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Abstract

To reveal the effects of soil microbial films on the photosynthetic and fluores-
cence characteristics of desert plant seedlings, pot experiments were conducted
using seedlings of Ammopiptanthus mongolicus and Astragalus laxmannii as test
subjects, with different application methods (spraying, mixing) and dosages (0,
1, 3,5, 7g-kg-1 and 10 g - ke-1) of microbial agents, to compare and analyze
the plant gas exchange and chlorophyll fluorescence characteristics after soil mi-
crobial film formation. The results showed that: (1) When the microbial agent
dosage was >3 g+ kg-1, the hardness and thickness of the consolidated layer and
the activities of soil urease and sucrase were all significantly higher than those
of the control group (P<0.05). (2) In the 3~7 g-kg-1 microbial agent treatment
groups, the net photosynthetic rate of Astragalus laxmannii was significantly
higher than that of the control group (P<0.05), and the transpiration rate (Tr),
net photosynthetic rate (Pn), and intercellular CO2 concentration (Ci) were all
significantly higher than those of Ammopiptanthus mongolicus (P<0.05). (3)
When the microbial agent dosage was >5 g+ kg-1, the maximum photochemical
efficiency (Fv/Fm) of Astragalus laxmannii was significantly higher than that
of the control group (P<0.05). Except for the 3 g - kg-1 treatment group, the
Fv/Fm and photochemical quenching coefficient (QP) of Ammopiptanthus mon-
golicus were both higher than those of Astragalus laxmannii. (4) Soil character-
istics, photosynthetic gas exchange, and chlorophyll fluorescence constituted a
partial mediation model, and changes in soil characteristics could directly affect
the chlorophyll fluorescence characteristics of Ammopiptanthus mongolicus and
Astragalus laxmannii. The soil microbial film increased the hardness and thick-
ness of the consolidated layer by 3.84% and 152.85% on average, respectively,
and enhanced the activities of soil catalase, urease, and sucrase by 93.37%,
170.68%, and 256.03% on average, respectively. It enhanced the photosynthetic
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efficiency and capacity of Ammopiptanthus mongolicus and Astragalus laxman-
nii by improving soil quality and increasing leaf stomatal conductance, resulting
in an average increase of 28.48% in net photosynthetic rate and 0.84% in Fv/Fm
for both species.
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Abstract

To reveal the effects of soil microbial films on photosynthetic and fluorescence
characteristics of psammophyte seedlings, pot experiments were conducted using
Ammopiptanthus mongolicus and Astragalus laxmannii seedlings as test subjects.
Different bacterial agent application methods (spraying, mixing) and application
rates (0, 1, 3, 5, 7, and 10 g- kg~ !) were employed to compare and analyze plant
gas exchange and chlorophyll fluorescence characteristics following soil microbial
biofilm formation. The results demonstrated that: (1) When bacterial agent ap-
plication exceeded 3 g-kg™!, the hardness and thickness of the consolidated
layer, along with soil urease and sucrase activities, were significantly higher
than those in the control group (P < 0.05). (2) The net photosynthetic rate
of Astragalus laxmannii in the 3-7 g -kg™! treatment was significantly higher
than the control (P < 0.05), and its transpiration rate, net photosynthetic rate,
and intercellular CO, concentration were all significantly higher than those of
Ammopiptanthus mongolicus (P < 0.05). (3) For Astragalus laxmannii treated
with >5 g+ kg™!, the maximum photochemical efficiency (Fv/Fm) was signifi-
cantly higher than the control (P < 0.05). Except for the 3 g-kg™! treatment
group, Ammopiptanthus mongolicus exhibited higher Fv/Fm and photochemical
quenching coefficient (QP) values than Astragalus lazmannidi. (4) Soil properties,
photosynthetic gas exchange, and chlorophyll fluorescence parameters formed a
partial mediation model, wherein changes in soil characteristics directly affected
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the chlorophyll fluorescence properties of both species. Soil microbial films in-
creased consolidation layer hardness and thickness by 73.84% and 152.85%, re-
spectively, while enhancing catalase, urease, and sucrase activities by 93.37%,
170.68%, and 256.03% on average. By improving soil quality and increasing
leaf stomatal conductance, the technology enhanced photosynthetic efficiency
and capacity, raising the net photosynthetic rate of Astragalus lazmannii and
Ammopiptanthus mongolicus by 28.48% on average and increasing Fv/Fm by
0.84%.

Keywords: soil microbial films; psammophyte; photosynthesis; chlorophyll
fluorescence

Introduction

Soil microorganisms serve as critical linkages between aboveground and below-
ground ecological processes, participating directly or indirectly in soil nutrient
cycling through their metabolic activities, thereby influencing plant physiologi-
cal growth. Soil microbial communities are essential for maintaining plant com-
munity diversity and stability. Soil microbial films, formed by the accumulation
of microbial communities and their secretions, adhere to soil particle surfaces
and perform vital ecological functions such as soil consolidation and water re-
tention. These biofilms effectively promote soil aggregate formation, enhance
soil organic matter content, and increase plant net photosynthetic rates. The
extracellular polymeric substances produced during biofilm formation can form
hydrogen bonds with soil water molecules, improving soil water retention capac-
ity and water use efficiency, which helps reduce photoinhibition. Furthermore,
soil microbial films can enhance soil microbial activity, reduce soil bulk density,
and promote the stabilization of mobile sand dunes.

Currently, extensive exploratory research on soil microbial film sand fixation
technology has been conducted both domestically and internationally, yielding
promising results in soil wind erosion control. Studies have found that microbial
sand fixation can cement loose aeolian sand particles, forming a consolidated
layer with high strength and hardness that enhances soil erosion resistance. The
technology can also cover and protect exposed sand particles, reducing wind
erosion impacts and decreasing soil erodibility. However, post-fixation plant
physiological growth and vegetation recovery issues have often been overlooked,
particularly regarding effects on psammophytes. This knowledge gap constrains
comprehensive evaluation of the technology’ s impact on desert ecosystems and
limits its broader application.

Ammopiptanthus mongolicus is a unique xerophytic broadleaf shrub and relict
species in desert regions, exhibiting strong cold, drought, and saline-alkali tol-
erance, making it an excellent species for windbreak and sand fixation. Astra-
galus lazmannii is a versatile herbaceous plant used for forage, green manure,
and soil and water conservation, with high wind erosion control capacity and
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nutritional value. This study selected these two typical psammophyte seedlings
for controlled experiments to compare their photosynthetic and fluorescence
characteristics, aiming to reveal the impacts of soil microbial film sand fixation
technology and provide theoretical support for its improvement.

Materials and Methods

1.1 Experimental Materials

The experiment utilized seeds of Ammopiptanthus mongolicus and Astragalus
laxmannii as plant materials, with aeolian sandy soil from the Mu Us Desert
in Yanchi, Ningxia as the growth medium. The microbial agent powder was
purchased from the National Microbial Fertilizer Technology Research and FEx-
tension Center (Registration No.: GT012KC011), primarily containing Bacillus
subtilis supplemented with B. pumilus, with viable bacteria counts of approx-
imately 10° cfu-+g~!. Mineral substances (diatomaceous shale) were used as
adsorbents to support bacterial survival.

1.2 Experimental Design

Rectangular plastic containers (40.00 cm x 15.50 cm x 10.00 cm) served as
potting vessels, sterilized with 75% ethanol and autoclaved at 120°C for 25
minutes. Aeolian sandy soil was sieved through a 2 mm mesh, and 0.40 kg (dry
weight) of sterilized soil was placed in each container as the cultivation substrate.
Seeds were disinfected with 10% sodium hypochlorite solution for 10 minutes
and germinated in darkness. Ten uniformly germinated seeds were sown per
pot with a covering depth of 1 cm, then thinned to three seedlings per pot
after emergence. Environmental conditions including temperature, humidity,
and light were strictly controlled to ensure consistency across all pots.

Two application methods were established: spraying (dissolving agent in 150
mL distilled water then applying) and mixing (directly mixing agent with soil
before adding 150 mL distilled water). Six application rates were set: 0, 1, 3, 5,
7,and 10 g-kg~!, with three replicates per treatment. A control group received
no bacterial agent but equivalent amounts of distilled water and aeolian sandy
soil. Plants received water twice weekly, with amounts based on average annual
precipitation in the study area.

1.3 Measurement of Photosynthetic and Fluorescence Parameters

After seedling growth stabilized, three healthy seedlings per pot were selected.
On clear, windless days between 9:00-11:00 AM, three fully expanded, healthy
leaves from the upper-middle portion of each seedling were measured using a Li-
6800 portable photosynthesis system (LI-COR, USA). Parameters included net
photosynthetic rate (Pn), transpiration rate (Tr), intercellular CO, concentra-
tion (Ci), and stomatal conductance (Gs). Chlorophyll fluorescence parameters
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were measured simultaneously, including initial fluorescence (F,), maximum
photochemical efficiency (Fv/Fm), photochemical quenching coefficient (QP),
and non-photochemical quenching coefficient (NPQ).

1.4 Soil Property Measurements

Soil microbial film morphology was observed and photographed using a BK6000-
FL electron microscope (Cnoptec, China) to verify biofilm formation. A soil
hardness meter and vernier caliper measured consolidated layer hardness and
thickness. Soil catalase, urease, and sucrase activities were determined us-
ing potassium permanganate titration, phenol-sodium hypochlorite colorimetry,
and 3,5-dinitrosalicylic acid colorimetry methods, respectively.

1.5 Data Processing and Analysis

Excel software was used for statistical analysis and structural equation mod-
eling. Model fit indices including Comparative Fit Index (CFI), Tucker-Lewis
Index (TLI), and Root Mean Square Error of Approximation (RMSEA) were
employed to evaluate model adaptation. One-way ANOVA, two-way ANOVA,
and least significant difference (LSD) tests compared differences between treat-
ment groups.

Results
2.1 Soil Microbial Film Characteristics and Soil Properties

2.1.1 Soil Microbial Film Morphology Scanning electron microscopy re-
vealed smooth, loosely structured sand particles in the control group without
bacterial agent application [Figure 1: see original paper]. Following agent ap-
plication, adhesion points appeared on sand particle surfaces, with particles
becoming coated by microorganisms and sand debris. Bacterial cells were vis-
ibly attached around sand particles, confirming successful soil microbial film
formation with important cementing functions.

2.1.2 Consolidated Layer Development Two-way ANOVA indicated that
both application method and rate had extremely significant effects on consol-
idated layer thickness and hardness (P < 0.01) . Hardness and thickness in-
creased with application rate [Figure 2: see original paper]. When application
exceeded 3 g - kg™!, both parameters were significantly higher than the control
(P < 0.05). The spray application produced significantly greater hardness and
thickness than mixing at rates >5 g+kg™* (P < 0.05). At 1g-kg !, spray-treated
thickness was significantly higher than the control (P < 0.05).

2.1.3 Soil Enzyme Activity Application method, rate, and their interaction
significantly affected catalase, urease, and sucrase activities (P < 0.05) . All
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three enzyme activities increased with application rate [Figure 3: see original
paper|. Spray application at >3 g-kg™! significantly elevated all enzyme ac-
tivities compared to the control (P < 0.05). Mixing only significantly affected
urease and sucrase at >5 g+ kg~!. At equivalent application rates, spray treat-
ments showed higher enzyme activities than mixing treatments, with significant
differences appearing at >5 g+ kg~! (P < 0.05).

2.2 Photosynthetic Characteristics of Psammophyte Seedlings

With increasing bacterial application, transpiration rates of both species showed
an initial increase followed by decrease, while net photosynthetic rates increased
overall. Stomatal conductance and intercellular CO, concentration first rose
then declined [Figure 5: see original paper|. Bacterial application had no signif-
icant effect on Ammopiptanthus mongolicus net photosynthetic rate (P > 0.05).
However, at >7 g-kg™!, Astragalus laxrmannii showed significantly higher net
photosynthetic rate than the control (P < 0.05). At 3-7 g-kg™!, Astragalus
lazmannii exhibited significantly lower intercellular CO, concentration than the
control (P < 0.05). Under identical application conditions, Astragalus lazman-
nit demonstrated significantly higher transpiration rate, net photosynthetic rate,
and intercellular CO, concentration than Ammopiptanthus mongolicus (P <
0.05) [Figure 4: see original paper].

2.3 Chlorophyll Fluorescence Characteristics

Maximum photochemical efficiency (Fv/Fm) in both species showed a fluctu-
ating upward trend with increasing application rate, while non-photochemical
quenching (NPQ) and photochemical quenching (QP) coefficients initially de-
creased then increased [Figure 7: see original paper]. At 1 g-kg™t, Ammopip-
tanthus mongolicus Fv/Fm was significantly lower than the control (P < 0.05),
then gradually increased. Application rates >5 g - kg~! produced significantly
higher Fv/Fm than the control (P < 0.05). Except for the 3 g-kg™! treatment,
Ammopiptanthus mongolicus maintained higher Fv/Fm and QP values but lower
NPQ than Astragalus lazmannii (P < 0.05) [Figure 6: see original paper].

2.4 Relationships Between Soil Properties, Photosynthesis, and Flu-
orescence

Structural equation modeling of soil properties, photosynthetic gas exchange,
and chlorophyll fluorescence parameters revealed acceptable model fit after mod-
ification, with all path coefficients passing significance tests (P < 0.05) [Figure
8: see original paper]. Soil characteristics showed positive correlations with
chlorophyll fluorescence parameters but negative correlations with photosyn-
thetic gas exchange, which in turn negatively correlated with fluorescence pa-
rameters. This partial mediation model indicated that soil microbial film forma-
tion altered soil properties, directly affecting fluorescence characteristics while
indirectly influencing them through changes in photosynthetic gas exchange.
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Bootstrap confidence interval testing of mediation effects showed that at 0-3 g+
kg~! application, both indirect effects (through gas exchange) and direct effects
on fluorescence were extremely significant (P < 0.01). At 5-10 g-kg™ !, the
mediating effect remained significant but weaker, indicating that soil property
changes primarily exerted direct effects on fluorescence characteristics, with
relatively minor indirect effects mediated through photosynthetic gas exchange.

Discussion
3.1 Effects on Seedling Photosynthesis

Photosynthesis represents the fundamental material and energy metabolism
foundation of plants, with gas exchange serving as a critical indicator of photo-
synthetic efficiency and capacity. This study demonstrated that low bacterial
application rates (1-3 g+ kg™!) initially increased stomatal conductance in both
species, facilitating greater CO,, diffusion into leaves to provide more substrates
for photosynthesis. Stomatal conductance is highly sensitive to soil moisture,
which directly affects turgor pressure in leaf guard cells. At 1-3 g-kg™!, the
consolidated layer’ s increased hardness and thickness inhibited soil water evap-
oration, improving water retention and increasing soil moisture availability. Si-
multaneously, soil microbial films improved soil structure, enhancing leaf quality
and promoting photosynthesis.

However, at application rates of 5-10 g-kg™!, net photosynthetic rate, stomatal
conductance, and transpiration rate all declined, indicating photosynthetic re-
duction caused by stomatal limitation. The structural equation model revealed
low-effect negative correlations between soil properties and photosynthetic gas
exchange, suggesting that excessive bacterial application created overly thick
and hard consolidated layers that inhibited water infiltration, causing soil wa-
ter deficit and stomatal closure. Additionally, excessive bacterial agents may
have damaged root systems, inhibiting water absorption and causing stomatal
closure. Spray application produced harder, thicker consolidated layers than
mixing, resulting in greater and faster declines in photosynthetic rates. The
technology proved more effective in improving photosynthetic efficiency and ca-
pacity in Astragalus laxmannii than in Ammopiptanthus mongolicus, likely due
to interspecific differences in photosynthetic physiological adaptation strategies.

3.2 Effects on Chlorophyll Fluorescence Characteristics

Chlorophyll fluorescence is intimately connected with various photosynthetic
reactions and serves as an intrinsic probe of the relationship between photosyn-
thesis and environmental conditions. The structural equation model showed
high-effect negative correlations between photosynthetic gas exchange and fluo-
rescence characteristics, with NPQ and Fv/Fm showing opposite trends in both
species. At 1 g-kg !, Astragalus larmannii Fv/Fm significantly increased while
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NPQ decreased, indicating that appropriate bacterial application enhanced pho-
tosynthetic electron transport activity and light energy utilization efficiency.
However, at 5-7 g- kg™, Fv/Fm in Astragalus larmannii decreased significantly
while NPQ increased (P < 0.05), suggesting environmental stress induced pho-
toinhibition and activated self-protection mechanisms.

The positive correlation between soil properties and fluorescence characteris-
tics indicates that soil microbial films improved the soil environment, altering
root growth and resource use efficiency, thereby enhancing photosynthetic ca-
pacity and increasing photosystem center activity and light energy conversion
efficiency. As application rates increased, QP initially rose then fell in both
species, indicating that moderate bacterial application promoted photosynthetic
electron transfer, while excessive amounts caused inhibition without damaging
the photosynthetic apparatus. The technology demonstrated greater enhance-
ment of photosynthetic electron transfer capacity in Ammopiptanthus mongoli-
cus than in Astragalus lazmannii, possibly because the latter possesses weaker
light energy conversion and photosynthetic apparatus protection capabilities.

Conclusion

Soil microbial film sand fixation technology successfully formed microbial
biofilms that increased consolidated layer hardness and thickness by 73.84%
and 152.85%, respectively, while enhancing catalase, urease, and sucrase
activities by 93.37%, 170.68%, and 256.03% on average. The technology
primarily improved photosynthetic efficiency and capacity in both species by
enhancing soil quality and leaf stomatal conductance, resulting in average net
photosynthetic rate increases of 28.48% and Fv/Fm increases of 0.84%. The
optimal application range for both species was 1-5 g - kg~!. While application
rates exceeding 5 g - kg™! inhibited photosynthetic electron transfer, no damage
to the photosystem apparatus occurred. These findings provide theoretical
foundations and technical support for improving soil microbial film sand
fixation technology.
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