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Abstract: Understanding urban tree responses to drought, salt stress, and co-occurring stresses,
as well as the capability to recover afterward, is important to prevent the cited stresses’ negative
effects on tree performance and ecological functionality. We investigated the impact of drought and
salinity, alone and in combination, on leaf water potential, gas exchange, chlorophyll a fluorescence,
xanthophyll cycle pigments, and isoprene emission of the urban tree species Liquidambar styraciflua L.
Generally, drought had a rapid negative impact, while the effect of salt stress was more long lasting.
Both stressors significantly decreased photosynthesis, transpiration, and stomatal conductance, as
well as the maximum quantum efficiency of photosystem II (Fv/Fm) and the photochemical efficiency
of PSII (ΦPSII), but increased nonphotochemical quenching (NPQ). Under stress conditions, a strong
negative correlation between the PSII efficiency and the xanthophyll cycle pigment composition
indicated a nocturnal retention of zeaxanthin and antheraxanthin in a state primed for energy
dissipation. Drought and salt stress inhibited isoprene emission from leaves, although its emission
was less responsive to stresses than stomatal conductance and photosynthesis. Full recovery of
photosynthetic parameters took place after rewatering and washing off of excess salt, indicating that no
permanent damage occurred, and suggesting downregulation rather than permanent impairment of
the photosynthetic apparatus. Sweetgum trees were capable of withstanding and surviving moderate
drought and salt events by activating defense mechanisms conferring tolerance to environmental
stresses, without increasing the emission in the atmosphere of the highly reactive isoprene.

Keywords: drought; chlorophyll a fluorescence; isoprene; photosynthetic efficiency; salinity;
xanthophyll cycle

1. Introduction

The wide range of ecosystem services provided by urban trees and their benefits to the environment,
climate, and human population are well recognized [1]. Trees can ameliorate the urban environment
by reducing the heat island effect, sequestering CO2, and lowering atmospheric pollutants [2,3].
However, urban tree performance and functionality are decreased by human activities, limited sunlight,
environmental pollutants, restricted soil volume and water availability, extreme temperatures, and
soil compaction, some of which can be exacerbated by climate change [4]. Soil salinity and water
deficit are two main environmental stressors significantly constraining plant growth and life span [5,6].
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Unfortunately, these stressors are becoming more widespread in many regions and their severity is
predicted to increase [7]. In cities, drought stress is induced by both enhanced evapotranspiration and
restricted soil volume, which prevent a sufficient amount of water from being retained in soils [8].
High soil salinity occurs in urban areas of temperate and boreal zones due to the extensive use of
deicing salts, usually sodium chloride, during the winter period. Salt dispersion from paved surfaces to
the surrounding soil causes a peak of salinity in the roadside rooting zone, especially at the beginning
of the growing season, when trees are more sensitive [9]. The negative effects of salt stress on vegetation
are well documented and have been observed especially in trees located in close proximity to the
areas where salt has been applied [10,11]. NaCl exposure negatively affects plant performance by both
affecting soil water potential, resulting in early-occurring osmotic stress, and by the direct accumulation
of ionic Na+, with additional Cl− stress [12]. Furthermore, the negative effects of deicing salts can be
aggravated by other environmental factors, such as drought [13].

Salt and drought stresses have negative effects on plant performance, ranging from molecular to
physiological and biochemical responses, such as stomatal closure, decreased gas exchange, osmolyte
accumulation, upregulation of antioxidant enzymatic systems, and changes in plant hormones [14,15].
Prolonged salt and drought stress can induce an osmotic response, allowing trees to maintain water
uptake and cell turgor, while plants exposed to salt stress experience additional hyperionic and
hyperosmotic stresses [14]. The photosynthetic apparatus functional state is a physiological indicator
of the plant sensitivity to environmental abiotic stresses [16–18]. Stress-induced suppression of
photosynthesis is accompanied by a downregulation of photosystem activity (i.e., photosystem II (PSII))
and an increased thermal dissipation of excess excitation energy (nonphotochemical quenching) during
the day, often reversible within minutes to hours after relief of excessive light, presumably acting as a
photoprotection mechanism [19]. Plants may also activate and enhance their photoprotective systems,
e.g., xanthophyll cycle, for defense against irreversible damages [20]. The photoprotective mechanisms
compete with photochemistry for the absorbed light energy, leading to a decrease in quantum yield of
photosystem II (PSII). Light-dependent thermal dissipation, also called nonphotochemical quenching
(NPQ), can be divided into photoprotective quenching and photoinactivated photosystem II (PSII)
re-emission [21,22]. The former is realized by the xanthophyll cycle and is able to dissipate up to 75%
of the total absorbed energy [23]. The xanthophyll cycle involves the conversion (de-epoxidation) of
violaxanthin (V) into zeaxanthin (Z) via antheraxanthin (A) under irradiance excess, and the reversed
reaction (epoxidation) under low irradiance [24–26]. The products of the light-dependent phase of
the xanthophyll cycle play an important role in the protection against oxidative stress generated by
irradiance excess, but also by other reactive oxygen species (ROS) generating conditions, such as
drought or salt stress [26]. Enhanced de-epoxidation of the xanthophyll cycle and antioxidant levels
have been associated with increased drought stress resistance in several Mediterranean species [27].
An ability to maintain the photoprotective and antioxidative mechanisms during drought has been
associated also with a rapid recovery [24,28].

In addition to the best-documented physiological responses, the emission of volatile organic
compounds (VOCs) such as terpenoids (e.g., isoprene) can contribute to the protection of photosynthetic
apparatus against thermal and oxidative stresses [29–31], acting as a metabolic safety valve. Isoprene
emission plays an important ecological and physiological role in the protection of plants from
environmental constraints [32,33]. Photosynthesis reduction and stomatal closure induced by drought
and salinity stresses are expected to reduce VOC emission. However, water stress is known to uncouple
isoprene emission from photosynthesis [34]. In fact, drought can cause substantial reduction of
photosynthesis, whereas isoprene emission is only slightly reduced until the stress becomes more
severe and almost completely inhibits photosynthesis [35,36]. Isoprene is a highly reactive compound,
which in the urban context can lead to the production of tropospheric ozone (O3), a secondary pollutant
and greenhouse gas formed in the presence of nitrogen oxides (NOx) and VOC [37]. The photochemical
formation of secondary pollutants is an important environmental concern due to their negative effect on
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air quality and on human health [38]. Thus, it is important to assess plant responses to urban stressors,
bearing in mind the influence of biogenic VOC (especially isoprene) emission on atmospheric chemistry.

Studies on the possible mechanisms for the combined effects of moderate drought and salt
exposure are scarce, but the available data suggest that their interaction depends on both the nature of
the constraint and the plant species. [39].

Plants’ responses to moderate stress levels and their recovery mechanisms are complex and
still not well understood [34,40]. In addition, plant performance under the combination of drought
and salt stress is unique and cannot be extrapolated from the corresponding responses to each
individual stress [41,42]. To our knowledge, there are no tree physiology studies on the combined
effects of drought and salt stress on isoprene emissions. In this study, we addressed some of these
knowledge gaps, investigating how the effects of moderate levels of drought, salt stress, and their
combination affect leaf water potential, the efficiency of photosynthetic apparatus, and isoprene
emission in Liquidambar styraciflua L. Sweetgum, a broadleaf species original of Northern America, is a
high isoprene emitter, sensitive to salinity [43] and water loss [44], used in European cities for urban
landscaping for its aesthetic values.

2. Materials and Methods

2.1. Plant Material and Experimental Set-Up

The study was carried out in 2015 on three-year-old Liquidambar styraciflua saplings potted in
15 L pots, filled with universal potting soil containing peat and pumice, at pH 6.5; N, P, K were
1000 mg dm−3. Twenty plants of 1.5 m height, selected for their homogeneity in a commercial Italian
nursery, were randomly allocated in an open-sided greenhouse of the Institute of BioEconomy of
National Research Council (IBE-CNR) in Bologna and irrigated daily with tap water. On April 28th,
ten plants were kept irrigated with tap water (control) while the other ten were exposed to increasing
NaCl concentrations (salt stressed) from 0 to 25 mM, 50 mM, 75 mM, and finally to 100 mM within
9 days (May the 5th), to avoid osmotic shock. This concentration, which was kept until the end of July
(83 days), was chosen to simulate the salt accumulation nearest to the road margin. The amount of
the applied water was calculated as the amount needed to obtain field capacity. Salt concentrations
were monitored in situ by measuring the electrical conductivity (EC) of the solution with an EcoTestr
EC High (Thermo Fisher Scientific Inc., Waltham, MA, USA). On July the 10th, both control and
salt-stressed plants were further divided in two batches of five plants each to test the effects of water
stress by stopping irrigation. Therefore, the experiment consisted of four treatments with five plants
each: control, water stress, salt stress, and combination of salt and water stress. After 12 days of
drought (July the 22nd), water supply to all drought-stressed plants was resumed, while at the end of
July (83 days) NaCl treatment was suspended by irrigating with salt-free water.

2.2. Meteorological Measurements

During the experimental period, meteorological data were recorded by a permanent weather
station located near the nursery. Incoming radiation was measured by a pyranometer with a spectral
range of 340–2200 nm (Kipp and Zonen, Delft, The Netherlands).

2.3. Physiological Measurements

Physiological measurements and leaf samplings were performed at 12, 21, 33, 46, 56, 63 (2), 67 (6),
70 (9), 73 (12), 83, and 136 days after the beginning of salt and, in brackets, drought stress treatments.
To evaluate plant recovery from water and salt stress, physiological measurements and samplings
were carried out at the end of July (83 day) and on September the 22nd (136 day), respectively. On the
evening before each measurement day, plants were transferred from the open-sided greenhouse to
a darkened room to keep them away from sunlight until the next morning (7 am), when predawn
leaf water potential (ψpd) and dark-adapted chlorophyll a fluorescence were measured. At the same
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time, leaf samples were collected for measuring xanthophylls. After moving plants to full light
and acclimation, measurements of leaf gas exchange and isoprene emissions were taken, as well
as chlorophyll a fluorescence in light-adapted leaves. Finally, the leaf samples were collected for
measuring xanthophyll in light-adapted leaves. All measurements and samplings are mean of ten
observations; the observations were taken on one marked fully expanded and undamaged leaf for
10 plants (days 12 to 56) or on two leaves for five plants when only five plants represented each
treatment (day 63—end of the experiment).

2.3.1. Leaf Water Potential Analysis

Leaf water potential was determined using a pressure chamber (SKPM 1440/80, SKYE Instruments
Llandrindod Wells, Powys LD 6DF, UK). A cut-off leaf was placed between the seals of the pressure
chamber, and then air pressure was gradually increased until the first appearance of xylem sap on the
petiole, relating to the force with which the leaf blade retains water.

2.3.2. Gas Exchanges and Chlorophyll Fluorescence Measurements

Net carbon assimilation (A), stomatal conductance (gs), and transpiration (E) rate were measured
with LI-6400 Photosynthesis System (LI-COR, Inc., Lincoln, NE, USA) equipped with a 6400-40 Leaf
Chamber Fluorometer and 6400-01 CO2 mixer. Measurements were conducted between 10 am and
1 pm, when changes in environmental conditions were relatively small and gradual. Measurements
were taken at reference CO2 (400 µmol s−1), constant flow rate (500 µmol s−1), relative humidity
ranging from 30% to 50% and VPD ranging from 2 to 3.7 kPa. Photosynthetic photon flux density
(PPFD, 1000 µmol m−2 s−1) and temperature (30 ◦C) were set at the standard condition for measuring
isoprene basal emission [45]. Leaf chlorophyll a fluorescence was measured concurrently with leaf
gas exchange measurements after (i) darkness or (ii) light exposure and determined from steady state
and saturated fluorescence [25]. In dark-adapted leaves, basic fluorescence parameters were recorded
automatically: (1) minimum chlorophyll fluorescence (Fo), when all photosystem II reaction centers are
open; (2) maximum chlorophyll fluorescence (Fm), when all photosystem II reaction centers are closed;
and variable fluorescence (Fv = Fm − Fo), used for calculating the maximum quantum efficiency of
Photosystem II (Fv/Fm). Measurements of chlorophyll a fluorescence on light-acclimated leaves allowed
the recording of the maximum variable chlorophyll fluorescence yield in the light-adapted state (F’v),
the photochemical efficiency of PSII (ΦPSII = (F’m − F)/F’m), and nonphotochemical quenching (NPQ
= (Fm − F’m)/F’m, where F’m refers to the maximum fluorescence measured in light-acclimated leaves).

2.3.3. Xanthophyll Analysis

At predawn and at midday of each day, the same leaves used for measuring chlorophyll a
fluorescence were collected and stored in liquid nitrogen at −80 ◦C until analysis. Two discs (0.64 cm2)
were cut from each leaf, ground in a mortar in liquid nitrogen, and extracted with 1.5 mL cold HPLC
grade 100% acetone according to Ripullone et al. [46]. The pigments in the extracts were analyzed
with a HPLC system (Model LC-10AS with an SPD-10AV detector, Shimadzu, Kyoto, Japan), and their
relative concentrations were calculated according to Baraldi et al. [25]. To estimate the actual number
of partially or totally de-epoxidised molecules within the xanthophyll cycle compared to the maximum
possible, the xanthophyll de-epoxidation state (DEPS) index, resulting from the conversion of V to Z
via A, was calculated as: (Z + 0.5A)/(V + A + Z) [47].

2.3.4. Isoprene Analysis

Isoprene emissions were measured in real time, simultaneously to gas exchange on the same
light-adapted leaves and plants, by connecting the inlet of a proton transfer reaction—mass spectrometer
(PTR-MS—Ionicon Analytik Ges.m.b.H., Innsbruck, Austria) directly to the LI-COR 6400 cuvette with
a Teflon tube. During measurements, the PTR-MS was set to operate in selected ion monitoring (SIM)
mode, acquiring the protonated ion 69+ and running continuously to complete at least ten real-time
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cycles for measurement [48]. The setting involved a pressure of 2.6 mbar and the acquisition of the
single ion signals every second; the results in counts per second (CPS) were converted in nmol s−1

with calibration curves and referred to the leaf area.

2.4. Statistical Analyses

A linear mixed effect model was used to assess the effect of tree (as random factor), salt, drought
and the combination of stresses (as fixed factors) on gas exchanges, chlorophyll a fluorescence, and
isoprene emission. A repeated measures ANOVA was used to assess dependent variables over time.
All statistical analyses were performed with general linear model (GLM) SAS 9.4/STAT software (SAS
Institute, Cary, USA). For multiple comparisons, a Tukey’s HSD post hoc test was used. Results were
considered significant at p < 0.05.

3. Results

3.1. Meteorological Data

The daily average temperature was 21.5, 24.5, 24.7, 25.4, and 21.1 ◦C in May, June, July, August,
and September, respectively (Figure 1). The highest temperature was recorded on the 34th (30.6 ◦C)
and the 73rd (30.2 ◦C) days after the beginning of salt treatment, while the lowest was recorded on the
23rd day (18.3 ◦C). The daily mean radiation values were 375, 486, 463, 427, and 282 W m−2 in May,
June, July, August, and September, respectively (Figure 1).
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Figure 1. Meteorological data recorded during the experimental period. Average daily temperature
(continuous line) and radiation (dotted line) recorded during the days of measurements (vertical black
line). The days after drought treatment are reported in brackets.

3.2. Physiological Measurements

3.2.1. Plant Water Status

Plant water status was negatively affected by both stresses, but also by environmental conditions,
such as high temperatures and radiation, that lowered leaf hydration. The minimum value of ψpd was
found in plants exposed to the combination of stresses, reaching the value of –0.75 MPa on the 73rd
day after the beginning of salt stress treatment (12th day of drought stress) in conjunction with high
temperature (30 ◦C; Figures 1 and 2A). In plants treated with salt stress alone, a significant decrease of
ψpd compared to control was recorded after three weeks of treatment and remained low throughout
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the experimental period. Drought stress alone led to a significant decrease of ψpd compared to control
after nine days of water withholding, while when applied in combination to salt stress, a significant
ψpd decrease occurred already after two days. After 12 days of drought, plants began to wilt and
watering was restored. Drought-stressed plants positively responded to water recovery (83rd day),
reaching water potential similar to those recorded in their respective control plants (control and salted
plants). After salt recovery (136th day), only the plants subjected to the combination of stresses did not
reach similar ψpd compared to the control plants.

After 12 days of salt stress, transpiration rate significantly decreased compared to control plants
and remained different through the experimental treatment (Figure 2B). The impact of drought was
more pronounced in combination with salt stress, reducing transpiration already after two days of
water withholding, while it occurred after six days when applied alone. The greatest reduction of
transpiration was recorded between the 67th and the 73rd day, when plants were subjected to high
temperatures as well (Figure 1). After the water recovery period (83rd day), transpiration rate increased
in plants exposed to drought and both drought and salt stress, reaching values similar to those recorded
in their respective control. After the salt recovery period, transpiration was similar in all plants
(Figure 2B).
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(p < 0.05, Tukey’s HSD test).
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3.2.2. Photosynthesis and Chlorophyll Fluorescence Parameters

Salt stress significantly reduced photosynthesis and stomatal conductance within the first three
weeks of treatment by 24% and 77%, respectively (Figure 3A,B). These reductions further increased,
reaching the maximum of 83% and 67%, for A and gs, respectively, after 70 days. Water stress further
reduced photosynthesis and stomatal conductance in both control and salt-stressed plants. At the
beginning of water stress (2nd day), the main factor affecting A and gs was still salt stress (Table 1).
In fact, the nested factorial ANOVA model explained 83.3% and 58.5% of their variation, respectively.
When water shortage became more severe (12th day) and ψpd strongly declined, drought became the
main affecting factor, explaining 73.4% and 88.0% of the variation of A and gs, respectively (Table 1).

Table 1. Results of linear mixed model analysis of variance, shown as percentage (%) of the variance
loaded on fixed factors and interactions, for photosynthesis, stomatal conductance, and isoprene for
each day after treatment.
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12 - ns - - * - - ns - -

21 - * - - ** - - ns - -

33 - *** - - *** - - *** - -

46 - * - - * - - *** - -

56 - ** - - ** - - ** - -

63 2 83.3 *** 11.9 ns 4.8 ns 58.5 ** 34.0 ns 7.5 ns 76.8 *** 17.2 ** 6.0 *

67 6 26.6 ** 59.2 ** 14.6* 14.8 ns 72.9 * 12.3 ns 50.7 *** 25.9 * 23.4 **

70 9 45.4 ** 46.8 * 7.8* 32.0 * 60.7 * 7.3 * 76.9 *** 16.9 ** 6.2 ns

73 12 19.2 *** 73.4 *** 7.4 *** 9.2 * 88.0 *** 72.8 66.0 * 20.9 ns 13.1 ns

83 79.7 *** 13.8 * 6.0 * 72.1 *** 17.5 ** 10.4 ** 88.9 *** 10.8 ns 0.3 ns

136 ns ns ns ns ns ns 50.0 ** 32.4 ns 17.6 *

Significance: * = p < 0.05, ** = p < 0.01, *** = p < 0.001, ns = not significant.

After drought recovery (day 83), both physiological parameters returned to the level of their
control in both water and water and salt-stressed plants, with the detrimental effect of salt still evident
(Figure 3A,B). Salt treatment again accounted for 79.7% and 72.1% of variation of A and gs, respectively
(Table 1). After salt stress recovery (day 136), both photosynthesis and stomatal conductance were
completely restored in all the plants (Figure 3A,B).

The maximum efficiency of PSII (Fv/Fm) in control leaves remained close to 0.8 throughout
the experiment, while both drought and salt stress significantly affected chlorophyll a fluorescence
parameters (Table 2).

The maximum efficiency of PSII, Fv/Fm, was not influenced by salt stress until the 33rd day of salt
treatment, when it significantly dropped. At the same time, the minimum chlorophyll fluorescence, Fo,
significantly increased, reaching the maximum value on the 73rd day, when it was higher than the
control by 31% and 51% in salt-stressed plants and in the combination of both stresses, respectively.
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Negative effect of drought on Fo was much lower than that induced by salt stress, becoming significant
only after 12 days of water withholding. Drought did not exacerbate the impact of salt stress on Fo.
Similarly to Fo, the greatest effect of salinity on Fv/Fm values in salt-treated plants was recorded
between the 70th–73rd days of treatment (reduction by 12%–13%). Drought alone did not affect Fv/Fm,
while it significantly decreased it when in combination with salt. The photochemical efficiency of
PSII (ΦPSII) was more sensitive to salt stress and drought than Fo and Fv/Fm. In fact, significant
downregulation of this parameter was already recorded at the 21st day of salt stress and after nine days
of drought. Again, water withholding did not affect ΦPSII when applied to salt-stressed plants. In the
same period, salt stress significantly increased the nonphotochemical quenching, NPQ, compared to
the control, while drought stress alone significantly increased NPQ after 12 days of treatment. Water
withholding combined with salt stress significantly affected ΦPSII only compared to the control, but
not to salt stress applied alone. A complete recovery from drought and salt stress resulted in full
restoration of all the fluorescence parameters after 136 days of treatment (Table 2). The main constraint
affecting all of these chlorophyll a fluorescence parameters was salt stress, as demonstrated by the high
percentage of variability explained, along the whole experimental period (Table 3).
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Table 2. Mean values (±SE) chlorophyll a fluorescence parameters for sweetgum plants affected by the factors of drought, salt, and their combination on each day after
treatment. Data (in column) followed by the same letter do not differ significantly (p < 0.05), n.d. = not detected.

Days After Treatment

12 21 33 46 56 63(2) 67(6) 70(9) 73(12) 83 Drought Recovery 136 Salt Recovery

Fo

Control
205.2 a 195.5 a 198.7 b 196.0 b 206.3 b 192.1 b 193.2 b 195.9 b 187.7 c 211.0 b 196.41 a
(±3.8) (±2.7) (±4.2) (±3.3) (±4.5) (±3.9) (±2.6) (±3.8) (±2.4) (±7.3) (±3.4)

Drought n.d. n.d. n.d. n.d. n.d.
195.1 b 196.6 b 212.6 b 233.4 b 267.3 ab 202.2 a
(±4.3) (±2.9) (±6.5) (±9.4) (±9.7) (±9.1)

Salt
190.4 b 193.4 a 251.3 a 248.2 a 237.5 a 246.6 a 258.3 a 256.5 a 271.3 ab 250.7 ab 182.6 a
(±3.6) (±4.5) (±21.3) (±15.6) (±16.4) (±10,1) (±14.4) (±11.9) (±78) (±18.8) (±6.8)

Salt + drought n.d. n.d. n.d. n.d. n.d.
250.3 a 246.9 a 263.3 a 283.3 a 302.7 a 194.5 a
(±17.5) (±14.4) (±18.0) (±14.2) (±30.7) (±8.0)

Fv/Fm

Control
0.79 a 0.80 a 0.80 a 0.82 a 0.81 a 0.82 a 0.84 a 0.81 a 0.82 a 0.80 a 0.79 a

(±0.01) (±0.00) (±0.01) (±0.00) (±0.00) (±0.00) (±0.00) (±0.00) (±0.00) (±0.01) (±0.01)

Drought n.d. n.d. n.d. n.d. n.d.
0.81 a 0.83 a 0.79 a 0.78 ab 0.76 ab 0.80 a

(±0.01) (±0.00) (±0.01) (±0.01) (±0.02) (±0.01)

Salt
0.80 a 0.80 a 0.76 b 0.77 b 0.77 b 0.74 b 0.72 b 0.71 b 0.71 bc 0.69 ab 0.79 a

(±0.01) (±0.01) (±0.01) (±0.02) (±0.01) (±0.01) (±0.03) (±0.03) (±0.02) (±0.03) (±0.01)

Salt + drought n.d. n.d. n.d. n.d. n.d.
0.76 b 0.75 ab 0.68 b 0.67 c 0.68 c 0.78 a

(±0.01) (±0.02) (±0.03) (±0.03) (±0.04) (±0.00)

ΦPSII

Control
0.19 a 0.20 a 0.16 a 0.18 a 0.14 a 0.14 a 0.14 a 0.18 a 0.13 a 0.18 a 0.18 a

(±0.01) (±0.01) (±0.03) (±0.02) (±0.01) (±0.01) (±0.01) (±0.02) (±0.01) (±0.01) (±0.03)

Drought n.d. n.d. n.d. n.d. n.d.
0.12 ab 0.11 a 0.10 b 0.04 b 0.13 b 0.16 a
(±0.02) (±0.01) (±0.01) (±0.01) (±0.01) (±0.03)

Salt
0.17 a 0.12 b 0.06 b 0.07 b 0.06 b 0.07 bc 0.06 b 0.03 c 0.07 b 0.10 bc 0.20 a

(±0.01) (±0.01) (±0.01) (±0.01) (±0.01) (±0.01) (±0.01) (±0.01) (±0.02) (±0.02) (±0.05)

Salt + drought n.d. n.d. n.d. n.d. n.d.
0.06 c 0.07 b 0.05 c 0.04 b 0.06 c 0.16 a

(±0.01) (±0.01) (±0.01) (±0.01) (±0.02) (±0.02)

NPQ

Control
2.44 a 2.06 b 2.34 b 2.73 b 1.72 b 1.76 b 2.34 c 2.01 b 0.57 b 1.29 b 2.10 a

(±0.26) (±0.16) (±0.39) (±0.27) (±0.19) (±0.29) (±0.45) (±0.28) (±0.10) (±0.53) (±0.37)

Drought n.d. n.d. n.d. n.d. n.d.
1.86 b 3.49 bc 3.41 ab 2.00 a 1.62 b 1.66 a

(±0.32) (±0.14) (±0.22) (±0.26) (±0.33) (±0.28)

Salt
2.97 a 2.96 a 3.68 a 4.36 a 3.87 a 3.47 a 4.65 ab 4.50 a 1.88 a 2.81 ab 2.18 a

(±0.36) (±0.19) (±0.45) (±0.35) (±0.30) (±0.46) (±0.47) (±0.82) (±0.17) (±0.61) (±0.35)

Salt + drought n.d. n.d. n.d. n.d. n.d.
4.53 a 5.06 a 3.94 a 2.30 a 3.74 a 2.48 a

(±0.33) (±0.25) (±0.37) (±0.26) (±0.43) (±0.22)
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Table 3. Results of linear mixed model analysis of variance, shown as percentage (%) of the variance loaded on fixed factors and interactions, for F0, Fv/Fm, ΦPSII, and
NPQ for each day after treatment.

Days After
Salt Stress

Days After
Water Stress

F0 Fv/Fm ΦPSII NPQ

Salt
Stress

Drought
Stress

Salt +
Drought

Stress

Salt
Stress

Drought
Stress

Salt +
Drought

Stress

Salt
Stress

Drought
Stress

Salt +
Drought

Stress

Salt
Stress

Drought
Stress

Salt +
Drought

Stress

12 - * - - ns - - ns - - ns - -

21 - ns - - ns - - * - - * - -

33 - * - - * - - ** - - * - -

46 - ** - - * - - ** - - * - -

56 - * - - ** - - *** - * *** - -

63 2 78.3 ** 20.6 ns 1.1 ns 76.2 *** 18.7 ns 5.1 ns 61.9 ** 27.5 ns 10.6 ns 60.8 ** 37.8 ns 1.4 ns

67 6 83.1 ** 11.9 ns 5.0 ns 57.9 *** 26.4 * 15.7 * 67.9 *** 13.0 ns 19.1 * 53.7 *** 39.4 ** 6.9 ns

70 9 71.8 ** 22.2 ns 6.0 ns 66.9 *** 24.7 ** 8.4 ns 65.1 *** 15.3 * 19.6 *** 48.0 ** 28.4 ns 23.6 *

73 12 63.2 *** 28.4 * 8.4 ns 72.1 *** 25.8 ns 2.1 ns 9.7 * 72.6 *** 17.7 ** 27.6 ** 62.5 *** 9.9 ns

83 35.5 ns 62.7 ns 1.8 ns ns ns ns 57.8 ** 41.2 ns 1.0 ns 68.2 *** 30.6 ns 1.2 ns

136 ** ns ns * ns ns ns ns ns * ns ns

Significance: * = p < 0.05, ** = p < 0.01, *** = p < 0.001, ns = not significant.



Forests 2019, 10, 1032 11 of 18

3.2.3. Xanthophyll Cycle

The de-epoxidation state of xanthophyll cycle pigments (DEPS) was generally higher at midday
in stressed leaves compared to the control (Figure 4B). The maximum levels of 0.84–0.86 were reached
during the water stress period in salt and drought-stressed leaves, as a result of the almost complete
de-epoxidation of violaxanthin into zeaxanthin. At predawn, lower levels were recorded, with an
average of 0.5, indicating a partial conversion of zeaxanthin to violaxanthin overnight (Figure 4A).
Xanthophyll DEPS at predawn and at midday correlated well with photosynthetic efficiency in the
dark (Fv/Fm) and in the light (F’v/F’m): the PSII efficiency decreased as DEPS increased (Figure 5).
This was more evident in plants stressed with water withholding alone or in combination with salt
(r2 = 0.80 and r2 = 0.94, respectively) than in control or salt-stressed plants (r2 = 0.64 and r2 = 0.80,
respectively).
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3.2.4. Isoprene Emission

The rate of isoprene emission recorded in control plants during the experiment increased with
the increasing temperature and solar radiation, up to 33.4 nmol m−2s−1 at 30.6 ◦C (day 33; Figure 6).
At that time, isoprene emission of salt-stressed leaves significantly decreased to one third of the
control and remained different during all the experimental period. A burst effect on isoprene emission
induced by drought stress occurred at the beginning of water withholding (second day), when isoprene
emission rate increased by almost 34% in plants grown in drought conditions compared to the control.
A negative effect of drought on isoprene emission was then recorded six days after water withholding,
when it decreased by approximately 46% relative to the control, and the effect lasted until the recovery
period. The levels of isoprene emission were always similarly low in plants subjected to salt and
the combination of both stressors, indicating that water had no significant effect on the emission of
salt-stressed leaves. In fact, the maximum percentage of variation was recorded for salinity, ranging
between 68.6% and 96.1% (Table 1). The portion of photosynthetic fixed carbon emitted as isoprene
(carbon ratio), was about 1%–2%, but increased up to 6% when drought was applied in combination
with salt stress. When plants were rehydrated (day 83), isoprene returned to the level of the relative
control plants, while significant differences still occurred between salt-stressed and control plants.
Finally, the recovery from salt stress did not occur in drought and salt-stressed plants (day 136)
(Figure 6).
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4. Discussion

Trees are subjected to multiple environmental constraints, especially in urban areas where the
effects of climate changes are more pronounced and direct anthropogenic impacts more severe.
In temperate climates, where deicing salt is often used and drought periods are frequent, plants face
both water and salt stresses. As previously reported [49,50], changes in photosynthetic activity are an
early response of plants to abiotic stresses. We demonstrated that both salinity and drought stress
reduced vitality in L. styraciflua, although with different responses. In fact, soil water shortage and
salinity caused significant reductions in predawn leaf water potential, concomitant to the reduction
of transpiration and stomatal conductance; those are typical physiological mechanisms that prevent
water loss by the plants and irreversible cell dehydration during the drought persistence [44,51].
As a consequence, the decline of stomatal conductance negatively affected the efficiency of the
photosynthetic system of sweetgum, confirming its sensitivity to changes in gs related to ψ [44].
Indeed, the suppression of photosynthesis was accompanied by changes in several chlorophyll a
fluorescence parameters, such as the maximum efficiency of PSII (Fv/Fm), the photochemical efficiency
of PSII (ΦPSII), and the nonphotochemical quenching (NPQ), confirming previous findings [52,53].
Chlorophyll fluorescence analysis revealed that Fv/Fm, an indicator of photoinhibition [54] indicating
both photoprotective and PSII damaging processes, was unaffected by water shortage alone, but
significantly reduced by salt stress. This photoinhibition was not attributed to photodamage, but to an
enhancement in the rate of thermal energy dissipation mediated by zeaxanthin [25]. In fact, under
environmental stresses, NPQ of chlorophyll a fluorescence was associated with the downregulation
of Fv/Fm, as occurred in other species [52]. NPQ steadily increased in salt-treated plants up to
rehydration, and it was most probably involved in mitigating damages caused by salt stress and early
stages of drought on the photosynthetic apparatus. Enhanced de-epoxidation of the xanthophyll cycle
has been associated with increased drought resistance in several Mediterranean species (reviewed
by [55]). Similarly, in L. styraciflua, the de-epoxidation of the xanthophyll cycle (DEPS) increased
(on average 35%) with drought and salt stress in the light, indicating a decrease in photosynthetic
efficiency in favor of an increase in xanthophyll conversion for absorbing and dissipating heat during
the night. In our experimental conditions, the strong negative correlation between the photosynthetic
efficiency in the dark (Fv/Fm) and in the light (F’v/F’m), and the correspondent xanthophyll cycle, was
indicative of a nocturnal retention of Z + A in a state primed for energy dissipation, as suggested
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by other authors [25,56]. Liquidambar styraciflua is considered a high isoprene emitter [57], with
daily emissions ranging up to 60 nmol m−2 s−1 [58], but highly variable between sun and shade
leaves [59] and depending on experimental conditions. In our study isoprene emissions, comparable
to the emissions recorded in other studies [60], depended on light and temperature under natural
environmental condition as expected, while this dependency was lost or largely attenuated in the
presence of environmental stresses [61,62]. At the beginning of water withholding, we observed an
isoprene burst in drought-stressed leaves that might have been due to the activation of resistance
mechanisms when the stress was mild, sustained by the still unaffected photosynthesis and stomatal
closure [30,32,33]. Afterward, when the water stress applied to both control and salt-stressed plants
became severe and almost completely inhibited photosynthesis, isoprene emission was significantly
reduced (46%–76%), although to a lesser extent than photosynthesis (85–95%). It is known that drought
can decrease isoprenoid emissions when severe, while the emissions can increase under mild or short
drought stress [30,63]. Isoprene formation is photosynthesis-dependent, as photosynthesis is the main
source of C for isoprene synthesis [30,64]. However, the processes regulating photosynthesis and
isoprene metabolisms are affected by stress in different ways [35,62]. Indeed, it has been shown that
while stomatal limitations dominated the photosynthetic response of L. styraciflua to drought, isoprene
emission was independent of stomatal dynamics [65]. This indicates a process leading to isoprene
emissions that are more resistant than photosynthesis, and a possible presence of alternative C sources
used for isoprene synthesis, such as cytosolic and extra-chloroplastic C pools [35,66], respiration [67],
sugar, and starch [64]. The lower water and salt stress sensitivity of isoprene emissions compared to
photosynthesis resulted in a relatively higher percentage of fixed carbon lost as isoprene (2%–6%),
although lower than those observed in other species under different conditions (up to 50%) [30,66,68,69].
The fact that isoprene biosynthesis was still active during stress conditions suggests that isoprene
has a role in stress mitigation [30,70–72], acting as an additional protection mechanism to prevent
oxidative damage to the cell’s photosynthetic structures [69]. As for photosynthesis, full recovery
of isoprene emissions from drought was found only when plants were rewatered, as also reported
for other species [35,73]. However, a complete recovery of the isoprene functions was not observed
when drought was combined with salinity, similarly to the study of Behnke et al. [74], indicating a
possible slower resumption of isoprene emissions compared to photosynthesis [61]. Although a fast
adverse effect was observed for drought stress, the impact of salinity on the considered physiological
parameters was more lasting, as also demonstrated by the high proportion of variance of the salt factor
expressed as a percentage of the total sum of the squares. This could be explained by the fact that
salt-treated plants, in addition to an isohydric response to water deficit, experienced ion toxicity as
well as hyperionic and hyperosmotic stresses [12,14]. Furthermore, the combination of both stresses
was usually more severe than the single treatments, but not always significantly.

5. Conclusions

Overall, this study highlights the importance of the physiological responses of L. styraciflua to
cope with water deficit and salt stress occurring in cities at different intensities throughout the growing
season. Under transient drought and salt stress, photosynthesis of sweetgum plants greatly decreased,
probably resulting from a reduction of carbon availability due to stress-induced stomatal closure and
to nonstomatal limitations related to the downregulation of PSII photochemical activity. With a greater
decrease in photosynthetic efficiency, there was an increase in xanthophyll conversion for absorbing
and dissipating heat, protecting the photosynthetic apparatus from permanent damage. The absence of
permanent damage to the photosynthetic apparatus was confirmed by the recovery of photosynthetic
functionality and photochemical activity after stress relief. Recovery periods are pivotal, as plants
make up for the losses suffered during stress periods. Our results indicate that processes leading to
isoprene emission are far more resistant than photosynthesis to drought and salt stresses, alone or in
combination, and suggest a secondary source of isoprene precursors, likely to be independent from
photosynthesis, and stimulated by these environmental constraints. Dissipation of excess excitation
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energy, mediated by photoprotective isoprene, may have an important role as an additional defense
mechanism against drought and salt stress when photosynthesis is hampered [75].

In conclusion, this study improves our understanding on how limited water availability and
salinity affect photosynthesis and isoprene emission, vital for predicting the interaction between
biosphere and atmosphere in heavily populated urban areas. Liquidambar styraciflua is capable of
withstanding and surviving drought and salt events by activating defense mechanisms that allow
maintenance of plant performances under stressful conditions, and recovery after seasonal drought
events and increased soil salinity, without increasing the emission in the atmosphere of the highly
reactive isoprene.
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