of ecosystem functioning to 
changes in Mediterranean landscapes are still poorly 
understood.

In addition to the direct effects of landscape con-
figuration, biodiversity changes associated to such 
configuration could strongly influence ecosystem func-
tioning, particularly when affecting multiple groups of 
organisms (Soliveres et  al. 2016; Barnes et  al. 2018; 
Schudt et  al. 2018) or multiple facets of biodiversity 
(such as taxonomic, functional and/or phylogenetic; Le 
Bagousse-Pinguet et al. 2019), as the latter complement 
each other in driving ecosystem functioning. Indeed, 
both landscape and biodiversity changes are likely to 
interact in determining ecosystem functioning (Liu 
et al. 2018; Hertzog et al. 2019; Zirbel et al. 2019). In 
addition to be good indicators of biodiversity change in 
response to landscape modifications, birds and plants 
may complement each other in supplying ecosystem 
services (reviewed in Cardinale et  al. 2012; Wenny 
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et al. 2011). Firstly, seed dispersal by birds plays a key 
role on the recovery of vegetation in human-modified 
habitats (García et al. 2010). Secondly, resprouter plant 
species (those able to regenerate and regrow from 
underground structures after being damaged, Pausas 
et  al. 2016), many of them dispersed by birds in the 
Mediterranean, have positive impacts on carbon stor-
age, soil fertility, and nutrient cycling, improving the 
resilience of the ecosystem to drought and wildfires 
(Maestre et al. 2009; Cavard et al. 2011; Moghli et al. 
2022). Finally, bird and plant diversity co-determine the 
biological control of pests in forests (Tanhuanpää et al. 
2001; Jactel et al. 2021) and farmlands (Whelan et al. 
2008; García et  al. 2018). Therefore, the combined 
study of both birds and plants offers a good opportunity 
to study landscape indirect (mediated by biodiversity 
changes) effects on functioning.

Our main aim was to understand how landscape 
characteristics and land use affect the diversity of birds 
and plants, and how these changes in biodiversity 
affect ecosystem functioning. To do so, we sampled 
bird and plant communities (organisms with contrast-
ing mobility and therefore likely differently sensitive to 
landscape characteristics) in 49 plots within five differ-
ent land uses typical from Mediterranean landscapes: 
pine forest, oak forest, mixed deciduous/evergreen for-
est, shrubland and tree  cropland. We sampled habitat 
characteristics (at local and landscape levels) to assess 
their effects on bird and plant taxonomic and functional 
compositions. Finally, we considered how changes in 
landscape characteristics and biodiversity affect eco-
system functions co-determined by both plants and 
birds (seedling recruitment, biomass production, seed 
predation, herbivory, pest [rodent, insect] control). We 
hypothesized that: (i) birds will respond more strongly 
to landscape characteristics and plants will do so to 
local land use, (ii) changes in plants´ and birds’ com-
munities will alter the ecosystem functioning, and (iii) 
indirect effects of landscape characteristics (mediated 
by biodiversity changes) on ecosystem functioning will 
be as important as their direct effects.

Materials and methods

Study area and plot selection

The study took place in two Natural Parks cover-
ing similar land uses, landscape configurations, 

and environmental context: Carrascal de la Font 
Roja and Serra de Mariola, Alicante, in south-
east Spain, (38°39′25″N 0°33′12″W, 2298  ha, 
660–1340  m.a.s.l.; 38°43′59″N 0°33′17″W, 
17,257  ha, 640–1390  m.a.s.l., respectively, Figure 
S1). This area is characterized by a dry Mesomedi-
terranean climate, with an average annual temper-
ature of 11° C and mean annual precipitation of 
400 mm (Pérez-Cueva 1994), and dominated by cal-
careous soils. Within this region, we selected 9–10 
(5  m × 5  m) plots within five types of land use: 
Pinus halepensis (pine) forest (N = 10), Quercus 
rotundifolia (oak) forest (N = 10), shrublands domi-
nated by Cistus albidus, Thymus vulgaris, Stipa 
offneri and Brachypodium retusum (N = 10), mixed 
(Q. rotundifolia and deciduous trees such as Fraxi-
nus ornus and Acer opalus) forests (N = 9) and tree 
cropland, mostly olive (Olea europea) and almond 
(Prunus dulcis) crops (N = 10). We selected these 
plots to maximize variation in landscape character-
istics (heterogeneity and patch size) and local diver-
sity (based upon local plant diversity).

For each of our 49 plots, we evaluated the area 
surrounding it (500 m-radius circles with each plot 
as the centre) to obtain habitat diversity (Shannon 
index with the proportion of habitats in the 500 m 
circle), habitat richness (number of different land 
use types around), and habitat size (proportion of 
the same land use type within the 500-m circle). 
The median distance between plots was  around 
10 km (range 0.05–20 km). Habitat categories con-
sidered were mix forest, oak forest, pine forest, 
shrubland, croplands and urban areas. Habitat rich-
ness and diversity were highly correlated to each 
other (ρ = 0.80) and thus we only considered the 
latter in our analyses (see below). To obtain these 
estimates of landscape structure, we used a detailed 
vegetation map available for the study area (Ter-
rones et  al. 2006) and QGIS (QGIS Madeira 3.4) 
(QGIS.org 2023). Additionally, we visually esti-
mated plant vertical structure as another important 
plot-level feature, using the cover of different veg-
etation strata [density of tall and short shrub (plants 
ha−1), tree cover (%), groundstorey plant cover (%)], 
litter (%), and rocks, according to Val and others 
(2018). This index is related to habitat provision for 
diverse organisms, including vertebrate and inverte-
brate animals, lichens or fungi.
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Plant and bird diversity and composition

At each plot, we estimated the richness of bird spe-
cies through point counts, where we recorded each 
bird species heard or seen. The counting time was 
15  min, registering each bird detected around the 
plot (Bibby et  al. 1992). This took place between 
7:00–11:00 in the morning, avoiding adverse weather 
conditions such as wind or rain. We distributed the 
sampling days randomly amongst plots and land uses, 
to avoid biasing our results. Due to logistical rea-
sons, we only performed bird surveys once per plot 
(25 plots in 2020, 24 plots in 2021), always with the 
same observer and during spring (10th–24th June 
2020 and 23rd April–21st May 2021). This surely 
underestimates bird richness, as winter visitors were 
left out. However, our sampling should still provide a 
comparative measurement of differences in bird com-
munities across land use types and landscape configu-
rations, and species-accumulation curves suggest that 
our sampling provided a reasonably complete survey 
within each land use type (Figure S2). For plants, we 
estimated plant richness and cover annotating every 
plant species found in each of our 5 × 5 m plots (see 
our full database in https://​figsh​are.​com/s/​466d3​1af9c​
df119​91f57).

We used the public databases available of func-
tional traits for plants (TRY; Kattge et al. 2011) and 
birds (AVONET; Tobias et  al. 2022), to obtain the 
functional traits of the species we found in our plots. 
From these databases, we obtained plant height, spe-
cific leaf area, and seed mass to represent variation in 
plant resource-use strategy and function (e.g., Wright 
et al. 2004; Díaz et al. 2016). For birds, we obtained 
six ecological variables related to trophic niche, range 
size, habitat, and 11 continuous morphological traits 
related to size or mobility and flight. From these 
traits, we estimated functional diversity using Rao’s 
quadratic entropy (Q), as implemented in the “FD” 
package in R (Laliberté and Legendre 2010, CRAN). 
This index is well suited for presence/absence data 
and mixes of categorical and continuous traits.

Ecosystem processes related to potential services 
provided by birds and plants

We focused our study on energy and matter transfer-
ence rates involving both birds and plants, including 
predation (seeds, leaves, insects and vertebrate) rates, 

biomass production, and tree regeneration. Specifi-
cally, we measured at each plot:

Mouse predation

Some bird species (e.g., birds of prey, Lanius spp.) 
can render substantial top-down control of potential 
rodent plagues in croplands, which may also alter, if 
reaching very high densities, plant composition and 
biomass, soil fertility, or water infiltration in natu-
ral environments (Eldridge and Soliveres 2023). To 
assess mouse predation rates, we used a modified ver-
sion of the methodology in Vignieri et al. (2010), see 
also Bocz et  al. (2021). At each plot, we randomly 
placed six fake mice of different characteristics (con-
trasting colours (dark grey, white, and grey), material 
(with hair and without hair), sizes and with/without 
sound if bitten). Each mouse was separated 50  cm 
from each other, and loosely fixed to the ground with 
a 15 cm metal peg and 10 cm wire and left in the field 
during about 14 days (see further details in Figure 
S3). We classified between predated (those with miss-
ing pieces or pulled out from the wire) or intact mice, 
estimated the proportion of predated mice, and cor-
rected it by the days spent on the field, as in mouse 
predation rate = number of predated mice/[total mice 
(6) * days left in the field (ca. 14)]. Mouse predation 
could not be assigned to particular predators and thus 
should be understood as an overall estimation of pre-
dation by any animal.

Caterpillar predation

Insectivorous and omnivorous birds help control-
ling insect pests that may reduce plant productivity 
(García et al. 2021). Insect damage is also controlled 
by plant composition and diversity, with rich plant 
assemblages less likely to be attacked and more likely 
to recover afterwards (reviewed in Jactel et al. 2021). 
To assess rates of predation of potential insect pests, 
we used plasticine caterpillars (Castagneyrol et  al. 
2019). We placed 20 green plasticine caterpillars in 
the branches of the most representative plant spe-
cies at each plot and left them in the field for 14 days 
approximately. Afterwards, we identified the propor-
tion of caterpillars that were attacked by birds (identi-
fied from the marks left in the plasticine). Other cat-
erpillar predators (reptile, mammal, or invertebrates) 
can also be identified from these marks (Fig. S3), 

https://figshare.com/s/466d31af9cdf11991f57
https://figshare.com/s/466d31af9cdf11991f57
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this allowed us to discard these cases to focus on the 
role of birds as potential pest control agents. In any 
case, bird attacks accounted for about 20% of the total 
attacks to caterpillars (the other 80% were attacked 
by either mammals, arthropods or lizards), and the 
proportion of caterpillar attacked by birds and those 
attacked by any predator, results were qualitatively 
the same as those using only caterpillars damaged 
by birds. As with the mice, we estimated caterpillar 
predation rates as the proportion of the 20 caterpillars 
attacked divided by the number of days in the field.

Herbivory

To complement the measurements of caterpillar 
predation, we also measured herbivory damage by 
insects. To do so, we sampled 10 leaves from the 
main species (i.e., those representing ≥ 50% cover, 
from 1 to 5 species, 1.86 species on average) of the 
plot to evaluate presence of signs of herbivory, fol-
lowing the protocol of the Bug-Network (https://​bug-​
net.​org/). The method is based upon the estimation of 
the cover, within each leaf, of each type of damage 
(four types of invertebrate damage, and four types of 
fungal damage). Since our study focused on how bird 
assemblages affect functioning, we focus here only 
on those leaves damaged by invertebrates (the ones 
most likely to be influenced by birds). We evaluated 
the percentage cover of each leaf affected by different 
insect herbivores (gall-forming, chewers, sap-sucking 
or rasping, and leaf-miners) and averaged this amount 
across leaves and dominant plant species to obtain a 
single value per plot.

Aboveground biomass

As an integrative measure of pest control and above-
ground productivity, we measured shrub and herba-
ceous biomass, clipping and harvesting all plants at 
1 cm aboveground in five 0.5 × 0.5 m quadrats at each 
plot. Samples were then oven-dried (24 h minimum, 
60 °C) and weighed.

Seed predation

We followed the methodology of Castro et al. (1999). 
In each plot, we placed one Petri dish (9 cm in diam-
eter), each with 50 pine nuts, during around 14 days. 

The Petri dish was hanged from a branch with ropes, 
to let just birds to access it.

Regeneration capacity

The regeneration of Mediterranean forests is severely 
limited by the lack of new seedlings (Gil-Tena et al. 
2019). This limitation can partly be buffered by seed-
dispersal by birds, as these are major dispersers of 
acorn and fleshy-fruited woody species (García et al. 
2010; Bueno et al. 2021). To account for differences 
in forest regeneration capacity across different land 
use types and landscape configurations, we estimated 
the quantity and richness of all young woody plant 
seedlings at each plot. Not all, but the vast majority, 
of woody seedlings found, were generally dispersed 
by birds. Since quantity and richness were highly cor-
related to each other (ρ = 0.88), we use here quantity 
as a measurement of tree regeneration capacity.

Statistical analyses

We used linear models to analyse the response of bio-
diversity to land-use and landscape characteristics. 
Specifically, our response variables were bird rich-
ness, plants richness, functional diversity of birds, 
and functional diversity of plants. It was necessary to 
transform RaoQ of birds and plants to obtain a nor-
mal distribution of data, with the inverse of RaoQ 
for birds and the logarithm of RaoQ for plants, the 
rest of response variables fulfilled analyses´ assump-
tions. On the other hand, the predictors were the type 
of land use classified in  situ (pine forest, mixed for-
est, oak forest, shrubland or cropland), vertical struc-
ture of vegetation, habitat diversity (evenness of the 
habitat in the 500 m radius surrounding area) and the 
percentage of habitat similar to the one established 
in situ in 500 m radius surrounding area (habitat size). 
Since we were interested on dissecting the effects of 
landscape characteristics on diversity, we considered 
all the possible interactions between habitat and land-
scape predictors (land-use type, habitat diversity and 
habitat size), we also included the coordinates of each 
plot and the year of sampling to control for spatial 
and temporal autocorrelation in our data. We did not 
find any strong correlation between predictors, which 
allowed us to consider all of them simultaneously 
without inducing multicollinearity issues in our anal-
yses. In sum, our models have the following structure: 

https://bug-net.org/
https://bug-net.org/
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From this initial structure, we obtained the most 
parsimonious models for each of our response varia-
bles selecting those by applying multimodel inference 
using the “dredge” function from MuMIn package in 
R (Bartoń, 2009). This method tries all possible com-
binations of predictors departing from the full model 
and selects those models with a delta AIC < 2 (models 
within 2 AIC units of that with the lowest AIC were 
considered equally plausible). Then, we selected the 
predictors presented in this model’s list.

For the case of birds, we considered plant charac-
teristics (species richness, functional diversity and 
vertical structure) as additional predictors for bird’s 
diversity and composition. Hence, we followed the 
same process mentioned before, but the structure of 
the full model was:

This structure allowed us to test interactions 
between landscape and plant features. Those inter-
actions are tested because it allows us to elucidate 
whether the effect of diversity of plants and birds is 
context dependent (on landscape characteristics), an 
important but usually overlooked possibility.

To analyse the direct and indirect (mediated 
through changes in plant and bird diversity and com-
position) effects of land-use and landscape configu-
ration on ecosystem functioning, we used structural 
equation modelling (SEMs; Grace 2006). Our a pri-
ori model structure included the direct effect of land 
use, habitat size and habitat diversity on plant diver-
sity and composition (richness, vertical structure 
and functional diversity), bird diversity and compo-
sition (richness, functional diversity, and proportion 
of bird species that were granivores, invertivores 
or omnivores) and ecosystem functioning (listed 
below). We also considered the effects of plant and 
bird diversity and composition on ecosystem func-
tioning. We used six separate SEMs to analyse our 
data: one per each function (regeneration capacity, 
seed predation, mouse predation, caterpillar preda-
tion, biomass and herbivory). To fit our categorical 

Biodiversity Variable ∼ Land Use ∗ Habitat Diversity

∗ Habitat Size + Coordinates + Year

Bird Biodiversity Variable

∼ (Land Use + Habitat Diversity + Habitat Surrounding)

∗ (Plant Richness + FDplants + Vertical Structure)

+ Coordinates + Year

“land use” predictor, we used binomial dummy vari-
ables (e.g., pine forest yes/no, oak forest yes/no, etc.) 
coupled to a composite variable to obtain their over-
all effect (Grace and Bollen 2008).

We estimated how well our a priori structure fitted 
our data using χ2, RMSEA and Bollen-Stine overall 
goodness-of-fit estimators. Since all these estimators 
rendered very similar results, we only present here 
results on χ2, the P-values of which (much larger than 
0.05) suggested a good fit between our data and our 
a priori structure in all cases. Although we included 
originally habitat size, this predictor contributed lit-
tle to the amount of explained variation in the diver-
sity and composition of plants and birds, and it did not 
enhance the R2 in any of the functions studied. Thus, 
we decided to remove this predictor, which enhanced 
the simplicity and overall goodness-of-fit of our mod-
els. We also estimated path coefficients, and their asso-
ciated P-values, using bootstrapping (900 iterations) 
instead of maximum likelihood because our relatively 
limited sample size. 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, excepting the SEMs, 
which were implemented in AMOS AMOS for win-
dows (SPSS Inc., Chicago, IL, USA).

Results

We found 193 plant and 60 bird species, including 
some of special conservation interest such as the 
endemism Centaurea mariolensis (Serra 2011) or 
the locally rare blue tit (Cyanistes caeruleus; López-
Iborra et  al. 2015). The most common plant species 
were Rubia peregrina subsp. peregrina and Quercus 
rotundifolia appearing in more than 50% of the plots. 
On the other hand, the most common bird species 
were Serinus serinus, Cyanistes caeruleus and Frin-
gilia coelebs appearing in around 90% of the plots. 
Tree croplands were the most species-rich land use, 
birds usually feed on this type of habitat and annual 
plants were abundant on croplands (Table 1). See sup-
plementary material for the full species lists (https://​
figsh​are.​com/s/​466d3​1af9c​df119​91f57).

Plant and bird richness showed contrasting responses 
to land-use and landscape characteristics. Plants rich-
ness responded more strongly to local land use whereas 
that of birds was more responsive to landscape charac-
teristics (habitat diversity and size; Fig. 1). Functional 

https://figshare.com/s/466d31af9cdf11991f57
https://figshare.com/s/466d31af9cdf11991f57
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diversity responded different from species richness on 
both organisms. In general, functional diversity was 
more responsive to local factors in both organisms, and 

the amount of variation explained for both plants and 
birds was much higher than for species richness (0.18 
vs. 0.27 in plants; 0.20 vs. 0.49 in birds) (Fig. 1).

Table 1   General values of bird and plant species richness, and tree cover, per type of land use

Land use Bird 
species 
richness

Maximum bird 
species richness

Minimum bird 
species richness

Plant 
species 
richness

Maximum plant 
species richness

Minimum plant 
species richness

Mean tree cover 
per plot (%) ± SD

Tree cropland 50 26 13 101 30 4 19.6 ± 13.3
Mix forest 39 24 9 55 15 3 107.9 ± 39.8
Oak forest 37 20 8 52 26 4 92.9 ± 12.2
Pine forest 40 23 11 82 22 6 71.5 ± 27.3
Shrubland 37 20 11 65 25 8 7.6 ± 12.5

Fig. 1   Results from linear models, only those predictors 
selected in the most parsimonious models (based on AIC) 
are shown. Bars reflect the effect size (+/− standard error) 

of each predictor. Significance codes mean: P-values are: 
***P < 0.001; **P < 0.01; *P < 0.05. ° 0.1 > P > 0.05; “x” 
means interaction between predictors
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Overall, land use (tree cropland, mix, oak and pine 
forest and shrubland) was perhaps our most impor-
tant predictor. It affected significantly plant richness 
and functional diversity and marginally affected bird 
functional diversity, and had substantial direct and 
indirect effects on most of the functions considered 
(Fig.  2). Tree croplands hosted more plants species 
than mixed forests, although most of them were annu-
als and functional diversity showed the opposite trend 
(peaking in oak and mixed forests (Fig. S4). On the 
other hand, bird richness and functional diversity 
showed similar values, with both showing slightly 
higher values in tree croplands and pine forests than 
on the others land uses (Fig S4). When we added 
plant attributes on bird’s diversity models, the amount 
of variance explained dramatically increased (from 
R2 = 0.18 to 0.35 in species richness, and from 0.27 
to 0.58 in functional diversity). We found a positive 
interaction between habitat size and plant richness: 
the positive effect of plant richness on bird richness 
increased with habitat size. In addition, vertical struc-
ture and habitat size also interacted to determine bird 
richness; a complex vertical structure only benefitted 
bird diversity in large habitats (Fig. S5), although it 
benefitted functional diversity in any case (Fig. 1).

The percentage of variance explained by our 
SEMs ranged between 54% (regeneration capacity) 
and 31% (caterpillar predation), suggesting that our 
predictors did reasonably well in explaining varia-
tion in our ecosystem functions. For all functions, we 
found strong direct effects of land use (Figs. 2 and 3), 
which were not along the same lines that those found 
for richness. Contrary to plant and bird richness, and 
bird functional diversity, we found generally higher 

functioning rates in oak or mixed forests than in the 
rest of land uses, excepting for caterpillar and mouse 
predation (Fig.  3). These opposite effects on biodi-
versity and function rendered substantially smaller 
total than direct effects of land use on functioning 
(Fig.  3), which was particularly evident for regen-
eration capacity and seed predation. For these func-
tions, a large proportion of the direct effects of land 
use was dampened by their indirect effects mediated 
by biodiversity change, which worked on opposite 
direction. Changes in plant and bird diversity and 
composition showed contrasting influences on eco-
system functioning, although in general these were 
of similar size than land-use direct effects. Bird rich-
ness had generally stronger effects than plant rich-
ness, enhancing seed and caterpillar predation rates, 
but declining mice predation. Relationships between 
functional diversity and ecosystem functioning were 
generally strong but varied depending on the function 
and organism considered. For plants, vertical struc-
ture and richness were the most important drivers of 
functioning, with contrasting effects on mouse (posi-
tive) and caterpillar (negative) predation. In birds, 
functional diversity reduced regeneration capacity 
and increased seed predation rates, which overall sug-
gests that more functionally diverse bird assemblages 
may hinder plant recruitment dynamics in the studied 
landscapes. The dominance of particular bird feed-
ing groups was a stronger predictor for functioning 
than bird functional diversity (four vs. two significant 
paths), generally enhancing seed, insect and mouse 
predation rates, and consequently decreasing leaf 
damage by insect herbivory.

Discussion

We evaluated landscape characteristics in a typi-
cal Mediterranean area, mixing oak and pine forest, 
shrublands and croplands, and how they affected bio-
diversity and ecosystem functioning. As expected, 
plant richness responded more strongly to local than 
landscape-level characteristics, like the type of land 
use (see also Allan. et  al (2015) for a report on the 
effects of land-use intensification). We also found 
significant positive effects of landscape diversity on 
both plant and bird richness, similar to those found 
by Bascompte and Rodríguez (2001), which clearly 
suggests that ongoing landscape homogenization in 

Fig. 2   General structural equation model (A), showing the 
fixed relationships between land-use and landscape character-
istics and our measurements of plant (green dashed box) and 
bird (orange dashed box) diversity and composition. Overall 
goodness-of-fit (χ2; degrees of freedom [df] and P-value) and 
proportion of variance explained for each endogenous vari-
able (R2) are shown. Grey lines show the paths whose values 
change in the models fitted individually for each one of our 
ecosystem functions (from B–G). Acronyms: FD: Functional 
Diversity, TG: Trophic group, SR: Species richness, VS: Ver-
tical structure. Composite variables are shown with hexagons. 
Standardized path coefficients are shown for each significant 
path. The width of arrows is proportional to the path coef-
ficient, with black and red for positive and negative relation-
ships, respectively. P-values are: ***P < 0.001; **P < 0.01; 
*P < 0.05

◂
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Mediterranean landscapes threatens with further bio-
diversity loss. In addition, we found that more homo-
geneous habitats (larger size of the same habitat) 
have a negative impact on plant richness (Yang et al. 
2015), contrary to what was found for bird richness. 
In the case of bird’ richness, they responded more 
strongly to landscape- than local-level characteris-
tics, perhaps due to their mobility, preferring larger 
and more diverse habitats, according with De Cama-
rgo et  al. (2018) where habitat amount was more 
important than other landscape features. Functional 
diversity of both birds and plants also showed con-
trasting responses compared to species richness pat-
terns, especially in response to land use (Fig. 1, S4). 
Tree croplands showed higher plant species richness 
than other land uses, but lower functional diversity, 
suggesting that most species within tree croplands 
are functionally homogeneous. However, other land 
uses, such as oak forests, presented less average plant 
richness, but larger functional diversity, which could 
partly explain their higher levels of ecosystem func-
tioning (see also Arroyo-Rodríguez et al. 2020).

In birds, functional diversity and species rich-
ness showed similar values across the different land 

uses studied. Perhaps birds could maintain functional 
diversity in tree croplands relying on the semi-natu-
ral area existing in the surroundings (Barbaro et  al. 
2021). Additionally, some functional groups could 
benefit from agroecosystems, due to high productivity 
and greater food resources (Tscharntke et  al. 2008). 
Also, a proper management of agroecosystems can 
promote functional diversity and species richness 
(García-Navas et al. 2022). The latter is supported by 
the interactions between plant and landscape charac-
teristics we found. This could suggest an important 
modulation of landscape and plant diversity factors 
to explain bird richness. In particular, plant richness 
and plant vertical structure were particularly ben-
eficial for birds in large habitats (habitat size x plant 
richness, and habitat size x vertical structure interac-
tions; Fig. 1, S5). The effect of these different drivers 
of bird diversity have been studied separately; either 
habitat size (Farhig, 2003, De Camargo et al. 2018), 
or vertical structure of vegetation (Val et  al. 2018; 
Barbaro et  al. 2021; García-Navas et  al. 2022) or 
plant richness (Cavard et al. 2011; Paker et al. 2014), 
but interactions between plant and landscape charac-
teristics have been seldom explored. We found that 

Fig. 3   Representation of standardized total effects from SEMs 
for each ecosystem function. On X axis we specified every 
predictor, but we grouped by colours categories; red: predic-
tors related to the landscape, orange: type of land use, mauve: 

predictors related with plants (plant richness, vertical structure, 
functional diversity of plants (FD plants), and purple: predic-
tors related with birds (birds’ richness, functional diversity of 
birds (FD birds), trophic group)
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these different drivers can interact strongly, and that 
benefits of sustainable local managements can be fur-
ther exacerbated if applied in larger habitat remnants 
or in more heterogeneous landscapes.

Our initial hypothesis regarding the functional 
responses to landscape configuration in plant and bird 
biodiversity was also supported. In general, birds had 
more relevance than plants in most of the functions 
considered. This highlights the important role of birds 
on pest regulation (Mols and Visser 2002; García 
et  al. 2018), reducing herbivory damage on plants 
(Koh 2008). Bird diversity also enhanced seed preda-
tion rates, which could either be interpreted in rela-
tion to a “seed dispersal” service (García et al. 2010). 
Indeed, 65% of seed dispersal is driven by animals in 
the Mediterranean, and birds play an important role in 
this process (Bueno et al. 2021). However, seed pre-
dation also hinders plant recruitment, as we observed, 
by damaging the seed bank. Importantly, the preva-
lence of the relevant bird trophic group (either grani-
vores, omnivores or invertivores, depending on the 
function of interest) was a major driver of ecosystem 
functioning (see also Stewart et al. 2022) and did not 
respond to landscape characteristics. In addition to 
modulate bird diversity, plant attributes -mainly their 
functional diversity- also showed direct relationships 
with ecosystem functioning. Higher plant functional 
diversity dampened and benefitted caterpillar and 
mouse predation, respectively, supporting the notion 
that habitat characteristics can influence predator-
prey interactions and that plants can act as refuge for 
some prey species (Bruno and Cardinale 2008; Grof-
Tisza et al. 2017).

As for plants, landscape characteristics (habi-
tat diversity) were less important than land use to 
determine ecosystem functioning (Fig. 2). We found 
both direct and indirect (mediated by biodiver-
sity) effects of land use on functioning, as initially 
hypothesized. However, the opposite trends in the 
effects of land-use had opposite effects depending 
on the biodiversity measure (positive for plants and 
negative for birds), or the function considered (neg-
ative for predation-related functions, positive for 
biomass). These opposite effects led to weaker total 
than direct effects of land-use on ecosystem func-
tioning. The relative importance of direct vs. indi-
rect effect also depended on the function we con-
sidered, with a larger importance of indirect effects 
for seed or caterpillar predation, or regeneration 

capacity, than for others. For example, aboveground 
biomass was directly affected by land use (peaking 
in shrublands) with little influence of bird or plant 
attributes. This suggests that biomass could vary 
more depending on the type of habitat than on local 
diversity (Anderson et al. 2010), or that the effect of 
land-use type is already accounting for higher/lower 
diversity in certain land-use classes. In contrast to 
aboveground biomass, however, the effect of abi-
otic attributes (landscape and land use) and biotic 
attributes (birds and plants) were equally important 
in general. The only exception to this general rule 
was regeneration capacity, which was mostly driven 
by bird and plant attributes. Regeneration capacity 
was limited by functional diversity of birds, maybe 
due to the high predation of the seeds of forest spe-
cies like Pinus spp. (Castro et al. 1999). Also, both 
vertical structure and some land uses (tree cropland, 
mixed forest and shrubland) hindered the regen-
eration of woody species. This could be due to the 
limitations of dispersal vectors, which could change 
their behaviour and efficiency of dispersion modu-
lated by the habitat type and environmental hetero-
geneity (Escribano-Avila et al. 2012).

Our study presents a novel approach collectively 
considering changes in Mediterranean local and 
landscape-characteristics, multiple facets of bird and 
plant diversity and an array of important ecosystem 
functions. Our results show contrasting responses of 
different biodiversity facets (plants and birds’ rich-
ness, taxonomic vs. functional diversity) and ecosys-
tem functions to landscape characteristics, responding 
plants and functions more to local characteristics, and 
birds to habitat size and landscape diversity. Changes 
in plant and bird biodiversity were as important as 
those of land-use or landscape characteristics to 
determine ecosystem functioning. Indeed, seed and 
caterpillar predation (related to dispersal and pest 
control services) were more controlled by bird fea-
tures, whereas regeneration capacity of woody spe-
cies was mostly driven by plants and birds more than 
by land use. Our study provides a comprehensive 
assessment of how ecosystem functions respond to 
changes in biodiversity of birds and plants, including 
the modulating role of landscape in this process. By 
doing so, our study provides a framework that may be 
of use for ecosystem managing at the landscape level.
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