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• Productivity losses increase with 
increasing severity of climatic scenario. 

• Productivity decreases by 7.7 % and 
11.6 % for Q. spp. and P. sylvestris for 
RCP 8.5. 

• Climate change will shift the competi-
tive advantage from P. sylvestris to Q. 
spp. 

• Productivity losses can be mitigated but 
not compensated by the use of mixtures. 

• Productivity losses at low latitudes are 
more severe than at high latitudes.  
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A B S T R A C T   

The climate change scenarios RCP 4.5 and RCP 8.5, with a representative concentration pathway for stabilization 
of radiative forcing of 4.5 W m− 2 and 8.5 W m− 2 by 2100, respectively, predict an increase in temperature of 
1–4.5◦ Celsius for Europe and a simultaneous shift in precipitation patterns leading to increased drought fre-
quency and severity. The negative consequences of such changes on tree growth on dry sites or at the dry end of a 
tree species distribution are well-known, but rarely quantified across large gradients. In this study, the growth of 
Quercus robur and Quercus petraea (Q. spp.) and Pinus sylvestris in pure and mixed stands was predicted for a 
historical scenario and the two climate change scenarios RCP 4.5 and RCP 8.5 using the individual tree growth 
model PrognAus. Predictions were made along an ecological gradient ranging from current mean annual tem-
peratures of 5.5–11.4 ◦C and with mean annual precipitation sums of 586–929 mm. Initial data for the simulation 
consisted of 23 triplets established in pure and mixed stands of Q. spp. and P. sylvestris. After doing the simu-
lations until 2100, we fitted a linear mixed model using the predicted volume in the year 2100 as response 
variable to describe the general trends in the simulation results. Productivity decreased for both Q. spp. and 
P. sylvestris with increasing temperature, and more so, for the warmer sites of the gradient. P. sylvestris is the more 
productive tree species in the current climate scenario, but the competitive advantage shifts to Q. spp., which is 
capable to endure very high negative water potentials, for the more severe climate change scenario. The Q. spp.- 
P. sylvestris mixture presents an intermediate resilience to increased scenario severity. Enrichment of P. sylvestris 
stands by creating mixtures with Q. spp., but not the opposite, might be a right silvicultural adaptive strategy, 
especially at lower latitudes. Tree species mixing can only partly compensate productivity losses due to climate 
change. This may, however, be possible in combination with other silvicultural adaptation strategies, such as 
thinning and uneven-aged management.   

1. Introduction 

Recent climate scenarios for Europe predict an average rise in tem-
perature for the medium and extreme emission scenario in the range of 
1–4.5 ◦C for the RCP 4.5, and 2.5–5.5 C for the RCP 8.5 greenhouse gas 
emission scenarios (Jacob et al., 2014). The climate change scenarios 
represent concentration pathways for stabilization of radiative forcing 
of 4.5 and 8.5 W m− 2 by 2100, respectively (Jacob et al., 2014). The 
large scale spatial patterns in high resolution climate ensemble models 
are similar for both scenarios and the predicted increase in temperature 
across Europe is particularly pronounced in Southern Europe (Jacob 
et al., 2014). Associated with rises in temperature are changes in pre-
cipitation patterns, predicting a decrease in Southern Europe and an 
increase in precipitation in Central and Northern Europe and a seasonal 
shift in precipitation (Jacob et al., 2014). 

As a consequence, we would expect to observe an earlier occurrence 
of phenophases (Körner and Basler, 2010; Puchałka et al., 2017; Menzel 
et al., 2020; Puchałka et al., 2024), a northward migration of tree species 
(Ozolinčius et al., 2014; Giesecke et al., 2017) similar to the one 
observed in earlier warming phases (Giesecke et al., 2017), growth 
depression (Eilmann et al., 2006; Pardos et al., 2021; Salomón et al., 
2022) due to an earlier cessation of growth (Strieder and Vospernik, 
2021; Puchałka et al., 2024) due to a premature cessation of the cambial 
activity (Puchałka et al., 2024), increased tree mortality due to hy-
draulic failure or carbon starvation (Benito Garzón et al., 2018; Choat 
et al., 2018; Arend et al., 2021; Mantova et al., 2022; Hartmann et al., 
2022; Hammond et al., 2022) reinforced by an increased risk of insect 
pests and tree pathogens (Venäläinen et al., 2020) and an increase of 
natural hazards and abiotic disturbances (Dupuy et al., 2020; Maurer 
and Heinimann, 2020; Romeiro et al., 2022). Recent climate warming 
has pushed many ecosystems to the margins of their ecological niche 
(Bebi et al., 2001; Camarero et al., 2021) and further rising global 
temperatures will continue to exacerbate the situation. 

Oak (Quercus spp. (Quercus robur L. and Quercus petraea (Matt.) 
Liebl.)) – Scots pine (Pinus sylvestris L.) mixed species forests are a plant 
association found on xeric, acidophilous sites (Müller, 1992) which are 
thought to be resistant and resilient to climatic warming (Pretzsch et al., 
2020) since both tree genera are well adapted to drought. 

Quercus spp. have deep penetrating tap roots and leaves with a thick- 
walled epidermis (Gil-Pelegrín et al., 2017). Quercus spp. can endure an 
extremely high negative water potential of − 4 MPa and can withdraw 
considerable amounts of stored water from its stem and crown (Zweifel 

et al., 2009; Peters et al., 2023). As aniso-hydric tree species, they 
display very little climate sensitivity and quickly recover from summer 
drought, usually within 1–2 years (Gillner et al., 2013; Haerdtle et al., 
2013; Vitasse et al., 2019). Quercus spp. are adopted to be productive 
even under high vapor pressure deficits, but extreme drought can move 
them to their physiological limit leading to premature leaf cessation 
(Zweifel et al., 2006). 

P. sylvestris is a widely distributed tree species (Brus et al., 2012) that 
is also drought tolerant with its thick walled epidermis and inset sto-
mata, which protect it from water loss (Zweifel et al., 2009). P. sylvestris, 
however, maintains a significantly higher water potential than do 
Quercus spp., not dropping below − 1.5 and − 2.5 MPa in leaves (Irvine 
et al., 1998; Zweifel et al., 2009) and it stores smaller amounts of water 
in its leaves and crown (Zweifel et al., 2007). The isohydric behavior and 
tighter stomatal control result in greater limitations of carbon assimi-
lation than is observed for Q. spp. (Zweifel et al., 2009) resulting in more 
pronounced and longer lasting growth response to drought for 
P. sylvestris than for Q. spp. (Zweifel et al., 2009) and post-drought 
growth depression for P. sylvestris can last for up to 5 years (Galiano 
et al., 2011). Thus, while P. sylvestris is drought tolerant, it is better 
adapted to wet and cool conditions in dry environments, where it opens 
its stomata more widely than Q. spp. and then has a higher photosyn-
thetic capacity (Zweifel et al., 2009; Peters et al., 2023). 

Both Q. spp. and P. sylvestris are of high commercial importance 
(Durrant et al., 2016; Eaton et al., 2016) and many studies have inves-
tigated their productivity. At the same site Q. spp. were reported to 
maintain lower tree densities in terms of stem number, basal area and 
volume, but higher biomass productivity (Yuste et al., 2005), because of 
their higher wood density. Lower basal area for Q. spp. is also reflected 
by considerably lower maximum basal area per hectare attainable by 
this species in comparison to P. sylvestris (Vospernik and Sterba, 2015). 
Management concepts and commercial use for the two tree species differ 
considerably: P. sylvestris constitutes 20 % of the standing timber volume 
in Europe and has an easily workable wood for construction, furniture 
pulp and paper (Durrant et al., 2016), and can be more easily managed 
than Q. spp. In contrast, Q. spp. provides high quality hardwood, 
appreciated for its durability and hardness. The most valuable oak wood 
has narrow rings with long economic rotations and frequent manage-
ment interventions (Eaton et al., 2016). 

The increasing frequency of drought extremes associated with 
climate change is a key challenge to forest ecosystems. Consequently, 
the quantification of drought effects on tree growth and mortality is of 
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the highest concern for forest management and forest science (Bhuyan 
et al., 2017). Selection of drought tolerant tree species (Thurm et al., 
2018; Vospernik, 2021), managing tree species mixture (Steckel et al., 
2020), climate adapted forest management and selection of suitable 
provenances (Taeger et al., 2013; Karrer et al., 2022) are all important 
strategies to mitigate climate change impacts. In particular, mixing tree 
species has been proposed as one of the solutions to promote adaptive 
forest management because mixed stands are supposed to be, on 
average, more productive, more resistant and resilient to drought 
(Pretzsch et al., 2020; Steckel et al., 2020; Pardos et al., 2021), herbi-
vores and pathogens (Jactel et al., 2017, 2019) than pure stands – 
although the strength of the mixture effects may strongly vary with 
species and site conditions (Pardos et al., 2021; Strieder and Vospernik, 
2021). 

While mixing tree species is beneficial, growth depressions follow 
drought. These are well documented (Quercus: Toïgo et al., 2015; Prokop 
et al., 2016; Roibu et al., 2020; Vospernik et al., 2023; Pinus: Rigling 
et al., 2002; Toïgo et al., 2015; Treml et al., 2022), since both tree 
species are well-represented in dendro-ecological studies. In general, Q. 
spp. tree ring chronologies correlate positively with precipitation in 
spring and early summer while during late-wood formation climate 
response is unstable and varying in sign from site to site (Prokop et al., 
2016; Roibu et al., 2020; Vospernik et al., 2023). High autumn tem-
peratures positively affect carbohydrate reserves and thus are positively 
associated with ring width for Q. spp. of the next year (Prokop et al., 
2016; Roibu et al., 2020; Vospernik et al., 2023). Likewise, spring and 
early summer precipitation positively affect the growth of P. sylvestris on 
xeric sites (Rigling et al., 2002; Treml et al., 2022). Unlike Q. spp., 
P. sylvestris ring growth was reported to be positively affected by winter 
precipitation, which is important for successful shoot and root growth 
but P. sylvestris is negatively affected by high summer temperatures 
(Rigling et al., 2002; Treml et al., 2022). Fluctuations in the ring width 
of P. sylvestris are reported to be higher than that of Q. spp. because of its 
iso-hydric nature (Zweifel et al., 2009). 

In Europe, additional growth depressions in future scenarios are 
thought to be most pronounced in Mediterranean areas (Aldea et al., 
2018; Martínez-Sancho et al., 2021). Here, temperature rise is predicted 
to be highest (Jacob et al., 2014), and these sites are currently already 
particularly dry sites, with low water availability during summer (Aldea 
et al., 2018; Martínez-Sancho et al., 2021) with stressful site conditions. 
At these sites plant species are, however, genetically and phenologically 
adapted to low water availability (Martínez-Sancho et al., 2021), and 
trees at temperate or boreal sites with currently sufficient water avail-
ability and with currently larger absolute and relative growth rates, 
might be affected more by climatic warming, and decrease more in 
growth, while being still higher than in Mediterranean areas. At the 
north-eastern range limit, despite predicted maintaining their climatic 
niche, growth of Q. robur decreased in dry years (Puchałka et al., 2024), 
possibly because this widely distributed species has different ecotypes, 
which are only adapted to a proportion of the niche occupied by the 
species as a whole (Sáenz-Romero et al., 2019; Puchałka et al., 2024). 

In order to supply decision makers, researchers and stakeholders 
with an in-depth information and quantification of the consequences of 
climate growth, it is imperative to integrate climate change scenarios 
with forest growth models. This can be done by using climate and 
mixture sensitive individual tree (e.g. Vospernik, 2021), gap (e.g. Morin 
et al., 2021) or process-based models (e.g. Gupta and Sharma, 2019; 
Bouwman et al., 2021). The first type of model predicts growth and 
mortality of individual trees, the second type uses a similar approach but 
focuses on grid cells and the latter focus on tree physiological processes 
such as photosynthesis, respiration, stomatal conductance or carbon 
allocation (Weiskittel et al., 2011). Individual tree growth models most 
easily integrate empirical research on tree rings and dendrometers and 
forest management scenarios because of the shared focus on the indi-
vidual tree. Also, they are less computationally expensive than process 
based models assuring reasonable prediction times and the detailed 

output provided by these models is often not required. Therefore, they 
are the preferred means for simulating forest productivity (Weiskittel 
et al., 2011), but predictions of tree growth with climate change remain 
scarce (Bombi et al., 2017; Dyderski et al., 2018; Girardin et al., 2008; 
Bayat et al., 2022; De Wergifosse et al., 2022) and are still lacking for 
mixed Q. spp. and P. sylvestris stands. 

Growth reactions for different climate scenarios have not yet been 
studied in detail for Q. spp.-P. sylvestris pure and mixed forests. In this 
study, we quantify growth reactions for Quercus and Pinus on different 
sites across Europe under different climate scenarios and compare pure 
and mixed species stand with respect to climatic resistance and resil-
ience and productivity response. 

1.1. Hypothesis 

We hypothesize that:  

1. The expected standing volume in 2100, decreases on average for all 
species with increased severity of the scenario (Historical ≪ RCP 4.5 
≪ RCP 8.5).  

2. If hypothesis 1 holds, Q. spp. will be better able to buffer these 
changes than P. sylvestris (experience less of a decline with increased 
severity of scenario).  

3. Additionally, we hypothesize that the mixed species stands will show 
less response in productivity than the single species stands do.  

4. We expect that, in line with our current understanding of the species’ 
climatic distribution, the volume fall-off with increased scenario 
severity will be stronger for lower-latitude plots, which are closer to 
their species distributional xeric limit. 

2. Data 

2.1. Tree data 

Initial data for the simulation was data from Q. spp. – P. sylvestris 
triplets established as part of the ERA-Net SUMFOREST project REFORM 
(“REsilience of FORest Mixtures”, reform-mixing.eu) across Europe. This 
is described in detail in previous studies focusing on stand productivity 
and tree drought resilience (Pretzsch et al., 2020; Steckel et al., 2020; 
Vospernik et al., 2023) and tree growth simulation under current cli-
matic conditions (Engel et al., 2021). The dataset encompassed 23 
triplets. By design, each triplet contains three plots, whereof two are 
single-species stands of Q. spp. and P. sylvestris, and one is a mixed stand 
of Q. spp. - P. sylvestris. The triplet data covered large geographic (Fig. 1) 
and environmental (Fig. 2) gradients across Europe. Mean annual tem-
peratures at the sites varied between 5.5 ◦C and 11.4 ◦C and precipita-
tion is 586–929 mm. Plots were established in mature stands with an 
interquartile age range of 55–91.5 years and an interquartile stand 
volume of 317–613 m3ha− 1 (Table 1) with median stand characteristics 
being comparable in both the pure and mixed stands. Even though there 
is variation between different triplets, the pure and mixed plots within 
each triplet show extremely little variation in stand characteristics, 
showing the plots were carefully established (Appendix: Table 1).  

2.2. Climate scenarios 

Historical and future climate time series were acquired from CHELSA 
(High Resolution Climatologies for Earth’s Land Surface; https://ch 
elsa-climate.org/), a high-resolution (30 arc sec) climate repository for 
the land surface (Karger et al., 2017). We accounted for existing vari-
ability in climate projections by simulating the data over the period 
2006–2100 under four non-intercorrelated global circulation models 
(ACCESS1-3, CESM1-BGC, MIROC5, CMCC-CM) and two climate sce-
narios (RCP 4.5; RCP 8.5) following the recommendation of Sanderson 
et al. (2015). We retrieved time series for monthly minimum 

S. Vospernik et al.                                                                                                                                                                                                                              

https://chelsa-climate.org/
https://chelsa-climate.org/


Science of the Total Environment 942 (2024) 173342

4

temperature, monthly maximum temperature and monthly precipitation 
sum (Karger et al., 2020). We calculated the time series of mean tem-
perature by averaging the minimum and maximum monthly tempera-
ture. We compared the results obtained in the context of climate change 
with those of a null scenario obtained from eight randomized historical 
climate time series (1979–2013) provided by CHELSA to determine the 
effects of climate change on tree growth. The time series of future cli-
mates provided by CHELSA showed stable precipitation regimes over 
the 21th century; For some regions an increase of precipitation was 
predicted, while for others there was no trend or an opposite trend. In 
contrast to past intra-annual precipitations recorded, the predicted 
precipitation sums, showed hardly any variation in precipitation sums 
between years. To overcome this short-coming, we replaced the pre-
cipitation forecasts with time series of randomized historical precipita-
tion given by CHELSA. Finally, we calculated average climatic 
conditions per site to keep climatic conditions constant between plots of 
the same triplet. The climate conditions simulated in each scenario are 
illustrated in Fig. 2. While current mean annual temperatures varied 
between 5.5 ◦C and 11.4 ◦C (Appendix T1) and remain at this level in the 
historical scenarios, with some precipitation shifts, the scenario RCP 4.5 
showed an increase in temperature up to mean annual temperatures of 
12.5 ◦C during the study period and up to 14 ◦C in the RCP 8.5 scenario 
and little change in precipitation for the Q. spp. and P. sylvestris triplet 
plots. 

3. Methods 

3.1. Individual tree growth simulations 

Simulations were carried out with the individual tree growth simu-
lator PrognAus. The simulator consists of a basal area increment 
(Vospernik, 2021), a height increment (Nachtmann, 2006), a crown 
ratio (Hasenauer and Monserud, 1996), mortality (Monserud and 
Sterba, 1999) and an ingrowth model (Ledermann, 2002). The basal 
area increment model encompasses 22 species, which are modeled based 

on tree size, density and competition, climate, soil variables, harvesting 
and disturbances and mixture. The competition indices used are non- 
spatial and climate is modeled by separating climatic site effects from 
weather conditions by including long-term mean temperature, long- 
term mean precipitation and the yearly deviations thereof as input 

Fig. 1. Location of the study sites. Letters indicating the study site are also used 
in Fig. 2 and in the appendix. 

Fig. 2. Median of the mean monthly mean temperature ◦C and total annual 
precipitation (mm) during 3 periods of the simulation: 2017–2044 (circle); 
2045–2072 (triangle); 2073–2100 (square). Trajectories with a shared letter 
denote the same site in different simulations. 
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parameters. Mixture effects for many different species are represented 
by including the basal area proportion of them in the model. While the 
basal area increment model is climate and mixture sensitive (Vospernik, 
2021), these effects are not explicitly included in the other Prognaus 
models (height increment: Nachtmann, 2006; crown ratio: Hasenauer 
and Monserud, 1996; mortality: Monserud and Sterba, 1999; or 
ingrowth: Ledermann, 2002) even though such effects might be 
implicitly reflected by the site factors used in the models (e.g. elevation) 
and stand variables (e.g. dominant height). All sub-models were devel-
oped based on the data of the Austrian National Forest Inventory. The 
data cover a large environmental gradient in temperature and precipi-
tation (Vospernik, 2021) which because of Austria’s large altitudinal 
(colline zone to timberline) extent and thus encompassing many climatic 
conditions encountered in Europe, but may not be representative for 
very dry Mediterranean sites. Nevertheless, the data encompass the 
climatic conditions encountered on triplet plots. Measurements taken on 
the triplet plots and climate scenarios were used as input for the indi-
vidual tree growth simulations. Simulations were done at a yearly time 
step, without any silvicultural intervention or treatment applied during 
the simulation period from 2017 to 2100 and not taking into account 
ingrowth, thus focusing on the development of the current stand on the 
plots. An example of the simulation for an individual plot of a triplet is 
shown in Fig. 3. 

3.2. Generalization of the model output to a stand-level model 

Raw simulation results were generalized using a linear mixed model. 
Since the mortality model is not climate sensitive, and we do not have 
any information on the mortality prior to our inventory of the plots, 
analysis focused on the standing living volume (as opposed to the total 
production) at the end of the simulation (year 2100) given only infor-
mation on the climatic scenario and the initial state of the stand in 
question. For this reason, we postulate that this relationship can be 
accurately assessed with a linear mixed model with readily accessible 
summary input terms from a forest stand. 

Linear Mixed Models (LMM’s) can be generally expressed as: 

y = Xβ+Zu+ ϵ (1)  

where X is a matrix of the predictor variables, β are the fixed-effect 
coefficients, Z is a design matrix of the random effects, u are the 
random effects and ε the residuals. 

To test our hypotheses H1 through H4, we designed a full best subset 
search (respecting the principle of marginality) of a global maximum 
model to select a LMM which accounts for potential differences in the 
scenario increments as the result of differing starting conditions in terms 
of standing volume and age, and any site-specific reaction. The best 
subset search was performed with MuMIn::dredge (v. 1.47.5, Bartoń, 
2023), given a number of potential inputs (see supplementary code). All 
subset models included a plot-wise random effect and were fitted by 
maximum likelihood, ML (Laplace approximation) with `lme4::lme` (v. 

1.1.33, Bates et al., 2015). The final model was that which resulted in 
the best (lowest) marginal Akaike’s Criterion. The marginal AIC as a 
model selection criterion can be shown to be asymptotically related to a 
Leave-One-Cluster-Out Cross-Validation, which significantly cuts down 
on computational expense (Greven and Kneib, 2010; Fang, 2021). This is 
particularly suited for instances where the main interest is the prediction 
of previously unobserved levels. 

The final model was then refitted by REML, Restricted Maximum 
Likelihood, to avoid the bias associated with the shrinkage property 
from ML estimation of random effect estimates. As the random effect 
estimates are then the empirical best linear unbiased predictors, which 
result in the minimum mean squared error given the variance compo-
nents, this is particularly suitable for models mainly interested in pre-
diction (Welham et al., 2014, p. 436). Since the (biased) estimator for 
the residual variance from ML is σ̂2, and the unbiased REML estimator is 

n
(n− p)σ̂

2, the bias for our final model with 37 fixed-effect parameters and 
648 observations would amount to n

(n− p) = 648
(648− 37) = 1.06. 

Our final model with fixed-effect parameters is detailed below 
(Table 3). Random-effects values for the 72 plots are not presented. 

The marginal mean estimates and corresponding confidence 

Table 1 
Summary (Q1: 25 % quantile, Q2: median, Q3: 75 % quantile) of mixture-wise initial stand conditions. Plot size (hectare), age (yrs), trees (ha− 1), basal area (m2 ha− 1), 
volume (m3 ha− 1).   

Q. spp. Q. spp.-P. sylv. P. sylv. 

Q1 Q2 Q3 Q1 Q2 Q3 Q1 Q2 Q3 

Plot size  0.06  0.11  0.16  0.15  0.19  0.29  0.07  0.11  0.12 
Age  55  75  87  54  65.5  83  48  66  92 
Trees  447  649  1493  553  779  1073  623  885  1196 
Basal area  34.2  44.0  48.5  41.3  45.3  52.1  47.3  52.1  60.9 
Volume  317  366  540  397  515  564  421  510  613 
Basal area per species          
Q. spp.  87  93  97  35  45  48  0  3  6 
P. sylvestris  0  0  3  42  52  55  86  92  97 
Other  2  4  13  1  4  12  0  3  8  

Fig. 3. Example of simulated trajectories for the German stand C-1, P. sylvestris 
(Initial conditions: volume 441 m3ha− 1, basal area 50.6 m2ha− 1 (92.7 % 
P. sylvestris), number of trees 1750 ha− 1, 45 years of age). Annual volume 
increment decreases with age – but more rapidly so during more severe cli-
matic scenarios. 
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intervals for a new unobserved level were calculated with covariates set 
at their mixture-wise averages, longitude set at the mean of all plots, and 
latitude set as the median or one of the extreme values. 

In order to assess the likelihood of any of the marginal estimates 
achieving at least the mean of another marginal estimate, confidence 
and prediction intervals for the 27 (3 climate scenarios, 3 latitudes, 3 
stand species mixtures) marginal estimates were calculated by a boot-
strapping routine (10’000 simulations), simulating the conditional dis-
tribution of the predictions, and considering the variance of the random 
effects. From this, comparisons of the response probabilities could be 
presented (Tables 4, 5 & 6). Where the tabulated values are the 

likelihood that a random unobserved datum from one of the marginal 
estimates will fall above the mean of any other marginal estimate. In 
text, we use the term degree of dominance (henceforth dominance) of 
the best performing species to signify this likelihood, e.g. If 78 % of 
P. sylvestris stands under a certain climate and at a certain latitude would 
be expected to achieve at least the mean of that of a Q. spp. stand, 
P. sylvestris displays a strong dominance over Q. spp. 

4. Results 

At the end of the simulation period (2100) the standing volume was 
highest in the historic scenario (Table 2). In this scenario also the density 
dependent cumulative mortality during the simulation period was 
highest resulting in the highest total productivity (2100). 

4.1. Linear mixed model 

A more detailed analysis of simulation results with the LMM gave the 
following results: climate (historical and future scenarios), geographical 
position and stand level (age, volume, stem number and mixture) vari-
ables were significant, at least when considering their interactions with 
other variables (Table 3, random effects not presented). In total, some 
6.9 % of variance was explained by the model, whereof 79.5 % by the 
fixed effects, and some 17.3 % by the random-effects (Nakagawa and 
Schielzeth, 2013). 

Where mixture (Q. spp., Q. spp. – P. sylvestris or P. sylvestris) is the 
species mix as a categorical variable; climate (Historical 1, RCP 4.5, RCP 
8.5) is the simulated scenario; Age2017, Volume2017, Stems2017 express 

Table 2 
Simulation results for the different stand types. Volume (m3ha− 1) and its stan-
dard deviation and cumulative mortality till the end of the simulation period 
(m3ha− 1) and the standard deviation thereof.  

Mixture Climate Volume 2100 Cumulative mortality 2100 

Mean SD Mean SD 

m3ha− 1 m3ha− 1 m3ha− 1 m3ha− 1 

Oak Historic  748.7  ±61.2  420.1  ±145.7 
Oak RCP 4.5  733.6  ±64.8  357.3  ±134.0 
Oak RCP 8.5  734.6  ±66.5  370.6  ±140.5 
Oak-Pine Historic  774.1  ±79.7  363.1  ±123.8 
Oak-Pine RCP 4.5  744.9  ±85.9  315.4  ±115.8 
Oak-Pine RCP 8.5  731.4  ±87.7  307.2  ±114.6 
Pine Historic  861.2  ±101.1  374.4  ±127.8 
Pine RCP 4.5  825.6  ±101.7  342.4  ±116.2 
Pine RCP 8.5  790.9  ±100.9  324.6  ±108.6  

Table 3 
Parameterised linear mixed model. Independent variable: ‘Standing volume 2100’. t-Tests with Satterthwaite’s method. Level of significance: ‘ ’ 0.1, ‘.’ 0.05, ‘*’ 0.01, 
‘**’ 0.001, ‘***’ 0.  

Variable Estimate Std. error Pr (>|t|)  

(Intercept) 8.126E+01 1.217E+02 0.507235  
Climate RCP 4.5 3.694E+01 2.268E+01 0.103829  
Climate RCP 8.5 2.829E+01 2.268E+01 0.212649  
Latitude 1.087E+01 2.823E+00 0.000304 *** 
Longitude 5.377E+00 6.423E+00 0.406091  
Mixture Q. spp. - P. sylvestris 2.272E+01 1.110E+02 0.838550  
Mixture P. sylvestris − 1.774E+02 1.126E+02 0.120639  
Stems2017 6.779E− 02 1.560E− 02 5.92E− 05 *** 
Age2017 − 9.396E− 01 2.905E− 01 0.002047 ** 
Volume2017 3.474E− 01 4.262E− 02 4.96E− 11 *** 
Climate RCP 4.5:Latitude − 1.367E+00 5.393E− 01 0.011498 * 
Climate RCP 8.5:Latitude − 1.555E+00 5.393E− 01 0.004088 ** 
Climate RCP 4.5:Longitude − 5.784E+00 1.301E+00 1.07E− 05 *** 
Climate RCP 8.5:Longitude − 8.659E+00 1.301E+00 6.86E− 11 *** 
Climate RCP 4.5:Mixture Q. spp. - P. sylvestris 1.468E+00 2.923E+00 0.615741  
Climate RCP 8.5:Mixture Q. spp. - P. sylvestris − 1.193E+00 2.923E+00 0.683373  
Climate RCP 4.5:Mixture P. sylvestris − 1.655E+00 3.162E+00 0.600842  
Climate RCP 8.5:Mixture P. sylvestris − 1.068E+00 3.162E+00 0.735665  
Climate RCP 4.5:Stems2017 8.408E− 03 2.888E− 03 0.003739 ** 
Climate RCP 8.5:Stems2017 − 3.968E− 03 2.888E− 03 0.169985  
Climate RCP 4.5:Age2017 1.529E− 01 5.607E− 02 0.006606 ** 
Climate RCP 8.5:Age2017 2.940E− 01 5.607E− 02 2.23E− 07 *** 
Latitude:Mixture Q. spp. - P. sylvestris 2.238E+00 2.610E+00 0.394880  
Latitude:Mixture P. sylvestris 4.534E+00 2.596E+00 0.086333 . 
Longitude:Mixture Q. spp. - P. sylvestris − 2.076E+00 1.388E+00 0.140418  
Longitude:Mixture P. sylvestris − 9.662E− 01 1.323E+00 0.468259  
Mixture Q. spp. - P. sylvestris:Stems2017 − 6.888E− 02 1.951E− 02 0.000842 *** 
Mixture P. sylvestris:Stems2017 − 2.991E− 02 2.086E− 02 0.157294  
Mixture Q. spp. - P. sylvestris:Age2017 − 7.891E− 01 3.778E− 01 0.041375 * 
Mixture P. sylvestris:Age2017 − 4.248E− 01 3.596E− 01 0.242611  
Climate RCP 4.5:Latitude:Longitude 1.958E− 02 1.364E− 01 0.886372  
Climate RCP 8.5:Latitude:Longitude 7.896E− 02 1.364E− 01 0.564897  
Historical:Latitude:Longitude − 4.069E− 01 1.443E− 01 0.006197 ** 
Climate RCP 4.5:Mixture QPa:Stems2017 − 4.834E− 03 2.736E− 03 0.077812 . 
Climate RCP 8.5:Mixture QPa:Stems2017 1.557E− 02 2.736E− 03 2.06E− 08 *** 
Climate RCP 4.5:Mixture P. sylvestris:Stems2017 7.689E− 04 3.111E− 03 0.804886  
Climate RCP 8.5:Mixture P. sylvestris:Stems2017 2.672E− 03 3.111E− 03 0.390802   

a QP: Quercus spp. – P. sylvestris. 
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the initial state of the plot in 2017 (in years, cubic meters, and stems per 
hectare, respectively); latitude and longitude express the location of 
each plot in decimal degrees. Colon (‘:’) signifies interaction terms. 

Model diagnostics (Fig. 4A) indicate model residuals are under- 
dispersed compared to that expected from N (0,1) and largely homo-
scedastic (Fig. 4B). As can be seen in the plot of the observed versus 
predicted (Fig. 4C) overall fit is satisfactory (mean absolute percentage 
error: 1.49 %). The mixed model conditional modes (random effects) are 
close to normal (Fig. 4D). 

Dimension size adjusted Generalized Variance Inflation Factor 
(GVIF1/(2*df)) for the different variables was, as could be expected, 
moderately high to high as a result of the low number of factor levels and 
many interactions (see supplementary documentation) and inclusion of 
square terms (volume). This is not perceived to be problematic in terms 
of prediction, given that such data could be assumed to have the same 
multicollinearity. 

Marginal mean estimates for the mixture-wise means of the cova-
riates at the minimum, median and maximum latitude are presented in 
Fig. 5. For P. sylvestris, an almost linear decreasing trend with increasing 
scenario severity is shown, with a stronger slope at low latitudes. Both 
the species mixture (Q. spp. – P. sylvestris) and Q. spp. show a demon-
strable stronger decrease in volume from the historical scenario to RCP 
4.5 than a subsequent shift to RCP 8.5, where reactions are more diverse. 
Q. spp. in particular, shows a maintained mean value under RCP 8.5 
compared to RCP 4.5 at the highest latitude, with slightly lower values 
for the median and lowest latitude. Q. spp. – P. sylvestris does show a 
continued decrease relative to the historic scenario when moving from 
the RCP 4.5 to the RCP 8.5 scenario, although not as strong as the jump 

Fig. 5. Estimated marginal means (the predicted means of the response for each level, ceteris paribus) from the LMM. Points are the mean estimate. Solid error-bars 
represent the confidence interval of the estimate. Dashed error-bars represent the prediction interval of the estimate. Numbers in the panel strip text on the right refer 
to latitude in decimal degrees. 

Fig. 4. Diagnostic plots of the LMM. Subplot A. QQ-plot of model residuals. 
Subplot B. Residuals versus fitted. Subplot C. Predicted versus actual values. 
Subplot D. Conditional modes versus normal quantiles. 
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from the historic scenario to RCP 4.5 (Fig. 6). 
At the three latitudes examined (58◦N, 50◦N, 42◦N), P. sylvestris 

shows an almost linear decrease expressed relative to the historic sce-
nario, in which the RCP 8.5 entails almost a repeat loss of standing 
volume (from high to low latitude, RCP 4.5: − 5.2 %, − 5.9 %, − 6.7 %; 
RCP 8.5: − 8.9 %, − 10.1 %, − 11.5 %). Q. spp. proves to be considerably 
more resilient than P. sylvestris in the RCP 4.5 – RCP 8.5 scenario com-
parison, where the rate of decrease observed in the Historical – RCP 4.5 
shift has been stemmed completely, reversed, or only slightly continuing 
(RCP 4.5–3.3 %, − 4.4 %, − 5.8 %; RCP 8.5: − 3.0 %, − 4.6 %, − 6.5 %). 
The Q. spp. – P. sylvestris mixture presents an intermediate resilience to 
increased scenario severity (RCP 4.5: − 4.4 %, − 5.8 %, − 7.4 %; RCP 8.5: 
− 5.7 %, − 7.7 %, − 10.3 %). Moving from the higher latitude towards the 
lower latitudes, the standing volume relative to the historical scenario 
rapidly encroaches on the losses experienced by the P. sylvestris stands, 
and at the lowest latitude under the RCP 4.5 scenario demonstrates an 
even inferior resilience. 

4.2. Response probability tables 

The effect of such a decrease in the mean estimate of standing vol-
ume 2100 is better expressed in terms of the response probabilities 
(Tables 4, 5, 6). It becomes then clear (as can also be seen from Fig. 5), 
that although P. sylvestris experiences the species-wise largest relative 
decrease relative to the historical scenario, the terms of its dominance 
(the likelihood that a given species could be expected to achieve at least 
the mean of a second species) is strongly related to the latitude exam-
ined. The dominance of P. sylvestris to Q. spp. under the same scenario 
decreases with increasing latitude and severity of the scenario. At 42◦N, 
this dominance is close to absolute. At 50◦N, this dominance has 
decreased to 99 %, 98 % and 89 % under the historical, RCP 4.5 and RCP 
8.5 scenario, respectively. At 58◦N, only 78 %, 64 % and 32 % of 
P. sylvestris stands are expected to achieve at least the mean standing 
volume of that of Q. spp. under the examined scenarios. The dominance 
of Q. spp. to the Q. spp. - P. sylvestris mixture increases with scenario 
severity, but Q. spp. - P. sylvestris is more strongly favored at higher 
latitudes. The dominance of P. sylvestris relative to the Q. spp. - 
P. sylvestris mixture decreases with latitude and scenario severity. In 
Tables 4, 5 and 6, bold values indicate series of scenario severities where 
the direction of the dominance switches. At 42◦N, the relatively weak 
dominance of the Q. spp. - P. sylvestris mixture to Q. spp. is rapidly lost, 
such that under RCP 4.5 the dominance enjoyed by the Q. spp. - 
P. sylvestris mixture under the historical scenario is reversed and of the 
same strength. Under RCP 8.5 this dominance by Q. spp. has increased to 
almost 70 %. At the intermediate examined latitude, 50◦N, a strong 
dominance (~71 %) of the Q. spp. - P. sylvestris mixture to Q. spp. is 
rapidly dismantled, and under the most severe scenario, RCP 8.5, 
switches direction, albeit very weakly. At the highest examined latitude, 
58◦N, a very strong dominance of P. sylvestris to Q. spp. of c. 78 % is 
reversed to a dominance of Q. spp. to P. sylvestris at 68 % under RCP 8.5. 

Fig. 6. Marginal mean estimates by stand composition and minimum, median 
and maximum latitude (values rounded in the figure only) expressed in terms of 
the historical scenario. Numbers in the panel strip text on the right refer to 
latitude in decimal degrees. 

Table 4 
Response probabilities (probability of a new observation achieving at least the mean of the contestant) for 42◦N. Read row to column. Scenario severity series (on the 
diagonals of the submatrices) are printed in bold if they demonstrate a directional change in dominance.  

Latitude 42 Q. spp. Q. spp. - P. sylvestris P. sylvestris  

% Historical RCP 4.5 RCP 8.5 Historical RCP 4.5 RCP 8.5 Historical RCP 4.5 RCP 8.5 

Q. spp. Historical  49.89  82.33  85.09  44.91  84.76  93.18  0.00  0.26  3.29 
RCP 4.5  17.80  49.69  54.22  14.55  55.17  72.10  0.00  0.01  0.30 
RCP 8.5  14.84  45.40  49.67  12.09  50.72  68.46  0.00  0.01  0.18 

Q. spp.- P. sylvestris Historical  55.14  85.67  88  49.79  88.02  94.82  0.00  0.37  4.40 
RCP 4.5  14.44  44.68  49.00  11.70  50.12  67.79  0.00  0.01  0.18 
RCP 8.5  6.32  28.33  31.70  5.31  32.48  49.39  0.00  0.00  0.03 

P. sylvestris Historical  99.99  100  100  100  100  100  49.72  91.16  98.76 
RCP 4.5  99.76  99.99  99.98  99.53  99.97  100  9.13  49.81  82.93 
RCP 8.5  97.00  99.64  99.80  95.52  99.79  99.92  1.21  16.87  50.31  
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5. Discussion 

Q. spp. are predicted to be a winners of climate change increasing 
their current range with increasing climate warming, while the current 
range of P. sylvestris is predicted to decrease (Bombi et al., 2017; 
Dyderski et al., 2018). In line with these species distribution predictions, 
our growth simulations suggest that with increasing climatic warming, 
the decrease in the growth of Q. spp. is predicted to remain weak, 
whereas larger differences were found for P. sylvestris so that P. sylvestris 
can only be considered moderately resistant to a warming climate. The 
between species differences are consistent with the respective autoe-
cologies: Q. spp., with its deep root system and its ability to endure very 
negative water potentials, is well adapted to climatic warming (Zweifel 
et al., 2006) because it continues sequestering carbon under drought 
conditions, while P. sylvestris closes its stomata earlier, at the cost of 
photosynthesis. Empirical research also shows that Q. spp. show less 
variability in ring width in comparison to other tree species (Gillner 
et al., 2013; Vitasse et al., 2019). 

Mixture is currently beneficial for productivity at the stand level but 
positive mixture effects on productivity for Q. spp. and P. sylvestris are 
minor and only partly compensate for the decrease in growth with 
increasing climatic warming and the advantage of mixture is reported to 
decrease with drought (Aldea et al., 2022). Minor gains in productivity 
were also reported in empirical studies quantifying the effect of mixing 
on Q. spp. and P. sylvestris and improved drought response in the mixture 
was reported in some studies (Steckel et al., 2020) and a greater tem-
poral stability (del Río et al., 2022), while other studies were not able to 
confirm a beneficial effect of mixture on drought (Bonal et al., 2017). 
Gains in productivity reported for Q. spp. and P. sylvestris mixed stands 
were 7 % and 9 %, respectively (Steckel et al., 2020; Pretzsch et al., 
2020) and are thus smaller than the 8.9–11.5 % productivity loss ex-
pected for the more productive P. sylvestris in the RCP 8.5 scenario. 
Although only partly compensating for productivity losses, the mixture 
has also a positive effect on many ecosystem services such as provision 
of habitats or biodiversity (Heinrichs et al., 2019; Felton et al., 2022), 

and spreads the risk associated with extreme events (e.g. Schwarz and 
Bauhus, 2019) and insect outbreaks and herbivory (e.g. Griess and 
Knoke, 2011; Jactel et al., 2017; Jactel et al., 2021). 

Results obtained in this study are optimistic, in that climate effects 
were only considered in the basal area increment model, but not yet for 
the height increment or mortality model. The effect of climate on height 
increment is, however, reported to be minor. Empirical studies on height 
growth of Q. spp. (Stimm et al., 2021) and P. sylvestris (Taeger et al., 
2013) found no effect or small effects (<5 %) on height growth and 
weaker correlations with climatic variables of the current year (Taeger 
et al., 2013). This is because height increment is formed during a very 
short period in spring, and therefore only influenced by the climate in 
this period (Taeger et al., 2013). Shoot formation itself is a two-year 
process, starting with bud formation during late summer of the first 
year and the actual expansion occurring during spring/early summer in 
the second year (Bréda et al., 2006). In addition to water availability, 
temperature during the phase of bud formation is regarded as a trigger 
for shoot length (Kozlowski et al., 1991; Salminen and Jalkanen, 2005). 
This explains the weaker relation of annual height growth to the mois-
ture deficit of the current year. 

Climate has an important impact on individual tree mortality. Large 
scale mortality due to drought was reported for P. sylvestris (Dobbertin 
et al., 2005; Bigler et al., 2006; Allen et al., 2010; Cailleret et al., 2017; 
Brandl et al., 2020; George et al., 2022) and Q. spp. (Cailleret et al., 
2017; Brandl et al., 2020; George et al., 2022), yet such elevated mor-
tality effects are not explicitly included in our modelling approach, with 
mortality models based on the empirical data of the Austrian National 
Forest Inventory. Mechanisms, that lead to drought induced elevated 
mortality are complex and include plant physiological response to 
climate, climate influences on insect and pests and pathogens and their 
interaction (Anderegg et al., 2015). Purely physiological causes for 
drought induced mortality are hydraulic failure or carbon starvation 
(McDowell, 2011; Mantova et al., 2022), but foundational evidence of 
the mechanistic link has not been identified yet (Mantova et al., 2022). 
Susceptibility to insects and pests is driven by drought, which stresses 

Table 5 
Response probabilities (probability of a new observation achieving at least the mean of the contestant) for 50◦N. Read row to column. Scenario severity series (on the 
diagonals of the submatrices) are printed in bold if they demonstrate a directional change in dominance.  

Latitude 50 Q. spp. Q. spp. - P. sylvestris P. sylvestris  

% Historical RCP 4.5 RCP 8.5 Historical RCP 4.5 RCP 8.5 Historical RCP 4.5 RCP 8.5 

Q. spp. Historical  50.11  78.88  79.76  28.52  69.18  80.46  0.55  10.41  34.55 
RCP 4.5  21.65  50.14  51.41  8.91  38.02  52.74  0.05  1.86  12.46 
RCP 8.5  21.02  49.05  50.32  8.47  37.07  51.73  0.04  1.73  11.79 

Q. spp.- P. sylvestris Historical  71.42  91.35  91.90  49.99  84.99  92.46  2.90  24.35  55.85 
RCP 4.5  31.27  61.57  62.89  14.44  49.87  64.52  0.14  3.94  18.97 
RCP 8.5  19.79  47.01  48.42  7.84  35.48  50.00  0.04  1.49  10.87 

P. sylvestris Historical  99.28  99.93  99.95  97.32  99.86  99.94  49.71  88.69  98.14 
RCP 4.5  89.75  98.08  98.22  75.41  96.21  98.35  11.56  49.8  80.23 
RCP 8.5  65.29  88.59  89.14  43.43  81.23  89.79  1.91  19.50  49.19  

Table 6 
Response probabilities (probability of a new observation achieving at least the mean of the contestant) for 58◦N. Read row to column. Scenario severity series (on the 
diagonals of the submatrices) are printed in bold if they demonstrate a directional change in dominance.  

Latitude 58 Q. spp. Q. spp. - P. sylvestris P. sylvestris  

% Historical RCP 4.5 RCP 8.5 Historical RCP 4.5 RCP 8.5 Historical RCP 4.5 RCP 8.5 

Q. spp. Historical  50.22  74.69  72.85  16.22  47.81  58.74  21.62  62.23  85.69 
RCP 4.5  24.75  50.28  47.14  5.20  23.68  32.51  7.49  35.85  65.33 
RCP 8.5  27.02  53.12  50.03  6.02  26.09  35.18  8.47  38.51  68.10 

Q. spp.- P. sylvestris Historical  83.64  94.98  94.57  49.91  82.20  88.61  58.04  89.83  98.00 
RCP 4.5  52.40  76.45  74.54  17.55  50.00  60.87  23.46  64.11  87.01 
RCP 8.5  41.43  67.51  65.32  11.63  39.61  49.91  15.94  53.88  80.36 

P. sylvestris Historical  78.13  92.61  91.59  41.96  76.30  83.93  49.92  86.2  96.79 
RCP 4.5  37.97  64.16  61.67  9.99  36.16  46.03  13.98  49.68  77.53 
RCP 8.5  14.34  34.93  31.92  2.10  13.22  19.66  3.33  22.73  50.11  
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trees but also by many characteristics of host trees, pathogens or insects 
(Anderegg et al., 2015), which make mortality factors difficult to 
disentangle. Cailleret et al. (2017), analysed radial growth patterns 
preceding mortality, and observed a radial growth decline in 84 % of the 
trees prior to mortality, but did not separate drought induced mortality 
from competition induced mortality. Competition induced mortality or 
natural thinning, results from the increasing space and resource 
requirement of trees with increasing size and occurs in high density 
stands (Pretzsch et al., 2023) and it is the mortality component most 
existing mortality models focus on. Climate-sensitive mortality models 
have been suggested by Brandl et al. (2020) who found an increased 
mortality risk for Q. spp. and P. sylvestris with increasing temperature 
but the models are not fully compatible with the PrognAus modelling 
framework since the study focused on dominant trees and did not 
include competition induced mortality. Mortality models, separating the 
influence of different stressors will improve climate sensitive tree 
growth simulation in the future. Moreover, mortality due to catastrophic 
events and disturbances, reported to increase with climate change (e,g, 
Romeiro et al., 2022) was not included in the simulations and therefore 
climate change will certainly cause larger economic losses than pre-
dicted by our approach. As can be seen already with other species, such 
as Picea abies in the Alps, salvaging operations constituted 39.41 % of the 
harvested timber volume (https://info.bml.gv.at/themen/wald/wald- 
in-oesterreich/wald-und-zahlen/holzeinschlagsmeldung-2022.html). In 
line with this, the potential range of P. sylvestris is predicted to decrease 
because of increase mortality at the dry edge of the distribution (Bombi 
et al., 2017; Dyderski et al., 2018). 

This study shows that increasing climatic warming imposes ecolog-
ical and economical threats even to relatively well drought-adapted tree 
species such as Q. spp. and P. sylvestris and that productivity losses for 
these species are higher at the dry end of the climatic gradient of their 
distribution. Results suggest a relative competitive advantage of Q. spp. 
over P. sylvestris with increasing drought frequency and severity. 

Also, when analyzing growth reactions it is important to consider a 
different drought adaption of different provenances, as shown in the 
study of Taeger et al. (2013) and broadlydistributed species are opti-
mally adapted only to a proportion of the climatic niche occupied by the 
species as a whole (Sáenz-Romero et al., 2019). Carefully selecting 
drought-resistant provenances can further mitigate climate-related 
risks. Stronger drought resistance of saplings is often found in saplings 
from drier locations (Cregg and Zhang, 2001). 

In future research, the quantification of future productivity losses 
should be extended to other species; A limitation of this study is that it 
investigates the growth reactions of old stands, whereas those of 
younger stands may differ. More intensively investigating the more 
dynamic young stands is another key issue. 

6. Conclusion 

Climatic warming will result in severe productivity losses at dry sites 
or the dry end of distribution of the tree species studied here. This study 
suggests a competitive advantage and higher productivity of P. sylvestris 
under the current climate, the mixture of Q. spp. and P. sylvestris could 
be recommended with RCP 4.5, while for scenario RCP 8.5 there may be 
considerable loss in productivity for P. sylvestris and only Q. spp. can be 
recommended. Enrichment of P. sylvestris stands by creating mixtures 
with Q. spp., but not the opposite, might be a right silvicultural adaptive 
strategy, especially at lower latitudes. Tree species mixing can only 
partly compensate productivity losses due to climate change. This may, 
however, be possible in combination with other silvicultural adaptation 
strategies, such as thinning and uneven-aged management, which were 
not investigated in this study. Other options in RCP 8.5 could be assisted 
migration with more drought resistant species or the introduction with 
non-native species, although the collateral risk of such a strategy should 
not be minimized (Dimitrova et al., 2022). 

To better understand the influence of climate on forest productivity, 

fitting climate and competition sensitive mortality models for a large 
range of species compatible with individual tree growth models is a field 
for future research and a next step in climate sensitive growth pre-
dictions. Equally important is the integration of the associated risk in 
growth predictions. 

Further enhanced precipitation models in climatic predictions 
showing more variability would further be necessary, since predictions 
currently available showed too little variation in precipitation between 
by years. Annual precipitation, however, largely affects growth 
reactions. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2024.173342. 
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Ammer, C., Avdagić, A., Barbeito, I., Bielak, K., Bravo, F., Brazaitis, G., Cerný, J., 
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Andivia, E., Madsen, P., Böhenius, H., Cvjetkovic, B., De Cuyper, B., De Dato, G., 
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Waldinventur 1981–1996. Cent. Für Gesamte Forstwes. 119, 40–76. 

Mantova, M., Herbette, S., Cochard, H., Torres-Ruiz, J.M., 2022. Hydraulic failure and 
tree mortality: from correlation to causation. Trends Plant Sci. 27 (4), 335–345. 
https://doi.org/10.1016/j.tplants.2021.10.003. 

Martínez-Sancho, E., Gutiérrez, E., Valeriano, C., Ribas, M., Popkova, M.I., Shishov, V.V., 
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Puchałka, R., Koprowski, M., Gričar, J., Przybylak, R., 2017. Does tree-ring formation 
follow leaf phenology in Pedunculate oak (Quercus robur L.)? Eur. J. Forest Res. 136 
(2), 259–268. https://doi.org/10.1007/s10342-017-1026-7. 

Puchałka, R., Prislan, P., Klisz, M., Koprowski, M., Gričar, J., 2024. Tree-ring formation 
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Sáenz-Romero, C., Kremer, A., Nagy, L., Újvári-Jármay, É., Ducousso, A., Kóczán- 
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