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A B S T R A C T

When plants are transferred from nursery to urban environments, they often face drought stress due to inade-
quate maintenance, such as insufficient irrigation. Using drought tolerant species may help mitigate the adverse
impact of drought stress in urban settings. Additionally, utilizing novel technologies for water status monitoring
may help optimize irrigation schedules to prevent transplanting failures. This study investigated the physio-
logical and biochemical responses of two ornamental shrubs, Photinia x fraseri and Viburnum tinus, subjected to
water stress of increasing severity and rewatering. Water relations, gas exchanges, chlorophyll fluorescence and
biochemical analyses were conducted alongside real-time monitoring of water status using leaf-water-meter
sensors (LWM).
The progression of water stress had a notable negative impact on leaf gas exchanges and water relations in

both species. Notably, P. fraseri avoided photoinhibition by reducing chlorophyll content and actual efficiency of
PSII. Adjustments in leaf phenolic compounds played a significant role in enhancing drought tolerance of both
species due to their antioxidant and photoprotective properties.
Upon rewatering, both species exhibited complete recovery in their physiological functions, underscoring their

remarkable tolerance and resilience to drought stress. Additionally, LWM sensors efficiently tracked the dehy-
dration levels, exhibiting a rising trend during the water stress progression and a subsequent decline after
rewatering for both species. These findings confirm the reliability of LWM sensors in monitoring physiological
status of plants in outdoor contexts, making them a suitable tool for use in urban settings.

1. Introduction

Urban green offers many ecosystem services, including improved air
quality, CO2 sequestration, and microclimate regulation, also increasing
the aesthetic value of the surrounding urban areas (McPherson et al.,
2018). The delivery of ecosystem services by urban green can be nega-
tively affected by the multiple stressors typical of urban environments,
such as poor soil conditions (i.e., soil compaction and low soil fertility),
high temperatures, and drought (Franceschi et al., 2023). Drought is
considered the main factor threatening urban plants growth and vitality,

by affecting both physiology (e.g., reduction in leaf water potential,
stomatal closure, decrease in CO2 assimilation, down-regulation in PSII
photochemistry) and leaf biochemistry (e.g., chlorophyll reduction,
increment in secondary metabolites production) (Toscano et al., 2019).

Before being planted in the urban environment, plants are typically
cultivated in nurseries under high-density, self-shaded, or partially
shaded conditions, receiving generous water and fertilizer applications
(Smith et al., 2019). Consequently, when transferred to the urban con-
ditions, they may experience significant drought stress (Wattenhofer
et al., 2021). Indeed, local administrations very often fail to provide the
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right supply of irrigation to plants due to high costs of irrigation systems
and mismanagement (Pincetl et al., 2013). This could exacerbate the
mortality rates of urban trees and shrubs, particularly during their initial
establishment phase. This problem can be partially mitigated by
selecting drought tolerant species (Percival, 2023). An additional solu-
tion to avoid transplanting failures and to optimize irrigation scheduling
to prevent drought stress in urban settings could be the application of
new technologies that are able to monitor in real-time the physiological
status of the plants (Fuentes et al., 2021). In recent years, new real-time
monitoring devices, based on remote or contact sensors, have been
developed (Brunetti et al., 2022; Bwambale et al., 2022). In particular,
the use of the Leaf Water Meter (LWM) has been previously validated by
Brunetti et al. (2022) in a controlled greenhouse experiment on four
different Mediterranean woody species subjected to consecutive cycles
of water stress and rewatering, showing promising results due to the
high and significant correlation between the leaf dehydration levels
(measured by the sensor) and leaf relative water content.

Photinia x fraseri and Viburnum tinus are widely used in the urban
environment, especially for hedges. Photinia x fraseri, which belongs to
the Rosaceae family, is a hybrid between P. serrulata and P. glabra, both
native to Asia. It is an evergreen broad-leaved shrub, whose leaf color
varies from bright red (young leaves) to dark green (old leaves)
(Larraburu et al., 2010). Viburnum tinus L. belonging to the Caprifolia-
ceae family (or to the Adoxaceae family according to the APG classifi-
cation), is an evergreen perennial shrub native of Mediterranean area
with narrow leaves of a bright dark green color (Shao et al., 2019).
Although these species are considered capable of thriving in urban
conditions, only a few studies have investigated their responses to
drought (Toscano et al., 2016, 2021; Bussotti et al., 2014).

Specifically, in light of the successful application of the LWM device
in an indoor experiment (Brunetti et al., 2022); we hypothesize i) a
reduction in water relations parameters and gas exchange performances
in P. fraseri and V. tinus along the drought stress progression, followed by
recovery under re-watering conditions; ii) an increase in the biosyn-
thesis of secondary metabolites to counteract oxidative damages under
drought stress conditions; iii) that Leaf Water Meter sensors may accu-
rately monitor plant water status in outdoor conditions, resulting in a
reliable tool to optimize irrigation strategies in urban contexts.

Thus, this study aims at investigating the tolerance of P. fraseri and
V. tinus to drought of increasing severity, and their resilience and re-
covery ability after a period of rewatering. In detail, we assessed the
most relevant physiological parameters and specific biochemical traits
involved in photoprotection mechanisms. In addition, during the
experiment, LWM sensors have been applied to monitor the water status
of these two shrub species to assess their applicability in outdoor con-
ditions simulating a possible application in urban context.

2. Materials and methods

2.1. Plant material

Three-year-old Photinia x fraseri Dress ‘Red Robin’ and Viburnum
tinus L. plants were purchased from “Società Agricola F.lli Gorini piante
s.s.” were grown at the experimental station of GEA (Green Economy
and Agriculture) located at 43◦91′93″ N and 10◦90′72″ E, Pistoia Tus-
cany, Italy. In July 2021, a total of forty-eight plants (twenty-four per
species) were transplanted in 10-L (24 cm Ø) plastic pots containing a
substrate of peat and pumice (4-1, w/w) added with 4.5 g L− 1 of Basa-
cote® Plus (12M; 15N-15P2O5-15K2O). Before the beginning of the
experiment, plants were daily watered to pot capacity for two weeks,
then, preliminary measurements of net photosynthesis (A, μmol m− 2

s− 1), stomatal conductance (gsw, mmol m− 2 s− 1), maximum photo-
chemical efficiency of photosystem II (Fv/Fm), and leaf water potential
(Ψleaf, MPa) were conducted to ensure the homogeneity of plant
material.

2.2. Experimental conditions

The experiment lasted for a total of twenty-one days (from July 1,
2021 to July 21, 2021). Twelve plants per species were irrigated daily to
pot capacity and used as control plants. The remaining twelve plants per
species were treated with progressive water stress imposed by providing
80 % of the fraction of transpirable soil water (FTSW) (Brunetti et al.,
2018) from 1st July to 9th July, followed by a rewatering of eleven days
(from 10th July to 21st July) in which plants were irrigated to pot ca-
pacity (100 % FTSW) Figure SM1. Four control and four treated plants
were sampled at each sampling time (n = 4). Two samplings were per-
formed on 7th and 9th July (T1 and T2, respectively) to compare treated
plants under water stress (WS1 at T1 and WS2 at T2) with control plants
(Figure SM1). Plants were sampled at two different times during the
water stress progression to ensure the achievement of a water stress level
characterized by stomatal closure and photoinhibition. Then, a third and
last sampling was performed on 21st July (T3) to compare treated plants
under rewatering (RW) with control plants to evaluate the reversibility
of water stress damages (Figure SM1). For greater clarity, the figure of
the sampling design is reported as SM1.

Samplings were performed at midday (from 12:00 to 14:00 h) under
clear sky conditions (midday mean temperatures, (

◦

C) values and mean
solar irradiance (Wm− 2) available in Fig. SM2 and consisted of physio-
logical measurements and biochemical analysis conducted on healthy
and fully expanded leaves at the top of the canopy.

2.3. Application of leaf water meter sensor (LWM)

The water status of the plants was monitored on a continuum using
Leaf Water Meter (LWM) sensors previously validated by Brunetti et al.
(2022) and provided by PaStella Factory.

Briefly, LWM is an alkaline battery-powered device, composed of a
plastic clamp connected to a readout system equipped with climate and
soil water content sensors and a LoRa module. The clamp contained
LEDs and photodiodes, which measured leaf water content by emitting
analog signals at two wavelengths: 1450 nm for water status estimation
and dry matter absorption, and 890 nm for dry matter absorption. The
analogic signals were digitized and sent to the LoRa gateway every 5
min, with a maximum operating distance of 20 m. The data were ther-
mally calibrated and normalized to determine the leaf’s dehydration
level as described in Brunetti et al. (2022).

An LWM sensor was installed on two plants per treatment for the
duration of the experiment. The leaf clip of the sensor was installed on a
mature and healthy leaf, avoiding the midrib, 20 cm below the top of the
plant. LWM recorded the leaf dehydration level (DL, %) with a 15-min
temporal resolution using an online data transmission system.

In addition, the soil water content was monitored using soil moisture
sensors (S-Soil MT-02A, Seed Studio). For each species and treatment,
three soil moisture sensors were inserted in the pot at 10 cm of depth and
connected to the readout system.

Furthermore, for the entire duration of the experiment, gsw was
measured every two days on four plants per treatment using an open
system LI-600 fluorometer/parameter (LI-COR Biosciences) on the same
leaves where the LWM sensors were applied. The measurements were
performed at midday (from 12:00 to 14:00 h) under clear sky conditions
(midday mean temperatures, (◦C) values, and mean solar irradiance
(Wm− 2) available in Fig. SM2) and recorded at stable gws values.

2.4. Physiological measurements

2.4.1. Water relations
Three twigs per plant were collected at the experimental garden, put

in a zip-locked plastic bags, stored in a cooler and transported to the
laboratory to determine Relative Water Content (RWC, %). Leaves were
immediately measured for Fresh Weight (FW) once in the laboratory
using a digital analytical balance (Precisa® 125A, Dietikon,
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Switzerland), and then leaves were hydrated overnight until saturation
(constant weight) in the dark to determine Turgid Weight (TW). After-
wards, leaves were oven-dried at 80 ◦C for 72 h until constant weight to
determine Dry Weight (DW). Finally, RWC was calculated using the
following equation:

RWC (%)= (FW − DW) − (TW − DW) (Eq. 2)

Leaf water potential was measured at midday on three twigs per
plant using a Scholander-type pressure chamber (PMS Instruments,
Corvallis, OR, USA). Additionally, three leaves per plant were cut,
wrapped in parafilm and aluminum foil, transported to the laboratory in
a cooler and stored at − 20 ◦C for the osmotic potential measurements
(Ψπ, MPa). The osmotic potential was measured on freeze-thaw leaf
expressed sap using a thermocouple psychrometer (PSY1, ICT Interna-
tional, Armidale, NSW, Australi (Callister et al., 2006). Water and os-
motic potential were measured on leaves collected from the same branch
used for RWC and gas exchange measurements. Single leaf measure-
ments were combined to make an individual plant replicate.

2.4.2. Leaf gas-exchanges
Net photosyntheis (A), stomatal conductance (gs) and intercellular

CO2 concentration (Ci, μmol m− 2 s− 1) were measured on four plants per
treatment at each sampling time. Leaf gas-exchange performances were
measured on three leaves per plant using a portable infrared gas
analyzer (Ciras-3; PP-systems, Amesbury, MA, USA), operating at a CO2
concentration of 410 ppm, at light intensity of 1800 μmol m− 2 s− 1 (ac-
cording to the ambient PAR) and leaf temperature set as external tem-
perature. Single leaf measurements were combined to make an
individual plant replicate.

2.4.3. Chlorophyll fluorescence
The same leaves used for gas exchange measurements were used for

chlorophyll fluorescence measurement. Leaves were dark-adapted for 1
h and used to measure the maximum photochemical efficiency of PSII
(Fv/Fm) using a portable fluorometer (Pocket Pea, Hansatech, Norflolk,
United Kingdom). The quantum yield of photosystem II (ФPSII) was
measured under ambient light conditions using an LI-600 fluorometer/
porometer (LI-COR Biosciences). Additionally, the ratio of electron
transport rate to net photosynthesis (ETR/A) was calculated to measure
the excess electron transport that can be deviated from photosynthesis to
alternative electron sinks (Alderotti et al., 2020). Specifically, ETR was
calculated as:

ETR = ФPSII *PPFD *α *β (Eq. 1)

where ФPSII is the quantum yield of photosystem II, PPFD was the
photosynthetic photon flux density, α was leaf absorbance (0.84) and β
was the partitioning factor between photosystems I and II (0.5).

2.5. Destructive biochemical measurements

2.5.1. Leaf polyphenols extraction
Three leaves per plant were collected, frozen in liquid nitrogen and

transported in a cooler to the laboratory where they were stored at
− 80 ◦C until the moment of the extractions for biochemical analyses.
Leaves from the same plants were pooled together to make individual
replicates.

Leaf material was ground in a mortar with liquid nitrogen, and 300
mg of powder was subsequently extracted with 3 × 5.0 mL ethanol 75%
solution (pH 2.5 adjusted with formic acid) using an ultrasonic bath
(BioClass® CP104, Pistoia, Italy) at a constant frequency of 39 kHz and
power of 100 W. After that, extracts were centrifuged (5 min, 9000 rpm,

ALC® 4239R, Milan, Italy), and the supernatants were partitioned with
3 × 5 mL of n-hexane to remove lipophilic compounds that could
interfere with the analysis. The hydroethanolic phase was reduced to
dryness using a rotavapor (BUCHI® P12, Cornaredo, Italy; coupled to a
vacuum controller V-855), and the residue was resuspended with 1.0 mL
of MeOH: Milli-QH2O solution (1:1 v/v, pH 2.5 adjusted with HCOOH).
All the analyses were conducted in triplicate for each species, and after
the extraction procedure, the solution was characterized and quantified
by HPLC-DAD/Q-TOF.

2.5.2. Leaf polyphenols characterization and quantification analysis by
LC/Q-TOF and HPLC-DAD

In order to identify the total polyphenols content present in the
extract, their characterization was made by LC-QTOF (Agilent 6530C,
Agilent Techologies SpA, Milan, Italy) utilizing a quadrupole mass
spectrometer operated in the electrospray ionization (ESI) negative
mode coupled to a diode array detector (DAD). The applied ESI pa-
rameters were as follows: capillary voltage, 4000 V; fragmentor 180 V;
skimmer 60 V; OCT 1 RF Vpp 750 V; pressure of nebulizer 20 psi; drying
gas temperature 325 ◦C; sheath gas temperature 400 ◦C. For the sta-
tionary phase, an Agilent Poroshell 120 Aq-C18 column (2.7 μm) was
used and the mobile phase consisted of (1% HCOOH, solvent A) and
acetonitrile (1% HCOOH, solvent B). The flow rate was of 0.25 mL/min
and the injection volume was 1 μL. Regarding the separation of the
compounds, two different methods were used.

For P. fraseri, the separation was conducted using the following
gradient: 1 min (3 % B), 2–57 min (3–40 % B), 58–60 min (40% B), and
with a post-run of 60–61 min (40-3 % B), with 62 min of total analysis
time.

Instead for V. tinus the following gradient was used: 1 min (3 % B),
2–57 min (3–40 % B), 58–60 min (40% B), 61–65 min (40–80% B),
66–68 min (80% B), and with a post-run of 68–71 min (80-3 % B) with
72 min of total analysis time.

The quantification of the polyphenols presents in those extracted
obtained was performed by HPLC-DAD analysis using a Perkin® Elmer
Flexar liquid chromatography equipped with a quaternary 200Q/410
pump and an LC 200 diode array detector (DAD) (all from Perki-
nElmer®, Bradford®, CT, USA). The injection volume of aliquots of 3
and 5 μL for P. fraseri and V. tinuswere used respectively. The stationary
phase consisted of a Zorbax® C-18 column (temperature 35 ◦C) while
the mobile phases and the gradients were described above were applied.
The flow rate was of 0.6 mL/min.

All the chromatograms were obtained at 280 and 330 nm. The
identification and quantification of polyphenol contents were carried
out based on the retention time, UV spectral characteristics, and com-
parison with standards, as well as based on literature data. Different
standards (caffeic acid, ferulic acid, p-coumaric acid, oleuropein, myr-
icitrin, and quercetin-3-O-glucopyranoside) were used to obtain five-
point calibration curves. All the procedures were conducted in tripli-
cate and the results were given in mg g− 1 DW.

2.5.3. Malondialdehyde (MDA) analysis
The assessment of lipid peroxidation was conducted spectrophoto-

metrically, utilizing the thiobarbituric acid (TBA) reaction to detect the
formation of malondialdehyde (MDA) (Velikova et al., 2000). Leaf ma-
terial (~300 mg per plant, sampling four plants per treatment at each
time point) was firstly powdered in liquid nitrogen and then added with
5 mL of TCA solution (0.1%, w:v). After the centrifugation, 0.5 mL of the
supernatant was added to 1 mL 0.5% (w:v) TBA in 20% TCA. The
mixture was incubated at 90 ◦C for 30 min, and the reaction was stopped
by cooling in an ice bath. Then the obtained samples were centrifuged,
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Fig. 1. Inverse linear relationship between leaf dehydration level (DL) measured by the Leaf Water Meter senso (LWM) and stomatal conductance (gsw) Photinia x
fraseri and Viburnum tinus. Data are in means ± sd (n = 4).
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the supernatant was collected, and the absorbance was read at 532 nm.
The amount of MDA–TBA complex was calculated from the extinction
coefficient 155 mM− 1 cm− 1.

2.6. Non-destructive biochemical measurement

Three leaves per plant were measured with a Dualex® sensor
(Dualex® Research, FORCE-A®, Orsay, France) to perform non-
destructive biochemical measurements. The chlorophyll index (Chli)
was obtained as the average of the adaxial and abaxial measurements.
The Epidermal Flavonol index (Flavi) was calculated as the sum of both
leaf sides measurements (Agati et al., 2016). Single leaf measurements
were combined to make an individual plant replicate.

2.7. Statistical analysis

Data were checked for normal distribution and homoscedasticity. A
two-way analysis of variance (ANOVA) followed by Tukey’s test (p <

0.05) was performed separately for each plant species to test the dif-
ferences in physiological and biochemical parameters between treated
and control plants at the different sampling times (T1, T2 and T3). Thus,
water treatment and sampling time were considered as factors in the
statistical analyses. All statistical analyses were performed using Sigma
Plot 11.0 (Systat Software, Inc., San José, California, USA).

3. Results

3.1. Application of LWM sensors

Leaf Water Meter (LWM) sensors successfully recorded changes in
leaf water status in outdoor conditions during the study (Fig. 1). Indeed,
DL constantly raised both in P. fraseri and V. tinus treated plants during
the water stress progression compared to controls (Fig. 1A and B), thus,
reflecting the decline in soil moisture observed in treated plants
(Figure SM3). In the same period, gsw was considerably reduced in
treated plants compared to control in both species (Fig. 1A and B).
However, after rewatering (T3), DL and gsw in treated plants of P. fraseri
and V. tinus recovered to controls’ values (Fig. 1A and B), mirroring soil
moisture values (Figure SM3). The suitability of LWMs was also
confirmed by the significant and inverse relationship between leaf
dehydration level (DL) and stomatal conductance (gsw) observed both in
P. fraseri (R2 = 0.84) and V. tinus (R2 = 0.85) (Fig. 1C).

3.2. Water relations

Water relations significantly differed between treated and control
plants of both species at T1 and T2, while no differences emerged at T3.
In P. fraseri, relative water content (RWC) and water potential (Ψw) were
lower in treated plants compared to controls at T1, and further declined,
reaching the minimum values at T2 (RWC = ~64 %; Ψw = ~ − 5 MPa)
(Table 1). Additionally, a significant reduction in leaf osmotic potential
(Ψπ) was observed in treated plants compared to controls only at T2.
However, RWC, Ψw and Ψπ fully recovered to control values at T3
(Table 1).

In V. tinus, RWC, Ψw and Ψπ exhibited a similar trend to that observed
in P. fraseri, showing lower values in treated than control plants at T1
and T2, with the minimum at T2 (RWC =~54 %; Ψw =~ − 5.5 MPa; Ψπ
= − 5.9 MPa) and no differences at T3 (Table 1).

3.3. Leaf gas-exchange

Treated plants of both species significantly differed from controls at
T1 and T2, while weak differences emerged at T3.

In P. fraseri, treated plants showed a strong reduction in A (-99%) and
gsw (− 67%) compared to controls both at T1 and T2, while at T3, treated
and control plants did not differ for these parameters (Fig. 2A and B).
Additionally, treated plants exhibited higher values of Ci compared to
controls during the entire study period (Fig. 2C).

In V. tinus, A and gsw had a similar trend to that observed in P. fraseri,
with the exception that at T3 treated plants showed higher gsw values
than controls (+7%) (Fig. 2D and E). Moreover, Ci was significantly
higher in treated plants than controls at T1 and T2 (+35%), while no
differences emerged under rewatering at T3 (Fig. 2F).

3.4. Chlorophyll fluorescence

The Fv/Fm parameter did not show significant differences between
treated and control plants in P. fraseri during the whole study period
(Fig. 3A). In P. fraseri, treated plants exhibited significantly lower values
of the actual efficiency of photosystem II (ΦPSII) compared to controls at
both T1 and T2. Upon re-watering, P. fraseri treated plants displayed
significantly higher values compared to controls (Fig. 3B). The Chli
parameter was significantly reduced in treated plants compared to
controls at T1 and T2, while no differences emerged among the plants at
T3 (Fig. 3C).

Table 1
Leaf Relative Water Content (RWC), water potential (Ψw), and osmotic potential
(Ψπ) in treated and controls of Photinia x fraseri and Viburnum tinus plants at
different sampling times. Specifically, treated plants were under a progressive
water stress treatment at T1 and T2, and under rewatering at T3. Data are means
± sd (n = 4). Different letters indicate significant differences among treated and
control plants at the different sampling times (p ≤ 0.05). Detailed results of two-
way ANOVA are reported in Tables SM3.

Photinia x fraseri

Time RWC Ψw Ψπ

Control Treatment Control Treatment Control Treatment

T1 93.29
± 0.53
a

84.10 ±

3.30 b
− 2.46
± 0.29
a

− 3.65 ±

0.36 b
− 3.34
± 0.88
b

− 4.26 ±

0.45 c

T2 92.62
± 1.92
a

63.57 ±

2.81 c
− 2.45
± 0.21
a

− 4.96 ±

0.19 c
− 3.04
± 0.26
ab

− 5.30 ±

0.37 d

T3 94.34
± 1.46
a

91.50 ±

0.82 ab
− 1.83
± 0.42
a

− 1.79 ±

0.18 a
− 2.31
± 0.42
a

− 2.25 ±

0.37 a

Viburnum tinus

Time RWC Ψw Ψπ

Control Treatment Control Treatment Control Treatment

T1 86.62
± 4.01
a

67.46 ±

7.30 b
− 2.50
± 0.48
a

− 4.60 ±

0.48 b
− 2.79
± 0.23
a

− 5.20 ±

0.36 b

T2 93.57
± 1.62
a

54.31 ±

4.58 c
− 2.09
± 0.42
a

− 5.50 ±

0.02 c
− 2.60
± 0.55
a

− 5.92 ±

0.38 c

T3 92.56
± 3.98
a

87.53 ±

5.49 a
− 1.83
± 0.35
a

− 1.71 ±

0.31 a
− 2.40
± 0.18
a

− 2.52 ±

0.34 a

C. Detti et al. Plant Physiology and Biochemistry 216 (2024) 109208 

5 



Fig. 2. Photosynthesis (A) (panels A and D), stomatal conductance (gsw) (panels B and E), and intercellular CO2 concentration (Ci) (panels C and F) in treated (dark
grey bar) and control (white bar) Photinia x fraseri and Viburnum tinus plants at different sampling times. Specifically, treated plants were under a progressive water
stress treatment at T1 and T2, and under rewatering at T3. Data are reported as means ± sd (n = 4). Different letters indicate significant differences among treated
and control plants at the different sampling times (p ≤ 0.05). Detailed results of two-way ANOVA are reported in Tables SM3.
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Fig. 3. Maximum efficiency of PSII photochemistry (Fv/Fm) (panels A and D), the actual efficiency of PSII (ΦPSII) (panels B and E) and Chlorophyll index (Chli)
(panels C and F) in treated (dark grey bar) and control (white bar) Photinia x fraseri and Viburnum tinus plants at different sampling times. Specifically, treated plants
were under a progressive water stress treatment at T1 and T2, and under rewatering at T3. Data are reported as means ± sd (n = 4). Different letters indicate
significant differences among treated and control plants at the different sampling times (p ≤ 0.05). Detailed results of two-way ANOVA are reported in Tables SM3.
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In V. tinus, a significant decline in Fv/Fm was reported in treated
plants compared to control at T2. This parameter recovered to the values
of control plants at T3 (Fig. 3D). Similarly, to what was observed in Fv/
Fm, treated plants showed a reduction in ΦPSII values compared to
controls only at T2 (− 59%). However, at T3, ΦPSII reached the maximum
values with no statistical difference between treated and control in
V. tinus plants (Fig. 3E). Contrary to P. fraseri, V. tinus did not show
variation in Chli (Fig. 3F).

Interestingly, both P. fraseri and V. tinus treated plants showed a
marked increment in the ratio of electron transport rate to net photo-
synthesis (ETR/A) compared to controls at T1 and T2. However, treated
and control plants did not differ at T3 (Fig. 4A and B).

3.5. Leaf polyphenol characterization

In P. fraseri, two main classes of compounds were detected, namely
hydroxycinnamic acids and flavonoids. Overall, eleven peaks were
identified as chlorogenic acid derivatives (peaks 1, 3 and 5), coumaric
acid derivatives (peaks 2 and 6), caffeic acid derivatives (peaks 4, 9)
myricetin derivatives (peaks 8), and quercetin derivatives (peak 7, 10
and 11) (Figure SM4), with cholorogenic acid derivatives as the most
abundant (Table SM1).

The polyphenolic profile of V. tinus showed three main classes of
compounds, namely hydroxycinnamic acids, flavonoids, and secoir-
idoids. Overall, thirteen peaks were identified as chlorogenic acid de-
rivatives (peaks 1 and 2), quercetin derivatives (peaks 3–4 and 8–9),
myricitrin (peak 7) and iridoids derivatives (peaks 5–6 and 10–13)

(Figure SM5). In addition, rutin was the most abundant compound
detected in the extracts followed by chlorogenic acid isomer 2 and peak
iridoids diglycosides (Table SM2).

3.6. Leaf polyphenol quantification and Flavi

Significant differences in leaf total polyphenols and Flavi between
treated and control plants were observed. In P. fraseri, higher values of
total polyphenols (~+20%) and Flavi (~+11%) were detected in
treated plants compared to controls at T1 and T2 (Fig. 5A and B).
However, total polyphenols was lower in treated plants rather than
controls at T3, when no differences in Flavi emerged (Fig. 5A and B).

Similarly to P. fraseri, in V. tinus, treated plants showed greater total
polyphenol contents (~+10%) and higher values of Flavi (~+15%)
compared to control plants both at T1 and T2 (Fig. 5C and D). At T3, the
lowest total polyphenols and Flavi were observed, with no significant
differences between treated and control plants (Fig. 5C and D).

3.6.1. MDA
The analysis of the malondialdehyde (MDA) leaf contents revealed

significant variation in lipid peroxidation among treated and control
plants of both species. Indeed, in both P. fraseri and V. tinus, MDA pro-
gressively rose in treated plants passing from T1 to T2, showing an in-
crease at T2 of around three-fold in P. fraseri and of almost seven-fold
V. tinus compared to controls. At T3, treated plants showed a reduc-
tion in MDA, although their values remained significantly higher values
than controls in both species (Table 2).

Fig. 4. Ratio of electron transport rate to net photosynthesis (ETR/A) in treated (dark grey bar) and control (white bar) Photinia x fraseri and Viburnum tinus (A and B,
respectively) plants at different sampling times. Specifically, treated plants were under a progressive water stress treatment at T1 and T2, and under rewatering at T3.
Data are means ± sd (n = 4). Different letters indicate significant differences among treated and control plants at the different sampling times (p ≤ 0.05). Detailed
results of two-way ANOVA are reported in Tables SM3.
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4. Discussion

The importance of water management in the urban environment is
indisputable and crucial for plant growth and development and,
consequently, to ensure the provisioning of related ecosystem services
(Wattenhofer et al., 2021; Franceschi et al., 2023). Indeed, drought
stress has a detrimental impact on plant growth through the modifica-
tion of physiological aspects such as plant water status and CO2 assim-
ilation, as well as biochemical features such as photosynthetic pigments
and secondary metabolites contents (Flexas et al., 2002; Toscano et al.,
2019). During water stress progression, P. fraseri and V. tinus showed a
strong reduction in the leaf RWC and water and osmotic potentials. The
reduction in these plant-water relation parameters is a common phe-
nomenon also observed in previous studies on these drought-stressed
plants (Toscano et al., 2016). In particular, stressed P. fraseri plants
showed a lower reduction at T1 with respect to its relative controls in the
leaf RWC parameter than V. tinus species, underlining a higher sensi-
tivity for V. tinus plants to leaf dehydration when subjected to drought
(Toscano et al., 2016). At T2, the decrease in the RWC parameter was

Fig. 5. Total polyphenols contents (panels A and C) and Flavonoind index (Flavi) (panels Band D in treated (dark grey bar) and control (white bar) Photinia x fraseri
and Viburnum tinus plants at different sampling times. Specifically, treated plants were under a progressive water stress treatment at T1 and T2, and under rewatering
at T3. Data are means ± sd (n = 4). Different letters indicate significant differences among treated and control plants at the different sampling times (p ≤ 0.05).
Detailed results of two-way ANOVA are reported in Tables SM3.

Table 2
Analysis of Malondialdehyde leaf content (MDA) in treated and control Photinia
x fraseri and Viburnum tinus plants at different sampling times. Specifically,
treated plants were under a progressive water stress treatment at T1 and T2, and
under rewatering at T3. Data are means ± sd (n = 4). Different letters indicate
significant differences among treated and control plants at the different sam-
pling times (p ≤ 0.05). Detailed results of two-way ANOVA are reported in
Tables SM3.

Time Malondialdehyde analysis (MDA)

Photinia x fraseri Viburum tinus

control treated control treated

T1-WS1 2.98 ± 0.25 d 8.30 ± 0.90 b 2.08 ± 0.97 d 11.58 ± 1.00 b
T2-WS2 2.86 ± 0.33 d 12.26 ± 0.80 a 1.87 ± 0.76 d 14.74 ± 1.11 a
T3-RW 2.99 ± 0.25 d 5.16 ± 0.72 c 1.90 ± 0.71 d 5.60 ± 0.75 c
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paralleled with a strong and progressive reduction of both water and
osmotic potentials in both species, underlining an intensification of the
stress. Lowering values of water and osmotic potentials in leaves under
severe drought treatment is a plant defensive strategy to facilitate the
water transport from the soil to the transpiring leaves to maintain leaf
cell tissue integrity until the rehydration (i.e., irrigation time) (Ugolini
et al., 2012). Indeed, both P. fraseri and V. tinus showed to be tolerant
species to drought, as treated plants promptly recovered plant water
relation parameters to control values after the rewatering period
(Toscano et al., 2014).

Plant hydraulic alterations significantly affected gas exchange pa-
rameters in both P. fraseri and V. tinus. Both species showed a reduction
in the net CO2 assimilation rate, mainly due to stomatal limitations as
reduction in gs occurred relatively soon after the imposition of water
stress. Reductions in the stomatal conductance represent an early
response of plants to drought (Flexas et al., 2014). Indeed, although
stomatal closure limited CO2 assimilation, it effectively protected leaves
from excessive water loss and dehydration (Flexas et al., 2002). How-
ever, during prolonged water limitations, also, non-stomatal factors (e.
g., biochemical and/or phochemical limitations) could rise, limiting leaf
photosynthetic rates (Flexas et al., 2004). Indeed, the high values of Ci
coupled with low and gs suggested a metabolic impairment of the
photosynthetic activity that could be linked to impairment of Rubisco
regeneration under water stress in both species analysed (Grassi and
Magnani, 2005). Moreover, drought stress also induced different leaf
photochemical responses according to the species analysed. In partic-
ular, Photinia x fraseri did not experience reductions in the Fv/Fm values
during all the drought stress period, which underlined that water
treatment did not affect the PSII photochemical efficiency (i.e., no PSII
photoinhibition) (Rai et al., 2008). The avoidance of photoinhibition in
P. fraseri could be attributed to the degradation of chlorophylls, which,
in turn, led to a reduction in the ΦPSII (Kong et al., 2022; Wang et al.,
2022). Indeed, previous authors suggested that the degradation of
chlorophylls, by reducing excessive absorption of sunlight, may serve as
a photoprotection mechanism (Flexas et al., 2002; Gori et al., 2019).

On the other hand, stressed V. tinus plants showed downregulation of
Fv/Fm at T2, without any observable adjustments in chlorophyll content,
a species response documented in prior studies (Toscano et al., 2014;
Tribulato et al., 2019). However, this effect was swiftly reversed upon
rewatering, suggesting that PSII functionality was restored quickly upon
relief from drought (Guidi and Calatayud, 2014).

With the decrease in CO2 assimilation rates, accompanied by a
simultaneous reduction in NADPH consumption due to diminished
sinking capacity, a feedback limitation occurred in the linear electron
transport flow. This led to an imbalance between the generation and
utilization of reducing power, as evidenced by the significant increase in
ETR/A observed in both drought-stressed P. fraseri and V. tinus plants
(Sebastiani et al., 2019). These imbalances can increase the production
of reactive oxygen species (ROS), leading to lipid membrane damage
(Ozkur et al., 2009). In accordance, MDA levels increased in both species
under drought compared to their relative controls, followed by a
decrease during the rewatering period. The observed decreases in MDA
values at rewatering may be associated with plant tolerance to water
stress (Toscano et al., 2016). Indeed, plants can effectively dispose of the
excess of reducing power thanks to the biosynthesis of secondary me-
tabolites, which may improve photoinhibition tolerance and offer pro-
tection from oxidative damage to photosynthetic organelles (Brunetti
et al., 2015). Based on our knowledge, a characterization of polyphenols
in P. fraseri leaves has not been carried out yet. Our results showed that
both species have mainly derivatives of hydroxycinnamic acid and fla-
vonoids (Figure SM4). In addition, V. tinus extracts also displayed the
presence of secoiridoids, as previously reported by Sharifi-Rad et al.
(2021) (Figure SM5). These last compounds could increase the leaf
lifespan of the plants exposed to an excess of light and drought stresses
(Tattini et al., 2004). Concerning quantitative differences, water stress
induced a significant increase in total polyphenolic compound

concentrations in both species (Fig. 5A–C). Among secondary metabo-
lites, polyphenols perform different functions depending on their loca-
tion in the leaf acting principally as antioxidants. Flavonoids accumulate
in a range of tissues and subcellular compartments and can potentially
help to reduce photo-oxidative damage under prolonged water stress
conditions (Agati et al., 2012). Moreover, both species showed an in-
crease in epidermal flavonoids index under water stress (Fig. 5B–D),
which, together with an increment in hydroxycinnamic acids reduces
the excessive UV-B radiation to chloroplasts, which usually contributes
to stressing plants in conditions of water stress (Alipieva et al., 2014).

In this study, the dehydration level measured by LWM sensors in
P. fraseri and V. tinus showed a clear rising trend during the water stress
progression and a reduction after rewatering, confirming the reliability
and suitability of such sensors in plant water status monitoring, even in
outdoor conditions. Brunetti et al. (2022) highlighted the great potential
of the LWM sensors as easy instrument technology to be utilized
non-invasively in species with different leaf characteristics to monitor
leaf water status. Thus, the significant and negative correlation found
between the dehydration level measured by the sensor and the periodic
measurements of stomatal conductance performed during the experi-
ment in both species showed a further validation of the application of
LWM sensors to monitor the physiological status of plants in outdoor
contexts.

In the urban context, the application of such sensors may improve
plant management practices aimed to guarantee the optimal water re-
quirements based on plant performances. In particular, we suggest that
LWM application would be beneficial in monitoring plant water status,
especially in the delicate establishment period, thus allowing a prompt
watering intervention to reduce plant mortality after transplanting in
urban conditions (Wattenhofer et al., 2021).

5. Conclusion

In conclusion, our study sheds new light on the complex responses of
P. fraseri and V. tinus species to drought stress and subsequent recovery.
Indeed, we observed significant changes in plant water relations,
physiology, and biochemistry, showcasing plant adaptive strategies to
cope with water scarcity, including stomatal closure and biochemical
adjustments. Both species exhibited tolerance to drought stress, swiftly
recovering plant performances after rewatering, confirming our first
hypothesis. In particular, our research underscores the role of secondary
metabolites, particularly polyphenols, in mitigating oxidative damage
and enhancing drought tolerance, in line with the second hypothesis.
The increase in polyphenolic compounds under water stress suggests
their vital role as antioxidants, while epidermal flavonoids may act as
UV-B screening agents. Moreover, the third hypothesis was confirmed
supporting the reliability of LWM sensors for detecting drought stress in
out-door conditions as shown by the significant correlation between DL
and stomatal conductance. This technology holds promise for real-time
monitoring of plant water status in urban settings, potentially revolu-
tionizing urban plant management practices. Future studies could
explore the use of LWM sensors to optimize watering regimes and
enhance plant establishment in urban landscapes.
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