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Abstract

Using seedlings of the rare and endangered species Populus pruinosa Schrenk
(grey poplar) from the Tarim Basin as experimental material, a pot experiment
was conducted to investigate the effects of soil water gradients on the photosyn-
thetic characteristics and stress resistance of P. pruinosa. The results showed
that: (1) The net photosynthetic rate (Pn), transpiration rate, stomatal conduc-
tance, intercellular CO2 concentration, and light use efficiency of P. pruinosa
all decreased with declining soil water content, with severe drought reducing
these parameters by 35.53%, 25.32%, 48.18%, 15.62%, and 40.92%, respectively,
compared to suitable water conditions; meanwhile, the degree of photosynthetic
midday depression was significantly enhanced, and the decline in Pn was primar-
ily caused by non-stomatal limitations. Mild drought increased the water use
efficiency (WUE) of P. pruinosa by 3.05%, maintaining relatively high Pn and
WUE. (2) With decreasing soil water content, the light ecological amplitude of P.
pruinosa narrowed, the CO2 compensation point increased, RuBP regeneration
was limited, and the efficiencies of light and CO2 utilization, Rubisco activity,
and photosynthetic efficiency decreased. Compared to suitable water condi-
tions, the maximum net photosynthetic rate (Pnmax), apparent quantum effi-
ciency, light saturation point, carboxylation efficiency, photosynthetic capacity
(Amax), photorespiration rate, maximum carboxylation efficiency, maximum
electron transport rate, and triose phosphate utilization rate were all signifi-
cantly reduced under moderate and severe drought (P < 0.05), with Pnmax,
Amax, and biochemical parameters decreasing by 42.65%, 38.26%, and 57.10%;
and by 63.01%, 65.88%, and 73.43%, respectively. (3) Soil drought significantly
reduced the branch water potential and photosynthetic pigment content of P.
pruinosa (P < 0.01), and altered the composition ratio of pigments in the photo-
system reaction centers, with the degree of membrane lipid peroxidation being
significantly enhanced (P < 0.01). P. pruinosa primarily alleviated damage
to the photosynthetic apparatus caused by soil drought by accumulating large
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amounts of proline and soluble proteins to participate in osmotic adjustment.
Severe drought caused irreversible damage to the photosynthetic system of P.
pruinosa leaves, severely inhibiting its normal growth and photosynthesis. In
summary, the suitable relative soil water content for the growth of P. pruinosa
in the arid desert region of the Tarim Basin is 60%-65%, which conforms to the
management principles of vegetation restoration and efficient water conservation
in extremely arid regions.
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Abstract

Water deficit is a major limiting factor for vegetation recovery and reconstruc-
tion in the extremely arid desert region of the Tarim Basin in northwestern
China. Populus pruinosa Schrenk is an ecologically important species growing
in this region; however, its population has been declining in recent years due to
low groundwater tables caused primarily by increased human water consump-
tion. Currently, the mechanisms underlying the decline in P. pruinosa photosyn-
thesis under soil water deficits remain unclear. The objective of our study was
to investigate the effects of soil water gradients on photosynthesis and the rela-
tionship between photosynthesis and soil water content, thereby enhancing our
understanding of the photophysiological characteristics of P. pruinosa exposed
to declining soil water and providing valuable information for the protection of
this vulnerable species.

Saplings of P. pruinosa were planted in pots under four different soil water gra-
dients. The effects of soil water decline on photosynthetic characteristics and
stress resistance were evaluated by analyzing gas exchange, photosynthetic light
and CO response curves, pigments, stem water potential, and osmotic adjust-
ment substances. The results showed that: (1) The net photosynthetic rate
(Pn), transpiration rate, stomatal conductance, intercellular CO concentration,
and light use efficiency of P. pruinosa decreased gradually with declining soil wa-
ter content, with severe drought reducing these parameters by 35.53%, 25.32%,
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48.18%, 15.62%, and 40.92%, respectively, compared to normal soil water con-
tent (CK). However, the “noon break” phenomenon became more apparent,
and non-stomatal limitation was responsible for the reduction in Pn. Water use
efficiency (WUE) could be improved by 3.05% under mild drought conditions
relative to CK, while maintaining Pn at a relatively high level. (2) The light
ecological amplitude decreased, the CO compensation point increased, ribulose-
1,5-diphosphate (RuBP) regeneration was limited, and light/CO utilization effi-
ciency, Rubisco activity, and photosynthetic efficiency decreased with declining
soil water content. Compared to CK, light response parameters (maximum
net photosynthetic rate [Pnmax], apparent quantum efficiency [AQY], light sat-
uration point [LSP], carboxylation efficiency, photosynthetic capacity [Pmax],
photorespiratory rate [Rp], maximum carboxylation rate [Vemax], maximum
electron transport rate [Jmax], and triose-phosphate utilization rate [TPU]) de-
creased significantly (P < 0.05). Notably, Pnmax, Vemax, and biochemical
parameters of photosynthesis decreased by 42.65%, 38.26%, and 57.10% under
moderate drought, and by 63.01%, 65.88%, and 73.43% under severe drought,
respectively. (3) Stem water potential and pigment content were significantly
reduced (P < 0.01), the pigment composition proportion of the light reaction
center was altered, and membrane lipid peroxidation (MDA) was significantly
enhanced (P < 0.01) with decreasing soil water content. P. pruinosa mainly
accumulated large amounts of proline and soluble protein to eliminate reactive
oxygen and alleviate impairment of photosynthetic apparatus under soil drought.
Irreversible damage was caused to the photosynthetic system of P. pruinosa un-
der severe drought, seriously inhibiting normal growth and photosynthesis.

In conclusion, declines in soil water content resulted in drought stress and re-
duced photosynthetic ability, indicating that the decline in the P. pruinosa
population might be caused by lower soil moisture. The optimal soil water
content for maintaining higher Pn and WUE in P. pruinosa forestlands should
be approximately 60%-65% of field capacity in the Tarim arid-desert region,
which adheres to the management principles of efficient water conservation and
vegetation restoration in extremely arid areas.

Keywords: Populus pruinosa; soil water gradient; photosynthetic response
parameters; osmotic adjustment substance

1. Study Area Overview

The experiment was conducted at the Agricultural Experiment Station of Tarim
University, located in the Alar reclamation area on the northern edge of the Tak-
lamakan Desert along the upper reaches of the Tarim River. The region has a
typical warm temperate continental arid climate with abundant light and heat
resources (40°35 N, 80°50 E; elevation 1,006 m). Annual total solar radiation
reaches 5.89 x 10 J/cm?, with annual sunshine duration of 2,750-3,029 hours
and a frost-free period of 201 days. The effective accumulated temperature
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0°C is 4,132.7°C, and 10°C is 3,800°C. The area experiences large diurnal tem-
perature variations, with average annual rainfall <50 mm and average annual
evaporation >2,500 mm. Wind-sand disasters are frequent, particularly in sum-
mer. P. pruinosa is mainly distributed along both banks of the upper Tarim
River, forming corridor-shaped natural forests that represent near-climax nat-
ural tree communities in the watershed’ s vegetation succession. The species
serves as an important barrier against wind-sand, maintains regional ecological
balance, protects biodiversity, and ensures oasis agriculture and animal hus-
bandry production, and has been designated as one of China’ s first batch of
rare and endangered species.

Field investigations show that soil water content under young P. pruinosa forests
near the riverbank is 13.28%-19.41% at 0-100 cm depth, decreasing to 8.76%-
12.62% and 4.05%-7.07% with increasing distance from the river, and further
declining to 0.65%-2.37% in sparse, declining forests.

2. Experimental Design

The experimental material was P. pruinosa, a dominant desert tree species in
the Tarim Basin. Uniform-sized seedlings were selected and planted in plastic
buckets in late March. The pot soil was brown calcic soil collected from forest
land, sieved, with each pot containing 15 kg of soil. Soil organic matter content
was 1.33 g/kg, pH was 8.35, total nitrogen was 0.089%, total phosphorus was
0.057%, total potassium was 1.201%, and available nitrogen was 0.137%. Field
capacity (f) was 24.43%.

The experiment was conducted under a self-built rainproof shelter at the Agri-
cultural Experiment Station of Tarim University. After planting, seedlings were
watered sufficiently for normal germination and growth. Following a recovery
period, four soil water gradient treatments were established based on field ca-
pacity percentages to simulate natural habitat conditions: H1 (75%-80% f), H2
(60%-65% f), H3 (45%-50% f), and H4 (30%-35% f). A randomized block de-
sign was used, with each water treatment placed under identical light conditions.
During rainy days, a rainproof shelter was used for coverage.

3. Measurement Methods and Indicators
3.1 Soil Water Parameter Measurement and Control

Pot soil water content was measured using the drying method, and field capacity
was determined using the ring knife method. Based on field capacity, a series of
soil water contents were calculated for each gradient. According to pot soil water
content and pot soil weight (15 kg), the target weight for each soil water gradient
was calculated to control the experimental range. A plastic tube was vertically
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installed at the edge of each pot to deliver supplementary water directly to the
bottom, preventing rapid surface evaporation that could affect experimental
precision. During the recovery period before treatment, all seedlings were fully
irrigated to ensure normal growth. For the water gradient control experiment,
an electronic scale was used to weigh pots. Based on the weight difference
between two measurements and the upper control limit, fixed containers were
used to add water and maintain soil water within the set range.

3.2 Gas Exchange Parameter Measurement

On clear days in mid-July, diurnal variations in net photosynthetic rate (Pn) of
potted seedlings were measured from 8:00 to 20:00 using a Li-6400 portable pho-
tosynthesis system (Li-COR, USA). Mature leaves at the same position on new
shoots were selected for measurement. To reduce errors caused by measurement
time, all treatments were measured sequentially in cycles. Parameters including
photosynthetically active radiation (PAR), air relative humidity, and leaf vapor
pressure deficit (VPD) were recorded simultaneously. Instantaneous water use
efficiency at the leaf level (WUE = Pn/Tr) and stomatal limitation value (Ls =
1 - Ci/Ca) were calculated.

3.3 Light Response Curve Measurement

After natural light induction for 1-1.5 hours, light response curves were mea-
sured between 9:30 and 13:00 Beijing time using the Li-6400 system with an
open gas path. Temperature was set at 25°C, CO concentration at (370 %+ 5)
mol/mol, and relative humidity at 50%-70%. A red-blue light source provided
different PAR levels set at gradients of 3,000, 2,800, 2,500, 2,000, 1,500, 1,000,
500, 200, 100, 50, 20, and 0 mol+m 2+s . The rectangular hyperbola correction
model was used to fit the measured light response curves and derive parame-
ters including maximum net photosynthetic rate (Pnmax), apparent quantum
efficiency (AQY), light compensation point (LCP), and light saturation point
(LSP).

3.4 CO Response Curve Measurement

CO response curves were measured on leaves at the same positions used for light
response curves. Control conditions were identical to those for light response
measurements. A CO cylinder provided different concentrations of 2,000, 1,800,
1,600, 1,300, 1,000, 800, 600, 400, 200, 150, 100, 50, and 0 mol-mol ! at a PAR of
1,500 mol-m 2-s!. The rectangular hyperbola correction model was used to fit
the measured CO response curves and derive photosynthetic capacity (Pmax),
photorespiratory rate (Rp), CO compensation point (I'), and carboxylation
efficiency (CE). To obtain biochemical parameters, we used the Farquhar bio-
chemical model to fit the CO response curves, yielding maximum carboxylation
rate (Vemax), maximum electron transport rate (Jmax), and triose-phosphate
utilization efficiency (TPU).
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3.5 Twig Water Potential Measurement

In August, current-year new shoots of uniform size were selected from seedlings
under each water treatment for water potential measurement between 9:00 and
11:00 using a plant pressure chamber (SKPM 1400, UK).

3.6 Photosynthetic Pigment, Soluble Protein, Free Proline, and Mal-
ondialdehyde Content Measurement

In August, leaves from the same positions of seedlings under each water treat-
ment were collected and brought back to the laboratory. Chlorophyll content
was determined by acetone extraction and spectrophotometry. Free proline
(Pro) content was measured using the sulfosalicylic acid extraction and acid nin-
hydrin colorimetric method. Soluble protein (SP) content was determined by
the Coomassie brilliant blue G-250 staining method. Malondialdehyde (MDA)
content was measured using the thiobarbituric acid (TBA) method.

3.7 Data Analysis

SAS 6.12 software was used for variance analysis, with Duncan’ s multiple com-
parison test for significant differences.

4. Results and Analysis
4.1 Effects of Soil Water Gradient on Diurnal Photosynthesis Process

The diurnal variation trends of Pn in P. pruinosa differed under various soil
water gradients, showing a typical “noon break” pattern. With decreasing soil
water content, the daily mean Pn values decreased by 17.53%, 30.73%, and
35.53% for H2, H3, and H4, respectively, compared to H1. The peak Pn values
appeared earlier under water deficit conditions, occurring at 10:00 for H3 and H4,
which was 2 hours earlier than for H1 and H2. The “noon break” phenomenon
became more pronounced with decreasing soil water content.

Soil water gradient significantly affected stomatal conductance (Gs) in P. pru-
inosa. The daily mean Gs values under H2, H3, and H4 treatments decreased
by 25.32%, 48.18%, and 15.62%, respectively, compared to H1, indicating that
soil drought inhibited stomatal opening. Light use efficiency (LUE) followed the
order H1 > H2 > H3 > H4, with H2 showing a 3.05% increase compared to H1,
suggesting that mild drought could improve WUE through plant self-regulation
to maintain growth-water consumption balance.

4.2 Effects of Soil Water Gradient on Photosynthetic Light Response
Parameters

Photosynthetic light response curves characterize a plant’ s ability to utilize
environmental resources. Under low PAR (<200 mol+-m ?-s'), Pn increased
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approximately linearly with PAR. Beyond a certain value, the curve gradually
plateaued and then decreased. Different soil water treatments significantly af-
fected light response parameters (P < 0.05). With decreasing soil water content,
Pnmax, LSP, and AQY of H2, H3, and H4 decreased by 24.69%, 42.65%, 63.01%;
11.83%, 32.72%, 48.56%; and 4.92%, 8.20%, 18.03%, respectively, compared to
H1. The LCP showed a significant positive correlation with soil water gradient
(P < 0.05), while the correlation with LSP, AQY, and LCP was not significant
(P > 0.05).

Statistical analysis showed that light response parameters of P. pruinosa in the
arid desert region of Tarim decreased overall with declining soil water content.
The rectangular hyperbola correction model provided the best fit for light re-
sponse curves under soil water gradients, with correlation coefficients >0.993,
overcoming the limitation of non-rectangular hyperbola models that cannot fit
Pn-PAR curves without extreme points.

4.3 Effects of Soil Water Gradient on Photosynthetic CO Response
Parameters

The response trends of CO response parameters were similar to those of light
response parameters. Under low CO concentrations (<200 mol - mol ), Pn in-
creased approximately linearly with CO concentration. Beyond a certain value,
the curve gradually plateaued and then decreased. With decreasing soil wa-
ter content, Vemax, Jmax, and TPU of H2, H3, and H4 decreased by 31.38%,
69.65%, 75.64%; 33.07%, 66.39%, 73.74%; and 13.75%, 64.51%, 80.81%, respec-
tively, compared to H1. Conversely, I' increased significantly. The CE was not
significantly affected by soil water reduction (P > 0.05).

Statistical analysis indicated that Vemax, Jmax, TPU, and Pmax showed sig-
nificant positive correlations with soil water content (P < 0.05), while I" showed
significant negative correlations (P < 0.05). The correlation coefficient between
Vemax and soil water was the highest (r = 0.9996), indicating that soil water
deficit caused a decline in carboxylation capacity.

4.4 Effects of Soil Water Gradient on Photosynthetic Pigment Con-
tent

Chlorophyll a (Chla), chlorophyll b (Chlb), carotenoids (Car), and total chloro-
phyll (Chl(a+b)) contents in P. pruinosa leaves decreased with decreasing soil
water content. The reduction amplitudes were greater for Chla (11.74%, 33.83%,
77.50%) than for Chlb (8.15%, 21.28%, 49.82%) and Car under H2, H3, and H4
treatments, respectively. The Chla/b ratio remained relatively stable under
H1 and H2 but decreased significantly under H3 and H4, indicating that the
photosystem reaction center was more susceptible to soil water deficit than the
light-harvesting antenna system. This differential sensitivity contributed to the
decline in photosynthetic capacity.
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4.5 Effects of Soil Water Gradient on Twig Water Potential, Osmotic
Adjustment Substances, and MDA Content

With decreasing soil water content, twig water potential (¥p) was significantly
affected (P < 0.01), decreasing from -1.14 MPa in H1 to -1.65 MPa and -2.24
MPa in H3 and H4, respectively. Soluble sugar (SS), free proline (Pro), and
soluble protein (SP) contents in leaves increased significantly, with Pro showing
the greatest increase (139.88% and 189.42% under H3 and H4, respectively).
MDA content increased by 65.87% and 96.77% under H3 and H4, respectively,
indicating enhanced membrane lipid peroxidation.

The accumulation of osmotic adjustment substances, particularly Pro and SP,
represents an effective defense mechanism to maintain intracellular environmen-
tal stability and protect photosynthetic apparatus under drought stress. How-
ever, severe drought caused irreversible damage to the photosynthetic system,
as evidenced by leaf yellowing and abscission symptoms.

5. Discussion and Conclusion

Populus pruinosa is a key ecological species in the Tarim River basin, distributed
primarily in the upper reaches, forming a regular differentiation pattern along
water gradients. Investigating its physiological-ecological mechanisms and sur-
vival conditions is crucial for protecting this rare and endangered species and
promoting regional ecological restoration.

Photosynthesis is fundamental for plant organic matter accumulation and
growth, influenced by both plant physiological characteristics and environmen-
tal factors. Soil water is an important ecological factor affecting photosynthetic
physiological processes. Under optimal water conditions (H1), P. pruinosa
maintained high photosynthetic efficiency. With decreasing soil water content,
photosynthetic parameters declined more significantly, indicating that poorer
water conditions led to greater reductions in photosynthetic capacity.

The “noon break” phenomenon intensified with soil water deficit, primarily
caused by non-stomatal limitations. Mild drought improved WUE by 3.05%
as P. pruinosa reduced Gs and twig water potential to decrease water loss,
representing a self-protection mechanism evolved over time. However, this also
limited CO supply, reducing photosynthetic efficiency.

Light and CO response parameters effectively reflect plant photosynthetic po-
tential under stress conditions. The rectangular hyperbola correction model
provided the best fit for P. pruinosa light response curves, showing that Vemax,
Jmax, and TPU decreased significantly with soil water reduction, indicating
weakened Rubisco activity, electron transport rate, and triose-phosphate uti-
lization efficiency. This reduced the plant’ s ability to consume excess energy,
leading to increased membrane lipid peroxidation under low-water, high-light
desert conditions.
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The Chla/b ratio, an important indicator of pigment distribution within the
photosynthetic system, remained relatively stable under mild drought but de-
creased significantly under moderate and severe drought, suggesting that the
photosystem reaction center was more vulnerable than the light-harvesting sys-
tem. This contributed to reduced photosynthetic capacity and efficiency.

Twig water potential showed significant positive correlations with Pn, LUE, and
other parameters, demonstrating that water potential decline directly affected
photosynthetic processes. Under drought stress, reduced carbon assimilation
capacity and antioxidant enzyme activity led to reactive oxygen species (ROS)
accumulation, causing energy metabolism disorders and membrane structure
damage, which reduced photosynthetic capacity.

Osmotic adjustment substances, particularly proline and soluble protein, accu-
mulated significantly to scavenge ROS and protect the photosynthetic appara-
tus. However, severe drought caused irreversible damage, as indicated by leaf
yellowing and abscission.

In conclusion, the optimal soil water content for P. pruinosa growth in the Tarim
arid-desert region is 60%-65% of field capacity. This moisture level ensures
high photosynthetic efficiency and WUE while adhering to water conservation
principles in extremely arid areas. The decline in P. pruinosa populations may
be attributed to reduced soil moisture, and maintaining appropriate water levels
is essential for vegetation restoration and species protection.
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