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Abstract: Drought-induced plant mortality, resulting from either hydraulic failure or carbon star-
vation, is hypothesized to be modulated by the drought intensity. However, there is a paucity of
research investigating the response strategies in desert shrubs under drought stress with different
intensities. We transplanted potted Reaumuria soongorica (Pall.) Maxim. and Salsola passerina Bunge
seedlings in the rain-out shelter, and implemented three water treatments: a control (well-watered,
CK), a chronic drought (gradually less watered, CD), and a flash drought (not watered, FD). We
then quantified plant physiological traits associated with water use and carbon assimilation. Both
R. soongorica and S. passerina showed similar changes in water use and carbon characteristics under
different drought treatments. Water use efficiency was not significantly changed, but embolism
resistance was significantly lower in CD, and leaf specific conductivity and embolism resistance were
significantly lower in FD compared to CK. Under the drought treatment, both shrubs had significantly
lower hydraulic safety margins than CK, with FD being significantly lower than CD. Notably, FD
had lower carbon assimilation and a lower leaf non-structural carbon concentration, but higher stem
non-structural carbon concentration. The results of a principal component analysis showed that net
photosynthetic rate, sapwood specific conductivity, embolism resistance, midday water potential,
and leaf and stem soluble sugar concentration were the main axes of variation for R. soongorica traits.
CK had the highest water use efficiency, net photosynthetic rate, and gas exchange rate, while FD had
the lowest embolism resistance and highest osmoregulation. Midday water potential, leaf and stem
soluble sugar concentration were the main axes of variation for S. passerina traits, and individual
distribution under three water treatments was associated with drought tolerance traits. The find-
ings suggest that species exhibit different response strategies for resistance to drought stress, with
R. soongorica being drought-avoidant and S. passerina being drought-tolerant. These findings highlight
the adaptive capacity of desert shrubs to water deficit and provide insights for assessing hydraulic
failure and carbon starvation in desert shrubs.
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1. Introduction

Drought, as a pervasive environmental stressor, significantly curbs productivity across
diverse terrestrial ecosystems [1,2]. The anticipated escalation in both the frequency and
intensity of future droughts is poised to trigger widescale plant mortality [3,4]. Empirical
findings substantiate that drought stress induces embolism within xylem conduits, severely
impeding water transport, which subsequently triggers cellular dehydration and culmi-
nates in hydraulic failure, ultimately resulting in mortality [5]. This phenomenon typically
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manifests under high-intense but short-duration drought stress [6], while under less in-
tense but longer-duration drought stress, plants experience diminished carbon assimilation,
attributed to stomatal closure and limitations in carbon transport systems, and plant mor-
tality may then occur due to carbon starvation triggered by the need to allocate resources
towards infiltration and defense mechanisms [7,8]. Nevertheless, a scarcity of research in
the literature exists regarding comparative analyses of water and carbon relationships in
woody plants experiencing different drought intensities. Investigating the alterations in
hydraulic traits and non-structural carbon across diverse drought intensities can provide
insights into the risks of hydraulic failure and carbon starvation.

Stomatal regulation plays a crucial role as a conservation strategy employed by woody
plants to mitigate the deleterious effects of drought stress [9]. By reducing stomatal con-
ductance, plants effectively minimize water loss and postpone, though not completely
prevent, the occurrence of hydraulic dysfunction within the xylem [10,11]. It has been
reported that xylem refilling is a part of tree’s life [12,13], and it may repair embolized
xylem through the mechanism, which is closely related to non-structural carbohydrates [14].
For instance, soluble sugars could adjust the osmotic pressure, subsequently driving water
transport from functional conduits to embolic conduits [15,16]. A study result indicated
that both mild and severe drought decreased soluble sugar and non-structural carbon
concentrations, and increased starch concentration in all organs of Cunninghamia lanceolata
seedlings [17]. However, Betula ermanii seedlings increased soluble sugar and non-structural
carbon concentrations and decreased starch concentrations in all organs under drought
stress because the plants responded to water deficit by increasing the conversion between
starch and soluble sugars [18]. Furthermore, Robinia pseudoacacia L. seedlings had lower
starch and NSC concentrations and higher soluble sugar concentrations under severe
drought stress [19]. There is no consensus on the effects of different drought stresses on
non-structural carbohydrates in seedlings.

Plant species vary in their capacity to withstand and adapt to drought stress, exhibit-
ing diverse strategies [20,21]. The resistance of plants to drought stress can be broadly
categorized into drought avoidance and drought tolerance [22-24]. Drought-avoidant
species typically respond to reduced water availability by closing stomata early [22,25].
On the other hand, species with highly embolized xylem are capable of sustaining water
transport even under more negative water potential conditions [26]. These species employ a
preemptive strategy, closing stomata early in the drought period before any decline in water
potential occurs [24]. In contrast, drought-tolerant species possess the ability to maintain
photosynthesis under drought stress by concurrently reducing stomatal conductance and
water potential until carbon availability becomes limited by stomatal closure. Drought toler-
ance involves mechanisms such as osmoregulation and resistance to embolization [27,28]. It
is worth noting that current research on plant response strategies to drought predominantly
focuses on tropical and subtropical regions [1,29], leaving a significant knowledge gap
concerning drought tolerance strategies for plants in arid regions.

Reaumuria soongorica (Pall.) Maxim. and Salsola passerina Bunge emerge as prominent
shrubs in the arid and semi-arid terrains of Northwest China [30], playing a pivotal role
in shaping the successional trajectories of desert ecosystems [31]. Under diverse habitat
conditions, R. soongorica exhibits a root system characterized by deeper distribution, in
contrast to the shallower distribution observed in S. passerina [30]. Notably, two species
manifest distinctive leaf habits under drought stress, with R. soongorica undergoing de-
foliation, while S. passerina remains non-defoliating. We investigated stem water use,
xylem vulnerability to cavitation, and non-structural carbon response to drought in two
shrub species, and measured their leaf water potential and leaf non-structural carbon. We
aimed to provide insights into water and carbon variations in desert shrubs under varying
drought conditions. We hypothesized that (1) chronic and flash droughts differentially
impact desert shrubs, with flash droughts considered as extreme manifestations of drought
stress, wherein water use efficiency and embolism resistance are significantly reduced,
accompanied by an increase in non-structural carbon consumption in both shrubs, and



Forests 2024, 15, 287

30f18

(2) the drought response strategies of the two shrubs differed, with R. soongorica adopting a
drought avoidance strategy and S. passerina adopting a drought tolerance strategy.

2. Materials and Methods
2.1. Plant Materials

R. soongorica seedlings were cultivated in the spring of 2020 in Zhangye, Gansu, China.
S. passerina originated from the Gobi in Jingtai, Gansu, China. In March 2021, a total of
18 healthy and uniformly sized plants (9 per species) were transplanted into plastic flow-
erpots (30 cm diameter at the top, 18 cm diameter at the bottom, and 38 cm height) with
drainage holes at the bottom. Each pot was filled with approximately 10 kg of a mixture of
sandy loam and perlite (4:1), to improve soil air permeability with a field capacity of 17.41%.
The sandy loam was sourced from the topsoil of the natural habitats of R. soongorica and
S. passerina. The transplanted seedlings were placed under a rain-out shelter. The shelter
was constructed of translucent material, and was used only for rain protection. Therefore,
all the water in the plants came from the amount of watering under the different treatments.

2.2. Experimental Design

The experiment was conducted on the campus of Gansu Agricultural University,
Lanzhou, Gansu, China. The drought treatments were initiated in August 2021. At this
time, the average plant height of R. soongorica was 31.82 cm, the average basal diame-
ter was 4.16 mm, and the crown spread was 1225.24 cm?. The average plant height of
S. passerina was 26.85 cm, the average basal diameter was 4.20 mm, and the crown spread
was 875.23 cm?. R. soongorica and S. passerina seedlings were randomly allocated to three
water treatments: control (CK), chronic drought (CD), and flash drought (FD). There were
3 plants per treatment, totaling 9 plants for each species and 18 plants overall. In the control
group, the gravimetric soil water content was consistently maintained at 80% of the field
capacity. For shrubs in the chronic drought treatment, they were replenished with 60% of
the water lost during the drying process. Watering ceased when the rewatering volume
fell below 10 mL. In the case of the flash drought treatment, no additional watering was
provided, and the shrubs were left to naturally experience drying conditions. The soil
water content was controlled by weighing every other day.

All plant traits were assessed while subjecting them to drought stress for a duration of
up to 37 days. This duration was chosen based on the findings of Tomasella et al. [14] on
stem hydraulics of European beech seedlings. Their research revealed that after 36-66 days
of prolonged and severe drought, the percentage loss of natural hydraulic conductivity
in the seedlings reached approximately 88%. Typically, hydraulic failure and subsequent
mortality are observed in angiosperm seedlings when they experience pressures exceeding
an 88% loss of hydraulic conductivity [32]. We assessed the net photosynthetic rate of the
shrubs and observed values exceeding zero.

2.3. Water Relations Measurement
2.3.1. Leaf Water Potential

Leaf water potential measurements (n = 3 per species per treatment) were conducted
at predawn (4:00-6:00) and midday (12:00-14:00) on day 37, representing the maximum
(Ypp, MPa) and minimum (Yyp, MPa), respectively. We measured leaf water potential on
days 0, 7, 15, 27, and 37. For each measurement, a 10 cm twig with a leaf tip was measured
using a pressure chamber (Model 1505D; PMS Instrument Company, Albany, OR, USA).
Figure 1 shows the variation in predawn and midday leaf water potential.



Forests 2024, 15, 287

40f18

AP B
R. soongorica 4
_2 - I Es
/a\ ’:; -5 4
¥ 29
g 2
_4 - o
a
o =
> 5 67
—=— Control R. soongorica
-6 —e— Chronic drought 7]
Flash drought
10 20 30 40 0 10 20 30 40
Time (day) Time (day)
c’' D
72 -
-2
,3 -
~ =34 o
£ £ 4
g g
A —4 4 a
[ S 54
= B
=51 S. passerina 6 S. passerina
—6 4 -74
10 20 30 40 0 10 20 30 40

Time (day) Time (day)

Figure 1. Variations in leaf water potential of Reaumuria soongorica (Pall.) Maxim. (A,B) and Salsola
passerina Bunge (C,D) during water treatments. Data are mean & SE. Abbreviations: Ypp, predawn
leaf water potential; ¥)ip, midday leaf water potential.

2.3.2. Hydraulic Conductivity

The measurement of hydraulic conductivity requires that the stem length exceeds
the maximum length of xylem conduits. To determine the maximum conduit length of
R. soongorica and S. passerina branches, we employed the nitrogen gas injection method [33].
A total of 7-8 branches were selected for each species, and the average value was calculated.
The maximum conduit length was found to be 23.5 cm for R. soongorica and 7.8 cm for
S. passerina branches, respectively. Accordingly, we approximately harvested 30 cm sections
of R. soongorica stems and 25 cm sections of S. passerina stems after leaf water potential was
measured. These segments were wrapped in moist towels, sealed in a cooler, and promptly
transported to the laboratory, where the temperature was maintained at 20-25 °C. Upon
arrival, the ends of the stems were recut in distilled water, removing approximately 2-3 cm.
Subsequently, the stem xylem hydraulic conductivity was measured using the low-pressure
liquid flow method [34]. We selected a branch exhibiting evident xylem development
from each seedling, yielding a sample size of three per species per treatment (n = 3). The
branches were connected to the hydraulic conduction unit, ensuring that the direction of
the injected flow consistently traveled from the base to the apex of the stem. A net water
pressure of 5 kPa was applied to induce water flow through the branches, and the mass of
water passing through the branches was measured over a period of 20 min. The natural
hydraulic conductivity was calculated using the following equation:

Kh=(m x L)/(P x t) 1)
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where Ky, is the natural hydraulic conductivity, m is the mass of water flowing through the
branch, t is the duration of the measurement (1200 s), P is the applied pressure (0.005 MPa),
and L is the length of the measurement sample.

2.3.3. Vulnerability Curves and Hydraulic Safety Margin

After the aforementioned measurements, the branches were further subjected to a
rinsing process using a pressure of 200 kPa, allowing water to flow through the xylem for
20 min. The maximum hydraulic conductivity (Kmax, 1<g-m-s’1 ~MPa’1) was determined
using the same methodology as described earlier. Subsequently, the branches were placed
in a pressure chamber (PMS, Corvallis, OR, USA), with both ends protruding, and the
hydraulic conductivity (K;, kg-m-s~!-MPa~!) was measured at various pressure levels. The
measurements were conducted by gradually increasing the pressure (we set the following
pressure gradients: —0.1, —0.3, —0.5, -1, —1.5, -2, —2.5, -3, —3.5, —4, -5, —6, and
—7 MPa) and calculating the percentage loss of hydraulic conductivity (PLC, %) for each
pressure level over 20 min [35].

PLC = 100(Kmax — K;)/Kmax 2)

Based on the percentage loss of hydraulic conductivity at different pressures and at
different pressures, the vulnerability curve was fitted using Equation (3) [36]. Each water
treatment had three branches with one curve per branch (n = 3).

PLC;=100/(1+exp(a(¥Y — b))) (3)

where PLG; is the percentage loss of hydraulic conductivity under each pressurization, ¥ is
the xylem water potential (i.e., different pressures), and a and b are the maximum slope of
the curve and xylem water potential at 50% loss of stem hydraulic conductivity (P59, MPa),
respectively. Ps5 is calculated according to Equation (4).

100
To assess the hydraulic safety of the shrubs, the hydraulic safety margin (HSMs(, MPa)
was calculated as follows: HSM5g = ¥Yyp — Psg [37].

2.3.4. Sapwood Specific Conductivity, Leaf Specific Conductivity, and Huber Value

After the embolic vulnerability curve measurement, the sapwood of the stems was
rinsed with a methyl blue solution, allowing the sapwood area (As, m?) to be determined.
The sapwood specific conductivity (Ks, kg:m~!-s~1-MPa~!) was calculated as follows:
Ks = K},/Ag [38]. Furthermore, the leaves from each branch were collected and scanned
using WinRHIZO (Regent Instruments Inc., Quebec City, QC, Canada) to obtain the leaf
area (A, m?). The leaf specific conductivity (K, kg~m’1-s’1~MPa’1) was calculated
as follows: K, = K, /Ay [38]. To assess the cross-sectional area of sapwood available
for water transport per unit stem end, we measured the sapwood area to leaf area ratio
(Hv, mm?-cm~2) [1].

2.3.5. Leaf and Stem Water Content

We conducted measurements of leaf water content (LWC, %) and stem water content
(SWC, %) for each seedling individually, with one measurement per seedling (n = 3). This
allowed us to gain additional insights into the extent of water stress experienced by the
shrubs. We measured leaf and stem water content at 37 days. Initially, the fresh weight of
both leaves and stems was determined by weighing them (Mfresh-lear aNd Meresh-stem 8)-
Subsequently, the leaves and stems were placed in envelope bags and oven-dried at
75 °C. The dry weight of the leaves (mgry-leat and Myyy.stem, &) Was measured. We cal-
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culate LWC and SWC: (1) LWC = (mfresh-leaf — mdry—leaf)/ Miresh-leafs (2) SWC = (Mfresh-stem
- mdry-stem)/ Mfresh-stem -

2.4. Photosynthesis and Gas Exchange Measurement

On the 37th day (a sunny day) and before the branches were intercepted, we as-
sessed the leaf net photosynthetic rate (Pn, pmol'm~2-s7!) and stomatal conductance
(gs, mmol-m~2:s~1) of the shrubs employing a plant photosynthesis meter (3051D, Zhe-
jlang Top Instrument Co., Ltd., Hangzhou, China). Each seedling underwent a single
measurement, resulting in a sample size of three per treatment (n = 3).

2.5. Non-Structural Carbohydrate Assay

When subjecting the seedlings to drought stress for 37 days, leaves and stems were
harvested, and each seedling was divided into leaves and stems, and the non-structural
carbohydrates (n = 3) were subsequently quantified in both organs. Freshly harvested
organs were promptly placed in an oven set at 105 °C for 30 min to eliminate any biological
activity, and then dried at 75 °C until constant weight. The resulting dried plant organ
samples were finely ground. The soluble sugar (SSC, mg-g~!) and starch (SC, mg-g~!)
concentrations were determined colorimetrically via the anthron method [39]. The non-
structural carbon concentration (NSC, mg-g~!) was calculated as the sum of the soluble
sugar and starch concentrations.

2.6. Statistics

We used two-way ANOVA to analyze the effects of species and water treatments
on functional traits, and used one-way ANOVA to investigate the effects of different
water treatments on the functional traits of the shrubs, and the dynamics of leaf water
potential under the same treatment in SPSS 26.0. Meanwhile, independent t-tests were
used to compare differences between the traits of R. soongorica and S. passerina. Principal
components analysis was used to evaluate the drought response strategies of shrubs under
different water treatments in Origin 2022.

To explore the relationships between traits, we performed piecewise structural equa-
tion modeling using the piecewiseSEM package [40] in R 4.2.1. The model’s global goodness-
of-fit was assessed using Fischer’s C statistic. The model selection process involved eval-
uating the AIC and p-values. Additionally, standardized path coefficients and R2 were
obtained for each path, and each path was considered independent.

3. Results
3.1. Plant Water Relation

Species had highly significant effects on Ky, Hv, P5y, Ypp, ¥Ymp, HSMsp, LWC, SWC,
and significant effects on Kg. Water treatment had a highly significant effect on Ky, Ps,
Yrp, ¥YMmp, HSM5p, LWC, and SWC, and a significant effect on Kg. The interaction between
the two had a highly significant effect on Ky, Ypp, and SWC, and a significant effect on
LWC (Table 1).

For R. soongorica, the values of Kg and Ky, did not exhibit significant changes under
the chronic drought treatment compared to the control. However, both Kg and K;, showed
a significant decrease under the flash drought treatment (Figure 2A,B). The Hv did not
show a significant difference among the different water treatments (Figure 2C). On the
other hand, Psy exhibited a significantly higher value under both the chronic and flash
drought treatments compared to the control, but there was no significant difference between
the chronic and flash drought treatments (Figures 2D and 3A). The difference in ¥Ypp
was significantly lower only under the flash drought treatment compared to the control
(Figure 2E). Additionally, significant differences were observed in ¥yp and HSMs5; among
the various water treatments, with the largest values observed under the control and the
smallest values under the flash drought treatment (Figure 2F,G). The LWC and SWC were
significantly reduced under both the chronic and flash drought treatments compared to the
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control, but no significant difference was found between LWC or SWC under the chronic
and flash drought treatments (Figure 2H,I).

Table 1. Results of two-way ANOVA for plant water relations traits. The values are F-values.

*” indicates a significant effect (p < 0.05), and “** indicates a highly significant effect (p < 0.01).

Abbreviations: Kg, sapwood specific conductivity; Ky, leaf specific conductivity; Hv, Huber value;

Psp, pressure value in xylem at 50% loss of hydraulic conductivity; ¥pp, predawn leaf water potential;

Yvmp, midday leaf water potential; HSMsg, hydraulic safety margin; LWC, leaf water content; SWC,

steam water content.

Traits

Species

Water Treatment

Species x Water

Treatment
Kg 8.50 * 5.48* 0.87
Kp 68.92 ** 20.15 ** 14.13 **
Hv 14.39 ** 3.30 3.57
Pso 27.98 ** 45.18 ** 1.37
Yrp 69.80 ** 164.43 ** 14.44 **
YMD 57.03 ** 358.24 ** 2.04
HSM5, 107.14 ** 431.23 ** 0.33
LWC 146.64 ** 33.92 ** 5.40*
SWC 122.15 ** 47.95 ** 10.42 **
R. soongorica S. passerina
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Figure 2. Variation in water use efficiency (A-C), embolism resistance (D), leaf water potential

(E,F), hydraulic safety margin (G), and leaf and stem water content (H,I) between different species or



Forests 2024, 15, 287

8 of 18

>

Percentage loss of hydraulic

conductivity (%)

treatment. Lowercase letters indicate the variation between treatments for Reaumuria soongorica
(Pall.) Maxim. traits (p < 0.05), and capital letters indicate the variation between treatments for
Salsola passerina Bunge traits (p < 0.05). ' indicates significant differences between R. soongorica and
S. passerina (p < 0.05), and ns indicates no difference (p > 0.05). Abbreviations: Kg, sapwood specific
conductivity; Ky, leaf specific conductivity; Hv, Huber value; P5), pressure value in xylem at 50%
loss of hydraulic conductivity; ¥pp, predawn leaf water potential; ¥yp, midday leaf water potential;
HSMs5, hydraulic safety margin; LWC, leaf water content; SWC, steam water content.
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Figure 3. Vulnerability curves of Reaumuria soongorica (Pall.) Maxim. (A) and Salsola passerina Bunge
(B) under different drought treatments. Abbreviations: Ps(, pressure value in xylem at 50% loss of
hydraulic conductivity.

For S. passerina, the Kg did not show any significant differences between the water
treatments (Figure 2A). However, the variations in Ky, Hv, and P55y were consistent with
the trends observed in R. soongorica (Figure 2B-D and Figure 3B). Notably, significant
differences were found in ¥pp under all water treatments (Figure 2E), while the variation
in Yyp followed a similar pattern to that of R. soongorica (Figure 2F). The variations in
the HSMs5, were also consistent with R. soongorica (Figure 2G). When examining LWC and
SWC in S. passerina, LWC showed a significant reduction only under the flash drought
treatment compared to the control (Figure 2H). In contrast, SWC exhibited significant
differences across all water treatments, with the lowest value observed under the flash
drought treatment (Figure 2I).

A comparison of the hydraulic traits between R. soongorica and S. passerina under the
chronic and flash drought treatment indicated no significant difference in Kg between the
two species under chronic drought treatments (Figure 2A), but Ky, Hv, ¥Ypp, ¥Ymp, HSMs,
LWC, and SWC were significantly higher for S. passerina than R. soongorica (Figure 2B,C,E-I),
while P5y was significantly lower than R. soongorica (Figure 2D). Under flash drought
treatment, there were no significant differences between the two species for Kg, K, Hv,
Ypp, YMmp, and SWC (Figure 2A-C,E,EI), but R. soongorica exhibited a significantly higher
value for P5y compared to S. passerina (Figure 2D). Furthermore, the HSM5y and LWC were
significantly lower in R. soongorica than in S. passerina (Figure 2G,H). These findings suggest
that S. passerina may possess a higher resistance to embolism compared to R. soongorica.

3.2. Non-Structural Carbohydrate

Species had highly significant effects on L-SSC and L-SC, and significant effects on
S-NSC. Water treatments had highly significant effects on all non-structural carbohydrate
traits of leaf and stem. The interaction between the two had a highly significant effect on
5-SSC and S-NSC, and a significant effect on S-SC (Table 2).
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Table 2. Results of two-way ANOVA for non-structural carbohydrates. The values are F-values.
* indicates a significant effect (p < 0.05), and “**" indicates a highly significant effect (p < 0.01).
Abbreviations: L-SSC, leaf soluble sugar concentration; L-SC, leaf starch concentration; L-NSC, leaf
non-structural carbon concentration; S-SSC, stem soluble sugar concentration; S-SC, stem starch
concentration; S-NSC, stem non-structural carbon concentration.

Species x Water

Traits Species Water Treatment Treatment
L-SSC 48.34 ** 61.34 ** 0.32
L-SC 21.60 ** 59.72 ** 1.69
L-NSC 0.17 9.03 ** 2.10
S-S5C 413 1060.56 ** 125.35 **
S-SC 2.55 12.48 ** 536 *
S-NSC 5.66 * 128.18 ** 26.12 **

For R. soongorica, we observed significant differences in L-SSC, L-SC, and L-S5C/L-SC
under different water treatments. Specifically, L-SSC and L-SSC/L-SC exhibited the smallest
values under the control, while the flash drought treatment resulted in the largest values.
Conversely, L-SC showed opposite changes, with the largest values under the control
and the smallest values under the flash drought treatment (Figure 4A—C). Regarding L-
NSC, there were no significant changes under the chronic drought treatment compared
to the control, but a significant decrease was observed under the flash drought treatment.
However, no significant differences were found between L-NSC under the chronic and flash
drought treatments (Figure 4D). Similarly, significant differences were observed in S-SSC,
S-SSC/S-SC, and S-NSC under each water treatment, with the smallest values observed
under the control and the largest values under the flash drought treatment (Figure 4E,G,H).
S-5C was significantly lower under both the chronic and flash drought treatments compared
to the control, but no significant difference was found between the two drought treatments
(Figure 4F).

For S. passerina, the changes in L-SSC were consistent with those observed in
R. soongorica (Figure 4A). Specifically, compared to the control, L-SC showed a signifi-
cant decrease only under the flash drought treatment, while it did not change significantly
under the chronic drought treatment (Figure 4B). Similarly, L-SSC/L-SC exhibited a signifi-
cant increase only under the flash drought treatment, with no significant change observed
under the chronic drought treatment (Figure 4C). The changes in L-NSC were similar
to those observed in R. soongorica, but there were significant differences between L-NSC
under the two drought treatments (Figure 4D). Furthermore, the changes in S-SSC were
consistent with those observed in R. soongorica (Figure 4E). S-SC, on the other hand, showed
a significant reduction only under the flash drought treatment compared to the control
(Figure 4F). The changes in S-SSC/S-SC were also consistent with those observed in R.
soongorica (Figure 4G). Finally, S-NSC exhibited a significant increase only under the flash
drought treatment compared to the control (Figure 4H).

A comparison of non-structural carbohydrates between R. soongorica and S. passerina
under chronic and flash drought treatment revealed L-SSC of R. soongorica was signifi-
cantly lower than S. passerina under the chronic drought treatment (Figure 4A), but S-SSC
and S-SSC/S-5C were significantly higher than S. passerina (Figure 4E,G). However, there
were no significant differences in L-SC, L-SSC/L-SC, L-NSC, S-SC, and S-NSC between
the two species (Figure 4B-D,EH). Under flash drought treatment, there were no signifi-
cant differences in L-NSC and S-SC between R. soongorica and S. passerina (Figure 4D,F),
indicating similar levels of these carbohydrates. However, significant differences were
observed in L-SSC, L-SSC/L-SC, S-SSC, S-SSC/S-SC, and S-NSC, with R. soongorica ex-
hibiting significantly lower values than S. passerina (Figure 4A,C,E,G,H). Conversely, L-SC
was significantly higher in R. soongorica compared to S. passerina (Figure 4B). These results
suggest that S. passerina possesses a higher osmoregulatory capacity than R. soongorica,
indicating its potential for higher drought tolerance.
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Figure 4. Variation in soluble sugar concentration (A,E), starch concentration (B,F), ratio of soluble
sugar to starch concentration (C,G), and non-structural carbon concentration (D,H) between different
species or treatments. Lowercase letters indicate the variation between treatments for Reaumuria
soongorica (Pall.) Maxim. traits (p < 0.05), and capital letters indicate the variation between treatments
for Salsola passerina Bunge traits (p < 0.05). **” indicates significant differences between R. soongorica
and S. passerina (p < 0.05), and ns indicates no difference (p > 0.05). Abbreviations: L-SSC, leaf
soluble sugar concentration; L-SC, leaf starch concentration; L-SSC/L-SC, ratio of leaf soluble sugar
to starch concentration; L-NSC, leaf non-structural carbon concentration; S-SSC, stem soluble sugar
concentration; S-SC, stem starch concentration; S-SSC/S-SC, ratio of stem soluble sugar to starch
concentration; S-NSC, stem non-structural carbon concentration.

3.3. Leaf Gas Exchange and Photosynthesis

Species and water treatments had highly significant effects on both g5 and Pn (Table 3).
Significant variations were observed in both gs or Pn for both R. soongorica and S. passerina
across the different water treatments. The highest values were recorded under the control,
followed by intermediate values under the chronic drought treatment, and the lowest
values under the flash drought treatment (Figure 5A,B). When comparing the two species,
significant differences were identified in both g5 and Pn, specifically under the flash drought
treatment (Figure 5A,B). Under the chronic drought treatment, Pn was significantly higher
for S. passerina than R. soongorica, but gs was not significantly different between the two
species (Figure 5A,B).
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Table 3. Results of two-way ANOVA for stomatal conductance and net photosynthetic rate. The
values are F-values. **" indicates a highly significant effect (p < 0.01). Abbreviations: gs, stomatal
conductance; Pn, net photosynthetic rate.

Species x Water

Traits Species Water Treatment Treatment
gs 28.10 ** 93.38 ** 0.26
Pn 63.74 ** 1280.85 ** 2.779
A 020 = B 20
A ns * R. soongorica
e ’—\ A S. passerina
B a
—,’q 0.15 1 b T T’\ 15 4
N‘.” T % . *
I
I'E 0.10 : g g 10 ]?
£ | e 15 .
£ ¢ =
= : & :
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Control Chronic drought  Flash drought Control Chronic drought  Flash drought
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Figure 5. Variation in stomatal conductance (A) and net photosynthetic rate (B) between species
or treatments. Lowercase letters indicate the variation between treatments for Reaumuria soongorica
(Pall.) Maxim.traits (p < 0.05), and capital letters indicate the variation between treatments for Sal-
sola passerina Bunge traits (p < 0.05). **’ indicates significant differences between R. soongorica and
S. passerina (p < 0.05), and ns indicates no difference (p > 0.05). Abbreviations: gs, stomatal conduc-
tance; Pn, net photosynthetic rate.

3.4. Drought Response Strategies

A principal component analysis (PCA) was conducted to analyze the variation in traits
and understand the response of shrubs to different water conditions. For R. soongorica,
the PCA revealed that two principal components accounted for 86.4% of the total trait
variation (Figure 6A). PC1 explained 75.2% of the total variation and showed positive
correlations with Kg, Y\vp, HSMsg, L-SC, g5, and Pn, while exhibiting negative correlations
with Psg, L-SSC, S-SSC, and S-NSC. PC2 explained 11.2% of the total variation and was
primarily associated with Ky, SWC, and S-SC. Under the control, individuals exhibited
elevated levels of Ks, Ymp, gs, and Pn. Conversely, those subjected to flash drought
demonstrated increased values for Psp, L-SSC, and S-SSC. Individuals undergoing chronic
drought displayed intermediate values between the two extremes.

For S. passerina, the PCA revealed that two principal components accounted for 87.8%
of the total trait variation (Figure 6B). PC1 explained 79.1% of the total variation and
showed positive correlations with Ypp, Yyp, HSMs5p, LWC, SWC, L-SC, and g, while
displaying negative correlations with L-SSC, S-55C, and S-NSC. PC2 explained 8.7% of the
total variation and was primarily associated with Ky, Hv, P59, HSM5(, and Pn. Notably, the
distribution of shrubs across all three water treatments on the PC1 axis demonstrated a
correlation with drought tolerance traits (Yyp, L-SSC, S-SSC).
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Figure 6. Principal component analysis of Reaumuria soongorica (Pall.) Maxim. (A) and Salsola passerina
Bunge (B) traits. Abbreviations: Kg, sapwood specific conductivity; K, leaf specific conductivity;
Hv, Huber value; Ps5, pressure value in xylem at 50% loss of hydraulic conductivity; ¥pp, predawn
leaf water potential ¥yip, midday leaf water potential, HSM5j, hydraulic safety margin; LWC,
leaf water content; SWC, steam water content; L-SSC, leaf soluble sugar concentration; L-SC, leaf
starch concentration; L-NSC, leaf non-structural carbon concentration; S-SSC, stem soluble sugar
concentration; S-5C, stem starch concentration; S-NSC, stem non-structural carbon concentration; gs,

stomatal conductance; Pn, net photosynthetic rate.

3.5. Links among Hydraulic Traits, Gas Exchange, and Non-Structural Carbohydrate

According to the relationship predicted by our assumptions, L-SC was negatively cor-
related with L-SSC; L-S5C was positively correlated with S-55C; and S-S5C was negatively
correlated with Yyp and Kg of R. soongorica (Figure 7A). L-SC was negatively correlated
with L-SSC; L-SSC was negatively correlated with ¥yp; and ¥yip was positively correlated
with g of S. passerina (Figure 7B). However, it is important to note that the model did not
support the existence of significant relationships between other traits of R. soongorica or
S. passerina.
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Figure 7. Results of pathways from piecewise structural equation models (pSEM) demonstrating the
relationship between the Reaumuria soongorica (Pall.) Maxim. (A) or Salsola passerina Bunge (B) traits,
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respectively. The weights of the solid arrows correspond to p-values, where the thickest is <0.001,
intermediate is <0.01, and thinnest is <0.05. The dotted arrows correspond to p > 0.05. Values on each
arrow indicate the standardized parameter coefficient estimates for each pathway. The final model
shows Fischer’s C and p-values as well as R? for each pathway. Abbreviations: Kg, sapwood specific
conductivity; ¥yp, midday leaf water potential; L-SSC, leaf soluble sugar concentration; L-SC, leaf
starch concentration; S-SSC, stem soluble sugar concentration; S-SC, stem starch concentration; gg,
stomatal conductance.

4. Discussion
4.1. Response of Plant Traits to Drought

We observed that R. soongorica and S. passerina were able to maintain photosynthetic
activity and gas exchange even under both chronic and flash drought stress conditions
(Figure 5A,B), indicating that these shrubs were still capable of carbon assimilation. Fur-
thermore, S. passerina exhibited a significant decrease in L-NSC and a significant increase
in 5-NSC only under the flash drought treatment compared to the control (Figure 4D,H).
Similarly, R. soongorica demonstrated a consistent pattern of change in L-NSC, but ex-
hibited a significant increase in S-NSC under both chronic and flash drought treatments
(Figure 4D,H). These findings suggest that both species allocated non-structural carbohy-
drates to their stems, which is consistent with our hypothesis for L-NSC, but contrary to
our hypothesis for S-NSC. Many studies have reported that drought stress increases soluble
sugar concentration [19,41,42], consistent with our results. Sugar concentration increase
can reduce the water potential of woody plants, maintain cell swelling [42,43], and improve
xylem water transport capacity. Meanwhile, under drought stress, starch synthesis was
inhibited, and the activity of hydrolases was accelerated, leading to an increase in the ratio
of soluble sugars to starch (Figure 4C,G) [19]. These results suggest that R. soongorica and
S. passerina seedlings increase sugar concentration in response to increasing drought stress
under both chronic and flash drought stress. However, a sustained increase in drought
stress will accelerate NSC allocating to the stem, and woody plants can reduce the prob-
ability of carbon starvation through this compensation action, but sustained high water
consumption increases burden on stems, and hydraulic failure may occur [44].

Our findings revealed no significant changes in the Kg and Ky, of R. soongorica and
S. passerina under the chronic drought treatment compared to the control. However, under
the flash drought treatment, both R. soongorica and S. passerina exhibited a significant
reduction in Kg, and R. soongorica also showed a significant decrease in K}, indicating a
reduced water use efficiency under flash drought stress (Figure 2A,B). This is consistent with
our hypothesis on water use efficiency, and also consistent with previous studies [6,20,45].
For instance, Duan et al. conducted a study on dominant plant species in subtropical China,
such as Syzygium rehderianum, Castanopsis chinensis, and Schima superba, and observed
that plants respond more swiftly to high-intensity drought (i.e., flash drought) with less
efficient water transport compared to low-intensity drought (i.e., chronic drought). This
discrepancy can be attributed to the accelerated xylem conduit cavitation under flash
drought, which significantly impairs water transport in woody plants [46]. To prevent
excessive transpiration water loss and xylem embolism, woody plants adopt a two-fold
strategy. Firstly, they reduce stomatal conductance, as evident in this study (Figure 5A).
Secondly, they enhance water use efficiency by increasing starch hydrolysis rate in leaves
and stems (Figure 4C,G) and augmenting soluble sugar concentration to improve cellular
osmoregulation (Figure 4A,E) [47]. Additionally, the increase in soluble sugars in leaves
leads to a smaller Ypp and Yyp (Figure 2E,F), enabling woody plants to extract more water
from the environment with declining soil water content [48].

The magnitude of Psp, which represents the embolism resistance of plants [1,49], and
HSM, which can predict species mortality [1,7,50], are important parameters in assessing
plant responses to drought. It has been established in previous studies that species with
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lower Psq values and higher HSMj5 values exhibit higher resistance to exogenous stresses
and have longer survival rates [51,52]. Here, P5( values for both R. soongorica and S. passerina
were significantly higher under the chronic and flash drought treatments compared to the
control (Figure 2D), indicating that drought reduces the plants’ ability to resist embolization.
Although there was no significant difference in P5y between R. soongorica and S. passerina
under the chronic and flash drought treatments, HSM5y was significantly higher under the
chronic drought treatment than the flash drought treatment (Figure 2D,G), suggesting that
woody plants under chronic drought stress exhibit a higher hydraulic safety margin. This
is consistent with our hypothesis of embolism resistance. Variations in Psy are related to
xylem anatomical characteristics and striatal structure [53]. These characteristics determine
the critical water potential for gases to pass through the striatal membrane, leading to the
cavitation of adjacent conduits and diffuse embolism in the xylem. The increase in drought
stress resulted in increased conduit cavitation and decreased stomatal conductance [47],
which may be responsible for the reduced embolism resistance (i.e., increased Psy values)
in the xylem and is more pronounced in flash droughts. Drought stress led to a decrease in
stomatal conductance and a subsequent decrease in water potential in both species, and a
subsequent increase in Ps( values, resulting in a decrease in HSM. However, a comparative
study by Li et al. [54] on Banksia serrata under different climatic conditions (warm-wet,
warm-dry, and cold-wet) did not observe any differences in P5y among the woody plants.
This lack of variation can be attributed to the fact that in some species, adjustments in
embolism vulnerability occur only under extremely dry conditions at the edge of their
range [55,56]. The significant differences in soil moisture among our plants under the
three treatments also may explain the intraspecific variation in P5j observed in this study.
Additionally, we observed that under the flash drought treatment, the Ps of R. soongorica
was significantly higher compared to S. passerina (Figure 2D), while the opposite trend was
observed for HSMs (Figure 2G). These findings indicate that S. passerina demonstrates a
higher level of drought tolerance compared to R. soongorica.

4.2. Drought Response Strategies

Our findings revealed that resource acquisition (Pn), water use efficiency (Kg), and
drought tolerance (P59, Ynmp, L-SSC, S-SSC), were the primary axes of variation in R. soon-
gorica traits. Plants subjected to the control treatment exhibited higher net photosynthetic
rate and water use efficiency, while those under the flash drought treatment displayed
higher osmoregulation and less resistance to embolism. Plants under the chronic drought
treatment fell in between these two extremes (Figure 6A), suggesting that R. soongorica
may employ drought avoidance strategies in response to both chronic and flash drought
conditions. This is consistent with our hypothesis of a drought response strategy in
R. soongorica, and our findings are also consistent with previous studies [57-59]. For in-
stance, Mota-Gutiérrez et al. conducted a study on deciduous plant species in central
Mexico and observed that plants can reduce their water demand by defoliating during
the dry season. Under conditions of drought stress, plants employ adaptive strategies to
minimize transpiration and metabolic consumption. One such strategy involves a reduc-
tion in stomatal conductance, effectively limiting water loss. Additionally, plants exhibit
a defoliation response to reduce the overall transpiration area and maximize their abil-
ity to prevent dehydration [60,61]. Notably, R. soongorica exhibits a consistent leaf habit.
This characteristic in deciduous plants not only indicates their high capacity for drought
avoidance but also contributes to their ability to maintain robust hydraulic conductivity.
The defoliation habit serves as a protective measure, preventing the occurrence of high
pressures within the ducts and subsequent embolism [58].

Drought tolerance, as indicated by ¥yp, L-SSC, and S-SSC, emerged as the primary
factor driving the variation in S. passerina traits. The distribution of individuals across
all three water treatments exhibited a strong correlation with these drought tolerance
traits (Figure 6B), implying that S. passerina employs drought tolerance strategies under
both chronic and flash drought conditions. This is consistent with our hypothesis of a
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drought response strategy in S. passerina, and our findings are also consistent with previous
investigations on evergreen species [1,21]. For instance, Chen et al. conducted a study
on evergreen species at the Xishuangbanna Tropical Botanical Garden, highlighting that
the leaf habit of plants determines their strategy for tolerating drought, with evergreen
species displaying a drought tolerance strategy. S. passerina, as highly succulent and non-
deciduous desert shrubs, share similarities with non-deciduous gymnosperms studied by
Dai et al. [62]. The research highlighted that plants responded in a relatively conservative
manner to various drought intensities, characterized by gradual decreases in water potential
and hydraulic conductivity, and a rapid increase in embolism. Hence, the dominant trait
enabling S. passerina to resist drought stress is likely their drought tolerance.

However, assessing the drought response strategies of woody plants solely based
on stem hydraulic traits has its limitations. Particularly, under flash drought conditions,
woody plants might prioritize the survival of their stems by allocating resources away
from more vulnerable and consumptive organs, such as leaves and roots, through a pro-
cess known as hydraulic vulnerability segmentation [63]. To reveal this limitation, it is
necessary to consider the hydraulic traits of leaves, stems, and roots collectively when
investigating the drought response strategies of woody plants. Such an integrated approach
would offer a more comprehensive understanding of woody plant response to different
drought intensities.

5. Conclusions

This study demonstrated that two drought stresses decreased embolism resistance in
R. soongorica and S. passerina, but only flash drought stress decreased water use efficiency.
Drought stress improved leaf and stem soluble sugar concentrations, and accelerated the
hydrolysis of starch to soluble sugars. However, the decrease in leaf non-structural carbon
concentration and the increase in stem non-structural carbon concentration indicated that
they favored the allocation of non-structural carbon to stems to maintain or improve xylem
water use capacity. In response to drought stress, R. soongorica possibly adopted a drought
avoidance strategy, while S. passerina possibly adopted a drought tolerance strategy. It is
essential to acknowledge that the present study was conducted using potted seedlings,
which warrants caution when extrapolating the findings to mature plants. Seedlings often
exhibit higher susceptibility to drought stress compared to their mature counterparts [49].
Nevertheless, even considering this limitation, our study offers valuable insights into
the potential drought resistance of R. soongorica and S. passerina in the face of a future
climate characterized by more frequent drought events. Furthermore, our findings shed
light on the risks of hydraulic failure and carbon starvation in desert shrubs, presenting
a comprehensive understanding of their responses to various drought intensities and
adaptive strategies.
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