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Abstract: This study investigated the effects of consolidated soil layer (CSL) composed of fly ash
(FA) and polyacrylamide (PAM) on the growth of Artemisia ordosica through plot experiments in
Inner Mongolia, North China. It could provide a feasibility reference for ecological restoration and
combating desertification in the desert areas. The germination and growth characteristics of Artemisia
ordosica were studied in the control soil and 6 kinds of CSL, which were formed with 3 addition rates
of FA (5%, 10%, and 15% (w/w) soil) and 2 addition rates of PAM (0.006% and 0.012% (w/w) soil).
The results showed that CSL could provide good growth conditions for Artemisia ordosica in arid
regions, especially for plant height, basal diameter, total fresh weight, and total dry weight in F5P1
as seen in 2017 and 2018. The FA, the PAM, and the interaction of FA and PAM all had significant
impacts on the percentage of seedling emergence and total fresh weight (p < 0.05). The effects of CSL
on the emergence and growth properties of Artemisia ordosica were evaluated by principal component
analysis, and the CSL consisting of 5% FA and 0.006% PAM was recommended for plant growth.

Keywords: Artemisia ordosica; consolidated soil layer (CSL); fly ash (FA); polyacrylamide (PAM);
growth properties

1. Introduction

Desertification is defined as land degradation characterized by wind erosion, resulting
from climate change and human activities, and mainly occurs in the arid, semi-arid, and
semi-humid regions of northern China [1,2]. China is one of the countries most seriously
affected by desertification in the world, and the area of the Gobi desert and desertified
land in China is about 1.7 × 106 km2 [3]. The average annual growth rate of desertification
increased from 2100 km2 through 1976–1988 to 3600 km2 recently [4]. Zhao [5] investigated
the changes in soil resulting from desertification, and found that the soil environment
had degraded significantly due to wind erosion. In addition, plant height, basal diameter,
biomass, and yield of maize had all decreased to different degrees. Desertification had
reduced the soil quality and hindered plant growth, which seriously restricted the economic
development and ecological environment improvement in the desert region of North
China [5–7].

Research and evaluation results [4] show that 60% of the desertified land in North
China could be remediated under reasonable land use and intensity conditions. Traditional
means of combating desertification include: fixed mechanical sand barriers, fencing vegeta-
tion, sandy cropland stubble, and spring irrigation. Nowadays, research on new means of
desertification control in arid and semi-arid areas has become a hot topic, and establishing
the artificial consolidated soil layer technique (CSL) has become a new way in recent
years [8]. The related research [9–12] indicates that the widely distributed spontaneous
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soil crust plays an important role in the desert ecosystem with the effect of increasing
soil fertility and stability; therefore, the soil biological crust and its continued develop-
ment was artificially induced to fix sand and improve soil moisture and nutrients [13,14].
Therefore, artificial CSL was put forward. Artificial CSL has more significant advantages
than the artificial soil biological crust in the remedial process, expenses, sand-fixing effect,
consolidated speed and strength. In addition, the material we selected to construct CSL
should improve the physical and chemical properties of the soil. Fly ash (FA) is a kind of
industrial waste from thermal power plants [15–17]. Adding an appropriate amount of
fly ash to soil could increase the availability of B, K, and other nutrients in soil [18], and
ameliorate the physical and chemical properties of soil, such as improving soil structure,
soil water content, and water holding capacity [19–21]. Mishra [22] found that under the
2 g/(m2·day) and 4 g/(m2·day) fly ash application regime, the plant height, metabolic rate,
photosynthetic pigment content, and dry weight of roots, stems, and leaves of maize and
soybean increased. However, the content of photosynthetic pigments and the dry weight
of root and stem were reduced at 8 g/(m2·day) of fly ash application. Pathan [23] added
fly ash to sandy soil, then compared with a control group without fly ash: the phosphorus
content in soil increased by 2.5–4.5 times, and turf root biomass increased by 1.2–1.5 times.
In agriculture, a large number of field experiments have proven that fly ash can be used as
an effective and safe soil amendment/fertilizer [24]. Polyacrylamide (PAM) is a kind of
high molecular compound, which has a strong flocculation effect [25–27]. Stern [28] found
that the yield and biomass of wheat grown on PAM-treated soil increased compared with
control group. The researches of Levy [29] and Flanagan [30] also demonstrated the effect
of PAM in enhancing vegetation growth.

The Hobq Desert, one of the most severe wind sand damage regions, has a distinct
ecological environment mainly characterized by a dry climate and the serious hazard of
wind sand. Artemisia ordosica is the local dominant species and a typical desert plant [9].
Consequently, the Hobq Desert in Inner Mongolia, North China was chosen as the study
area to explore the effects of CSL on vegetation growth properties, desertification control,
and vegetation restoration in desert zones. In the Hobq Desert, at present the research
on desertification control is mostly concentrated on the effects of soil crust/CSL on soil
structure, soil water, microbial biomass, and enzyme activities [9–12], as well as surface
soil fixing and wind erosion resistance [31–33]. Although effective vegetation restoration
was the ultimate purpose of desertification control, only a few studies had focused on the
role of CSL in promoting the restoration of desert vegetation, especially the influence on
emergence, growth, and biomass accumulation characteristics of local typical desert plants.

Specifically, we addressed the following aims: (1) to explore the growth characteristics
of Artemisia ordosica in CSL in the Hobq Desert; (2) to evaluate the comprehensive effects of
CSL, and to select the optimum proportion by principal component analysis; (3) to analyze
the mechanism of the actions of CSL in North China. This study could provide data for
desertification control and vegetation restoration in weak ecologic environments with
serious soil erosion, and could even offer a reference for the feasibility and sustainability of
ecosystem restoration in desert zones.

2. Materials and Methods
2.1. Study Area

The experimental site (40◦16′ N–40◦39′ N, 107◦45′ E–109◦50′ E, altitude 1020–1097 m)
was located in the Hobq Desert, Inner Mongolia, North China. The site has a typical semi-
arid temperate continental monsoonal climate with mean annual temperature of 6.1 ◦C, with
mean annual precipitation of 250 mm. The lowest and highest monthly mean temperatures
were −34.5 ◦C and 40.2 ◦C, respectively. The mean annual pan evaporation was 2160 mm.
The land desertification in the study area was serious, the wind-sand movement of surface
was strong. The soil type in the study area was sandy soil, and soil pH and electrical
conductivity (EC) were 7.25 and 0.31 ms/cm, respectively. The main composition of the soil
was sand, with clay content of 0.07%, silt content of 2.03%, and sand content of 97.9%.



Agronomy 2021, 11, 590 3 of 11

2.2. Experimental Design

The experiment was conducted between May and October from 2016 to 2018. The
field experiment treatments are shown in Table 1; the CSL were formed with 3 addition
rates of FA (5%, 10%, and 15% (w/w) soil) and 2 addition rates of PAM (0.006% and 0.012%
(w/w) soil). In this study, CSL was formed by mixing FA with PAM in soil. The FA was
sieved through a 2-mm stainless steel sieve before the experiment, then FA and PAM were
evenly applied to 0–30 cm soil depth, and an appropriate amount of water was sprayed
uniformly onto the surface. All treatments were equilibrated to achieve moisture contents
close to the initial soil moisture content [34]. The FA applied in the experiment was taken
from Inner Mongolia Hong Zhu Thermal Power Plant, and gently crushed. The PAM
used in the experiment was a white powder with a relative molecular mass of more than
3 million anions and a solid content of 85% (w/w). Physicochemical properties of the
FA and soil used in the experiment are shown in Table 2, and the soil in Table 2 was the
control treatment soil (CK). Subsequently, the Artemisia ordosica was planted in the CK and
CSL. The growth properties of Artemisia ordosica including the daily emergence number,
percent of seedling emergence, plant height, basal diameter, leaf number, and biomass were
monitored. Each of the experimental units was 1.2 m × 2.5 m in size and was separated
from the others by 1 m furrows to prevent mutual interference among units.

Table 1. Design of experiment.

Treatment Fly Ash (FA) (%, The Weight
Ratio to Soil)

Polyacrylamide (PAM)(%,
The Weight Ratio to Soil)

CK 0 0
F5P1 5 0.006
F5P2 5 0.012
F10P1 10 0.006
F10P2 10 0.012
F15P1 15 0.006
F15P2 15 0.012

Table 2. Physicochemical properties of the fly ash and soil used in the experiment.

Element Fly Ash Soil

Bulk density (g/cm3) 1.07 1.52
Sand (20−2000µm) (%) 27.4 97.9

Silt (2−20µm) (%) 70.8 2.03
Clay (0.01−2µm) (%) 1.8 0.07

Texture Silt loam Sand
pH 8.42 7.25

Electrical Conductivity (EC) (ms/cm) 1.62 0.31

2.3. Data Analyses

IBM® SPSS® Statistics 20 (Statistical Product and Service Solutions, IBM Company,
Chicago, IL, USA) was used to analyze the data. The one-way and two-way analysis of
variance (ANOVA) by least significant difference (LSD) were conducted at the significance
level of 0.05. Comprehensive evaluation of the influence of CSL on Artemisia ordosica
growth was conducted by principal component analysis.

3. Results
3.1. Seed Emergence

The effects of CSL on the emergence time and total emergence rate of Artemisia ordosica
are shown in Figures 1 and 2, respectively. With the construction of CSL, the percent
of seedling emergence in CSL was significantly lower than CK except the CSL of F5P2
(p < 0.05). In terms of time, the emergence of the germination peak was delayed with the
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use of CSL, especially in the CSL of F15P1 and F15P2; F10P1 and F10P2 were the second,
while F5P2 and F5P1 got the minimal negative impact. The results indicated that CSL had
a certain retarding effect on the emergence time and rate of Artemisia ordosica seeds.
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Figure 2. Percent of seedling emergence of Artemisia ordosica in CSL. Note: Letters indicate significant
differences.

3.2. Growth Properties in 2016

In the desert area of North China, it was not enough to choose suitable mixture ratios
of CSL according to the rate of seed germination. Therefore, it was necessary to monitor
the growth characteristics and adaptability of Artemisia ordosica in CSL.

Figures 3–6 show the growth properties of Artemisia ordosica in CSL including plant
height, basal diameter, leaf number, and biomass during the whole growth period from
May 31st to October 13th in 2016. It can be concluded that the various growth indexes of
Artemisia ordosica showed the same growth pattern in CSL, meaning that the plant height,
basal diameter, and leaf number first increased rapidly, reaching the maximum in the
middle of August. The photosynthetic organs then gradually entered the aging period, and
stopped growing at the end of September. The Artemisia ordosica growth declined slowly
and basically stopped in October.
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3.4. Comprehensive Evaluation on the Effects of CSL 

Figure 6. Effects of CSL on total fresh weight (a) and total dry weight (b) of Artemisia ordosica. Note: Letters indicate
significant differences of biomass in CK and CSL in the same month.

The biomass was also analyzed, taking October 2016 as an example in this paper.
The total fresh weight of Artemisia ordosica in CK was 174 g, and it increased to 181 g
in F5P1, while the total fresh weight in CSL of F10P1 and F10P2, as well as F15P1 and
F15P2, decreased by an average of 68% and 84%, respectively, compared with CK. The total
dry weight in the CSL of F5P1 and F5P2, F10P1 and F10P2, as well as F15P1 and F15P2,
decreased by an average of 37%, 66%, and 82%, respectively. In terms of significance, the
difference of total dry weight of Artemisia ordosica in CSL was the most significant, while
the total fresh weight in CSL ranked second.

3.3. Effects of CSL on Plant Growth in Time Series

Table 3 indicates the growth properties of Artemisia ordosica in CSL with different
FA and PAM quantities in time series. From the time the growth index maximum value
appears, in 2016 the maximum value of plant height (PLH), total fresh weight (TFW), and
total dry weight (TDW) all appeared in F5P1 among the six CSL treatments, while the
maximum basal diameter (BD) occurred in F10P1. In 2017 and 2018, the growth indexes all
reached the maximum value in F5P1 among the CSL treatments.

Table 3. Effects of CSL on Artemisia ordosica growth in time series.

CK F5P1 F5P2 F10P1 F10P2 F15P1 F15P2

2017

PLH (cm) 167.00 a 166.50 a 145.00 b 129.50 bc 116.00 cd 122.00 cd 107.00 d
BD (mm) 17.42 a 16.69 ab 15.58 ab 13.69 abc 13.28 abc 10.37 bc 8.87 c
TFW (g) 619.52 b 658.69 a 220.94 d 264.67 c 80.09 e 200.12 d 66.62 e
TDW (g) 260.19 b 279.19 a 85.92 e 116.42 c 37.84 f 98.97 d 37.83 f

2018

PLH (cm) 168.50 a 170.75 a 150.50 b 136.75 bc 127.00 c 127.50 c 120.25 c
BD (mm) 19.27 a 19.32 a 17.59 ab 14.49 ab 14.22 ab 11.64 b 11.17 b
TFW (g) 774.98 a 771.37 a 295.32 b 283.18 b 257.11 b 270.10 b 210.65 c
TDW (g) 314.00 a 323.88 a 178.94 bc 170.65 bc 201.34 b 163.73 bc 135.79 c

Note: PLH: plant height (cm), BD: basal diameter (mm), TFW: total fresh weight (g), TDW: total dry weight (g). Letters indicate the
significant differences of PLH/BD/TFW/TDW in control soil (CK) and CSL.

From the view of significance, in 2016 there was no significant difference in basal
diameter (BD) among CSL of F5P1, F5P2, F10P1, F10P2, and CK, as well as in total fresh
weight (TFW) between F5P1 and CK. In 2018, there was no significant difference in plant
height (PLH), total fresh weight (TFW), and total dry weight (TDW) between CSL of
F5P1 and CK, or in basal diameter (BD) among CSL of F5P1, F5P2, F10P1, F10P2, and CK.
However, differences were found among the six CSL treatments of the same growth index.
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Therefore, the excellence order of the six CSL addition rates on emergence and growth
of Artemisia ordosica was not always the same. For example, F5P2 was the optimum
proportion for seedling emergence, while F10P1 and F10P2 were better for basal diameter
growth. In addition, it was difficult to describe the effects of CSL with a single indicator, as
the seedling emergence and growth properties of Artemisia ordosica in CSL were determined
by complex genetic factors and environmental factors. Consequently, a statistical analysis
method was needed to evaluate the comprehensive effects of CSL.

3.4. Comprehensive Evaluation on the Effects of CSL

The comprehensive evaluation of the effect of CSL on Artemisia ordosica growth was
very complicated [35], including the selection of evaluation indexes, monitoring of in-
dicators, and the choice of evaluation method; each step would affect the accuracy of
evaluation results. A large number of studies [36,37] have shown that principal component
analysis is the most widely used mathematical statistics method in evaluation, as well as
an effective method of data dimension reduction. This is a multivariate statistical analysis
method, which compresses the original data variables and transforms several original
variables into a few independent new variables. During this process, it reflects most of the
data information.

In this study, a multi-index principal component analysis method was applied with
5 indexes (including the percentage of seedling emergence, plant height, basal diameter,
total fresh weight, and total dry weight) to comprehensively evaluate the influences of
CSL with different FA + PAM addition rates. As shown in Table 4, it turned out that the
excellence order of CSL composition was: F5P1 > F5P2 > F10P1 > F10P2 > F15P1 > F15P2.

Table 4. The principal component indexes of CSL.

Treatment F1 F2 F Ranking No.

CK 4.96 −1.15 3.91 1
F5P1 3.90 1.20 3.29 2
F5P2 −0.25 1.55 −0.05 3

F10P1 −0.79 −0.35 −0.68 4
F10P2 −1.43 −1.54 −1.31 5
F15P1 −2.62 0.20 −2.11 6
F15P2 −3.76 0.10 −3.05 7

4. Discussion
4.1. Influence of CSL on Seed Emergence Properties of Artemisia ordosica

Seed germination and seedling survival are the key steps of plant sexual reproduction.
The adaptability of seeds and seedlings at seedling stage is also a decisive factor for the
distribution and development of Artemisia ordosica communities. The study of the response
of seed germination of dominant species in CSL in desert areas, was of theoretical and prac-
tical value to reveal the germination mechanism and vegetation restoration possibilities.

In this study, the total emergence rate of Artemisia ordosica showed a certain degree
of reduction in CSL, and the time of emergence was delayed. The main factors affecting
seed emergence and seedling growth in this experiment were as follows. One factor was
the tightness degree of the soil around the seed, which was related to the structure and
texture of the soil. If the soil compactness (the tight degree of the soil) increased, the
resistance of the plant apical meristem growth would increase; this would lead to the delay
of seedling emergence. Pandey’s research [15] showed that the application of FA and PAM
could reduce soil bulk density; this might be because the bulk density of FA was very low
(Table 2), while PAM increased the number of sand aggregates and further increased soil
pores. Nadler [38] discovered that comparing soil with 22, 45, 67, and 90 kg/ha PAM with
the soil without PAM (CK), the emergence rate of maize was enhanced by 60%, 68%, 64%,
and 76%, respectively [38]. Second, the acid and alkali environment, as well as the soluble
salt content of soil were also considered. In this experiment, the soil pH increased from
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7.25 (CK) to 8.07 at high FA addition rate of 15%. The study of Zheng [39] found that mild
stress in the environment could promote the germination of plant seeds, while severe stress
inhibited the emergence of seedlings. This was consistent with the conclusion of this paper
that the total emergence rate was highest in CSL of F5P2, then gradually declined as the
proportion of FA increased. It also indicated that the acid and alkali environment of the
soil was overwhelming the bulk density for the emergence of Artemisia ordosica. Third, the
quality of the seed itself and the energy contained in the endosperm or cotyledons were
considered [40]. According to the literature [41], Artemisia ordosica seed has a mucilage
structure; this structure could delay germination of seeds. The germination mechanism
further ensures the seed germination of Artemisia ordosica in suitable conditions, as well as
improving the ability to adapt to various environmental stresses and reducing the risks
to survival.

4.2. Influence of CSL on Growth Properties of Artemisia ordosica

The possible mechanism of CSL affecting Artemisia ordosica growth was studied by
analyzing the data from the experiments and reviewing the literature. On the one hand, FA
in CSL could ameliorate some soil physical properties. FA also contains essential nutrients
for plant growth, such as Mg, K, Na, B, Zn, and Cu. However, FA is strongly alkaline, and
the content of salt and boron is high (Table 2). The content of carbon and nitrogen could
be ignored as they oxidize to gaseous form during combustion in the process of forming
FA [24]. In addition, from the perspective of microbiological survival, the high pH and
electrical conductivity in the soil, as well as the lack of substrate C as an energy source for
heterotrophic microorganisms and the lack of an adequate N supply might all affect the
colonization of microbes, restricting microbial activity and enzyme activity in CSL [42].
The flocculation of PAM in CSL could reduce the negative impacts of FA on the emergence
and growth of plants, so as to achieve better performance than single inorganic/organic
materials (FA/PAM). Two-way ANOVA was used to analyze the effects of CSL on the
growth of Artemisia ordosica in 2016, as shown in Table 5. FA had significant influence on
the percentage of seedling emergence, plant height, basal diameter, total fresh weight, and
total dry weight. PAM had significant influence on the percentage of seedling emergence
and total fresh weight. The interaction of FA and PAM had significant influence on the
percentage of seedling emergence and total fresh weight (p < 0.05).

Table 5. Two-way ANOVA of the effects of CSL on the growth characteristics of Artemisia ordosica
in 2016.

FA PAM FA × PAM

F Sig. F Sig. F Sig.

PSE 567.296 0.000 44.531 0.000 16.559 0.000
PLH of 2016 4.995 0.017 0.155 0.698 0.601 0.557
BD of 2016 11.164 0.000 1.315 0.264 0.087 0.917

TFW of 2016 31.067 0.000 7.278 0.013 5.429 0.013
TDW of 2016 32.960 0.000 4.136 0.055 3.508 0.048

Note: PSE: percentage of seedling emergence (%), PLH: plant height (cm), BD: basal diameter (mm), TFW: total
fresh weight (g), TDW: total dry weight (g).

The influence of CSL on the emergence and growth properties of Artemisia ordosica
was evaluated by principal component analysis: F5P1 > F5P2 > F10P1 > F10P2 > F15P1 >
F15P2. It was clear that the CSL of F5P1 and F5P2 had changed soil pH and salt content
slightly, and the negative influences brought by CSL on the growth of Artemisia ordosica
were less than positive ones. The negative effects of the CSL in F10P1, F10P2, F15P1, and
F15P2 were more significant, especially in 2016. With the deposition of organic matter
in plant growth, the weathering of FA and leaching of precipitation, it could be expected
that the soil pH and salinity levels would gradually decrease, and the physicochemical
and biological properties of the CSL and its underlying soil also would change for the
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better [43]. Meanwhile, the changes in CSL affected the growth of Artemisia ordosica in turn.
As compared with the control, in 2016, a fluctuant reduction of final plant height, basal
diameter, leaf number, and total dry weight of Artemisia ordosica were found in CSL of
22.47%−34.85%, 5.59%−38.55%, 27.34%−80.09%, and 37.27%−82.01%, respectively. The
final total fresh weight increased in CSL of F5P1 compared with CK. In 2017 and 2018,
from the standpoint of significance, the positive effects in CSL of F5P1 were equal to/better
than CK. Singh [44] also confirmed that 5%, 10%, 15%, and 20% FA addition reduced plant
growth, biomass, and yield during early growth phases. Pandey [45] found that lower
levels of FA in the soil caused enhancements of both growth and yield of Cajanus cajan
L., while adverse effects were observed at higher levels. Adriano [46] also found that
establishment of turf was inhibited by the high concentration of soluble salt and boron in
soil brought by FA, although FA significantly increased the water holding capacity of the
soil and plant-available water. Mishra [22] analyzed the reasons for the increase in plant
height and dry weight of corn and soybeans under 2 g/(m2·day) and 4 g/(m2·day) FA
addition rates, finding that this was because of FA making up for the deficiency of boron
in the soil. In contrast, the content of photosynthetic pigment and dry weight decreased
under 8 g/(m2·day) and 4 g/(m2·day) FA addition rates, mainly because of the excessive
absorption and accumulation of salt and boron in the soil by plants.

The use of inorganic-organic composite sand-fixing material CSL (FA + PAM) was
more effective than the use of inorganic/organic sand-fixing material alone (FA/ PAM).
Using FA and PAM to construct CSL had the advantages of convenient construction, low
cost, short construction period, and remarkable effect. At the same time, the addition of FA
also solved the problem of treating industry waste in northern China. Recent studies [33,34]
showed that CSL had a certain structure and strength on the surface of the flow sand, and
that CSL could effectively prevent sand dunes from wind erosion, control the sand’s
negative effects on the environment, and improve the productivity of sandy land in arid
regions. Combining traditional chemical sand-fixing methods with a biological sand-fixing
method is conducive to vegetation and ecological restoration, which could further provide
new ideas for the development of desertification control.

Considering the harsh environment in desert areas, as well as the dynamic effects of
CSL on Artemisia ordosica plant growth, further investigation using longer plant growth
times and other sand-fixing plant types in the CSL, based on long-term field observation, is
needed for better understanding of the influence of CSL on plant growth.

5. Conclusions

The CSL containing FA and PAM provided good growth conditions for Artemisia
ordosica in arid regions, especially for plant height, basal diameter, total fresh weight, and
total dry weight in F5P1 in 2017 and 2018. In terms of time series, accompanied by the
gradual weakening inhibition effect of CSL on growth, the growth promotion effect became
more significant. The role of CSL affecting the above actions was also analyzed using
two-way ANOVA; the result showed that the FA, the PAM, and the interaction of FA and
PAM, all had significant impacts on the percentage of seedling emergence and total fresh
weight (p < 0.05).

The effects of CSL on the growth properties of Artemisia ordosica were evaluated by
principal component analysis. The CSL with 5% FA and 0.006% PAM was recommended as
an effective proportion for Artemisia ordosica growth, which could be used for desertification
control and vegetation restoration in desert areas.
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