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A B S T R A C T

Forest productivity, essential for climate change mitigation, is increasingly threatened by environmental fluc
tuations, particularly droughts. Temporal stability in forest productivity —its ability to remain consistent over 
time— is influenced by climate, forest structure, community maturity, and tree composition and diversity. 
However, while the effect of taxonomic composition and diversity on forest stability has been extensively 
studied, the role of composition and diversity in drought related trait has received less attention. This study 
explores how drought-tolerance traits, alongside climatic and structural factors affect forest stability between 
2000 and 2018 across ~40,000 forest plots in Spain. We used satellite-derived vegetation indices as proxies for 
productivity to assess stability, and forest inventory data and species traits to calculate community-level drought 
tolerance. Water availability was the strongest positive driver of stability, with temporal stability, soil water- 
holding capacity, and forest maturity and density also contributing positively, though to a lesser extent. Mini
mum temperature had a small and negative effect. Functional diversity in drought-tolerance traits related to 
hydraulic safety (P50 and Hydraulic Safety Margin) had a modest but statistically significant and consistent 
positive effect on stability. Community-weighted mean trait values showed mixed effects. While climate was the 
dominant factor shaping forest stability, but our findings highlight a relevant role of drought-tolerance diversity, 
providing a potential mechanism to explain previous findings that drought-tolerance diversity enhances long- 
term productivity in drought-prone regions. This suggests that fostering drought-related functional diversifica
tion could be considered as a potential management strategy to strengthen the stability of forest ecosystem 
services, especially amid rising climate variability and drought frequency.

1. Introduction

Forests play a key role in delivering a wide range of ecosystem ser
vices, making them essential to human well-being (Crowther et al., 
2015; Watson et al., 2018). Among these, tree biomass production is 

particularly important, supporting critical services such as carbon 
sequestration and timber supply. This highlights the potential of forests 
as nature-based solutions for mitigating climate change impacts (Ninan 
and Inoue, 2013; Anderegg et al., 2020). However, forest productivity 
fluctuates annually due to temporal climate variations in climate, 
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particularly water availability and temperature (McDowell et al., 2020). 
Climate change is amplifying these variations, potentially leading to 
stronger productivity fluctuations, and even forest loss in some regions 
(Anderegg et al., 2022; Hartmann et al., 2022).

Temporal stability refers to an ecosystem’s ability to maintain a 
consistent state over time despite environmental fluctuations and dis
turbances (Ives and Carpenter, 2007), although some authors refer to 
this specific property as constancy (see de Bello et al., 2021). Stability is 
often quantified as the ratio of the temporal mean to the standard de
viation of a state variable, in this case, productivity (Tilman, 1996). 
Stability is closely related to other system properties such as resis
tance—the ability to remain unchanged during disturbances— and 
resilience, which describes how quickly an ecosystem recovers after a 
disturbance and avoids shifting to alternative states (Ives and Carpenter, 
2007).

Forest productivity stability is influenced by climate conditions, tree 
species composition (i.e., dominant species), vegetation structure, and 
community maturity (Huang and Xia, 2019; Ouyang et al., 2019, 2021). 
Additionally, taxonomic diversity has been reported to buffer produc
tivity fluctuations across ecosystem types (e.g., Tilman et al., 2006; 
Ruijven and Berendse, 2007; Isbell et al., 2009; Hector et al., 2010; Isbell 
et al., 2015; Craven et al., 2018; Valencia et al., 2020), including forests 
in various regions (e.g., Morin et al., 2014; García-Valdés et al., 2018; 
Schnabel et al., 2021; Hurtado et al., 2025). However, the role of 
functional diversity in drought tolerance traits in stabilizing forest 
productivity remains less explored. Understanding how 
drought-tolerance diversity influences stability is crucial for anticipating 
the consequences of diversity loss, and for designing management 
strategies to secure the stable provision of forest ecosystem services 
under climate change.

The positive relationship between diversity and ecosystem stability 
has been attributed to several mechanisms; among them the two most 
relevant for functional diversity are: the selection effect, which suggests 
that more diverse communities are more likely to include species that 
are at the same time dominant and stable, and the complementarity 
effect that arises from a more efficient resource use through niche par
titioning (Loreau, 2000; Hector et al., 2010). When species exploit 
different resources, or use similar resources at different times, the 
community achieves a more complete use of the available resources 
(Hooper et al., 2005). A particular case of complementarity is the 
mechanism of compensatory dynamics through species asynchrony, 
which involves temporal niche partitioning. Here, species exhibit 
asynchronous responses to environmental fluctuations, i.e., declines in 
some species during adverse conditions are offset by increases (or 
smaller declines) in others. This dynamic reduces variability in 
community-level productivity, thereby enhancing temporal stability 
(Doak et al., 1998; Yachi and Loreau, 1999; Loreau and de Mazancourt, 
2013; de Bello et al., 2021). This mechanism may be especially relevant 
under increasing climate variability, as it buffers ecosystem function
ality against fluctuations.

Plant functional adaptations to drought are considered critical for 
maintaining forest functioning, including stability (Anderegg et al., 
2018; Khoury and Coomes, 2020), and are increasingly relevant as 
climate change intensifies vegetation water stress globally (Allen et al., 
2015; Hartmann et al., 2022). In a recent study, we found that diversity 
in tree hydraulic traits conferring drought tolerance was positively 
associated with long-term forest productivity in Mediterranean forests 
(García-Valdés et al., 2021). Similar patterns have been observed in 
temperate and tropical forests (Schnabel et al., 2021; Lammerant et al., 
2023). Notably, this positive relationship arises despite the fact that 
drought-tolerant species grow more slowly (García-Valdés et al., 2021). 
The apparent paradox that the most productive communities include at 
least some slow growing species, could be explained by the asynchrony 
between drought-tolerant and drought-sensitive species, which respond 
differently to wet and dry years.

Here, we investigate the drivers of forest productivity stability, with 

a particular focus on the role of tree hydraulic diversity and composi
tion. We used satellite data to estimate the productivity stability over 19- 
year period (~ 7.4 mill. measurements) across ~40,000 forest plots 
(~719,000 trees) in Spain. We combined these stability estimates with 
climate data, forest structure, and drought-tolerance diversity and 
composition. We hypothesized that climate would be the primary driver 
of forest stability, but that forest structure, composition, and hydraulic 
diversity and composition would also play significant roles. Specifically, 
we expected that greater hydraulic diversity would enhance produc
tivity stability by ensuring a more consistent biomass production across 
dry and wet periods, due to the asynchronous species responses to 
fluctuations in water availability (Loreau and De Mazancourt, 2013; 
Oliver et al., 2015).

2. Material and methods

2.1. Study area

The study area covers the Spanish inland region and the Balearic 
Islands (Fig. 1A), encompassing approximately 500,000 km2. This area 
includes: (i) the predominant Mediterranean region, characterized by 
high climate seasonality and a pronounced summer water deficit; (ii) the 
Alpine region, primarily located in the Pyrenees; and (iii) the Atlantic 
region, which receives more than 1000 mm of annual precipitation and 
experiences summers without significant water deficits. Forests cover 
approximately 36 % of this area (MITECO, 2023), comprising evergreen 
broadleaved and coniferous forests in the Mediterranean region, 
montane coniferous forests in the Alpine region, and deciduous broad
leaved and coniferous forests in the Atlantic region.

2.2. Data

2.2.1. Forest inventory data
We compiled data from the third Spanish National Forest Inventory 

(SFI), surveyed between 1997 and 2007 (MITECO, 2007). The SFI 

Fig. 1. Biogeographical regions in Spain (European environmental agency, 
EEA, 2023) where the study area was carried on (A), and spatial patterns of 
stability using the invCV metric of stability from NDVI temporal series (B).
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systematically covers all forested areas in Spain using a regular grid of 
plots, with a density of approximately 1 plot/km2. In each field plot, four 
concentric circular sub-plots with radii of 5, 10, 15 and 25 m were 
established, where trees were individually identified and measured ac
cording to their diameter class: 7.5–12.5 cm, 12.5–22.5 cm, 
22.5–42.5 cm and > 42.5 cm, respectively (García-Valdés et al., 2013). 
To ensure data quality, we excluded plots with significant disturbances 
(e.g., fire or forest logging) by considering only plots with a total basal 
area of at least 4 m2/ha.

2.2.2. Satellite data for estimating forest productivity stability
Using the coordinates of each SFI plot, we extracted time series of 

satellite data from the Moderate Resolution Imaging Spectroradiometer 
(MODIS) to estimate two vegetation indices commonly used as proxies 
of vegetation productivity (Huete et al., 2002): (i) Normalised Differ
ence Vegetation Index (NDVI), a widely used proxy of vegetation pro
ductivity (Pettorelli et al., 2005), and (ii) Enhanced Vegetation Index 
(EVI), (Huete et al., 2002), which is less susceptible to saturation in 
high-biomass conditions (Sims et al., 2006). Both indices were obtained 
via Google Earth Engine (Gorelick et al., 2017) from the MOD13Q1v6 
dataset, an official MODIS product (Terra satellite) with a spatial reso
lution of 250 m. MODIS-derived NDVI and EVI were preferred over 
other products like Net Primary Production due to their finer resolution, 
reducing spatial mismatches between field plots and satellite pixels.

Both indices were derived from atmospherically corrected images 
composited at 16-day intervals. To minimize the errors caused by 
phenological differences between deciduous and evergreens species, we 
only considered data from the growing season (May–September). 
Additional filters were applied to improve data reliability and reduce 
scale-related biases: (i) only observations labelled as ‘produced with 
good quality’ in the MODIS database were used; (ii) pixels with fewer 
than five valid images per year were excluded; (iii) only plots fully 
contained within a MODIS pixel were retained to avoid edge- effects; 
and importantly (iv) to minimize signal heterogeneity, we compared 
MODIS pixel data with Sentinel-2 imagery (10 m resolution) from 
2017–2020, retaining only MODIS pixels where the standard deviation 
of nested Sentinel-2 pixels was below 0.2 and the maximum difference 
from the mean Sentinel-2 value was ≤ 20 % (see García-Palacios et al., 
2018 for an equivalent solution). This threshold relates to the general 
value of 80 % considered acceptable in overall accuracy in supervised 
classification of medium to low-resolution satellite imagery 
(Álvarez-Martínez et al., 2011; 2018a). Please, note that Sentinel-2 data 
are only available after the year 2016 and for this reason, it could not be 
directly used to calculate stability. After these filtering steps, the sample 
size was reduced from over 90,000 plots to 39,112.

First, annual mean NDVI and EVI values were calculated, and then 
using these annual mean two stability metrics were estimated: (i) ”in
verse coefficient of variation” (invCV), calculated as the ratio of inter
annual mean productivity to the interannual standard deviation, widely 
used as a measure of ecological stability (Lehman and Tilman, 2000; 
Tilman et al., 2006; Isbell et al., 2015), including studies focused on 
forest ecosystems (Morin et al., 2014, García-Valdés et al., 2018) and 
studies using remote sensing derived information (Garcia-Palacios et al., 
2018; Huang and Xia, 2019; White et al., 2020); and (ii) “inverse 
disparity” (invDis; Eq. 1), measuring interannual variability between 
consecutive years: 

invDis = 1

/

(
1

n − 1
∑n− 1

i=1
|ln

pi+1

pi
|) (1) 

where pi is annual productivity at year i, and n is the total number of 
consecutive years.

This metric has previously been used in climatology and ecological 
studies (Meseguer-Ruiz et al., 2017; Fernández-Martínez et al., 2018). 
Unlike invCV, invDis is mathematically independent of the mean, and it 
is robust against non-gaussian distributions.

2.2.3. Local environment, stand characteristics, and drought tolerance
Environmental conditions of each SFI plot (2000–2018) were char

acterised using: (i) mean precipitation to potential evapotranspiration 
ratio (P/PET) during May–September as a of water availability metric; 
(ii) the inverse of the coefficient of variation of P/PET (PPETinvCV) to 
quantify of interannual climatic variability; (iii) mean daily minimum 
temperature (Tmin; in ºC), a key growth-limiting factor; and (iv) soil 
water holding capacity (WHC) as a proxy for maximum water avail
ability. Climate data were obtained from the Chelsa Climate database 
(http://chelsa-climate.org) at a resolution of ~1 km2 (Karger et al., 
2017). Soil WHC was extracted from the SoilGrids database (htt 
ps://www.isric.org) at a resolution of ~1 km2 (Hengl et al., 2017).

Forest stand structure was assessed using: (i) tree density (TreeDens; 
trees/ha) of trees with DBH > = 7.5 cm, as a proxy for competition, 
particularly in a context of water scarcity (D’Amato et al., 2013); (ii) 
maximum Diameter at breast height (DBHmax; in cm), as an indicator of 
forest maturity (Larrieu and Cabanettes, 2012); and (iii) dominant tree 
taxa (Group) categorized as gymnosperms (G) or angiosperms (A). These 
variables were extracted from the SFI database. Plot Basal Area was 
initially considered instead of TreeDens but discarded as it reduced 
model fitting without altering other parameters. TreeDens was retained 
instead, as it better reflects overstocking conditions, common in our 
study area.

Plot-level drought-tolerance was assessed using two key hydraulic 
traits (Choat et al., 2012): (i) water potential at 50 % loss of the stem 
hydraulic conductivity (P50, MPa), which measures xylem embolism 
resistance, and (ii) hydraulic safety margin (HSM, MPa), defined as the 
minimum water potential observed for a given species minus the cor
responding P50 (P88 for angiosperms). For each trait, two 
community-level metrics were computed per plot: (i) functional richness 
(P50rich and HSMrich) as the range of values, when it is applied to a 
single trait within a plot (Laliberté and Legendre, 2010, Mouchet et al., 
2010); and (ii) biomass-weighted community mean (P50mean and 
HSMmean; MPa). Trait data were sourced from Sanchez-Martinez et al. 
(2020) and Garcia-Valdes et al. (2021), with stand-level estimates 
following Garcia-Valdes et al. (2021). See Fig. S2 to visualize the 
geographic distribution of all these variables in the study area.

2.3. Data analysis

We used generalised linear mixed models (GLMM) to assess re
lationships between forest stability and predictor variables, without 
interactions to simplify the interpretation of the results. We fitted eight 
models (2 stability metrics x 2 drought traits x 2 vegetation indices; 
Table S1). To control for spatial autocorrelation and regional influences, 
we included county (n = 338 counties) as a random factor, since 
counties have been previously tested as significant drivers for explaining 
forest characteristics at regional scale (Roces-Díaz et al., 2021; 
García-Valdés et al., 2021). GLMMs were fitted using the lme4 package 
(Bates et al., 2015) in R (R core team, 2021), with variance inflation 
factor (VIF) checks ensuring that multicollinearity was minimal (VIF 
<2).

To explore the directionality of direct and indirect relationships 
between variables, we employed structural equation models (SEMs), a 
reliable and flexible multivariate method. We first developed an a priori 
conceptual model, hypothesising relationships between environmental, 
structural, and functional trait variables and forest stability. Similar to 
the GLMM models above, we hypothesised that stability is related to 
climate conditions (Tmin and mean P/PET, and its interannual vari
ability), the dominant species group in the plot (Huang and Xia, 2019), 
soil water-holding capacity, and stand structure and maturity (charac
terised by tree density and maximum DBH) (Ouyang et al., 2019, 2021), 
and traits describing drought tolerance. Unlike the GLMM approach, 
SEMs also accounted for indirect effects, allowing us to assess whether 
functional traits mediate the influence of environmental and vegetation 
variables on forest stability (Schnabel et al., 2021).
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We tested two sets of a priori conceptual models. The first set (8 
models: 2 stability metrics x 2 drought traits x 2 vegetation indices) 
included both direct paths from environmental and structural variables 
to stability, as well as indirect paths through their effects on traits. The 
second set (4 models: 2 drought traits × 2 vegetation indices) explored 
whether explanatory variables influenced the mean or the standard 
deviation of each vegetation index, again incorporating indirect effects 
mediated through traits.

All SEM models were fitted using GLMMs (lme4 package; Bates et al., 
2015) with “county” as a random factor using the R package piece
wiseSEM (Lefcheck, 2016). Model fit was assessed using Fisher’s C sta
tistic (P > 0.05). Based on modification indices, additional paths were 
incorporated when they significantly improved model fit. Standardized 
path coefficients were used to measure the magnitude of direct, indirect, 
and total effects (Grace, 2006). Variance inflation factors (VIF) were also 
calculated, confirming no multicollinearity (VIF < 2).

3. Results

The stability of forest productivity exhibited clear geographical 
patterns (Fig. 1 and Fig. S1), aligning with the environmental gradients 
present in the study area (Fig. 1A). In general, both stability metrics 
(invCV: Fig. 1B and S1B; invDis: Figs. S1A and S1C) showed higher 
values in the northern parts of the study region and in mountainous 
areas, where water availability is greater.

3.1. Effect of environmental, stand and drought-tolerance variables on 
forest productivity stability

The results of the mixed model (marginal R² = 0.49; conditional R² =
0.64) that used NDVI as a proxy for productivity, invCV as the stability 
metric, and P50 as the drought-tolerance trait show that water avail
ability (P/PET), its temporal stability (PPETinvCV), soil water holding 
capacity (WHC), forest maturity (DBHmax), tree density (TreeDen), and 
drought-tolerance richness (P50rich) all had positive effects on pro
ductivity stability (Fig. 2), with water availability (P/PET) exerting a 
much stronger influence on stability than all other variables. In contrast, 

minimum temperature (Tmin) and gymnosperm dominance (Group: G) 
showed negative effects, and the effect of community-weighted mean 
drought tolerance (P50mean) was not significant. These effects were 
largely consistent across other mixed models, i.e., those using EVI, 
invDis, or HSM, with only a few exceptions (see Fig. 2 and S3): (i) both 
P50mean and HSMmean showed negative effects on invDis; (ii) WHC 
had a negative effect on both stability metrics, but only in models using 
EVI data; and (iii) gymnosperm dominance had a negative effect only in 
models using NDVI and invCV, but a positive effect in the other six 
models (Fig. S3).

3.2. Structural equation models confirm the importance of water 
availability and the role of drought-tolerance richness in forest stability

Structural equation models (SEMs) confirmed the patterns identified 
by the mixed models. SEMs validated the key role of water availability 
(P/PET) in driving forest stability, along with the positive effects of its 
temporal stability (PPETinvCV), forest maturity (DBHmax), tree density 
(TreeDen), and drought-tolerance richness (P50rich) (Table 1). Impor
tantly, SEMs also revealed the indirect pathways through which these 
predictors influence stability, highlighting the complex interactions 
between environmental conditions, vegetation structure, and 
community-level drought tolerance. In the first set of a priori models 
(Fig. 3; marginal R² = 0.49; conditional R² = 0.64), we found a small 
positive indirect effect of P50mean on invCV, mediated by P50rich. Most 
environmental and vegetation structure variables also had small indirect 
effects on stability via their impacts on P50mean and P50rich (Fig. 3). 
The main results were robust when using EVI, HSM, or invDis, although 
minor differences appeared; notably, P50mean and HSMmean had 
direct negative effects on invDis in those models (Fig. S4).

The second a priori model set included the mean and the standard 
deviation of each vegetation index (e.g., NDVImean and NDVIsd) as 
response variables. The results (Table 2) were consistent with the first a 
priori model set (Table 1), confirming that P50rich enhances stability by: 
(i) positively influencing NDVImean (Fig. 4; marginal R² = 0.65; con
ditional R² = 0.82) and (ii) negatively affecting NDVIsd (marginal R² =
0.26; conditional R² = 0.41). Interestingly, P50mean had negative ef
fects on both NDVImean and NDVIsd (Fig. 4), aligning with its overall 
non-significant effect on invCV in the mixed models (Fig. 2). The effect 
of P/PET on stability was partially mediated by its positive influence on 
NDVImean. Results remained consistent when using EVI, HSM, or 
invDis, though HSMmean had a positive effect on EVImean and no effect 
on EVIsd (Fig. S5).

Fig. 2. Estimates of the explanatory variables of the linear mixed models using 
invCV, NDVI, and P50. Independent variables: P50rich (P50 richness), 
P50mean (P50 community-weighted mean), P/PET (mean ratio of precipitation 
to potential evapotranspiration from May–September), PPETinvCV (invCV of P/ 
PET), WHC (soil water holding capacity), Tmin (mean daily minimum tem
perature), DBHmax (maximum tree diameter at breast height), TreeDens (tree 
density per hectare), and Group (predominant tree type: gymnosperms -G- or 
angiosperms -A-).

Table 1 
Direct, indirect, and total effects (significant standardised pathways coefficients) 
of the different predictors from the first a priori model set on the invCV NDVI 
metric of stability. Variables are P/PET: mean ratio between precipitation and 
potential evapotranspiration during May-September; PPETinvCV: invCV of P/ 
PET; Tmin: mean daily minimum air temperature; WHC: soil water holding 
capacity; DBHmax: maximum tree diameter at breast height; TreeDens: number 
of trees per hectare; P50rich: P50 richness value range; and P50mean: P50 
community weighted mean.

Effects on stability 
(invCV NDVI)

Variables Direct Indirect Total
PPET 0.590 0.003 0.593
PPETinvCV 0.050 0.002 0.052
Tmin − 0.090 0.005 − 0.085
WHC 0.030 0.001 0.031
DBHmax 0.100 0.007 0.107
TreeDen 0.090 0.009 0.099
P50rich 0.040 - 0.040
P50mean - 0.009 0.009
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4. Discussion

Our results show that climate is the primary driver of forest stability 
in a region with Mediterranean and temperate climates. Nonetheless, 
stand structural factors, such as tree density and forest maturity, also 
play significant roles. Importantly, we detected a small but significant 
positive effect of drought-tolerance diversity, which aligns with previ
ous evidence on the stabilizing role of diversity (e.g., Isbell et al., 2009; 
Loreau and De Mazancourt, 2013; De Mazancourt et al., 2013). Our 
study extends this understanding to the hydraulic traits underlying 
drought tolerance in trees, providing a mechanistic link between func
tional diversity and ecosystem stability. Furthermore, our findings help 
explain previously observed positive effects of drought-tolerance di
versity on long-term forest productivity (García-Valdés et al., 2021). 
This reinforce the relevance of trait diversity in mediating forest re
sponses to climate change.

These findings were consistent across vegetation indices, stability 
metrics, drought-tolerance traits, and statistical models, supporting the 
robustness of our conclusions. While the effect size of functional di
versity was moderate, it was comparable to other climatic and structural 
variables. Overall, our findings highlight the complex interplay of cli
matic conditions, forest structure, and functional composition in 
shaping forest stability.

4.1. Environmental constraints primarily drive forest productivity stability

The spatial pattern of forest stability in Spain (Fig. 1B and S1) mirrors 
broad biogeographical patterns, with lower stability in Mediterranean 
forests compared to Atlantic and Alpine regions. Mediterranean forests 
typically have lower water availability (P/PET), greater climatic vari
ability (PPETinvCV), and higher minimum temperatures (Tmin) in the 
study area (Fig. 2 and S1). Among these, P/PET emerged as the strongest 
driver of stability, primarily through its positive effect on average pro
ductivity rather than through reductions in its variability (Fig. 4). This 
underscores the fundamental role of water availability in ecosystem 
stability (e.g., Craven et al., 2018; Qiao et al., 2023). Huang and Xia 
(2019), using time-series of remote sensing data, found that forests in 
humid ecoregions exhibit higher productivity stability than those in arid 
regions. Similarly, the negative effect of temperature (Tmin) on stability 
(Fig. 2) likely reflects its direct effect on water demand. Previous studies 
have also linked stability to altitude (e.g., Li et al., 2022), a variable 
negatively correlated with temperature (De Castro et al., 2005), which 
would also support the negative effect of temperature on stability.

We also found that forest stands with large trees (DBHmax) exhibit 
higher stability, suggesting a stabilizing effect of forest maturity (Zeller 
et al., 2018). Mature trees may buffer water deficits through mecha
nisms such as greater reserves of non-structural carbohydrates (Sala and 
Hoch, 2009), deeper root systems (Giardina et al., 2018), and greater 
hydraulic capacitance (Domec and Gartner, 2003). However, large trees 
can also be highly vulnerable to drought under water-limiting condi
tions (e.g., Stovall et al., 2019), highlighting the complexity of these 
responses (see Fernández-de-Uña et al., 2023 for a recent synthesis on 
the topic). Importantly, many forest stands in the study area are rela
tively young, having emerged after cropland abandonment or as a result 
of forest policies implemented in the last century (Palmero-Iniesta et al., 
2021; Vadell et al., 2016). Our findings suggests that forest stability may 
increase when these young forests mature. However, tree density also 
had a positive effect on stability, with a magnitude similar to DBHmax. 
Since tree density typically declines during forest succession, forest 
development might have ambiguous effects on long-term stability (see 
Bachofen et al., 2023 regarding the mechanisms potentially involved), 
that would depend on the rate of tree growth and decrease in tree 
density.

4.2. Diversity in tree hydraulic traits also enhances stability

The positive effect of species diversity on forest stability is well 
documented across ecosystems and approaches, including field experi
ments (Ouyang et al., 2021), tree-ring studies (Jucker et al., 2014), 
simulations (Morin et al., 2014; García-Valdés et al., 2018), and 
meta-analyses (Zhang et al., 2012). Functional diversity in 
drought-tolerance traits has also been linked to the enhancement of 
some forest functions. Anderegg et al. (2018) found that diversity in tree 
hydraulic safety traits (e.g., P50, HSM) enhances forest resilience, while 
Schnabel et al. (2021) used and experimental setting to show that di
versity in stomatal regulation and resource acquisition strategies in
creases stability via asynchronous tree species responses. Our findings 
using variation in drought-tolerance diversity in natural forests across 
broad spatial and climatic gradients add to this evidence by showing 
that hydraulic trait diversity contributes to the long-term stability of 
forest productivity, not only in response to a specific drought, but across 
multi-decadal timescales.

Fig. 3. Results of the structural equation models fitted for the first a priori 
group of models using invCV, NDVI, and P50. Variables are: P50rich (P50 
richness), P50mean (P50 community-weighted mean), P/PET (mean ratio of 
precipitation to potential evapotranspiration from May–September), PPE
TinvCV (invCV of P/PET), WHC (soil water holding capacity), Tmin (mean 
daily minimum temperature), DBHmax (maximum tree diameter at breast 
height), TreeDens (tree density per hectare), and Group (predominant tree type: 
gymnosperms -G- or angiosperms -A-).

Table 2 
Direct, indirect, and total effects (significant standardised pathways coefficients) 
of the different predictors from the second a priori model set on NDVImn and 
NDVIsd. Variables are P/PET: mean ratio between precipitation and potential 
evapotranspiration during May-September; PPETinvCV: invCV of P/PET; Tmin: 
mean daily minimum air temperature; WHC: soil water holding capacity; 
DBHmax: maximum tree diameter at breast height; TreeDens: number of trees 
per hectare; P50rich: P50 richness value range; and P50mean: P50 community 
weighted mean.

Effects on NDVImean Effects on NDVIsd

Variables Direct Indirect Total Direct Indirect Total

PPET 0.650 0.027 0.677 − 0.110 0.018 − 0.092
PPETinvCV − 0.020 0.005 − 0.015 − 0.100 0.005 − 0.095
Tmin − 0.050 − 0.005 − 0.055 0.070 − 0.013 0.057
WHC 0.090 − 0.001 0.089 0.040 0.001 0.041
DBHmax 0.070 0.008 0.078 − 0.070 − 0.006 − 0.076
TreeDen 0.130 0.012 0.142 0.030 − 0.004 0.026
P50mean − 0.100 0.007 − 0.093 − 0.130 0.029 − 0.101
P50rich 0.030 - 0.030 − 0.030 − 0.012 − 0.042
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Although the effect size was relatively small (0.02), it was statisti
cally robust and comparable to that of variables like soil water holding 
capacity (WHC), climatic variability (P/PETinvCV), and dominant spe
cies group (G/A). It was also only relatively smaller (0.02 vs 0.05) than 
other relevant variables like maximum tree diameter (DBHmax), tree 
density (TreeDens), or minimum temperature (Tmin). This could reflect 
both a genuine limited ecological effect and methodological constraints, 
including fine-scale field data with coarse-resolution remote sensing, 
proxy measures of productivity, and simplified trait diversity metrics. In 
any case, our findings suggest that functional diversity plays a non- 
negligible ecological role in buffering productivity fluctuations. Build
ing on García-Valdés et al. (2021), who found higher long-term pro
ductivity in communities with greater hydraulic trait diversity, our 
results indicate that part of this productivity benefit may stem from 
enhanced temporal stability via compensatory species dynamics. Spe
cifically, the coexistence of slow-growing, drought-tolerant, species with 
fast-growing, drought-sensitive, species, may stabilize overall produc
tivity across fluctuating climatic conditions. This exemplifies the 
broader principle that biodiversity buffers ecosystem functions, even 
when it entails species-level trade-offs.

By contrast, the effect of community-weighted mean (CWM) 
drought-tolerance traits on stability was insignificant or negative across 
metrics and models (Figs. 2, 3, S3). Previous studies (e.g., Khoury and 
Coomes, 2020) have found higher stability in forests dominated by 
drought-tolerant species, but their analyses focused on dominant spe
cies, not CWMs. Our mixed results may also likely reflect the effects of 
drought-tolerant species on mean productivity (lower) and its variability 
(also reduced), leading to complex net effects on stability. This is also 
reflected in our structural equation models (Fig. 4), showing similar 
effects of CWMs on mean productivity and on its variability, which 
compensate each other and result in no net effect on stability.

4.3. Caveats and future directions

While our results are robust, several methodological and ecological 
limitations should be acknowledged. First, remote sensing data, while 
enabling broad-scale assessments, provide only indirect proxies of pro
ductivity (NDVI, EVI) that, although widely adopted in ecological 
studies (Huete et al., 2002; Pettorelli et al., 2005), might not fully cap
ture interannual biomass dynamics or different effect at different canopy 
layers. Second, there is a spatial mismatch between MODIS pixels 
(250 m) and forest inventory plots (25 m radius), which was mitigated 
by filtering out heterogeneous MODIS pixels using Sentinel-2 data (10 m 
resolution). This procedure, however, may eliminate heterogeneous 
forest covers (simplifying our data) and introduce noise that obscures 
fine-scale diversity effects. Third, the forest trait data used in our anal
ysis were simplified to a single diversity metric, functional richness, 
given the low species diversity of most Spanish forests. While this pro
vides a first-order approximation of drought-tolerance diversity, it does 
not account for trait abundances, which may be important for stability. 
Moreover, because most forests in our study area have only a few spe
cies, this may constrain the range of trait combinations and the potential 
for compensatory dynamics. Fourth, our results suggest the presence of 
species asynchrony as possible mechanism, but the lack of species-level 
information from the satellite data (but see Álvarez-Martínez et al., 
2018b) prevents us from directly testing this hypothesis. Finally, many 
forests in Spain are relatively young, have low diversity, and are highly 
exposed to drought. Further research on the drivers of forest stability is 
needed to clarify whether the same relationships emerge under different 
ecological contexts.

4.4. Conclusions

Our study demonstrates the predominant role of climate in shaping 
forest stability, while also highlighting the positive contributions of 

Fig. 4. Results of structural equation models fitted for the second group of a priori modes using NDVImean and NDVIsd as response variables and P50 as a drought- 
tolerance trait. Variables are P/PET: the mean ratio between precipitation and potential evapotranspiration during May-September; PPETinvCV: invCV of P/PET; 
Tmin: mean daily minimum air temperature; WHC: soil water holding capacity; DBHmax: maximum tree diameter at breast height; TreeDens: number of trees per 
hectare; Group: the predominant group of trees (gymnosperms -G- or angiosperms -A-); P50rich: P50 richness value range; and P50mean: P50 community 
weighted mean.
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forest maturity, tree density, and drought-tolerance diversity. The sta
bilizing effect of drought-tolerance diversity may reveal a key mecha
nism underlying its previously observed role in enhancing long-term 
productivity. These findings reinforce the importance of drought- 
tolerance diversity in the context of global environmental change. Our 
findings provide a foundation for experimental and applied research 
aimed at testing drought-tolerance diversity as a nature-based solution 
to buffer ecosystems against the impacts of increasing climate vari
ability. Locally tailored management actions—such as conservation and 
restoration initiatives (Espelta et al., 2020; Pérez-Silos et al., 2021; 
Messier et al., 2022)—could be used to enhance forest productivity, 
stability, and multifunctionality by mitigating the effects of drought 
through the diversification of hydraulic strategies. These actions, and an 
improved understanding of the mechanisms underlying forest resilience, 
will be crucial for ensuring the sustainable provision of forest ecosystem 
services (Hernández-Morcillo et al., 2022) under an increasingly vari
able climate (Allen et al., 2015).
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Álvarez-Martínez, J.M., Jiménez-Alfaro, B., Barquín, J., Ondiviela, B., Recio, M., Silió- 
Calzada, A., Juanes, J.A., 2018b. Modelling the area of occupancy of habitat types 
with remote sensing. Meth. Ecol. Evol. 9 (3), 580–593.

Anderegg, W.R., Konings, A.G., Trugman, A.T., Yu, K., Bowling, D.R., Gabbitas, R., 
Zenes, N., 2018. Hydraulic diversity of forests regulates ecosystem resilience during 
drought. Nature 561 (7724), 538–541.

Anderegg, W.R., Trugman, A.T., Badgley, G., Anderson, C.M., Bartuska, A., Ciais, P., 
Randerson, J.T., 2020. Climate-driven risks to the climate mitigation potential of 
forests. Science 368 (6497) eaaz7005. 

Anderegg, W.R., Wu, C., Acil, N., Carvalhais, N., Pugh, T.A., Sadler, J.P., Seidl, R., 2022. 
A climate risk analysis of Earth’s forests in the 21st century. Science 377 (6610), 
1099–1103.

Bachofen, C., Poyatos, R., Flo, V., Martínez-Vilalta, J., Mencuccini, M., Granda, V., 
Grossiord, C., 2023. Stand structure of Central European forests matters more than 
climate for transpiration sensitivity to VPD. J. Appl. Ecol. 60 (5), 886–897.
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