
Academic Editors: Sergio Espinoza

Meza and Rafael A. Rubilar

Received: 28 January 2026

Revised: 26 February 2026

Accepted: 5 March 2026

Published: 9 March 2026

Copyright: © 2026 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license.

Article

Leaf Functional Traits and Water-Use Strategies of Two Riparian
Tree Species in an Urban Environment
Erna Vastag 1,*, Lazar Kesić 1 , Claudia Cocozza 2 , Velisav Karaklić 1 , Vladimir Višacki 1 , Marko Ilić 1
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Abstract

Urban roadside environments are characterized by altered microclimate and soil conditions
that impose recurrent drought stress on trees, affecting their physiological performance and
adaptive capacity. Understanding species-specific physiological and structural responses to
drought stress is crucial for selecting tree species that are suitable for urban environments.
In the present study, we investigated the species-specific and temporal (monthly) patterns of
the in situ leaf physiological status and structural traits of two riparian tree species, Quercus
robur L. and Carpinus betulus L., cultivated as urban roadside trees in Novi Sad, Serbia,
throughout the growing season (from June to September). This was achieved by assessing
leaf gas exchange and rapid light curves of chlorophyll a fluorescence together with leaf
structural traits. Under drought stress, Q. robur exhibited sustained photosynthetic activity
and transpiration rates due to reduced stomatal sensitivity, indicative of a more anisohydric
behavior with respect to its water relations strategy. In contrast, C. betulus exhibited tighter
stomatal regulation and showed lower assimilation rates accompanied by reduced cooling
capacity, indicating stricter, more conservative water-balance management indicative of
isohydric species. Fluorescence indices revealed contrasting behavior: C. betulus showed
enhanced NPQ values accompanied by a decline in photosynthetic efficiency, while Q. robur
exhibited lower NPQ, suggesting better maintenance of photosynthetic performance and
electron transport in PSII under the observed drought stress. These patterns were further
supported by higher stomatal density combined with smaller stomatal size, indicating
faster stomatal response rates in C. betulus compared to Q. robur. Overall, these results
suggest that C. betulus is a more promising riparian tree species for urban landscapes,
particularly under drought-prone conditions and predicted climate changes, in comparison
to Q. robur.

Keywords: leaf functional traits; water-use strategies; Quercus robur; Carpinus betulus; urban
forestry; drought

1. Introduction
Urbanized landscapes represent human-altered, highly modified, and heterogeneous

environments characterized by a wide spectrum of stress factors that act on and influence
the health of urban vegetation [1,2]. Dominant stimuli in urban conditions may include
unfavorable changes in soil properties and structure as well as altered environmental
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conditions [1,3]. Among these, water scarcity is recognized as a major stressor affecting tree
physiological functioning, growth patterns, long-term survival, and the ecosystem services
they provide to dwellers [4–6]. Urban trees are increasingly experiencing drought stress
due to ongoing climate change, as indicated by rising temperatures, reduced precipitation,
and more frequent and prolonged extreme events [7,8]. These climate-driven stressors,
combined with pre-existing urban pressures, are exacerbating the already harsh challenges
that urban trees encounter and are expected to continue to intensify in the future. For
example, due to weak precipitation events that failed to provide adequate soil water storage
in urban settings in Central Europe, a previous study demonstrated that small-leaved linden
(Tilia cordata Mill.) experienced water scarcity stress for more than 85% of the 2018 growing
season [7]. The studied street trees survived under such persistent stress, showing signs
of decline, with consequences for their long-term health, which may still be at risk under
recurrent drought events.

Among versatile urban vegetation, roadside trees are acknowledged to be more af-
fected by urban site characteristics and microclimate compared to trees cultivated in parks,
which experience favorable growing conditions [9,10]. Specifically, trees along roadsides
have been shown to experience multiple interacting environmental constraints, such as
high traffic emissions that can affect tree physiology [11,12], greater exposure to impervious
surfaces limiting root development and water availability [13,14], and elevated soil salinity
levels due to deicing, which limits water uptake and can result in foliar injury [15,16]. These
pressures co-occur and interact, further exacerbating the effects of drought stress that urban
trees encounter [1].

Historically, urban tree selection has focused on aesthetic value and plant availability,
with limited consideration for site-specific conditions. This approach has resulted in low
tree species diversity in many urban areas, with the most popular species often chosen,
thereby compromising the resilience of urban trees to environmental stresses [17–19]. Given
the high costs associated with planting and maintaining urban trees, choosing species
based on their ecological performance, i.e., drought tolerance and recovery capacity, can
significantly reduce maintenance costs for municipal greenspace management [8,20].

Despite this, knowledge of species-specific responses to drought and post-drought
recovery in urban environments remains insufficient, underscoring a significant research
need. Understanding both resilience during drought stress and recovery afterward is
essential for sustainable urban forestry management under climate change [21]. By analyz-
ing and comparing species-specific behavior patterns during drought and post-drought
periods, urban planners and ecologists can support the selection and promotion of tree
species that exhibit enhanced physiological performance under stress and also demonstrate
efficient recovery when water availability improves, making them particularly suitable to
meet the current and future challenges of urban greening [22,23].

To provide valuable insights regarding how urban trees adapt to unique environmental
conditions, leaf functional traits can be assessed and evaluated [24–26]. Previous studies
have shown that species exhibit different behavioral patterns in response to drought
stress, resulting from differences in physiological and leaf structural traits [27]. Namely,
species differing in leaf functional traits, such as leaf mass per area [27,28] and stomatal
behavior [29,30], have been shown to possess contrasting drought tolerance mechanisms
and water use efficiency, which may contribute to differential responses to water scarcity,
distinguishing isohydric and anisohydric species [31–33]. Under such circumstances, tree
species characterized by low water use (isohydric species) should be considered, as they
exhibit enhanced adaptability to these site conditions, are presumed to possess improved
water retention, and are, therefore, more effective at withstanding prolonged periods of
water scarcity [34,35].
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However, our knowledge regarding the interacting physiological and ecological pro-
cesses that govern photosynthesis and long-term tree condition and growth in urban areas
is still insufficient [36]. In particular, there is a lack of integrative studies linking leaf
structural traits—both physiological (leaf gas exchange indices, chlorophyll a fluorescence)
and leaf structural traits—to local environmental conditions, such as soil moisture and
microclimate. Therefore, to address this gap in our understanding, the present study aims
to examine how urban trees respond to local environmental conditions by assessing these
traits in relation to climatic data and soil moisture content at the studied site. Specifically,
we focused on comparing Quercus robur and Carpinus betulus, two riparian tree species
widely distributed across Europe, characterized by distinct ecological strategies: Q. robur
is light-demanding [37], whereas C. betulus is shade-tolerant [38], and they are, therefore,
suitable taxa for investigating physiological responses associated with contrasting light
demand and tolerance. Q. robur represents one of the most commonly cultivated urban
tree species in Novi Sad [39] and ranks among the economically and ecologically most
important species of European forests [40]. In addition to Q. robur and Fagus sylvatica L.,
C. betulus is considered one of the most important components of European temperate
deciduous forests [41] and is used as an ornamental plant with strong adaptability [42]. In
terms of habitat preference, Q. robur is typically located in temperate deciduous forests,
i.e., riparian and floodplain habitats characterized by fertile and moist soil conditions [43],
whereas C. betulus, on the other hand, is more commonly widespread in mesic, well-drained
forest sites [44].

By comparing the leaf functional traits of Q. robur and C. betulus under drought stress
in the urban environment of Novi Sad, we hypothesized the following:

1. Drought stress is expected to adversely affect leaf functional traits, reflected in the
downregulation of leaf gas exchange, alterations in chlorophyll a fluorescence and
changes in leaf structural traits.

2. The intensification of drought stress in urban areas is expected to cause non-stomatal
limitations to photosynthesis and damage the photosynthetic apparatus, as indicated
by chlorophyll a fluorescence indices.

3. Species implement different strategies to adapt to drought-induced stress through
species-specific physiological indices and leaf structural traits. A resource-conservative
species (i.e., C. betulus) is expected to be less affected under water-limited urban con-
ditions than a resource-intensive species (i.e., Q. robur).

This study aims to understand how physiological and morpho-anatomical func-
tional traits vary between two distinct adaptive strategies, providing insights to support
the selection of suitable tree species for site-specific conditions under ongoing climate
change pressures.

2. Materials and Methods
2.1. Study Area and Plant Materials

This study was conducted at the Boulevard of Europe (Figure 1) in Novi Sad
(45.2671◦ N, 19.8335◦ E; 80 m a.s.l.), the second largest city in Serbia, with a population
of 260,000 and an area of 83.01 km2. The boulevard extends approximately 7.1 km in
an east–west orientation and was constructed in 2010. It contains three traffic lanes, a
central median, green spaces in between, a bicycle path, and a pedestrian path with a
total width of approximately 60 m. The green areas were complemented with two rows of
alley trees planted at 10 × 10 m spacing. Six-year-old trees of C. betulus were planted in
the first row adjacent to the road, while Q. robur individuals were in the second row. For
each species, ten individuals were chosen with comparable morphometrical characteristics
and a fully covered canopy (Table S1). The criterion for individual selection followed a
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visual assessment of overall tree vitality, considering only specimens without signs of pests,
disease, or recent pruning [45]. The studied trees were over 6 m tall, with well-developed
lignified tissues, which may contribute to their observed resistance to water scarcity.

Figure 1. Map showing the study site and the trees selected. The continuous white line represents
the studied Q. robur individuals (n = 10), while the dotted white line shows the studied C. betulus
individuals (n = 10) at the Boulevard of Europe, Novi Sad (Serbia).

2.2. Micrometeorological and Soil Data

Mean daily air temperature (◦C) and total daily precipitation (mm) data were obtained
from the nearby climatic station in Rimski Šančevi (45◦20′ N, 19◦51′ E; altitude 84 m a.s.l.)
for the growing season of 2019 (from 1 May to 1 October). In addition, vapor pressure
deficit (VPD) was computed from daily air temperature (T, ◦C) and daily relative humidity
(RH, %) data as the difference between the saturation water vapor pressure (es (T)) and the
actual water vapor pressure (ea), expressed in kPa, calculated following Xu et al. [46], as

VPD = es(T) − ea = es(T) × (1 − RH/100) (1)

The saturation vapor pressure (es(T)) was calculated using Tetens’ empirical equation,
with air temperature (T) in degrees Celsius, as follows:

es(T) = 0.611 × exp (17.27 × T/T + 237.15) (2)

Actual vapor pressure (ea, kPa) was calculated from the relative humidity (RH, %) as

ea = RH/100 × es(T) (3)

Soil moisture content (%) was monitored on-site concurrently with physiological char-
acterization throughout the growing season of 2019 (June–September), using an HH2 Mois-
ture Meter (Delta T Devices, Cambridge, United Kingdom) equipped with a ThetaProbe
sensor. Measurements were made at a depth of 6.0 cm within the root zone of each sam-
pled tree. For each individual tree (n = 10 per species), recordings were taken evenly,
approximately at 120◦ intervals. The probe was inserted vertically into undisturbed soil to
reduce variation arising from potential soil heterogeneity. The three readings recorded per
tree were then averaged to provide a single representative value per individual. Species-
level soil moisture values were afterward derived as the mean of the ten individual tree
measurements, thereby reducing variability associated with small-scale soil heterogeneity.

Physiological measurements were conducted monthly on approximately the same date
to ensure uniformity across months from June to September, as follows: 22 June, 20 July,
21 August, and 20 September. Meteorological conditions corresponding to each measure-
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ment period were characterized using mean air temperature, the sum of precipitation,
and VPD.

The first measurement period represented the physiological optimum, characterized
by a fully developed canopy cover, a mean monthly air temperature of 23.2 ◦C, total
precipitation of 10.0 mm for the preceding week (Figure S1), and a VPD of 0.94 kPa
(Figure S2). The second measurement period was considered a dry period compared to
the initial measurement, with a mean monthly air temperature of 23.3 ◦C, absence of
precipitation for about a week, and a VPD of 1.17 kPa. The measurement date in August
represented the most drought-prone, defined by an elevated mean monthly air temperature
of 24.4 ◦C, low water availability due to the absence of rainfall for a week, and a VPD
of 1.75 kPa. Finally, the measurements taken in September might refer to a recovery
period, with a mean monthly temperature of 18.17 ◦C, total precipitation of 3.9 mm for the
preceding week, and a VPD of 0.53 kPa.

Soil water content varied significantly between months in both tree species, following
a V-shaped pattern. A pronounced decrease was observed from June to August, with a
sudden recovery in September (Figure 2). Regarding differences between species, a more
pronounced reduction was measured in C. betulus, with a higher restoration of values in
September, compared to Q. robur.

Figure 2. Soil moisture content for the examined urban roadside tree species (Q. robur, C. betulus)
monitored during the growing season of 2019 (June–September).

2.3. Chlorophyll a Fluorescence Indices

Chlorophyll a fluorescence indices were monitored in situ using the PAM-2500® portable
chlorophyll fluorometer (Walz GmbH, Effeltrich, Germany). Data were recorded monthly
(from June to September) on sunny, windless days between 09:00 and 11:00 h (Central Euro-
pean Time) to maintain consistent light conditions throughout the measurements [47].

Measurements were performed on fully expanded, visually healthy, sun-exposed
leaves located in the outer upper canopy of the selected trees (n = 10 per species). Leaves
were selected from comparable canopy positions and orientations to ensure consistent light
exposure and physiological status [48]. Measurements were performed sequentially on the
individuals of both species to minimize the potential effects of midday photoinhibition and
provide an adequate comparison of data between the two species.

Before the measurements, leaves were initially dark-conditioned using the light exclu-
sion clips of the PAM-2500® for approximately 15 min to ensure complete oxidation of PSII
reaction centers. Following the dark adaptation, leaves were subjected to nine gradually
increasing irradiances of 20 s duration, ranging from 0 to 2443 µmol e m−2 s−1 (0, 144, 274,
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477, 788, 1163, 1389, 2018, 2443 µmol e m−2 s−1, respectively) [49]. At each irradiance level,
steady-state fluorescence (F), minimum fluorescence in the light-adapted state (Fo′), and
maximum fluorescence in the light-adapted state (Fm′) were recorded [45].

Prior to signal acquisition, the auto-zero function was used to minimize the signal
from persisting ambient light [50]. Fluorescence signals were recorded and processed using
PamWin-3 software (version 3.12g, Heinz Walz GmbH, Effeltrich, Germany) and were
further applied for the construction of rapid light curves.

Primary fluorescence indices were used to calculate the following fluorescence ratios:
effective photochemical quantum yield of PSII (Y(II), relative units), quantum yield of
light-induced non-photochemical fluorescence quenching (Y(NPQ), relative units), quan-
tum yield of non-regulated heat dissipation and fluorescence emission (Y(NO), relative
units), coefficient of photochemical quenching (qP, relative units), coefficient of photochem-
ical quenching assuming interconnected PSII antennae (qL, relative units), coefficient of
non-photochemical quenching (qN, relative units), Stern–Volmer type non-photochemical
fluorescence quenching (NPQ, relative units), and relative electron transport rate (ETR,
µmol m−2 s−1), as described by Baker [51].

2.4. Leaf Gas Exchange Measurements

Leaf gas exchange, including net photosynthesis (A, µmol m−2s−1), transpiration
rate (E, mmol m−2s−1), stomatal conductance (gs, mmol m−2 s−1), intercellular CO2 con-
centration (Ci, µmol mol−1) and leaf temperature (Tleaf, ◦C), was assessed on-site with
the CIRAS3® portable photosynthesis system (PP Systems, Amesbury, MA, USA). Mea-
surements were conducted on the same leaves used for the chlorophyll a fluorescence
assessment, with identical sampling order and replication (n = 10 per species per sampling
date), to ensure comparable environmental conditions. Recordings were made under
PAR of 1000 µmol m−2s−1, while humidity, temperature, and CO2 concentration varied
according to the ambient conditions of the study site [52,53]. Derived foliar gas exchange
indices were calculated as follows: water use efficiency (WUE, µmol mmol−1) as A/E [54],
intrinsic water use efficiency (WUEi, µmol mol−1) as A/gs [55], CO2 use efficiency (CUE)
as A/Ci [56], and light use efficiency (LUE) as A/PAR [57].

2.5. Leaf Structural Traits

Simultaneously with the evaluation of leaf physiological status in situ in Septem-
ber, the same leaves were used for the characterization of leaf structural traits. These
traits were assessed following the “leaf epidermal impression” method described by
Pathoumthong et al. [58], which involved applying a thin coat of clear nail polish evenly
to the abaxial surface of each leaf between 09:00 and 11:00 h (Central European Time),
covering approximately 30 mm in length and 9 mm in width. All imprints were taken from
the middle part of the leaf to minimize possible variation between the leaf base and tip [59].
After application, the nail polish was left to dry at room temperature for approximately
5 min. Once dry, a piece of clear adhesive tape was applied to the nail polish and placed
on a microscope slide. The stomatal traits of the leaves were visualized using a scanning
electron microscope, Olympus BX 53F (Tokyo, Japan), to assess stomatal density per mm2

(SD), stomatal guard cell length (LA, µm2), and width (WB, µm2). Stomatal dimensions (LA

and WB) were quantified by measuring five stomata per five randomly chosen visual areas.
SD was manually counted using the freeware software tpsDIG2 (Version 2.0, New York,
NY, USA).

After field measurements, the analyzed leaves were transferred to the laboratory for
the determination of leaf area (LA) using a leaf area meter (ADC Bioscientific AM 300-
002) and dry weight (DW) after oven-drying at 70 ◦C for 48 h in a Memmert oven (UNB
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400, Germany). Leaf mass area (LMA, cm2 mg−1) was calculated as the ratio of LA to
DW (cm2 mg−1).

2.6. Data Analysis

All obtained data were processed using the statistical program OriginPro 2024 (ver-
sion 10.1, Northampton, MA, USA). To estimate the effects of species and measurement
period on the studied physiological traits, a two-way analysis of variance (ANOVA) was
performed. Significant differences were considered at p < 0.01. The model included species
and measurement period as fixed factors, while individual trees were treated as a random
factor, since the selection of trees within each species was randomized [60]. Significant
differences between the means were evaluated using Tukey’s honestly significant difference
(HSD) test with p ≤ 0.05. Before statistical analysis, all data were tested for normality using
the Shapiro–Wilk test and for homogeneity of variances using the Bartlett test [61]. Further-
more, one-way ANOVA was used to estimate the effect of species (Q. robur, C. betulus) on
leaf structural traits. Rapid light curves (RLCs) of chlorophyll a fluorescence were analyzed
by fitting a nonlinear curve using the Nonlinear Curve Fit function. Both 95% confidence
and prediction bands were generated to assess the reliability of the fitted curves.

3. Results
3.1. Dynamics of Chlorophyll a Fluorescence During and After Drought

The evaluated chlorophyll a fluorescence indices significantly differed between the
measurement dates (June–September) throughout this study (Table 1). Additionally, most
indices differed considerably between the studied urban roadside tree species (Y(II),
Y(NPQ), qL, qN, NPQ, and ETR), except for Y(NO) and qP. On the other hand, the com-
bined effect of (S × D) was less pronounced, exhibiting a significant effect only on Y(II), qL,
and ETR.

Table 1. Two-way analysis of variance showing the effect of species (S), date of measurement (D),
and their interaction (S × D) on chlorophyll a fluorescence indices in Q. robur and C. betulus.

Indices
Species (S) Date of Measurement (D) S × D

df MS F Value df MS F Value df MS F Value

Y(II) 1 0.132 42.6 *** 3 0.064 20.8 *** 3 0.015 5.0 **
Y(NPQ) 1 0.102 12.9 *** 3 0.098 12.4 *** 3 0.006 0.8 ns
Y(NO) 1 0.002 0.2 ns 3 0.188 20.3 *** 3 0.004 0.4 ns

qP 1 0.110 3.5 ns 3 0.295 9.3 *** 3 0.115 3.6 ns
qL 1 0.366 9.1 ** 3 0.293 7.3 *** 3 0.124 3.1 *
qN 1 0.236 12.7 *** 3 0.250 13.5 *** 3 0.008 0.5 ns

NPQ 1 0.335 6.0 * 3 0.605 10.8 *** 3 0.023 0.4 ns
ETR 1 14,420.29 42.6 *** 3 7035.44 20.8 *** 3 1699.68 5.0 **

ns—not significant, * p < 0.05, ** p < 0.01, *** p < 0.001.

Assessing the RLC of the Y(II) revealed a decreasing trend with increasing photosyn-
thetically active radiation (Figure 3a–d). Observed on the species level, Q. robur maintained
a higher proportion of Y(II) across all assessed light intensities and throughout the mon-
itored growing season of 2019 compared with C. betulus. In addition, species-specific
differences were also observed in the seasonal response, with Q. robur showing a more
pronounced decrease in Y(II) from June to August, followed by a recovery of values in
September. On the other hand, C. betulus maintained constantly low values and showed a
declining trend continuing into September.
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Figure 3. RLCs for three complementary quantum yields describing the full partitioning of absorbed
excitation energy in PSII in leaves of the two investigated urban roadside tree species (Q. robur
and C. betulus) during the growing season of 2019 (June–September). (a–d) effective photochemical
quantum yield of PSII (Y(II), relative units); (e–h) quantum yield of light-induced non-photochemical
fluorescence quenching (Y(NPQ), relative units); (i–l) quantum yield of non-regulated heat dissipation
and fluorescence emission (Y(NO), relative units). The data are presented as mean ± SE (n = 10).

Y(NPQ) values increased along the RLC with increasing light intensities (Figure 3e–h).
Species-wise, C. betulus exhibited higher Y(NPQ) values in all assessed light intensities and
throughout the monitored months compared with Q. robur. In terms of seasonal dynamics,
a pronounced decrease was evident from June to July, followed by a partial recovery in
August and September in both species.

Regarding Y(NO) values, a pronounced initial decrease was generally evident at low
assessed PAR, followed by a prolonged saturation period at moderate to high PAR values
(Figure 3i–l). At the species level, C. betulus generally showed slightly higher values of this
index. Concerning seasonal variation, an overall increase in Y(NO) was evident from June
to July, which then decreased afterwards.

Furthermore, RLCs showed a gradual decrease in qP and qL and an increase in qP
along increasing actinic irradiance intensities (Figure 4). A similar trend and ranking of
species were evidenced for qP and qL in both urban roadside trees during all measurement
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periods (Figure 4a–d and Figure 4e–h). Species-wise, C. betulus exhibited generally superior
values to Q. robur for most of the monitored period. Seasonal patterns of RLCs of qP and
qL showed a declining trend from June to August, followed by a recovery of values in
September. Furthermore, qN was consistently higher in C. betulus throughout the whole
growing season compared with Q. robur. The pattern of qP showed a decline from June to
July and a gradual increase in the following months (Figure 4i–l).

Figure 4. RLCs for chlorophyll fluorescence quenching parameters in leaves of the two investigated
urban roadside tree species (Q. robur and C. betulus) during the growing season of 2019 (June–
September). (a–d) coefficient of photochemical quenching (qP, relative units); (e–h) coefficient of
photochemical quenching assuming interconnected PSII antennae (qL, relative units); (i–l) coefficient
of non-photochemical quenching (qN, relative units). The data are presented as mean ± SE (n = 10).

With the intensification of PAR, both NPQ and ETR gradually increased in both studied
species throughout the whole monitoring period (Figure 5). On the species level, C. betulus
was characterized by higher NPQ and lower ETR for the growing season of 2019. Observing
the seasonal pattern, NPQ declined from June to July and gradually increased from July to
September (Figure 5a–d). Furthermore, a decrease was observed in ETR under increasing
drought stress until August, followed by a partial recovery in September (Figure 5e,f).
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Figure 5. RLCs for NPQ and ETR in leaves of the two investigated urban roadside tree species
(Q. robur and C. betulus) during the growing season of 2019 (June–September). (a–d) Stern–Volmer-
type non-photochemical fluorescence quenching (NPQ, relative units); (e–h) electron transfer rate
(ETR, µmol m−2 s−1). The data are presented as mean ± SE (n = 10).

To quantify and compare the chlorophyll fluorescence indices, the values were ob-
tained from the RLCs at medium light intensity (light intensity at PAR 788 µmol m−2 s−1).
In terms of chlorophyll a fluorescence characterization, Y(II) was higher in Q. robur through-
out all measurement periods compared to C. betulus (Figure 6a). In Q. robur, the dynamics of
Y(II) followed a V-shaped pattern, with the greatest values in June, followed by a reduction
from June to August and a partial recovery in September. In contrast, Y(II) in C. betulus
decreased over the season. qP and qL followed a similar pattern in terms of ranking of
species and measurement periods, decreasing from June to July on the onset of stress and
then increasing in September until the initial values in June (in Q. robur) and even exceeding
it (in C. betulus) (Figure 6b,c). ETR values had corresponding dynamics to the values of
Y(II) (Figure 6d).
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Figure 6. Chlorophyll fluorescence photochemical indices in the two examined species (Q. robur,
C. betulus) measured under 788 µmol m−2 s−1. (a) effective photochemical quantum yield of PSII
(Y(II), relative units); (b) coefficient of photochemical quenching (qP, relative units); (c) coefficient of
photochemical quenching assuming interconnected PSII antennae (qL, relative units); (d) electron
transfer rate (ETR, µmol m−2 s−1). The data are presented as mean ± SE (n = 10). Different letters
indicate significant variations (p ≤ 0.05) between values according to Tukey’s HSD test.

In terms of Y(NPQ), a decrease–increase dynamic of indices was observed, with a
reduction in values from June to July, followed by an increase from July to September.
On the species level, Q. robur exhibited higher values of this index during the monitored
growing season of 2019 compared with C. betulus (Figure 7a). Y(NO) followed an inverted
V-shaped pattern, with low initial values in June, a peak in July, and a decrease from July to
September in both species (Figure 7b). At the species level, Y(NO) values were generally
higher in C. betulus, in contrast to Q. robur. In contrast to Y(NO), qN exhibited a V-shaped
pattern in both species, with initial high values in June, a plateau in July, and a recovery in
September. Species-wise, C. betulus consistently exhibited higher qN values compared to
Q. robur (Figure 7c). Regarding NPQ, similar patterns were observed across species and
measurement periods, in accordance with Y(NPQ) and qN (Figure 7d).

3.2. Dynamics of Foliar Gas Exchange Indices During and After Drought

The results of a two-way ANOVA (Table 2) revealed that most leaf gas exchange
indices (A, E, gs, Ci, WUE, WUEi, CUE, LUE) varied significantly between measurement
dates (June–September) and across the two studied tree species, except for WUE and Tleaf,
which did not differ between the species. In contrast, the combined effect of species and
date (S × D) was only for A, WUE, CUE, and LUE.

Observing the dynamics in A, Q. robur was able to maintain higher rates throughout all
measurement periods (June–September) (Figure 8a) compared to C. betulus. Q. robur showed
stable values of A from June to July, a decline in August, and a recovery to the initial values
in September. In C. betulus, the values of A reached a plateau in July and then gradually
increased in August and September. In addition, E rates were also higher in Q. robur, in
comparison with C. betulus, during the growing season of 2019 (Figure 8b). In Q. robur, E
followed a V-shaped trend, having the highest value in June, strongly diminishing in July,
and gradually recovering in August and September. C. betulus followed a comparable trend
to Q. robur in terms of E, but its recovery values remained below the initial values in June.
Concerning gs, Q. robur exhibited stable and high rates throughout the whole study, in
contrast to C. betulus, which remained consistently lower (Figure 8c). For Ci, both observed
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species exhibited the lowest initial values in June, followed by an increase in July, peak
values in August, and a decline in September (Figure 8d). Tleaf remained relatively stable
throughout the monitored period, with significantly higher values recorded in August,
showing a very similar seasonal pattern in both species (Figure 8e).

Figure 7. Chlorophyll fluorescence non-photochemical indices in the two examined species (Q. robur,
C. betulus) measured under 788 µmol m−2 s−1. (a) quantum yield of light-induced non-photochemical
fluorescence quenching (Y(NPQ), relative units); (b) quantum yield of non-regulated heat dissipation
and fluorescence emission (Y(NO), relative units); (c) coefficient of non-photochemical quenching
(qN, relative units); (d) Stern–Volmer-type non-photochemical fluorescence quenching (NPQ, relative
units). The data are presented as mean ± SE (n = 10). Different letters indicate significant variations
(p ≤ 0.05) between values according to Tukey’s HSD test.

Table 2. Two-way analyses of variance showing the effects of species (S), date of measurement (D),
and their interaction (S × D) on foliar gas exchange indices in Q. robur and C. betulus.

Indices
Species (S) Date of Measurement (D) S × D

df MS F Value df MS F Value df MS F Value

A 1 305.228 89.5 *** 3 58.957 17.3 *** 3 19.113 5.6 **
E 1 16.213 128.7 *** 3 2.456 19.5 *** 3 0.215 1.7 ns
gs 1 0.092 134.0 *** 3 0.003 4.3 ** 3 0.001 1.5 ns
Ci 1 9571.726 11.6 ** 3 16,865.5 20.5 *** 3 932.783 1.134 ns

Tleaf 0.228 1.1 ns 3 11.520 56.5 *** 3 0.261 1.3 ns
WUE 1 0.376 0.7 ns 3 4.695 8.7 *** 3 3.326 6.2 **
WUEi 1 5249.039 26.7 *** 3 1469.142 7.5 *** 3 474.538 2.4 ns
CUE 1 0.00291 31.2 *** 3 0.0022 23.5 *** 3 4.48 × 10−4 4.8 **
LUE 1 3.17 × 10−4 83.8 *** 3 5.51 × 10−5 14.6 *** 3 2.02 × 10−5 5.3 **

ns—not significant, ** p < 0.01, *** p < 0.001.

Both species exhibited a fluctuating pattern in WUE, with high values in June, a decline
that reached a plateau in August, followed by a recovery in September (Figure 9a). Species-
wise, C. betulus had higher values of WUE as opposed to Q. robur during all measurements,
except in July. In the case of WUEi, the species exhibited a V-shaped pattern, with C. betulus
having constantly higher values compared to Q. robur (Figure 9b). In addition, differences
were observed in the restoration values, with C. betulus achieving a full recovery of WUEi,
whereas Q. robur was unable to obtain the initial values. Both CUE and LUE exhibited a
comparable pattern to A, having a similar species order throughout the growing season of
2019 (Figure 9c,d).
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Figure 8. Leaf gas exchange indices and leaf temperature in the two examined taxa (Q. robur,
C. betulus). (a) net photosynthesis (A, µmol m−2 s−1); (b) transpiration (E, mmol m−2 s−1);
(c) stomatal conductance (gs, mmol m−2 s−1); (d) intercellular CO2 concentration (Ci, µmol mol−1);
(e) leaf temperature (Tleaf, ◦C). The data are presented as mean ± SE (n = 10). Different letters
indicate significant variations (p ≤ 0.05) between values according to Tukey’s HSD test.

3.3. Leaf Structural Indices After Drought

All studied leaf structural traits (SD, LA, WB, LMA) were found to differ significantly
between the two observed species (Q. robur, C. betulus), with SD showing the greatest
impact (F = 71.857, p < 0.001), followed by LMA (F = 9.953, p < 0.01), WB (F = 6.297, p < 0.05),
and LA (F = 5.067, p < 0.05), which exhibited the smallest effect (Table 3).

Table 3. One-way analysis of variance showing the effect of species (S) on the studied leaf structural traits.

Traits
Species

df MS F Value

SD 1 84,798.73 71.857 ***
LA 1 8.096 5.067 *
WB 1 8.419 6.297 *

LMA 1 15.106 9.953 **
* p < 0.05, ** p < 0.01, *** p < 0.001.

Regarding stomatal indices, we observed interspecific differences between the studied
tree species, with C. betulus having notably higher values of SD (Figure 10a) along with
lower values of stomatal size, i.e., LA and WB (Figure 10b,c), compared to Q. robur. In
the case of LMA, C. betulus was found to have significantly higher values (Figure 10d)
compared to Q. robur.
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Figure 9. Resource use efficiency indices in the two examined taxa (Q. robur, C. betulus). (a) water-use
efficiency (WUE, µmol mmol−1); (b) intrinsic water-use efficiency (WUEi, µmol mol−1); (c) CO2 use
efficiency (CUE, mol m−2 s−1); (d) light-use efficiency (LUE, µmol CO2 mol−1 photons). The data are
presented as mean ± SE (n = 10). Different letters indicate significant variations (p ≤ 0.05) between
values according to Tukey’s HSD test.

Figure 10. Leaf structural indices in the two examined taxa (Q. robur, C. betulus). (a) stomatal density
per mm2 (SD, number per mm−2); (b) stomatal guard cell length (LA, µm2); (c) stomatal guard cell
width (WB, µm2); (d) leaf mass per area (LMA, mg cm−2). The data are presented as mean ± SE
(n = 10). Different letters indicate significant variations (p ≤ 0.05) between values according to Tukey’s
HSD test.

4. Discussion
4.1. Response of Chlorophyll a Fluorescence Indices During Drought Stress and Subsequent Recovery

Under exposure to water scarcity and high-intensity irradiance, commonly encoun-
tered in urban environments [1,62], plants tend to absorb excessive energy beyond their ca-
pacity for effective utilization in photochemistry [63,64]. Under such suboptimal conditions,
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the excess energy can trigger an upregulation in the production of reactive oxygen species
(ROS), potentially impairing PSII reaction centers and leading to photoinhibition [65,66].
To protect their photosynthetic apparatus, plants deploy a variety of photoprotective mech-
anisms, including ROS scavenging, non-photochemical quenching (NPQ), and the repair of
D1 proteins [67–69]. Among these, NPQ is the fastest, most reversible, and most efficient
response of the photosynthetic membrane to excess light. By dissipating excess energy,
NPQ prevents the formation of ROS, such as singlet oxygen (1O2) and superoxide (H2O2),
in PSII. However, it is also acknowledged to negatively affect Y(II) and ETR [70,71].

At the beginning of the experiment, both species exhibited high values of NPQ and
Y(NPQ). This finding suggests that the plants were effectively dissipating excess light en-
ergy to protect their photosynthetic machinery via regulated non-photochemical processes.
Similar patterns under mild drought stress have been previously reported [72–74]. How-
ever, as drought intensified from June to July, NPQ and Y(NPQ) decreased, suggesting re-
duced capacity for regulated energy dissipation and increased risk of photodamage [75–79].
This decline may result from limitations in the transthylakoid proton gradient, im-
paired NADPH/ATP balance, or partial photodamage that reduces thermal energy
dissipation [75,80–82]. Simultaneously, under water scarcity, a shift in energy portion-
ing was observed, reflected in upregulation of Y(NO) and a downward tendency in Y(NPQ)
and Y(II). This pattern indicates impaired photochemical efficiency and insufficient energy
dissipation, elevating excitation pressure on PSII and the risk of ROS formation, as reported
in previous studies under severe drought stress [83–89]. In addition, the reduction in Y(II)
and ETR closely followed the pattern of soil moisture content, highlighting the strong
dependence of PSII functionality on water availability. These findings are in line with
previous studies evidencing that, by modulating stomatal conductance, carbon fixation,
and thylakoid proton dynamics, water availability strongly influences the partitioning of
absorbed light energy by altering the distribution among photochemistry (Y(II)), regulated
energy dissipation (Y(NPQ)), and non-regulated energy loss (Y(NO)) [87–89]. In terms of
chlorophyll fluorescence quenching indices, qP and qL decreased from June to August.
These findings suggest a reduction in the openness of PSII reaction centers, reducing light
energy utilization and indicating a decline in potential photochemical efficiency under
water scarcity conditions [90–92]. In line with previous studies, these results evidence that
drought stress impairs both photochemical and non-photochemical quenching, highlighting
the sensitivity of PSII to water unavailability [93–95].

Following the drought stress, both species increased Y(NPQ), Y(II), ETR, qP, qN, and
qL and decreased Y(NO). Y(NPQ), Y(NO), qP, qN and qL returned close to pre-stress levels
by September, while Y(II) and ETR recovered more slowly, especially in C. betulus (showing
a further declining trend). These findings might indicate the persistence of post-stress
effects, evidencing a lower post-stress recovery capacity of the photosynthetic apparatus in
C. betulus compared to Q. robur [96–99].

At the species level, fluorescence indices revealed distinctive behavioral patterns in
response to drought. In more detail, C. betulus exhibited higher NPQ values accompanied
by lower Y(II), whereas Q. robur exhibited the opposite pattern, with low NPQ and high
Y(II). This pattern reflects a trade-off between photoprotection and productivity. C. betulus
exhibited greater energy dissipation to prevent photodamage compared to Q. robur. On the
other hand, Q. robur exhibited better maintenance of A than C. betulus under drought stress.
The higher Y(II) observed in Q. robur throughout the monitored period may result from
its anisohydric behavior, with less tight stomatal control, allowing higher A [31,32,100],
as well as from leaf structural traits, as thinner leaves with less dense mesophyll support
higher CO2 availability and light use efficiency [101,102]. On the other hand, the enhanced
NPQ, as observed in C. betulus, is in line with the conservative strategy, enhancing pro-
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tective mechanisms by allocating energy toward stress tolerance and supporting survival
over growth.

Overall, our results indicate that Q. robur is highly susceptible to drought in an urban
environment, while C. betulus demonstrated notable drought tolerance and resilience.
In line with our findings, Q. robur was identified as vulnerable to drought stress in an
urban area due to reduced efficiency in safely dissipating light energy and leaf structural
traits [103]. In contrast, C. betulus was highlighted as a drought-resistant species, relying on
the stress-tolerant strategy, characterized by slower growth, and was proposed for planting
at the edges of habitat corridors [103].

4.2. Response of Leaf Gas Exchange Indices During Drought Stress and Subsequent Recovery

In the present study, C. betulus exhibited increased stomatal sensitivity to urban envi-
ronmental conditions, as reflected in consistently lower gs values during the monitored
period compared to Q. robur. This could be attributed to the effect of the native habitat
characteristics of the studied species [104–106], as C. betulus originates from a relatively
drier environment [40] than Q. robur, which is associated with mesic to wet regions [39].
This finding supports evidence for a genetically inherited species-specific drought-survival
strategy, in line with previous studies, suggesting that species inhabiting arid environ-
ments have greater resistance to embolism and potential to persist in changing urban
settings [18,35,107,108]. This resilience likely results from the selection pressure encoun-
tered in their native habitat, which has resulted in the development of diverse plant
strategies and traits that enhance survival under challenging urban conditions [109,110].

Two contrasting drought-induced stomatal regulatory strategies were observed in the
studied species: C. betulus prioritized water conservation over carbon assimilation, whereas
Q. robur was characterized by a strategy that prioritizes enhanced carbon gain benefits. The
first strategy is more conservative and favorable in drought-prone environments, while
the second one is susceptible to increasing risk for water stress, dehydration, and even
mortality [111,112], which are predicted to exacerbate in urban areas under the forthcoming
climate change scenarios. Considering that, by 2050, up to 40% of urban tree species could
be at risk [8], future landscaping undertakings should consider species-specific water-use
strategies [113]. In light of this, Stojnić et al. 2016 [114] showed that an irrigation system
can enhance growth and fitness and might contribute to multiple ecosystem services [115].
Regarding A, Q. robur was able to maintain higher rates compared to C. betulus, likely due
to its tall stature, large crown, and light-demanding ecology [37,116]. Monthly patterns
in A and gs of Q. robur closely followed soil moisture content throughout the monitored
period, reflecting that water limitation was essential for understanding gas exchange
dynamics. Evidenced by a higher decrease in A than in gs and supported by an increase in
Ci, biochemical demand for CO2 affected the dynamic photosynthetic performance in both
studied species under drought stress. Previous studies have indicated that, under water
scarcity of mild-to-moderate intensity, the reduction in A presumably results from limited
CO2 diffusion, including changes in both stomatal and mesophyll resistance [117–122]. In
line with our findings, with the intensification of drought, the downward tendency in A
generally shifts from being primarily limited by internal CO2 diffusion to predominantly
biochemical limitation, involving the decrease in Rubisco activity, CO2 availability in the
chloroplast, and PSII photochemistry efficiency [123].

Furthermore, the studied species showed an asynchronous response to drought stress,
indicating substantial interspecific variation in the timing of this response [124]. C. betulus
exhibited a downregulation of A from June to July, whereas Q. robur showed a delayed
reduction from July to August. In addition, the decline in A differed in magnitude between
the two studied species. Q. robur maintained prolonged A and E, while C. betulus exhibited
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lower A, accompanied by a reduced cooling ability. This likely resulted from the poor stom-
atal adjustment capacity of Q. robur even under the pronounced soil water deficit in August,
showing a more anisohydric behavior in terms of water-relations strategy [125–127]. In
contrast, C. betulus exhibited tight stomatal regulation due to the higher sensitivity of its
guard cells to a critical leaf water potential threshold [31,128], evidencing conservative
water-balance management typical of isohydric species.

An enhanced sensitivity in WUEi of Q. robur versus C. betulus was observed throughout
this study, also influenced by species-specific stomatal behavior and drought-response
strategy [129,130]. As Q. robur showed weaker stomatal control under drought stress, this
led to a stronger decline in A relative to gs, evident in a greater decline in WUEi [131].
In contrast, the tighter stomatal regulation in C. betulus ensured that reductions in A
were synchronized with decreases in gs, thereby maintaining more stable WUEi values.
Under water scarcity, this behavior reflects an adaptive advantage, particularly relevant
in the context of current climate pressures [132]. Our finding indicates that WUEi is more
sensitive to environmental changes in isohydric than in anisohydric species and increases
significantly during prolonged periods of water stress [133,134].

CUE reduction was evident from the onset of drought to the peak of summer in both
species, with Q. robur having higher values than C. betulus. These findings suggest an
increasing biochemical constraint on A as water scarcity progressed [69,121]. At the species
level, it suggests a greater capacity to sustain internal CO2 utilization, potentially reflecting
higher carboxylation efficiency and continuous electron transport in Q. robur [135,136]
compared to C. betulus.

Similarly, Q. robur exhibited higher LUE compared to C. betulus throughout the studied
period. Higher LUE in Q. robur may be attributed to its ability to maintain higher A under
water-limited conditions, resulting from weaker stomatal responses and delayed biochemi-
cal downregulation, thereby enhancing the utilization of absorbed light energy for carbon
fixation [137,138]. These findings align with previous observations for light-demanding
species to perform better in high-light environments [139,140], whereas shade-tolerant
species prioritize structural traits, enabling more efficient light capture even under drought
conditions [141]. Specifically, a similar pattern has been observed in shade-intolerant Quer-
cus species, such as Q. mongolica, which show an enhanced capacity to absorb and efficiently
utilize light [142] compared with Acer mono Maxim., a shade-tolerant species.

After drought stress, Q. robur was more effective in recovering A, E, gs, WUE, and LUE
to pre-stress levels than C. betulus. This could be associated with the ecophysiology of this
species, which prioritizes post-drought recovery over conservative drought resistance,
as evident for C. betulus. Previous studies underline this finding regarding the high
recovery potential through physiological adjustment after drought, including Q. suber
and Q. ilex [143] and Q. pubescens [144].

From a practical point of view, the conservative water-use strategy of C. betulus makes
it more suitable for planting in highly exposed urban environments, including streets with
limited soil volume, high surface sealing, and restricted irrigation. On the other hand,
although Q. robur provides greater cooling potential and carbon sequestration due to its
higher A and larger crown, its successful establishment in urban areas may depend on
adequate soil moisture availability and additional irrigation, particularly during prolonged
drought periods.

4.3. Response of Leaf Structural Traits to Drought Stress

In our study, Q. robur exhibited higher gas exchange rates and lower LMA values,
while C. betulus showed lower A coupled with higher LMA. These results indicate that
Q. robur reflects a resource-acquisitive strategy characterized by rapid returns on leaf
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construction costs, whereas C. betulus exhibits a more conservative leaf economic strategy
associated with slower returns on investment [145,146]. Consistent with our findings,
several studies reported that urban trees deploy a variety of foliar strategies along the leaf
economic spectrum in response to environmental constraints, intending to optimize nutrient
and water usage and growth rate under varying urban conditions [25,147]. Specifically,
conservative strategies are favored under resource-limited urbanized landscapes [148,149],
while rapid-return strategies are advantageous for urban green spaces with optimal water
supply [148,150].

The results of the present study evidenced lower LMA values in Q. robur compared to
C. betulus. This finding reflects that the thinner leaves in Q. robur compared to C. betulus
enhance rapid light absorption and fast growth under high-light conditions [146,150,151].
In alignment with our results, a study evaluating urban tree performance across seven
cities worldwide reported that, among the most frequently encountered urban tree species,
Q. robur was one of the most sensitive to drought, showing the strongest negative growth
responses [34]. In addition, previous studies indicated that shade-intolerant species are
commonly characterized by thinner leaves. This leaf morphology enhances assimilation
efficiency by increasing the absorptive surface per unit of tissue biomass, overall supporting
higher photosynthetic performance [28,152]. However, as a disadvantage, under light
regimes frequently encountered in urban settlements, leaves with these traits are presumed
to be more susceptible to photodamage or overheating. This occurs as thinner leaves
with reduced mesophyll density provide less photoprotective structural protection against
excess radiation and could potentially lead to higher rates of photoinhibition [153].

LMA was higher in the species from a drier environment, i.e., C. betulus, compared
with the species from a wetter site, i.e., Q. robur. These results align with previous studies
reporting increased leaf thickness and tissue density in species from arid habitats, which
enhance drought resistance and tolerance to high irradiance [28,154–156]. In particular,
in a comparative study of Quercus castaneifolia and Carpinus betulus, higher SLA (inverse
to LMA) was observed in C. betulus compared with Q. castaneifolia (a close relative of
Q. robur), indicating species-specific differences in leaf structural traits linked to their
differing ecological strategies [157].

C. betulus had higher SD coupled with lower stomata size (i.e., LA and WB), whereas Q.
robur exhibited the opposite pattern for these traits. These differences suggest that C. betulus
is more rapidly able to respond to environmental stimuli, which can enhance WUE by
maintaining A while limiting water loss through E [158], compared to Q. robur. In line with
our findings, trees experiencing drought stress were confirmed to adjust to such conditions
through leaf structural alterations, including changes in LA, WB and SD [159,160]. These
changes involved developmental and signaling pathways where high VPD and low soil
water content triggered stomatal closure and prolonged stress altered leaf morphology dur-
ing leaf [161,162]. A substantial number of studies have confirmed that species considered
better adapted to low water availability exhibit traits such as high LMA and SD and low
values of LA and WB [163–165].

Overall, based on leaf structural traits, the combination of high LMA and denser,
smaller stomata suggests that C. betulus is better adapted to drier urban environments,
whereas low LMA and lower SD of Q. robur make it more suitable for urban sites with
higher soil moisture. These traits highlight the importance of species-specific strategies
when planning urban tree plantings under heterogeneous water availability.
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5. Conclusions
The comparison of Q. robur and C. betulus revealed distinct physiological responses

in terms of photosynthetic leaf gas exchanges, chlorophyll a fluorescence, and leaf struc-
tural adaptations to drought stress conditions prevailing at the urban site in Novi Sad.
Specifically, in terms of physiological adaptation, C. betulus exhibited effective stomatal
responsiveness, enhanced water conservation capacity, and a greater allocation of energy to
photoprotective mechanisms, characteristic of an isohydric water-use strategy. Conversely,
in Q. robur, weaker stomatal control resulted in higher assimilation, improved energy
absorption and electron transport efficiency on the one hand, and greater water loss and
reduced photochemical protection on the other, which is typical of anisohydric species. In
addition, concerning structural traits, C. betulus showed greater physiological resilience
than Q. robur, reflecting characteristics that confer greater drought resistance, including
smaller and densely arranged stomata and enhanced LMA.

Based upon these findings, C. betulus was highlighted as a more drought-tolerant
species and a suitable candidate for low-water landscapes in comparison with Q. robur,
which was ranked as a drought-susceptible species. These findings underscore the impor-
tance of aligning species selection according to their native habitat; taxa originating from
dry sites should be prioritized for streets. This study was conducted across two tree species
and a single growing season. For more relevant information, additional tree species, includ-
ing native and non-native ones, should be incorporated and analyzed during consecutive
growing seasons. In addition, future research should consider incorporating additional
traits that might serve as early warning indicators of drought stress in trees.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/f17030339/s1, Figure S1: Mean air temperature (◦C) and total
precipitation (mm) recorded during the growing season of 2019 (from 1 May to 1 October) at the
studied site. The dashed line indicates the dates of measurements; Figure S2: VPD (kPa) during the
growing season of 2019 (from 1 May to 1 October) at the studied site. The dashed line indicates the
dates of measurements; Table S1: Mean morphometrical characteristics and characteristics of drought
tolerance of the two studied riparian tree species (Q. robur, C. betulus).
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