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Future forest dynamics under climate change will largely depend on the physi-
ological acclimation capacity of the tree species to the increasing environmental
stress. We combined carbon and oxygen stable isotope analyses with growth
measurements to estimate the effects of atmospheric CO, and drought stress on
intrinsic water-use efficiency (IWUE) and secondary growth in five coexisting tree
species (Acer campestre, Fraxinus ornus, Quercus cerris, Quercus pubescens,
Tilia tomentosa) in Central Hungary. Generalized additive models explained most
of the variation in iWUE (adjusted R? = 0.77) and growth (adjusted R? = 0.75). The
isotope and iIWUE chronologies showed that these species experienced increas-
ing hydroclimatic stress, driven primarily by rising temperatures and vapor pres-
sure deficit. The 12-month water balance (WB12), calculated from the previous
September to the current August, was the strongest climatic predictor, show-
ing strong correlations with both ABC (r = 0.55-0.73) and iWUE (r = —0.60 to
—0.80). Although the species differed in their physiological adaptations, the gen-
eral pattern of increased iIWUE coupled with stagnant or declining growth sug-
gests that elevated atmospheric CO, could not fully offset the unfavorable effects
of increased warming and drying on tree function. Unlike the other species, Q.
cerris exhibited only a modest increase in iWUE until around 2010, followed by
a more pronounced increase thereafter. The relationships between iWUE and
growth reveal fundamental differences among the species in their drought-
response strategies. T. tomentosa and F. ornus appear to adopt a more conser-
vative water-use strategy with strongly increasing iWUE and declining growth
which may enhance short-term survival but increase long-term vulnerability. In
contrast, Q. pubescens and A. campestre maintained growth under increasing
iIWUE, suggesting broader hydraulic safety margins or deeper rooting. Q. cerris
presented an intermediate pattern with stable growth initially, but pronounced
decline under severe drought. Beyond these physiological differences, site condi-
tions and landscape structure also appeared to modulate tree responses through
local microclimate effects, including evaporative demand. These findings sug-
gest that the forest composition may shift in the drier regions of Central Europe
because coexisting species differ markedly in their capacity to withstand increas-
ing drought stress.
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1 Introduction

Increased warming and drying, together with the continuous rise
in atmospheric CO, concentration, is already significantly affecting
forests in Central Europe: tree radial growth is declining, tree mortal-
ity is increasing, and forest decline episodes are becoming more fre-
quent (Moricz et al., 2018; McDowell et al., 2020; Bosela et al., 2021;
Knutzen et al., 2025). While radial growth provides valuable informa-
tion about long-term tree growth and carbon allocation, stable iso-
topes offer mechanistic insights into plant physiological processes
such as photosynthesis and transpiration, as well as the interaction
between the tree and the environment. In favorable, non-limiting
environments, stable isotopes often provide a more sensitive indicator
of climatic variability than radial growth alone (Hartl-Meier et
al,, 2015).

The intrinsic water-use efficiency (iWUE) is defined as the ratio
of CO, assimilation rate and the stomatal conductance of water vapor
(Osmond et al., 1980; Ehleringer et al., 1993; Saurer and Voelker,
2022). It expresses how much carbon the plant is able to sequester per
unit water loss. The stable carbon isotope composition (§"°C) of tree
rings is a good proxy to estimate iWUE (Frank et al., 2015; Dorado-
Lifan et al., 2020). During favorable, non-limiting conditions, the
stomata are more open, hence the intercellular CO, concentration in
the leaves increases. As a result, the enzyme Rubisco discriminates
more strongly against '°C, leading to more negative 5'°C values and
lower iWUE. In contrast, during droughts or high vapor pressure
deficit (VPD) periods, the stomata close, the intercellular CO, con-
centration decreases, the discrimination against *C weakens, there-
fore, 8"°C values become less negative and the iWUE increases
(Grossiord et al., 2020). The long-term decline in tree-ring §"°C values
largely reflects the progressive depletion of atmospheric CO, in *C
caused by fossil fuel emissions (Leuenberger, 2007). To isolate the
physiological signal from this atmospheric trend, carbon isotope dis-
crimination (A"C) is calculated by correcting tree-ring 6"°C values
for the concurrent atmospheric 8°C composition (Belmecheri et
al,, 2022).

In addition to the carbon isotopes, the oxygen isotope ratio,
8"0 provides complementary information about the water status
of the plants. While "°C values mirrors primarily stomatal behav-
ior and carbon assimilation, §'*0 value is determined mainly by
leaf water enrichment that depends on the evaporative demand
and source water signals. During periods of high VPD or reduced
stomatal conductance, leaf water becomes enriched in heavy iso-
topes that results in higher 8O values. In this way, it helps disen-
tangle whether variation in 8"C is primarily driven by stomatal
closure or by changes in photosynthetic capacity (Scheidegger et
al., 2000).

The long-term increase of iWUE has been demonstrated glob-
ally at the whole-plant level by numerous studies, based on carbon
isotope discrimination (Pefiuelas et al., 2008; Li et al., 2017; Mathias
and Thomas, 2021). This increase can stem from intensified CO,
assimilation (Guerrieri et al., 2019; Mathias and Thomas, 2021),
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decreased stomatal conductance (Saurer et al., 2014; Lévesque et al.,
2014) or both. The higher atmospheric CO, can stimulate photo-
synthesis and increase iWUE, which in turn may support tree
growth (Giammarchi et al., 2017; Moore et al., 2021). However,
drought and high VPD limit tree growth by reducing carbon assim-
ilation due to stomatal closure (Ainsworth and Rogers, 2007;
Keenan et al., 2013; Tognetti et al., 2014; Grossiord et al., 2020).
Under prolonged or severe drought, the stomatal closure may
entirely offset the favorable effect of high CO, (van der Woude et
al., 2023).

The effect of climate change is largely dependent on the acclima-
tion ability of the species (Enderle et al., 2024). Therefore, it is crucial
to better understand the differences in the acclimation capacity of
the species to estimate more precisely their vulnerability under
increasing atmospheric CO, levels and more frequent droughts
(Lindner et al., 2010; Sarris et al., 2013). Species differ in their gas-
exchange strategies and their capacity to acclimate to elevated CO,
and recurring drought (Huang et al., 2007; Andreu-Hayles et al.,
2011; Linares and Camarero, 2012; Wang and Wang, 2021).
Although several studies examined the relationship between iWUE
and tree growth for drought-sensitive, temperate species under
increasing CO, and increasing drought (Linares and Camarero,
2012; Granda et al., 2014; Heres et al., 2014; Lévesque et al., 2014;
Dorado-Lindn et al., 2020), little is known about the physiological
responses of many minor deciduous tree species common in Central
Europe. Moreover, comparative isotope-based assessments of mul-
tiple co-occurring broadleaf species growing under the same cli-
matic conditions remain scarce. Besides species-specific differences,
local site conditions and surrounding landscape structure may also
influence tree physiological responses by modifying the microcli-
mate, although these effects have received considerably less
attention.

In this study, we combined carbon and oxygen stable isotope
analysis with radial growth data to evaluate the effects of increasing
atmospheric CO, and drought stress on iWUE and basal area index
(BAI) of five co-existing tree species (A. campestre L., F. ornus L.,
Q. cerris L., Q. pubescens Willd., T. tomentosa Moench) in dry
regions of central Hungary. Unlike previous studies focused mainly
on dominant tree species, our approach enables direct comparison
of physiological acclimation strategies among five co-occurring
broadleaf species under comparable climatic conditions. Our previ-
ous work in the same area demonstrated that these species exhibited
generally high drought resilience, although important interspecific
differences were observed (Moricz et al., 2025). Diffuse-porous tree
species (A. campestre, E. ornus, T. tomentosa) showed high growth
sensitivity to climatic variability, while the ring-porous oak species
(Q. cerris, Q. pubescens) revealed more stable growth, suggesting a
lower sensitivity to climatic variability. These differences may relate
to differing water-use strategies and may appear in species-specific
isotopic signals (6"°C, 8'*0) and in iWUE. The combination of radial
growth and isotopic data therefore provides a mechanistic frame-
work for understanding how the coexisting species respond to
increasing drought and atmospheric CO, concentration. Our
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FIGURE 1
Study sites in Hungary (Godolls Hills, GOD; Somogy Hills, SOM), the color shaded map shows the elevation above mean sea level (m). The enlarged
study sites are displayed at identical scale. Satellite imagery: Google Maps, accessed June 2026, imagery ©2026 Airbus, CNES/Airbus, Landsat/
Copernicus, Maxar Technologies; map data ©2026 Google; adapted by the authors.

specific aims were to (1) compare the temporal changes of BAI,
APC, 8”0 and iWUE, (2) explore the relationship among A”C, §"°0
and climatic variables, and (3) determine how the BAI and iWUE
respond to increasing atmospheric CO, and drought stress for the
tree species.

2 Materials and methods
2.1 Site description

Two study sites (Godollé Hills—GOD; 47.58 N/19.42E and
Somogy Hills—SOM; 46.86 N/17.94E) were designated for the analy-
sis in the central part of Hungary (Figure 1).

The climate at both locations is characterized as continental, with
annual precipitation between 562 mm (GOD) and 632 mm (SOM) in
the period 1971-2022. Mean annual temperature is similar at both
sites with 9.5-10.3 °C. None of the sites has access to groundwater,
and both are situated at elevations between 215 m (SOM) and 300 m
(GOD) above mean sea level (Mdricz et al., 2025). The genetic soil
type s earth) at both
(Supplementary material 1).

Cambiosol  (brown locations

For this study, we designated one species-rich mixed forest
stand at both selected sites (GOD and SOM, Figure 1). The two
sites were selected from our previous study network because they
represent the driest mixed broadleaf forests investigated, where
drought-related growth decline and physiological responses are
expected to be most pronounced. The site at GOD is part of a
larger forest area in G6doéllé Hills, while the site at SOM is sur-
rounded by agricultural areas from multiple directions at a dis-
tance of 500 to 1,000 m. Mean tree age is between 50 and 67 years
at the GOD site and between 42 and 47 years at the SOM site. For
detailed stand characteristics, see also Méricz et al. (2025). Four
tree species (A. campestre, F. ornus, Q. pubescens, Q. cerris) were
sampled at GOD, while T. tomentosa and Q. cerris were sampled
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in SOM, commonly found in Central European broadleaf mixed
forests (Caudullo and de Rigo, 2016; de Rigo et al., 2016; Eaton et
al., 2016; Pasta et al., 2016; Zecchin et al., 2016). The five species
were selected because they are among the dominant broadleaf spe-
cies of the investigated mixed forests and had previously been
analyzed dendrochronologically (Moricz et al., 2025), providing
an opportunity to directly compare growth and isotope-based
physiological responses within the same study system. To mini-
mize the impact of forest management practices—such as selective
thinning and regeneration cutting - on ecophysiological-climate
relationships, we selected forest stands with low management
intensity over the past few decades. Additionally, to reduce com-
petition, we avoided selecting suppressed trees, as they exhibit
larger growth responses to various interventions compared to
trees in the upper canopy (Nowacki and Abrams, 1997).

2.2 Climate data

Meteorological data were obtained from the HUCLIM daily
gridded climate dataset of the Hungarian Meteorological Service
(HMS, 2025)". The daily station data are quality controlled,
homogenized by the MASH method (Szentimrey, 2024) and then
were interpolated to a regular grid with a spatial resolution of 0.1°
using the MISH algorithm (Szentimrey and Bihari, 2014). This
dataset has an approximate spatial resolution of ~10 km and
covers the period from 1971 to 2022. We assigned the nearest grid
points to the study sites and aggregated daily mean temperatures,
total precipitation and relative humidity into monthly averages.
To account for the elevation differences between the study sites
and the corresponding grid points, we adjusted the mean monthly

1 https://odp.met.hu/
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temperature data using long-term monthly elevation gradients
(Péczely, 1979).

The monthly water balance (WB) was calculated as the differ-
ence between precipitation and potential evapotranspiration, fol-
lowing the method described by McCabe and Markstrom (2007).
WB effectively reflects the negative impacts of increased tempera-
tures on water availability (Vitasse et al., 2019). We calculated
cumulative water-balance indices over different time windows
(3-12 months), including a 12-month water balance (WB12) cal-
culated backward from August of the current year of growth. We
used WB12 because it showed one of the strongest relationships
with tree radial growth in previous studies (e.g., Mdricz et al.,
2025). VPD was computed using relative humidity and air tem-
perature for the main growing season (June-August). From tem-
perature, we first calculated saturation vapor pressure, and then
used it together with relative humidity to derive VPD (Murray,
1967). To characterize potential differences in site-level microcli-
matic conditions, we used actual evapotranspiration (AET) data
at 1-km spatial resolution during the severe drought period 2000-
2003 (Szilagyi and Kovacs, 2010). AET is a good indicator of avail-
able soil moisture and it was calculated for the summer months by
averaging the values of pixels of the site locations and their
neighbors.

2.3 Sample collection

Five dominant and representative trees were selected for the spe-
cies present at both sites, and one increment core per tree was col-
lected at breast height (1.3 m) using a 5.15-mm increment borer
(Haglof, Langsele, Sweden). The cores were air-dried, mounted, and
sanded to a fine surface. High-resolution digital images were then
acquired, and annual ring widths were measured on the images using
the WinDENDRO image analysis system (Regent Instruments Inc.,
Quebec, Canada). Crossdating was first performed visually and sub-
sequently verified using the COFECHA software (Holmes, 1983) to
ensure accurate calendar-year assignment of each ring. Basal area
increment (BAI) was calculated for each tree and subsequently aver-
aged for each species at both sites using Equation 1:

BAI, =7z'(rt27r,2_1) (1)

where 7, and ., are the measured stem radii at year ¢t and the
preceding year, respectively, and BA], is the basal area increment for
year t. BAI was calculated in outward direction and the number of
missing rings to the pith was approximated using the diameter and
core length of each tree with the radius-length method (Norton et
al,, 1987).

Following ring-width measurements, individual annual rings were
excised from each core for stable isotope analyses. In the ring-porous
species, annual rings were separated into earlywood and latewood
based on their anatomical characteristics under a microscope. Because
latewood is formed predominantly from current-year photoassimi-
lates, whereas earlywood contains a greater proportion of remobilized
carbon from previous growing seasons (Kagawa et al., 2006; Kimak
and Leuenberger, 2015), only the latewood fraction was retained for
isotope analysis. The only exception was A. campestre, for which ear-
lywood and latewood could not be reliably separated; therefore, the
entire annual ring was used. Finally, the ring material representing the
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same calendar year from the five sampled trees of each species was
pooled into a single Eppendorf tube and stored until laboratory analy-
ses. Consequently, one composite isotope sample was analyzed per
species and year, rather than individual tree replicates. The five domi-
nant trees were selected to represent the common stand-level isotope
signal while keeping the analytical workload feasible over the approxi-
mately 50-year chronology. Pooling material from 4 to 5 trees is an
established and widely applied approach in tree-ring isotope studies
(Leavitt, 2010; Loader et al., 2013).

2.4 Cellulose extraction, stable carbon
isotope and intrinsic water-use efficiency
determination

Cellulose extraction was applied to remove any effects from
changing wood composition (Helle et al., 2022). Alpha-cellulose was
separated by the modified Jayme-Wise method (Loader et al., 1997)
and homogenized by a standard ultrasonic protocol (Laumer et al.,
2009). For the simultaneous measurements of carbon and oxygen iso-
tope ratios, ~0.2 mg of a-cellulose was packed in Ag-foil capsules and
pyrolyzed over glassy carbon at 1450 °C (Leuenberger and Filot, 2007)
using a ThermoQuest TC-EA interfaced with a Thermo Delta V
Advantage IRMS (Kern et al., 2022). All results were expressed as %o
relative to a standard (VPDB for *C and VSMOW for §#*0). Each
sample was measured in triplicate, and internal standards were mea-
sured as unknown after measurements of every five real samples. The
mean bias (0.02%o for 8"°C; 0.01%o for 8'°0) and analytical precision
(0.07%o for 8"C and 0.09%o for 8'0) calculated from repeated
(n = 125) measurements of the QA standard (Supplementary material 1)
is well within the long-term analytical reproducibility of the labora-
tory (Kern et al,, 2022). A decline in the raw 6"C chronologies is
attributed to the progressive decrease of atmospheric 8" °C due to the
combustion of fossil fuels (Leuenberger, 2007). This trend was
removed in the carbon isotope chronology using the annual records
of past atmospheric §"*C (Belmecheri et al., 2022) to obtain carbon
discrimination (A®C).

The iWUE is related to the loss of water from plants via their sto-
mata and is a function of the amount of water lost per unit of CO,
assimilated. iWUE was calculated using the simplified linear model of
Farquhar et al. (1982) as the ratio of the net carbon gain (A) versus leaf
conductance for water vapor (g,), as follows (Equation 2):

I3
I S o
gs 1.6><(b—a)

where C, is the atmospheric CO, concentrations, a (=4.4%o) refers
to the slower diffusivity of *CO, relative to '*CO, in air, b (=27%o) is
the isotopic fractionation caused by enzymatic C fixation, and 1.6 is
the ratio between the diffusivities of water vapor and CO, in the air.
APC and iWUE were calculated using the isocalcR package (Mathias
and Hudiburg, 2022).

2.5 Statistical analysis

Pairwise differences in long-term mean values (50-year period) of
BAI, A"C, 8”0 and iWUE among species and sites were assessed
using independent-samples t-tests. The temporal trends of these vari-
ables complemented with climatic variables were examined using the
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non-parametric Mann-Kendall test for the period 1971-2022. As time
series often include autocorrelation, we used the trend-free pre-whit-
ening (TFPW) version of the test, which considers the autocorrelation
before estimating the Mann-Kendall statistics (Yue et al., 2002). This
approach provides a more reliable evaluation of the monotonic trends,
since it reduces the significance level evoked by the temporal autocor-
relation. To quantify the magnitude of the monotonic trends, we also
calculated Sen’s slope, which provides a robust, non-parametric esti-
mate of the trend slope (Sen, 1968).

We compared the species-specific 8O anomalies calculated for
drought years and for wet years. WB12 was used to select the drought
years and wet years. Years falling below the 25th percentile were clas-
sified as drought years (10 years), whereas those above the 75th per-
centile were considered wet (12 years). The raw 8O time series were
detrended to remove the long-term, non-climatic trends and the
residuals were used for comparison and visualization.

The relationships of A"C, 8'*0 and iWUE with climatic variables
(monthly precipitation, temperature and water balance) were assessed
by Pearson correlation for each species. We analyzed the effect of cli-
matic variables from June of the previous year until September of the
current year of ring formation using the treeclim package (Zang and
Biondji, 2015) in R software (R Core Team, 2026). Additionally, cor-
relations with WB were computed for 3- to 12-month windows start-
ing from August of the current year and extending backward to
September of the previous year. For VPD, we calculated the correla-
tion coefficient for the summer months of each year. Additionally, we
computed the correlations between A”C and §"O data for all species
and sites to further elaborate the physiological background of the spe-
cies. Because the monthly climate variables are temporally correlated
and the analyses were intended to identify climatic response patterns
rather than test a set of independent hypotheses, no formal multiple-
testing correction was applied. We tested the significance of correla-
tions using bootstrap resampling (Zang and Biondi, 2015).

We applied generalized additive models (GAM) to explore the
environmental and physiological drivers of (i) iWUE and (ii) to exam-
ine how the variation in iWUE affects tree growth, expressed by
BAI We used GAMs because they allow flexible modeling of nonlin-
ear relationships while retaining interpretability due to their paramet-
ric components and smoothing functions (Hastie and Tibshirani,
1986; Yee and Mitchell, 1991).

Generalized additive models were fitted, including linear and
nonlinear predictors, to identify factors affecting the iWUE. Tree age
was modeled using a regression spline to account for possible ontoge-
netic nonlinearity, while climatic variables and CO, were used as
linear terms. The tree species (SPEC) and site (SITE) were treated as
categorical predictors. To test whether the species differ in the sensi-
tivity to CO,, we also included a CO, x SPEC interaction. The final
model was the following (Equation 3):

iWUE ~s(AGE,k =5)+ VPD+WBI2+CO, xSPEC+SITE  (3)

To examine how variation in iWUE affects radial growth, we fitted
asecond GAM where the log-transformed BAI was the response vari-
able. This model contained the same predictors as the iWUE model,
but the iWUE was included as a species-specific smoothing function.
This allowed the iWUE-growth relationship to vary among the
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species. The restriction to k = 3 was intentional to avoid biologically
unrealistic, oscillating curves that may arise when higher-order poly-
nomials are used. The final BAI model was the following (Equation 4):

log(BAI) ~SPEC +s( AGE,k =10) + VPD + WBI2

+s({WUE, by = SPEC,k =3)+SITE “@

For both modeling approaches, we started with a biologically rel-
evant base model and tested additional terms (including interactions)
sequentially. Model selection followed standard GAM procedures,
relying on AIC, explained deviance and estimated degrees of freedom
(EDF) to control model complexity and avoid overfitting (Burnham
and Anderson, 2002; Wood, 2017). Model diagnostics confirmed that
the selected models were stable and suitable for the assumptions of
GAMs. GAM modeling was done using the mgcv package (v1.9-4;
Wood, 2011). All statistical analyses were performed using R version
4.5.2 (R Core Team, 2026). Results were considered statistically sig-
nificant when p < 0.05.

3 Results

3.1 Patterns of climate, ABC, 80, iWUE and
BAI

Over the recent decades, mean annual temperature has increased
significantly (Kendall’s 7 = 0.48-0.49, p < 0.05), particularly after 1990,
while total annual precipitation has shown no marked long-term
change at both sites (Figure 2). The 12-month water balance (WB12)
exhibited large interannual fluctuations but without a clear trend
during the study period. In contrast, VPD has increased significantly
(Kendall’s T = 0.39-0.50, p < 0.05) over the past decades (Figure 2).
The comparison of AET, used as a proxy for site-level microclimatic
conditions indicated that the average summer AET during a severe
drought period between 2000 and 2003 was around 10% higher at the
GOD site and in its neighborhood (105 mm) than at the SOM site
(96 mm).

Mean BAI was highest for Q. cerris and T. tomentosa at the SOM
site, whereas among the GOD species only E ornus reached similarly
high values, as confirmed by the ¢-tests. The lowest average growth was
observed in A. campestre at the GOD site, while the highest was
recorded for T. tomentosa at the SOM site (Table 1). Tree species at the
GOD site generally showed a continuous, but gradually slowing
growth as they reached older age classes. In the case of E ornus, how-
ever, a more pronounced decline in growth can be observed over the
last two decades. In contrast, trees at the SOM site are younger
(42-47 years), and therefore their growth was initially strong due to
their age, but in recent decades a marked decline has occurred in
T. tomentosa (Figure 3). As a result, the growth of E ornus at the GOD
site and T. tomentosa at the SOM site did not show a consistently
increasing growth trend over their analyzed periods.

The A"C values were similar among the species, except for
Q. cerris, which showed significantly higher values than the other spe-
cies at both study sites. According to the Mann-Kendall test, the
carbon discrimination (AC) trends during the past decades showed
only a significant upward trend for Q. cerris at the GOD site. The §'*0
values were balanced among the analyzed species. Yet, no significant
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FIGURE 2
Trends of annual mean temperature (January—December), annual precipitation sum (January—December), 12-month water balance (between previous
year September and actual year August) and vapor pressure deficit (summer months: June—August) in Godolld (GOD) and in Somogy Hills (SOM) sites.
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TABLE 1 Descriptive statistics of tree-ring variables for all species and sites.

10.3389/ffgc.2026.1922886

Site Species Variables Minimum Maximum Mean + SE SD
BAI (mm?® year ~) 139 1,284 614 + 45 296
APC (%o) 14.3 18.1 16.2 +0.12 0.8
A. campestre
50 (%o) 28.0 314 29.8 £0.10 0.7
iWUE (pmol mol™) 90.0 144.3 110.2 + 1.70 11.5
BAI (mm? year ~) 336 2,508 1,006 £ 56 401
APC (%o0) 13.4 17.6 15.8 £0.12 0.9
E ornus
80 (%o) 27.5 31.8 29.6 +0.14 1.0
iWUE (pmol mol™) 88.3 147.5 114.3 £ 1.91 13.8
GOD
BAI (mm? year ~) 255 1,310 689 + 31 222
APC (%o) 15.1 19.3 16.9£0.13 1.0
Q. cerris
80 (%o) 27.1 30.2 28.9+0.08 0.6
iWUE (pmol mol™) 77.6 129.6 101.4 £ 1.34 9.7
BAI (mm?® year ™) 243 1803 875 + 48 334
ABC (%o) 14.6 18.2 16.4£0.13 0.9
Q. pubescens
80 (%o) 26.7 31.5 29.1£0.11 0.8
iWUE (pmol mol™) 79.7 134.6 106.1 £+ 1.69 12.2
BAI (mm?® year ™) 201 3,191 1,185 + 102 710
APC (%o) 16.0 20.0 17.9 + 0.14 1.0
Q. cerris
§'0 (%o) 276 32.0 29.8+0.15 11
iWUE (pmol mol™) 71.9 122.3 91.7 £ 1.61 11.6
SOM
BAI (mm?® year ™) 351 3,068 1,201 + 109 734
ABC (%) 14.1 17.7 15.8 £ 0.11 0.8
T. tomentosa
80 (%o) 28.6 33.1 30.6+0.14 1.0
iWUE (pmol mol™) 85.2 138.0 113.0 £ 1.61 11.6

Minimum, maximum, mean + standard error (SE), and standard deviation (SD) are shown for basal area increment (BAI), carbon isotope discrimination (A*C), oxygen isotope composition
(8'0), and intrinsic water-use efficiency (iWUE) calculated from annual tree-ring records. Growth chronologies were based on 5 trees per species, while isotope chronologies were obtained

from annual pooled samples of the same trees.

trends were found at the GOD site in the latewood 8'*0 values for the
species, except Q. cerris, which had a significant decreasing trend,
whereas at the SOM site, 6O values increased significantly for both
species. The mean iWUE of Q. cerris was lower than that of the other
species at both sites (Table 1). The iWUE increased significantly over
the study period at both sites and for all species. However, clear spe-
cies-specific differences were observed. In Q. cerris, IWUE showed
stagnation or only a slight increase until around 2010, followed by a
modest increase thereafter (Sen’s slope: 0.21 year™' at GOD and
0.29 year™" at SOM). In contrast, the other species exhibited a more
consistent and steady increase in iWUE. The strongest increases were
observed in A. campestre (Sers slope: 0.64 year™) and F. ornus (Sen’s
slope: 0.63 year™) (Figure 3).

The §'®0 responses of the analyzed species showed marked differ-
ences to climatic extremes (Figure 4). At the GOD site, E ornus
revealed a pronounced increase in §'*O data in the drought years com-
pared to wet years. In contrast, Q. cerris and A. campestre showed
much more restrained §'*O changes during drought years as well as in
wet years. Q. pubescens showed an intermediate pattern with moderate
8"0 fluctuations under variable climatic conditions. At the SOM site,
where AET indicated drier surrounding conditions, Q. cerris demon-
strated an entirely different pattern with a clear increase of §'*0 values
in drought years and strongly negative 8O anomalies in wet years.
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T. tomentosa behaved similarly but with a larger spread of §'*O values,
indicating a more variable isotopic response to contrasting climatic
conditions.

3.2 Relations of A3C, 880 and iWUE with
climate variables

The correlation analysis revealed that the relationship among the
climatic variables and isotope data were species and site specific
(Figure 5A). A"C showed consistently positive correlation with spring
and summer precipitation (r = 0.25-0.5), though these relations were
weaker at the SOM site. The effect of temperature was generally
weaker, except for A. campestre and E ornus, where A”C was nega-
tively correlated to the actual year summer temperature. The WB of
the May-August period showed moderate correlation with AC (r up
to 0.5), while the strongest relationship was observed for WB12
(r = 0.55-0.73) except for A. campestre, where the actual year summer
water balance was more influential.

8"0 data exhibited stronger and more consistent correlations at
the SOM site. Notably, Q. cerris showed no significant relationships at
the GOD site, but moderate correlations with summer climate vari-
ables at SOM (Figure 5B). A similar pattern was observed for T. fomen-
tosa. At GOD, 6"0 data in A. campestre, E ornus and Q. pubescens was
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FIGURE 3

Temporal variation of basal area increment (BAI), AC, §*0 and iWUE of the analyzed broadleaf species at the sites GOD and SOM with loess
regressions (blue lines) and 95% confidence intervals (gray shaded areas) with a span value of 1. Gédollé Hills, GOD; Somogy Hills, SOM.
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FIGURE 4

Species-specific §'*0 anomalies during drought and wet years at the sites GOD and SOM. Thick lines show the medians, the upper and lower box
edges correspond to the first and third quartiles, whiskers extend to the most extreme values within 1.5 X the interquartile range, and circles indicate
outliers. G6dolld Hills, GOD; Somogy Hills, SOM.
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FIGURE 5

Pearson's correlations between monthly climate parameters and (A) A%C, (B) §'*0, and (C) iWUE for five native broadleaf tree species in the drier
regions of East Central Europe. Lowercase month labels denote the previous growing year, whereas uppercase month labels denote the current
growing year. Significant correlations (p < 0.05) are shown with black bars. Godollé Hills, GOD; Somogy Hills, SOM.
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mainly related to early growing-season precipitation and water bal-
ance, while February-March temperature had a positive effect in
E ornus. More pronounced relationships with cumulative water bal-
ance were observed only at SOM, particularly for Q. cerris (r = —0.76)
and T. tomentosa (r = —0.58).

In contrast, iWUE showed a relative consistent pattern among the
species and sites, with negative correlation with summer water balance
and precipitation and positive correlation with summer temperature
(r up to 0.62) (Figure 5C). The strongest relationship were detected for
WBI2 in the case of Q. cerris (r = —0.69 to —0.80) and Q. pubescens
(r=—0.60). E ornus and A. campestre were more strongly related to
shorter seasonal water balance periods. VPD was also strongly cor-
related with iWUE across all species (r = 0.64 to 0.75).

Overall, the relationship of A”C and 8'®0 data showed negative
correlations. At the GOD site, A. campestre and Q. cerris exhibited
only weak negative relationships between A*C and §"*O (r = —0.25 to
—0.23). Moderate correlations were found for Q. pubescens at the
GOD site and for Q. cerris at the SOM site (r = —0.47 to —0.46). The
strongest associations were observed for E ornus at the GOD site and
for T. tomentosa at the SOM site (r = —0.63 to —0.57).

3.3 Drivers of IWUE and its effects on tree
growth across species

The model analyzing the environmental and physiological drivers
of iWUE explained a substantial proportion of the variation in iWUE,
with an adjusted R* of 0.77 and 78% deviance explained. The iWUE
was significantly influenced by climatic water availability, atmospheric
CO, concentration, and species identity, while tree age contributed a
modest but significant nonlinear effect (Supplementary material 2).
WBI12 showed a strong negative linear effect, indicating that drier con-
ditions were consistently associated with higher iWUE. VPD had a
weaker, marginally significant positive effect. Atmospheric CO, had a

10.3389/ffgc.2026.1922886

clear positive effect on iWUE across species, but the magnitude of this
response differed among species, as indicated by the significant
CO, x SPEC interaction. The reference CO, sensitivity was strongly
positive, and species-specific slopes revealed slight deviations from
this trend (Figure 6).

Q. cerris exhibited a significantly weaker CO, response compared
to the reference species (A. campestre), while F. ornus showed a slightly
stronger, though only marginally significant, increase in iWUE with
rising CO,. Q. pubescens and T. tomentosa displayed CO, sensitivities
similar to the reference level. Site effects were also significant
(Supplementary material 2).

We fitted another model to examine the drivers of tree growth,
expressed as log-transformed BAI The model explained a substantial
(adjusted R*=0.75,
explained = 76.6%), indicating a strong overall fit. Tree age showed a
highly significant nonlinear effect on growth (edf ~ 5.4, p < 0.001),
reflecting complex ontogenetic trends. Among the climatic variables,

proportion of the variance deviance

VPD had a significant negative effect on growth, while water avail-
ability (WB12) had a positive effect, suggesting that water limitation
constrains BAI Species identity also influenced growth, with Q. cerris
exhibiting significantly lower growth compared to the reference spe-
cies, while other species showed no significant differences
(Supplementary material 2).

Importantly, the relationship between iWUE and growth was
species-specific (Figure 7). The smooth terms for iWUE were signifi-
cant for all species, with mostly linear responses (edf ~ 1), but with
some indication of weak nonlinearity in certain species (e.g., Q. cerris
and T. tomentosa). This indicates that changes in iWUE are consis-
tently associated with growth, but the strength and shape of this rela-
tionship differ among species. Model diagnostics (k-index and edf
values) confirmed that the chosen basis dimensions were adequate
and that the model was not overfitted (Supplementary material 2). The
partial effect curves indicate contrasting species-specific growth

A. campestre

200
150
<100
50

/

Q. pubescens

(Mmol mol-*

iWUE
N
3

150
100

50
340 360 380 400

FIGURE 6

intervals.

F. ornus

T. tomentosa

340 360 380 400
Atmospheric CO; (ppm)

Species-specific IWUE response to atmospheric CO, changes (linear interaction model) for five native broadleaf tree species in the drier regions of East
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Species-specific growth response to iWUE changes (partial effect by species) for five native broadleaf tree species in the drier regions of East Central

responses to increasing iWUE (Figure 7). In T. tomentosa, growth
declines markedly with increasing iWUE, while Q. cerris shows a
weaker response at lower iWUE values, followed by a sharper decline
at higher iWUE, albeit with greater uncertainty (Figure 7).

4 Discussion

4.1 Temporal changes of AB*C, 80 and
iWUE and relations with climatic variables

The stable or increasing trend in A”C data indicates that the
physiological discrimination signal remained constant or strength-
ened, meaning that the residual variability mainly captures tree-level
responses to water availability and evaporative conditions. The strong
positive correlations between AC and summer climate variables
(Figure 5A) — particularly at the site GOD - imply that the stomatal
conductance was one of the decisive drivers of carbon isotope dis-
crimination and that the stomatal regulation played a key role in the
preservation of leaf water status during dry conditions (Farquhar et
al,, 1989).

The distinct trends of §'*0 values — decreasing or stable at GOD
and increasing at SOM (Figure 3) — emphasize further the role of eco-
hydrological conditions in shaping the leaf-level evaporative pro-
cesses. At SOM, 8"0O showed stronger and more consistent
correlations with summer temperature, precipitation and water bal-
ance. This suggests that the evaporative enrichment of leaf water was
strongly coupled to atmospheric dryness. In contrast, at the site GOD,
the 8"®0 data showed weaker correlation that may imply access to
deeper soil moisture or species-specific differences in leaf water
turnover.

The contrasting behavior of the two isotopes does not represent a
contradiction, but it may reflect their sensitivity to different compo-
nents of drought stress. While A”C responds primarily to stomatal
regulation driven by soil moisture deficit (Eilmann et al., 2010), 5"*O
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signal integrates several interacting processes, including the isotopic
composition of source water, leaf-water evaporative enrichment and
atmospheric humidity (Dongmann et al., 1974; Farquhar and Lloyd,
1993; Sternberg, 2009). This is also consistent with recent syntheses
highlighting the multiple controls on tree-ring §'*O under drought
conditions (Bailey et al., 2025). Accordingly, A"*C showed a more clear
signal at GOD, whereas 8'°O signal reflects a stronger relationship to
atmospheric stress at SOM. This difference may reflect the contrasting
microclimatic conditions of the sites. While GOD is situated within a
larger and more continuous forested area, SOM is surrounded by agri-
cultural land within a relatively short distance (Figure 1). The larger
forest area surrounding GOD likely buffers local microclimatic
extremes by maintaining a more humid atmosphere and reducing
atmospheric mixing. Consequently, trees at GOD may experience
lower evaporative demand even during drought periods. As a result,
atmospheric drought stress may be partly moderated even during
droughts. On the other hand, SOM is surrounded by scattered land-
scape and therefore more exposed to warm and dry air originating
from adjacent open areas that may lead to higher evaporative demand
and stronger leaf-water enrichment. More generally, these findings
suggest that tree responses to drought are influenced not only by mac-
roclimatic conditions but also by the surrounding landscape and its
effects on local microclimatic conditions. Supporting this interpreta-
tion, actual evapotranspiration during the severe drought period
(2000-2003) was approximately 10% higher at GOD than at
SOM. Although AET does not directly measure microclimate, this
difference is consistent with a greater capacity of the larger forested
landscape to buffer local drought conditions. An alternative explana-
tion could be differences in the isotopic composition of source water
between sites or among years. However, both study sites lack access to
groundwater and are primarily supplied by precipitation. Given the
relatively short distance (ca. 110 km) and similar elevation of the two
study sites (Figure 1), major differences in precipitation 8'*0 values
cannot be expected (Kern et al., 2020). Although this possibility
cannot be entirely excluded without direct measurements of precipita-
tion and soil-water isotopic composition, we consider differences in
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evaporative enrichment associated with site-specific microclimatic
conditions to be the more likely explanation. Because only two sites
were compared, the proposed role of landscape-mediated microcli-
matic buffering should be regarded as a plausible interpretation rather
than direct experimental evidence.

The iWUE has been significantly increased for all species at both
sites, especially after 2010. This is in line with global observations,
according to which the iWUE is increasing globally as a response to the
rising atmospheric CO, concentration (Saurer et al., 2004; Mathias and
Thomas, 2021). At the same time, the magnitude of increase is consider-
ably variable among tree species, which reflects different physiological
strategies. Q. cerris exhibited a characteristically water-spending strategy
with relatively low iWUE in both stands (Figure 3) and more open sto-
mata during most of the study period. This strategy supports the con-
tinuous carbon assimilation and growth at a favorable water supply.
After 2010, when the drought frequency and VPD have been increased
(Figure 2), Q. cerris shifted to a more conservative water use strategy,
which was consistent with the sharp rise in iWUE and stronger stomatal
regulation. Several dendrochronological studies have confirmed the
high growth sensitivity of Q. cerris to drought (Moricz et al., 2021;
Kosti¢ et al., 2022; Mészaros et al., 2022). In contrast, A. campestre and
FE ornus revealed a more gradual and more consistent increase in iWUE,
implying earlier or more sensitive response to the increasingly drying
conditions at the stomatal level. Our previous analysis in the study area
pointed to interspecific differences: A. campestre, F. ornus and T. tomen-
tosa showed greater variability and sensitivity to drought, while Q. cerris
and Q. pubescens have outstanding resilience and maintain stable
growth even under drier conditions (Moricz et al., 2025). This is partly
consistent with the current results but also suggests that drought
responses of the species strongly depend on site-specific water avail-
ability and microclimatic conditions.

The §'*0 patterns showed clear species- and site-specific differences
in how the trees reacted to distinct climatic conditions. At the GOD site,
E ornus revealed the highest isotopic sensitivity, with pronounced
increases in 8O values during drought years and significant decreases
in wet years (Figure 4). This pattern is consistent with higher evapora-
tive demand and greater drought sensitivity of this species. In contrast,
Q. cerris and A. campestre showed more balanced responses, with no
significant §'*O fluctuations between drought and wet years, suggesting
more conservative leaf-water isotopic behavior or the use of deeper soil
water sources. Q. pubescens occupied an intermediate position, showing
moderate increases and decreases in 8'°O values during drought and
wet years, respectively (Figure 4), indicating a balanced response. At the
SOM site, Q. cerris displayed a contrasting pattern compared to the site
GOD. In drought years, clear §'*0 increase was observed, while in wet
years, strong negative values were observed (Figure 4), consistent with
the site-specific §"*O-climate relationships. The pattern of T. tomentosa
was similar to Q. cerris at SOM, but with greater variability (Figure 4),
indicating a more inconsistent isotopic response to changing moisture
conditions. The observed species-specific differences agree with previ-
ous studies showing that tree-ring 'O integrates differences in stoma-
tal regulation, transpiration and source-water use among species under
contrasting moisture conditions (Barbour, 2007).

The strong relationship between iWUE and climatic variables
(especially water balance and summer VPD, see Figure 5C) suggest
that the growing evaporative demand increasingly limits the stomatal
conductance, leading to higher iWUE. This is in line with the concept
that the higher iWUE during drought is mainly consistent with
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increased stomatal limitation. The temporal alignment of isotopic and
growth patterns provides insight into the species-specific drought
responses. For several species, the iWUE has risen steeply after 2010,
coincident with the period of frequent and severe droughts, while
growth was stagnant or decreased (Figure 3). This decoupling of
iWUE and growth indicate that the higher iWUE does not necesseraly
translate into higher carbon gain or productivity under water-limited
conditions (Pefiuelas et al., 2011; Lévesque et al., 2014; Fajardo et al.,
2019; Assefa et al., 2025). Instead, it likely consistent with a conserva-
tive water use strategy, where stomatal closure maintains leaf water
status at the expense of carbon assimilation. Such patterns have been
reported in numerous studies and are often interpreted as early warn-
ing signals of increasing drought stress and potential future growth
decline (Timofeeva et al., 2017; Peters et al., 2018; Kannenberg et
al,, 2021).

The strong negative correlations between A”C and 'O data
observed in E ornus and T. tomentosa suggest a tight coupling between
stomatal regulation and leaf water evaporative enrichment. This sug-
gests that stomatal regulation and leaf-water enrichment were tightly
coupled under changing atmospheric demand. In contrast, the weaker
relationships found for A. campestre and Q. cerris at the GOD site
suggest a partial decoupling between stomatal conductance and leaf
water enrichment. This implies a greater influence of non-stomatal
(biochemical) limitations on A®C, and less pronounced stomatal
restriction during the growing season. Notably, the correlation for
Q. cerris at the SOM site was substantially stronger than at the GOD
site. This pattern is consistent with a stronger atmospheric control on
gas exchange under the more exposed microclimatic conditions at
SOM. Overall, it supports the presence of site-specific differences in
drought-related physiological regulation between the two locations.

4.2 Species-specific drivers of iWUE and its
effects on tree growth

The GAM modeling provided insights into how the climatic vari-
ables, the atmospheric CO, and species characteristics shape the
iWUE jointly and how these changes influence the radial growth of
trees. The iWUE model had high explanatory power, which high-
lighted the marked and well-predictable effect of water supply and
CO, concentration (Supplementary material 2). The substantial effect
of WB12 confirmed the soil water deficit as the main driver of iWUE
increase in accordance with the mechanism of stomatal regulation
under drought (Timofeeva et al., 2017). Although some studies
emphasized the importance of the VPD effect on iWUE (e.g.,
Pernicova et al., 2024), our results revealed only a slight effect of
VPD. The significant CO, x species interaction (Figure 6) indicated
that the increase in iWUE associated with rising atmospheric CO,
differed among species. These differences likely reflect the distinct
hydraulic architecture, stomatal sensitivity and photosynthetic capac-
ity of species.

The growth model showed that the main determinants of BAI
were tree age, water supply and VPD in accordance with the
known ontogenetic and climatic factors regulating growth
(Supplementary material 2). Importantly, the smoothing functions
of species-specific iWUE showed that the relationship of water use
efficiency and growth is not uniform among the species (Figure 7).
For example, the growth of T. tomentosa declined steeply with
increasing iWUE, which indicated a strong trade-off between
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water conservation and carbon assimilation. This suggest that the
stomatal closure during drought events limits photosynthesis,
leading to reduced growth despite higher iWUE. In contrast,
Q. cerris showed a nonlinear response with relatively stable growth
at low to moderate iWUE but a sharp drop in growth at higher
iWUE values. It may refer to a threshold, above which the stoma-
tal regulation becomes too restricitive for carbon assimilation.
These findings align with broader evidence that rising atmo-
spheric CO, does not uniformly enhance tree growth, particularly
in water-limited environments (Pefuelas et al., 2011; Granda et
al., 2014; Lévesque et al., 2014; Zhang et al., 2025). Recent work
on sessile oak similarly demonstrated that site conditions and tree
characteristics strongly modulate iWUE responses to drought,
highlighting substantial within-species variability (Meeran et al.,
2025). Collectively, these studies indicate that the interaction
between CO, fertilization and drought determines whether
increases in iWUE translate into productivity gains or merely
reflect stress-induced stomatal closure. The species-specific
responses observed here underscore the importance of consider-
ing functional traits, rooting depth, and hydraulic strategies when
predicting forest responses to future climate change.

4.3 Limitations

This study has several limitations that should be considered
when interpreting the results. First, isotope analysis was performed
on pooled samples from five trees per species and not on individual
trees. Although this approach is widely used in the tree-ring isotope
research and provides robust stand-level signal (Leavitt, 2010; Loader
etal., 2013), it does not allow the analysis of within-species variabil-
ity or individual tree responses (Belmecheri et al, 2022).
Furthermore, we examined only two sites at the drought-prone
region of Central Hungary. Therefore, our results should be repre-
sentative mainly in the drier and drought-prone regions of East-
Central Europe, not for the whole region. The differences in tree age
among species and sites may influence the observed changes in
growth and physiological responses. Although, tree age was explicitly
incorporated in the GAM models, the non-linear ontogenetical
effects on hydraulic architecture and climate sensitivity cannot be
separated entirely from the species-specific responses. The §'*0O
signal is considered to be less sensitive to tree age than tree growth
or carbon isotope signals that suggest that the identified main physi-
ological patterns are not driven exclusively by ontogenetical effects
(Dufty et al., 2019; Biintgen et al., 2020). The role of landscape medi-
ated microclimatic buffering should be interpreted cautiously.
However, the two study sites are climatically similar on a regional
scale and they differ in the surrounding forest cover and actual
evapotranspiration during drought years, but the direct within-stand
microclimatic measurements (air temperature, relative humidity, soil
moisture) were not available. For that reason, the effect of landscape
structure on isotopic responses represents a probable interpretation
that are supported by indirect evidence, and not direct experimental
demonstration. Future studies that incorporate continuous microcli-
mate monitoring at larger number of sites would allow the testing of
this hypothesis. Since direct gas-exchange measurements were not
available, the increase of iWUE cannot be attributed exclusively to
reduced stomatal conductance. The observed patterns may reflect
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either the decrease of photosynthetic capacity or the stomatal con-
ductance or both.

5 Conclusion

The long-term isotopic and growth analysis have shown that the
studied five native broadleaf tree species are already under consider-
able climatic stress in the drier regions of East Central Europe due to
rising temperatures and more frequent droughts. Although the water
use efficiency has increased in the last few decades for all species, these
changes were not accompanied by lasting and increased growth. This
suggests that the higher atmospheric CO, did not compensate for the
unfavorable effect of warming and drying. The species displayed vari-
able drought response strategies. T. tomentosa and F. ornus employed
a more conservative water use with sharply increasing iWUE; how-
ever, their growth has slowed significantly. This strategy may help with
short-term survival but may lead to carbon depletion and increased
vulnerability. In contrast, Q. pubescens and A. campestre were able to
maintain their growth under increasing iWUE, suggesting that their
hydraulic properties or rooting depth moderates the negative effect of
droughts. Q. cerris showed an intermediate pattern with quasi-con-
stant growth during even medium stress, while its growth declined
significantly under severe drought. Beyond species-specific differ-
ences, our results suggest that site conditions and surrounding land-
scape structure may also influence drought responses through local
microclimatic effects, although species identity remains the primary
driver of the observed patterns. Together, these findings highlight
strong interspecific differences in physiological and hydraulic
drought-response strategies.
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