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Abstract: Global climate change is increasing the frequency and intensity of drought and salt stress
worldwide, with profound impacts on tree growth and survival. However, the response of plant
hydraulic transport and carbon balance to combined drought and salt stress remains unclear. This
study investigated the leaf physiological traits, stem xylem hydraulic traits, and nonstructural car-
bohydrate concentration of Robinia pseudoacacia seedlings under normal irrigation treatment (CK,
freshwater at 80-100% FC); salt stress treatment (SS, 0.3% soil salinity with freshwater); drought
stress treatment (DS, withholding irrigation); and combined drought and salt treatments (SDS, 0.3%
soil salinity withholding irrigation). Our results showed that the leaf physiological traits responded
differently to different treatments. DS and SDS treatment significantly decreased leaf water potential
and stomatal conductance, while SS treatment did not. DS treatment increased stomatal density but
decreased stomatal area to adapt to water deficit, while SS and SDS treatment decreased stomatal
length or width. In terms of xylem hydraulic traits, SS, DS and SDS significantly decreased xylem
specific hydraulic conductivity by 47%, 42% and 49%, while percent loss of conductivity (PLC) sig-
nificantly increased by 81% and 62% in DS and SDS, but the PLC of SS was not increased signifi-
cantly. Additionally, net photosynthetic rate and transpiration rate significantly decreased in SS, DS
and SDS, while leaf water use efficiency significantly increased. The chlorophyll content index and
maximum light quantum efficiency of photosystem II were also decreased. For nonstructural car-
bohydrate, the soluble sugars, starch and total non-structural carbohydrate were significantly de-
creased in DS in specific tissues, showing reductions of 42%, 68%, and 56% in leaves, 69%, 61%, and
62% in stem, and 30%, 59%, and 57% in root. Our findings provide evidence that salt addition alle-
viated drought stress by improving hydraulic traits and carbohydrate reserves, which is expected
to contribute to predicting future vegetation dynamics under climate change.

Keywords: drought stress; salt stress; gas exchange; hydraulic conductivity; non-structural
carbohydrates

1. Introduction

Climate change has led to more severe and prolonged extreme drought events, re-
sulting in increased forest mortality globally [1,2]. Global warming, which leads to an in-
creasing vapor pressure deficit, intensifies the evaporative demand and water require-
ments of plants [3], accelerates salt accumulation in the soil, aggravating soil salinization
[4]. Additionally, the rise in sea levels intensifies flooding and saltwater intrusion, posing
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significant threats to coastal ecosystems and contributing to the expansion of ‘ghost for-
ests” and abandoned farmland [5]. Drought is frequently accompanied by salt stress in
coastal, arid and semi-arid areas [6]. Therefore, understanding how plants respond to
drought and salt stress plays an important role in predicting plant growth and sustaina-
bility in a changing climate.

Over the past decade, a large body of research has proposed two main mechanisms
of drought-induced tree mortality: hydraulic failure and carbon starvation [1,7]. The hy-
draulic failure hypothesis suggests that high xylem tension caused by soil drying and/or
high atmospheric evaporative demand during drought leads to cavitation and impedes
water transport, drying out tissues and ultimately causing cell death [8]. Carbon starva-
tion occurs when limited carbohydrate supply rate impairs the maintenance of carbon-
dependent metabolic, defense or hydraulic functions [9,10]. Non-structural carbon (NSC)
reserves indicate the balance of carbohydrate supply and utilization, usually as soluble
sugars and starch, providing substrates for primary and secondary metabolism [11]. Ini-
tially, under drought stress, plants close stomata to prevent water loss while maintaining
leaf water potential, but this decreases photosynthesis and carbon assimilation [12]. Accli-
mation and repair of embolized xylem also consume stored carbohydrates [13,14]. Carbon
starvation occurs when NSC from photosynthesis cannot sustain respiration under
drought [15].

The physiological impact of salinity stress on plants shares similarities with drought
stress but is characterized by greater complexity. Salt stress disrupts osmotic balance and
causes ionic toxicity due to the excessive accumulation of Na* and CI-. This hinders the
absorption of other essential ions for plant growth [16]. In progressively saline environ-
ments, the osmotic imbalance between soil water and root water reduces the soil-root wa-
ter potential gradient results in limiting water uptake [17]. The decline in hydraulic con-
ductivity and stomatal conductance, along with reduced water potential in leaves, leads
to impaired xylem vessel hydraulic function [18]. The closure of stomata in plants is
widely recognized to decrease the rate of photosynthesis, consequently leading to dimin-
ished plant growth [19]. In addition, salinity also leads to Na* accumulation in leaves at
toxic concentrations, resulting in metabolic dysfunction and reduced rates of carbon as-
similation [20]. NSC availability depends on the balance of carbon supply and utilization.
If respiration exceeds photosynthesis, excessive depletion of NSC may occur, leading to
carbon starvation in a salt environment [21]. While the physiological mechanisms under-
lying tree mortality in response to individual droughts or salt stress have been investi-
gated, the mechanisms involved in tree mortality under combined droughts and salt stress
remain poorly understood.

Indeed, the physiological and metabolic responses of plants to combined drought
and salt stress are complex and not simply a superposition of the individual effects. The
interactions between these stressors can involve mutual feedback and synergistic pro-
cesses, leading to unique plant responses [22,23]. Drought can decrease soil water poten-
tial, while salt stress can reduce osmotic potential via ion accumulation, both imposing
limitations on plant water uptake [16,24]. Although Na* is generally acknowledged as
phytotoxic, it has also been shown to beneficially influence drought adaptation in some
plant species [25,26]. Multiple studies have found salinity and drought stress have an ad-
ditive effect on dry matter accumulation and chlorophyll content [27]. Leaf water potential
and photosynthetic recovery capacity were significantly diminished under combined
stress [28]. Plant growth was further impeded by leaf tissue dehydration and excessive
Na* and Cl- accumulation under combined stress [29]. Conversely, Li et al. [30] indicated
water deficit and salinity stress decreased plant water status, leaf gas exchange and fruit
growth, but increased fruit quality. He et al. [31] found moderate NaCl effectively allevi-
ated deleterious impacts on growth and leaf morphological structure, significantly im-
proving photosynthetic capacity and leaf relative water content. However, there is still no
consistent conclusion on the plant responses to combined salt and drought stress. Previ-
ous studies mainly focused on salinity or drought impacts on leaf water relationship,
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yield, and quality [32,33], while few studied synergistic changes in hydraulic limitation
and carbohydrates reserves associated with plant mortality.

Robinia pseudoacacia, Ailanthus altissima, Populus tomentosa, Fraxinus chinensis, Salix
matsudana and Pinus tabuliformis are the main tree species for afforestation in warm tem-
perate zones [34]. Robinia pseudoacacia is a fast-growing species with high survival rates. It
has well-developed vertical and horizontal root systems, including root nodules. It also
has a good capacity for carbon and nitrogen fixation. Robinia pseudoacacia demonstrates
strong environmental adaptability, drought resistance, salt tolerance, and barren re-
sistance. It has strong regeneration ability and root suckering. As such, it is an important
timber species and is also a good tree species for water and soil conservation and saline-
alkali soil improvement. It plays a crucial role in the processes of ecological protection,
environmental improvement and hydrological regulation [35,36].

The purpose of this study was to investigate the physiological processes of R. pseudo-
acacia seedlings under drought stress, salt stress and their combination. The main objec-
tives were: (1) to assess the impacts on plant hydraulic function by measuring leaf water
potential, stomatal conductance, leaf stomatal anatomical properties and stem xylem hy-
draulic conductivity; and (2) to determine the effects on carbon reserves by examining
photosynthetic rate, transpiration rate, chlorophyll content, maximum light quantum ef-
ficiency of photosystem II, and nonstructural carbohydrate concentration. We hypothe-
sized that (1) drought and salt stress would decrease plant hydraulic function by decreas-
ing leaf water potential, stomatal conductance and stem xylem hydraulic conductivity and
reduce carbon supply by decreasing photosynthetic rate, transpiration rate, chlorophyll
content, maximum light quantum efficiency of photosystem II, and nonstructural carbo-
hydrate concentration; and (2) their combined effects on hydraulic transport and carbo-
hydrate depletion would be more severe than for single stress.

2. Materials and Methods
2.1. Plant Material and Experimental Design

The pot experiment was conducted in a glasshouse at Northwest A&F University.
Topsoil (0-30 cm) was collected from the local cultivation layer and dried naturally. It was
then crushed and passed through a 5 mm sieve. The collected soil was thoroughly mixed
with sand and peat soil at 3:1:1 (v/v) to minimize the effects of irrigation and avoid soil
compaction. Fertilizer Osmocote (NPK 15:10:12 + 2 MgO, plus micro elements) was mixed
thoroughly at 2.5 kg m= and 40 plastic pots (30 cm height, 30 cm top diameter, 23.5 cm
bottom diameter) were filled with 16 kg of soil. The field water holding capacity (FC) of
the test soil was 0.25 g g™'. We obtained 2-year-old Robinia pseudoacacia seedlings from a
local nursery, and transplanted them into pots on 23 April 2022, and managed normally
until the seedlings developed new stems and fully expanded leaves. on 2 September 2022.
A total of 20 seedings were subjected to salt irrigation until the soil salinity reached 0.3%,
which is considered the salinity tolerance threshold for Robinia pseudoacacia [37,38]. The
irrigation schedule for salt stress was as follows: 1 L 100 mM NaCl on 2 September 2022;
1 L 150 mM NaCl on 6 September 2022; 1 L 200 mM NaCl on 12 September 2022; and 1 L
250 mM NaCl on 17 September 2022. The other 20 seedlings were irrigated freshwater
during this period. All seedlings (n =40) started the experiment on 24 September 2022 and
ended it on 23 October 2022. At the end of the experiment, the leaves treated with drought
stress all fell off, and there were not fully expanded and mature leaves used to determine
the physiological indexes.

A randomized block design established four treatments with 10 replications each: normal
irrigation treatment (CK, freshwater at 80—100% FC); salt stress treatment (SS, 0.3% soil
salinity with freshwater); drought stress treatment (DS, withholding irrigation from 24
September); and combined drought and salt treatments (SDS, 0.3% soil salinity withholding
irrigation).
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2.2. Measurements
2.2.1. Soil Water Content and Conductivity

Gravimetric soil water content (SWC, g g) was determined from 17:00 to 18:00 using
an electronic balance (Langge R30-A01, Langge Technology, Beijing, China) with a preci-
sion of 0.1 g. Six replicates per treatment were taken. The relative soil water content (%)
was calculated as SWC divided by field water holding capacity (g g™).

Soil electrical conductivity (ECis, dS m™) was measured using a DDS-307A conduc-
tivity meter (Shanghai Yidian, Shanghai, China). The measurements were conducted with
4 replicates according to the soil: water ratio of 1:5 [39].

The SWC and EC15 were determined on September 24, October 1, October 9, October
16 and October 23.

2.2.2. Leaf Physiological Traits

Leaf water potential was measured weekly on mature, healthy and fully expanded
upper leaves of trees. The predawn (Wpd) and midday (Wma) water potentials were meas-
ured at 5:00-6:00 and 12:00-14:00 on sunny days, respectively. Leaves were wrapped in
foil and equilibrated with the xylem water potential for 1 h before the measurement. Then,
leaves were collected by cutting them with sharp shears and quickly wrapping them in a
wet towel in an insulated box to bring them back to the laboratory for determination using
a 1505D pressure chamber (PMS Instruments, Albany, OR, USA). The mean of four leaves
was calculated to for Wpd and Wmd of each treatment.

Gas exchange of mature, fully expanded leaves for each treatment was also deter-
mined from 9:00 to 12:00 on a clear day, using a Li-6800 portable photosynthesis system
(Li-Cor, Lincoln, NE, USA). Li-6800 was adjusted to a fixed CO2 concentration (400 pmol
mol™) and a light quantum flux density of 1000 pmol m= s'. Net photosynthetic rate (4,
pmol m2 s71), stomatal conductance (Gs, mol m2s) and transpiration rate (Tr, mmol m2
s) were recorded. Leaf water use efficiency (WUEL) was calculated, expressed as A/Tr.

The chlorophyll content index (SPAD value) was determined on the same leaves used
for measuring gas exchange with a SPAD-502 Plus (Soil Plant Analysis Development, Mi-
nolta, Tokyo, Japan). Chlorophyll fluorescence parameters were measured using the Fluor
Cam Plantscreen system (PlantScreen, PSI, Drasov, Czech Republic). Leaves were dark-
adapted for 30 min, and then put into the photo-acclimatization chamber to measure the
maximum light quantum efficiency (Fv/Fm).

For measuring stomatal morphological traits, six fully expanded leaves were ran-
domly selected for each treatment on 16 October 2022. Leaf samples (2 x 2 mm) were cut
from the middle section of each leaf and fixed in 2.5% (v/v) glutaraldehyde phosphate
buffer (0.1 mol L1, pH = 7.0). The leaf samples were rinsed four times with 0.1 M PBS
buffer and then dehydrated with 10%, 30%, 50%, 70%, 80%, 90%, and 100% ethanol solu-
tions. Next, the leaf samples were carefully coated with a layer of gold in a high-vacuum
evaporation unit. Finally, stomatal morphological features were observed and photo-
graphed using a Quanta 200 scanning electron microscope (Fei Corp, Hillsboro, OR, USA).
Eight to ten images were analyzed for each leaf, and stomatal density was observed at
1000x lens, and stomatal area, stomatal length, and stomatal width were observed at
20,000x lens.

2.2.3. Stem Xylem Hydraulic Traits

At the end of the experiment, branches were excised underwater in pre-dawn hours
and transported to the lab for hydraulic conductivity measurements. Under water, stems
were cut to 30 cm in length, and initial hydraulic conductivity (Ki) was measured at 3 kPa
water pressure using a low-pressure flow meter [40]. Then, the stem segments were
flushed with 150 kPa water pressure for 10-20 min to remove embolisms, and the maxi-
mum hydraulic conductivity of the xylem (Kmax) was determined. Basal stem diameter
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was measured using a vernier caliper to calculate sapwood area (As). The maximum xy-
lem-specific hydraulic conductivity (Ks) was calculated as Kmax divided by As. The per-
centage loss of xylem hydraulic conductivity (PLC, %) was calculated as (1-Ki/Kmax) x
100%.

2.2.4. Nonstructural Carbohydrates (NSC)

The root, stem and leaf samples were collected and oven-dried at the end of the ex-
periment The leaves of DS treatment are collected from withered and fallen leaves. Sam-
ples were dried at 105 °C for 30 min and then at 70 °C to a constant weight. Dried samples
were ground to a fine powder using a FW-100D universal crusher (Beijing Kewei, Beijing,
China) and passed through a 0.15 mm fine sieve. The total Non-structural carbohydrates
(NSC) were extracted and quantified using the modified anthrone method [41,42]. Total
NSC was calculated as the sum of soluble sugar and starch concentrations. Extracts were
analyzed using a UV-2600A spectrophotometer (UNICO, Princeton, NJ, USA), measuring
absorbance at 620 nm.

2.3. Statistical Analysis

A one-way analysis of variance (ANOVA) was conducted to evaluate differences in
parameters among treatments. Pairwise comparisons were made using the least signifi-
cant difference (LSD) test at the p = 0.05 significance level. All statistical analyses and cor-
relation analysis were performed using SPSS 25.0 (IBM, Armonk, NY, USA). Graphs were
generated in Origin 2024 (OriginLab Corp., Northampton, MA, USA).

3. Results
3.1. Relative Soil Water Content and Soil Conductivity

The relative soil water content of the DS and SDS treatments continuously decreased
after the start of the experiment (Figure 1). By the end of the experiment (day 30), the
relative soil water content of DS treatment decreased to 30.2% FC, while that of SDS treat-
ment was at 44.3% FC, which was 14.1% higher than DS treatment. The CK and SS treat-
ments were fully irrigated throughout the experiment, and the evolution of relative soil
water content varied in the range of 82.7-91.5% FC (Figure 1a).

The evolution of ECis for CK and DS treatments ranged from 0.39 to 0.54 dS m™, while
that of SS and SDS treatments ranged from 1.32 to 1.61 dS m™. The salt-irrigated soils
showed a conductivity increase of 0.93 to 1.08 dS m relative to non-salt soils (Figure 1b).

2.0
100{ @ ® _
g 161
5 o £
N ‘g 124
g 601 g CK
£ ) ss
3 40+ 9 %87-—+-ps
0 —v—SDS
g CK
T 204 Ss 0.4+
DS
—v—SDS
0+ : . : . . . 0.0+ . . . . . .
0 5 10 15 2 25 30 0 5 100 15 2 25 30
Days Days

Figure 1. Changes in relative soil water content (a) and electrical conductivity ECis (b) throughout
the experiment. CK: normal freshwater irrigation treatment at 80-100% FC; SS: salt stress treatment,
0.3% soil salinity with freshwater irrigation at 80-100% FC; DS: drought stress treatment, withhold-
ing irrigation; SDS: combined drought and salt treatments, 0.3% soil salinity withholding irrigation.
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3.2. Leaf Water Potential, Gas Exchange Parameters, Chlorophyll Fluorescence Characteristics
and Stomatal Morphological Traits

The leaf water potential was sensitive to SS, DS and SDS treatment (Figure 2). On day
1 (September 24), the Wpd and Wmd of plants significantly reduced by 108%, 92% and
29%, 25% in SS and SDS. On day 8 (October 1), the ¥pd and Wmd significantly reduced
by 52%, 46%, 72% and 62%, 67%, 69% in SS, DS and SDS. On day 16 (October 9), the Wpd
significantly reduced by 60% in SS, while the Wmd was not significantly different. In con-
trast, the Wpd and WYmd showed greater reductions of 173%, 157% and 123%, 95% in DS
and SDS. By day 23 (October 16), the Ypd and Wmd were significantly reduced by 292%
and 113% in SDS, while reductions in DS (421% and 148%) were greater. On day 30 (Oc-
tober 23), there were no mature leaves remaining in the DS to determine water potential,
while Ypd and Wmd in SDS were significantly decreased by 227% and 141%, respectively.

T T T T T
9/24  10/1 10/9 10/16 1023

T =5

T T T T T
9/24 10/1 10/9 10/16  10/23
Date Date

Figure 2. Changes in predawn: Wpd (a)and midday leaf water potential: ¥md (b) and throughout
the experiment. The different letters below the columns represent significant differences between
treatments (p <0.05). CK: normal freshwater irrigation treatment at 80-100% FC; SS: salt stress treat-
ment, 0.3% soil salinity with freshwater irrigation at 80-100% FC; DS: drought stress treatment,
withholding irrigation; SDS: combined drought and salt treatments, 0.3% soil salinity withholding
irrigation.

The changes in leaf net photosynthetic rate (A), transpiration rate (Tr), stomatal con-
ductance (Gs) and leaf water use efficiency (WUEL) throughout the experiment are shown
in Figure 3. At the beginning of the experiment (September 24), A, Tr and Gs were signif-
icantly reduced 33%, 38%, 30% and 39%, 33%, 29% in SS and SDS, but not significantly
different in DS. On day 8 (October 1), A and Gs were significantly decreased by 26% and
17% in SS, while Tr decreased but was not significant. A, Tr and Gs showed greater reduc-
tions by 40%, 33%, 34% and 44%, 35%, 44% in DS and SDS. By day 16 (October 9), A had
significantly decreased by 23% in SS, while Gs and Tr had decreased but were not signif-
icant. A, Tr and Gs significantly decreased in DS and SDS by 39%, 44%, 53% and 31%, 29%,
37%, respectively. On day 23 (October 16), A, Tr and Gs in DS and SDS were significantly
lower than those in SS by 75%, 81%, 67% and 63%, 73% and 55%, respectively. By day 30
(October 23), A, Tr and Gs in SS and SDS treatments were significantly lower than that in
CK treatment.

On day 1 (September 24), the WUEL was not significantly different among treatments,
while on day 8 (October 1) it was significantly decreased by 17%, 10%, and 14% in SS, DS
and SDS compared to CK treatment. As stress time increased, WUEL was significantly in-
creased by 37% and 47% in DS and SDS than CK treatment on day 23 (October 16), while
not significantly increasing in SS. By day 30 (October 23), WUEL had increased signifi-
cantly by 31% and 37% in the SS and SDS compared to the CK treatment.
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Figure 3. Net photosynthetic rate: A (a); transpiration rate: Tr (b); stomatal conductance: Gs (c); and
leaf water use efficiency: WUEL (d) throughout the experiment. The different letters above the col-
umns represent significant differences between treatments (p < 0.05). CK: normal freshwater irriga-
tion treatment at 80-100% FC; SS: salt stress treatment, 0.3% soil salinity with freshwater irrigation
at 80-100% FC; DS: drought stress treatment, withholding irrigation; SDS: combined drought and
salt treatments, 0.3% soil salinity withholding irrigation.

The chlorophyll content index (SPAD value) and maximum light quantum efficiency
(Fv/Fm) among different treatments were shown in Tables 1 and 2. On day 8 (October 1),
there was no significant difference in SPAD among treatments. However, Fv/Fm was sig-
nificantly lower in SDS than CK, SS and DS by 4%, 3% and 3%, respectively. As stress time
increased, both SPAD and Fv/Fm were significantly decreased in SS, DS and SDS com-
pared to CK. On the day 23 (October 16), SPAD and Fv/Fm were significantly lower in SS,
DS and SDS than CK by 18%, 56%, 42% and 8%, 24% and 16%, respectively. SPAD and
Fv/Fm were also significantly lower in DS than SS and SDS treatments by 46%, 17% and
24%, 9%. On the final day of the experiment (October 23), SPAD and Fv/Fm were signifi-
cantly lower in SS and SDS than CK by 23%, 51% and 16%, 40%, respectively.

Table 1. The chlorophyll content index (SPAD value) among different treatments. The different let-
ters after the numbers represent significant differences between treatments among each row (p <
0.05). The “/” represents no fully expanded and mature leaves used to determine in DS treatment.

CK SS DS SDS
1 October 2022 35.77 a 3447 a 34.17 a 35.56 a
9 October 2022 33.64 a 2893 b 20.24 d 23.72 ¢
16 October 2022 35.79 a 29.48 b 15.81d 20.78 ¢

23 October 2022 35.84 a 27.76 b / 17.53 ¢
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Table 2. The maximum light quantum efficiency (Fv/Fm) among different treatments. The different
letters after the numbers represent significant differences between treatments among each row (p <
0.05). The “/” represents no fully expanded and mature leaves used to determine in DS treatment.

CK SS DS SDS
1 October 2022 0.78 a 0.77 a 0.77 a 0.75b
9 October 2022 0.78 a 0.76 a 0.66 b 0.70b
16 October 2022 0.76 a 0.70b 058d 0.64 ¢
23 October 2022 0.80 a 0.67b / 048 ¢

3.3. Stomatal Morphological Traits

The effects of different treatments on stomatal density, stomatal area, stomatal length
and stomatal width are shown in Figures 4 and 5. Stomatal density was significantly in-
creased by 27% in DS, and increased by 10% and 16% in SS and SDS, but not significantly.
The stomatal area in the DS treatment was significantly decreased by 42%, 26% and 31%
compared to the CK, SS and SDS treatment, respectively. Stomatal length was significantly
decreased in SS, DS and SDS by 22%, 37% and 18%, respectively. Stomatal width signifi-
cantly decreased by 18% and 22% in SS and DS. In summary, the stomata adapted to DS
by decreasing their length, width, and area while increasing their density.

Mean + SD K DS o D
S C Ss S SDS
200 1 1 1 24 1 1 1
a
o~
] a ab | 204 a -
E 160 i . - g
S < E16 M
=5 164 a -
Zi0{ P . L5 b
L
g 5124 o L
g E
<= 80 ] <
= . g 81 0: r
5 o & 4
£ 40- O ¢ |
7
(@) (b)
0 ‘ : : : 0 : : , .
CK Ss DS SDS CK SS DS SDS
14 ; \ : . 4 s ; s .
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124 b i b N
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5 R 321 8
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7] »n 14 -

(©)

(d)

CK

T T T 0 T T T T
SS DS SDS CK SS DS SDS

Figure 4. Effect of different treatments on stomatal density (a); stomatal area (b); stomatal length (c)
and stomatal width (d). The square dots represent stomatal parameters of each leaf sample. The
different letters represent significant differences between treatments (p < 0.05). CK: normal freshwa-
ter irrigation treatment at 80-100% FC; SS: salt stress treatment, 0.3% soil salinity with freshwater
irrigation at 80-100% FC; DS: drought stress treatment, withholding irrigation; SDS: combined
drought and salt treatments, 0.3% soil salinity withholding irrigation.
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Figure 5. Changes in the morphological traits of stomata under different treatments observed with
scanning electron microscopy. Scale bar =5 um. CK: normal freshwater irrigation treatment at 80—
100% FC; SS: salt stress treatment, 0.3% soil salinity with freshwater irrigation at 80-100% FC; DS:
drought stress treatment, withholding irrigation; SDS: combined drought and salt treatments, 0.3%
soil salinity withholding irrigation.

3.4. Stem Xylem Hydraulic Traits

The mean percentage loss of conductivity (PLC) values of CK and SS treatments were
6.5 +4.3% and 11.6 + 7.1%, respectively, with no significant difference between them. While
the mean PLC values of DS and SDS treatments were significantly higher at 87.6 + 8.7% and
68.1 + 13.7%, respectively (Figure 6a). Furthermore, PLC significantly increased by 81% and
62% in DS and SDS, respectively. The maximum xylem-specific hydraulic conductivity (Ks)
differed among treatments (Figure 6b). Ks significantly decreased by 47%, 42% and 49% in
SS, DS and SDS, but there were no significant differences among them.
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Figure 6. The percentage loss of xylem hydraulic conductivity (a) and the maximum xylem specific
hydraulic conductivity (b). The round solid dots represent hydraulic traits of each tree stem sample.
Boxes represent the interquartile range (IQR), the bars within the boxes indicate median values, and
whiskers extend to the maximum and minimum data values within 1.5 x IQR. The different letter
on the column indicated there were significant differences (p < 0.05) among various treatments ac-
cording to LSD. CK: normal freshwater irrigation treatment at 80-100% FC; SS: salt stress treatment,
0.3% soil salinity with freshwater irrigation at 80-100% FC; DS: drought stress treatment, withhold-
ing irrigation; SDS: combined drought and salt treatments, 0.3% soil salinity withholding irrigation.

3.5. Soluble Sugars, Starch and Total Nonstructural Carbohydrates

The effects of different treatments on soluble sugar, starch, and total nonstructural
carbohydrates (NSC) varied between plant organs (Figure 7). In leaves, soluble sugar con-
centration, but was significantly decreased by 42% in DS, while not significantly changed
in SS and SDS. Starch concentration showed a significant reduction of 30% in SS, and
greater significant decreases of 68% and 59% in DS and SDS, respectively. In stems, soluble
sugar was significantly decreased by 46% and 44% in SS and SDS, with a greater reduction
of 69% in DS. Starch was reduced significantly by 44% and 43% in SS and SDS, and more
so by 61% in DS. In roots, soluble sugar in SDS increased significantly by 41%, while starch
in DS decreased significantly by 59%, 53% and 54% compared to CK, SS and SDS.
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Total NSC was affected by SS, DS and SDS in leaves and stem. In roots, it was the
lowest due to decreased soluble sugar and starch. Total NSC in DS was significantly de-

creased by 56%, 62% and 57% in leaves, stems and roots, respectively.
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Figure 7. Effect of different treatments on soluble sugar (a), starch (b), total NSC (c) concentration
in different organs. The different letter on the column indicated there were significant differences (p
< 0.05) among various treatments according to LSD. Values are means + SD (n = 3). CK: normal
freshwater irrigation treatment at 80-100% FC; SS: salt stress treatment, 0.3% soil salinity with fresh-
water irrigation at 80-100% FC; DS: drought stress treatment, withholding irrigation; SDS: com-

bined drought and salt treatments, 0.3% soil salinity withholding irrigation.
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3.6. Correlation Analysis of Physiological Characteristics

Significant positive correlations occurred between SPAD, Wpd, ¥Ymd, A, Tr and Gs,
as shown in Figure 8. WUEL was negatively significantly correlated with SPAD, Wpd,
WYmd, Fv/Fm, Tr and Gs, but showed no linear relationship with A. Fv/Fm was positively
significantly correlated with Wpd, Ymd, A, Tr and Gs, while negatively significantly cor-
related with WUEL. According to Figure 9, the risk of hydraulic failure and carbon starva-
tion was lower for CK and SS treatment than for the DS and SDS. Moreover, the DS treat-
ment was more likely to have a mortality risk than the SDS treatment.

soan | s v P05+ Pl
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3V & ..
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Figure 8. Correlation analysis of the key physiological characteristics. SPAD: the chlorophyll content
index; Wma: midday leaf water potential; A: net photosynthetic rate; Wpa: predawn leaf water poten-
tial; Gs: stomatal conductance; Tr: transpiration rate; WUEL: leaf water use efficiency; Fv/Fm: max-
imum light quantum efficiency.
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Figure 9. The mortality risk with hydraulic failure and carbon starvation in leaf (a); in stem (b); in
root (c) and in whole plant (d). The higher the PLC value, the greater the risk of tree mortality due
to hydraulic failure. The smaller the NSC value, the greater the risk of tree mortality due to carbon
starvation. CK: normal freshwater irrigation treatment at 80-100% FC; SS: salt stress treatment, 0.3%



Agronomy 2024, 14, 439

12 of 18

soil salinity with freshwater irrigation at 80-100% FC; DS: drought stress treatment, withholding
irrigation; SDS: combined drought and salt treatments, 0.3% soil salinity withholding irrigation.

4. Discussion

4.1. Drought and Salt Stress Decreased Hydraulic Function by Decreasing Leaf Water Potential
and Stomatal Conductance

In this study, drought and salt stress, along with their combination, decreased leaf
water potential and stomatal conductance, and modified stomatal morphology. Xylem
hydraulic specific conductivity was also significantly decreased, while percentage loss of
conductivity (PLC) significantly increased.

The decreased leaf water potential and stomatal conductance observed are consistent
with plants regulating stomatal closure to optimize water use and maintain osmotic pres-
sure under drought and salt stresses [43—45]. Stomatal closure is regulated by a combina-
tion of a chemical signal (ABA) and a hydraulic signal [32]. ABA content increases under
stress conditions, while salt stress also induces ABA production by elevating osmotic pres-
sure [46,47]. Combined water and salt stresses likely caused a more rapid decline in leaf
water potential due to the additive effects of water deficit and salt accumulation [48]. This
decrease then triggered stomatal sensitivity to ABA at lower water potentials [49]. How-
ever, in our study, leaf water potential did not decline most severely under SDS treatment.
This could be because stomatal closure induced by irrigation NaCl under SDS treatment
reduces water consumption, maintaining a higher soil water content under the SDS treat-
ment than the DS treatment (Figure 1a). This suggests that the addition of salt had an
alleviating effect on drought stress by mediating stomatal conductance and soil water con-
tent. The retention of more available water sources likely helped offset the lowering of
water potential expected from combined osmotic and water deficits.

Our results showed notable reductions in stomatal conductance occurred following
all stressed treatments, most pronounced in the DS and SDS treatments. Stomata conduct-
ance is determined by the coordination of the maximum stomatal conductance and the
actual stomata aperture [49]. Some studies have shown that stomatal density increased
under soil water stress conditions [50], but more severe deficits led to a reduction [51]. In
our study, stomatal density was significantly increased in the DS only. In addition, plants
can adjust stomatal size in response to stress. Stomatal area was significantly reduced in
the DS treatment, while stomatal length was significantly reduced in the SS, DS and SDS
treatments, and stomatal width was significantly reduced in the SS and DS treatments. In
agreement with the findings of others, stomatal density decreased when subjected to wa-
ter and salt stress, and maximum stomatal conductance also decreased due to a decrease
in stomatal length and width [52]. Furthermore, water stress has a more pronounced effect
on stomatal opening and spatial distribution compared to stomatal number, as stomatal
opening is positively correlated with stomatal conductance [53]. Gas exchange is influ-
enced by the water status of plants, and stomatal closure can limit water transport and
reduce soil-to-leaf hydraulic conductance, thereby preventing an excessive reduction in
leaf water potential or catastrophic cavitation in the xylem [54]. In our study, DS, SS and
SDS treatment all significantly decreased stem maximum xylem-specific hydraulic con-
ductivity (Figure 6b), while there was no significant difference in PLC between the SS and
CK treatment, and the PLC of DS treatment was significantly higher than that of SDS treat-
ment (Figure 6a). These results indicate that drought treatments had more negative effects
on hydraulic function than combined drought and salt stress. Leaf water potential is
closely related to the loss of hydraulic conductivity [55], and in our study, the predawn
and midday leaf water potentials were not significantly decreased in the SS treatment,
while the DS treatment showed a significant decrease compared to the SDS treatment (Fig-
ure 2). These findings align with the observed effects on xylem conductivity loss.
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4.2. Drought and Salt Stress Decreased Carbon Assimilation by Affecting Stomatal Limiting and
Non-Stomatal Limiting Factors

In summary, drought and salt stress, along with their combination, not only de-
creased stomatal conductance (Gs), photosynthesis rate (A), and transpiration rate (Ir)
but also reduced chlorophyll content (SPAD) and the maximum light quantum efficiency
of photosystem II (Fv/Fm), while increasing leaf water use efficiency (WUEL). These stress-
ors can lead to both stomatal and non-stomatal limitations, resulting in a reduction in non-
structural carbohydrate supply.

The impact of water deficit and high salt conditions on carbon assimilation is com-
plex [56]. The reduction in Gs inhibited the diffusion of CO: into leaves, depleting sub-
strates for photosynthesis and further decreasing A [57]. Leaf water use efficiency (WUEL),
which is determined by both A and Tr, is also affected by changes in Gs. In our study,
WUEL of SS treatment showed a non-significant increase of 7%, while WUEL of DS and
SDS treatments exhibited significant increases of 37% and 47%, respectively (Figure 3d).
The response of WUEL to salt and drought stress depends on the intensity and duration
of the stress [32]. In our study, salt stress alone did not significantly affect WUEL, and the
lack of significant difference between DS and SDS treatments suggests that drought plays
a dominant role when combined with salt stress.

As the severity and duration of stress increase, photosynthesis is primarily affected
by non-stomatal limitations [50], as well as other processes related to photosynthesis, such
as photochemical processes, including photosystem PSII [58]. In our study, chlorophyll
content and the maximum light quantum efficiency of photosystem II (Fv/Fm) were af-
fected by the combined effects of drought and salt stress, as well as their individual effects.
The chlorophyll content and Fv/Fm decreased significantly with increasing drought se-
verity and salt stress duration, with the DS treatment showing the most severe decrease.
The water stress oxidizes PSII proteins and sufficiently disrupts the electronic excitation
processes, resulting in the disruption of PSII, thereby decreasing Fv/Fm, ®PSII, and Jmax
[59]. A decrease in chlorophyll due to salt stress reduced light energy uptake, affecting
photochemical reactions, dissipation and fluorescence emission [60]. The significant de-
cline in Fv/Fm suggests damage to the PSII reaction center and inhibition of the photo-
chemical conversion efficiency of PSI [61]. Ultimately, our study demonstrated that
drought and salt stress influenced the photochemical process, inhibited CO: fixation and
disturbed the synthesis of sucrose and starch.

Photosynthesis is the main driver of tree productivity and is essential for carbon as-
similation, as it provides the primary source of carbohydrates [62]. Non-structural carbon
(NSC), which includes soluble sugars and starch, plays a crucial role in plant growth and
survival under environmental stresses [63]. In our study, different organs showed varying
responses in terms of soluble sugars, starch and NSC under drought stress, salt stress and
their combination. The DS treatment resulted in the lowest levels of soluble sugars, starch
and NSC in leaves, stems and roots. Under drought stress, stored NSC can be mobilized
to support metabolic activity when carbon assimilation is insufficient to meet demand
[64]. The soluble sugar content was higher in comparison to stems and roots, while starch
and NSC were higher in roots compared to leaves and stems. Starch in the leaves may
potentially be decomposed into soluble sugars to support plant metabolism, while stress
does not seem to affect the starch content in the roots.

In conclusion, this study demonstrates that drought and salt stresses negatively in-
fluence carbon assimilation in R. pseudoacacia by impairing both stomatal gas exchange
and photochemical reactions. It is important to note that the effects of drought and salt
stress on carbon assimilation can vary depending on factors such as plant species, the se-
verity and duration of the stress, and other environmental conditions.
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4.3 Salt Addition Mitigates the Negative Effects of Drought Stress

The results of our study indicate that the addition of salt mitigated the negative ef-
fects of drought stress on plants (Figure 9). Under drought stress alone, there was a de-
crease in non-structural carbohydrates (NSC) and an increase in percent loss of conduc-
tivity (PLC). However, when drought stress was combined with salt stress, the levels of
NSC were higher and PLC were lower compared to drought stress alone. This suggests
that salt addition reduced the risk of hydraulic failure and carbon starvation. Reduced
irrigation, as seen in drought stress, leads to a decrease in soil water potential, while salt
stress contributes to limited plant water utilization due to high ion accumulation and de-
creased soil osmotic potential [24]. When water and salt stresses are combined, the hy-
draulic resistance in roots, stems, and leaves increases, reducing the water transport ca-
pacity of the plant [65]. However, some studies have shown opposite results, indicating
combined water and salt stresses can enhance drought tolerance, including improved wa-
ter-carbon balance and osmoregulation [25,66]. In our study, the combined drought and
salinity stress treatments exhibited significantly higher Ypd, ¥md, and Gs compared to
single drought stress. This resulted in less loss of xylem hydraulic conductivity and a re-
duced risk of hydraulic failure in trees. By maintaining cell turgor under combined
stresses, osmoregulation could have helped sustain water uptake compared to drought
alone [67,68]. In particular, sodium (Na*) serves as an important inorganic osmolyte, ac-
cumulating in tissues to offset the osmotic effects of drought when present at non-toxic
levels [26]. However, excessive Na* accumulation can disrupt ions distribution in cells and
lead to ionic toxicity [69].

Hydraulic failure, accompanied by carbon starvation due to canopy loss, can occur
when there is a decline in hydraulic function [70]. Water stress causes leaf abscission, re-
ducing carbon fixation and forcing plants to use stored carbon for metabolic activities [71].
Both ion toxicity and reduction in freshwater availability of salt stress could lead to sto-
matal closure and decreased CO: uptake, ultimately leading to declining tree growth [72].
The higher leaf water potential (Wpd, Wmd) and stomatal conductance (Gs) observed in
SDS versus DS implied less impairment of xylem hydraulic function under combined
stresses. This likely reduced the risk of hydraulic failure and associated carbon starvation
through the depletion of NSC reserves [73]. Additionally, DS exhibited more pronounced
decreases in Wpd, Wmd and Gs, along with increased PLC, coinciding with greater utili-
zation versus assimilation of NSCs. Nonetheless, interactions between drought and salin-
ity are complex, varying across genotypes, stress intensities and durations [66]. Moreover,
carbon starvation does not entirely preclude hydraulic failure, as these processes can pro-
mote each other under severe stress [74]. Our study provided initial insights using young
seedlings under single salinity levels. Further work is needed to validate these mecha-
nisms under field conditions, incorporating a range of salinity concentrations and mature
trees. Variation in plant attributes should also be considered to better understand com-
bined drought and salt stress responses.

5. Conclusions

This study investigated the effects of drought, salt stress and their combination on
leaf physiology, xylem hydraulics and carbon reserves of Robinia pseudoacacia seedlings.
Salt stress alone did not significantly reduce leaf water potential or impact carbon re-
serves. Drought stress and combined salt and drought stress significantly decreased leaf
water potential, xylem hydraulic conductivity and depleted carbon stores, with drought
stress having more pronounced effects. However, salt addition mitigated the negative im-
pacts of drought by maintaining hydraulic function and carbon reserves. These findings
demonstrate the potential for salt priming to alleviate drought stress in R. pseudoacacia
seedlings. As climate change is expected to increase the frequency and intensity of
droughts and salinization worldwide, further research on carbon dynamics and water bal-
ance in mature trees under field conditions would help to assess how multiple factors may
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affect drought tolerance. At the ecosystem scale, landscape practices that promote water
preservation and control salt accumulation are recommended. Sustainable irrigation tech-
niques and revegetation of drought- and salt-tolerant species can help forests adapt to
new environments while continuing to provide carbon sequestration services. Under-
standing the physiological response of trees under stress conditions could help mitigate
the risk of vulnerable forest degradation in the future.
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