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Abstract
The link between biodiversity and ecosystem function can depend on environmen-
tal conditions. This contingency can impede our ability to predict how biodiversity-
ecosystem function (BEF) relationships will respond to future environmental change, 
causing a clear need to explore the processes underlying shifts in BEF relationships 
across large spatial scales and broad environmental gradients. We compiled a data-
set on five functional traits (maximum height, wood density, specific leaf area [SLA], 
seed size, and xylem vulnerability to embolism [P50]), covering 78%–90% of the tree 
species in the National Forest Inventory from Italy, to test (i) how a water limitation 
gradient shapes the functional composition and diversity of forests, (ii) how functional 
composition and diversity of trees relate to forest annual increment via mass ratio and 
complementarity effects, and (iii) how the relationship between functional diversity 
and annual increment varies between Mediterranean and temperate climate regions. 
Functional composition varied with water limitation; tree communities tended to have 
more conservative traits in sites with higher levels of water limitation. The response 
of functional diversity differed among traits and climatic regions but among temper-
ate forest plots, we found a consistent increase of functional diversity with water 
limitation. Tree diversity was positively associated with annual increment of Italian 
forests through a combination of mass ratio and niche complementarity effects, but 
the relative importance of these effects depended on the trait and range of climate 
considered. Specifically, niche complementarity effects were more strongly associ-
ated with annual increment in the Mediterranean compared to temperate forests. 
Synthesis: Overall, our results suggest that biodiversity mediates forest annual incre-
ment under water-limited conditions by promoting beneficial interactions between 
species and complementarity in resource use. Our work highlights the importance 
of conserving functional diversity for future forest management to maintain forest 
annual increment under the expected increase in intensity and frequency of drought.
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1  |  INTRODUC TION

A compelling amount of empirical evidence has demonstrated that 
biodiversity can affect ecosystem functioning, with many studies 
supporting positive biodiversity-ecosystem function (BEF) relation-
ships (Cardinale et al., 2011; Chapin et al., 1997; Loreau et al., 2001; 
Ratcliffe et al., 2016; Wright et al., 2021). The importance of BEF 
effects can be context-dependent, changes in environmental con-
ditions may alter the strength and shape of these relationships 
(Pretzsch et al., 2013; Ratcliffe et al., 2016; Wright et al., 2021). This 
impedes our ability to predict how BEF relationships will respond 
to rapid global change. As such, there is a clear need to explore the 
processes underlying shifts in BEF relationships across large spa-
tial scales and broad environmental gradients (Baert et al., 2018; 
Fei et al.,  2018; Gonzalez et al.,  2020; Grossiord,  2020; Hisano 
et al., 2018; Paquette et al., 2018; Ratcliffe et al., 2017).

Characterizing communities in terms of their functional com-
position and diversity can help reveal the factors shaping patterns 
of biodiversity and community structure, as well as the influence 
of biological communities on ecosystem functioning (Augusto & 
Boča,  2022; Bonilla-Valencia et al.,  2022; Dıáz & Cabido,  2001; 
Laureto et al., 2015; Petchey et al., 2004). Numerous studies have 
shown that considering the functional traits of organisms can im-
prove our understanding of how biodiversity affects ecosystem-
scale processes by providing a more physiological basis for the 
ecological function of species in communities (Cadotte et al., 2011; 
Dıáz & Cabido, 2001; Song et al., 2014; Yan et al., 2023). For example, 
Ayma-Romay et al. (2021) showed that the inclusion of traits, which 
capture key variation in plant life-history strategies, representing a 
trade-off between conservative and acquisitive resource strategies, 
can help explore the mechanisms that underlie BEF relationships.

Two main mechanisms are generally considered to underlie 
BEF relationships: niche complementarity (or resource partitioning) 
and mass ratio (or dominance) effects (Loreau et al., 2001). Niche 
complementarity can be reflected by the functional diversity of a 
community; a greater variety of trait values in a given community 
can lead to higher rates of ecosystem function due to more efficient 
exploitation of resources (Sonkoly et al., 2019). Mass ratio effects 
refer to the composition of a community; the trait values of the most 
abundant species in a community are expected to have the largest 
effect on the relationship between diversity and ecosystem func-
tion (Ali, 2015; Loreau et al., 2001; Sonkoly et al., 2019). Previous 
studies have produced contrasting results regarding the relative 
importance of these two mechanisms to explain BEF relationships 
(Ammer, 2019; Grossman et al., 2018; Wright et al., 2021). However 
some common patterns have emerged; specifically, environmental 
stress (e.g., water limitation) appears to be a major factor governing 

the relative importance of niche complementarity versus mass ratio 
effects. For example, Richardson et al. (2012) showed that the rel-
ative importance of complementarity and mass ratio effects varied 
inversely with a latitudinal gradient in grasslands, with a greater rel-
ative importance of complementarity effects in more water-limited 
environments.

The stress gradient hypothesis (SGH; Bertness & Callaway, 1994) 
provides a framework for predicting how environmental condi-
tions may mediate BEF relationships. Specifically, the SGH predicts 
that the frequency of facilitative and competitive interactions will 
vary inversely across stress gradients (Bertness & Callaway, 1994; 
Maestre et al., 2009). In relatively benign conditions (e.g., mesic for-
ests), competitively dominant species will drive rates of ecosystem 
function via mass ratio effects. Under higher abiotic stress (e.g., xeric 
forests), in contrast, facilitation among species will lead to more effi-
cient use of available resources at the community level and outweigh 
the negative competitive impacts of neighbors. As a result, the role 
of competitive interactions becomes relatively weak compared to 
niche complementarity effects via resource partitioning (Richardson 
et al., 2012; Schmitt et al., 2020).

To better understand how the processes influencing BEF rela-
tionships change across broad environmental gradients, we used a 
functional trait-based approach over an extensive spatial scale (i.e., 
Italy) with a strong climate gradient. We used a National Forest 
Inventory dataset to examine the mechanisms by which tree diver-
sity influences annual increment and how the relative importance 
of complementarity and mass ratio effects changes along a broad 
gradient of water limitation. We addressed the following questions:

1.1  |  How does the functional composition and 
diversity of forests vary with respect to abiotic 
gradients throughout Italy?

We expect community-weighted mean (CWM) trait values to vary 
with respect to abiotic conditions in a way that reflects selec-
tion across environmental gradients. Specifically, we expect more 
resource-conservative traits under increased water limitation 
(Figure 1, Table 1). Additionally, in more water-limited environments, 
we expect lower functional diversity as a result of selection for a 
narrow range of more conservative growth strategies (Wieczynski 
et al., 2019; Figure 1). On the contrary, if competitive exclusion is 
the main driver behind functional diversity under favorable envi-
ronmental conditions, we expect to see lower functional diversity 
under favorable environments in comparison with water-limited en-
vironments (Figure 1; Levine & HilleRisLambers, 2010; Mayfield & 
Levine, 2010; Mensah et al., 2018).

T A X O N O M Y  C L A S S I F I C A T I O N
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1.2  |  How does functional composition and 
diversity of forests relate to annual increment?

We expect a positive relationship between tree diversity and annual 
increment, driven by a combination of niche complementarity and 

mass ratio effects (Figure 1; Ali, 2015; Loreau et al., 2001; Sonkoly 
et al., 2019). More specifically, we expect niche complementarity (in-
dicated by functional dispersion) to be positively associated with site 
annual increment, whereas we expect the direction of mass ratio ef-
fects (indicated by CWM values) to vary with different traits (Conti 

F I G U R E  1 Illustration of the main research questions tested in this work. RQ1: Hypothesized response of functional composition and 
functional diversity against a water limitation gradient. Green triangles display increasing values, red triangles display decreasing values 
under increased water limitation. RQ2: Theoretical model of climate (VPD) and community functional properties (CWM and FDis) on annual 
volume increment (Cai). Solid arrows indicate predicted causal relationships among variables and lowercase letters are path estimates. 
RQ3: Stress gradient hypothesis provides a framework for understanding the mechanisms by which biodiversity influences annual volume 
increment, predicting that the frequency of facilitative and competitive interactions will vary inversely across abiotic stress gradients (i.e., 
water limitation gradient).

RQ1 RQ2 RQ3
Water limitation gradient (VPD)
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TA B L E  1 Hypotheses about how community-weighted mean of traits are predicted to respond to water limitation.

Community-weighted 
mean (CWM) Units

Predicted response 
to water limitation Rationale References

Specific leaf area (SLA) mm2/mg – Low SLA values relate to high leaf density, 
with tightly packed cells with thicker 
walls and low air spaces, which tends 
to increase tolerance toward water 
limitation

Niinemets (2001), Poorter 
et al. (2009) and Costa-Saura 
et al. (2017, 2019)

Stem density g cm−3 + Dense wood tends to be correlated 
with a lower risk of drought-induced 
cavitation

Hacke et al. (2001), Markesteijn, 
Poorter, Bongers, 
et al. (2011), Markesteijn, 
Poorter, Paz, et al. (2011), 
Costa-Saura et al. (2019) and 
Pinho et al. (2021)

Height m − Lower height tends to reduce the risk of 
drought-induced cavitation

Nunes et al. (2017), Costa-
Saura et al. (2019) and Pinho 
et al. (2021)

Seed mass mg + Larger seed mass relates to larger initial 
energy reserves, which allows 
seedlings to produce more extensive 
root systems to obtain water and to 
better tolerate drought

Metz et al. (2010), Volis and 
Bohrer (2013) and Costa-
Saura et al. (2019)

Xylem vulnerability 
(P50)

MPa – Lower xylem vulnerability relate to lower 
water potential at which species loses 
50% of xylem hydraulic conductivity 
due to cavitation, which tends to 
increase tolerance toward water 
limitations

Choat et al. (2012) and Costa-
Saura et al. (2016, 2019)
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& Díaz, 2013; Finegan et al., 2015; Mensah et al., 2018). In general, 
we hypothesize that the dominance (i.e., mass ratio effects) of spe-
cies with more acquisitive functional traits (e.g., higher values of 
height, SLA, and P50, lower values of wood density, and seed mass) 
to be positively associated with site annual increment.

1.3  |  Is functional diversity more strongly related 
to annual increment in the Mediterranean or 
temperate climate region?

In general, forests in the Mediterranean climate region are ex-
posed to higher levels of water limitation compared to forests 
in the temperate climate region. Based on the SGH, we predict a 
weaker relationship between functional diversity and annual incre-
ment across forests in the temperate climate if competitive interac-
tions (i.e., mass ratio effects) are more common with lower levels of 
water limitation (Paquette & Messier, 2011; Rita & Borghetti, 2019; 
Wang et al., 2019). In contrast, we predict a stronger relationship 
between functional diversity and annual increment across forests 
in the Mediterranean climate if niche complementarity effects (i.e., 
resource partitioning) among plant species becomes more preva-
lent with higher levels of water limitation (Figure  1; Paquette & 
Messier, 2011; Rita & Borghetti, 2019; Wang et al., 2019).

2  |  METHODS

2.1  |  Study area and forest inventory data

The study area extends throughout Italy (35°29′–47°04′ N, 6°37′–
18°31′ E, Figure S1), covering a highly variable climate gradient that 
ranges from Mediterranean to temperate climatic regions. More 
than one-third of the country's 30 million hectares of land area is 
covered in forests and other woodlands (Gasparini & Tabacchi, 2011; 
Gasparini et al., 2022). Oak-, beech-, and chestnut-dominated for-
ests are the most common forest types, each representing over 10% 
of the forested land area. Spruce-dominated woodlands are the 
most extensive type of coniferous forest, representing about 6% of 
forested land area of Italy. Because of topoclimate heterogeneity, 
geological history, and human influence, forests are highly diversi-
fied at a national scale in terms of tree composition, structure, and 
biodiversity.

We used data from the 2005 Italian National Forest Inventory 
(INFC; available at https://www.inven​tario​fores​tale.org/) that pro-
vides georeferenced locations (±1 km) of plots (530 m2) with in-
formation on species composition, abundance, and annual volume 
increment (m3 ha−1 year−1) estimated by the procedure described in 
Gasparini et al. (2017), which in this work we refer to as current an-
nual increment (Cai). The full INFC dataset consists of 7272 plots 
distributed throughout Italy, containing >230,000 individual trees 
(Gasparini & Tabacchi, 2011; Tabacchi et al., 2011). For this study, 
we excluded plots identified as managed forest stands, leaving 6673 

plots that we classified into two climate regions (Mediterranean [i.e., 
5244 plots] and temperate [i.e., 1429 plots]) based on the bioclimatic 
classification of Pesaresi et al. (2017). Although stand age and distur-
bance history are known to influence forest annual increment, the 
INFC does not include information on these properties. To assess 
potential influence of these factors on the 6673 plots included in 
our analyses, we compared stand-level basal area at the beginning 
of the INFC census interval (as a proxy for forest age) with annual 
increment. These variables were only weakly correlated (Pearson's 
r = .22), suggesting no major bias in annual increment as a function of 
stand age in the plots used in our study. For each plot, we extracted 
climate data from 1980 to 2010 from the TerraClimate catalog with 
~4 km2 spatial resolution (available at https://www.clima​tolog​ylab.
org/terra​clima​te.htm; Abatzoglou et al.,  2018) using the ‘raster’ 
package (Hijmans, 2020) in R v. 4.1.3 (Figure S1; R Core Team, 2021). 
We focus on vapor pressure deficit (VPD, kPa) to represent a gradi-
ent of water limitation as it is an integrative measure of water stress 
that reflects the effects of both precipitation and temperature.

2.2  |  Functional trait data

To characterize the functional diversity of trees in INFC plots, we 
compiled publicly available data from the TRY (Kattge et al., 2020) 
and WOODIV (Monnet et al., 2021) databases. Note that a caveat of 
publicly available data is that we lack trait data for some rare species, 
however, the coverage of the trait data was high (see Appendix S1). 
We focused on the following traits: maximum tree height (m), seed 
mass (mg), wood density (g cm−3), specific leaf area (SLA; mm2 g−1), 
and xylem vulnerability to embolism measured as the xylem pressure 
inducing 50% loss of hydraulic conductivity due to embolism, that is, 
P50 (MPa) (Table S1). We chose these traits because they capture 
key variation in plant life-history strategies (Costa-Saura et al., 2019; 
Díaz et al., 2016), and are especially relevant to drought tolerance 
and species distributions along gradients of water limitation (Costa-
Saura et al., 2019; Maherali et al., 2004; Pinho et al., 2021; Trueba 
et al., 2017). Additionally, to characterize species multivariate phe-
notypes, we included the first axis of a Principal Component Analysis 
(PC1) based on the five individual traits using the R package “vegan” 
(Figure S2; Oksanen et al., 2020).

For each trait (including the multivariate trait axis, PC1), we 
calculated the plot-level community-weighted mean value (i.e., 
functional composition, CWM) and a measure of functional di-
versity (i.e., functional dispersion, FDis) using the R package “FD” 
(Laliberté & Legendre, 2010). We used species relative abundance 
to weigh both indices. FDis is generally independent of species 
richness (in our dataset, Pearson's r ranged from .04 to .15, de-
pending on the trait; Figure S3). To compute FDis of species mul-
tivariate phenotypes, we included all five traits, allowing for one 
NA value per species (Table S2). Multivariate functional dispersion 
combines distance matrices of all five traits, if NA's were present 
within a certain trait, they were excluded before the construction 
of the trait-specific distance matrices. Note that FDis computed 

 20457758, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10406 by U

ni Federico Ii D
i N

apoli, W
iley O

nline L
ibrary on [17/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.inventarioforestale.org/
https://www.climatologylab.org/terraclimate.htm
https://www.climatologylab.org/terraclimate.htm


    |  5 of 12LAMMERANT et al.

without allowing NA values produces similar results but excludes 
more species (r = .78, p < .001).

2.3  |  Statistical analyses

Separately for each trait (including PC1), we used Structural 
Equation Modeling (SEM) to test mediation hypotheses for rela-
tionships among community functional properties (composition 
and dispersion) and annual increment. Our conceptual a priori 
model (Figure 1) is based on previous research designed to disen-
tangle the relationships among ecosystem function, functional di-
versity, and community-weighted mean traits (Chiang et al., 2016; 
Lohbeck et al., 2015). We applied structural equation modeling to 
the entire dataset, compiling a series of structural paths for each 
trait (i.e., seed mass, maximum height, SLA, wood density, P50, 
and PC1). Prior to analysis, all variables were log-transformed (i.e., 
log(x + (1 − min(x)))), centered, and scaled to standard deviation to 
account for negative values, improve the symmetry of the distribu-
tions, and facilitate model fitting. A Wishart likelihood approach 
was used for the maximum likelihood (ML) estimation, and a full 
information maximum likelihood (FIML) method was used for miss-
ing data (Wothke, 1998). For each model, we first assessed model 
fit with root mean square error of approximation (RMSEA), the 
standardized root mean square residual (SRMR), the comparative 
fit index (CFI), and the Tucker–Lewis Index (TLI). We considered 
RMSEA <0.05, SRMR <0.08, CFI >0.95, and TLI >0.95 suggestive 
of good model fit (Browne & Cudeck, 1992; Hu & Bentler, 1999; 
Kline, 2010).

We applied Multigroup structural equation modeling (MG-SEM) 
to determine if the proposed relationships among variables would 
vary across different bioclimatic regions, that is, temperate and 
Mediterranean. This multigroup analysis provides a direct test of 
measurement invariance between climatic groups, thus ensuring 
that the observed differences in structural relationships across con-
ditions are unaffected by neither measurement errors nor measure-
ment differences (see Appendix S1). SEMs were conducted using the 
“lavaan” package (Rosseel, 2012) implemented in the R environment 
v 4.1.2 (R Core Team, 2021).

3  |  RESULTS

Across Italy, the water limitation gradient (i.e., VPD) ranged from 0.14 
to 0.90 kPa, while in the temperate climatic region it ranged from 
0.14 to 0.78 kPa (mean 0.47 ± SD 0.12) and in the Mediterranean cli-
mate region it ranged from 0.36 to 0.90 kPa (mean 0.61 ± SD 0.09). 
Functional traits varied considerably across species (Table S1); PC1 
explained 36.1% of the total trait variation and primarily repre-
sented a trade-off between conservative and acquisitive resource 
strategies (i.e., negative correlation with SLA and height; Figure S2, 
Table  1). Forest annual increment varied substantially across Italy, 
ranging from 0.005 to 13.672 m3 ha−1 year−1.

3.1  |  Functional composition and dispersion along 
a climate gradient

The fit indices of specified SEM and MG-SEM models, the former 
based on pooled data (Figure  2) and the latter on grouped data 
(Figures  S4–S9), are well within the acceptable limits (Figure  2, 
Figures S4–S9). Patterns of functional composition and dispersion 
across the VPD gradient depended on spatial scale and varied be-
tween the climate regions (Figures 3 and 4, Tables S3–S14). At the 
national scale, CWM was positively associated with VPD for seed 
mass, SLA, wood density, and PC1 but negatively associated with 
VPD for maximum height. These trends were consistent when con-
sidering only the temperate forest plots and, in addition, CWM of 
P50 increased with VPD. Among plots in the Mediterranean climate 
region, VPD was negatively associated with CWM for seed mass, 
maximum height, SLA, and P50 and positively associated with CWM 
for wood density (Figure  3, Tables S3–S14). At the national scale, 
FDis was positively associated with VPD for seed mass and P50 but 
negatively associated with VPD for SLA. These trends were consist-
ent for the temperate forest plots and, in addition, FDis of maximum 
height, wood density, and PC1 increased with VPD. Among plots in 
the Mediterranean climate region, VPD was negatively associated 
with FDis for wood density and positively associated with FDis for 
P50 (Figure 4, Tables S3–S14).

3.2  |  The link between functional composition, 
diversity, and annual increment

Paths linking annual increment to selected variables (i.e., VPD, 
CWM, and FDis) explained a total variance ranging from 7% to 
10% based on pooled data and from 4% to 12% based on data 
grouped by climate region (Tables  S3–S14). All parameter es-
timates and related fit indices are shown in Tables S3–S14. Our 
separate SEM models for each trait reveal that both CWM val-
ues and FDis were significantly related to annual increment for all 
traits, with the exceptions of maximum height, which was signifi-
cantly related to annual increment only through CWM, and PC1, 
which was only significantly related to annual increment through 
FDis (Figure 2, Tables S3–S8). The multigroup structural equation 
models (MG-SEM) for the Mediterranean and temperate climatic 
regions also support that CWM values and FDis significantly in-
fluenced annual increment, with some exceptions (Figure  5, 
Figures  S4–S9, Tables  S9–S14). However, the standardized path 
strengths between functional dispersion and annual increment 
were stronger among Mediterranean plots compared to temper-
ate plots (Figure 5, Figures S4–S9, Tables S9–S14).

4  |  DISCUSSION

Improving our understanding of the relationship between biodi-
versity and ecosystem functioning is central to understanding the 
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broad implications of community and ecosystem responses to en-
vironmental change (Gonzalez et al., 2020; Pires et al., 2018). Our 
results highlight that (i) functional composition of Italian forests is 
partly related to water limitation with a tendency for more conserva-
tive traits in the Mediterranean climate, (ii) the relationship between 
functional diversity and the VPD gradient varied between traits and 
bioclimatic regions, (iii) forest annual increment in Italian forests is 
positively associated with the diversity of resource strategies and 
the dominance of more acquisitive resource strategies, (iv) niche 
complementarity effects among plants species are increasingly im-
portant to forest annual increment under increased water limita-
tion. Overall, our study suggests that environmental conditions (i.e., 
water limitation) can shape BEF relationships across large spatial 
scales by influencing patterns of dominance and the importance of 
niche complementarity effects.

4.1  |  Functional composition and diversity along a 
climate gradient

Although specific trait shifts along environmental gradients have 
commonly been observed (Costa-Saura et al.,  2016, 2017, 2019; 
Joswig et al., 2022; Pinho et al., 2021), we only found a consistent 
direction of functional composition shifts in the two climate regions 
for three traits (i.e., height, wood density, and PC1), highlighting 

the importance of spatial scale when assessing plant trait response 
to abiotic factors. In our study, opposite ends of the water limita-
tion gradient likely face differing limiting factors. In the temperate 
climatic region, cold temperatures limit plant growth and develop-
ment (Körner et al., 2016), and freezing stress can lead to mortality 
(Pittermann & Sperry, 2006). In the Mediterranean region, however, 
water limitation is a major limiting factor for plant growth and de-
velopment (Gazol et al., 2018). The combined effect of cold stress 
and water limitation across the entire VPD gradient could help 
explain why we found a hump-shaped response for certain traits 
(i.e., SLA, Seed mass, P50), with a shift toward coniferous species in 
cold stressed mountainous areas being the key factor behind more 
conservative trait values under low VPD in the temperate regions 
(Charrier et al., 2021; McCulloh et al., 2023).

Nevertheless, in the Mediterranean climatic region, we found 
that CWM traits tended to be more conservative in sites with 
higher levels of water limitation (higher VPD). As hypothesized, we 
found a trend of decreasing SLA, height, and P50, while stem den-
sity and PC1 increased with increasing water limitation (Costa-Saura 
et al., 2016, 2017, 2019; Pinho et al., 2021). On the contrary, CWM 
of seed mass decreased with water limitation, which did not align 
with the hypothesis that larger seed size is beneficial for seedling 
survival under increased water limitation (Costa-Saura et al., 2019; 
Metz et al., 2010; Volis & Bohrer, 2013). A possible explanation for 
this pattern could be the life-history theory predictions for optimal 

F I G U R E  2 Results of structural equation modeling (SEM) on the pooled dataset for each functional trait; Seed mass (Mod. SeedMass), 
Height (Mod. Height), SLA (Mod. SLA), Wood density (Mod. WD), and Xylem vulnerability (Mod. Xylem) suit of traits, and the first PCA 
axis (Mod. Dim1). Arrowhead lines represent causal paths and bidirectional arrowhead indicates residual variance, with superimposed 
standardized partial regression coefficients: ***Significant (p < .05) paths. Squares represent manifest variables. At the top, model's fit 
indexes: CFI, comparative fit index; RMSEA, root mean square error of approximation index; SRMR, standardized root mean square residual; 
TLI, Tucker–Lewis index.
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seed size; for example, Larios and Venable (2018) showed that under 
water-limited conditions when the cost of construction is consid-
ered, there is no overall fitness increase with seed size.

As with trends of CWM traits, variation of FDis along the VPD 
gradient also depended on the trait considered, the spatial scale of 
analysis, and the climate region of the plots. Nevertheless, we found 
a consistent direction of FDis shifts among the temperate plots, FDis 
was positively associated with VPD (i.e., higher functional diversity in 
more water-limited sites) for seed mass, height, wood density, P50, and 
PC1. At the same time, FDis of SLA was lower in sites with higher VPD. 
FDis of SLA is expected to be highest when coniferous and angiosperm 
species co-occur due to large differences in leaf strategies (Maynard 
et al., 2022). This suggests that an increasing VPD is causing a shift 
toward the dominance of angiosperm species (Charrier et al., 2021; 
McCulloh et al., 2023). The FDis pattern of SLA along the VPD gradient 
confirms that the hump-shaped trends for CWM traits, such as SLA, 
seed mass, and P50, result from a shift between coniferous and angio-
sperm species due to cold stress at lower VPD values. Additionally, an 
increase in FDis among the other five traits indicates a broad range of 
functional strategies that is able to co-occur. The release of cold stress 
with increasing VPD in the temperate region leads to relatively benign 
environmental conditions, resulting in increased functional diversity.

4.2  |  Links between functional composition, 
diversity, and annual increment

Overall, our results support a positive relationship between func-
tional diversity and annual increment (Cardinale et al., 2011; Chapin 
et al., 1997; Loreau et al., 2001). More specifically, we found evidence 
for niche complementarity effects through a positive association 
between FDis and site annual increment, suggesting that resource 
partitioning within tree communities positively influences annual in-
crement in Italian forests. In contrast, maximum tree height was only 
associated with annual increment through mass ratio effects (CWM 
value), which aligns with previous research in that mass ratio effect 
of maximum height is strongly related with forest annual increment 
(Chiang et al., 2016; Conti & Díaz, 2013; Finegan et al., 2015). On 
the contrary, the direction of mass ratio effects varied among the 
traits; sites dominated by species with more acquisitive traits (e.g., 
increased height, SLA, and P50) showed higher annual increment, on 
average. Our results suggest that annual increment of Italian forests 
is positively influenced by a diversity of resource strategies that 
allow for resource partitioning, while at the same being positively 
associated with the dominance of tree species with more acquisitive 
resource strategies.

F I G U R E  3 Results of Structural equation modeling (SEM) on the pooled dataset (black) and multigroup structural equation modeling 
(MG-SEM) for the temperate (blue) and Mediterranean (red) bioclimatic domains. Lines represent the paths between community-weighted 
mean (CWM) of seed mass (SeedMass), tree height (Height), specific leaf area (SLA), wood density (WD), xylem vulnerability (Xylem) function 
traits, and all traits (All) and a vapor pressure deficit (VPD); solid lines represent significant (p < .05) paths, dashed lines not significant ones.
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F I G U R E  4 Results of Structural equation modeling (SEM) on the pooled dataset (black) and multigroup structural equation modeling 
(MG-SEM) for the temperate (blue) and Mediterranean (red) bioclimatic domains. Lines represent the paths between functional dispersion 
(FDis) of seed mass (SeedMass), tree height (Height), specific leaf area (SLA), wood density (WD), xylem vulnerability (Xylem) function traits, 
and all traits (All) and a vapor pressure deficit (VPD) gradient; solid lines represent significant (p < .05) paths, dashed lines not significant 
ones.
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F I G U R E  5 Results of multigroup structural equation modeling (MG-SEM) for the temperate (blue) and Mediterranean (red) bioclimatic 
domains. Points and arrows represent the paths coefficient and 95% confidence interval between functional dispersion (FDis, upper panels) 
and community-weighted mean (CWM, lower panels) of seed mass (SeedMass), tree height (Height), specific leaf area (SLA), wood density 
(WD), xylem vulnerability (Xylem) function traits, and all traits (All) and annual volume increment (Cai), respectively.
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Drought is expected to increase in intensity and frequency in 
Italian forests (Spinoni et al., 2018), which could further alter the 
composition and annual increment of these forests. On one hand, 
we showed that those tree communities tended to be more conser-
vative in sites with higher water limitation, while on the other hand, 
annual increment was positively influenced by the dominance of tree 
species with more acquisitive strategies, suggesting a decrease in 
forest annual increment in sites with higher water limitation due to 
a shift in functional composition. Under increased drought condi-
tions, we expect a shift to forests dominated by species with rela-
tively conservative traits, together with an associated decrease in 
forest annual increment, representing a challenge for future forest 
management.

4.3  |  BEF relationships across different 
bioclimatic regions

We found substantial differences in the mechanisms by which 
functional diversity influences annual increment between the cli-
matic regions. We found a more predominant effect of niche com-
plementarity (i.e., functional diversity) on annual increment in the 
Mediterranean climate region. In other words, competitively domi-
nant species (i.e., mass ratio effects) appear to be less important to 
forest functioning under harsh conditions (i.e., increased water limi-
tation), which is consistent with the prediction of the stress gradient 
hypothesis in that the frequency of competitive interactions will vary 
inversely across abiotic stress gradients (Paquette & Messier, 2011; 
Rita & Borghetti, 2019; Wang et al., 2019).

The fact that we found a stronger effect of niche complemen-
tarity (i.e., functional diversity) on annual increment in water-limited 
plots could inform future forest management aiming to maintain an-
nual increment under increasing drought (Spinoni et al., 2018). We 
showed that under increased water limitation, functional composi-
tion shifted to more conservative resource strategies, suggesting a 
decrease in forest annual increment. However, forest annual incre-
ment only showed a weak negative correlation with water limitation, 
shedding light on the importance of functional diversity for future 
forest management to maintain forest annual increment.

AUTHOR CONTRIBUTIONS
Roel Lammerant: Conceptualization (equal); data curation (equal); 
formal analysis (equal); investigation (equal); methodology (equal); 
visualization (equal); writing – original draft (lead); writing – review 
and editing (lead). Angelo Rita: Conceptualization (equal); data cu-
ration (equal); formal analysis (equal); investigation (equal); meth-
odology (equal); validation (equal); visualization (equal); writing 
– original draft (equal); writing – review and editing (equal). Marco 
Borghetti: Conceptualization (equal); formal analysis (equal); investi-
gation (equal); methodology (equal); validation (equal); visualization 
(equal); writing – original draft (equal); writing – review and editing 
(equal). Robert Muscarella: Conceptualization (equal); formal analy-
sis (equal); investigation (equal); methodology (equal); supervision 

(lead); validation (equal); visualization (equal); writing – original draft 
(equal); writing – review and editing (equal).

ACKNOWLEDG MENTS
RM was supported by grant 2019-03758 from the Swedish Research 
Council, Vetenskapsrådet.

CONFLIC T OF INTERE S T S TATEMENT
The corresponding author confirms on behalf of all authors that 
there have been no involvements that might raise the question of 
bias in the work reported or in the conclusions, implications, or opin-
ions stated.

FUNDING INFORMATION
RM was supported by funding from the Swedish Research Council, 
Vetenskapsrådet (grant 2019-03758).

DATA AVAIL ABILIT Y S TATEMENT
The data used in our manuscript are already hosted in publicly avail-
able archives. Specifically, the Italian National Forest Inventory data 
is available on the INFC website (https://www.inven​tario​fores​tale.
org/en). Functional trait data used in the study was downloaded from 
publicly available sources TRY (Kattge et al., 2020) and WOODIV 
(Monnet et al., 2021). Additionally, the r-code that support the find-
ings of this study are publicly available at https://github.com/bobmu​
scare​lla/INFC-funct​ional​-diver​sity.

ORCID
Roel Lammerant   https://orcid.org/0000-0003-2361-8594 
Angelo Rita   https://orcid.org/0000-0002-6579-7925 
Marco Borghetti   https://orcid.org/0000-0003-3159-6655 
Robert Muscarella   https://orcid.org/0000-0003-3039-1076 

R E FE R E N C E S
Abatzoglou, J. T., Dobrowski, S. Z., Parks, S. A., & Hegewisch, K. C. 

(2018). TerraClimate, a high-resolution global dataset of monthly 
climate and climatic water balance from 1958 to 2015. Scientific 
Data, 5(1), 1–12.

Ali, A. (2015). A review of strong evidence for the effect of functional 
dominance on carbon stocks in natural forest ecosystems. Research 
Journal of Forestry, 9(3), 65–70.

Ammer, C. (2019). Diversity and forest productivity in a changing cli-
mate. The New Phytologist, 221(1), 50–66.

Augusto, L., & Boča, A. (2022). Tree functional traits, forest biomass, and 
tree species diversity interact with site properties to drive forest 
soil carbon. Nature Communications, 13(1), 1097.

Ayma-Romay, A. I., Bown, H. E., Pérez-Harguindeguy, N., & Enrico, L. 
(2021). Trait similarity among dominant highly-competitive spe-
cies rather than diversity increases productivity in semi-arid 
Mediterranean forests. Forest Ecology and Management, 486, 118969.

Baert, J. M., Eisenhauer, N., Janssen, C. R., & De Laender, F. (2018). 
Biodiversity effects on ecosystem functioning respond unimodally 
to environmental stress. Ecology Letters, 21(8), 1191–1199.

Bertness, M. D., & Callaway, R. (1994). Positive interactions in communi-
ties. Trends in Ecology & Evolution, 9(5), 191–193.

Bonilla-Valencia, L., Castillo-Agüero, S., Zavala-Hurtado, J. A., Espinosa 
García, F. J., Lindig- Cisneros, R., & Martínez-Orea, Y. (2022). Linking 

 20457758, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10406 by U

ni Federico Ii D
i N

apoli, W
iley O

nline L
ibrary on [17/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://www.inventarioforestale.org/en
https://www.inventarioforestale.org/en
https://github.com/bobmuscarella/INFC-functional-diversity
https://github.com/bobmuscarella/INFC-functional-diversity
https://orcid.org/0000-0003-2361-8594
https://orcid.org/0000-0003-2361-8594
https://orcid.org/0000-0002-6579-7925
https://orcid.org/0000-0002-6579-7925
https://orcid.org/0000-0003-3159-6655
https://orcid.org/0000-0003-3159-6655
https://orcid.org/0000-0003-3039-1076
https://orcid.org/0000-0003-3039-1076


10 of 12  |     LAMMERANT et al.

functional diversity to ecological indicators: A tool to predict an-
thropogenic effects on ecosystem functioning. Environmental 
Reviews, 30, 175–183. https://doi.org/10.1139/er-2021-0093

Browne, M. W., & Cudeck, R. (1992). Alternative ways of assessing model 
fit. Sociological Methods & Research, 21(2), 230–258.

Cadotte, M. W., Carscadden, K., & Mirotchnick, N. (2011). Beyond 
species: Functional diversity and the maintenance of ecologi-
cal processes and services. The Journal of Applied Ecology, 48(5), 
1079–1087.

Cardinale, B. J., Matulich, K. L., Hooper, D. U., Byrnes, J. E., Duffy, E., 
Gamfeldt, L., Balvanera, P., O'Connor, M. I., & Gonzalez, A. (2011). 
The functional role of producer diversity in ecosystems. American 
Journal of Botany, 98(3), 572–592.

Chapin, F. S., Walker, B. H., Hobbs, R. J., Hooper, D. U., Lawton, J. H., 
Sala, O. E., & Tilman, D. (1997). Biotic control over the functioning 
of ecosystems. Science, 277(5325), 500–504.

Charrier, G., Martin-StPaul, N., Damesin, C., Delpierre, N., Hänninen, 
H., Torres-Ruiz, J. M., & Davi, H. (2021). Interaction of drought and 
frost in tree ecophysiology: Rethinking the timing of risks. Annals of 
Forest Science, 78(2), 1–15.

Chiang, J.-M., Spasojevic, M. J., Muller-Landau, H. C., Sun, I.-F., Lin, Y., 
Su, S.-H., Chen, Z.-S., Chen, C.-T., Swenson, N. G., & McEwan, R. W. 
(2016). Functional composition drives ecosystem function through 
multiple mechanisms in a broadleaved subtropical forest. Oecologia, 
182(3), 829–840.

Choat, B., Jansen, S., Brodribb, T. J., Cochard, H., Delzon, S., Bhaskar, R., 
Bucci, S. J., Feild, T. S., Gleason, S. M., Hacke, U. G., Jacobsen, A. 
L., Lens, F., Maherali, H., Martínez-Vilalta, J., Mayr, S., Mencuccini, 
M., Mitchell, P. J., Nardini, A., Pittermann, J., … Zanne, A. E. (2012). 
Global convergence in the vulnerability of forests to drought. 
Nature, 491(7426), 752–755.

Conti, G., & Díaz, S. (2013). Plant functional diversity and carbon storage 
- an empirical test in semi-arid forest ecosystems. Journal of Ecology, 
101(1), 18–28. https://doi.org/10.1111/1365-2745.12012

Costa-Saura, J. M., Martínez-Vilalta, J., Trabucco, A., Spano, D., & Mereu, 
S. (2016). Specific leaf area and hydraulic traits explain niche seg-
regation along an aridity gradient in Mediterranean woody species. 
Perspectives in Plant Ecology, Evolution and Systematics, 21, 23–30.

Costa-Saura, J. M., Trabucco, A., Spano, D., & Mereu, S. (2017). 
Environmental filtering drives community specific leaf area in 
Spanish forests and predicts relevant changes under future climatic 
conditions. Forest Ecology and Management, 405, 1–8.

Costa-Saura, J. M., Trabucco, A., Spano, D., & Mereu, S. (2019). A height-
wood-seed axis which is preserved across climatic regions explains 
tree dominance in European forest communities. Plant Ecology, 
220(4), 467–480.

Dıáz, S., & Cabido, M. (2001). Vive la différence: Plant functional diver-
sity matters to ecosystem processes. Trends in Ecology & Evolution, 
16(11), 646–655.

Díaz, S., Kattge, J., Cornelissen, J. H. C., Wright, I. J., Lavorel, S., Dray, S., 
Reu, B., Kleyer, M., Wirth, C., Prentice, I. C., Garnier, E., Bönisch, 
G., Westoby, M., Poorter, H., Reich, P. B., Moles, A. T., Dickie, J., 
Gillison, A. N., Zanne, A. E., … Gorné, L. D. (2016). The global spec-
trum of plant form and function. Nature, 529(7585), 167–171.

Fei, S., Jo, I., Guo, Q., Wardle, D. A., Fang, J., Chen, A., Oswalt, C. M., & 
Brockerhoff, E. G. (2018). Impacts of climate on the biodiversity-
productivity relationship in natural forests. Nature Communications, 
9(1), 5436.

Finegan, B., Peña-Claros, M., de Oliveira, A., Ascarrunz, N., Syndonia 
Bret-Harte, M., Carreño-Rocabado, G., Casanoves, F., Díaz, S., 
Velepucha, P. E., Fernandez, F., Licona, J. C., Lorenzo, L., Negret, 
B. S., Vaz, M., & Poorter, L. (2015). Does functional trait diversity 
predict above-ground biomass and productivity of tropical forests? 
Testing three alternative hypotheses. Journal of Ecology, 103(1), 
191–201. https://doi.org/10.1111/1365-2745.12346

Gasparini, P., Di Cosmo, L., & Floris, A. (2022). Area and character-
istics of Italian forests. In P. Gasparini, L. Di Cosmo, A. Floris, & 
D. De Laurentis (Eds.), Italian National Forest Inventory—Methods 
and results of the third survey. Springer Tracts in Civil Engineering. 
Springer. https://doi.org/10.1007/978-3-030-98678​-0_7

Gasparini, P., Di Cosmo, L., Rizzo, M., & Giuliani, D. (2017). A stand-level 
model derived from National Forest Inventory data to predict pe-
riodic annual volume increment of forests in Italy. Journal of Forest 
Research, 22(4), 209–217.

Gasparini, P., & Tabacchi, G. (2011). L'Inventario Nazionale delle Foreste 
e dei serbatoi forestali di Carbonio INFC 2005. Secondo inventario 
forestale nazionale italiano. Metodi e risultati. Ministero delle Politiche 
Agricole, Alimentari e Forestali, Corpo Forestale dello Stato; Consiglio 
per la Ricerca e la Sperimentazione in Agricoltura (p. 650). Unità di 
ricerca per il Monitoraggio e la Pianificazione Forestale. Edagricole.

Gazol, A., Camarero, J. J., Vicente-Serrano, S. M., Sánchez-Salguero, R., 
Gutiérrez, E., de Luis, M., Sangüesa-Barreda, G., Novak, K., Rozas, V., 
Tíscar, P. A., Linares, J. C., Martín-Hernández, N., Martínez Del Castillo, 
E., Ribas, M., García-González, I., Silla, F., Camisón, A., Génova, M., 
Olano, J. M., … Galván, J. D. (2018). Forest resilience to drought var-
ies across biomes. Global Change Biology, 24(5), 2143–2158.

Gonzalez, A., Germain, R. M., Srivastava, D. S., Filotas, E., Dee, L. E., 
Gravel, D., Thompson, P. L., Isbell, F., Wang, S., Kéfi, S., Montoya, 
J., Zelnik, Y. R., & Loreau, M. (2020). Scaling-up biodiversity-
ecosystem functioning research. Ecology Letters, 23(4), 757–776.

Grossiord, C. (2020). Having the right neighbors: How tree species di-
versity modulates drought impacts on forests. The New Phytologist, 
228(1), 42–49.

Grossman, J. J., Vanhellemont, M., Barsoum, N., Bauhus, J., Bruelheide, 
H., Castagneyrol, B., Cavender-Bares, J., Eisenhauer, N., Ferlian, O., 
Gravel, D., Hector, A., Jactel, H., Kreft, H., Mereu, S., Messier, C., 
Muys, B., Nock, C., Paquette, A., Parker, J., … Verheyen, K. (2018). 
Synthesis and future research directions linking tree diversity to 
growth, survival, and damage in a global network of tree diversity 
experiments. Environmental and Experimental Botany, 152, 68–89.

Hacke, U. G., Sperry, J. S., Pockman, W. T., Davis, S. D., & McCulloh, K. 
A. (2001). Trends in wood density and structure are linked to pre-
vention of xylem implosion by negative pressure. Oecologia, 126(4), 
457–461.

Hijmans, R. J. (2020). Raster: Geographic data analysis and modeling. R pack-
age version 3.4.5. https://CRAN.R-proje​ct.org/packa​ge=raster

Hisano, M., Searle, E. B., & Chen, H. Y. H. (2018). Biodiversity as a solu-
tion to mitigate climate change impacts on the functioning of for-
est ecosystems. Biological Reviews of the Cambridge Philosophical 
Society, 93(1), 439–456.

Hu, L., & Bentler, P. M. (1999). Cutoff criteria for fit indexes in covariance 
structure analysis: Conventional criteria versus new alternatives. 
Structural Equation Modeling: A Multidisciplinary Journal, 6(1), 1–55.

Joswig, J. S., Wirth, C., Schuman, M. C., Kattge, J., Reu, B., Wright, I. J., 
Sippel, S. D., Rüger, N., Richter, R., Schaepman, M. E., van Bodegom, 
P. M., Cornelissen, J. H. C., Díaz, S., Hattingh, W. N., Kramer, K., 
Lens, F., Niinemets, Ü., Reich, P. B., Reichstein, M., … Mahecha, M. 
D. (2022). Climatic and soil factors explain the two-dimensional 
spectrum of global plant trait variation. Nature Ecology & Evolution, 
6(1), 36–50.

Kattge, J., Bönisch, G., Díaz, S., Lavorel, S., Prentice, I. C., Leadley, P., 
Tautenhahn, S., Werner, G. D. A., Aakala, T., Abedi, M., Acosta, A. T. 
R., Adamidis, G. C., Adamson, K., Aiba, M., Albert, C. H., Alcántara, 
J. M., Alcázar C, C., Aleixo, I., Ali, H., … Wirth, C. (2020). TRY plant 
trait database – Enhanced coverage and open access. Global Change 
Biology, 26(1), 119–188.

Kline, R. B. (2010). Principles and practice of structural equation modeling 
(3rd ed.). Guilford Publications.

Körner, C., Basler, D., Hoch, G., Kollas, C., Lenz, A., Randin, C. F., Vitasse, 
Y., & Zimmermann, N. E. (2016). Where, why and how? Explaining 

 20457758, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10406 by U

ni Federico Ii D
i N

apoli, W
iley O

nline L
ibrary on [17/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1139/er-2021-0093
https://doi.org/10.1111/1365-2745.12012
https://doi.org/10.1111/1365-2745.12346
https://doi.org/10.1007/978-3-030-98678-0_7
https://cran.r-project.org/package=raster


    |  11 of 12LAMMERANT et al.

the low-temperature range limits of temperate tree species. The 
Journal of Ecology, 104(4), 1076–1088.

Laliberté, E., & Legendre, P. (2010). A distance-based framework for 
measuring functional diversity from multiple traits. Ecology, 91(1), 
299–305.

Larios, E., & Venable, D. L. (2018). Selection for seed size: The unex-
pected effects of water availability and density. Functional Ecology, 
32(9), 2216–2224.

Laureto, L. M. O., Cianciaruso, M. V., & Samia, D. S. M. (2015). Functional 
diversity: An overview of its history and applicability. Natureza & 
Conservação, 13(2), 112–116.

Levine, J. M., & HilleRisLambers, J. (2010). The maintenance of species 
diversity. Nature Education Knowledge, 3(10), 59.

Lohbeck, M., Poorter, L., Martínez-Ramos, M., & Bongers, F. (2015). 
Biomass is the main driver of changes in ecosystem process rates 
during tropical forest succession. Ecology, 96(5), 1242–1252.

Loreau, M., Naeem, S., Inchausti, P., Bengtsson, J., Grime, J. P., Hector, 
A., Hooper, D. U., Huston, M. A., Raffaelli, D., Schmid, B., Tilman, 
D., & Wardle, D. A. (2001). Biodiversity and ecosystem function-
ing: Current knowledge and future challenges. Science, 294(5543), 
804–808.

Maestre, F. T., Callaway, R. M., Valladares, F., & Lortie, C. J. (2009). 
Refining the stress-gradient hypothesis for competition and 
facilitation in plant communities. The Journal of Ecology, 97(2), 
199–205.

Maherali, H., Pockman, W. T., & Jackson, R. B. (2004). Adaptive variation 
in the vulnerability of woody plants to xylem cavitation. Ecology, 
85(8), 2184–2199.

Markesteijn, L., Poorter, L., Bongers, F., Paz, H., & Sack, L. (2011). 
Hydraulics and life history of tropical dry forest tree species: 
Coordination of species' drought and shade tolerance. The New 
Phytologist, 191(2), 480–495.

Markesteijn, L., Poorter, L., Paz, H., Sack, L., & Bongers, F. (2011). 
Ecological differentiation in xylem cavitation resistance is associ-
ated with stem and leaf structural traits. Plant, Cell & Environment, 
34(1), 137–148.

Mayfield, M. M., & Levine, J. M. (2010). Opposing effects of competitive 
exclusion on the phylogenetic structure of communities. Ecology 
Letters, 13(9), 1085–1093.

Maynard, D. S., Bialic-Murphy, L., Zohner, C. M., Averill, C., van den 
Hoogen, J., Ma, H., Mo, L., Smith, G. R., Acosta, A. T. R., Aubin, I., 
Berenguer, E., Boonman, C. C. F., Catford, J. A., Cerabolini, B. E. 
L., Dias, A. S., González-Melo, A., Hietz, P., Lusk, C. H., Mori, A. S., 
… Crowther, T. W. (2022). Global relationships in tree functional 
traits. Nature Communications, 13(1), 3185.

McCulloh, K. A., Augustine, S. P., Goke, A., Jordan, R., Krieg, C. P., 
O'Keefe, K., & Smith, D. D. (2023). At least it is a dry cold: The 
global distribution of freeze-thaw and drought stress and the 
traits that may impart poly-tolerance in conifers. Tree Physiology, 
43(1), 1–15.

Mensah, S., Salako, V. K., Assogbadjo, A. E., & Glèlè Kakaï, R. (2018). 
Differential responses of taxonomic, structural, and functional 
diversity to local-scale environmental variation in Afromontane 
forests in South Africa. Tropical Conservation Science, 11, 
1940082918762372.

Metz, J., Liancourt, P., Kigel, J., Harel, D., Sternberg, M., & Tielbörger, K. 
(2010). Plant survival in relation to seed size along environmental 
gradients: A long-term study from semi-arid and Mediterranean 
annual plant communities. The Journal of Ecology, 98(3), 697–704.

Monnet, A.-C., Cilleros, K., Médail, F., Albassatneh, M. C., Arroyo, J., 
Bacchetta, G., Bagnoli, F., Barina, Z., Cartereau, M., Casajus, N., 
Dimopoulos, P., Domina, G., Doxa, A., Escudero, M., Fady, B., 
Hampe, A., Matevski, V., Misfud, S., Nikolic, T., … Leriche, A. (2021). 
Author correction: WOODIV, a database of occurrences, functional 
traits, and phylogenetic data for all Euro-Mediterranean trees. 
Scientific Data, 8(1), 128.

Niinemets, Ü. (2001). Global-scale climatic controls of leaf dry mass 
per area, density, and thickness in trees and shrubs. Ecology, 82(2), 
453–469.

Nunes, A., Köbel, M., Pinho, P., Matos, P., de Bello, F., Correia, O., & 
Branquinho, C. (2017). Which plant traits respond to aridity? A crit-
ical step to assess functional diversity in Mediterranean drylands. 
Agricultural and Forest Meteorology, 239, 176–184.

Oksanen, J., Blanchet, F. G., Friendly, M., Kindt, R., Legendre, P., McGlinn, 
D., Minchin, P. R., O'Hara, R. B., Simpson, G. L., Solymos, P., Henry, 
M., Stevens, H., Szoecs, E., & Wagner, H. (2020). Vegan: Community 
ecology package. R package version 2.5-6. 2019.

Paquette, A., & Messier, C. (2011). The effect of biodiversity on tree 
productivity: From temperate to boreal forests. Global Ecology and 
Biogeography: A Journal of Macroecology, 20(1), 170–180.

Paquette, A., Vayreda, J., Coll, L., Messier, C., & Retana, J. (2018). Climate 
change could negate positive tree diversity effects on forest pro-
ductivity: A study across five climate types in Spain and Canada. 
Ecosystems, 21(5), 960–970.

Pesaresi, S., Biondi, E., & Casavecchia, S. (2017). Bioclimates of Italy. 
Journal of Maps, 13(2), 955–960.

Petchey, O. L., Hector, A., & Gaston, K. J. (2004). How do different mea-
sures of functional diversity perform? Ecology, 85(3), 847–857.

Pinho, B. X., Tabarelli, M., Braak, C. J. F., Wright, S. J., Arroyo-Rodríguez, 
V., Benchimol, M., Engelbrecht, B. M. J., Pierce, S., Hietz, P., Santos, 
B. A., Peres, C. A., Müller, S. C., Wright, I. J., Bongers, F., Lohbeck, 
M., Niinemets, Ü., Slot, M., Jansen, S., Jamelli, D., … Melo, F. P. L. 
(2021). Functional biogeography of neotropical moist forests: 
Trait–climate relationships and assembly patterns of tree commu-
nities. Global Ecology and Biogeography: A Journal of Macroecology, 
30(7), 1430–1446.

Pires, A. P. F., Srivastava, D. S., & Farjalla, V. F. (2018). Is biodiversity 
able to buffer ecosystems from climate change? What we know and 
what we don't. Bioscience, 68(4), 273–280.

Pittermann, J., & Sperry, J. S. (2006). Analysis of freeze-thaw embolism in 
conifers. The interaction between cavitation pressure and tracheid 
size. Plant Physiology, 140(1), 374–382.

Poorter, H., Niinemets, Ü., Poorter, L., Wright, I. J., & Villar, R. (2009). 
Causes and consequences of variation in leaf mass per area (LMA): 
A meta-analysis. The New Phytologist, 182(3), 565–588.

Pretzsch, H., Bielak, K., Block, J., Bruchwald, A., Dieler, J., Ehrhart, H.-
P., Kohnle, U., Nagel, J., Spellmann, H., Zasada, M., & Zingg, A. 
(2013). Productivity of mixed versus pure stands of oak (Quercus 
petraea (Matt.) Liebl. and Quercus robur L.) and European beech 
(Fagus sylvatica L.) along an ecological gradient. European Journal 
of Forest Research, 132(2), 263–280. https://doi.org/10.1007/s1034​
2-012-0673-y

R Core Team. (2021). R: A language and environment for statistical comput-
ing. R Foundation for Statistical Computing. https://www.R-proje​
ct.org/

Ratcliffe, S., Liebergesell, M., Ruiz-Benito, P., Madrigal González, J., 
Muñoz Castañeda, J. M., Kändler, G., Lehtonen, A., Dahlgren, J., 
Kattge, J., Peñuelas, J., Zavala, M. A., & Wirth, C. (2016). Modes 
of functional biodiversity control on tree productivity across the 
European continent. Global Ecology and Biogeography: A Journal of 
Macroecology, 25(3), 251–262.

Ratcliffe, S., Wirth, C., Jucker, T., van der Plas, F., Scherer-Lorenzen, M., 
Verheyen, K., Allan, E., Benavides, R., Bruelheide, H., Ohse, B., 
Paquette, A., Ampoorter, E., Bastias, C. C., Bauhus, J., Bonal, D., 
Bouriaud, O., Bussotti, F., Carnol, M., Castagneyrol, B., … Baeten, 
L. (2017). Biodiversity and ecosystem functioning relations in 
European forests depend on environmental context. Ecology 
Letters, 20(11), 1414–1426.

Richardson, P. J., MacDougall, A. S., Stanley, A. G., Kaye, T. N., & 
Dunwiddie, P. W. (2012). Inversion of plant dominance-diversity 
relationships along a latitudinal stress gradient. Ecology, 93(6), 
1431–1438.

 20457758, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10406 by U

ni Federico Ii D
i N

apoli, W
iley O

nline L
ibrary on [17/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1007/s10342-012-0673-y
https://doi.org/10.1007/s10342-012-0673-y
https://www.r-project.org/
https://www.r-project.org/


12 of 12  |     LAMMERANT et al.

Rita, A., & Borghetti, M. (2019). Linkage of forest productivity to tree di-
versity under two different bioclimatic regimes in Italy. The Science 
of the Total Environment, 687, 1065–1072.

Rosseel, Y. (2012). Lavaan: An R package for structural equation model-
ing. Journal of Statistical Software, 48, 1–36.

Schmitt, S., Maréchaux, I., Chave, J., Fischer, F. J., Piponiot, C., Traissac, 
S., & Hérault, B. (2020). Functional diversity improves tropical for-
est resilience: Insights from a long-term virtual experiment. The 
Journal of Ecology, 108(3), 831–843.

Song, Y., Wang, P., Li, G., & Zhou, D. (2014). Relationships between func-
tional diversity and ecosystem functioning: A review. Acta Ecologica 
Sinica, 34(2), 85–91.

Sonkoly, J., Kelemen, A., Valkó, O., Deák, B., Kiss, R., Tóth, K., Miglécz, 
T., Tóthmérész, B., & Török, P. (2019). Both mass ratio effects and 
community diversity drive biomass production in a grassland ex-
periment. Scientific Reports, 9(1), 1848. https://doi.org/10.1038/
s4159​8-018-37190​-6

Spinoni, J., Vogt, J. V., Naumann, G., Barbosa, P., & Dosio, A. (2018). 
Will drought events become more frequent and severe in Europe? 
International Journal of Climatology, 38(4), 1718–1736.

Tabacchi, G., Di Cosmo, L., & Gasparini, P. (2011). Aboveground tree vol-
ume and phytomass prediction equations for forest species in Italy. 
European Journal of Forest Research, 130(6), 911–934.

Trueba, S., Pouteau, R., Lens, F., Feild, T. S., Isnard, S., Olson, M. E., & 
Delzon, S. (2017). Vulnerability to xylem embolism as a major cor-
relate of the environmental distribution of rain forest species on a 
tropical Island. Plant, Cell & Environment, 40(2), 277–289.

Volis, S., & Bohrer, G. (2013). Joint evolution of seed traits along an arid-
ity gradient: Seed size and dormancy are not two substitutable evo-
lutionary traits in temporally heterogeneous environment. The New 
Phytologist, 197(2), 655–667.

Wang, Y., Cadotte, M. W., Chen, Y., Fraser, L. H., Zhang, Y., Huang, F., Luo, 
S., Shi, N., & Loreau, M. (2019). Global evidence of positive biodi-
versity effects on spatial ecosystem stability in natural grasslands. 
Nature Communications, 10(1), 3207. https://doi.org/10.1038/
s4146​7-019-11191​-z

Wieczynski, D. J., Boyle, B., Buzzard, V., Duran, S. M., Henderson, A. N., 
Hulshof, C. M., Kerkhoff, A. J., McCarthy, M. C., Michaletz, S. T., 
Swenson, N. G., Asner, G. P., Bentley, L. P., Enquist, B. J., & Savage, 
V. M. (2019). Climate shapes and shifts functional biodiversity in 
forests worldwide. Proceedings of the National Academy of Sciences, 
116(2), 587–592.

Wothke, W. (1998). Longitudinal and multi-group modeling with missing 
data. In T. D. Little, K. U. Schnabel, & J. Baumert (Eds.), Modeling lon-
gitudinal and multiple group data: Practical issues, applied approaches 
and specific examples. Lawrence Erlbaum Publishers.

Wright, A. J., Mommer, L., Barry, K., & van Ruijven, J. (2021). Stress gra-
dients and biodiversity: Monoculture vulnerability drives stron-
ger biodiversity effects during drought years. Ecology, 102(1), 
e03193.

Yan, P., He, N., Yu, K., Xu, L., & Van Meerbeek, K. (2023). Integrating 
multiple plant functional traits to predict ecosystem productivity. 
Communications Biology, 6(1), 239.

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

How to cite this article: Lammerant, R., Rita, A., Borghetti, 
M., & Muscarella, R. (2023). Water-limited environments 
affect the association between functional diversity and 
forest productivity. Ecology and Evolution, 13, e10406. 
https://doi.org/10.1002/ece3.10406

 20457758, 2023, 8, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ece3.10406 by U

ni Federico Ii D
i N

apoli, W
iley O

nline L
ibrary on [17/01/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1038/s41598-018-37190-6
https://doi.org/10.1038/s41598-018-37190-6
https://doi.org/10.1038/s41467-019-11191-z
https://doi.org/10.1038/s41467-019-11191-z
https://doi.org/10.1002/ece3.10406

	Water-­limited environments affect the association between functional diversity and forest productivity
	Abstract
	1|INTRODUCTION
	1.1|How does the functional composition and diversity of forests vary with respect to abiotic gradients throughout Italy?
	1.2|How does functional composition and diversity of forests relate to annual increment?
	1.3|Is functional diversity more strongly related to annual increment in the Mediterranean or temperate climate region?

	2|METHODS
	2.1|Study area and forest inventory data
	2.2|Functional trait data
	2.3|Statistical analyses

	3|RESULTS
	3.1|Functional composition and dispersion along a climate gradient
	3.2|The link between functional composition, diversity, and annual increment

	4|DISCUSSION
	4.1|Functional composition and diversity along a climate gradient
	4.2|Links between functional composition, diversity, and annual increment
	4.3|BEF relationships across different bioclimatic regions

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	CONFLICT OF INTEREST STATEMENT
	FUNDING INFORMATION
	DATA AVAILABILITY STATEMENT

	REFERENCES


