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Radial growth projections reveal site-specific futures of different oak species with contrasting water availability in SW Hungary
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The growth and vitality of forest ecosystems in Central Europe are expected to be affected by climate change, posing a challenge for forest management. In this study, we examined and projected the relationship between growth and climate for dominant sessile oak (Quercus petraea (Matt.) Liebl.) and Turkey oak (Quercus cerris L.) trees in two sites in Hungary, each with different water availability. We developed a single linear mixed model based on tree age, climatic water balance and insect outbreak for the study period (1971–2021) to estimate the impact of projected climate change in the 21st century on basal area increments until 2100 using two climate scenarios (RCP4.5 and RCP8.5). Our study suggests that the growth response of oak species to different seasonal water balances is site and species-specific. We found that the water balance of the previous winter had a significantly greater influence on the growth in the stands of the dry site than in the stands of the wet site. Q. cerris reacted more sensitively to the water balance conditions of the previous summer than Q. petraea. Predictive models forecast a general growth decline of up to 10.8% for both oak species during the 21st century compared to past growth with a significant change according to the RCP8.5 scenario. Additionally, the models predict a significantly greater decrease in growth in the more humid site compared to the xeric site which could be attributed to the site-specific response of growth to the winter water balance. At the same time, we did not detect significant differences in the future growth of the two oak species. These findings provide insights into the climate-related factors influencing growth in Hungarian oak forests.
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1 Introduction

Forests in Hungary face a significant threat due to climate change. Climate models predict a 20% decrease in summer precipitation and a 30% increase in winter precipitation during this century (Kis et al., 2020), along with a rise in the frequency of long-lasting droughts and heat waves (Pongrácz et al., 2014; Perkins-Kirkpatrick and Lewis, 2020). This will have an unfavorable effect on the water balance during the growing season, depending on site conditions and the characteristics of the forest stand.

To adapt to this changing climate, Hungary’s forestry policy currently supports the plantation and maintenance of forest-forming tree species that are more resistant to drought. Numerous dendroecological studies have shown that oaks generally have a high climate tolerance and could play a significant role in the forests of Central Europe in the future (Nardini et al., 1999; Härdtle et al., 2013; Zimmermann et al., 2015; Ciceu et al., 2020; Kasper et al., 2022). However, oaks can become vulnerable to climate change in some conditions, such as spring drought in historically mesic sites (Bose et al., 2021). In addition, the higher drought tolerance of oak is usually linked to lower productivity, which can result in lower growth rates and smaller heights of the oak species under unfavorable water availability conditions (Kasper et al., 2022). Pests may also become more problematic due to the indirect effects of climate change, which could further impede growth (Csóka et al., 2018; Kern et al., 2021). In Hungary, sessile oak (Quercus petraea (Matt.) Liebl.) and Turkey oak (Quercus cerris L.) are the two most significant tree species found in over 20% of the total forest area (National Forestry Database, 2021).1

Species distribution models typically predict the expansion of Q. cerris and the declining distribution of Q. petraea in Hungary (Czúcz et al., 2011; Führer et al., 2011; Móricz et al., 2013; Thurm et al., 2018; Illés and Móricz, 2022). The bioclimatic niche-based distribution models estimate the future areas suitable for various tree species by analyzing the climatic niche of their current distribution range alongside future climate scenarios. However, these models usually do not consider how climatic conditions might affect the growth of these species within their potential distribution areas. Furthermore, forest stands at the margins of their distribution may be particularly sensitive to climatic changes (Dorado-Liñán et al., 2019; Camarero et al., 2021). To predict how these species will respond to future climate change, it is crucial to understand their local growth responses to past climatic changes (Mina et al., 2016).

Recent studies examining the relationship between climate and radial growth in oak species show that the growth of both Q. cerris and Q. petraea is mainly dependent on summer water availability without sustained water availability from groundwater. These included dendrochronological studies on the drought tolerance and growth-climate relationship in Central Europe (Cufar et al., 2014; Dobrovolný et al., 2016; Kolář et al., 2017; Árvai et al., 2018; Kunz et al., 2018; Ciceu et al., 2020; Móricz et al., 2021; Kasper et al., 2022). However, few studies have found that winter water balance is also highly important for the growth of oak species which may be related to physiological activities for the earlywood formation in spring (Bose et al., 2021; Mészáros et al., 2022). Recent research has shown that the growth response to drought differs between Q. cerris and Q. petraea (Ciceu et al., 2020; Móricz et al., 2021; Mészáros et al., 2022). The growth response of Q. petraea is less sensitive to water scarcity caused by drought than the reaction of Q. cerris, indicating differences in their physiological responses to water availability (Ciceu et al., 2020; Móricz et al., 2021; Mészáros et al., 2022).

A limited number of studies have been conducted on the future growth of oak trees in Central and Western Europe (Friedrichs et al., 2009; Bauwe et al., 2015; Stojanović et al., 2017; Vallet and Perot, 2018). These studies were conducted in the cooler and moister part of Central Europe, so no representative growth projection is available for the two main oak tree species (sessile oak and Turkey oak) in the more drought-endangered regions of Europe, such as Hungary. This study aims to examine the influence of climatic water balance on the radial growth of dominant Q. cerris and Q. petraea trees in Southwestern Hungary and answer two main research questions: (1) Does the growth-climate relationship of the examined species differ between sites with contrasting water availability? (2) How will the radial growth of the oak species be affected by the anticipated change in climate and water availability in the 21st century?



2 Materials and methods


2.1 Study sites and forest stands

We selected two study sites in south-western Hungary that differ considerably in terms of water availability, close to the municipalities Iharos (WET, 46.32 N/17.06E) and Ságvár (DRY, 46.82 N/18.06E), situated at an elevation range of 220 and 265 m a.s.l., respectively (Figure 1). At each site, we have selected two seedling forest stands close to each other (<1,000 m) with ages between 90 and 109 years old (Table 1). One of the stands is dominated by sessile oak (Quercus petraea; hereafter QP), while the other is prevailed by Turkey oak (Quercus cerris; hereafter QC). In the selected stands, other tree species were also present, such as European hornbeam (Carpinus betulus L.), silver lime (Tilia tomentosa Moench.), and pedunculate oak (Quercus robur L.) (Supplementary Table S1).
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FIGURE 1
 Location of the two study sites (WET, DRY). The shaded color map and contour lines represent the mean annual precipitation (mm) for the period 1971–2021; the colored polygons mark forest sub-compartments where sessile oak—Quercus petraea (green) and Turkey oak—Quercus cerris (orange) are the dominant tree species in the forest canopy (Source: National Forestry Database, 2021, https://erdoleltar.nfk.gov.hu).




TABLE 1 Main site and stand characteristics.
[image: Table1]

To ensure comparability across the study areas, we selected the different tree populations with similar topography and soil conditions as much as possible (Table 1). The genetic soil type was Clayic Luvisol (lessivated brown forest soil) at the WET site with a depth of 90 cm, while the Cambiosol (brown earth) at the DRY site had a depth of 75 cm. However, both soils had the same loamy texture without rock fraction content and similar water capacity, resulting in the lack of surplus water provided.

We calculated the available water capacity of soils based on the particle composition and baserock fraction content taken from four depths according to soil horizons in each site using a soil sampling corer. Field capacity and wilting point water content of the soil samples were estimated using pedotransfer functions and the Rosetta3 model in the soilDB package of the R software (Zhang and Schaap, 2017). We then summed up the water content differences between field capacity and wilting point over the entire rooting depth, which was more than 1 m at all stands, as estimated by visual observation of fine roots in the soil samples.

To minimize the anthropogenic (forest) management impact on growth-climate relationships, we selected forest stands with the lowest management intensity in a wider area of the study sites during the last decades (personal communication with forest managers Tamás Papp and Péter Farkas).

In each stand, we selected large (~1 ha) distinct unmixed patches of the analyzed species to avoid competition and effects of mixing species. We sampled individuals that are currently dominant, as they express the growth potential of a site that the climatic conditions allow and are generally less sensitive to thinning. However, there is some uncertainty because a tree’s current social status does not necessarily reflect its past condition. An even more comprehensive sampling of the entire forests stands was also limited by cost-efficiency considerations.

Tree height and diameter at breast height were measured for each selected tree of all stands using a TruPulse 200 laser instrument (Laser Technology, Inc., Colorado 80112, United States) and Haglöf Mantax Blue forestry caliper (Haglöf Sweden AB, Långsele, Sweden), respectively and subsequently averaged.

The study was carried out at two locations situated on a (sub)regional hydroclimatic gradient. The WET site received approximately 20% more rainfall than the DRY site, resulting in an excess of 150 mm of mean annual precipitation during the period 1971–2021 (Figure 2; Supplementary Figure S1). During the same period, both locations had almost the same mean annual temperature, which was derived from the database of the Hungarian Meteorological Service.2
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FIGURE 2
 Trends of annual precipitation sum and annual mean temperature at the study sites during the period 1971–2021. The dashed horizontal lines represent the average values of the reference period 1971–2000; the curves are smoothed using a 5-year moving average for better visualization of climatic trends (HMS, 2022).




2.2 Tree-ring data

At each stand, 40 dominant specimens (a total of 160 trees) were selected and one increment core was taken from each sample tree at breast height (1.3 m) using a Pressler increment borer (Haglöf, Långsele, Sweden). Tree cores were extracted in the direction that would be least affected by tension wood. The samples were air-dried and then glued to grooved wooden mounting board, sanded following dendrochronological protocol, and scanned at 1,200 dpi resolution. We measured tree-ring widths (TRW) on the digital images to 0.01 mm using the WinDENDRO software ver. 2014a (Regent Instruments Inc., Canada). We visually checked the samples to detect characteristic rings, and cross-dated the measured TRW series for each population using the software COFECHA (Holmes, 1983). Series flagged with potential problems via the COFECHA cross-dating process were interpreted as indications of trees with potential individual growth bias compared to the population mean and omitted from further analysis (4–7 cores per stand). Tree age was estimated by adding the measured number of tree rings to the estimated number of missing rings to the pith. The number of missing rings was approximated using the diameter and core length of each tree with the radius-length method (Norton et al., 1987). Raw ring-width series (Supplementary Figure S2) were detrended by smoothing splines with a 50% frequency cut-off at 25 years to calculate common dendrochronological statistics like the inter-series correlation (Rbar) and the expressed population signal (EPS) of the inter-series and inter-annual signal in the measurements. The chronologies were pre-whitened using autoregressive models to eliminate temporal autocorrelation, resulting in residual chronologies for each stand (Table 2). However, opting for using the basal area increments (BAI) for our analysis (Biondi and Qeadan, 2008), the detrended series were exclusively used to derive these statistics. The mean inter-series correlation (Rbar) and the expressed population signal (EPS) of the detrended chronologies indicated a high growth coherency among trees in all stands, confirming the adequacy of the number of sampled trees in our analysis. The BAI was calculated for the study period of 1971–2021 from the tree-ring widths as the difference between consecutive basal areas using the Equation (1):
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TABLE 2 Dendrochronological statistics for the ring-width series (raw data) and index-based chronologies (all truncated to the period 1971–2021) of the four stands.
[image: Table2]

where r is the tree radius and t is the year of the ring formation. We did not find any significant growth release caused by substantial thinning that took place during the study period in either of the studied stands but a moderate event in the early 1990s at the stands of the DRY site that was linked to a sanitary cut following a severe drought event (Nowacki and Abrams, 1997; Supplementary Figure S3). Given the large-scale pest outbreaks in the region (Hirka, 2006), we assessed any biotic effect on radial growth (Varga, 1964; Muzika and Liebhold, 1999; McManus and Csóka, 2007) by using Cook’s distance to the linear regression between the BAI and the annual mean values of the WB of each stand (Cook and Weisberg, 1982). We checked for any outlier years in the datasets that coincided with biotic damage observations reported by local forest managers covering a larger forest landscape (Hirka, 2006). Our analysis identified that the year 2005 was significantly affected by the outbreak of the spongy moth (Lymantria dispar L.) in the stands of the DRY site. This had a remarkable impact on radial growth, affecting 92–93% of the selected trees in both species in the stands of the DRY site. The effect of this outbreak was so great that it masked the effect of the climate on growth during this year. Therefore, we included the 2005 outbreak event in our modeling approach for the stands at the DRY site.



2.3 Meteorological data

Meteorological data were obtained from the HUCLIM daily gridded climate dataset of the Hungarian Meteorological Service (HMS, 2022) with 0.1° spatial resolution (appr. 10 km) for the period 1971–2021 by assigning the closest grid points to the study sites. Daily mean temperature (averaged from daily maximum and minimum temperatures) and precipitation sum were aggregated into monthly mean temperatures and precipitation sums.

The monthly water balance (WB) was calculated as the difference between precipitation and potential evapotranspiration, following McCabe and Markstrom (2007). The WB is an ecologically sensible proxy of water availability for tree growth and is strongly correlated with the radial growth of various tree species (Stojanović et al., 2017; Vitasse et al., 2019). WB captures the negative impact of increased temperatures on water availability and unlike the standardized precipitation-evaporation index based on it (Vicente-Serrano et al., 2010), it is more suitable for comparing sites with different water availability (Vitasse et al., 2019). To reduce the number of variables used for modeling, seasonal WB for the previous summer (JJAp), autumn (SONp) and winter (DJFp), as well as for the spring (MAM) and summer (JJA) of the current year of ring formation were considered.

Climate change projections for the period 2022–2100 were downloaded from the FORESEE-HUN v1.0 database with a resolution of 0.1° (Kern et al., 2024). This database contains bias-corrected daily minimum and maximum temperatures and precipitation sums for 14 EURO-CORDEX regional climate models under RCP4.5 and RCP8.5 scenarios (for the full list of the models see Kern et al., 2024). The daily data was aggregated into monthly mean temperature and precipitation sums for each climate model and seasonal WB values were calculated until the end of the 21st century. The ensemble mean ± SE seasonal WB values of the 14 climate models were also derived.



2.4 Statistical analysis

We utilized the linear mixed-effects modeling approach to develop a single growth-climate model covering the period from 1971 to 2021 for all stands, allowing growth predictions over the 21st-century scenarios from 2026 to 2100. As the BAI followed a skewed gamma distribution in all populations, we logarithmically transformed them (BAIlog) (Zell, 2018). During the model selection process, we employed a top-down approach. First, we set up a base model with all potential predictor variables that could contribute to the final optimal model. The base model included the effect of five seasonal WB values (JJAp, SONp, DJFp, MAM, JJA), the tree age (AGE), the insect outbreak (INS), the location (SITE), the tree species (SP) and their relevant interactions. We used interaction plots to show how the relationship between each seasonal WB variable (as well as the AGE) and the continuous response (BAIlog) depended on the value of the location (SITE) or the tree species (SP) using the ggeffects and sjPlot packages in R software (Lüdecke, 2018; Lüdecke, 2024). We visually selected the nonparallel relationships and added each interaction one at a time to the base model. We then compared the models through a chi-squared test and retained only those that significantly improved the base model. This process gave us five relevant interactions (SITE:DJFp, SP:JJA, SP:AGE, SP:JJAp and SP:INS). In the next step, we applied the dredge function of the Mumln package in R software with the maximum likelihood method to select the final model by comparing the Akaike Information Criteria for small samples (AICc). The final model was selected as the one with the lowest AICc (Burnham and Anderson, 2002). Tree identity was also included in the model as a random factor, as the basal area index represented repeated measures over the same individuals. To ensure error independence, we used the auto-correlation function to extract the normalized residuals. The function revealed a first-order autocorrelation of 0.45. To account for this, we included an auto-correlation structure in the final model, using years as the time covariate and treeid as the grouping factor using Equation (2):
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where LOGBAI represents the log-transformed BAI, WBVAR are the five seasonal WB variables, AGE is the tree age, INS is the insect outbreak, SITE is the location, SP is the tree species, SITE:DJFp, SP:AGE, and SP:JJAp are the interactions between variables, treeid is the tree identity, value is the magnitude of AR1 and years is the time covariate for the auto-correlation structure.

After transforming the BAIlog values to BAI, we corrected them using the smearing estimate method to compensate for the underestimation of BAI caused by its changing distribution (Duan, 1983).

The final growth-climate model was used to calculate the annual basal area index (BAI) of each forest stand during the calibration period (1972–2021). The model-simulated annual BAI values were then compared to the observed BAI. As the observed annual BAI values were not normally distributed, we used the median value for comparison. We did not include the year 1971 in the calculations because the previous year’s climate data was not available. We then made growth forecasts for two future periods: 2026–2075 and 2051–2100, which correspond to the projected future growth of oak populations with the same initial ages as those used in the calibration period. To predict the future growth of each stand, we used 14 regional climate model projections with two climate scenarios (RCP4.5 and RCP8.5) (Kern et al., 2024). During the model simulation, we included a hypothetical biotic event in the stands of the DRY site for one random year in both modeling periods. This was done to ensure that the future conditions were similar to those during the calibration period (specifically, the 2005 outbreak event was included at the DRY site).

We compared the annual median values of the observed BAI from 1972 to 2021 (a span of 50 years) with the modeled ensemble BAI of 14 models (consisting of 50 years of annual median values) for each tree species, site, climate scenario, and modeling period using a one-way ANOVA. We checked for homoscedasticity and normality assumptions with Bartlett and Shapiro–Wilk tests, and then applied a post-hoc Tukey test for multiple comparisons. We used two approaches for comparison: (1) the absolute BAI values when examining a specific tree species at a particular site, and (2) the BAI values standardized for the observation period, to compare BAI changes between sites and tree species. The absolute and relative differences among the sum of the annual medians of BAI for the observation (1972–2021) and the model simulation periods (2026–2075 and 2051–2100) were calculated. We examined whether there were any similar models (with delta AICc < 4) to our final model. We then checked if the basal area indexes of these similar models differed from the final model using a one-way ANOVA with 16 replicates corresponding to the tree species, sites, climate scenarios, and modeling periods. For assessing forecast accuracy during the calibration period, we used the root mean square percentage error (RMSPE) as recommended by Swanson et al. (2011). The model fit was evaluated for various assumptions including linearity, normality of residuals, homogeneity of variance and multicollinearity. To determine whether the models forecasted beyond the range of the observational climate data, we compared the seasonal WB values between the observation and model simulation periods using one-way ANOVA and post-hoc Tukey test for multiple comparisons. The LME model was built using the R software (R Core Team, 2022) package lme4 (Bates et al., 2015), and the significance of the model predictors was assessed using the lmerTest package (Kuznetsova et al., 2017). In all cases, we used the 95% confidence interval as a threshold for significance.




3 Results


3.1 Tree growth models

Model diagnostics for the model calibration period showed that the model assumptions were met (Supplementary Figure S4). We found a linear relationship between the outcome variable annual log (BAI) and the seasonal WB values (Supplementary Figure S4A). The residuals of the fitted model showed normal distribution, equal variance (homoscedasticity) and no multicollinearity (Supplementary Figures S4B,C; Supplementary Table S2).

The final model included all seasonal WB variables, tree age, the insect outbreak, tree species, location and three interactions (SITE:DJFp, SP:AGE, SP:JJAp). All model variables had a significant effect on predicting the basal area index (Figures 3, 4; Supplementary Table S3). We observed significant differences in the effect of seasonal WB between sites and tree species (Figure 3). Specifically, we found that the previous winter had a significantly greater influence on the growth in the stands of the DRY site than in the stands of the WET site (Supplementary Table S3). When examining the difference between the tree species, we found that Q. cerris was significantly more sensitive to WB conditions of the previous summer than Q. petraea (Figure 3; Supplementary Table S3).
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FIGURE 3
 Marginal effects of the regression models (with 95% confidence intervals) among the seasonal water balance values (DJFp and JJAp in interaction with site and species, respectively) and the basal area increment (Log BAI [mm2year−1]) derived from the final mixed-effects model for the study period (1972–2021). JJAp = previous summer, SONp = previous autumn, DJFp = previous winter, MAM = current spring, JJA = current summer, QC = Turkey oak (Quercus cerris), QP = sessile oak (Quercus petraea).


[image: Figure 4]

FIGURE 4
 Marginal effects of the regression models (with 95% confidence intervals) between the basal area increment (Log BAI [mm2year−1]) and (A) the tree age (years) as well as (B) the biotic event (insect outbreak). QC = Turkey oak (Quercus cerris), QP = sessile oak (Quercus petraea).


It has been found that the effect of age on the BAI differed significantly for the two different tree species (Figure 4A; Supplementary Table S3). Additionally, both species were significantly affected by an insect outbreak at the DRY site in 2005 (Figure 4B; Supplementary Table S3). The model accurately predicted BAI values throughout the calibration period (1972–2021) (Figure 5). The model also successfully reproduced extreme values. The root mean square percentage errors, which describe the growth prediction performance, ranged from 13.5 to 16.2%. We identified three models that were similar to the final model (delta AICc < 4) (Supplementary Table S4). These models included interactions between species and insect outbreak (SP:INS) and the species and summer WB (SP:JJA). Comparing the simulated BAI of these models with the final model showed no significant differences at any of the examined cases.

[image: Figure 5]

FIGURE 5
 Medians (orange lines) and median absolute deviations (gray dashed lines) of the observed basal area increments of two oak species, QC (Q. cerris) and QP (Q. petraea), growing at the WET and DRY sites from 1972 to 2021. The blue line represents the modeled basal area increments which was predicted by the final model.




3.2 Future growth projections

According to climate scenarios, the WB is anticipated to worsen substantially during summers, especially under the RCP8.5 climate scenario and the second modeled period (Figure 6; Supplementary Table S5). However, the winter WB is expected to be more favorable during this century compared to the period between 1971 and 2021 (Figure 6; Supplementary Table S5). Spring WB conditions may also deteriorate in the future, while autumn conditions may not show noteworthy changes (Figure 6; Supplementary Table S5).
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FIGURE 6
 The change of seasonal water balance (mean WB [mm] of the corresponding months) for the study area from 1971 to 2100, based on the RCP4.5 and RCP8.5 climate scenarios. The data has been smoothed using loess smoothing with a span value of 0.2, and the 97.5% confidence interval of standard errors of the climate models is represented (dashed color lines). The observed WB values are until 2021 and the ensemble mean of the 14 regional climate models over the period 2022–2100. The vertical dashed lines separate the two overlapping future modeling periods 2026–2075 and 2051–2100.


Due to climate change, the radial growth of oak trees is expected to decrease slightly over the century in the study area (Figure 7). The simulation results indicated that the growth in the future, under both the RCP4.5 and the RCP8.5 climate scenarios will be significantly lower than in the past (Supplementary Table S6). According to the modeling periods, a significant decline was observed for both modeling periods under the RCP4.5 and for the second modeling period under the RCP8.5 scenarios (Supplementary Table S6). When comparing the basal area changes between sites and species, we found that the decline in growth at the WET site was significantly greater than at the DRY site (Supplementary Table S6). Nonetheless, no significant differences were found between the tree species in terms of how the growth decreases in the future compared to the past. Upon examining a specific site, we observed a significant decline in the growth of both tree species at the WET site during the second modeling period (2051–2100) under the RCP8.5 scenario (Table 3; Supplementary Table S6).
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FIGURE 7
 Future basal area index (BAI [mm2year−1]) of the two tree species (QC: Q. cerris and QP: Q. petraea) for the future modeling periods (P1: 2026–2075 and P2: 2051–2100) under the climate scenarios RCP4.5 and RCP8.5. Future BAI values included the annual predictions of the 14 climate models (14 × 50 years) for each tree species, site, climate scenarios and modeling periods. The observed basal area index included the annual median values of the trees for the model calibration period (OBS: 1972–2021, 50 years) for each forest stand. The black lines are the medians, the upper and lower hinges represent the first and the third quartiles (the 25th and 75th percentiles), and the whiskers extend from the hinge to the largest and smallest value that is no more than 1.5 times the interquartile range from the top (bottom) of the box and the black circles denote the outlying values.




TABLE 3 The predicted changes (absolute [mm2year−1] and relative [%]) between the sum of the annual medians of BAI for the observation period (1972–2021) and the model simulation periods (2026–2075 and 2051–2100) for the WET and DRY sites and for the tree species QC (Q. cerris) and QP (Q. petraea) using RCP4.5 and RCP8.5 climatic scenarios.
[image: Table3]




4 Discussion


4.1 Growth-climate relationships

Our growth-climate models revealed that the growth of the selected oak species is dependent on the summer WB. This finding is consistent with other studies that suggest summer precipitation and temperature are critical to the growth of oaks in temperate regions (Cufar et al., 2014 in the Carpathian Basin; Friedrichs et al., 2009 in Central-West Germany; Mérian et al., 2011 in western France; Scharnweber et al., 2011 in northern Germany; Petráš and Mecko, 2011 in Slovakia; Popa et al., 2013 in Romania; Rybníček et al., 2015; Dobrovolný et al., 2016; Stojanović et al., 2017 in Czech Republic; Stojanović et al., 2018 in Serbia; Roibu et al., 2020 in Moldova; Móricz et al., 2021; Mészáros et al., 2022 in Hungary). Some studies have found that the effect of the summer WB becomes less important in more xeric areas (e.g., Bose et al., 2021). However, we have not found such differences between our study sites. Our research has shown that the growth of Q. cerris is more sensitive to the previous year’s summer WB when compared to Q. petraea. This finding is consistent with other studies that have proclaimed the higher growth sensitivity of Q. cerris to summer WB, such as those conducted by Ciceu et al. (2020), Móricz et al. (2021), and Mészáros et al. (2022). The WB of spring was an essential climatic factor that affected tree growth, as noted by several studies in Central Europe (Gárcia-González and Eckstein, 2003; Cufar et al., 2014; Stojanović et al., 2017). This indicates that the WB can affect tree-ring width by influencing the onset of wood formation or the growth rate (Gárcia-González and Eckstein, 2003). The winter WB substantially influences the growth of oak species and this effect varies significantly between DRY and WET sites. During winter, soil water storage is refilled, and if insufficient, the winter WB can become a limiting factor during the growing season, affecting the physiology of earlywood formation (Matisons and Brūmelis, 2012; Martin et al., 2018). Deciduous oak trees rely more on winter than summer precipitation during the growing season, according to a study by Allen et al. (2019), based on the analysis of isotopic signatures from 49 oak sites across Switzerland. Similarly, Bose et al. (2021) and Mészáros et al. (2022) reported the great importance of the previous winter WB for the analyzed oak species. The previous autumn’s WB had a large impact on the following year’s growth of oak species. Numerous studies have also reported a positive effect of precipitation and higher temperature at the end of the previous growing season on radial growth (Mérian et al., 2011; Petráš and Mecko, 2011; Móricz et al., 2021; Mészáros et al., 2022). Oaks may benefit from higher temperatures and sufficient precipitation in the previous year’s September and October, as later leaf senescence and higher final non-structural carbohydrate concentration in sapwood might advance earlywood formation in the following year (Barbaroux and Bréda, 2002; Rybníček et al., 2016; Stojanović et al., 2017; Mészáros et al., 2022). Although Q. cerris and Q. petraea exhibit notable differences in terms of wood anatomy and water relations (e.g., Mészáros et al., 2011; Deaconu et al., 2023), our study could only identify a greater dependence on the previous year’s summer WB for the growth of Q. cerris when compared to Q. petraea.



4.2 Predicted growth for the 21st century

The consensus prediction of 14 regional climate models (Kern et al., 2024) forecasts a rise in mean annual temperature for the study area to 2071–2100, compared to the reference period of 1971–2000 (2.5°C and 4.1°C at the WET site, and 2.3°C and 4.0°C at the DRY site for RCP4.5 and RCP8.5 climate scenarios, respectively). Additionally, the models predict an increase in annual precipitation sum between 9.6 and 10.7% at the WET site and between 9.4 and 11.3% at the DRY site for the RCP4.5 and RCP8.5 climate scenarios, respectively. The comparison of seasonal WB values between the observation and model simulation periods indicated some significant differences (Supplementary Figure S5; Supplementary Table S7). Specifically, the WB values of spring, summer, and autumn are predicted to drop well below the observed range at the DRY site. Meanwhile, at the WET site, only the WB of the summer is projected to fall largely outside of the past observations (Supplementary Figure S5; Supplementary Table S7). However, the WB of the winter is expected to be more positive in the future than it is now (Supplementary Figure S5; Supplementary Table S7).

Due to the remarkable future warming trends, forest ecosystems are expected to face higher constraints on evapotranspiration, intensified soil drought and direct effect of heat stress (Hammond et al., 2022). Without a notable increase in precipitation, the WB will become more negative, especially during the summer season. Consequently, this will lead to hotter droughts, threatening the vitality of forests and causing tree mortality (Allen et al., 2015). However, the projected positive changes in winter WB offset the effect of the deteriorating conditions in summer to some extent. This was particularly true for the DRY site, where the decline of growth is projected to be significantly less severe than at the WET site. Notably, this difference can be attributed to the greater reliance of growth on the winter WB at the DRY site (Figure 3). As a result of the WB changes, the growth of the analyzed oak species is predicted to decrease significantly under the RCP8.5 climate scenario.

Several previous studies have shown that the growth of Q. cerris exhibits a more dynamic growth response to changes in WB than Q. petraea, indicating it is likely better adapted to withstand drought stress (Ciceu et al., 2020; Móricz et al., 2021; Mészáros et al., 2022). However, in our modeling study, we found that while the growth of Q. cerris is projected to decline at a higher rate than that of Q. petraea in the future, the difference between the species was not significant. This is likely because we only identified the previous year’s summer WB as the sole significant difference between the two tree species.

Previous studies have presented conflicting predictions for Quercus species in Central Europe for the 21st century (e.g., Friedrichs et al., 2009; Hlásny et al., 2011; Bauwe et al., 2015; Stojanović et al., 2017). Besides the variability in hydro-climatic conditions of the study areas, other environmental factors may affect tree growth such as the duration of the growing season, CO2 concentration or nitrogen deposition and fertilization (Becker et al., 1994; Bergès et al., 2000; Kint et al., 2012; Doležal et al., 2016; Charru et al., 2017; de Wergifosse et al., 2022). While future warming may lead to more favorable growth conditions for oaks in more humid and cooler areas of Europe, even without a notable change in precipitation (Friedrichs et al., 2009; Härdtle et al., 2013; Stojanović et al., 2017), the same may not be true for areas that are currently warmer and drier. In these areas, the growth of oaks may decline as the available moisture in the soil decreases during periods of drought due to higher evapotranspiration and intensified soil drought (Bauwe et al., 2015; Charru et al., 2017; Mátyás et al., 2018; Petritan et al., 2021). Our study result, which predict slightly declining growth, support this latter scenario, as our study sites are located in the warmer and drier temperate climatic zone of Europe.



4.3 Limitations

Our modeling results related to climate scenarios should be interpreted with caution. We only modeled the effect of changes in seasonal WB on radial growth while considering all other influencing factors to remain constant at limited number of sites. It is important to keep in mind that future growth trends were modeled on a limited number of individuals growing under less intensive silvicultural regimes, which means that the legacy effects of past management might affect long-term growth trends and climatic sensitivity of the tree species in different ways (Petritan et al., 2021). Major silvicultural interventions can make it difficult to distinguish between climate and competition as drivers of tree growth. For instance, trees might show rapid recoveries following drought due to competitive release from declining neighbors. We aimed to select forest stands that were managed similarly and exhibited the lowest management intensity in the broader study area. However, it was apparent that for the sessile oak stands, the stand density was lower at the DRY site compared to the WET site, while the age, BAI, and diameter at breast height (DBH) were similar (Tables 1, 2). According to the yield table for sessile oak (III class) in Hungary, this suggests that the sessile oak at the DRY site has been thinned more substantially during the analyzed period than the stand at the WET site. Although we did not observe significant growth releases during the study period in either stand, there was a moderate event in the early 1990s at the DRY site that was linked to a sanitary cut following a severe drought event (Supplementary Figure S3). This observation was also confirmed by local forest managers.

There is some uncertainty regarding our decision to take only one core sample per tree, as the common practice is to take two cores. However, the trees we sampled had a normal stem shape, so we did not anticipate significant differences among the core samples. Tree cores were extracted in the direction that would be least affected by tension wood. Additionally, Fritts (1976) suggested that one sample per tree would be sufficient for climate studies if the number of sampled trees in a stand exceeds 14. It is important to note that our modeling approach does not account for certain sources of uncertainty, such as extreme climatic events, global radiation trends, heat stress, atmospheric ozone and carbon dioxide levels, nitrogen deposition, biotic effects, reproductive trends, species composition, intra- or inter-specific competition, site productivity, the effect of tree age on physiological processes and different phenotypic plasticity of the species (Magnani et al., 2000; Leuzinger et al., 2005; Bruschi, 2010; Chen et al., 2010; Knapp and Soule, 2011; Grossiord et al., 2014; Martínez-Sancho et al., 2018; Bello et al., 2019; Mátyás, 2021). Forest microclimate differs significantly from the surrounding macroclimate and provides a protective effect for forest tree species against climatic extremes (De Frenne et al., 2019). Canopy structure is a key factor of forest microclimate. Generally, greater canopy closure increases the forest’s ability to buffer against extreme weather through enhanced shading, reduced soil evaporation and air mixing (Kovács et al., 2017; De Frenne et al., 2021). As a result, these conditions lead to a more stable microclimate within the forest, which may significantly impact the water balance and future growth of the trees (De Lombaerde et al., 2022).

We assumed stationarity, i.e., the tree growth responds to climate drivers in the same way (linearly) beyond the observed range of climatic variables. However, recent studies suggest that growth responses to climatic drivers may not always be linear but temporally unstable (Peltier and Ogle, 2020). Abrupt variability in growth responses is commonly observed in reaction to diverse events, so increased frequency and severity of drought events may trigger physiological tipping points leading to a sudden and prolonged decline in growth and subsequent tree mortality (Hammond et al., 2022). As a result, our conclusions regarding the gradual decline of growth over the 21st-century climate change might be influenced by such tipping points and can further impede confidence in our predictions for growth.




5 Conclusion

Our research provides a novel prediction about the future growth of dominant oak trees of the species, Q. cerris and Q. petraea, in Southwest Hungary under different water availability conditions. According to the RCP8.5 climate change scenario, the radial growth of the oak species is likely to decrease significantly during the 21st century. We found that the growth of these oak species in drier conditions depended significantly more on the winter water balance compared to the wetter conditions. As a result, our projection showed a significantly greater decrease in growth in the more humid site compared to the drier site. Although Q. cerris is more sensitive to the water balance conditions of the previous year’s summer, we could not detect significant differences in the future growth of the two oak species.

Our methodology highlights the importance of having reliable historical growth data to assess responses to past climate changes and predict future population dynamics under climate change. The projected growth dynamics are primarily applicable to similar landscapes in Southwestern Hungary with comparable site conditions, and subject to drier conditions in the forthcoming decades. Despite the limitations of our approach, our results can assist in developing forest management plans and species selection strategies in the broader study area. Additionally, it could serve as a methodological recommendation for similar oak sites elsewhere in Central Europe that rely on the climatic water balance.
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