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Abstract
Biological soil crusts (BSCs) play crucial roles in improving soil fertility and pro-
moting plants settlement and reproduction in arid areas. However, the specific
effects of BSCs on growth status and nutrient accumulation of plants are still
unclear in different arid areas. This study analyzed the effects of three differ-
ent BSCs treatments (without crust (WC), intact crust (IC), and broken crust
(BC)) on the growth, inorganic nutrient absorption, and organic solute synthe-
sis of three typical desert plants (Grubovia dasyphylla (Fisch. & C. A. Mey.)
Freitag & G. Kadereit, Nitraria tangutorum Bobrov, and Caragana koraiensis
Kom.) in the Minqin desert-oasis ecotone of Northwest China. Results showed
that the effects of three BSCs treatments on seed emergence and survival of
three plants varied with seed types. The IC treatment significantly hindered
the emergence and survival of seeds, while the BC treatment was more con-
ducive to seed emergence and survival of plants. BSCs significantly promoted
the growth of three plants, but their effects on plant growth varied at differ-
ent stages of the growth. Briefly, the growth of G. dasyphylla was affected by
BSCs in early stage, but the effects on the growth of G. dasyphylla significantly
weakened in the middle and late stages. However, the growth of N. tangutorum
and C. koraiensis only showed differences at the middle and late stages, with
a significant enhancement in growth. Analysis of variance showed that BSCs,
plant species, growth period, and their interactions had significant effects on the
biomass and root: shoot ratio of three plants. BSC significantly affected the
nutrients absorption and organic solute synthesis in plants. Specifically, BSCs
significantly promoted nitrogen (N) absorption in plants and increased plant
adaptability in N poor desert ecosystems, but had no significant effects on phos-
phorus (P) absorption. The effects of BSCs on inorganic nutrient absorption
and organic solute synthesis in plants varied significantly among different plant
species. The results suggest that BSCs have significant effects on the growth and
nutrient accumulation of desert plants, which will provide theoretical basis for
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exploring the effects of BSCs on desert plant diversity, biodiversity conservation,
and ecosystem management measures in arid and semi-arid areas.
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Abstract
Biological soil crusts (BSCs) play crucial roles in improving soil fertility and pro-
moting plant establishment and reproduction in arid areas. However, the specific
effects of BSCs on growth status and nutrient accumulation in plants remain un-
clear across different arid regions. This study analyzed the effects of three BSC
treatments (without crust (WC), intact crust (IC), and broken crust (BC)) on
the growth, inorganic nutrient absorption, and organic solute synthesis of three
typical desert plants (Grubovia dasyphylla (Fisch. & C. A. Mey.) Freitag &
G. Kadereit, Nitraria tangutorum Bobrov, and Caragana koraiensis Kom.) in
the Minqin desert-oasis ecotone of Northwest China. Results showed that the
effects of BSC treatments on seed emergence and survival varied with seed type.
The IC treatment significantly hindered emergence and survival, while the BC
treatment was more conducive to seed emergence and plant survival. BSCs
significantly promoted the growth of all three plants, though their effects var-
ied across growth stages. Specifically, G. dasyphylla growth was affected by
BSCs in the early stage, but these effects weakened significantly in middle and
late stages. In contrast, N. tangutorum and C. koraiensis only showed growth
differences in middle and late stages, with significant enhancement during this
period. Analysis of variance revealed that BSCs, plant species, growth period,
and their interactions significantly affected biomass and root:shoot ratio. BSCs
significantly influenced nutrient absorption and organic solute synthesis, pro-
moting nitrogen (N) uptake and increasing plant adaptability in N-poor desert
ecosystems, but had no significant effects on phosphorus (P) absorption. The
effects of BSCs on inorganic nutrient absorption and organic solute synthesis
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varied significantly among plant species. These results suggest that BSCs sub-
stantially affect desert plant growth and nutrient accumulation, providing a
theoretical basis for exploring BSC effects on desert plant diversity, biodiversity
conservation, and ecosystem management in arid and semi-arid regions.
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1. Introduction
Drought is considered one of the major abiotic factors that inevitably causes
desertification, coupled with decreased vegetation coverage and rapid soil degra-
dation in many arid and semi-arid areas (Kang et al., 2020a). Therefore, deser-
tification control is of great significance to countries with severe desertification
hazards. Biological soil crusts (BSCs), known as “desert ecosystem engineers”
and“desert biological carpets,”play important roles in the restoration and sta-
bility maintenance of desert vegetation in arid and semi-arid areas worldwide,
including polar regions (Gao et al., 2017; Lu et al., 2022). BSCs are complex
systems composed of various microorganisms (including microalgae, cyanobac-
teria, bacteria, fungi, etc.) and soil particles, widely distributed in arid and
semi-arid areas with coverage exceeding 40%, and accounting for up to 70% of
surface area in some regions (Su et al., 2007). Based on successional stages,
researchers have divided BSCs into algal crust, lichen crust, and moss crust
(Belnap et al., 2016; Tang et al., 2018; Liu et al., 2020). The presence of BSCs
contributes significantly to increasing nitrogen (N) nutrition in plants and im-
proving N availability in soil and long-term response to N deposition in arid and
semi-arid areas (Zhuang et al., 2015; Li et al., 2016; Tang et al., 2018; Rong
et al., 2022). Additionally, BSCs serve as important carbon (C) sinks in ter-
restrial ecosystems because global soil algae absorb approximately 3.6 Pg C/a,
equivalent to 6% of the net primary production of terrestrial vegetation. They
also release CO2 into the atmosphere through their own organic components
and respiration, thereby affecting C cycling in drylands (Bi et al., 2022; Jassey
et al., 2022; Li and Zhang, 2023).

Microbial communities, as important components of BSCs, play crucial roles
in BSC formation, improvement of soil physicochemical properties, soil aggre-
gate stability, and vegetation development (Li et al., 2017, 2018; Liu et al.,
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2020; Zhou et al., 2023). In particular, N-fixing microorganisms play significant
roles in seed germination and plant growth, directly affecting these processes
by accumulating C and N, and indirectly promoting plant growth and devel-
opment by regulating soil environmental factors (Zhang et al., 2022). Due to
their unique physio-ecological processes and strong adaptability to adversity,
BSC formation and succession profoundly change the structural characteristics
and physicochemical properties of the soil surface, including nutrient status,
micro-topography, water and heat conditions, and rapid infiltration of precipita-
tion and runoff, thereby affecting seed germination, seedling survival, and plant
growth stages in arid and semi-arid areas (Li, 2012; Chen et al., 2017; Li et
al., 2017, 2018; Luo et al., 2020; Nevins et al., 2021). Therefore, it is necessary
to clarify and reveal the specific impact processes and mechanisms of BSCs on
seed reproduction, germination, seedling survival, and plant growth in arid and
semi-arid areas.

Controversies exist regarding the effects of BSCs on seed germination, survival,
nutritional condition, and plant growth, which can be broadly summarized as
inhibitory effects, promoting effects, and no significant effects (Li et al., 2002,
2005; Aguilar et al., 2005; Chen et al., 2008; Zhang and Nie, 2011; Wang et al.,
2021). Currently, research on BSC effects on plant growth and nutrient absorp-
tion has concentrated in the Gurbantunggut Desert, Tengger Desert, Mu Us
Sandy Land, and Loess Plateau in China. In the Gurbantunggut Desert, BSC
effects on herb growth were highly time-dependent, significantly increasing plant
N and potassium (K) absorption but showing no significant effect on phospho-
rus (P) absorption, with effects on other elements varying among plant species
(Zhuang et al., 2017; Zhuang and Zhang, 2017). In the Tengger Desert, mutual
complementary effects of BSCs and sand burial (BSCs inhibit seed germina-
tion, while sand burial improves soil water and nutrient availability to reduce
BSC inhibitory effects) promoted establishment and overall recruitment success
of annual herbs (Gao et al., 2023). BSCs had significantly different effects on
seed germination and survival of different plant life forms in the Tengger Desert,
playing ecological filtering roles in the invasion and settlement process of plant
species (Song et al., 2022). In the Mu Us Sandy Land, BSCs played important
roles in nutrient turnover of Artemisia ordosica Krasch communities, improving
soil C and N availability and thus promoting nutrient absorption by A. ordosica
communities (Sun et al., 2020). Moreover, BSC presence did not negatively
affect water absorption by A. ordosica in the Mu Us Sandy Land. BSCs im-
proved soil moisture under drought conditions and alleviated drought stress on
A. ordosica, with the degree of effect on water absorption depending on BSC
developmental stage and rainfall variation (Guan, 2023). In the Loess Plateau,
BSCs positively affected seed emergence and plant growth through indirect ef-
fects, and seedling survival and growth were mainly affected by penetration
resistance and soil chemical properties of BSCs (Zhang et al., 2024).

It should be noted that different results exist regarding BSC effects on plant
growth and nutrient absorption across different arid areas. Although extensive
studies have examined BSC effects on plant growth and nutrient accumulation
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in various arid regions, systematic studies on BSC effects on beneficial element
accumulation and organic solute synthesis in plants, especially under different
vegetation types and climates, remain insufficient. BSCs play important roles
in protecting the ecological environment of the Minqin Desert (He et al., 2017).
In recent years, studies on BSCs in the Minqin Desert have mainly focused
on developmental stages, soil physicochemical properties, hydrological charac-
teristics, soil seed banks, microorganisms, and precipitation infiltration (Li et
al., 2002; Jia et al., 2003; Qiao et al., 2015; He et al., 2017; Tao et al., 2023).
However, systematic studies on BSC effects on plant growth and nutrient accu-
mulation are less well developed in the Minqin Desert, which is important for
desert conservation.

Grubovia dasyphylla (Fisch. & C. A. Mey.) Freitag & G. Kadereit (Amaran-
thaceae), Nitraria tangutorum Bobrov (Zygophyllaceae), and Caragana koraien-
sis Kom. (legume) are three drought-tolerant plants widely distributed in the
Minqin oasis-desert ecotone. However, the effects of BSCs on seedling growth
and nutrient absorption of these three species have received limited attention.

In this study, we hypothesize that: (1) BSCs significantly hinder seed emer-
gence and survival, but broken BSCs are more conducive to seed emergence
and seedling survival; (2) BSCs can promote plant growth and increase biomass
accumulation, with temporally variable effects; and (3) BSCs affect not only in-
organic nutrient absorption from soil but also organic solute synthesis in plants,
with effects varying significantly among species. The results will provide theo-
retical support for exploring BSC effects on plant diversity and a scientific basis
for biodiversity conservation in the Minqin desert-oasis ecotone.

2.1 Study Area
The study area is located in Minqin County, Gansu Province, China (38°03�–
39°28�N, 101°49�–104°12�E; 1400 m a.s.l.). This area is surrounded by the Badain
Jaran Desert to the west and north, and by the Tengger Desert to the east. The
total area is 1.6$×10^{4}$ km2, with desertified and oasis areas accounting for
91% and 9% of the total area, respectively. The region is characterized by an
arid climate, with average annual precipitation, evaporation, and temperature
of 115.4 mm, 2644.0 mm, and 8°C, respectively. The average accumulated
temperature of $�$10°C is 3036°C, with a frost-free period of 189 days and an
average wind speed of 2.5 m/s (Zhao et al., 2023). The soil consists of loose and
barren sand, with stable soil moisture content ranging from 2% to 3%. This
area is dominated by algal crust, followed by lichen crust. Due to unreasonable
human activities and global climate change, the ecological environment has
severely degraded, making it a typical desert-oasis ecotone in Northwest China
(Li et al., 2021a).
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2.2 Methods
In early May 2022, well-developed algal crusts at 4–6 mm depth were collected
from the Minqin desert-oasis ecotone. Samplers (40 cm in height and 30 cm
in diameter) were made using polyvinyl chloride (PVC) pipes. When collecting
crust soil samples, we vertically pressed the sampler into the soil to collect
intact soils covered with algal crusts. Soils at the bottom of the sampler were
then flattened and transported back to the laboratory as culture substrates. To
ensure crust integrity, we moistened the samples before collection and kept them
intact for experimental use.

Mature seeds of N. tangutorum, C. koraiensis, and G. dasyphylla were collected
in mid-August, early July, and mid-October 2021, respectively, and stored in a
stable environment (4°C) for experimental use. N. tangutorum, a typical suc-
culent xerophyte with high seed dormancy, is recognized as one of the most
drought-resistant plants for desert afforestation. Before the experiment, N.
tangutorum seeds were treated as follows: first, seeds were soaked in 98% H2SO4
for 55 min, then treated with 150 mg/L gibberellin (GA3) for 48 h, and finally
germinated at 25°C/5°C in darkness for 8 days. The seed germination rate
reached up to 69% (Kang et al., 2016). C. koraiensis, a typical less-succulent
xerophyte, is an important plant for constructing windbreak and sand-fixation
forests. G. dasyphylla, a typical annual herb, is used for the herb layer construc-
tion of windbreak and sand-fixation forests in the Minqin desert-oasis ecotone.

2.3 Experimental Design
The experiment was conducted in a greenhouse in mid-May 2022. Before the ex-
periment, we watered the collected BSCs daily to remove all sprouted seedlings
until no seedlings appeared for 7 days. To prevent damage to crust integrity,
we cut all sprouted plants at the roots with scissors. Preprocessed seeds of N.
tangutorum, C. koraiensis, and G. dasyphylla were selected for germination ex-
periments in late May. The soil samples in the samplers were then divided into
three parts. The first part had the crust completely removed from the surface
using a flat shovel until bare sand was exposed in the lower layer (without crust;
WC). The second part maintained the intact crust surface (intact crust; IC),
and the remaining part was broken as a control (broken crust; BC), which was
evenly rolled with cylindrical tools on the crust to form similarly sized particles.
A total of 15 mature seeds of each plant were sown (1.0–1.5 cm burial depth) in
the samplers with 20 replicates per treatment, then covered with IC, BC, and
bare sand, respectively. Water was sprayed on the crust surface every noon
for 8 days to maintain moisture, and seedling emergence numbers and initial
emergence time were recorded every morning. After 10 days, seedling survival
numbers were counted in each treatment, and all seedlings were thinned to 8
uniform seedlings per sampler. Soil water content (SWC) in all treatments was
maintained at 70% of field water holding capacity by irrigation, then water was
withheld for 5 days to gradually induce drought stress. SWC was subsequently
maintained at 30% of field water holding capacity by irrigation. As this was a
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control experiment conducted in a greenhouse, we divided the growth processes
into three stages based on cultivation days: early growth stage (late May to
1 July), middle growth stage (1 July to 1 August), and late growth stage (1
August to the end of the growing period). After the growth period ended, 10
healthy uniform plants per treatment were excavated and separated into roots,
stems, and leaves for physiological and morphological analysis. Soil sampling of
each treatment (IC, BC, and WC) was performed after the experiment. Soils
were sampled as 5 sub-samples at different layers (0–5, 5–10, and 10–15 cm),
then mixed, and all soil samples were placed in sealed plastic bags and taken to
the laboratory for nutrient analysis.

2.4.1 Seed Germination and Plant Growth
Plant height was measured with a ruler, fresh weight was estimated using an
electronic scale, and root:shoot ratio was calculated. Seed emergence rate (SER)
was calculated using the following formula:

𝑆𝐸𝑅 = 𝑆𝐸𝑁/𝑇 𝑆𝑀

where SEN is seed emergence number and TSM is total sowing number. Seed
emergence speed (SES) was calculated as:

𝑆𝐸𝑆 = (∑ 𝑄𝐷𝐶𝐶)/𝑛 × 𝐹𝐸𝑅 × 10

where QDCC is the quotient obtained by dividing the cumulative number of
seedlings per day by the corresponding number of seedling emergence days, n
is the number of days from emergence to end, and FER is final emergence rate
(%) (Wang et al., 2011).

2.4.2 Plant Nutrients
We measured Na+, K+, Ca2+, Mg2+, N, and P contents in plants according
to the method described by Kang et al. (2020b). Na+, K+, Ca2+, and Mg2+

contents were measured by atomic absorption spectrophotometry. Si concen-
tration (SiO3

2−) was determined by the molybdate-blue method, and total N
and total P were determined by acid standard solution titration and vanadium-
molybdenum-yellow spectrophotometry, respectively. Free proline and soluble
sugars contents were analyzed by the acidic indene three ketone method and hy-
drochloric acid (HCl) transformation-copper reduction-iodimetry, respectively
(Kang et al., 2020b).

2.4.3 SWC and Soil Nutrients
SWC was determined by weighing. We measured soil nutrient indices according
to the methods of Bao (2000). Briefly, soil organic carbon (SOC) was mea-
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sured by the K2Cr2O7-H2SO4 oxidation method, total N by the Kjeldahl proce-
dure, and total P by molybdenum-antimony anti-colorimetric method. Available
N was measured by alkali-hydrolyzable diffusion and available P by the Bray
method. Available K included the sum of soluble, exchangeable, and available
non-exchangeable K, with concentration measured by ammonium acetate ex-
traction.

2.5 Data Analysis
All experimental data were analyzed using SPSS v.13.0 (SPSS Inc., Chicago,
USA) and Excel v.2010 software. One-way analysis of variance (ANOVA) ex-
amined the effects of three BSC treatments on soil nutrients, growth indices, in-
organic nutrient absorption, and organic solute synthesis of three desert plants.
Multivariate variance analysis examined the interactive effects of BSC treat-
ments, plant types, and growth periods on seed emergence rate, biomass, and
root:shoot ratio. Duncan’s multiple range tests detected significant differences
between means at P<0.05.

3.1 Effects of BSCs on SWC and Nutrients
Different BSC treatments significantly affected SWC [Figure 1: see original
paper]. Under all three treatments, SWC in the 0–5 and 5–10 cm soil layers
during the early growth stage was significantly lower than in middle and late
stages, while the trend in the 10–15 cm layer was opposite. Moreover, SWC
in the 0–5 and 5–10 cm layers under WC and BC treatments was consistently
higher than under IC treatment throughout the growth period. However, SWC
in the 10–15 cm layer under IC and BC treatments was higher than under WC
treatment in the early growth stage, with the opposite trend in middle and late
stages.

Soil nutrients showed no significant changes across growth stages of the three
desert plants, but significant differences were observed among BSC treatments .
In the 0–5 cm layer, SOC, total N, total K, available N, and available K under IC
and BC treatments were significantly higher than under WC treatment. In the
5–10 cm layer, SOC, total N, and available N under IC and BC treatments were
significantly higher than under WC treatment. However, the three treatments
did not significantly affect nutrient content in the 10–15 cm layer.

3.2 Effects of BSCs on Seed Emergence and Seedling Sur-
vival
Both plant seed types and crust treatments (IC, WC, and BC) significantly af-
fected seed emergence rate, while the interaction between seed types and crust
treatments was not significant, indicating that crust effects on emergence rate
varied with seed type . Seed emergence and seedling survival rates of the three
desert plants under WC and BC treatments were significantly higher than un-
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der IC treatment, indicating that IC treatment hindered emergence and survival.
C. koraiensis and G. dasyphylla had significantly higher emergence and survival
rates than N. tangutorum, with no significant difference between WC and BC
treatments, indicating that BC treatment had no significant effects on germi-
nation and was more conducive to emergence and survival [FIGURE:2a and b].
Different BSC treatments also affected seed emergence speed differently. Under
all treatments, C. koraiensis had the fastest emergence speed, followed by G.
dasyphylla, with N. tangutorum the slowest. Emergence speed under the three
treatments ranked as WC > BC > IC, indicating that BSC presence decreased
emergence speed [Figure 2c: see original paper].

3.3 Effects of BSCs on Growth Status of Desert Plants
Different BSC treatments significantly affected plant height . Plant heights un-
der IC and BC treatments were higher than under WC treatment, with weaker
promoting effects on N. tangutorum and C. koraiensis than on G. dasyphylla.
G. dasyphylla height was affected by BSCs in the early growth stage, but these
effects weakened significantly in middle and late stages. In contrast, N. tanguto-
rum and C. koraiensis heights only showed differences in middle and late stages,
with significant increases during this period .

BSCs had different effects on fresh weight and root:shoot ratio of the three desert
plants [FIGURE:3a and b]. Effects on fresh weight varied by species, with all
three plants showing significantly higher fresh weight under BC treatment than
under IC and WC treatments, and the lowest fresh weight under WC treatment
[Figure 3a: see original paper]. Changes in root:shoot ratio under different
treatments were consistent with fresh weight trends [Figure 3b: see original
paper]. ANOVA results showed that BSCs, plant species, growth stages, and
their interactions all significantly affected single-plant fresh weight accumulation,
and BSCs, plant species, growth periods, and their interactions significantly
affected aboveground-belowground biomass and root:shoot ratio .

3.4 Effects of BSCs on Inorganic Nutrient Absorption and
Organic Solute Synthesis of Desert Plants
BSC treatments had different effects on inorganic nutrient absorption and or-
ganic solute synthesis of the three desert plants, with effects varying among
species [TABLES:5 and 6]. Inorganic nutrient absorption was highest under BC
treatment and lowest under WC treatment . BSCs significantly promoted N
absorption but had no significant effect on P absorption. BC treatment signif-
icantly promoted Na+, Ca2+, Mg2+, and SiO3

2− absorption in N. tangutorum
but had no significant effect on K+ absorption, while significantly promoting
K+, Ca2+, Mg2+, and SiO3

2− absorption in C. koraiensis but little effect on Na+

absorption. Inorganic nutrient absorption by G. dasyphylla was similar to C. ko-
raiensis, with BSCs having stronger effects on promoting nutrient accumulation
in C. koraiensis than in G. dasyphylla .
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Organic solute synthesis (except in N. tangutorum) was highest under BC treat-
ment and lowest under WC treatment. BC treatment significantly promoted
organic solute synthesis (especially soluble sugars) in C. koraiensis and G. dasy-
phylla, with no significant difference observed in N. tangutorum .

4.1 Effects of BSCs on Seed Germination and Plant Growth
of Desert Plants
In arid and semi-arid ecosystems, BSCs exhibit a mosaic distribution pattern
with herbs and woody vegetation, forming a small ecosystem together with
surrounding plants (Zhou et al., 2019; Bi et al., 2022). BSCs affect seed germi-
nation and growth of coexisting plants through various effects on soil nutrients,
structure, hydrological processes, and surface roughness (Li et al., 2021b). Our
results showed that both seed types and crust treatments (IC, WC, and BC)
significantly affected seed emergence and seedling survival, with emergence rate
and growth height under BC treatment higher than under IC and WC treat-
ments, indicating that BSCs inhibited germination and seedling growth, with
effects varying by seed type [FIGURE:2; TABLE:2].

BSCs had different effects on seed germination of different desert plant types,
resulting in spatial heterogeneity of germination and affecting plant distribu-
tion and diversity. Our results are consistent with Song et al. (2022), Gao et
al. (2023), and Zhang et al. (2024), who found that BSCs, as key biological
factors in vegetation succession, significantly affected germination and survival
of different plant life forms. Thus, BSCs play important roles in species compo-
sition and establishment of plant communities in arid areas.

The binding effects of crust microorganisms and their secretions on surface soil
particles significantly enhanced soil adhesion, making it difficult for seeds to
penetrate the crust for emergence and lacking habitat space for colonization
and survival (Zhao et al., 2006; Wang et al., 2011). Results also showed that
BSCs provided a suitable hydrothermal microenvironment for germination and
growth, which was conducive to seeds with small size and simple morphologi-
cal structure, but unfavorable for seeds with large size and complex structure
(Song et al., 2017). We found that BSCs promoted germination and emergence
of C. koraiensis and G. dasyphylla but were not conducive to N. tangutorum
[Figure 2a: see original paper], similar to Song et al. (2017). This result can
be attributed to the large particle size, thick and impermeable seed coat, and
complex structure of N. tangutorum seeds. Additionally, N. tangutorum seeds
exhibit severe morphological and physiological dormancy; even after dormancy
breaking, germination and emergence rates remain very slow (Kang et al., 2016).
This makes it difficult for N. tangutorum seeds to quickly absorb water and
nutrients from soil under the BSC isolation layer, ultimately leading to low
emergence rates. In contrast, C. koraiensis and G. dasyphylla seeds are rela-
tively small with simple morphological structure, making them less susceptible
to BSC barrier effects and instead protected in the relatively stable microen-
vironment provided by BSCs, thereby promoting germination, emergence, and
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growth (Zhang and Belnap, 2015; Havrilla et al., 2019; Wang et al., 2021).

Our results indicated that growth height, fresh weight, and root:shoot ratio un-
der BC treatment were higher than under IC treatment, with the worst growth
status under WC treatment [FIGURE:2; TABLES:2 and 3], indicating that
BSCs affected seed growth in lower soil layers by influencing water and nutrient
transport and transfer. This occurred because IC treatment hindered soil wa-
ter infiltration and light penetration, while BC treatment promoted water and
nutrient transfer through cracks beneficial for germination and growth. WC
treatment had significant inhibitory effects due to poor water retention and
nutrient deficiency. Similarly, studies in tropical deserts found high densities
of perennial plants under BC treatment, indicating that BC did not inhibit
growth. On the contrary, the rough BSC surface can capture organic matter,
water, and fine soil particles, increasing soil micro-environment fertility (Happer
and Marble, 1988; Prasse and Bornkamm, 2000; Wang et al., 2011). Notably,
BSCs showed positive effects on G. dasyphylla in the early growth stage but
negative effects in middle and late stages, while effects on N. tangutorum and
C. koraiensis were opposite . The positive effect on G. dasyphylla occurred
because soil moisture and nutrients in lower BSC layers were relatively suffi-
cient, benefiting its growth and development. The lack of promoting effect on
N. tangutorum and C. koraiensis may be attributed to their deep-rooted nature,
making growth less affected. The negative effect on G. dasyphylla and positive
effects on N. tangutorum and C. koraiensis in later stages may relate to soil
moisture deficiency. During this period, deep soil moisture was severely lacking,
and G. dasyphylla could not utilize deep moisture. However, N. tangutorum
and C. koraiensis are extreme xerophytes; under drought stress, BSC presence
significantly reduced soil moisture content, allowing them to exert normal phys-
iological drought resistance functions by improving various metabolic activities
(Kang et al., 2020b; Wang et al., 2023; Feng et al., 2024).

4.2 Effects of BSCs on Inorganic Nutrient Absorption and
Organic Solute Synthesis of Desert Plants
BSCs can change soil surface chemical properties, resulting in corresponding
changes in essential elements contained in plants (Zhou et al., 2023). BSC effects
on plant nutrient absorption may be due to increased organic matter on the soil
surface, which is transferred to plants, allowing them to absorb more nutrients
(Zhang and Nie, 2011; Zhuang et al., 2017). Results showed that BSC presence
increased soil organic nutrient content, and blue-green algae in BSCs have N-
fixation effects that can be utilized by plants (Wu et al., 2009; Wang et al., 2021).
Additionally, decomposition products of various BSC components increase soil
organic nutrient content and can promote essential nutrient absorption by plants
(Zhuang et al., 2017; Wang et al., 2021). Our results indicated that N content
in plants under IC and BC treatments was significantly higher than under WC
treatment, but no significant difference in P content existed between treatments .
These results are consistent with Zhuang et al. (2017), who found that regardless
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of BSC type, BC treatment promoted N uptake and inhibited P uptake, contrary
to DeFalco’s (1995) conclusion that BSCs promoted P uptake. Different P
content in desert plants with BSC presence can be attributed to differences in
plants, research areas, and crust types. Moreover, in many arid desert areas,
calcareous and sandy soils often lack P, and BSC organisms may compete with
plants for P, which may be the main reason for negative BSC effects on plant P
content (Harper and Belnap, 2001).

Increasing evidence shows that increased plant nutrients when BSCs are present
may be due to fungi’s role in nutrient transfer between soil and plant (Green
et al., 2008; Maestre et al., 2011; Zhuang et al., 2015). BSCs may also promote
nutrient absorption in other ways. For example, soil covered by BSCs often
contains more clay, and clay components are more conducive to binding nutri-
ents, especially under humid conditions. These soil particles are more likely
to adsorb sticky sheath substances, and negatively charged sheath substances
chelate with positively charged plant nutrients, thereby increasing plant nutri-
ent content (Verrecchia et al., 1995; Zhuang et al., 2017). Interestingly, our
results indicated that BSC presence had consistent effects on inorganic nutrient
absorption and organic solute synthesis, exhibiting significant selectivity among
the three desert plants but not significantly altering their nutrient character-
istics [TABLES:5 and 6]. The difference lies in varying amounts of inorganic
nutrient absorption and organic solute synthesis among the three species under
different treatments. This occurred because BSC presence increased soil water
content, leading to increased plant water use efficiency and enhanced physio-
logical metabolic activities, thereby promoting growth and drought resistance
(He et al., 2017; Zhuang and Zhang, 2017; Guan, 2023). This further confirms
our previous findings that accumulation of high concentrations of inorganic nu-
trients was one of the most effective physiological adaptation strategies for N.
tangutorum to cope with drought stress, as it did not rely on K+ and organic
solute accumulation to enhance drought resistance. However, accumulation of
large amounts of inorganic nutrients and moderate organic solutes was an impor-
tant mechanism for C. koraiensis to adapt to arid habitats. Inorganic nutrient
and organic solute accumulation in G. dasyphylla was similar to C. koraien-
sis, but nutrient accumulation in G. dasyphylla was significantly lower than in
C. koraiensis. Thus, due to unique nutrient accumulation characteristics for
drought resistance, succulent xerophytes (N. tangutorum) had stronger drought
resistance than less-succulent xerophytes (C. koraiensis), and mesophytes (G.
dasyphylla) had the weakest drought resistance in arid areas (Wang et al., 2004;
Kang et al., 2020b).

5. Conclusions
In this study, BSC presence significantly affected seed emergence, seedling sur-
vival, and growth of three desert plants in the Minqin desert-oasis ecotone,
Northwest China. Overall, the positive effects of BSCs on emergence, survival,
growth, and nutrient accumulation were significantly greater than negative ef-
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fects. BSC effects on emergence and survival varied with seed type and growth
stage. Effects on inorganic nutrient accumulation and organic solute synthesis
showed interspecific differences, indicating complex interactions between desert
plants and BSCs. The internal mechanism can be attributed to different desert
plants having evolved unique strategies and mechanisms to adapt to environ-
mental changes and ensure survival under adverse conditions. Therefore, fur-
ther study is needed to clarify the specific mechanisms of long-term BSC effects
on seed emergence, seedling survival, and growth of desert plants in different
arid areas.
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