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Figure 7 Relationship between annual BAI and iWUE in beech across the Italian Peninsula for the
period 1965-2014. Linear regressions and the equations are indicated for each site. Significance

values are encoded by ***p < 0.001.

813C, iIWUE, and climate relationship

Carbon isotope composition (8*3C) and i\WUE showed a similar relationship with climate variables.
However, iWUE presented stronger correlation with climate than 8*3C (Figure 8, Figure S4). An
exception was observed at LAZ, where 5!3C showed a negative and significant correlation with Tmean

compared to i\WUE (Figure 8, Figure S4).

At the northernmost site, \WUE showed significant and positive correlations with Tmean and VPD of
the previous and current year, while negative and scattered correlations with P and SPEI of April and

May were observed (Figure 8).
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At LAZ, i\WUE was negatively and significantly correlated with VPD from March to November of

the current and previous year.

At CAM, iWUE exhibited a positive and significant correlation with P from March to May (previous
and current year), while Tmean Of the current and previous year was positively and significantly
correlated with jWUE. On the contrary, iWUE correlated strongly and negatively with VPD from

May to August (current and previous year) and with SPEI in August (Figure 8).

At the southernmost site, \WUE correlated positively with P from March to September (current year),
and strongly and positively with Tmean from March to August of the previous year. At CAL, VPD and
SPEI exhibited strong and negative correlations with {WUE from May to June (current and previous

year, Figure 8).
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Figure 8 Pearson’s running correlations between ;WUE with monthly precipitation, mean

temperature, VPD, and SPEI1 for the current and the previous year (*), over the period 1965-2014 at
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each site. The y-axis represents the time window in months. Colours (see the key) represent

correlation coefficients that are significant at the level of r = 0.279 (p < 0.05)

Early warning signals of declining forest resilience

The statistical analysis of the BAI time series performed to detect EWS on beech forests revealed
contrasting results among the sites (Figure 9a and 9b). In TRE and LAZ, BAI showed a rise in AR(1)
among trees, which started to increase after the 2003 drought in TRE, while in LAZ already during
the 1990s (Figure 9a). In contrast, CAM showed a significant steady decrease in AR(1). No
significant autocorrelation trend was found at CAL, Nevertheless, the standard deviation (SD) started
to rise by the end of the 1980s (Figure 9b). A significant increase in SD of the BAI signal was

observed across all the sites.
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Figure 9 Early warning signals: a) AR(1), first-order autocorrelation, b) SD, obtained using a 15-
year moving window for basal area increment (BAI) of Fagus sylvatica for four study sites for the

period 1965-2014. The statistics of BAI were calculated using the residuals of the time series after
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removing the low-frequency signal (Gaussian filter) using 15-year-long windows (e.g. 1979
corresponds to the interval 1965-2014). The Kendall 7 statistics indicate the strength of trends along
the time series for each variable and site. For each site, the bold line represents the mean of the
statistics among trees, and the shaded area is the standard error. (* p <0.05, ** p < 0.001, *** p <

0.001).

4 DISCUSSION

Long-term growth patterns and climate variability impact on beech across Italy

Our analysis revealed diverse long-term growth responses of European beech across the Italian
Peninsula, closely associated with local climate and site conditions. The northern sites (TRE and
LAZ) showed a decrease in BAI trends after the severe drought event in 2003, while the southernmost
site (CAL) exhibited a growth decline after 2010. In contrast, CAM displayed a steady increase in

growth over the 50 years analysed, likely due to increased precipitation in the last decades.

Our findings confirmed that European beech in the northern sites might be more susceptible to die-
off, even without visible decline symptoms (such as branch dieback or decolouration of leaves). Trees
exhibited greater growth sensitivity to VPD during summer, and this effect became more pronounced
at the southernmost site. VPD can be used to estimate atmospheric water status and is one of the most
important environmental factors influencing plant growth (Zabri and Burrage, 1997). Elevated VPD,
associated with dry conditions, impacts stomatal conductance and the balance between carbon
assimilation and water loss (McDowell et al., 2008; Zhang et al., 2015). This indicates that drought,
driven by enhanced evapotranspiration, will play a critical role throughout the beech forest's

latitudinal range in Italy.
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Recent global-scale research by Yuan et al. (2019) highlighted the increase of VPD as a major
atmospheric driver affecting forest productivity by imposing water stress on photosynthesis. Water-
use strategies, particularly conservative/opportunistic responses within and across species, have been
closely linked to soil moisture availability (Moreno-Gutiérrez et al., 2012; Martinez-Vilalta et al.,
2014). Higher VPD and temperature accelerate soil moisture depletion causing a significant reduction
in carbon uptake (Sulman et al., 2016), elevating the risk of drought-induced dieback through
hydraulic failure and/or carbon starvation (Anderegg et al., 2016; Adams et al., 2017; Grossiord et

al., 2020).

Our results demonstrate a significant increase in VPD after the 2003 drought event in TRE, however
we found a weak negative correlation between VPD and BAI. We can hypothesise this might be
attributed to a lower soil water holding capacity (SWHC) at this site, potentially increasing
vulnerability to growth decline, as observed in our GAMM model. Conversely, LAZ exhibited higher
SWHC, likely contributing to higher transpiration rates and growth compared to other sites. CAM
and CAL sites presented moderate SWHC and a declining VPD trend, indicating less stress than the
TRE site. The GAMM model integrated responses to the SPEI index and individual age of each tree,
thus, we speculate that hydraulic strategies under drought significantly impact long-term growth rates,
reflecting site-specific and ontogenic plasticity responses of the species. These findings may suggest
that young beech trees initially benefit from favourable climate conditions and higher transpiration
rates; however, this advantage depends on soil water availability and makes them susceptible to rapid
declines in growth during extreme drought events, as already observed in Switzerland (Vanoni et al.,

2016).

Our study, to our knowledge, is the first to show evidence of the negative impact of VPD on basal
area increment in beech forests across the Italian peninsula. This correlation was evident in all sites
but was even stronger at southern latitudes. In contrast, previous studies in mature beech stands did

not find a significant climate correlation, attributed to the species' mast-seeding behaviour and
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sensitivity to late frosts at the beginning of the growing season (Piovesan and Adams, 2001,
Castagneri et al., 2014; D’Andrea et al., 2021; Tonelli et al., 2023). Other studies have identified
lagged climate correlation with masting (Vacchiano et al., 2017). Additionally, Zimmermann et al.
(2015), in central Germany, found that beech growth was highly sensitive to summer temperatures

and extreme drought events after the 1980s.

Drought sensitivity and water-use strategies effect on growth

European beech has commonly been classified as an opportunistic species, capable of maintaining
higher transpiration rates even in relatively dry soil conditions (Leuschner, 2020; and references
therein); however, this strategy increases the risk of cavitation (McDowell et al., 2008; Martinez-

Vilalta et al., 2014).

Our findings indicated that temperature and VPD emerged as primary drivers of iWUE in TRE, while
VPD played a dominant role in the southern sites. However, in LAZ, iWUE did not exhibit a clear
correlation with climate variables. This complex relationship highlights the interaction between VPD,
stomatal conductance, and photosynthesis, as high VPD initially reduces stomatal conductance but
not net CO, assimilation rate, resulting in increased ;WUE. Nevertheless, severe VPD-induced
stomatal conductance restrictions, combined with declining soil moisture and other non-stomatal
limitations, ultimately reduce photosynthetic rate and may lead to declining iWUE as VPD continues
to rise (Flexas et al., 2012). Thus, the overall relationship between jWUE and VPD is likely hyperbolic
(Zhang et al., 2019), and the sensitivity of photosynthesis to VPD will likely be weaker than the

sensitivity of conductance to VPD.

Our study highlights contrasting water use strategies of beech across the Italian peninsula. We
observed an increase of 6*3C and {WUE values in TRE, CAM, and CAL, indicating a conservative

water use strategy when water availability is low. In contrast, LAZ exhibited a decrease of §:°C,


https://doi.org/10.1101/2023.11.15.567154
http://creativecommons.org/licenses/by-nc-nd/4.0/

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

bioRxiv preprint doi: https://doi.org/10.1101/2023.11.15.567154; this version posted November 16, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

suggesting an opportunistic response with stable iWUE regardless of the moisture condition. While
at LAZ, changes in photosynthetic rate and stomatal conductance appeared to occur in the same
direction with similar magnitude, at TRE, CAM, and CAL, stomatal conductance appeared to
decrease proportionally more than photosynthetic rate, or the latter remaining stable or increasing
with declining stomatal conductance. Thus, our findings confirm that water use strategies employed
by beech are mostly site-specific and influenced by microclimatic conditions and soil water
availability (McCarroll and Loader, 2004), consistent with our hypothesis and consistent with prior

research (Pefiuelas et al., 2008).

Interestingly, our results indicate that higher mean ;{WUE did not result in an increase in the basal
area increment on beech (Nock et al., 2011; Pefiuelas et al., 2011; Mazza et al., 2024); instead, we
observed contrasting responses consistent with previous studies (Pefiuelas et al., 2008; Tognetti et al.,
2014). Notably, the northern site displayed a drastic increase in iWUE after the 2003 drought event,
coinciding with elevated VPD and temperature that may have led to stomatal closure (gs) and reduced
photosynthesis (A), suggesting that the growth decline in this site was might triggered by intensified
evapotranspiration and the lower SWHC as observed in other sites by others (e.g. Pefiuelas et al.,
2011; Li et al., 2023). At LAZ, there was no relationship between ;WUE and growth, which can be
explained by higher SWHC allowing higher transpiration rates and metabolic respiration, resulting in
greater losses of photosynthetic assimilates, especially at higher temperatures (Nock et al., 2011;
Mazza et al., 2024). Interestingly, in the southern sites, the increase of \WUE enhanced growth. This
discrepancy may be attributed to the adaptation of beech trees in the southernmost distribution to
water stress and high VPD (Anderegg et al., 2019; Battipaglia and Cherubini, 2022), suggesting that
high i\WUE is an adaptative trait (Medrano et al., 2009). Consequently, we can infer that the observed
“conservative strategy” - characterized by low stomatal conductance and constant CO. assimilation
rate that enhanced growth —at CAM might be explained by a positive CO; fertilization effect or long-
term acclimation to elevated CO, (Walker et al., 2021). Similar findings were reported in mature

European beech stands in Spain, where an increased sensitivity to drought was observed across the
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southern range-edge distribution (Pefiuelas et al., 2008). Recently, Qi et al. (2023) in China revealed
varying water use strategies among larch trees. Mature trees presented a more ‘conservative strategy’
(low gs, constant assimilation rate (A)), whereas young trees maintained constant gs and high A,
indicating an opportunistic behaviour. Notably mature trees displayed a greater sensitivity to

atmospheric CO2 concentrations than their young counterparts.

It should be pointed out that a major influence of photosynthetic rate on intercellular CO>
concentration and §'3C, and the minor contribution of the regulation of stomatal conductance to
iWUE, were observed in other studies on the same species (Tognetti et al., 2014). These findings
suggest unclear patterns of potential increased drought-related tree decline signs in mountain beech
forests along the Italian latitudinal transect. Differences between leaf-level physiology and tree-ring
level processes may arise, reflecting potential variations in the (re)translocation patterns of non-
structural carbohydrates to organs (Martinez-Vilalta et al., 2016; Merganicova et al., 2019). Such
complexities make tree-ring analysis a challenging tool for decipher tree responses to fluctuating

seasonal conditions in the short term.

Early Warning Signals of mortality

Our second hypothesis, linking the degree of growth reduction and tree growth instability to drought
severity, was only partially confirmed by our findings. We observed an increase in the autocorrelation
of the BAI signal across almost all sites, indicating heightened intrinsic biological memory of the
trees and signaling a loss of ecological system resilience (Lloret et al., 2011; Seidel et al., 2022; Smith
et al., 2022). Such increases have been linked to instabilities preceding external disturbances in
various biological systems (e.g., Dakos et al., 2012a; Boulton et al., 2022; Forzieri et al., 2022),
potentially leading to a transition to a new system state (Majumder et al., 2019; Buxton et al., 2021).
Recent studies investigating ecosystem productivity’s autocorrelation have identified reduced

resilience in diverse forest types due to increased water limitations and climate variability (Forzieri
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et al., 2022; Fernandez-Martinez et al., 2023). Notably, after a severe drought, declining trees

exhibited increases in BAI autocorrelation and variability before mortality (Camarero et al., 2015).

In line with our expectations, the northern site showed a significant increase in AR and a decline in
BAI after the 2003 drought event. Conversely, CAM showed a decrease in AR, suggesting a greater
resilience to changing climate conditions, despite experiencing the severe drought period of 2003.
This higher resilience at CAM might be linked to the legacy of past conditions with less water
availability variability compared to the TRE site, as supported by the SPEI multiscalar index. TRE
experienced several prolonged dry periods (i.e. SPEI<-1.5), before the 2000s. Additionally, the
presence of relatively mature trees at CAM site might contribute to the population's apparent stability
(see Colangelo et al., 2021). Our data also revealed increase BAI series SD across all stands. While
this variability encompasses both tree physiological signals and climate-driven vegetation dynamics
(Bochow and Boers, 2023), the co-occurrence rise in AR, decline in BAI, and increse in SD in TRE,
LAZ and CAL sites, may indicate a loss of system stability (Dakos et al., 2012a). This indicates

potential challenges for trees to mitigate the impact of extreme events in the future.

Several studies have demonstrated that long-term rises in instability and reduced growth predispose
European beech to elevated mortality risks under future climate-induced stress conditions (Gillner et
al., 2013; DeSoto et al., 2020; Cabon et al., 2023). This emphasizes the need for continuous
monitoring and proactive management of beech forests, particularly in regions where climate change
is projected to increase the frequency and severity of droughts. Ongoing monitoring enables early
detection of tree mortality risks, facilitating timely interventions to protect and sustain these vital

ecosystems with wide ecological amplitude.
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5 CONCLUSIONS

In conclusion, in this study our goal was to advance the early prediction of mortality risk in healthy
beech stands without, apparently, visible declining symptoms across the Italian Peninsula. This is
especially pertinent considering the recent growth decline observed in this species (Piovesan et al.,
2008; Martinez del Castillo et al., 2022; Dorado-Lifan et al., 2022), although the available evidence

is not yet conclusive (Tognetti et al., 2014).

These findings highlight the importance of considering the plasticity and site-specific i\WUE
responses to varying environmental conditions and the impact of VPD on stomatal conductance when
predicting the future of beech forests in the context of climate change. It is important to note that not
all beech populations considered in this study exhibited an increase in {WUE in response to rising
VPD. This variability reflects differing sensitivities to changes in environmental drivers and the

plasticity of conservative to opportunistic water-use strategies.

Furthermore, our analysis of EWS reveals the loss of resilience after an extreme event, as notably
observed at the TRE site. In the context of climate change projection, the increase in the frequency
and severity of droughts, the ability to detect earlier tipping points of critical slow down in declining
systems and the potential for recovery to the current state or an alternative state remains uncertain

(Cabon et al., 2023).

Nonetheless, this research raises further questions, such as how to generalize the relationships
between increased \WUE and conservative behaviour, thus explaining contradictory results obtained
in tree ring studies on beech populations and assess temporal changes in this functional trait. Further
research considering young and old trees and their physiological mechanisms (Leuschner, 2020; Qi
et al., 2023), micro-site conditions (Puchi et al., 2021), and genetics will also elucidate intraspecific
variations in drought response (Alderotti et al., 2023). This knowledge is essential for developing
effective conservation and also future forest management strategies to ensure the long-term health,

vitality, and resilience of these crucial ecological and socio-economical ecosystems.
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