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ARTICLE INFO ABSTRACT
Editor: Manuel Esteban Lucas-Borja In Mediterranean drylands, extensive areas have been restored by reforestation over the past decades to improve

diversity, soil fertility, and tree natural regeneration, contributing to halting desertification and land degrada-
tion. However, evaluating reforestation success usually relies on tree survival, while holistic and long-term
evaluations of reforestation success based on ecosystem diversity, structure and functioning are scarce. In this
work, we provide the first assessment that combines the evaluation of planted trees and indicators of ecosystem
diversity, structure, and functioning in established reforestations with three native Mediterranean species along a
climatic gradient. We sampled 43 20-year-old stands with umbrella pine, holm oak and cork oak in Portugal, and
tested the effects of tree species composition, stand management (i.e., differences in tree density and shrub
cover), and edaphoclimatic conditions, on the size of planted trees, species diversity, structural complexity and
indicators of ecosystem functioning related to productivity, soil nutrients and tree natural regeneration.
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Our results show that, after 20 years of reforestation, stand management was an essential driver of plant
diversity and ecosystem functioning. Higher tree density, particularly of oaks, and higher shrub cover improved
plant diversity, ecosystem productivity, and oak regeneration. The latter was also improved by structural
complexity. Tree composition effects highlighted the importance of pine management to avoid competition.
Since we evaluated these reforestations along a climatic gradient, we also conclude that climate influenced pine
and holm oak size, ecosystem productivity, and soil C/N. Our research, by being based on assessing the long-term
reforestation success in a more holistic way, highlighted the importance of stand management for improving
ecosystem diversity and functioning in these restored systems. Practices such as increasing tree density up to
~800 trees/ha and allowing a shrub cover of ca. 30 %, may improve the ecological condition of future and
currently reforested areas across the Mediterranean region.

1. Introduction

In the midst of the UN Decade on Ecosystem Restoration (UN General
Assembly, 2021), an unprecedented amount of area and investment is
being allocated to forest restoration worldwide (Castro et al., 2021; e.g.
The Bonn Challenge [IUCN, 2011]). However, to obtain the much-
needed return of this global effort of ecosystem restoration, i.e., to in-
crease tree cover and promote carbon sequestration, biodiversity and
sustainable livelihoods (Di Sacco et al., 2021), it is increasingly clear
that long-term monitoring and adaptive management should be
considered as important as initial planting (Castro et al., 2021; Ock-
endon et al.,, 2018). Long-term monitoring and assessing past re-
forestations offer an opportunity to learn which are the most important
drivers influencing the restored ecosystem and its different components,
such as ecosystem diversity and functioning, and which stand manage-
ment practices are most useful to improve the ecological condition of
these systems (del Campo et al., 2021; Nunes et al., 2016). Nevertheless,
the evaluation of reforestation success usually relies on assessing tree
survival in the first years after plantation but not on how or if other
components of the ecosystem benefit on the medium- and long-term
time scales (Tomaz et al., 2013). To evaluate the effects of reforesta-
tion on the ecosystem, it is important to measure indicators of the three
ecosystem attributes—diversity, structure and functioning—together
with the assessment of the survival and growth of the planted species
(Cruz-Alonso et al., 2019; Gatica-Saavedra et al., 2017).

In the Mediterranean Basin, restoration measures based on re-
forestations made with pines and oaks are ubiquitous and have been
installed over the past decades as measures to prevent desertification
and land degradation (Jones et al., 2011; Sheffer, 2012). These re-
forestations aim at increasing the value of marginal, low-productive
areas, promoting soil quality, species diversity and tree natural regen-
eration, particularly of oaks (Estratégia Nacional para as Florestas,
2015), which are key aspects for the maintenance of Mediterranean
woodlands and forests with high natural and cultural value (Bugalho
et al., 2009; Ferraz-de-Oliveira et al., 2016). Increasing tree cover in
these systems can improve natural regeneration by alleviating summer
drought at the microclimatic scale (Gonzalez-Moreno et al., 2011; Pons
and Pausas, 2006). Soil fertility may also be improved with tree cover,
which offers protection from erosion and promotes an increase in soil
organic matter content (Fernandez-Ondono et al., 2010). This, in turn, is
crucial for the soil nutrient supply and water retention (Costantini et al.,
2016). Nevertheless, Mediterranean ecosystems are profoundly shaped
by edaphoclimatic conditions (Cruz-Alonso et al., 2021; Nunes et al.,
2019). On the other hand, stand characteristics such as tree composition,
tree density or shrub cover (controlled mainly by periodic clearings) can
also influence the restored ecosystem in terms of ecosystem diversity,
structure and functioning (Ruiz-Benito et al., 2012).

Here, we assessed pure and mixed stands of pines and oaks, with ca.
20 years in a Mediterranean dryland region to evaluate the effects of tree
species composition and management options on the ecosystem along a
climatic gradient. Our main aim was to identify the drivers influencing
the reforested ecosystem and to assess the relevance of different tree
species compositions and different management practices, considering

the potential effects imposed by climate and soil type. More specifically,
we evaluated the effects of pine and oak abundance (tree composition),
tree density and shrub cover (stand management practices), climate and
soil type on tree size, plant diversity, vegetation structural complexity
and indicators of ecosystem functioning namely ecosystem productivity,
soil organic matter and soil C/N, and tree natural regeneration. Because
pines are typically faster-growing species than oaks (Gomez-Aparicio
et al., 2011), we hypothesized that pine abundance would have a
negative effect on oak size but that sites with higher pine abundance
would have higher ecosystem productivity and tree biomass. We also
expected tree density to have a positive effect on soil organic matter,
while climate, particularly aridity, would limit ecosystem productivity,
species diversity and oak regeneration.

2. Methods
2.1. Study area and sampling design

This work was conducted in reforested areas throughout the Alentejo
region, a dryland area in southern Portugal (Fig. 1). The climate is
Mediterranean, with mildly cold and wet winters and hot dry summers
with mean annual precipitation and temperature of 551 mm/year and
16 °C (average 1970-2000, Fick and Hijmans, 2017). Elevation ranges
between 110 and 480 m a.s.l.,, and soils vary between lithosols and
luvisols (APA, 1982).

The study area is mainly occupied by seminatural open woodlands
called montados, dominated by cork oak or holm oak in low stand den-
sities, between 20 and 80 trees/ha (Pinto-Correia and Mascarenhas,
1999). It is common, however, to find reforested properties with these
two species and with umbrella pine, either in pure or mixed stands
(ICNF, 2022). Pine species, although presumably native to the area, are
mostly found in planted populations, as their heliophilous behavior and
ability to establish under dry climates and poor soil conditions have
made them a common choice for reforestation in Mediterranean cli-
mates (Gomez-Aparicio et al., 2009; Tomaz et al., 2013), and they
allegedly facilitate the establishment of slower-growing oaks in the long
term (Pausas et al., 2004). The aim of these reforestations is, in general,
to increase tree cover and, with it, halt soil erosion in degraded montado
areas and marginal old fields, promoting biodiversity, soil quality, tree
regeneration and the economic value of properties (ICNF, 2019). Re-
forestations are subsidized for 20 years after the plantation. For this
period landowners are not allowed to change the land use or use the area
for cattle grazing, and they are advised to conduct periodical shrub
clearings to decrease the fire risk. Shrubs develop naturally in these
systems, as secondary succession tends to lead these sites to Mediter-
ranean forests with a well-developed shrub layer (Bugalho et al., 2009;
Dias et al., 2016). While landowners typically clear shrubs every 5-6
years, in some properties this management is less frequent and shrubs
dominate the understory (Mendes et al., 2011; Suess et al., 2018).

In 2015, using the records from the Instituto de Conservacao da
Natureza e Florestas, I.P. (the national forest authority), reforested sites
with an age of approx. 20 years were stratified to the aridity index to
focus the sampling on established reforestations. From this pool, 43 sites
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with umbrella pine, holm oak and/or cork oak were chosen randomly.
At each site, a rectangular 0.1 ha plot was established for vegetation and
soil sampling. The location of the sampling plot was chosen avoiding
potential confounding effects operating at the local scale. Therefore, first
we controlled variations in topography and aspect by excluding places
with either very high or very low solar exposition, assessed using the
potential solar radiation (PSR). This variable is computed using digital
terrain models and corresponds to the potential amount of solar radia-
tion arriving at a surface on the ground (Fu and Rich, 2002). Second,
areas with high relative tree density and height within the reforestation
were chosen by visual inspection, thus focusing on assessing the best
potential outcome of each reforestation site. This was done to control as
much as possible the variability at the local scale, allowing the analysis
of the effects of interest.

2.2. Field assessment of vegetation and soil

Information on initial tree density and tree survival in each site was
not available, but plants that die in the initial stages after planting, when
mortality is also higher, are usually replaced to reach the planting
density defined initially by the landowner. Additionally, tree density did
not correlate with any climatic or soil type (data not shown), thus, we
could assume that tree density was mainly a result of stand management.
Tree density was measured by counting the trees in the plot, including
any tree stump from recent thinning activities.

To measure tree size, all trees in the sampling plot were identified to
the species level, and their height was measured with a hypsometer.
Perimeter at breast height, i.e., the perimeter of the trunk at 1.30 m
height from the ground, was measured using a tape measure in a third of
the trees in the plot. For the remaining trees the perimeter was estimated
based on the relationship with tree height to optimize the cost-
effectiveness of field measurements (see the functions used for estima-
tion in Sup. Fig. 1). The diameter at breast height (DBH) was then
calculated by dividing the perimeter by Pi. In young trees with a DBH <
7.5 cm, the perimeter was not measured and a DBH of 3.25 cm (the mean
value) was assumed.

Shrub cover and composition were assessed with the line intercept
method (Elzinga et al., 1998) along three transects laid at regular in-
tervals within the plot. The length of the transects varied between 25.55
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and 37.20 m because it spanned two lines of plantation to ensure that a
homogeneous stand structure was being sampled among sites. All shrubs
intercepting the transect were identified, the height measured, and the
length of interception with their canopy registered. Total shrub cover
corresponds to the percentage of transect length intercepting shrubs.
Species percentage cover, which was later used to calculate species di-
versity, was obtained as the sum of all canopy lengths of each species
divided by the total length of the transect (Elzinga et al., 1998). Tree
regeneration was assessed along the same transects by counting and
identifying all tree seedlings found within an area of 1 m along the
transect (50 cm on each side along the transect line) (Elzinga et al.,
1998). Species richness corresponds to the number of species found in
the three transects, considering shrubs and tree seedlings.

Finally, soil samples were collected to measure the organic matter
content (SOM) and carbon and nitrogen ratio (C/N). At each site, a
composite soil sample was collected with four subsamples of the first 15
cm of soil, excluding any litter, moss or lichen in the topsoil. Samples
were sieved with a 2 mm mesh and dried at 60 °C for two days. SOM was
quantified with a modified loss-on-ignition method (Ball, 1964) by
burning 5 g of dry soil at 600 °C overnight. Total carbon and nitrogen
contents were measured on ground soil samples (ball mill Retsh, Hann,
Germany) by continuous flow isotope mass spectrometry, using an Iso-
prime stable isotope ratio mass spectrometer (GV, UK), coupled to a
EuroEA elemental analyzer (EuroVector, Italy).

2.3. Data retrieval and analysis

From the data obtained in the field, we calculated shrub taxonomic
diversity, structural complexity and tree biomass. Species diversity was
calculated as Diversity of order one, p (Hill, 1973), using the R package
vegan (Oksanen et al., 2019), from the shrub percentage cover. 1D
quantifies the effective number of species in a community, i.e., how
many species the given community would have if all the species had the
same proportion as the actual community did on average (Tuomisto,
2010). Structural complexity was estimated by calculating the func-
tional dispersion of height, FDis (Laliberté and Legendre, 2010),
considering all individual trees and shrubs. FDis was calculated on the
Euclidean distance matrix between individuals, using presence/absence
data, corresponding, thus, to the mean absolute deviation of height; it
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Fig. 1. Location of the study area in southern Portugal (right) and distribution of the sampling points along the aridity gradient (left). Aridity index from Trabucco

and Zomer (2022).
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was computed with R package FD (Laliberte et al., 2014). Tree biomass
was calculated for each tree with allometric equations specific for
P. pinea from Correia et al. (2008) and for Q. ilex and Q. suber from Paulo
and Tomé (2006). Tree biomass per plot was then obtained by summing
all individual biomass values.

NDVI was retrieved from Landsat 8 satellite imagery in the dry
season of 2015, with a spatial resolution of 30 m?. This index corre-
sponds to the difference between the maximum absorption of radiation
in the red spectral band and the maximum reflection of radiation in the
near-infrared spectral bands (Rouse et al., 1974). An average NDVI value
was calculated per plot with the NDVI values of the pixels covering the
area of the plot, including all pixels that have more than half of their
area within the plot, as implemented in ArcMap v10.3 (ESRI, 2015).

Climatic data correspond to the bioclimatic variables for WorldClim
version 2 at 30 arc sec resolution (~1 km2; Fick and Hijmans, 2017). This
is the finest spatial resolution available for WorldClim data and is the
most adequate for this dataset, since sites are, on average, 37.3 km apart
(min. distance is 0.9 km and median is 37.8 km). A subset of low-
correlated bioclimatic variables among them and with the aridity
index (Pearson correlation below 0.70) was selected to integrate the
data analyses. The effects of the tree species composition, stand man-
agement and edaphoclimatic context on the ecosystem were assessed by
fitting linear models to each indicator of tree size, ecosystem composi-
tion, structure and function. The covariates were the stand's age, the
number of trees of each species (which stands for tree species compo-
sition), tree density and shrub cover (proxies of stand management) and
edaphoclimatic conditions (Table 1). All covariates were continuous
variables, except for soil type, a factor with two levels. Structural
complexity and SOM were primarily assessed as response variables, but
for some indicators, their effect as predictors was also tested, namely, we
tested whether structural complexity was a predictor of oak regenera-
tion and whether SOM was a predictor of oak regeneration, tree size and
NDVIL

Before the models were fit, exploratory analyses were performed
following Zuur et al. (2010) to assess the correlation between covariates
(see the correlation matrices in Sup. Fig. 2) to assess whether the rela-
tionship between a response variable and a predictor was likely to be
simple linear or polynomial and if any interactions were to be expected.
We then applied the model-averaging approach to select the predictors
most likely to have significant effects on the indicators by averaging the
bestfitting models based on the Bayesian Information Criterion (with a

Table 1
Covariates characterizing the sampling sites, presented as the average + stan-
dard deviation and range.

Type of Variable (units)

covariate

Average + SD range

19.36 + 4.31 11-37
12.43 4+ 19.30 0-67

Stand age (time in years)
Tree N° of Pinus pinea trees

composition N° of Quercus ilex trees 12.73 4+ 14.90 0-43
N° of Quercus suber trees 13.09 + 16.30 0-51
Stand Tree density (trees/ha) 432.27 + 70-790
management 178.45
Shrub cover (%) 8.51 +13.03 0-56.75
Climate and Potential Solar Radiation 19.7 x 10* + 9.12 x
soil (KW/h) 9.17 x 10* 10*-48.2 x 10*
Mean diurnal temperature 10.29 + 0.44 9.6-11.2
range (°C)
Isothermality (unitless) 0.41 + 0.01 0.40-0.43
Minimum temperature of 6.10 £+ 0.30 5.2-6.7

the coldest month (°C)
Precipitation of the driest
quarter (mm)
Precipitation of the
warmest quarter (mm)
Aridity index (unitless)
Soil organic matter (%)
Soil type

21.80 £1.53 18-26
23.86 + 1.05 22-27
0.35 + 0.01 0.31-0.39

5.55 +1.72 2.17-12.07
luvisol: n = 13; lithosol: n = 31
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ABIC <2, using R package MuMIn [Barton, 2020]). BIC was used over
the Aikaine Information Criterion because, while both indices selected
models with the same significant predictors, BIC penalizes more the
addition of parameters (Shmueli, 2010) and thus tended to select models
with fewer nonsignificant parameters. A pseudo-R? was calculated for
each averaged model, as the Pearson correlation between observed and
predicted values.

Covariates were centered and scaled prior to model fitting. The
variance inflation factor (VIF) of the global model was tested with R
package performance (Liidecke et al., 2021), and any predictor with a VIF
higher than 5 was excluded. Most indicators were fit with gamma GLMs
with a logarithmic link function, but for soil C/N, a Gaussian model
offered the best fit. Species richness was modeled with Poisson GLMs,
also with a log. Link function. Oak regeneration, because of the high
number of zeros, was modeled with zero-altered Poisson models (also
called hurdle models) using the R package pscl (Jackman, 2020). Tree
regeneration focused on oaks because pine regeneration was residual
(data not shown). All analyses were performed in R software (R Core
Team, 2021), assuming o = 0.05. P values between 0.05 and 0.1 were
considered marginally significant.

3. Results
3.1. Tree size

The size of the planted trees was influenced by different predictors
among the three species (Fig. 2; see the exact coefficient values +
standard errors and significance levels in Table S1 and the smoothed
conditional means for each pair of indicator vs. predictor in Fig. S3). The
abundance of pine trees negatively influenced the size of pine, holm oak
trees, and, although only marginally significant, of cork oak trees. Pines
and holm oaks also decreased with mean diurnal temperature range,
while holm oaks increased with tree density. The size of cork oak trees
increased with precipitation of the driest quarter.

3.2. Ecosystem diversity, structure and functioning

Overall, the indicators of species diversity, structural complexity and
ecosystem functioning, except for oak regeneration, were driven by
stand management, climate and soil but not by the planted tree species
composition (Fig. 2, coefficient values and significance in Tables S2 and
S3, and smoothed conditional means plots in Fig. S3). Woody species
richness varied between 0 and 10 species per site, was positively influ-
enced by shrub cover and SOM. Species diversity varied between 0 and
7.5 effective species per site and increased with SOM. The stand's
structural complexity increased with isothermality, i.e., increased with
the ratio between the site's diurnal temperature range and the annual
range.

Ecosystem productivity, measured by the NDVI, increased with tree
density, shrub cover, diurnal temperature range, and aridity index (i.e.,
productivity was higher in more mesic conditions). Tree biomass
increased with isothermality, SOM and depended on soil type, being
higher in luvisols than in lithosols. Soil organic matter content, in turn,
was solely influenced by shrub cover following a unimodal relationship.
SOM increased until a shrub cover of ca. 30 % and decreased in sites
with higher cover. Soil C/N ratio, varied between 6.54 and 22.55 and
increased with shrub cover but decreased with the minimum tempera-
ture of the coldest month.

Oak regeneration was positively influenced by structural complexity,
both in terms of the likelihood of its presence, as well as of seedling
abundance (Table 2, and smoothed conditional means in Fig. S3).
Additionally, the abundance of seedlings decreased with increasing
abundance of pines in the stand, while the likelihood of seedling pres-
ence increased with the abundance of holm oak.
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Fig. 2. Covariates selected as best predictors of the indicators of tree size, ecosystem diversity, structure and functioning. Column names represent, from left to right,
the diameter at breast height of Pinus pinea, Quercus ilex and Q. suber, shrub species richness, shrub species diversity, structural complexity, NDVI, aboveground tree
biomass, soil organic matter content and soil C/N ratio. Row names, from top to bottom, indicate the stand’s age, abundance of Pinus pinea, Quercus ilex and Q. suber
trees, tree density, shrub cover, potential solar radiation, mean diurnal temperature range, isothermality, minimum temperature of the coldest month, precipitation
of the driest quarter, precipitation of the warmest quarter, aridity index, soil organic matter content and soil type (where the coefficient for luvisols is presented).
“(predictor)®” indicates a polynomial relationship of second order. Circles represent the estimated averaged coefficients (red for negative, and blue for positive).
Semitransparency indicates covariates kept in the averaged model but with no significant effects. A blank space indicates that the covariate was not kept during
model selection, and the symbol “-” indicates the covariate was not tested for that particular indicator due to a high variance inflation value. On top, the N and the
Pseudo-R? of each model are indicated.

4. Discussion
Table 2

Estimated standardized coefficients 4 standard errors, z values and P values for

In this stud e assessed reforestation success in different tree
the oak regeneration hurdle model. The pseudo-R? is 0.96, with N = 42. W

species composition stands (umbrella pine, holm oak or cork oak) and

Estimate + SE % value P-value different stand management practices along a climatic gradient in dry-
Count model (truncated Poisson with log. link) lands. To the best of our knowledge, our study is the first to assess
(i:lte_rcePt)_ 1.210 £ 0.149 8.110 5.06 x 10:; reforestation success involving established plantations with these three
';trﬁ Z’:lll":sl’;z:;f:;ty &gf;siiog‘llfg ;2‘:5()3 ;;g i 18,14 typical Mediterranean tree species on the three main ecosystem com-

ponents—diversity, structure and functioning. Overall, our results sug-
gest that the ecological outcome of reforestations, after ca. 20 years, was

Zero hurdle model (binomial with log. link) more influenced by stand management than by the tree species

(intercept) 0.056 + 0.427 0.131 0.895 " . A
n° Quercus ilex trees 1.954 + 0.698 2.799 0.005 composition per se. Management-related variables were important
Structural complexity 1.573 + 0.527 2.986 0.003 predictors of tree size, species richness, ecosystem productivity and soil

quality, while tree composition influenced mostly tree size and regen-
eration. As expected, the edaphoclimatic context also played an
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important role in these drylands, particularly for productivity and soil
nutrients. These results highlight the importance of monitoring these
different ecosystem components in reforestations and that stand-
management is a key aspect of these systems.

4.1. Effects of stand management

Tree density in these reforestations is largely the result of initial tree
planting density and occasional thinning set by the landowner. In our
study, increasing tree density improved holm oak tree size and
ecosystem productivity, in accordance with previous studies conducted
in pine and holm oak stands in Spanish drylands, (Gonzalez-Moreno
etal., 2011; Morcillo et al., 2022; Ogaya et al., 2020). Also in plantations
across the Mediterranean climate and dry woodlands in Australia, pro-
ductivity was driven by tree density and local environmental conditions,
and not by tree diversity (Staples et al., 2019).

Our results show that increasing tree density (but not with pines)
increases holm oak size, suggesting an intraspecific facilitative effect of
oaks. Although increasing tree density may promote competition for
groundwater resources, holm oak may to be particularly resistant to
competition in comparison with other species (Gomez-Aparicio et al.,
2011). Higher tree density in holm oak stands may ameliorate micro-
climatic conditions, resulting in the trees being less affected by drought
and heat extremes (Gea-Izquierdo et al., 2009). However, it is important
to underline that the positive effects of tree density may vary along the
density range: other studies have shown that tree density above 1000
trees/ha, in Mediterranean climate, may decrease diversity and oak
regeneration (Gomez-Aparicio et al., 2009; Ruiz-Benito et al., 2012).
Thus, our results suggest that at lower tree densities, namely, within the
studied range of 70-790 trees/ha, increasing tree density up to 790
trees/ha improves holm oak growth and ecosystem productivity.

Another aspect controlled by stand management is shrub cover, with
periodic clearings aiming at, mainly, decreasing fire risk. While shrub
clearing every 5-6 years is a common practice (Mendes et al., 2011), less
frequent clearings are also common resulting in sites where shrubs
dominate in the understory (Suess et al., 2018). Hence, despite likely
influence of other factors, shrub cover in these stands is first and fore-
most a result of management. Our results show that sites with higher
shrub cover had also higher species richness, ecosystem productivity
and soil C/N ratio, in accordance with results found for open oak
woodlands in this region (Kobel et al., 2021; Nunes et al., 2019). Shrub
cover was also related to soil organic matter, following a unimodal
relationship. We, thus, suggest that shrub management should take
these effects into account for improving ecosystem functioning in re-
forestations. Namely, a shrub cover of ca. 30 % may be ideal for having a
positive effect of species diversity and productivity while maximizing
soil organic matter content.

The fact that we observed more relevant effects of stand management
than tree species composition in 20-year-old plantations, does not mean,
however, that longer time periods cannot display different outcomes.
The presence of pines among holm oak forests has been associated with a
more acidic soil pH in 60-year-old stands (Iovieno et al., 2010), and this
acidity may further promote changes in understory diversity and
composition (Selvi et al., 2016), and decrease organic matter decom-
position rate in the soil (Joly et al., 2017). Additionally, pine and oak
abundance in 40- to 70-year-old Mediterranean reforested areas influ-
enced soil nutrient pools and greenhouse gas fluxes (Mazza et al., 2021),
showing the tree species matters for the ecological outcome, particularly
of introducing pines in oak-dominated systems. In our work, climate
(temperature) and shrub cover were the most important factors deter-
mining soil characteristics, in accordance with a recent global assess-
ment in drylands (Sardans and Penuelas, 2013; Valencia et al., 2015).
Thus, while we should not discard the hypothesis of tree composition
having a more prominent effect on the ecosystem over longer periods,
we show that, at least within 20 years after plantation with native
species, stand management may be more important for the ecosystem
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outcome than tree composition. Therefore, we suggest that stand man-
agement should be considered a key tool to improve tree size and species
richness and ecosystem functioning in future reforestated areas and
currently reforested areas.

4.2. Effects of tree species composition

In the studied reforestations, tree species composition influenced
mainly tree size and oak regeneration. The abundance of pines limited
the tree size of pines, holm oaks, and, marginally, of cork oak. Pine
abundance was also associated with lower oak regeneration. Our results
highlight the importance of managing umbrella pine in these re-
forestations to prevent intraspecific competition and competition to-
ward planted and naturally regenerating oaks. Pine management in both
pure and mixed plantations is important to prevent detrimental effects
on pine growth, particularly under dry climates (Cattaneo et al., 2018;
Gomez-Aparicio et al., 2011) and to prevent this faster-growing species
to outcompete slower-growing cork- and holm oak (Gomez-Aparicio
et al., 2011), especially in the first decades after plantation. Pine man-
agement (i.e. pine thinning or cutting), is not done in most of these re-
forestations over time. As a result, high-density stands are commonly
found across the Mediterranean Basin, with impacts negative on vege-
tation diversity and regeneration (Morcillo et al., 2022; Ruiz-Benito
et al., 2012) and on faunal communities (e.g. Azor et al., 2015) and
increasing the risk of fire. The provision of financial and technical re-
sources specific to improving the ecological condition of reforestated
areas could be beneficial in these cases.

We found a negative relationship between oak regeneration and pine
abundance in the stand. Previous research has shown that pine-
dominated stands can harbor significant oak regeneration under the
right circumstances, namely, a balanced pine density (between 300 and
1000 pines/ha, depending on climate), structural complexity to promote
the coexistence of closed canopy areas with open canopy areas, and low
distance to oak forest patches as sources of acorns (Gonzalez-Moreno
et al., 2011; Morcillo et al., 2022; Ruiz-Benito et al., 2012). Oak seed-
lings benefit from canopy protection from drought in the first stages
after germination, yet competition increases with time as saplings grow
(Morcillo et al., 2022). Our study, while confirming the beneficial role of
structural complexity for oak regeneration, indicates that pine abun-
dance does not favor regeneration, having, in fact, a negative effect in
20-year-old reforestations. Thus, our results suggest that planting pines
with oaks does not favor oak regeneration, being preferable to plant oaks
for this purpose.

In our study, high oak abundance was generally associated with
positive effects on the ecosystem indicators. Higher holm oak abundance
was positively related to more oak regeneration, and cork oak abun-
dance was marginally associated with higher tree biomass at the stand
level. While the typical resprouting ability of holm oaks may have
influenced the observation of seedlings, this effect is likely limited in our
study, since i) there was no relationship with seedling abundance, but
only with the probability of finding regeneration, and ii) these stands
were relatively young and were not coppiced, which promotes recruit-
ment from seedlings rather than from resprouting (Espelta et al., 1995).

4.3. Effects of climate and soil

Our study shows that climate exerts an important influence on the
reforested ecosystem, confirming its central role in shaping dryland
ecosystems (Berdugo et al., 2020; Duran et al., 2018). We found a
negative effect of aridity on ecosystem productivity, while summer
drought in particular limited cork oak size. Temperature-related vari-
ables had important effects on the ecosystem structure and functioning,
influencing pine and holm oak size, structural complexity, ecosystem
productivity, tree biomass and soil C/N ratio.

Climatic conditions in Mediterranean ecosystems, namely, low water
availability combined with high temperatures in summer, are known to
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limit ecosystem productivity (Astigarraga et al., 2020; Ramos et al.,
2015), oak regeneration (Arosa et al., 2015; Garcia-Fayos et al., 2020)
and tree growth, although some species are more sensitive than others
(de-Dios-Garcia et al., 2018; Gomez-Aparicio et al., 2011). Our results
suggest that among the three species assessed, cork oak is the most
sensitive to water scarcity in summer. Previous studies suggested that, in
the studied area, umbrella pine and cork oak may be at the driest edge of
their climatic envelope, and their population stability within the next
decades is at risk due to the forecasted aridity increase (Duque-Lazo
et al., 2018; Stephan et al., 2020; Vessella and Schirone, 2022). Thus, we
suggest that future reforestations, especially in semiarid areas with an
aridity index below 0.39, should prioritize holm oak, as this species may
better cope with current and future climatic conditions, and may be
more resilient to wildfires compared to umbrella pine (Dias et al., 2008;
Mayoral et al., 2015; Pausas et al., 2008). Moreover, our study suggests
that temperature, namely, minimum temperature, is an important driver
of soil C/N ratio, together with shrub cover. In Mediterranean ecosys-
tems, microbial activity is typically limited in winter due to low tem-
peratures and in summer due to low water availability (Reichstein et al.,
2002). Our results show that sites with warmer winter temperatures
have a lower proportion of carbon to nitrogen compared to cooler sites,
and this probably results from higher soil respiration rates that consume
C stocks in this season (Cookson et al., 2007; Mazza et al., 2021).

5. Conclusions

Our work shows that, if we want reforested areas to be more effective
as ecological restoration measures, we should evaluate reforestation
success focusing not only on the planted species, but also on ecosystem
diversity, structure and functioning. Our results highlight the prominent
role of stand management in improving ecosystem diversity and func-
tioning in Mediterranean reforestations, at least in the first 20 years after
plantation. Thus, we suggest increasing tree density, particularly of
oaks, up to ~800 trees/ha, increasing structural complexity by pro-
moting the coexistence of shrubs and trees with different heights, and
the maintenance of a shrub cover of ca. 30 % to promote species rich-
ness, ecosystem productivity, soil organic matter and oak regeneration.
Tree species composition effects suggest that pines should also be
carefully managed by decreasing their density to prevent intra- and
interspecific competition. Holm oak, on the other hand, should be pro-
moted, as this species may better cope with current and future aridity
conditions in semiarid areas. Finally, climate had an important influence
on the ecosystem, particularly on tree size and ecosystem functioning.

Acknowledging the effects of reforestation on ecosystem diversity
and functioning found in this study, may help us to fine-tune future
restoration projects in drylands, to more effectively improve ecosystem
diversity, productivity, soil quality and tree regeneration. Finally,
incorporating our practical recommendations in the stand management
of currently reforested areas across the Mediterranean Basin, similar to
those studied, may provide an opportunity to improve ecosystem di-
versity and functioning, contributing significantly to the delivery of
provisioning and regulating ecosystem services across the Mediterra-
nean region.

CRediT authorship contribution statement

Melanie Kobel: Methodology, Formal analysis, Investigation,
Writing — original draft, Visualization. Adriana Principe: Methodology,
Investigation, Writing — review & editing. Cristina Soares: Investiga-
tion, Writing — review & editing. Pedro Pinho: Conceptualization,
Methodology, Writing — review & editing. Alice Nunes: Conceptuali-
zation, Methodology, Validation, Writing — review & editing, Supervi-
sion, Project administration, Funding acquisition. Cristina
Branquinho: Conceptualization, Methodology, Resources, Writing —
review & editing, Supervision, Project administration, Funding
acquisition.

Science of the Total Environment 902 (2023) 166107

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

The dataset is
figshare.23896563).

published on figshare (10.6084,/m9.

Acknowledgments

The authors are grateful to ICNF, I.P. and DRAP Alentejo for
providing key information about the sampling sites and useful discus-
sions on preliminary results.

We also thank Barbara O'Neill and Eusébiu Stamate for great support
in the field work. Funding: This work was supported by the EEA Grants —
Programa AdaPT Sectorial, APA and Fundo Portugués de Carbono
[project PT04-0002], and by Fundacao para a Ciéncia e Tecnologia
[projects PTDC/ASP-SIL/7743/2020, UIDB/00329/2020, 2020.03415.
CEECIND, DivRestore/001/2020, grant numbers SFRH/BD/130274/
2017; contract number CEECIND/02453/2018/CP1534/CT0001].

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2023.166107.

References

APA-Agéncia Portuguesa do Ambiente, I.P, 1982. Atlas do ambiente - Carta de Solos.

Arosa, M.L., Ceia, R.S., Costa, S.R., Freitas, H., 2015. Factors affecting cork oak (Quercus
suber) regeneration: acorn sowing success and seedling survival under field
conditions. PLANT Ecol. Divers. 8, 519-528. https://doi.org/10.1080/
17550874.2015.1051154.

Astigarraga, J., Andivia, E., Zavala, M.A., Gazol, A., Cruz-Alonso, V., Vicente-Serrano, S.
M., Ruiz-Benito, P., 2020. Evidence of non-stationary relationships between climate
and forest responses: increased sensitivity to climate change in Iberian forests. Glob.
Chang. Biol. 26, 5063-5076. https://doi.org/10.1111/gcb.15198.

Azor, J.S., Santos, X., Pleguezuelos, J.M., 2015. Conifer-plantation thinning restores
reptile biodiversity in Mediterranean landscapes. For. Ecol. Manag. 354, 185-189.
https://doi.org/10.1016/j.foreco.2015.06.020.

Ball, D.F., 1964. Loss-on-ignition as an estimate of organic matter and organic Carbon in
non-calcareous soils. J. Soil Sci. 15, 84-92. https://doi.org/10.1111/j.1365-
2389.1964.tb00247 .x.

Barton, K., 2020. MuMIn: Multi-Model Inference.

Berdugo, M., Delgado-Baquerizo, M., Soliveres, S., Hernandez-Clemente, R., Zhao, Y.,
Gaitan, J.J., Gross, N., Saiz, H., Maire, V., Lehmann, A., Rillig, M.C., Solé, R.V.,
Maestre, F.T., 2020. Global ecosystem thresholds driven by aridity. Science 367,
787-790. https://doi.org/10.1126/science.aay5958.

Bugalho, M.N., Plieninger, T., Aronson, J., Ellatifi, M., Crespo, D., 2009. Open
woodlands: a diversity of uses (and overuses). In: Cork Oak Woodlands on the Edge:
Ecology, Adaptive Management, and Restoration. The Science and Practice of
Ecological Restoration. Island Press, Washington DC, pp. 33-45.

Castro, J., Morales-Rueda, F., Navarro, F.B., Lof, M., Vacchiano, G., Alcaraz-Segura, D.,
2021. Precision restoration: a necessary approach to foster forest recovery in the 21st
century. Restor. Ecol. 29, e13421 https://doi.org/10.1111/rec.13421.

Cattaneo, N., Bravo-Oviedo, A., Bravo, F., 2018. Analysis of tree interactions in a mixed
Mediterranean pine stand using competition indices. Eur. J. For. Res. 137, 109-120.
https://doi.org/10.1007/5s10342-017-1094-8.

Cookson, W.R., Osman, M., Marschner, P., Abaye, D.A., Clark, I., Murphy, D.V.,
Stockdale, E.A., Watson, C.A., 2007. Controls on soil nitrogen cycling and microbial
community composition across land use and incubation temperature. Soil Biol.
Biochem. 39, 744-756. https://doi.org/10.1016/].50ilbio.2006.09.022.

Correia, A.C., Faias, S., Tomé, M., Evangelista, M., Freire, J., Ochoa, P., 2008.
Ajustamento simultaneo de equacoes de biomassa de pinheiro manso no sul de
Portugal. Silva Lusit. 16, 197-207.

Costantini, E.A.C., Branquinho, C., Nunes, A., Schwilch, G., Stavi, I., Valdecantos, A.,
Zucca, C., 2016. Soil indicators to assess the effectiveness of restoration strategies in
dryland ecosystems. Solid Earth 7, 397-414. https://doi.org/10.5194/se-7-397-
2016.

Cruz-Alonso, V., Ruiz-Benito, P., Villar-Salvador, P., Rey-Benayas, J.M., 2019. Long-term
recovery of multifunctionality in Mediterranean forests depends on restoration
strategy and forest type. J. Appl. Ecol. 56, 745-757. https://doi.org/10.1111/1365-
2664.13340.



https://10.0.23.196/m9.figshare.23896563
https://10.0.23.196/m9.figshare.23896563
https://doi.org/10.1016/j.scitotenv.2023.166107
https://doi.org/10.1016/j.scitotenv.2023.166107
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0005
https://doi.org/10.1080/17550874.2015.1051154
https://doi.org/10.1080/17550874.2015.1051154
https://doi.org/10.1111/gcb.15198
https://doi.org/10.1016/j.foreco.2015.06.020
https://doi.org/10.1111/j.1365-2389.1964.tb00247.x
https://doi.org/10.1111/j.1365-2389.1964.tb00247.x
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0030
https://doi.org/10.1126/science.aay5958
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0040
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0040
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0040
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0040
https://doi.org/10.1111/rec.13421
https://doi.org/10.1007/s10342-017-1094-8
https://doi.org/10.1016/j.soilbio.2006.09.022
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0060
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0060
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0060
https://doi.org/10.5194/se-7-397-2016
https://doi.org/10.5194/se-7-397-2016
https://doi.org/10.1111/1365-2664.13340
https://doi.org/10.1111/1365-2664.13340

M. Kobel et al.

Cruz-Alonso, V., Espelta, J.M., Pino, J., 2021. Woody species richness and turnover in
expanding Mediterranean forests: a story of landscape legacies influenced by
climatic aridity. Landsc. Ecol. 36, 1787-1800. https://doi.org/10.1007/s10980-021-
01249-z.

de-Dios-Garcia, J., Manso, R., Calama, R., Fortin, M., Pardos, M., 2018. A new
multifactorial approach for studying intra-annual secondary growth dynamics in
Mediterranean mixed forests: integrating biotic and abiotic interactions. Can. J. For.
Res. 48, 333-344. https://doi.org/10.1139/¢jfr-2017-0139.

del Campo, A.D., Segura-Orenga, G., Bautista, I., Ceacero, C.J., Gonzalez-Sanchis, M.,
Molina, A.J., Hermoso, J., 2021. Assessing reforestation failure at the project scale:
the margin for technical improvement under harsh conditions. A case study in a
Mediterranean Dryland. Sci. Total Environ. 796 https://doi.org/10.1016/j.
scitotenv.2021.148952.

Di Sacco, A., Hardwick, K.A., Blakesley, D., Brancalion, P.H.S., Breman, E., Cecilio
Rebola, L., Chomba, S., Dixon, K., Elliott, S., Ruyonga, G., Shaw, K., Smith, P.,
Smith, R.J., Antonelli, A., 2021. Ten golden rules for reforestation to optimize
carbon sequestration, biodiversity recovery and livelihood benefits. Glob. Chang.
Biol. 27, 1328-1348. https://doi.org/10.1111/gcb.15498.

Dias, F.S., Miller, D.L., Marques, T.A., Marcelino, J., Caldeira, M.C., Orestes Cerdeira, J.,
Bugalho, M.N., 2016. Conservation zones promote oak regeneration and shrub
diversity in certified Mediterranean oak woodlands. Biol. Conserv. 195, 226-234.
https://doi.org/10.1016/j.biocon.2016.01.009.

Dias, S., Ferreira, A., Gongalves, A.C., 2008. Definicao de Zonas de Aptidao para Espécies
Florestais com Base em Caracteristicas Edafo-Climaticas. Silva Lusit. 16, 17-35.
Duque-Lazo, J., Navarro-Cerrillo, R.M., Ruiz-Gomez, F.J., 2018. Assessment of the future
stability of cork oak (Quercus suber L.) afforestation under climate change scenarios

in Southwest Spain. For. Ecol. Manag. 409, 444-456. https://doi.org/10.1016/].
foreco.2017.11.042.

Durén, J., Delgado-Baquerizo, M., Dougill, A.J., Guuroh, R.T., Linstadter, A., Thomas, A.
D., Maestre, F.T., 2018. Temperature and aridity regulate spatial variability of soil
multifunctionality in drylands across the globe. Ecology 99, 1184-1193. https://doi.
org/10.1002/ecy.2199.

Elzinga, C.L., Salzer, D.W., Willoughby, J.W., 1998. Measuring & Monitoring Plant
Populations. U.S. Bureau of Land Management Papers, p. 17.

Espelta, J.M., Riba, M., Javier, R., 1995. Patterns of seedling recruitment in West-
Mediterranean Quercus ilex forest influenced by canopy development. J. Veg. Sci. 6,
465-472. https://doi.org/10.2307/3236344.

ESRI, 2015. ArcGIS Desktop: Release 10.3. Environmental Systems Research Institute,
United States of America.

Estratégia Nacional para as Florestas, 2015. Resolucao do Conselho de Ministros n° 6-B/
2015. Diério da Reptblica n.® 24/2015, 1° Suplemento, Série I de 2015-02-04, pp
2-92. https://dre.pt/dre/detalhe/resolucao-conselho-ministros/6-b-2015
-66432466.

Fernandez-Ondono, E., Rojo Serrano, L., Jimenez, M.N., Navarro, F.B., Diez, M.,
Martin, F., Fernandez, J., Martinez, F.J., Roca, A., Aguilar, J., 2010. Afforestation
improves soil fertility in South-Eastern Spain. Eur. J. For. Res. 129, 707-717.
https://doi.org/10.1007/510342-010-0376-1.

Ferraz-de-Oliveira, M.1., Azeda, C., Pinto-Correia, T., 2016. Management of Montados
and Dehesas for High Nature Value: an interdisciplinary pathway. Agrofor. Syst. 90,
1-6. https://doi.org/10.1007/510457-016-9900-8.

Fick, S.E., Hijmans, R.J., 2017. WorldClim 2: new 1-km spatial resolution climate
surfaces for global land areas. Int. J. Climatol. 37, 4302-4315. https://doi.org/
10.1002/joc.5086.

Fu, P., Rich, P.M.,, 2002. A geometric solar radiation model with applications in
agriculture and forestry. Comput. Electron. Agric. 37, 25-35. https://doi.org/
10.1016/50168-1699(02)00115-1.

Garcia-Fayos, P., Monleon, V.J., Espigares, T., Nicolau, J.M., Bochet, E., 2020. Increasing
aridity threatens the sexual regeneration of Quercus ilex (holm oak) in Mediterranean
ecosystems. PLoS One 15, e0239755. https://doi.org/10.1371/journal.
pone.0239755.

Gatica-Saavedra, P., Echeverria, C., Nelson, C.R., 2017. Ecological indicators for
assessing ecological success of forest restoration: a world review. Restor. Ecol. 25,
850-857. https://doi.org/10.1111/rec.12586.

Gea-Izquierdo, G., Martin-Benito, D., Cherubini, P., Canellas, I., 2009. Climate-growth
variability in Quercus ilex L. west Iberian open woodlands of different stand density.
Ann. For. Sci. 66, 802. https://doi.org/10.1051/forest/2009080.

Gomez-Aparicio, L., Zavala, M.A., Bonet, F.J., Zamora, R., 2009. Are pine plantations
valid tools for restoring Mediterranean forests? An assessment along abiotic and
biotic gradients. Ecol. Appl. 19, 2124-2141. https://doi.org/10.1890/08-1656.1.

Gomez-Aparicio, L., Garcia-Valdés, R., Ruiz-Benito, P., Zavala, M.A., 2011. Disentangling
the relative importance of climate, size and competition on tree growth in Iberian
forests: implications for forest management under global change. Glob. Chang. Biol.
17, 2400-2414. https://doi.org/10.1111/7.1365-2486.2011.02421 .x.

Gonzélez-Moreno, P., Quero, J.L., Poorter, L., Bonet, F.J., Zamora, R., 2011. Is spatial
structure the key to promote plant diversity in Mediterranean forest plantations?
BASIC Appl. Ecol. 12, 251-259. https://doi.org/10.1016/j.baae.2011.02.012.

Hill, M.O., 1973. Diversity and evenness: a unifying notation and its consequences.
Ecology 54, 427-432. https://doi.org/10.2307/1934352.

ICNF - Instituto da Conservacao da Natureza e das Florestas, I.P, 2019. Programa
Regional de Ordenamento Florestal do Alentejo.

ICNF-Instituto de Conservacao da Natureza e das Florestas, I.P. Divisao de Gestao
Florestal e Competitividade/Departamento de Gestao e Valorizacao da Floresta,
2022. Acoes de arborizacao e rearborizacao. Principais indicadores. (No. Nota
informativa n°® 16). Instituto da Conservagao da Natureza e das Florestas, IP.

Science of the Total Environment 902 (2023) 166107

ITovieno, P., Alfani, A., Baath, E., 2010. Soil microbial community structure and biomass
as affected by Pinus pinea plantation in two Mediterranean areas. Appl. Soil Ecol. 45,
56-63. https://doi.org/10.1016/].aps0il.2010.02.001.

TUCN-International Union for Conservation of Nature, 2011. The Bonn Challenge.
accessed 14 May 2022. https://www.bonnchallenge.org.

Jackman, S., 2020. pscl: Classes and Methods for R Developed in the Political Science
Computational Laboratory.

Joly, F., Milcu, A., Scherer-Lorenzen, M., Jean, L., Bussotti, F., Dawud, S.M., Miiller, S.,
Pollastrini, M., Raulund-Rasmussen, K., Vesterdal, L., Hattenschwiler, S., 2017. Tree
species diversity affects decomposition through modified micro-environmental
conditions across European forests. New Phytol. 214, 1281-1293. https://doi.org/
10.1111/nph.14452.

Jones, N., de Graaff, J., Rodrigo, I., Duarte, F., 2011. Historical review of land use
changes in Portugal (before and after EU integration in 1986) and their implications
for land degradation and conservation, with a focus on Centro and Alentejo regions.
Appl. Geogr. 31, 1036-1048. https://doi.org/10.1016/j.apgeog.2011.01.024.

Kobel, M., Listopad, C.M.C.S., Principe, A., Nunes, A., Branquinho, C., 2021. Temporary
grazing exclusion as a passive restoration strategy in a dryland woodland: effects
over time on tree regeneration and on the shrub community. For. Ecol. Manag. 483,
118732 https://doi.org/10.1016/j.foreco.2020.118732.

Laliberté, E., Legendre, P., 2010. A distance-based framework for measuring functional
diversity from multiple traits. Ecology 91, 299-305. https://doi.org/10.1890/08-
2244.1.

Laliberté, E., Legendre, P., Shipley, B., 2014. FD: Measuring Functional Diversity from
Multiple Traits, and Other Tools for Functional Ecology.

Liidecke, D., Ben-Shachar, M., Patil, I., Waggoner, P., Makowski, D., 2021. Performance:
an R package for assessment, comparison and testing of statistical models. J. Open
Source Softw. 6, 3139. https://doi.org/10.21105/j0ss.03139.

Mayoral, C., Calama, R., Sanchez-Gonzalez, M., Pardos, M., 2015. Modelling the
influence of light, water and temperature on photosynthesis in young trees of mixed
Mediterranean forests. New For. 46, 485-506. https://doi.org/10.1007/s11056-015-
9471-y.

Mazza, G., Agnelli, A.E., Lagomarsino, A., 2021. The effect of tree species composition on
soil C and N pools and greenhouse gas fluxes in a Mediterranean reforestation. J. Soil
Sci. Plant Nutr. 21, 1339-1352. https://doi.org/10.1007/542729-021-00444-w.

Mendes, S.M., Santos, J., Freitas, H., Sousa, J.P., 2011. Assessing the impact of
understory vegetation cut on soil epigeic macrofauna from a cork-oak Montado in
South Portugal. Agrofor. Syst. 82, 139-148. https://doi.org/10.1007/s10457-010-
9358-z.

Morcillo, L., Turrién, D., Soliveres, S., Chirino, E., Vallejo, V.R., Vilagrosa, A., 2022.
Moderate pine cover maximizes 10-year survival and growth in late-successional
species of contrasting functional strategies. For. Ecol. Manag. 509, 120098 https://
doi.org/10.1016/j.foreco.2022.120098.

Nunes, A., Oliveira, G., Mexia, T., Valdecantos, A., Zucca, C., Costantini, E.A.C.,
Abraham, E.M., Kyriazopoulos, A.P., Salah, A., Prasse, R., Correia, O., Milliken, S.,
Kotzen, B., Branquinho, C., 2016. Ecological restoration across the Mediterranean
Basin as viewed by practitioners. Sci. Total Environ. 566-567, 722-732. https://doi.
org/10.1016/j.scitotenv.2016.05.136.

Nunes, A., Kobel, M., Pinho, P., Matos, P., Costantini, E.A.C., Soares, C., de Bello, F.,
Correia, O., Branquinho, C., 2019. Local topographic and edaphic factors largely
predict shrub encroachment in Mediterranean drylands. Sci. Total Environ. 657,
310-318. https://doi.org/10.1016/j.scitotenv.2018.11.475.

Ockendon, N., Thomas, D.H.L., Cortina, J., Adams, W.M., Aykroyd, T., Barov, B.,
Boitani, L., Bonn, A., Branquinho, C., Brombacher, M., Burrell, C., Carver, S.,
Crick, H.Q.P., Duguy, B., Everett, S., Fokkens, B., Fuller, R.J., Gibbons, D.W.,
Gokhelashvili, R., Griffin, C., Halley, D.J., Hotham, P., Hughes, F.M.R.,
Karamanlidis, A.A., McOwen, C.J., Miles, L., Mitchell, R., Rands, M.R.W., Roberts, J.,
Sandom, C.J., Spencer, J.W., ten Broeke, E., Tew, E.R., Thomas, C.D., Timoshyna, A.,
Unsworth, R.K.F., Warrington, S., Sutherland, W.J., 2018. One hundred priority
questions for landscape restoration in Europe. Biol. Conserv. 221, 198-208. https://
doi.org/10.1016/j.biocon.2018.03.002.

Ogaya, R., Escola, A., Liu, D., Barbeta, A., Peniuelas, J., 2020. Effects of thinning in a
water-limited holm oak Forest. J. Sustain. For. 39, 365-378. https://doi.org/
10.1080/10549811.2019.1673179.

Oksanen, J., Blanchet, F.G., Friendly, M., Kindt, R., Legendre, P., McGlinn, D.,
Minchin, P.R., O’Hara, R.B., Simpson, G.L., Solymos, P., Stevens, M.H.H., Szoecs, E.,
Wagner, H., 2019. vegan: Community Ecology Package.

Paulo, J.A., Tomé, M., 2006. Equacoes para estimagao do volume e biomassa de duas
espécies de carvalhos: Quercus suber e Quercus ilex. In: Publicagoes GIMREF. RC1/
2006. Universidade Técnica de Lisboa. Instituto Superior Agronomia. Centro de
Estudos Florestais, Lisboa.

Pausas, J., Blade, C., Valdecantos, A., Seva, J., Fuentes, D., Alloza, J., 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 Ecol. 171, 209-220. https://doi.org/10.1023/B:VEGE.0000029381.63336.20.

Pausas, J.G., Llovet, J., Rodrigo, A., Vallejo, R., 2008. Are wildfires a disaster in the
Mediterranean basin?- a review. Int. J. Wildland Fire 17, 713. https://doi.org/
10.1071/WF07151.

Pinto-Correia, T., Mascarenhas, J., 1999. Contribution to the extensification/
intensification debate: new trends in the Portuguese montado. Landsc. Urban Plan.
46, 125-131. https://doi.org/10.1016/50169-2046(99)00036-5.

Pons, J., Pausas, J.G., 2006. Oak regeneration in heterogeneous landscapes: the case of
fragmented Quercus suber forests in the eastern Iberian Peninsula. For. Ecol. Manag.
231, 196-204. https://doi.org/10.1016/j.foreco.2006.05.049.

R Core Team, 2021. R: A Language and Environment for Statistical Computing.


https://doi.org/10.1007/s10980-021-01249-z
https://doi.org/10.1007/s10980-021-01249-z
https://doi.org/10.1139/cjfr-2017-0139
https://doi.org/10.1016/j.scitotenv.2021.148952
https://doi.org/10.1016/j.scitotenv.2021.148952
https://doi.org/10.1111/gcb.15498
https://doi.org/10.1016/j.biocon.2016.01.009
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0100
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0100
https://doi.org/10.1016/j.foreco.2017.11.042
https://doi.org/10.1016/j.foreco.2017.11.042
https://doi.org/10.1002/ecy.2199
https://doi.org/10.1002/ecy.2199
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0115
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0115
https://doi.org/10.2307/3236344
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0125
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0125
https://dre.pt/dre/detalhe/resolucao-conselho-ministros/6-b-2015-66432466
https://dre.pt/dre/detalhe/resolucao-conselho-ministros/6-b-2015-66432466
https://doi.org/10.1007/s10342-010-0376-1
https://doi.org/10.1007/s10457-016-9900-8
https://doi.org/10.1002/joc.5086
https://doi.org/10.1002/joc.5086
https://doi.org/10.1016/S0168-1699(02)00115-1
https://doi.org/10.1016/S0168-1699(02)00115-1
https://doi.org/10.1371/journal.pone.0239755
https://doi.org/10.1371/journal.pone.0239755
https://doi.org/10.1111/rec.12586
https://doi.org/10.1051/forest/2009080
https://doi.org/10.1890/08-1656.1
https://doi.org/10.1111/j.1365-2486.2011.02421.x
https://doi.org/10.1016/j.baae.2011.02.012
https://doi.org/10.2307/1934352
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0190
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0190
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0195
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0195
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0195
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0195
https://doi.org/10.1016/j.apsoil.2010.02.001
https://www.bonnchallenge.org
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0210
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0210
https://doi.org/10.1111/nph.14452
https://doi.org/10.1111/nph.14452
https://doi.org/10.1016/j.apgeog.2011.01.024
https://doi.org/10.1016/j.foreco.2020.118732
https://doi.org/10.1890/08-2244.1
https://doi.org/10.1890/08-2244.1
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0235
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0235
https://doi.org/10.21105/joss.03139
https://doi.org/10.1007/s11056-015-9471-y
https://doi.org/10.1007/s11056-015-9471-y
https://doi.org/10.1007/s42729-021-00444-w
https://doi.org/10.1007/s10457-010-9358-z
https://doi.org/10.1007/s10457-010-9358-z
https://doi.org/10.1016/j.foreco.2022.120098
https://doi.org/10.1016/j.foreco.2022.120098
https://doi.org/10.1016/j.scitotenv.2016.05.136
https://doi.org/10.1016/j.scitotenv.2016.05.136
https://doi.org/10.1016/j.scitotenv.2018.11.475
https://doi.org/10.1016/j.biocon.2018.03.002
https://doi.org/10.1016/j.biocon.2018.03.002
https://doi.org/10.1080/10549811.2019.1673179
https://doi.org/10.1080/10549811.2019.1673179
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0285
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0285
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0285
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0290
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0290
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0290
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0290
https://doi.org/10.1023/B:VEGE.0000029381.63336.20
https://doi.org/10.1071/WF07151
https://doi.org/10.1071/WF07151
https://doi.org/10.1016/S0169-2046(99)00036-5
https://doi.org/10.1016/j.foreco.2006.05.049
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0315

M. Kobel et al.

Ramos, A., Pereira, M.J., Soares, A., do Rosdrio, L., Matos, P., Nunes, A., Branquinho, C.,
Pinho, P., 2015. Seasonal patterns of Mediterranean evergreen woodlands
(Montado) are explained by long-term precipitation. Agric. For. Meteorol. 202,
44-50. https://doi.org/10.1016/j.agrformet.2014.11.021.

Reichstein, M., Tenhunen, J.D., Roupsard, O., Ourcival, J.-M., Rambal, S., Dore, S.,
Valentini, R., 2002. Ecosystem respiration in two Mediterranean evergreen Holm
Oak forests: drought effects and decomposition dynamics: analysis of ecosystem
respiration. Funct. Ecol. 16, 27-39. https://doi.org/10.1046/j.0269-
8463.2001.00597 .x.

Rouse, J.W., Haas, R.H., Schell, J.A., Deering, D.W., Harlan, J.C., 1974. Monitoring the
Vernal Advancement and Retrogradation (Greenwave Effect) of Natural Vegetation
(Technical Report), Type III Report for the Period September 1972-November 1974.
Remote Sensing Center. Texas A&M University, College Station, Texas, USA.

Ruiz-Benito, P., Gomez-Aparicio, L., Zavala, M.A., 2012. Large-scale assessment of
regeneration and diversity in Mediterranean planted pine forests along ecological
gradients. Divers. Distrib. 18, 1092-1106. https://doi.org/10.1111/j.1472-
4642.2012.00901.x.

Sardans, J., Penuelas, J., 2013. Plant-soil interactions in Mediterranean forest and
shrublands: impacts of climatic change. Plant Soil 365, 1-33. https://doi.org/
10.1007/511104-013-1591-6.

Selvi, F., Carrari, E., Coppi, A., 2016. Impact of pine invasion on the taxonomic and
phylogenetic diversity of a relict Mediterranean forest ecosystem. For. Ecol. Manag.
367, 1-11. https://doi.org/10.1016/j.foreco.2016.02.013.

Sheffer, E., 2012. A review of the development of Mediterranean pine-oak ecosystems
after land abandonment and afforestation: are they novel ecosystems? Ann. For. Sci.
69, 429-443. https://doi.org/10.1007/s13595-011-0181-0.

Shmueli, G., 2010. To explain or to predict? Stat. Sci. 25, 289-310.

Staples, T.L., Dwyer, J.M., England, J.R., Mayfield, M.M., 2019. Productivity does not
correlate with species and functional diversity in Australian reforestation plantings
across a wide climate gradient. Glob. Ecol. Biogeogr. 28, 1417-1429. https://doi.
0rg/10.1111/geb.12962.

Science of the Total Environment 902 (2023) 166107

Stephan, J., Bercachy, C., Bechara, J., Charbel, E., Lopez Tirado, J., 2020. Local
ecological niche modelling to provide suitability maps for 27 forest tree species in
edge conditions. IForest-Biogeosciences For. 13, 230-237. https://doi.org/10.3832/
ifor3331-013.

Suess, S., Van Der Linden, S., Okujeni, A., Griffiths, P., Leitao, P.J., Schwieder, M.,
Hostert, P., 2018. Characterizing 32 years of shrub cover dynamics in southern
Portugal using annual Landsat composites and machine learning regression
modeling. Remote Sens. Environ. 219, 353-364. https://doi.org/10.1016/j.
rse.2018.10.004.

Tomaz, C., Alegria, C., Monteiro, J.M., Teixeira, M.C., 2013. Land cover change and
afforestation of marginal and abandoned agricultural land: a 10 year analysis in a
Mediterranean region. For. Ecol. Manag. 308, 40-49. https://doi.org/10.1016/j.
foreco.2013.07.044.

Trabucco, A., Zomer, R., 2022. Global Aridity Index and Potential Evapotranspiration,
(ETO) Database: Version 3. https://doi.org/10.6084/M9.FIGSHARE.7504448.V5.

Tuomisto, H., 2010. A consistent terminology for quantifying species diversity? Yes, it
does exist. Oecologia 164, 853-860. https://doi.org/10.1007/500442-010-1812-0.

UN General Assembly, 2021. United Nations Decade on Ecosystem Restoration (2021-
2030). A/RES/73/284. https://documents-dds-ny.un.org/doc/UNDOC/GEN/N19/
060/16/PDF/N1906016.pdf?OpenElement.

Valencia, E., Maestre, F.T., Le Bagousse-Pinguet, Y., Quero, J.L., Tamme, R., Bérger, L.,
Garcia-Gomez, M., Gross, N., 2015. Functional diversity enhances the resistance of
ecosystem multifunctionality to aridity in Mediterranean drylands. New Phytol. 206,
660-671. https://doi.org/10.1111/nph.13268.

Vessella, F., Schirone, B., 2022. Forest conservation and restoration using the Emberger
index: cork oak as study case. Forests 13, 252. https://doi.org/10.3390/f13020252.

Zuur, AF., Ieno, E.N., Elphick, C.S., 2010. A protocol for data exploration to avoid
common statistical problems: data exploration. Methods Ecol. Evol. 1, 3-14. https://
doi.org/10.1111/§.2041-210X.2009.00001..x.


https://doi.org/10.1016/j.agrformet.2014.11.021
https://doi.org/10.1046/j.0269-8463.2001.00597.x
https://doi.org/10.1046/j.0269-8463.2001.00597.x
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0330
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0330
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0330
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0330
https://doi.org/10.1111/j.1472-4642.2012.00901.x
https://doi.org/10.1111/j.1472-4642.2012.00901.x
https://doi.org/10.1007/s11104-013-1591-6
https://doi.org/10.1007/s11104-013-1591-6
https://doi.org/10.1016/j.foreco.2016.02.013
https://doi.org/10.1007/s13595-011-0181-0
http://refhub.elsevier.com/S0048-9697(23)04732-0/rf0355
https://doi.org/10.1111/geb.12962
https://doi.org/10.1111/geb.12962
https://doi.org/10.3832/ifor3331-013
https://doi.org/10.3832/ifor3331-013
https://doi.org/10.1016/j.rse.2018.10.004
https://doi.org/10.1016/j.rse.2018.10.004
https://doi.org/10.1016/j.foreco.2013.07.044
https://doi.org/10.1016/j.foreco.2013.07.044
https://doi.org/10.6084/M9.FIGSHARE.7504448.V5
https://doi.org/10.1007/s00442-010-1812-0
https://documents-dds-ny.un.org/doc/UNDOC/GEN/N19/060/16/PDF/N1906016.pdf?OpenElement
https://documents-dds-ny.un.org/doc/UNDOC/GEN/N19/060/16/PDF/N1906016.pdf?OpenElement
https://doi.org/10.1111/nph.13268
https://doi.org/10.3390/f13020252
https://doi.org/10.1111/j.2041-210X.2009.00001.x
https://doi.org/10.1111/j.2041-210X.2009.00001.x

	More than trees: Stand management can be used to improve ecosystem diversity, structure and functioning 20 ​years after for ...
	1 Introduction
	2 Methods
	2.1 Study area and sampling design
	2.2 Field assessment of vegetation and soil
	2.3 Data retrieval and analysis

	3 Results
	3.1 Tree size
	3.2 Ecosystem diversity, structure and functioning

	4 Discussion
	4.1 Effects of stand management
	4.2 Effects of tree species composition
	4.3 Effects of climate and soil

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


