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Abstract

Biological soil crusts (BSCs) cover >35% of the Earth’s land area and contribute to important ecological functions in arid and
semiarid ecosystems, including erosion reduction, hydrological cycling, and nutrient cycling. Artificial rapid cultivation of
BSCs can provide a novel alternative to traditional biological methods for controlling soil and water loss such as the planting
of trees, shrubs, and grasses. At present, little is known regarding the cultivation of BSCs in the field due to lack of
knowledge regarding the influencing factors that control BSCs growth. Thus, we determined the effects of various
environmental factors (shade; watering; N, P, K, and Ca concentrations) on the growth of cyanobacteria-dominated BSCs
from the Sonoran Desert in the southwestern United States. The soil surface changes and chlorophyll a concentrations were
used as proxies of BSC growth and development. After 4 months, five factors were found to impact BSC growth with the
following order of importance: NH;NO3 = watering frequency>shading>CaCO3 = KH,PO,. The soil water content was the
primary positive factor affecting BSC growth, and BSCs that were watered every 5 days harbored greater biomass than those
watered every 10 days. Groups that received NH4NO; consistently exhibited poor growth, suggesting that fixed N
amendment may suppress BSC growth. The effect of shading on the BSC biomass was inconsistent and depended on many
factors including the soil water content and availability of nutrients. KH,PO, and CaCOs had nonsignificant effects on BSC
growth. Collectively, our results indicate that the rapid restoration of BSCs can be controlled and realized by artificial
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Introduction

Biological soil crusts (BSCs) are highly complex communities
composed of mosses, cyanobacteria, lichens, bacteria, and fungi
with soil particles [1,2]. BSCs, which are widely distributed in arid
and semiarid areas of hot and cold zones, impact biogeochemical
cycles and hydrological processes and function to prevent erosion
[3,4,5,6]. BSCs are known to enrich soil nutrients, enhance soil
stability, and reduce soil erosion by wind and water [7,8,9]. For
example, in the Loess Plateau, moss-dominated BSC were shown
to reduce water runoff and sediment loss from soils by >30% and
>80%, respectively [10]. In a separate wind tunnel experiment,
moss- and cyanobacteria-dominated BSCs reduced the wind
erosion rate of soils by more than 90% as compared to uncovered
desert soils [11]. Therefore, attempts have been made to establish
artificial BSCs to promote soil stability and to reduce losses due to
wind and water erosion. Wei [12] proposed the concept of BSC
carpet engineering, i.e., the creation of artificial BSCs to control
sand movement. Subsequent research on BSC inoculation has
progressed rapidly, especially regarding the use of artificial
cyanobacteria-dominated BSC' cultures. For instance, in a 200-
ha experimental soil plot established in the Hobq Desert
[13,14,15], an artificial cyanobacterial crust enhanced the activity
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of soil communities and accelerated soil development [16].
Moreover, the average thickness of this artificial BSC ranged
from 2.23 to 5.36 mm, with coverage of 70%, after 3 years of
growth, suggesting that this approach may have long-term positive
effects on soil stability [17].

BSCs are generally classified into moss, lichen, and cyanobac-
terial crusts based on their predominant compositions. Mosses
with stems, leaves, and rhizoids are considered the higher plant
and have relatively strong photosynthetic capacities. Cyanobacte-
ria, which usually act as the pioneer organisms for desert soils, are
considered the lower plant characterized by low photosynthesis.
Lichens are complexes of algal cells enveloped within epiphyte
mycelia and can endure extremely arid environments [18]. These
three organisms are characterized by different physiological pro-
perties and require multifarious environments and conditions for
rapid growth, which results in the complexity of artificial resto-
ration for each type of BSC. The influences affecting the deve-
lopment of BSCs can be divided into internal and external factors.
Internal factors include the physiological characteristics of the
species present in the BSCs and the interactions between these
species, whereas external factors involve soil moisture, light inten-
sity, temperature, and the availability of nutrients. A previous study
[19] showed that the production of biomass and exopolysaccharides
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(EPS) by Microcoleus vaginatus Gom. was not linearly related to
temperature, light, or the availability of nutrients. Li et al. [20]
found that the colonization of cyanobacteria and algae in the earliest
successional stages of BSCis was facilitated by a higher soil pH and
total potassium content in the topsoil. Recent research [21] showed
that BSCs amended with composted sewage sludge promoted N
and C fixation and increased chlorophyll a. However, the frequent
watering of these BSCs led to a lower diversity of cyanobacteria
populations. In addition, the organic matter content, soil water
content, total N, total P, bioavailable P, bioavailable K, pH,
electrical conductivity, and total salt content also significantly
affected the abundance of microorganisms in BSCs [22]. External
factors, such as those described above, are likely to significantly
influence key ecological processes such as nitrogen fixation. Collema
tenax 1s the dominant N-fixing lichen in many BSCs, and the gross
photosynthesis of this species was surprisingly found to be
suppressed by the addition of nutrients such as P, K, and Zn [8].
It remains unclear, however, how nutrient amendment affects
biogeochemical processes in the long term and how this may
influence BSC: stability [23].

For cyanobacterial BSCs, knowledge on the rapid cultivation
through the direct broadcasting of crust samples remains scarce.
The experimental study of multiple factors will be beneficial to
realizing the rapid restoration of cyanobacterial crusts in the field.
Based on crust sampling in the field, lab cultivation, and the
investigation of biomass and surface changes, the present study
examined the effects of light intensity, watering frequency, and
nutrient amendment of N, P, K, and Ca on the development of
cyanobacteria-dominated BSCs located in the Sonoran Desert in
the southwestern United States. The results of this work improve
our understanding of the factors that affect BSC development, and
this information may narrow gaps between application and
research to restore and enginecer BSCs in arid and semiarid
regions.

Materials and Methods

Soil Sampling and Preparation

Samples were collected from a plot regulated by Arizona State
University and located in the Sonoran Desert near Phoenix,
Arizona, USA (32°59'27''N, 111°45'38"'W). Cyanobacterial
crusts were collected from the soil surface (<10 mm depth), and
the underlying soil was sampled from a depth >10 mm as the
substrate. The crust sample and soil substrate were transported to
the laboratory and sifted using a 5-mm sieve; the materials were
then air dried and kept for use in subsequent experiments. This
study was approved by the Department of Life Sciences, Arizona
State University.

The crust sample was dominated by cyanobacteria, and no
moss or lichen was observed. The dominant cyanobacteria at the
end of the experiment was identified via microscopy as Microcoleus
vaginatus Gom.

Properties of the Crust and Soil Substrate

The initial chlorophyll @ concentration of the BSC sample,
determined using an acetone extraction method [24], was
1.28+0.08 pg/ cm®, a value much lower than that of other well-
developed cyanobacterial crusts (typically 10 to 50 pg/cm?,
[25,26]). The physical and chemical soil properties of both the
crust and substrate samples were determined using standard
methods [27], and the results are shown in Table 1.

PLOS ONE | www.plosone.org

Table 1. Selected physical and chemical properties of the soils of the study.

pH

TOC (%)

Total K (g kg™ ") CaCO; (g kg™")

Total P (g kg™ ")

Total N (g kg™ ")

Particle size distribution

Sample

silt (g kg ") Clay (g kg ")

Sand (g kg™ ")

744
7.72

0.44
0.16

1.2
1.2

0.37
0.30

0.61
0.44

0.60
0.20

55
4.2

344

60.1
7.

Crust
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233

2.5

Substrate

doi:10.1371/journal.pone.0090049.t001
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1 month

4 months

L—W1 0+S+N+KP+Ca

17-W5+S+N+KP+Ca A y

Figure 1. Visible changes in the soil surfaces after 1 and 4 months of cultivation in selected treatments.

doi:10.1371/journal.pone.0090049.g001

Experimental Design

Substrate soil (approximately 1,000 g) was encased in
15 cmx15 cm pots at a depth of 4.5 cm. Nutrient amendments
(described below) were stirred into the crust sample, and the crust
sample (approximately 200 g) was then homogenized and spread
on top of the soil substrate to a depth of 0.5 cm in each pot.

Five external factors were evaluated: frequency of watering [5 or
10 day interval (W5 and W10, respectively)|; shade (S) or no shade
(NS); NH4NO3 amendment (N) or no NH4;NO3 amendment (NN);
KHyPO4 amendment (KP) or no KHyPO, amendment (NKP);
and CaCO3; amendment (Ca) or no CaCO3 amendment (NCa).
Full factorial combinations of these conditions were tested as
described in Table 2. Three replicate growth experiments were
performed for each treatment.

The treatment groups were watered every 5 or 10 days using a
dripping system until each soil pot was saturated by 300 ml water.
Double-deionized water was used to avoid the introduction of
additional nutrients. A knitted black shade cloth, which excluded
60% of all incident light, was placed 20 cm above each pot in the
shaded treatments. Nutrient amendments were supplied at the
following levels: 2.1 g of NHyNO; (300 kg/ha), 1.05 g of
KHyPO, (150 kg/ha), and 2.1 g of CaCOgs (300 kg/ha). Pots
were incubated in a greenhouse with natural light for a total of 4
months, spanning April to August. The greenhouse was ventilated
continuously and did not allow the incubating pots to be exposed
to rain. The greenhouse temperatures fluctuated with the
changing seasons.

Indices and Data Analysis

The chlorophyll @ content of the cyanobacteria-dominated
BSCs was used as a proxy for their growth as biomass. At the end
of the experiment, only the upper layer (= 4 mm) of the crust was
used for the measurement of chlorophyll a. Exopolysaccharides
(EPS, indicating the metabolic capacity of cyanobacterial crust)
and soil organic matter (SOM) were measured using a combustion
method and the phenol-sulfuric acid (PSA) test, respectively
[27,28]. Changes at the soil surface were recorded using a digital
camera, and the crust coverage was measured using wire meshes
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with 100 grid squares (5 x5 mm). Using the program SPSS 14.0, a
paired-sample #test (16 samples) was used to determine the
significance of each factor with respect to the chlorophyll a
concentration. The differences between each set of two factors
were analyzed using a one-way ANOVA and LSD analysis (16
samples). The corresponding index is presented as the mean *
standard error.

Results

Changes in the Crust Surface Area

Green surfaces indicative of photosynthetic pigments (e.g.,
chlorophyll @) were not present in any of the pots at the start of the
experiment. However, the cyanobacterial crusts developed rapidly,
as indicated by the development of green pigment after only 1
month. The coverage increased continually, and the surface color
became darker over time, as shown in the photographs of the four
treatment groups (treatments 1, 16, 17, and 21; Figure 1) which
are the most representative of the surface differences. Figure 1
showed as well that, the treatment groups without NH4NOs;
generally grew much faster than the other treatment groups. The
treatment groups exposed to NH4;NOj developed patchy crusts,
although additional watering produced better growth in these
treatments [e.g., treatments 1 (W10+S+N+KP+Ca) and 17 (W5+
S+N+KP+Ca)]. Watering every 5 days in combination with shade
produced the best growth. The effects of CaCO3 and KHyPO,4 on
the cyanobacterial crusts were not significant based on the image
analysis alone.

In addition to the visual illustration described above, the
corresponding coverage of the cyanobacterial crust for those 4
treatments after 1 and 4 months was consistent with the
photographic evidence. For example, in treatment groups 16 (less
watering) and 21 (more watering), both without NH4;NOs, the
crust coverage reached 82.2+2.19% and 93.3+6.43%, respec-
tively, within 1 month and increased to 95.7%£1.86% and
98.3%£0.33%, respectively, after 4 months. For treatment groups
1 (less watering) and 17 (more watering), both with NH;NOs, the
crust coverage was 2.8%2.84% and 12.3%9.61%, respectively,
after 1 month and increased to only 4.0£1.15% and 26.7%£10.7%,
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12

Chlorophyll acontent (ug/cm?)

Figure 2. Chlorophyll a content in each of the 32 treatments after 4 months of cultivation. Note: W10:300 ml deionized water was added
to each sample every 10 days. W5:300 ml deionized water was added to each sample every 5 days. S: each sample was covered by a 60% shade cloth
positioned 20 cm above the pot. NS: no shading. N: 2.10 g NH4NO; added to each pot. NN: no NH4NOs added to any pots. KP: 1.05 g KH,PO, added
to each pot. NKP: no H,PO, added to any pots. Ca: 2.10 g CaCO3 added to each pot. NCa: no CaCOs added to any pots. The capital letters indicate the
different treatments, while different lower case letters above the bars indicate significant differences between any two treatments at P<<0.01.
doi:10.1371/journal.pone.0090049.g002

respectively, after 4 months. These results indicated that the crust Differences of Crust Biomass

coverage of the treatment without NH4;NOj can reach high levels Figure 2 shows the chlorophyll « levels of each treatment group
within a relatively short time, and additional watering enhanced after 4 months. The watering frequency, light intensity, and
this trend. different nutrient amendments significantly influenced the crust

development. The frequency of watering significantly increased
the growth of crust biomass. The comparison of the treatment
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Figure 3. Soil organic matter content of the cyanobacterial crust layer in the treatments with the highest (21-24) and lowest (1-4)
measured biomass. Note: Different letters above the bars indicate significant differences (P<0.01) between treatments.
doi:10.1371/journal.pone.0090049.g003
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Figure 4. Relationship between chlorophyll a and exopolysaccharides (EPS).

doi:10.1371/journal.pone.0090049.g004

groups watered every 10 days (1-16) and the same treatments
watered every 5 days (17-32) clearly indicated that a greater
frequency of watering produced higher biomass. The highest
biomass and best crust growth were produced under sufficient
watering (treatments 21-24). However, the effects of watering on
cyanobacterial growth varied with different the nutrient levels.
The amendment of NH4NOj inhibited the development of the
cyanobacterial crust. In particular, the biomass levels of the crusts
treated with NH4;NOg3 were consistently lower than those of the
untreated crusts in the treatment groups that were watered every 5
days. The effects of KHyPO, and CACOj5 on the development of
crusts were inconsistent; i.e., higher/lower biomass levels were
observed in the presence/absence of both KH,PO,4 and CACOs.

For the 5-day watering frequency treatments, the highest
biomass was observed in the two shaded treatment groups [21
(W5+S+KP+Ca) and 23 (W5+S+Ca)]. This result indicated that
shade could positively affect the development of crust biomass
when the soil moisture content was high. However, the effects of
shading were not consistent and often inhibited biomass accumu-
lation. For example (Figure 2), shading led to the development of
less crust biomass in the treatment groups watered every 10 days
(treatment groups 1-16); this effect was more pronounced in the
groups treated with NH4NO3 (1-4, 9-12). Shade inhibited crust
growth in the treatment groups that received NH4;NO5 (1720,
25-28) but led to a slight enhancement of growth in the groups
that were not treated with NH4NO;3 (21-24, 29-32). Thus, the
effect of shade may vary according to other factors, including
growth stage, season, and availability of nutrients.

Further statistical analyses were performed to quantify the
effects of the five factors on crust development. The paired-sample
t-test showed that NH;NO3 and watering frequency had highly
significant effects (P<0.01), whereas the degree of shading had a
lower, although significant, effect on crust biomass development
(P<0.05). CaCO3 and KH,PO, had no significant effects on crust
biomass development. The one-way ANOVA and LSD analysis
indicated there was no significant difference between treatments
that received NH4NOj3 and the frequency of watering. Likewise,
no significant difference was observed between treatments that
received CaCO3 and KHyPO,. The effects of the five factors on
cyanobacteria growth (in descending order of importance) were as
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follows: NH4NO3; = watering frequency>shade>CaCO3 =
KH,PO,. The significant differences between all treatments
(Figure 2) showed a similar trend as in the statistical analysis
presented above.

Crust Organic Matter and EPS

To further examine the changes in crust development, the
treatments with the lowest (treatments 14, watered every 10 days,
not treated with NH4NOj3) and highest (treatments 21-24, watered
every 5 days, treated with NH4NO3) biomass levels were selected
for the measurement of the soil organic matter in the
cyanobacterial crust layer after 4 months of cultivation (Figure 3).
This analysis indicated that the treatments with higher biomass
levels contained more soil organic matter. We also measured the
EPS contents as an indication of the metabolic capacity of the
cyanobacterial crusts. The EPS contents of the crust layers that
received the same treatments (Figure 4) were inversely propor-
tional to their chlorophyll  contents and soil organic matter levels.

Discussion

For a certain cyanobacterial crust, the external factors including
the soil water content, availability of nutrients, light, and
temperature are the main factors for rapid crust growth and
development. Our results were both consistent and inconsistent
with the findings of the previous studies. The reasons or
interpretations behind these conclusions are discussed as follows.

Nutrients Factor

In general, BSCs catalyze the fixation of COy and Ny and
function to enrich the nutrient composition of soil [29,30,31,32].
Thus, we assumed that nutrient amendment would facilitate the
growth of BSCs, however, our results surprisingly contradicted this
hypothesis. Specifically, the application of NH;NOj5 inhibited the
development of cyanobacterial crusts in our study, regardless of
the soil moisture content or shade level, although BSCs are known
to possess a high capacity for Ny fixation [33]. It was postulated
that the disruption of the Ny fixation component of the niche
inhibited the cyanobacteria growth. This result was in contrast to
previous reports that most BSC types require significant amounts
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of G and N nutrients to maintain vigorous development [21,34].
Furthermore, we found that higher K and Ca levels did not benefit
the development of cyanobacterial crusts, which also contrasts
with the results of a previous report [20]. This result may be due to
the secondary roles of these nutrients in controlling crust
development in comparison to the primary variables, such as
light intensity and watering frequency. Clearly, these different
results or abnormal phenomenon cannot be explained solely based
on the current experiments. Further studies are warranted to
determine how and why cyanobacterial crusts from different
regions differentially respond to nutrient amendment, with the
goal of developing a holistic understanding of the environmental
conditions that promote optimal crust development.

Soil Moisture Factor

The soil water content was found to represent a critical and
positive factor for the development of BSCs in this study, a finding
that is consistent with the results of previous studies. For example,
the optimum moisture levels for net and gross photosynthesis in
the cyanobacteria-dominated BSCs of China’s Loess Plateau were
40%—-80% of the field water capacity [10]. Likewise, a study
conducted in the Negev Desert indicated a strong positive
relationship between the daylight wetness duration and the
chlorophyll content of the crust, whereas the moisture content
played an important role in stabilizing the BSC habitats [35]. As
expected, our results were consistent with those of previous reports
indicating that a higher soil water content or longer wetness
duration significantly promotes the growth and development of
cyanobacterial crust. Therefore, increasing the surface soil water
and extending the wetness duration should be the most important
mechanisms for rapidly restoring crusts in the field.

Light and Temperature Factor

Previously, it was shown that the production of biomass was not
linearly correlated with the temperature, light, or the availability of
nutrients in the culture. Instead, the optimal biomass levels of
Microcoleus vaginatus Gom. were produced when the temperature
was 30°C £2°C, the light was 600-700 UE/m?-s, and the renewal
rate was 35% [19]. Zhao et al. [10] showed that the light
compensation point and saturation point of a cyanobacteria-
dominated BSC in the hilly Loess Plateau of China were <
10 pmol/m?+s and 800 pmol/m?s, respectively. In our study,
light intensity also impacted the development of crust biomass.
However, compared with previous reports focused on single factor,
our experiment was conducted under variable temperature, light
intensity, and soil water content conditions similar to the natural
environment. For example, the ranges of light intensity with and
without  shading 1.1-401.6 umol/m?s and 8.4
1164.3 pmol/m?-s, respectively on July 28™; meanwhile, the
temperature fluctuated at 27.2-36.4°C and 27.8-39.4°C with and
without shading, respectively, on July 28", The total reduction of
light associated with the shade cloth was 53.6%—-86.9%, whereas
the effect of shading on the temperature was minimal (0.6-3.0°C).
Clearly, shading simultaneously changed the light intensity and
temperature, which most likely resulted in actual temperature or
light values that were lower than the optimal level on some days
but higher on other days. For this reason, both inhibitory and
promoting effects of shading were observed in the study, indicating
that shading or the shading level in the field must be considered to
obtain the optimal conditions.

were

Relationship between Biomass and EPS
Unexpectedly, the EPS content was not positively correlated
with the biomass level, as reported by a previous study [19]. We
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hypothesized that EPS might be consumed by heterotrophic
organisms in the short term (during this period between the lasting
watering event and EPS measurement, EPS was measured on the
5" and 10™ day after the last watering event for the W5 and W10
treatments, respectively) or to produce filamentous cells of
cyanobacteria in the soil crusts. These explanations would account
for the higher biomass and lower EPS levels in these crusts. In
addition, compared with studies conducted in the field [36,37],
our crust was cultivated in lab conditions and maintained for only
a relatively short period (4 months), which may explain the
negative relationship between the biomass and EPS. Further
experimental studies are necessary to clearly address this question.

Feasibility of Enhanced Restoration of Cyanobacterial

Crusts

Wang et al. [16] and Rao etal. [38] both independently
assessed the feasibility of using cyanobacterial culture inoculation
to promote BSC formation in desert areas in Inner Mongolia.
They found that crust coverage could reach 48.5% with an
accompanying increase in the chlorophyll ¢ content during the
second year. However, they used a “culture inoculation” method
experiencing isolation, purification, propagation and inoculation,
which has a high cost and technical complexity. In this study, we
attempted to use a ‘“‘broadcasting” method through directly
spreading the cyanobacterial crusts ‘diluted’ on the soil substrate
and created the appropriate conditions for realizing rapid crust
development, which is characterized by convenience and easy
operation. The results showed that the spreading of cyanobacterial
crust organisms onto a soil substrate with the appropriate
regulation of the environment is also effective and feasible for
the development of cyanobacteria-dominated BSCs. If effective
techniques for condition regulation are developed, the current easy
method of crust restoration could be widely applied and
engineered in the field.

Conclusions

Our study demonstrated that the cultivation and development
of cyanobacteria-dominated crusts through a “broadcasting”
method is feasible. Soil moisture is a primary factor influencing
the growth of cyanobacteria and significantly promoted the
development of cyanobacteria-dominated BSCs. In contrast,
amendment with NH4NOj had significant negative effects on
the growth of cyanobacterial crusts in the current experiment,
whereas KHyPO, and CaCOj; had nonsignificant effects on
growth. Shading may positively or negatively impact the crust
growth depending on whether the temperature and light intensity
under shading are lower or higher than the required optimal
condition. Five factors impact BSC growth with the following
order of importance: NH4;NOs=~watering frequency>shading>
CaCO3=KH,POy,. The specific reason for the negative correla-
tion between EPS and biomass should be studied in further
research. In the field, we suggested that maintaining high soil
moisture content by reducing runoff and increasing infiltration
facilitates the growth and restoration of cyanobacterial crusts,
meanwhile fertilization with NH,;NOg3 should be avoided. Our
understanding of the factors that influence BSC development will
facilitate studies regarding the restoration and cultivation of BSCs.
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