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Abstract
Recent studies have highlighted that higher species richness can increase the resistance and/or the resilience to disturbances 
and stresses. The present study quantifies the overall tree species richness effect on growth and intrinsic water-use efficiency 
(iWUE) in three target tree species (i.e. Fraxinus excelsior, Juglans spp. and Prunus avium) after drought in six decidu-
ous plantations in the Friuli-Venezia Giulia plain, North-eastern Italy. Planting densities, management, climatic and soil 
characteristics were the same at all the plantations. Stands differed only for their total surface area and for their total tree 
species richness (3, 4, 6, 7, 8 and 9). We double-sampled 15 dominant trees for each of the three target species, we meas-
ured tree-ring width, and we removed age-related trends using a detrending function. We selected 2006 as the driest year at 
the sites and 2014 as the reference year using the De Martonne Index. For both years, we measured δ13C signature in tree 
rings to calculate iWUE. Tree species richness had a positive effect on the response to drought both in terms of normalized 
ring width and iWUE, but only at a lower number of consociated species (< 5), when facilitation and/or complementarity 
mechanisms prevailed. Instead, negative responses were typical at higher levels (≥ 5), when competition was the dominant 
process within the stand. Moreover, species richness had no effect on tree growth in 2014, maybe because either competition 
or complementarity processes did not occur, or these processes could cancel out each other, when environmental conditions 
were not limiting.

Keywords Drought events · Stable C isotopes · Tree plantation · Species richness · Intrinsic water-use efficiency · Tree-ring 
width

Introduction

In the last decades, anthropogenic impacts are threatening 
natural ecosystems worldwide and are exacerbating extreme 
climate events, which are increasing both in intensity and 
in frequency (IPCC 2014; Trenberth et al. 2014; Williams 
et al. 2013). Consequently, forests are becoming more vul-
nerable to these events (i.e. windstorms, drought events, 
heatwaves or wildfires), which are causing increasingly loss 
of biodiversity and loss in several ecosystem functions (EFs) 
and services (ESs) (Allen et al. 2010; Scholze et al. 2006). 
In fact, stresses and disturbances may induce changes of 
ecosystem structure and species composition, leading to 
multiple and less predictable successional pathways and 
influence the overall ecosystem functioning (Beckage et al. 
2008; Christmas et  al. 2016; Jump and Peñuelas 2005; 
Kremer et al. 2012; Parmesan 2006). Thus, it has become 
important to understand the extreme events’ effects on forest 
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ecosystems in order to identify and adopt the best manage-
ment and mitigation policies and practices in the short/
medium term (Mori et al. 2017).

Over the last three decades, findings in community ecol-
ogy have led to the widespread agreement that species 
diversity plays a critical role for EFs and ESs (Cardinale 
et al. 2012; Hector et al. 2011; Morin et al. 2011; Jactel 
et al. 2018; Ammer 2019). Some earlier studies have also 
highlighted that higher species richness can increase the 
resistance and/or the resilience to disturbances and stresses, 
especially to pests, pathogens and other diseases (Jactel and 
Brockerhoff 2007; Zhu et al. 2000). However, studies about 
the role of species diversity in enhancing forest resistance 
(i.e. the ability to withstand harsh events) and/or resilience 
(i.e. the ability to regain the pre-disturbance growth rates) 
(Merlin et al. 2015) to climatic extremes have been pub-
lished only recently (Baeten et al. 2013; Bruelheide et al. 
2014; Verheyen et al. 2015; Grossiord 2019). Even if the 
effects of tree species diversity on the response to drought 
and heatwaves are still debated and the results are often con-
trasting (Yin and Bauerle 2017; Grossiord 2019), there is a 
general agreement that tree species diversity could eventu-
ally contribute in reducing the ecosystem’s vulnerability to 
these stresses through resources partitioning, facilitation and 
selection effects (Grossiord 2019). During drought events, 
plant’s physiological activity and growth can be seriously 
compromised: hydraulic failure and/or depletion of car-
bon (C) pools (i.e. C starvation), interacting with pests and 
other biotic attacks, are considered the main factors lead-
ing in reduced growth or higher tree mortality (McDowell 
2011). In some cases, different tree species, with different 
functional traits (e.g. including genetic diversity and physi-
ological characteristics), both above and below ground, have 
been seen to positively influence forest resistance to drought 
with a better resource acquisition and/or use (Lebourgeois 
et al. 2013; Pretzsch et al. 2013). In fact, species diversity 
has been reported to increase the temporal stability of forest 
growth, thanks to the different responses of the single tree 
species to fluctuating environmental conditions (Aussenac 
et al. 2017) as well as thanks to the existing interspecific 
interactions (Aussenac et al. 2019; Steckel et al. 2020). In 
particular, root stratification (Schwendenmann et al. 2015), 
different stomatal egulation strategies (West et al. 2012) as 
well as active hydraulic redistribution (Zou et al. 2005) and 
nocturnal water release (Prieto et al. 2012) have been consid-
ered the major mechanisms behind the increased resistance/
resilience to drought in tree mixtures. However, several other 
studies have shown that species sharing the same ecological 
niches strongly compete for the same resources, thus leading 
in a reduced resistance or resilience to drought (Grossiord 
et al. 2014a, b; Ammer 2019; Grossiord 2019).

In most of this studies, dendrochronological analyses 
have been used to assess the impact of well- documented 

dry years on forests and targeted tree species (Lloret et al. 
2011; Merlin et al. 2015; Vitali et al. 2017; Steckel et al. 
2020). Such data have been sometimes combined with sta-
ble C isotope analyses to compare dry and wet years and 
to better underline the effects of drought on tree physi-
ological processes (Grossiord et al. 2014a; Guerrieri et al. 
2019; Schwarz and Bauhus 2019). In fact, every tree ring 
is the result of plant-intrinsic factors (i.e. photosynthetic 
rate, water potential regulation, hormonal regulation) and 
plant-external factors (i.e. climate, pathogens, stress fac-
tors), which can modulate the quantity (i.e. width) and 
the composition (i.e. isotopic signature) of annual wood 
production (Battipaglia et al. 2009; De Micco et al. 2010; 
Deslauriers and Morin 2005; Lupi et  al. 2010). Hot 
and dry vegetative seasons can lead plants to important 
hydraulic deficits coupled to drops in photosynthetic rate. 
As a result, annual tree rings will be thinner than those 
formed during favourable seasons (Gao et al. 2018). On 
the other hand, the analysis of stable C isotopes in tree 
rings gives additional information about the occurrence 
of drought events and on the amount of carbon assimi-
lated as biomass per unit of water used by trees (i.e. intrin-
sic water-use efficiency; iWUE) (Farquhar et al. 1982). 
During drought events, plants can close stomata to avoid 
unnecessary water loss. Consequently, stomatal conduct-
ance to  CO2 decreases and rubisco fixes a higher-than-
usual proportion of 13C compared to 12C. The results are 
rings enriched in heavier isotope, which translates in less 
negative isotopic signatures (Francey and Farquhar 1982). 
Few studies (Li 1999; Walker et al. 2015) have specifically 
investigated, so far, the role of tree species richness on 
the tree growth’s response to drought by combining both 
dendrochronological indexes and C isotope in forests or in 
controlled experiments.

In Friuli-Venezia Giulia plain (North-eastern Italy), 
several deciduous plantations were established at the end 
of last century to sustain regional wood production, but 
also to increase C storage and/or biodiversity. Such planta-
tions might be composed by target tree species only (i.e. 
commercial ones) or by target species consociated with 
accessory tree species. The same climate and soil condi-
tions make these plantations a useful tree species rich-
ness gradient experiment in homogenous environmental 
conditions to assess the role of tree diversity in mitigating 
extreme event impacts on forest ecosystems. The aim of 
our study was to understand the role of the overall tree 
species richness in determining growth and iWUE patterns 
in the target tree species (i.e. Fraxinus excelsior, Juglans 
spp. and Prunus avium) after drought, by coupling den-
drochronology and C isotope analysis. We hypothesized 
that the higher is the number of consociated species (i.e. 
tree species’ diversity), the lower is the impact of drought 
on tree growth and iWUE.
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Materials and methods

Study area

Six plantations were identified in Friuli-Venezia Giulia 
plain (Italy; 46°5′50″N, 13°1′7″E, 121 a.s.l.). Climatic 
conditions and soil characteristics were the same across 
all sites: mean annual temperature was 13.3 °C and mean 
annual precipitation was 1500 mm from 1995 to 2017 data 
recorded at Fagagna meteorological station (46°06′51″N; 
13°04′50″E; www.osmer .fvg.it); soil was alluvial mesic 
Udifluvent (sand 58%, loam 28%, clay 14%). All planta-
tions were established in 1999 and stand planting density 
was between 1905 and 2020 plant  ha−1. No fertilization, 
irrigation (with the exception of emergency irrigation dur-
ing the first 4–5 years) and pruning have been performed 
at all sites. Plantations differed only for their total surface 
area and for tree species richness (3, 4, 6, 7, 8 and 9). A 
detailed description of each selected stand (i.e. species 
composition and dendrometric characteristics) is reported 
in Online resource 1 and 2 and in Palandrani and Alberti 
(2020).

Sampling

The study focused on the three commercial tree species 
(target species), which were present at all sites (i.e. Fraxi-
nus excelsior, Juglans spp. and Prunus avium). In each 
plantation, 15 dominant trees for each target species (45 
trees per site) were selected in 2018, avoiding individu-
als at the border of the stand. Two perpendicular wood 
cores at 30 cm height above the ground for each selected 
individual were taken using an increment borer, stored 
in cardboard and naturally dried. Once in the laboratory, 
samples were glued on woody supports and sanded with 
paper with 60, 120, 240, 320 and 600 grit to make tree 
rings more visible.

Dendrochronological analysis

Tree-ring width was estimated for each core using Den-
drotab 2003 (© Walesch Electronic GmbH). Chronolo-
gies were visually and statistically cross-dated using 
TSAP (© TSAPWin Scientific, version 4.81, 2002–2018, 
Frank Rinn/RINNTECH) and COFECHA (Grissino-Mayer 
2001; Holmes 1983) softwares, respectively. Cross-dated 
chronologies were then normalized using the Hugershoff 
correction (Fang et al. 2010; Warren 1980; Warren and 
MacWilliam 1981) with the function detrend in dplR pack-
age in RStudio (© Rstudio, version 1.2.1335, ©2009-2019 

Rstudio, inc.) in order to remove noises associated with 
age trends, which may be significant especially in young 
plants and during the first years of growth.

Climate index

The driest and the reference year (i.e. a year representing 
average climate conditions at the experimental sites, neither 
too warm and dry nor too cold and wet) since tree planting 
were identified by calculating the De Martonne Index (DMI; 
Maliva and Missimer 2012; Vitali et al. 2017):

where P is the total rainfall (mm) and T is the mean tem-
perature (°C) at the experiment sites, calculated yearly on 
the vegetative season (from April to October) from 1995 to 
2017 data from Fagagna meteorological station, the nearest 
station to our selected sites (www.osmer .fvg.it). We consid-
ered the years below the 10th percentile of DMI distribution 
as the driest and the years between the 45th and the 55th 
percentile as the references (i.e. years representing mean 
climate conditions at the experimental sites). Using such 
an approach, 2006 and 2014 were identified as the driest 
and the reference year, respectively. Even though 2003 was 
identified as the driest year ever, we decided to not consider 
it as the selected plantations were 4-year old, canopies were 
not completely closed and emergency irrigations were still 
performed according to local records.

Isotopes analysis and iWUE

Three of the collected wood cores for each species in each 
plot were randomly selected. Rings corresponding to 2006 
and 2014 were accurately cut and stored in different plastic 
tubes. To avoid contamination, samples were washed with 
pure ethanol and dried at 40 °C overnight. Then, samples 
were milled and weighted in tin capsules and δ13C was 
assessed using a CHNS Elemental Analyser (Vario Micro-
cube, © Elementar) coupled to a stable isotope ratio mass 
spectrometer (IRMS; Isoprime 100, © Elementar). The ana-
lytical precision for 13C analysis was less than 0.06‰.

We calculated iWUE (μmol  CO2 mol  H2O−1), defined 
as the ratio between photosynthesis and leaf transpiration, 
using δ13C values of the single tree ring according to the 
model of Farquhar et al. (1982):

knowing that C isotopic discrimination is equal to (Farquhar 
et al. 1982):

(1)DMI = P∕(T + 10)

(2)iWUE =
A

g
H

2
O

= ca ∗
(b − Δ13C)

1.6 ∗ (b − a)

http://www.osmer.fvg.it
http://www.osmer.fvg.it
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where Ca (ppm) is mean annual atmospheric  CO2 concentra-
tion, a is the fractionation during  CO2 diffusion (a = 4.4‰), 
b is the fractionation during carboxylation (b = 27‰), δ13Ca 
is the isotopic mean annual isotopic composition of atmos-
phere, and δ13Cp is the isotopic composition of tree-ring 
samples. Ca and δ13Ca were downloaded from Mauna Loa 
Observatory database (https ://www.esrl.noaa.gov/gmd/).

Data analysis

We considered as control (ctrl) the plantation without any 
consociate species (plantation n. 1; Online resource 1), 
while we expressed tree species diversity in the other plan-
tations as the total number of consociated species. Then, 
we compared normalized tree-ring width and iWUE of the 
target species between the selected years (2006 and 2014), 
between species richness and years × species richness using 
a two-way ANOVA. All data were eventually transformed 
before doing the statistical analysis to meet the requirements 
for parametric statistical tests using powerTransform and 
bcPower functions in car package. Post hoc Tukey test was 
done when a significant difference was detected. All statisti-
cal analysis were applied using RStudio software (Rstudio, 
version 1.2.1335, ©2009-2019 Rstudio, inc.).

(3)Δ13C =
�
13Ca − �

13Cp

1 +
�13Cp

1000

Results

The annual growth rates of the three target tree species 
were similar, on average, across all the considered plan-
tations both considering raw and normalized tree-ring 
width (Fig. 1a, b): all target species showed peaks in tree-
ring width in 2002 and in 2004 followed by a constant 
decrease during the last 8–9 years. Similarly, they showed 
a significant drop in the growth rate in 2003, 2006 and 
2015, while synchronous increases were recorded in 
2007, 2014 and 2016. When normalized ring width is 
considered across all plantations, Fraxinus excelsior, 

Fig. 1  Average (mm year−1; a) and normalized tree-ring width (b) of the three commercial species (Fraxinus excelsior, Juglans sp.p. and Prunus 
avium) across all the studied plantations

Fig. 2  Mean normalized tree-ring width in 2006 and 2014 for the 
three commercial tree species across all the plantations. Vertical bars 
indicate standard errors (n = 5 for Fraxinus excelsior and Juglans 
sp.p.; n = 6 for Prunus avium) and different letters indicate a signifi-
cant difference (p < 0.05)

https://www.esrl.noaa.gov/gmd/
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Juglans sp.p. and Prunus avium grew 36%, 47%, 30% 
less in the driest (2006) than in the reference year (2014), 
respectively (p < 0.001; Fig. 2). Such a difference in ring 
width between those two years is also confirmed when 
each plantation (i.e. with different number of associated 
species) is considered individually (p < 0.05; Fig.  3). 
However, while in the driest year (2006) increasing the 
number of consociated species had a positive influence 
on the ring width of the target species (+ 14% when com-
pared to control; p = 0.001), in the reference year (2014) 
such a difference was not significant (− 8%; p > 0.05; 
Fig. 3). Moreover, in 2006 the major difference (+ 23%, 
p < 0.001) was detected in the plantation with only one 
consociated species, while lower differences were found 
at higher levels (+ 3% and p = 0.30 when consociated spe-
cies = 6). In 2014 (reference year), significant differences 
were only found between plantations with five and six 
consociated species (p = 0.002).

As far as C isotopic signature is concerned, δ13C val-
ues ranged from − 26.45 ± 0.65‰ and − 26.54 ± 0.84‰ in 
2006 and 2014, respectively, reflecting typical ranges for 
C3 plants. We measured a significant lower mean iWUE 
across all plantations (− 6%; p < 0.001; Fig. 4) in the driest 
year (2006) than in the reference year (2014). Increasing the 
number of consociated species (Fig. 5) caused a significant 
difference in iWUE in the driest year, only (p = 0.02). In par-
ticular, major and significant differences with control were 
detected when five consociated tree species were present 

(+ 11%; p = 0.02), while minor and non-significant differ-
ences were found when six consociated species were present 
(+ 4%; p = 0.84).

Fig. 3  Normalized tree-ring width with the increase in associated 
tree species in the different plantations. “ctrl” represents the control 
plantation (i.e. the three commercial species, only). Black triangles 
indicate mean values for each boxplot. Different lowercase letters in 
“Ass. Sp.” box indicate significant differences among consociated 
species levels in 2006 (p < 0.05), while different capital letters in the 
same box indicate significant differences among plantations in 2014 
(p < 0.05)

Fig. 4  Mean intrinsic water-use efficiency (iWUE; μmol  CO2 mol 
 H2O−1) in 2006 and 2014 across all plantations. Vertical bars indicate 
standard errors (n = 48) and different letters indicate a significant dif-
ference (p < 0.05)

Fig. 5  Intrinsic water-use efficiency (iWUE μmol  CO2 mol  H2O−1) 
with increasing the number of associated species. “ctrl” represents 
the control plantation (i.e. the three commercial species, only). Black 
triangles indicate mean values for each boxplot. No significant differ-
ences have been found among 2006 (dry year) and 2014 (reference 
year) inside the same plantation along the entire richness gradient 
(p > 0.05). Different lowercase letters in “Ass. Sp.” box indicate sig-
nificant differences among treatments in 2006 (p < 0.05), while dif-
ferent capital letters in the same box indicate significant differences 
among plantations in 2014 (p < 0.05)
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Discussion

Tree species respond differently to drought events depend-
ing on their intensity, frequency and timing (i.e. spring or 
summer droughts) (Merlin et al. 2015), on tree age, site 
characteristics and forest management (Sohn et al. 2016).

In our study, we observed a strong age-related trend 
in tree-ring width for each of the considered commercial 
species (Fig. 1a): major widths were recorded between 
2001 and 2005, followed by a subsequent and constant 
decline. Such a growth pattern reflects the typical growth 
behaviour in young trees (Fang et al. 2010), thus confirm-
ing our choice to use a normalizing function to eliminate 
these age-related trends (Fig. 1b). Each of the target tree 
species showed a significant drop in tree-ring width val-
ues during 2003, which was recorded as one of the driest 
and hottest years in Europe since the beginning of XX 
century (De Bono et al. 2004; Rebetez et al. 2006; Schär 
and Jendritzky 2004). Other growth declines were also 
observed in 2006 and in 2015, which have been reported 
as exceptionally hot and dry years at regional scale (www.
osmer .fvg.it), as also confirmed by our DMI index analysis 
(Online resource 3). On the contrary, increases in the ring 
width values were measured in 2004 and 2014, years with 
vegetative seasons characterized by mild temperatures and 
relatively abundant precipitations (www.osmer .fvg.it).

Looking at normalized tree-ring widths, the three tar-
get species responded differently during the selected dry 
(2006) or the reference year (2014), with a 37% decrease 
in the former compared to the latter (Fig. 2). Such a dif-
ference was consistently maintained throughout the tree 
species richness gradient, even though with different inten-
sities (from 48% in the reference to 23% in the planta-
tion with one consociated tree species; Fig. 3). Moreover, 
comparing the control plantations to all the other stands, 
the difference in the normalized ring width values was 
more evident in the driest year than in the reference year 
(Fig. 3). Plantations with less than five consociated tree 
species may experience enhanced tree growth in the target 
commercial tree species through niche complementarity 
and/or facilitation processes (Pacala and Tilman 1994; 
Petchey 2003; Schoener 1974), while higher numbers of 
consociated species (≥ 5) may decrease growth during 
the harshest seasons because of competition for resources 
(Lang et al. 2010; Wagner and Radosevich 1998). Such a 
behaviour has been already observed in the literature, even 
though the majority of the studies have been performed 
on forest species as fir, pine, beech and spruce. Metz 
et al. (2016) found that European beech performed better 
(higher tree growth) when associated with pine compared 
to pure beech stands as tree ecophysiology, canopy struc-
ture and sunlight tolerance were different between these 

two species. Nevertheless, at higher tree species richness 
levels, a stronger competition for water was recorded and 
a reduced tree-ring growth in beech was measured (Metz 
et al. 2016). Moreover, Pretzsch and Dieler (2012) high-
lighted facilitative effects of oak on beech when conditions 
are less favourable, for example, during drought periods. 
Del Rio et  al. (2014) report that when environmental 
conditions are favourable, a strong competition between 
beech and other species, and consequently, a decrease 
in tree growth is detected while when condition are less 
favourable (i.e. drought year) the opposite occurs (the so-
called “stress-gradient hypothesis”, as defined by Bertness 
and Callaway 1994). These results were also confirmed 
by Grossiord et al. (2014a) and, in a wider study across 
Europe, by Jucker et al. (2016). Thus, competitive and 
facilitative mechanisms can interact simultaneously inside 
the same community, depending on the local climatic con-
ditions, producing a wide spectrum of positive or nega-
tive effects on tree growth (Callaway 1998; Callaway and 
Walker 1997). Moreover, species richness does not influ-
ence tree growth when environmental conditions are not 
limiting, as observed in 2014 at our experimental sites, 
maybe because neither competition nor complementarity 
processes occur, or because the two processes cancel out 
each other (Pretzsch et al. 2013).

We also measured a significant lower iWUE in 2006 than 
in 2014 (Fig. 4). During the 2006 drought, significant dif-
ferences in iWUE were observed between different levels of 
species richness, with the highest values in plantations with 
five consociated species, and the lowest values in plantations 
with four and six consociated species (Fig. 5). However, 
these differences were not observed during the year 2014. 
This confirms again that tree species richness has a positive 
effect on tree growth only when environmental conditions 
are harsher. Similar patterns in iWUE with species diversity 
have been also observed in boreal forests by Grossiord et al. 
(2014a) and by Gebauer et al. (2012).

Conclusions

Our results partially confirmed our working hypothesis that 
the higher is the number of consociated species (i.e. tree 
species’ diversity), the less the target commercial tree spe-
cies are impacted by a drought event. In fact, a positive spe-
cies richness effect on tree growth and iWUE was found 
only when less than five consociated species are present and 
only when environmental conditions are harsher (2006). For 
higher tree species richness levels, competition for resources 
prevails, thus leading to a decrease in radial tree growth 
and iWUE. Similarly, our data support the ‘stress gradient 
hypothesis’: the absence of both complementarity and com-
petition or an equilibrium between these two mechanisms 

http://www.osmer.fvg.it
http://www.osmer.fvg.it
http://www.osmer.fvg.it
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when environmental conditions are not limiting (2014) bring 
to no effect of tree species richness on tree growth.
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