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Forests cover ca. 30% of land surface, host much of Earth’s biodiversity, and provide many ecosystem services to
humans. As global environmental change alters ecosystems at fast rates, we still have a limited understanding of
how forests and their services may respond to anthropogenic and natural disturbances. The resilience framework
represents a powerful approach for assessing forests’ ability to withstand pressures and understand how to
preserve biodiversity and human well-being. Here we used a process-based model and forest inventory data to
estimate five forest ecosystem services (FES) (bluewater provision, erosion mitigation, potential recreational
value, timber volume stock, carbon stock) and assess their resistance and resilience to the severe drought that
affected Catalonia in 1994. Specifically, we estimated annual FES from 1990 to 2020 under three scenarios, i.e.,
actual (including 1994 drought), extreme (increasing drought by 50%), and counterfactual (undisturbed), and
then quantified resistance and resilience as the log-ratio of FES under the actual or extreme scenario relative to
the undisturbed scenario in 1994 and integrated over five years following the drought, respectively. Catalan
forests withstood historical drought conditions yet faced substantial damage under the extreme scenario.
Resistance and resilience varied among FES, with hydrologically related services showing sharper declines but
quicker recoveries than services that directly depend on forest structure and stocks. Local drought intensity was
the primary driver of resilience, while forest structure had service-specific effects. These findings underscore the
importance of evaluating a broad range of ecosystem services to capture diverse responses to drought and inform
management strategies to sustain key forest functions under increasingly extreme climate conditions.

many regions (Hartmann et al. 2022), including Europe (Senf et al.
2020; Griinig et al. 2026). Among these disturbances, drought has

1. Introduction

Forests provide a multitude of ecosystem services essential to human
well-being, capturing, for instance, ca. 30% of anthropogenic carbon
emissions and providing key habitats for global biodiversity (Mori et al.
2017). However, global environmental change is intensifying distur-
bances such as droughts (Spinoni et al. 2018), wildfires (van Wees et al.
2021), wind (Patacca et al., 2023), and pest outbreaks (Seidl et al.
2017), leading to forest loss and disruption of key forest processes in
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emerged as a particularly pressing threat, with increasing frequency and
severity under ongoing climate change (Brodribb et al. 2020). Consid-
erable uncertainty remains regarding how forest ecosystems will with-
stand prolonged or recurrent drought events, particularly in terms of
their ability to sustain key functions and ecosystem services, as well as
the underlying factors that control their dynamics. This uncertainty
poses significant challenges for forest strategies aimed at enhancing
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resilience in the face of climatic extremes (Groover et al. 2025).

The dynamics of forest ecosystem services (FES) are shaped by an
interplay of climatic, ecological, and structural factors, all influencing
forests’ ability to withstand disturbances. Climate, a major determinant
of forest distribution and function, governs services supply from local to
global scales (Runting et al. 2017; Roces-Diaz et al. 2018). The re-
lationships between biodiversity, ecological functioning, and FES pro-
vision are also well recognised (Felipe-Lucia et al. 2018; Liang et al.
2022). For instance, species richness and functional diversity play a key
role in services provision through the control of biomass productivity
(Isbell et al. 2015; Oliveira et al. 2022), whereas stand structure and age
explain the supply of regulating services (e.g., carbon sequestration,
temperature regulation) and cultural services (e.g., plants of cultural
value, bird-watching potential) (Felipe-Lucia et al. 2018; Jonsson et al.
2020). Forest management further influences tree species composition
and ecosystem structure, leading to variable FES outcomes (Mina et al.
2017). Clear-cutting practices, for instance, can either negatively (Sing
et al. 2018) or positively (Garcia-Valdeés et al. 2021) affect multiple
services, underscoring the context-dependent nature of FES responses
(Gutsch et al. 2018; Schwaiger et al. 2019). As services respond differ-
ently to drivers and disturbances, it is important to consider the full
spectrum of FES categories, from provisioning and regulating services to
cultural ones, which are often underrepresented in quantitative studies.

In the Mediterranean basin, forests have been shaped by millennia of
human activities and are particularly exposed to global change stressors
(Doblas-Miranda et al. 2017; Penuelas et al. 2017). Over recent decades,
reduced forest management, declining timber extraction, and agricul-
tural land abandonment (Ameztegui et al., 2010; Gauquelin et al., 2018)
have led to increased carbon stocks, altered growth and mortality pat-
terns, and greater dominance of broadleaved species thanks to their
higher competitive ability and greater capacity to cope with most dis-
turbances via resprouting (Vayreda et al. 2016; Anderegg et al. 2020). At
the same time, warming and drying trends since the 1990 s have trig-
gered episodes of drought-induced forest mortality, particularly
affecting Eurosiberian species such as beech and Scots pine (Martinez-
Vilalta and Pinol 2002; Penuelas and Boada 2003). Drought is the pri-
mary limiting factor for Mediterranean forests under current and, even
more so, future climate change (Tramblay et al. 2020), as exemplified by
the extreme 2021-2024 drought across southern Europe (Toreti et al.
2024). Drought-induced mortality can reduce carbon sequestration as
dying forests shift from carbon sinks to sources, alter hydrological fluxes
through decreased transpiration and canopy interception, and increase
soil erosion following canopy loss (Anderegg et al. 2013), with partic-
ularly severe effects expected in Mediterranean areas, where increasing
aridity and dense stand structures resulting from management aban-
donment amplify trade-offs among services (Moran-Ordonez et al.
2020). However, despite growing evidence of these impacts and our
improved understanding of stand-replacing disturbances such as wild-
fires (Thom and Seidl 2016; Roces-Diaz et al. 2022), knowledge remains
limited regarding the effects of drought, which typically results in less
severe impacts but operates over longer timescales and larger areas,
gradually altering forest structure, composition, and functioning.

Resilience, generally defined as the capacity to absorb or withstand
disturbance effects (Holling 1973; Hodgson et al. 2015), has become a
valuable framework for studying the impact of global environmental
change on terrestrial ecosystems, as it focuses on the intrinsic properties
(e.g., resistance, recovery) that shape the responses of complex systems
(Nikinmaa et al. 2020). However, quantifying resilience is inherently
challenging, much like measuring abstract qualities such as creativity or
hard work (Yi and Jackson 2021). When considering specific distur-
bances, two components of resilience, i.e., resistance and recovery, can
be considered (Hodgson et al. 2015). Resistance is defined as the ratio of
the property value during the disturbance relative to a pre-disturbance
or undisturbed state, and recovery as the ratio of the property value at
a given time after the disturbance relative to the value during the
disturbance (Lloret et al. 2011; Serra-Maluquer et al. 2018). Resilience
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can be quantified as the ratio of the property value at a given time after
the disturbance relative to a pre-disturbance or undisturbed state (Lloret
et al. 2011), or as the time required for attaining pre-disturbance or
undisturbed values (Cantarello et al. 2017; Ingrisch and Bahn 2018). In
principle, resistance and recovery are negatively related, yet different
processes operate on them, i.e., those related with the immediate impact
of the disturbance and those operating after the disturbance, respec-
tively. Assessing resilience by referring to a pre-disturbance situation
assumes that conditions before and after the disturbance (i.e., during
recovery) are similar, which is rarely the case (Lloret et al. 2024).
Alternatively, counterfactual approaches explicitly assess what would
have happened in the absence of the disturbance under study and use
this condition as the reference state (Epstude and Roese 2008; Lloret
et al. 2024). That is, they compare the dynamics of the actual variable
(during and after the disturbance) with those of a scenario in which the
disturbance did not occur, while keeping all other factors constant. The
main advantage is that the reference condition becomes dynamic and
accounts explicitly for environmental variability, which helps distin-
guish disturbance-driven changes from background variations, over-
coming the limitations of static pre-disturbance baselines (Coetzee and
Gaston 2021). While counterfactual thinking is gaining attention in
disciplines such as conservation, land system science, and sociology
(Jellesmark et al. 2021; Magliocca et al. 2023), its application for
empirical estimations of forest resilience is still limited (e.g., Martinez-
Vilalta et al. 2012; Schmitt et al. 2020; Zheng et al. 2023; Barrere et al.
2024). This is mostly because effectively producing counterfactuals, i.e.,
the alternative scenarios to the actual conditions, is inherently complex.
However, numerical modelling provides a viable solution, allowing key
drivers to be manipulated while keeping other variables constant. In
particular, process-based forest models have evolved significantly in
recent decades (Bugmann and Seidl 2022), enabling the study of envi-
ronmental conditions with no historical equivalent and in silico exper-
iments of potential future scenarios across large spatiotemporal scales
(Seidl et al. 2016). This is particularly relevant for forest ecosystems,
given their slow dynamics and delayed responses to environmental
change (Albrich et al. 2020). Additionally, forest models are particularly
suitable for predicting FES at the temporal resolution and over the
timescale needed to assess resilience, as short-term observations may fail
to capture the full trajectory of ecosystem recovery (Pretzsch et al.
2015).

The main objective of this paper is to characterise the main factors
that determine the resilience to drought of key FES in Catalonia,
Northeastern Spain. We address this objective by focusing on a partic-
ularly severe historical drought and using a counterfactual approach
that takes advantage of a process-based forest model and extensive data
from national forest inventory plots. Specifically, we first evaluated the
recent (1990-2020) dynamics of five key FES in Catalonia (i.e., blue-
water provision, erosion mitigation, potential recreational value, timber
volume stock, and carbon stock) in response to the summer drought of
1994, the most severe during the study period, as well as to a more
extreme, climate-change-type drought scenario. We then characterised
the resistance (reflecting the immediate drought impact) and resilience
(reflecting post-drought dynamics) of FES under each drought scenario,
relative to a no-drought, counterfactual scenario. Finally, we applied
linear mixed-effects models to evaluate the drivers of resistance and
resilience, including topoclimatic factors, structural and compositional
stand characteristics, and land-use legacy effects. We hypothesize that
(1) stand structure will be a strong driver of FES resilience, with forests
with high basal area and low species richness being less resistant and
resilient to drought; (2a) climate and forest functional type will also
have a strong effect on resilience, with mediterranean-type forests being
more resistant and resilient than montane forests dominated by Euro-
siberian species that reach the southern limit of their distribution in the
study area; (2b) the latter effects will be exacerbated under the extreme
drought scenario; and (3) there will be significant differences in resil-
ience between FES, with those services more tightly linked to weather
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conditions (hydrologically related services) being more responsive in
the short term (lower resistance) but more resilient in the long term than
services that directly depend on forest structure and stocks.

2. Materials and methods
2.1. Study area

Catalonia covers ca. 32000 km? of northeastern Spain. It is an overall
mountainous region with marked climate variability due to substantial
altitudinal and latitudinal ranges, complex topography, and an intense
coastal-inland climate gradient (annual rainfall and mean temperature
range from 400 mm per year and 18° C along the southern coast to over
1500 mm per year and 5° C over northern mountainous areas). Some
42% of Catalonia is covered by forests, of which 75% are privately
owned. Timber extraction is moderate (ca. 30% of the annual forest
growth), with intensive practices (e.g., clear-cutting) occurring in only
5% of the forested area. This is due to limited productivity from dry
Mediterranean summers and the prevalence of young, overstocked for-
ests following recent land abandonment (Cervera et al. 2019). The
dominant tree species belong to the Pinaceae and Fagaceae families.
More specifically, coastal and low-altitude forests are dominated by
Pinus halepensis Mill. (Aleppo pine), Quercus faginea Lam. (Portuguese
oak) and Quercus ilex L. (Holm oak), middle-altitude forests (800 — 1500
m) by Pinus sylvestris L. (Scots pine), Pinus nigra J.F. Arnold (Black pine),
Quercus pubescens Willd. (Downy oak) and Fagus sylvatica L. (European
beech), while above 1500 m, the main species are Pinus uncinata Ray-
mond (Mountain pine) and Abies alba Mill. (Silver fir) (Roces-Diaz et al.
2018).

2.2. MEDFATE model

MEDFATE (version 2.9.3) is a mechanistic model that simulates en-
ergy, water and carbon balances, and forest dynamics for both tree and
shrub species in a forest stand. It is a trait-enabled model, meaning that
it accounts for the plant functional diversity through parameters that
can be mapped to measured traits, and where similar plants in terms of
taxonomy and size are represented as a single cohort with average
structural characteristics (De Caceres et al. 2023).

In MEDFATE, plant transpiration and photosynthesis are calculated
using a description of plant hydraulics to estimate stomatal regulation
based on the steady-state and profit maximisation approaches (Sperry
et al. 1998, 2017). Carbon compartments include leaves, sapwood, and
fine roots, while carbon pools are differentiated into structural and
labile, both metabolic (i.e., soluble sugars) and storage (i.e., starch)
(Dietze et al. 2014). Growth is simulated as changes in leaf, sapwood,
and fine root areas using parameters that define maximum daily growth
rates relative to sapwood area. Tree leaf and fine root biomass are
constrained by allometric equations for leaf biomass, which limit growth
to replacing ageing tissues unless changes in forest structure occur.
Sapwood growth is primarily determined by maximum relative growth
rates, carbon availability, and temperature- and turgor-related limita-
tions (Korner 2015; Cabon et al. 2024). As sapwood formation increases
tree diameter, maximum sapwood growth rates determine the growth of
leaves and roots and, consequently, the entire plant maximum growth
(De Caceres et al. 2023). Plant mortality occurs at a steady basal rate to
account for processes not explicitly represented in the model (e.g.,
windstorms, biotic attacks). In addition, mortality rates increase once
the desiccation and carbon starvation thresholds expected to trigger
drought-induced mortality are exceeded (McDowell et al. 2022). In our
modelling exercise, we set desiccation to occur when the stem relative
water content decreases below 60% (Sapes and Sala 2021) and starva-
tion when the size of the sapwood metabolic carbon pool falls below
40% of its maximum value (Martinez-Vilalta et al. 2016). While we
applied these two thresholds independently, starvation and desiccation
processes are coupled within the model through the linkage of water and
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carbon economies. To evaluate the performance of the model at the
regional scale, we conducted a spatial and temporal comparison of leaf
area index (LAI), a key biophysical variable characterising canopy in-
teractions with light and precipitation as well as biogeochemical fluxes
at the biosphere-atmosphere interface (Brown et al. 2024). We
compared LAI as simulated by MEDFATE with the Moderate Resolution
Imaging Spectroradiometer (MODIS) LAI collection 6 (MCD15A3H)
(Myneni et al., 2021) (Appendix Al). An in-depth description of MED-
FATE and additional validation exercises against forest inventory data,
sapflow, and eddy covariance data are available in De Caceres et al.
(2023, 2021), Saponaro et al. (2025), Veuillen et al. (2026), and at htt
ps://emf-creaf.github.io/medfatebook/.

2.2.1. Input data

The primary data sources were the permanent plots from the Spanish
National Forest Inventory (NFI), a program of periodic surveys of forest
stand characteristics (diameter at breast height, tree height, tree density,
species composition) distributed across Spanish forests. NFI plots are
distributed on a regular grid with an average density of one plot per 2
km?. Each plot consists of four concentric subplots (10, 20, 30, and 50 m
diameter) where trees are sampled according to their diameter at breast
height (DBH). Regeneration (DBH < 2.5 cm) is recorded in categorical
abundance classes by species, saplings (2.5-7.5 cm DBH) are counted
with mean height recorded, and adult trees (DBH > 7.5 cm) are indi-
vidually measured for species, DBH, and total height across the nested
subplots (Alberdi et al. 2016). Here we used only plots in Catalonia that
were resampled in all three available NFIs, i.e., NFI2 (1990), NFI3
(2000), and NFI4 (2015) (Roces-Diaz et al. 2021). From these plots (n =
3415), we selected only those with initial stand basal area (BA) greater
than 5 m? ha™! to exclude very sparse forests as well as forests that had
experienced severe, recent disturbances such as fire and logging (Garcia-
Valdés et al. 2021). We also excluded plots that failed during the sim-
ulations, likely due to uncertainties in secondary species parameter-
isation or the complexity of simulating competition dynamics. This
reduced the number of plots to 2345. As NFI data do not come with
information on soils, per-plot soil physical properties such as texture,
bulk density, and organic matter content were obtained from the Soil-
Grids global database (Hengl et al. 2017). The input daily weather data
were retrieved via interpolation of weather observations from both the
Catalan and Spanish ground station networks at each plot location using
the R package meteoland (De Caceres et al. 2018).

2.2.2. Simulation design

We assessed the resistance and resilience of FES to an intense his-
torical drought episode and a simulated, more extreme scenario repre-
sentative of future climate-change-induced droughts. To this end, we
focused on the summer of 1994, the most severe drought recorded be-
tween 1976 and 2020 in the study area (Martinez-Vilalta and Pinol
2002; Altava-Ortiz et al. 2025), and applied a counterfactual approach
to compare the value of each ecosystem service under the actual and the
extreme drought scenario with those from a simulated, undisturbed
scenario (Section 2.4). Accordingly, we ran three sets of simulations,
each initialised from the same 2345 NFI plots:

e Actual scenario. Here we run the model using actual weather data
from 1990 to 2020.

e Extreme scenario. This scenario was created by increasing the in-
tensity of the 1994 drought by roughly 50%. To do this, we extended
the 1994 drought into autumn by using data from the year with the
lowest cumulative rainfall for the period September-October-
November from 1976 to 2020, which was 1978. We used weather
data for this year to replace actual 1994 data starting on the 8th of
September. This resulted in a total rainfall value for 1994 in the
extreme scenario of 409 mm yr~! (averaged over all the study area),
which is approximately 50% of the total annual rainfall for 1994 in
the actual scenario (801 mm yr’l).
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e Undisturbed scenario. In this scenario, we used weather data as if
there had been no drought in 1994. To calculate it, we identified the
year with a June-July-August (JJA) cumulative rainfall curve closest
to the 75th percentile of the JJA cumulative rainfall curve for
1976-2020. We opted for the 75th threshold to ensure a relatively
wet year that maximises differences with 1994, considering that
summers in Catalonia are generally dry. The best match, identified
using the lowest root mean square error, was the year 1995, which
we used to replace actual 1994 data. Specifically, 1995 data were
used from the day after the last rainfall event over 10 mm in May to
the day before the first rainfall event over 10 mm in September.
Therefore, the undisturbed scenario in 1994 combines data from 01
to 01-1994 to 13-05-1994, 14-05-1995 to 19-09-1995, and 20-09-
1994 to 31-12-1994 (total annual rainfall of 954 mm yr‘l).

While we calculated the undisturbed and extreme scenarios based on
rainfall only, the input weather data were created by replacing daily
records of all variables (precipitation; mean, minimum, and maximum
temperature; mean, minimum, and maximum relative humidity; radia-
tion; wind speed; and potential evapotranspiration), to maintain the
covariation structure of weather data (Appendix A2).

2.3. Forest ecosystem services

Our assessment of ecosystem services included bluewater provision,
erosion mitigation, potential recreational value, timber volume stock,
and carbon stock. These services were calculated annually at the plot
level from 1990 to 2020 under the actual, extreme, and undisturbed
scenarios by using the relevant MEDFATE outputs either alone or
combined with other information (Table 1). The choice of these services
reflects their importance in Catalan forests, availability of data, feasi-
bility to capture their dynamics with MEDFATE, ability to represent a
wide range of ecosystem services, and potential to exhibit varying re-
sponses to drought (Roces-Diaz et al. 2018; Haines-Young et al. 202.3).

e Bluewater provision (mm yr1). It represents the amount of water
that flows from the forest stand to the water table. Bluewater cor-
responds to the sum of the surface runoff and the water that perco-
lates beyond the reach of plant roots. We modelled both runoff and

Table 1

The five forest ecosystem services included in our analysis. Bluewater provision
corresponds to the sum of water runoff and deep drainage as estimated by the
model, while the remaining services were derived using model outputs together
with other information. FPAR: fraction of photosynthetically active radiation,
DBH: diameter at breast height, LAI: leaf area index, RUSLE: revised universal
soil loss equation, K: intrinsic soil erodibility, LS: slope length and steepness, R:
rainfall erosivity.

Forest Category Unit MEDFATE Other
ecosystem output information
service
Bluewater Provisioning mmyr !  Runoff, -
provision deep drainage
Erosion Regulating Mg ha™! FPAR Additional
mitigation yr ! RUSLE
parameters
(K, LS, R)
Potential Cultural 0-1 DBH, LAI, Expert
recreational number of assessment
value species, shrub (Appendix A3)
cover
Timber volume Provisioning m®ha ! Tree species, Allometric
stock DBH volume
equations
Carbon stock Regulating MgCO» DBH Allometric
ha™! biomass
equations
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deep drainage at the daily temporal resolution and later summed
them into annual values.

Erosion mitigation (Mg ha™! yr1). It describes the amount of soil
erosion prevented by vegetation. We used the Revised Universal Soil
Loss Equation (RUSLE), which estimates soil erosion as K x LS x R x
C x P (Guerra et al. 2016). K is the intrinsic soil erodibility of each
soil type (Panagos et al. 2014), LS describes the slope length and
steepness of the terrain (Panagos et al. 2015), R refers to the physical
erosivity of rainfall calculated with the rainfall erosivity model by
Diodato and Bellocchi (2010) using daily rainfall data, while C is the
mitigation effect due to vegetation, represented here by the fraction
of photosynthetically active radiation reaching the ground (P is the
conservation practices factor but was not included in our calcula-
tions). Erosion mitigation corresponds to the difference between soil
erosion calculated without and with the effect of vegetation, i.e., K x
LS x R x (1-0Q).

Potential recreational value (0 — 1). We estimated the potential value
of forest stands for recreation based on forest structure and compo-
sition metrics that have been shown to directly influence potential
recreation in European forests (e.g., Gundersen and Frivold 2008;
Edwards et al. 2012; De Meo et al. 2015; Chen et al. 2015; Filyush-
kina et al. 2017; Hegetschweiler et al. 2017, 2020; Agimass et al.
2018) and can be estimated with MEDFATE. These metrics included
maximum DBH, coefficient of variation of DBH, tree LAI, total shrub
cover (limited to shrubs taller than 15 cm), tree species richness,
variation in tree size among nearby stands (defined as the maximum
DBH of the target plot divided by the average maximum DBH of plots
within a 10 km radius), and non-forest cover (calculated as one
minus the proportion of forest cover, i.e., the frequency of plots with
basal area > 4 m? ha~! and shrub cover > 30% within a 10 km radius
of the target plot). We identified the MEDFATE model outputs that
best corresponded to each metric, calculated their ranges for Catalan
forests, and conducted an expert assessment. For this, we presented a
questionnaire to eight experts in Catalan forest ecology to determine
the most likely relationships between model outputs and recreational
value in the study area. As a result, we obtained a recreational value
(from 0 to 1) for each output, which we finally weighted-averaged
into an overall potential recreational value (Appendix A3).

Timber volume stock (m> ha™1). It represents the harvestable timber
volume for construction and furniture. Timber volume was calcu-
lated by applying allometric volume equations obtained within the
study area (Alberdi et al. 2016) based on species, DBH, height, and
stem form (e.g., uniform cylindrical shape, branching before 4 m,
twisted/damaged/highly branched, etc.) for tree stems with DBH
greater than 22.5 cm of all species, excluding typical firewood spe-
cies (i.e., Quercus ilex, Quercus pubescens, Quercus faginea, Quercus
cerrioides, Arbutus unedo, and Erica arborea). Our calculations
included bark.

Carbon stock (MgCO, ha™?). It quantifies the carbon sequestered by
the aboveground and belowground woody components of vegeta-
tion. We estimated carbon from tree biomass, a direct indicator of
tree carbon stock, by applying species-specific allometric biomass
equations (obtained within the study area) based on the height and
DBH for each biomass compartment, as in Ruiz-Peinado et al. (2012,
2011). Carbon stock was calculated for trees with DBH greater than
7.5 cm.

2.4. Data analysis

2.4.1. Resistance and resilience metrics

For each ecosystem service, we estimated resistance as the log-ratio
of the actual or extreme scenario to the counterfactual undisturbed
scenario in 1994 (Dorheim et al. 2022), while resilience was calculated
as the log-ratio of the actual or extreme scenario to the counterfactual
undisturbed scenario, integrated over five years after the drought
(1995-1999) (Anderegg et al. 2015). Although resistance inherently
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influences resilience, the two metrics are not necessarily correlated, as
resistance is directly linked to drought impact and resilience is also
determined by processes operating after the drought, including recov-
ery. To avoid an excessive number of response variables, and given that
recovery is already captured by resilience (and tends to have a strong,
negative correlation with resistance) (Zheng et al. 2021), we decided not
to include it as a separate metric in our analyses. The log-ratio approach
standardises comparisons between different variables and scenarios,
facilitating the interpretation of whether a service was higher or lower
during the actual or extreme drought scenarios, relative to what would
have occurred without the drought episode. For instance, a log-ratio of
—1 indicates that the ecosystem service is ca. 2.7 times lower (63%
reduction), 0 indicates no change, and + 1 indicates a ca. 2.7 times
higher (170% increase) relative to the counterfactual value. Finally,
Appendix A4 presents a sensitivity analysis of resilience calculated by
integrating the log-ratio over one (1995), three (1995-1997), and seven
(1995-2001) years after the drought.

2.4.2. Drivers of resistance and resilience

We identified ten potential drivers of resistance and resilience, each
calculated at the plot level in 1990 (i.e., the beginning of the study
period), except for bioclimatic region, which was derived using data
from 1965 to 2000, and the Standardized Precipitation Evapotranspi-
ration Index (SPEI), which was calculated for the summer drought of
1994 relative to the long-term climatic average (i.e., January 1976 to
December 1994). Drivers related to forest structure were calculated for
trees with DBH greater than 7.5 cm only. Spatial maps for each driver
are shown in Appendix A5.

e Dominant functional type (categorical). The relative abundance of
broadleaved and needleleaved species may affect resilience because
of the differences in structural, physiological, and ecological traits
(Pardos et al. 2021). To account for this, we used basal area to
classify plots according to the dominant tree functional type among
broadleaved deciduous, broadleaved evergreen, and needleleaved
species.
Bioclimatic region (categorical). To assess the role of climate on
forest resilience, plots were classified according to the Bioclimatic
Classification for Continental Spain, which uses the thermicity index
calculated for the period 1965-2000 (i.e., the sum of the mean
annual temperature, mean temperature of the lowest values of the
coldest month, and the mean temperature of the highest values of the
warmest month, expressed in tenths of degrees) to represent long-
term climate and, ultimately, potential vegetation types. Here we
considered mediterranean (including coniferous, sclerophyllous, and
mixed), supramediterranean (including coniferous, semi-deciduous,
sclerophyllous, and mixed), and montane (including coniferous
and mixed coniferous-deciduous) forests (Selwyn et al. 2024). We
chose this approach because it represented a more general (and
largely independent) climate driver, distinct from the daily climate
data we used as input for MEDFATE.
SPEI (unitless). The level of dryness during the summer drought of
1994 relative to the long-term mean is a measure of disturbance
intensity, and it likely affects both resistance and resilience. Thus, we
included SPEI as a driver, calculated for May-August 1994 (time
window of 6 months) using the R package SPEI (Begueria and
Vicente-Serrano 2023).
Basal area (m? ha™1). We included basal area as a driver because it is
a key metric for characterising forest structure, stand development,
and potential competition for water resources.
Coefficient of variation of DBH (unitless). As an additional forest
structure metric, we evaluated the potential effects of the relative
variability of DBH as a measure of structural complexity.
e Tree richness (unitless). Forests with higher species richness are
generally more resilient (Ibanez et al. 2019). We therefore included
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richness as a driver, calculated by counting the number of unique
tree species in the NFI2 plots.

Slope (degrees) and aspect (categorical). We included topographic
drivers such as slope and aspect to account for their effect on local
hydrology, soils, and exposure to solar radiation. Aspect was classi-
fied as North (greater than 315° and less than 45°), South (greater
than 135° and less than 225°), West (greater than 225° and less than
315°), and East (greater than 45° and less than 135°).

Past forest management (categorical). Forest management that
occurred before 1990 may influence the ability of forest stands to
withstand and respond to disturbances. Therefore, we included past
forest management as a presence/absence driver, based on evidence
recorded in the NFI2 data.

Land-use history (categorical). We defined land-use history by
overlaying the position of each forest plot with orthoimages from the
1956 American Flight B series over Spain. This exercise allowed us to
classify plots into either long-existing forests, which were already
present in 1956, or recent forests, established in croplands or pas-
turelands after 1956 following rural abandonment. The year 1956
predates the significant forest expansion that occurred in the second
half of the 20th century, making it an effective baseline for dis-
tinguishing between older and newer forests (Cervera et al. 2019).
We consider this classification a meaningful driver of resistance and
resilience based on previous studies showing significant differences
in both the functioning and structure between these two forest types
(Alfaro-Sanchez et al. 2019; Espelta et al. 2020).

2.4.3. Statistical modelling

To assess the drivers of resistance and resilience, linear mixed-effects
models (LMMs) were fitted using the lmer function from the lme4 (Bates
et al. 2024) and ImerTest packages (Kuznetsova et al. 2022). We scaled
continuous variables using the standardised parameters function from
the effectsize package (Ben-Shachar et al. 2024). Both the resistance and
resilience of each ecosystem service in the actual and extreme scenarios
were used as response variable, resulting in 20 LMMs. We used the same
set of drivers as predictors for both resistance and resilience and
included county (n = 41) as a random effect to account for potential non-
independence among nearby plots (Harrison et al. 2018). We did not
consider interactions due to the high number of drivers included in our
analysis, and because preliminary analyses indicated that including in-
teractions generally had a negligible impact on model results. For each
model, we applied the stepAIC function from the MASS package (Ripley
and Venables 2024) to find the most parsimonious model that best
balances goodness of fit with model complexity, as indicated by the
Akaike Information Criteria (AIC). Further, we used the r.squaredGLMM
function from the MuMIn package (Barton, 2024) to derive the pro-
portion of variance explained by fixed effects alone (R?m) and by both
fixed and random effects (R%c). No collinearity was observed among the
drivers, as indicated by low variance inflation factors (Appendix A6).
Our methodological workflow is summarised in Fig. 1. All analyses were
performed within the R environment, version 4.2.1 (Posit team 2025).

3. Results
3.1. Changes in forest ecosystem services

Annual values of the five FES from 1990 to 2000 averaged by
bioclimatic region are shown in Fig. 2 (the complete time series covering
1990-2020 is provided in Appendix A7). Bluewater provision and
erosion mitigation showed an increase in the drought year for the actual
scenario with respect to 1993, as autumn 1994 was particularly wet.
Potential recreational value, timber volume stock, and carbon stock
appeared relatively unaffected. The simulated extreme drought signifi-
cantly decreased bluewater provision and erosion mitigation, left the
potential recreational value unaltered, and had modest effects on timber
volume and carbon stock. Under the counterfactual undisturbed
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Fig. 1. Schematic overview of our methodological workflow. We used a process-based forest model (MEDFATE) to run three sets of simulations (actual, extreme, and
undisturbed scenarios) on 2345 plots of the Spanish National Forest Inventory (NFI) program in Catalonia. From these simulations, we retrieved five relevant forest
ecosystem services, for which we calculated the resistance and resilience to drought using a counterfactual approach. Linear mixed-effect models (LMMs) were fitted
to identify the drivers of resistance and resilience. We evaluated MEDFATE performance by comparing simulated leaf area index (LAI) from the actual scenario
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scenario, patterns did reflect a no-drought condition. Noticeably, while
bluewater provision and erosion mitigation returned to pre-drought
levels within a year across the three bioclimatic regions, the extreme
scenario in the mediterranean and supramediterranean regions delayed
the return to pre-drought levels for timber and carbon stocks.

3.2. Forest ecosystem services resistance and resilience

In the actual scenario, resistance clustered around zero (i.e., small
drought impact) for all FES, except for hydrologically related services (i.
e., bluewater provision and erosion mitigation), which exhibited
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negative values (Fig. 3a). In the extreme scenario (Fig. 3b), negative
responses were amplified for these services (median resistance below
-1), while potential recreational value, timber volume stock, and carbon
stock remained generally resistant. Resilience showed greater variability
than resistance and, importantly, all services decreased when tran-
sitioning from the actual (Fig. 3c) to the extreme (Fig. 3d) scenario
(except for potential recreational value), indicating lower resilience
under harsher drought conditions. The montane region appeared to be
more resilient than the Mediterranean and supramediterranean regions,
as reflected by less negative log-ratio values and smaller interquartile
ranges.

3.3. Drivers of forest ecosystem services resistance and resilience

Bioclimatic region, SPEI, and basal area emerged as key drivers of
resistance across most FES (Fig. 4). Montane and supramediterranean
forests tended to show lower resistance of hydrologically related ser-
vices (i.e., bluewater provision and erosion mitigation) under the actual
scenario. For the other services and for the extreme scenario overall,
montane forests tended to generally exhibit higher resistance than
mediterranean ones, particularly under extreme drought, while supra-
mediterranean ones showed similar responses to the mediterranean. As
expected, SPEI consistently showed a strong positive effect on the
resistance of most services across both scenarios, underscoring the role
of drought intensity in shaping ecosystem-level impacts (higher SPEI
denotes lower drought intensity, and vice versa). The role of basal area
was less consistent, showing negative effects on bluewater provision
only in the extreme scenario, but positive effects on timber volume and
carbon stocks in the extreme scenario. In stands dominated by
resprouting needleleaved evergreen species, resistance was lower for
bluewater provision across both scenarios, and for erosion mitigation in
the extreme scenario. Other drivers played a relatively minor role
(Fig. 4).

Bioclimatic region, SPEI, and basal area emerged as the most sig-
nificant drivers also for resilience (Fig. 5). Specifically, SPEI had a
positive effect on the resilience of most services, except for bluewater
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provision under both scenarios. Basal area effects were significant only
in the extreme scenario, where it decreased the resilience of bluewater
provision, while increasing the resilience of erosion mitigation, timber
volume and carbon stocks. In addition, needleleaved evergreen forests,
which negatively affected resistance, showed a positive effect on resil-
ience for bluewater provision (both scenarios), suggesting lower resis-
tance but a greater ability to recover compared to broadleaved
deciduous forests. More clearly than for resistance, montane forests
displayed higher resilience than mediterranean forests across most ser-
vices, particularly in the extreme scenario. Other significant effects
included aspect (positive for timber volume stock in the actual scenario)
and coefficient of variation of DBH (negative for potential recreational
value under both scenarios).

4. Discussion

Our counterfactual modelling approach enabled us to isolate the
effects of drought from other drivers of forest resilience dynamics by
comparing actual and extreme drought scenarios against an undisturbed
baseline. This provided a consistent framework for evaluating patterns
of resistance and resilience to drought for a range of FES.

Our first hypothesis was only partially supported, as the effects of
forest structure and tree richness on FES resistance and resilience were
generally limited and outweighed by climate-related drivers (Figs. 4 and
5). These results contrast with previous assessments, such as Roces-Diaz
et al. (2021), which identified structural characteristics as the primary
driver of recent FES dynamics in Catalonia. However, that study focused
on general trends and spatiotemporal patterns in service provision at a
decadal timescale, whereas our analysis estimates resilience to a specific
drought event. Considered together, our results and those of Roces-Diaz
et al. (2021) may indicate that (i) long-term FES dynamics are shaped by
stand structure and succession, but (ii) responses to specific drought
events are primarily climate-driven, as indicated by SPEI effects (Ap-
pendix A8). As expected, the effect of SPEI was positive in nearly all
cases, indicating that less severe drought promoted FES resistance and
resilience. These results are consistent with the key role of negative
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to undisturbed integrated during 1995-1999, for the five forest ecosystem services. Asterisks indicate significant (p < 0.001) departure from zero based on one-
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Fig. 4. Standardised estimates of the best LMMs explaining the effects of drivers of resistance of the five forest ecosystem services. The reference level for dominant
functional type is broadleaved deciduous, for bioclimatic region is mediterranean, for aspect is East, for past forest management is absence of past management, and
for land-use history is long-lasting forest. Orange indicates the actual scenario, purple indicates the extreme scenario, solid lines and dots are significant estimates (p
< 0.05), dashed lines and crosses are non-significant estimates (p > 0.05). R’m: marginal Rz, RZ%c: conditional Rz, (n): number of plots in each LMM (this is not
necessarily 2345 due to some missing soil erodibility data, the exclusion of unrealistic plots with no annual rainfall, and the fact that not all plots met the conditions
required to produce timber). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

rainfall anomalies in promoting drought-induced forest decline in the
study area (Chaparro et al. 2017). Basal area emerged as the most
influential structural attribute, exhibiting negative effects on the resis-
tance and resilience of hydrologically related services, as higher basal
area intensified competition for water, exacerbating the effects of cli-
matic drought on soil water availability and hydrological output. In
contrast, basal area had positive effects on stock-based services,
particularly under extreme drought conditions, where larger basal area
implied greater initial stocks, thereby reducing the relative impact of
mortality rates with similar absolute magnitude (and resulting in smaller
log-ratio). This evidence supports long-lasting knowledge that denser
stands increase plant competition for light, water, and nutrients
(Haberstroh and Werner 2022), leading to faster resource depletion and,
consequently, lower resilience of water and carbon fluxes (Giuggiola
et al. 2013, 2018. However, biomass reductions during drought were
proportionately lower in forests with higher basal area, implying a
greater capacity to maintain timber and carbon stocks over time. These

findings underscore trade-offs between enhancing the resilience of hy-
drologically related services (and services representing rates such as
timber volume increment and carbon sequestration rate; Appendix A9)
and maintaining stock-based ones, particularly in water-limited regions
such as the Mediterranean Basin (Roces-Diaz et al. 2021). This has
important management implications, as reducing stand density may
help alleviate competition and improve drought resilience of water
provision, but high extraction rates might negatively affect the capacity
to sustain timber volume and carbon stocks in the mid-term (Ameztegui
et al. 2017; Bottero et al. 2017). These results contribute to the evidence
showing the complexity of stand development and thinning effects on
forest responses to drought, even when focusing solely on water-related
services (Bachofen et al. 2023).

Tree species richness did not emerge as a dominant driver of both
resistance and resilience as generally understood (Mori et al. 2013;
Oliver et al. 2015), but this does not refute the possibility that more
nuanced measures of taxonomic or functional diversity may play a more
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important role in driving resilience to drought than just the absolute
number of species (Garcia-Valdés et al. 2021). The small effect of tree
richness may reflect the extensive erosion of tree species diversity in
mediterranean-type forests after a long history of intensive manage-
ment, as indicated by the limited variation in richness and forest
structure observed in 1990 across the study region (Appendix AS5)
(Sanchez De Dios et al. 2023). Thus, we cannot discard that more
functional measures of tree diversity (e.g., Garcia-Valdés et al. 2021;
Ouyang et al. 2023) would have shown a stronger impact on FES resil-
ience. Long-existing forests and recent forests showed similar resistance
and resilience, possibly because they are very similar, on average, in
terms of species composition and stand structure (Appendix A5). Indeed,
previous studies conducted in the region have indicated that species
colonisation credits in recent forests are relatively quickly cancelled
(after ca. 40 years) and, therefore, they exhibit a similar tree species
composition and basal area to long-existing ones (Espelta et al. 2020;
Cruz-Alonso et al. 2021). Ultimately, the minimal influence of past
management and land-use history on resistance and resilience suggests
that current forest conditions may be more important for drought

response than legacy effects. This implies that management decisions
could primarily focus on present-day forest characteristics, potentially
simplifying planning and intervention.

Mediterranean forests were not the most resistant or resilient, and
our second hypothesis was therefore not supported. Instead, montane
regions, despite being dominated by species with relatively lower
drought tolerance, exhibited higher resistance and resilience across most
ecosystem services, particularly under the extreme drought scenario
(Figs. 3-5), and also returned to pre-drought levels faster (Fig. 2) (similar
patterns were observed for timber volume increment and carbon
sequestration rate, Appendix A9). This may be attributed to the lower
drought severity experienced in this region, as indicated by SPEI values
(Appendix A8), and the inherently wetter climate, which on the one
hand determines less extreme absolute drought metrics for a given SPEI
and, on the other, facilitates faster soil moisture replenishment once the
drought episode is over. These results align with observations of
drought-induced forest decline in the study area, where both mediter-
ranean and montane forests have been affected, suggesting that spatial
patterns cannot be explained solely by species' historical climatic
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affiliations (Margalef-Marrase et al. 2020; Hartmann et al. 2022). Ulti-
mately, mediterranean forests emerged as vulnerable to extreme
drought conditions (Figs. 2 and 3), underscoring the need for targeted
management interventions to enhance their resilience and ensure the
continued provision of ecosystem services in the future.

As expected, and consistent with our third hypothesis, the extreme
scenario showed a marked decline in resistance followed by a rapid
return to pre-drought levels of hydrologically related services, high-
lighting the strong dependence of these services on precipitation pat-
terns. Under the actual scenario, however, this pattern was less
apparent, as the exceptionally wet autumn of 1994 offset the summer
water deficit and led to relatively high annual rainfall, ultimately
enhancing both resistance and resilience (Figs. 2 and 3a and c, and
Appendix A2). These findings highlighted the overall marked sensitivity
of hydrologically related services to precipitation, with sharp declines
during drought conditions and the capacity to recover once moisture
availability improves. This response is particularly relevant when
interpreting differences between mediterranean and more humid
montane systems. From a purely hydrological perspective, changes in
precipitation in drier forests primarily affect evapotranspiration, with
minimal influence on runoff, whereas in more humid forests, precipi-
tation changes more directly influence blue water availability (Pinol
et al. 1991). This framework helps explain why bluewater provision was
less affected by the actual 1994 drought in mediterranean forests
compared to montane ones (Fig. 2). However, the stronger decline in
bluewater provision under the extreme scenario suggests that additional
mechanisms (e.g., changes in forest structure) may also be contributing.
It is also worth noting that annual precipitation totals may obscure
seasonal extremes, emphasising the importance of considering intra-
annual dynamics when evaluating ecosystem responses. In the study
area, water provision depends largely on spring and autumn precipita-
tion rather than on summer rainfall, which is typically insufficient to
meet evaporative demand (De Caceres et al. 2015). Whether the impacts
on hydrologically related services would differ under a multi-year
drought rather than a single, intense event remains an open research
question. Finally, FES more related to forest structure (timber volume
and carbon stocks, and potential recreational value) showed higher
resistance compared to hydrologically related services, reflecting their
dependence on slower-changing forest attributes. Specifically, timber
volume and carbon stocks exhibited modest declines under the extreme
scenario with a corresponding decrease in resilience, while potential
recreational value remained unaffected across scenarios and regions
(Figs. 2 and 3). Such limited impact on structural services is consistent
with the fact that droughts do not typically lead to abrupt, widespread
stand loss at regional scale. Whether this will still be the case under
future climatic regimes characterised by longer and hotter droughts is
yet to be understood (Allen et al., 2010; Hartmann et al., 2022). That
said, the low sensitivity of potential recreational value to drought could
also reflect methodological limitations in the way it was estimated in
this study (Section 4.1).

4.1. Limitations

A limitation of our study lies in how our forest model represents
demographic dynamics after drought. Resprouting, for instance,
particularly relevant for broadleaf species with strong regenerative ca-
pacity, was not included in version 2.9.3 of the model, potentially
leading to underestimations of resilience in services sensitive to post-
disturbance regrowth (Martinez-Vilalta and Lloret 2016). This is a
common limitation in forest modelling, as most models do not account
for resprouting mechanisms, thereby hampering the ability to simulate
post-disturbance dynamics (Hanbury-Brown et al. 2022). However, this
artefact is unlikely to significantly affect our results, as resprouter-
dominated plots represent a similar, moderate fraction of the study
plots (around one third) in the three bioclimatic regions (Appendix
A10). In addition, resprouting is generally higher following disturbances
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such as clear-cutting or fire than after drought-induced mortality. As we
excluded plots with signs of logging or fire, the underestimation of
drought-induced resprouting may be less pronounced than in post-
harvest scenarios. Further, the model’s limited temporal accuracy,
likely due to uncertainty in soil water holding capacity or mis-
represented defoliation thresholds (Appendix A1), may further influence
how post-disturbance trajectories of services are simulated over time
and, hence, their interpretation (Cabon et al. 2018). Soil data from
SoilGrids, a product with known limitations, especially with respect to
rock content, may affect the accuracy of drought stress predictions and
post-drought dynamics. This represents yet another common challenge
in forest modelling (Dukes et al. 2026), as precise soil hydraulic prop-
erties are rarely available at the regional scale. Given that uncertainties
in soil water holding capacity can lead to underestimation of drought
severity, our simulated post-drought trajectories may be faster than in
reality, potentially inflating resilience estimates. Nonetheless, the model
reproduced observed empirical patterns and provided coherent simu-
lations of actual, extreme, and undisturbed drought conditions, as evi-
denced by consistent temporal dynamics and patterns of resistance and
resilience across scenarios, suggesting its overall suitability for
comparative resilience assessments.

Finally, the selection of ecosystem services was guided by the outputs
that MEDFATE can provide. Process-based forest models simulate bio-
physical processes but are not designed to capture cultural ecosystem
services, which depend on social and behavioural factors. Empirical data
on recreational use of forests are also spatially fragmented and tempo-
rally inconsistent, further limiting their integration with model outputs.
To address this, we developed a first expert-based scoring approach to
estimate the potential recreational value within a process-based
modelling framework, combining structural model outputs with expert
judgement. While this provided a usable proxy, the resulting index is
largely driven by slowly changing structural attributes, which may limit
its responsiveness and help explain the observed low sensitivity to
drought. The provisioning services could also be expanded in future
work. For instance, the yield of edible mushrooms is an important forest
product in Mediterranean forests and their relevance as a key provi-
sioning service has been previously modelled and assessed in the study
area (de-Miguel et al. 2014; Roces-Diaz et al. 2021), but empirical
equations are currently available for pine-dominated forests only, which
would have excluded all broadleaved-dominated plots from our
assessment.

5. Conclusions

The different responses of the five FES underscore the need to assess
resistance and resilience across multiple ecological functions. Hydro-
logically related services, for instance, exhibited much sharper declines
and quicker recoveries compared to structural services such as timber
volume and carbon stocks. These differences reflect inherent variations
in service dynamics, emphasising the value of spatiotemporal, multi-
functional approaches to capture the full spectrum of ecosystem re-
sponses to disturbances (Mori et al. 2017; Himes et al. 2020). Overall,
we show that while Catalan forests demonstrated relatively high resil-
ience to the 1994 summer drought, they may not withstand more
extreme events expected under future climate change scenarios,
particularly in the Mediterranean region. Climate (including local
drought intensity during the event) was the dominant driver of resis-
tance and resilience to drought, while structural attributes such as basal
area played a secondary but, importantly, service-specific role (e.g.,
enhancing stock-based services while undermining resilience of hydro-
logically related services). Species richness, past forest management,
and land-use history had marginal effects, likely due to the relative
structural and biodiversity homogeneity observed across the region and
the variability within categories describing recent forest dynamics
(Appendix A5).
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