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Abstract: The objectives of this study were to compare the influence of land use, to determine
which land has an impact on hydrochemistry and to clarify the impact of land use on soil microbial
diversity and the correlation between hydrochemistry and soil microbial diversity. The impacts
were assessed through chemical and biological data from 4 land-use groups. The results showed
that soil microbial diversity and water chemical composition were different under different land
uses. There was a strong correlation between the main hydrochemical components under different
land uses, and the M03 had the highest correlation. The Shannon index was the largest for M01, the
Simpson index was the smallest for M01, and the Chao1 and Ace indexes were the largest for M02.
Actinobacteria, Proteobacteria and Acidobacteria were the dominant bacteria with different land
uses, and some bacteria were present or absent depending on the land use. It was found that the
soil CO2 content was different with different land uses. Soil CO2 content, hydrochemistry and soil
microbial species were related to each other. A heatmap analysis showed that the F− and soil CO2

content showed a strong correlation with soil microorganisms and that the dominant bacteria were
positively correlated. Under different land uses, hydrochemistry, soil CO2 and soil microorganisms
interact with one another.
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1. Introduction

In 1995, the International Geosphere-Biosphere Program and the Global Environmental Change
Humanities Program jointly proposed the “Land Use and Cover Change (LUCC)” research program,
making research on changes in land use the forefront of global change research. In recent years, the
environmental effect of land-use change on different scales has gradually become a research hotspot,
and the environmental effect of water is the focus of considerable attention [1,2]. Land use patterns
have a very important influence on water quality and water ecosystems. Many water quality problems
are caused by inappropriate land use, such as urbanization and agricultural activities [3]. Meanwhile,
soil microorganisms can participate in the regulation of ecosystem processes at all scales and can
provide power for the carbon and nitrogen cycles. Soil microbial diversity can be affected by many
factors [4]. In recent years, scholars at home and abroad have conducted a large number of studies
on the relationship between land use (landscape pattern) and water quality on different scales using
different methods, and many excellent results have been revealed [5,6]. Bornstert et al. discovered
that two modelling studies of mesoscale catchments in Germany were presented: the first showed the
possible impacts of climate change on storm runoff production, and the second showed the impact
of land-use changes [7]. Jiang et al. studied the effect of land-use changes on groundwater quality
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in the small watershed of Huxi County of Yunnan Province over the years and found that the total
alkalinity and pH plasma content in groundwater increased [8]. Jia et al. studied changes in the two
types of hydrochemical indexes of conventional hydration ions and heavy metal ions in shallow karst
groundwater caused by land use and found that there was a high degree of dynamic consistency
between the ion content and the change of land use [9]. Guo et al. found that the hydrochemical index
for groundwater in areas with strong human activity was high, indicating that the land use had a
significant impact on the quality of karst groundwater [10]. At the same time, other scholars found
that an area’s classification as a forest, grassland or arable land had a relatively significant impact on
water quality [11]. The study found that the relationship between water quality and land use as well
as the ability of land-use indicators to explain water quality vary across the urbanization gradient in
the studied watersheds [12]. Duan et al. studied the impact of land use on water quality at different
scales in the Sancha River Basin and found that forests and grasslands play the role of a “sink” for
water quality [13]. Zhang M et al. found that K+ and SO4

2− in shallow groundwater were positively
correlated with agricultural land, while Na+ was mainly correlated with urban land, and that Cl− was
affected both in agricultural land and urban land [14]. The nitrate nitrogen (NO3–N) concentrations
significantly increased by approximately 8.1% and 3.89% annually in agricultural and residential wells,
respectively [15].

On the other hand, land use can change the soil nutrient cycle and soil microbial activity through
water, heat and other environmental conditions and then can change the soil microbial community
structure [16]. Mader et al. found that no-tillage or low-tillage agriculture could significantly increase
the number and microbial activity of soil microorganisms in the surface layer (0–10 cm) through a
10-year localization experiment [17]. Sun et al. believed that a no-tillage agriculture increased the
soil bacteria content and promoted the degradation of soil organic matter by fungal microorganisms
but had no effect on soil Actinomycetes [18]. Poulsen et al. found that soil microbial diversity and
richness are determined by soil type and particle composition rather than by fertilizer application [19].
Additionally, no significant alterations in the alpha diversity were observed among different land
uses, but the beta diversity in grasslands was lower than that observed in forests and no-till soils [20].
Deng et al. found that the metabolic activity of the soil microbial community was significantly different
under different land-use patterns and that the Shannon index of the soil microbial community in a
maize farmland was lower than that in other land-use patterns [21]. Li et al. found that the effect
of no-tillage agriculture on soil microorganisms was significantly less than that of green manure
cultivation [22].

In early research, scholars only studied the impact of land use on water quality or microorganisms
and rarely considered both. Through differences in land use, this paper studies the hydrochemical
changes and the changes in microbial diversity, as well as the correlation between them, to provide
new ideas for the study of soil microbiology and to highlight the direction for further research of the
hydrochemical evolution process. The combination of soil microbiology and hydrogeology provides
important significance for future research. The influence of the land-use mode on environmental
water quality is not only a hot topic but also a difficult topic in current research [23] and has very
important theoretical and practical significance. The main aims of this study were to compare the
influence of land use, to determine which land has an impact on hydrochemistry and to clarify the
impact of land-use on soil microbial diversity and the correlation between hydrochemistry and soil
microbial diversity.

2. Materials and Methods

2.1. Study Area

The demonstration park is located in the Qi-Longwan village of Laiwu (Figure 1) at 36◦22′ N
117◦38′ E. It belongs to a hilly area in the middle and south of Shandong Province, and it represents
the main type of soil erosion in the northern mountainous area. The park is in a temperate humid
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and semi-humid continental monsoon climate. It is characterized by obvious seasonal differences:
cold with little snow in winter, dry and windy in spring, hot and rainy in summer, and dry and cool
in autumn. The annual average precipitation is 732 mm, and most heavy rainfall occurs in summer.
The average precipitation in summer (June–September) is 561.9 mm, which accounts for 73.89% of
the total annual precipitation. The maximum precipitation in one year was 1352.8 mm (1964), and the
minimum precipitation in a one year was 370.8 mm (1989); the difference was 982 mm. The National
Water and Soil Conservation Science and Technology Demonstration Park in Laiwu was planned and
constructed by Shandong Agricultural University, the Water Resources Research Institute of Shandong
Province and the Soil and Water Conservation Office of Laiwu. The park is used to monitor the soil
erosion intensity and hydrological characteristics of different vegetation and slopes. In 2007, the
Ministry of Water Resources was listed as the typical small watershed monitoring point of the National
Soil Erosion Dynamic Monitoring and Announcements Project (No. 0A37200133130). It was named
the “Science Popularization Education Base in Shandong Province” by the Shandong Association for
Science and Technology in 2011. In 2012, it was named the “National Water and Soil Conservation
Science and Technology Demonstration Park” by the Ministry of Water Resources. The soil layer in
the experimental plot is brown soil. The depth is approximately 70–80 cm with light brown sand, a
slightly granular structure, and loose and porous soil. Plant roots are developed, and animal caverns
exist. The bedrock is mainly granite and gneiss.
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Figure 1. A diagram of the experimental plot location ((a) map of the traffic in the experimental plot;
(b) photo of the experimental plot).

2.2. Methods

The experimental plot was designed to be 5 m wide, 10 m long and 50 m2 in horizontal projection
area. The upper part and both sides of the prefabricated bracer arranged outside the protection zone
had a width of 2 m. Different vegetation was selected to be planted in the experimental plots (Figure 2).
The specific land-use types are shown in Table 1. According to the 4 plots with different land-use
modes (M01–M04), the center point was set as the experimental observation point. Soil and water
samples were collected, and the sample numbers are shown in Table 1.

Table 1. The sample number and land-use type.

Sample M01 M02 M03 M04

Land-use type Bare Peach Castanea Pine

2.2.1. Hydrochemical Detection

After precipitation, the mixed water samples from a soil depth of 0–15 cm were collected and the
hydrochemical indexes were tested. The water samples were collected in dry and clean polyethylene
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bottles. The pH value was measured at the site using portable measuring implements (HQ40d,
HACH, Danaher Grop, New York, NY, USA). All the samples were stored and transported at 4 ◦C
to a laboratory for further analysis. The major cations in the water samples were analyzed in the
laboratory. The total dissolved solids (TDS) was measured by evaporating a prefiltered sample to
dryness. The major cations (Ca2+, Mg2+, K+ and Na+) were measured by a flame atomic absorption
spectrophotometer. SiO2 and major anion (Cl− and SO4

2−) concentrations were determined using ion
chromatography. Free CO2 and HCO3

− were sampled and titrated immediately on site to prevent
atmospheric carbon dioxide pollution. The ion balance errors of the water samples were < 10%, and
most of them were < 5%.

Water 2019, 01, x FOR PEER REVIEW  4 of 17 

 

chromatography. Free CO2 and HCO3− were sampled and titrated immediately on site to prevent 
atmospheric carbon dioxide pollution. The ion balance errors of the water samples were < 10%, and 
most of them were < 5%. 

 
Figure 2. A diagram of the experimental plot. 

2.2.2. Soil Analysis 

An EGM-4 portable environmental gas detector (PP Systems, 110 Haverhill Road, Suite 301 
Amesbury, MA, USA) was used to detect the soil CO2 concentration. The depth of the test was 15 cm, 
according to the thickness of the soil layer. To avoid interference from other factors, the test points 
were selected uniformly. The soil CO2 test time was 9:00–11:00 a.m. because the study found that the 
soil CO2 content at this period could represent the average value for the whole day [24]. The soil CO2 
content in the soil was measured by hammering a 2 cm diameter iron drill in the vertical direction at 
the test point. Starting from the surface, the soil CO2 content was measured at a depth of 15 cm. After 
drilling to the specified depth, the iron rod was pulled out and the rubber hose connected to the inlet 
of the EGM-4 portable environmental gas detector was quickly inserted into the borehole. The 
maximum soil CO2 concentration readings were measured by the instrument after a short delay. 

The soil samples were collected using the diagonal sampling method, and the soil samples taken 
at a depth of 0–15 cm at the four diagonals and the center were selected for mixing. The soil from all 
the sampling points was mixed together, and the roots, rocks and weeds were removed from the soil. 
The soil samples at oven temperature 100 °C were dried for 5 h after the removal of the moisture to 
constant weight for a particle size analysis. According to the size and distribution range of the tested 
samples, the sieves with different sizes and holes were stacked together for screening, the sieve 
allowance of each sieve was collected and the particle size distribution of the tested samples 
measured by weight was obtained by weighing. The range of granule grading was selected as 20 mm, 
10 mm, 5 mm, 1 mm, 0.5 mm, 0.25 mm, 0.1 mm and 0.075 mm. After screening, the weight was 
measured and calculated, and finally the granule grading curve was obtained. 

The soil sample was divided into two parts. One part, weighing approximately 10–20 g, was 
placed in a 4 °C refrigerated storage for soil microbial detection. For the part of the soil sample, PCR 
amplification was performed on the V4–V5 region of the 16S rDNA of the sample bacteria [25]. The 
5–5f and 907R primers were used (the primer sequences were 5′-GTGCCAGCMGCCGCGG-3′ and 5′-

Figure 2. A diagram of the experimental plot.

2.2.2. Soil Analysis

An EGM-4 portable environmental gas detector (PP Systems, 110 Haverhill Road, Suite 301
Amesbury, MA, USA) was used to detect the soil CO2 concentration. The depth of the test was 15 cm,
according to the thickness of the soil layer. To avoid interference from other factors, the test points
were selected uniformly. The soil CO2 test time was 9:00–11:00 a.m. because the study found that the
soil CO2 content at this period could represent the average value for the whole day [24]. The soil CO2

content in the soil was measured by hammering a 2 cm diameter iron drill in the vertical direction
at the test point. Starting from the surface, the soil CO2 content was measured at a depth of 15 cm.
After drilling to the specified depth, the iron rod was pulled out and the rubber hose connected to
the inlet of the EGM-4 portable environmental gas detector was quickly inserted into the borehole.
The maximum soil CO2 concentration readings were measured by the instrument after a short delay.

The soil samples were collected using the diagonal sampling method, and the soil samples taken
at a depth of 0–15 cm at the four diagonals and the center were selected for mixing. The soil from
all the sampling points was mixed together, and the roots, rocks and weeds were removed from the
soil. The soil samples at oven temperature 100 ◦C were dried for 5 h after the removal of the moisture
to constant weight for a particle size analysis. According to the size and distribution range of the
tested samples, the sieves with different sizes and holes were stacked together for screening, the sieve
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allowance of each sieve was collected and the particle size distribution of the tested samples measured
by weight was obtained by weighing. The range of granule grading was selected as 20 mm, 10 mm,
5 mm, 1 mm, 0.5 mm, 0.25 mm, 0.1 mm and 0.075 mm. After screening, the weight was measured and
calculated, and finally the granule grading curve was obtained.

The soil sample was divided into two parts. One part, weighing approximately 10–20 g, was
placed in a 4 ◦C refrigerated storage for soil microbial detection. For the part of the soil sample,
PCR amplification was performed on the V4–V5 region of the 16S rDNA of the sample bacteria [25].
The 5–5f and 907R primers were used (the primer sequences were 5′-GTGCCAGCMGCCGCGG-3′

and 5′-CCGTCAATTCMTTTRAGTTT-3′, respectively). The amplified fragment length was 392 bp; the
RDP classifier Bayesian algorithm was used to cluster the sequences into 97% operational taxonomic
units (OTUs) representative of sequences at similar levels, and the 563 OTU sequences were divided.
The data were analyzed on the free online platform of Majorbio I-Sanger Cloud Platform (www.i-
sanger.com). The amplification system, reaction conditions and data processing methods used are
described in Sun et al. [26].

2.2.3. Statistical Analysis

The water samples were collected from four groups of plots under different land uses, and the
water quality monitoring indexes measured included pH; TDS; and the concentrations of HCO3

−, Cl−,
NO3

−, SO4
2−, F−, Na+, K+, Mg2+ and Ca2+. The SPSS 22.0 software was used to analyze the statistics

and variations in the hydrochemical composition. A multivariate statistical analysis can be used as
a quantitative method for groundwater classification to establish correlations between the chemical
components of groundwater.

2.2.4. Ion Proportional Coefficient Analysis

The study of hydrogeochemistry, including the proportion coefficients of the components
in hydrochemistry, can determine the source and formation of hydrochemical components.
The γMg2+/γCa2+ and γNa+/γMg2+ coefficients can reflect whether the ion exchange reaction
occurs in the process by which groundwater quality evolve. The γCl−/γHCO3

− and γCl−/γSO4
2−

coefficients can reflect the variation in the component distribution during the evolution of groundwater.

3. Results

3.1. Soil Granularity

The sieving test was carried out on the soil samples, and the grain gradation curves for 4 groups
of blocks were drawn (Figure 3). Reflecting the relative particle content in the soil samples, the degree
of uniformity or gradation of particles in the soil samples can be roughly determined according to
the slope of the particle gradation curve. If the curve is steep, this indicates that the particle sizes are
similar and the particles are relatively uniform. If the curve is shallow, this indicates that the size of
the particles varies greatly, the soil particles are not uniform and the gradation is strong. As shown
in Figure 3, the curves for M01, M02 and M03 were similar but slightly steeper than that of M04,
indicating that the distribution of soil particles in the block was relatively uniform.

www.i-sanger.com
www.i-sanger.com


Water 2019, 11, 466 6 of 17

Water 2019, 01, x FOR PEER REVIEW 5 of 17 

CCGTCAATTCMTTTRAGTTT-3′, respectively). The amplified fragment length was 392 bp; the RDP 
classifier Bayesian algorithm was used to cluster the sequences into 97% operational taxonomic units 
(OTUs) representative of sequences at similar levels, and the 563 OTU sequences were divided. The 
data were analyzed on the free online platform of Majorbio I-Sanger Cloud Platform (www.i-
sanger.com). The amplification system, reaction conditions and data processing methods used are 
described in Sun et al. [26]. 

2.2.3. Statistical Analysis 

The water samples were collected from four groups of plots under different land uses, and the 
water quality monitoring indexes measured included pH; TDS; and the concentrations of HCO3−, Cl−, 
NO3−, SO42−, F−, Na+, K+, Mg2+ and Ca2+. The SPSS 22.0 software was used to analyze the statistics and 
variations in the hydrochemical composition. A multivariate statistical analysis can be used as a 
quantitative method for groundwater classification to establish correlations between the chemical 
components of groundwater. 

2.2.4. Ion Proportional Coefficient Analysis 

The study of hydrogeochemistry, including the proportion coefficients of the components in 
hydrochemistry, can determine the source and formation of hydrochemical components. The 
γMg2+/γCa2+ and γNa+/γMg2+ coefficients can reflect whether the ion exchange reaction occurs in the 
process by which groundwater quality evolve. The γCl−/γHCO3− and γCl−/γSO42− coefficients can 
reflect the variation in the component distribution during the evolution of groundwater. 

3. Results

3.1. Soil Granularity 

The sieving test was carried out on the soil samples, and the grain gradation curves for 4 groups 
of blocks were drawn (Figure 3). Reflecting the relative particle content in the soil samples, the degree 
of uniformity or gradation of particles in the soil samples can be roughly determined according to 
the slope of the particle gradation curve. If the curve is steep, this indicates that the particle sizes are 
similar and the particles are relatively uniform. If the curve is shallow, this indicates that the size of 
the particles varies greatly, the soil particles are not uniform and the gradation is strong. As shown 
in Figure 3, the curves for M01, M02 and M03 were similar but slightly steeper than that of 
M04, 

Figure 3. The particle gradation curves ((a) M01; (b) M02; (c) M03; (d) M04).

3.2. Hydrochemical Characteristics

3.2.1. The Statistical Results

A multivariate statistical analysis can be used as a quantitative method for groundwater
classification to establish correlations between the chemical components of groundwater (Table 2).
It can be seen from the hydrochemical statistical analysis table that the correlation between most ions is
strong and that the correlation index between all of the ions is greater than 0.9. A low correlation was
observed between F− ions and other ions. This indicates that there was a strong correlation between
the major hydrochemical components from soil under different land uses, but the correlation between
the microelement F− and other ions is low.

Table 2. The correlation of groundwater hydrochemical parameters.

Ions pH TDS HCO3
− Cl− NO3

− SO4
2− F− Na+ K+ Mg2+ Ca2+

pH 1.00
TDS 0.55 1.00

HCO3
− 0.54 0.98 * 1.00

Cl− 0.46 0.97 * 0.93 1.00
NO3

− 0.52 0.99 ** 0.97 * 0.99 * 1.00
SO4

2− 0.50 0.99 ** 0.99 ** 0.96 * 0.99 ** 1.00
F− 0.54 −0.37 −0.32 −0.50 −0.42 −0.40 1.00

Na+ 0.55 1.00 ** 0.98 * 0.97 * 0.99 ** 0.99 ** −0.37 1.00
K+ 0.56 0.97 * 0.93 0.99 ** 0.98 * 0.95 * −0.39 0.97 * 1.00

Mg2+ 0.54 0.99 ** 0.99 ** 0.96 * 0.99 ** 0.99 ** −0.37 0.99 ** 0.96 * 1.00
Ca2+ 0.56 0.99 ** 0.99 ** 0.97 * 0.99 ** 0.99 ** −0.35 1.00 ** 0.97 * 0.99 ** 1.00

* The correlation is significant at the 0.05 level (two-tailed); ** The correlation is significant at the 0.01 level
(two-tailed).

3.2.2. Hydrochemical Composition

According to the variation curve of the hydrochemical index, there were obvious differences
between the hydrochemical components in the plots under different land uses. Figure 4a shows
that the pH of M01 was only 6.22, while the pH values of other groups were greater than that of
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M01. The concentrations of NO3
−, SO4

2−, Cl− and HCO3
− ions in the water samples from M03

were significantly higher than those in the water samples from other plots and had concentrations
of 3.41 mg/L, 11.6 mg/L, 1.46 mg/L and 49.8 mg/L, respectively. The F− ion concentration was
0.157 mg/L in M01 and 0.562 mg/L in M04. As shown in Figure 4b, the concentrations of K+, Na+,
Ca2+ and Mg2+ in cations showed the same trend. The cationic concentrations in M03 were the highest,
at 5.57 mg/L, 2.03 mg/L, 25.3 mg/L and 4.54 mg/L, respectively. As shown in Figure 4c, in M03, the
TDS, total salinity and total hardness were all higher than those in the water samples from other plots.
The concentrations of all the chemical components in the water samples from M01 were the lowest, and
those from M03 were the highest except for F−, with M04 exhibiting the second highest concentrations
of the chemical components in the water samples. This showed that land use had an influence on
the chemical composition of the water. In non-vegetated land with low water chemical composition,
the hydrochemical composition clearly increased when vegetation was planted. The concentrations
of water chemicals in Castanea-planted land were significantly higher than those in a land with a
different use. This indicated that Castanea planting has an obvious influence on groundwater quality.Water 2019, 01, x FOR PEER REVIEW  7 of 17 
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3.2.3. Ion Proportional Coefficient

The γMg2+/γCa2+ and γNa+/γMg2+ coefficients can reflect whether the ion exchange reaction
occurs in the process by which groundwater quality evolves. The γCl−/γHCO3

− and γCl−/γSO4
2−

coefficients can reflect the variation in the component distribution during the evolution of groundwater.
If SO4

2− levels increase, sulfate dissolution may occur. Instead, sulfate reduction occurred. The change
in HCO3

− concentration can reflect the dissolution or precipitation of carbonate in water. As shown
in Figure 5, γMg2+/γCa2+ was the smallest for M01 and the largest for M03. Additionally, the
γNa+/γMg2+ coefficient was the smallest for M03 and the largest for M02. The results showed that
there was an obvious ion exchange reaction between Na+, and Ca2+ and Mg2+ in the presence of
vegetation. When there was no vegetation, the ion exchange reaction was not obvious. As shown in
Figure 5, the γCl−/γHCO3

− and γCl−/γSO4
2− coefficients were the smallest for M03 and the largest

for M04. This result indicated that sulfate reduction and carbonate dissolution may occur in M03,
while sulfate dissolution and carbonate precipitation may occur in M04. The planting of Castanea
affected the sulfate reduction process. The planting of pine tended to precipitate carbonate. Under bare
land conditions, the levels of hydrochemical components were relatively stable. This further indicates
that land use can affect hydrochemical composition.
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3.3. Soil Microbial Diversity

Microbial diversity analysis is needed to verify whether the amount of sequencing data is sufficient
to reflect the species diversity in a sample, and the dilution curve (species richness curve) can be used
to test this indicator. The dilution curve was measured for 16 S rDNA sequences with known OTU
ratios to calculate the extraction of n (n is less than the number of total reads measured) reads when
the expected OTU numbers were used. Then, based on a set of n values (generally for a group of less
than the total number of sequences) and the corresponding OTU numbers, the curve was generated.
When the curve flattens out or reaches the plateau stage, the sequencing can be considered to have
covered all species in the sample. This means that the species diversity in the sample is relatively high
and that there are many species that have not been detected by sequencing [27]. As shown in Figure 6,
the curves from different samples tend to flatten out, indicating that the selected samples cover a range
of microorganisms, and to indicate the microbial diversity in each sample.
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In phylogenetic studies or population genetics studies, the OTU is the same marker artificially
assigned to a taxon (line, species, genus, group, etc.) for the convenience of analysis. Sequences are
usually divided into different OTUs based on 97% sequence similarity thresholds, and each OTU is
generally considered to be a microbial species. If the sequence similarity between two organisms is
less than 97%, you can think of them as belonging to different species, and if the sequence similarity
between two organisms is less than 93–95%, you can think of them as belonging to different genera.
The microbial diversity and abundance of different microorganisms in the samples were based on the
analysis of OTUs. The RDP classifier Bayesian algorithm was used for the taxonomic analysis of 97%
OTUs representing sequences at similar levels, and the community composition of each sample was
statistically analyzed at various classification levels: Domain, Kingdom, Phylum, Class, Order, Family,
Genus and Species.
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3.3.1. Venn Diagram of Species

A Venn diagram can be used to count the number of common and unique OTUs in multiple
samples and can intuitively show the compositional similarity and difference between environmental
samples at different classification levels. As shown in Figure 7, the numbers of core OTUs and unique
OTUs in the four samples were 862 and 74, respectively. Among them, the M04 sample contained a
total of 1188 OTUs, and the number of its unique OTUs was 27. The total number of OTUs in the M01
sample was 1105, and the number of unique OTUs was 24. The total number of OTUs in the M02 and
M03 sample were 1171 and 1174, and the unique OTUs were 11 and 12, respectively. The microbial
species in M04 and M01 were significantly different than those in the other two samples, and the
microbial species in M02 and M03 were highly similar to one another. In these plots, there were few
specific species. There were differences between the microbial species found in non-vegetated land
and those found in vegetated land.
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3.3.2. Alpha Diversity

Alpha diversity analyses, including the Chao1 index, Ace index, Shannon index and Simpson
index [28,29], can show the community structure and diversity richness of microorganisms.
First proposed by Chao (1984), the Chao1 index uses the Chao1 algorithm to estimate the number of
OTUs in a community, and is often used in ecology to estimate the total number of species. The higher
the Chao1 value is, the more species there are. The Ace index, also proposed by Chao, is used to
estimate the number of OTUs in a community and is a commonly used index for estimating the total
number of species in ecology; however, the Ace index is different from the Chao1 algorithm. The higher
the Chao1 value or Ace value is, the higher the community richness is. The Simpson index is used to
estimate the microbial diversity in samples. It was proposed by Edward Hugh Simpson (1949) and
is often used to quantitatively describe the biological diversity of a region in ecology. The Shannon
index, which can also be used to estimate microbial diversity in samples, and the Simpson index are
commonly used to reflect the alpha diversity index. The higher the Shannon index or Simpson index is,
the higher the microbial community diversity is. According to Table 3, there were differences between
each index for the four samples. From M01 to M04, the Shannon index decreased gradually, while
the Simpson index increased, indicating that community diversity decreased gradually and that the
microbial diversity at M01 was the highest. From M01 to M04, the Chao index and Ace index first
increase and then decrease. The Ace and Chao indexes were the highest for M02, indicating that
microbial richness was the highest at M02 and the lowest at M01. Soil microbial diversity was relatively
high in bare land. However, soil microbial richness was high in vegetated land.

Table 3. Bacterial diversity index.

Sample Shannon Simpson Ace Chao1

M01 5.992 0.004827 1207.113 1229.795
M02 5.987 0.005312 1277.150 1301.102
M03 5.981 0.005407 1260.625 1265.838
M04 5.655 0.017962 1256.507 1274.106

By analyzing the microbial richness of the samples, according to a 97% sequence similarity,
the sequences were clustered as OTUs by software and a Phylum level microbial classification map
was obtained. A total of 26 bacterial phyla, 60 bacterial classes and 351 genera were detected by
sequencing, and those with a relative abundance less than 0.01 were merged into others. As shown
in Figure 8, bacteria in each sample with different land uses mainly came from 12 phyla, among
which Actinobacteria, Proteobacteria and Acidobacteria were the dominant bacteria. Chloroflexi,
Nitrospirae, Gemmatimonadetes and Planctomycetes were subdominant bacteria. From the figure, it
can be seen that from M01 to M04, the relative abundance of Actinobacteria was 0.25, 0.31, 0.32 and
0.36, respectively. The relative abundance of Proteobacteria was 0.28, 0.27, 0.25 and 0.28, respectively,
for M01 to M04. Acidobacteria were 0.18, 0.17, 0.16 and 0.15 in relative abundance from M01 to
M04. The relative abundance of subdominant bacteria ranged from 0.03–0.07, and the content of
other bacteria was lower. The Proteobacteria content was the highest in M01, and the Actinobacteria
content was the highest in M02, M03 and M04. The planting of vegetation increased the Actinobacteria
content in the soil, and the amplitude of this increase was different with different types of vegetation.
However, the Proteobacteria content was mainly affected by bare land. In M01, in addition to the
dominant and subdominant phyla, the relative abundances of unclassified_k__norank (indicating
undetected bacterial phyla) and Firmicutes were significantly higher than those in other groups.
In M04, the relative abundances of unclassified_k__norank and Firmicutes bacteria were only 0.009
and 0.01, respectively. The Deinococcus-thermus species were only found in M01, and Saccharibacteria
appeared in M04. Nitrophica were found in small amounts numbers in M02, M03 and M04. This result
indicated that there were unique microbial species in the bare land and that unique microbial species
were also found in the vegetated land. There were differences in the specific microbial species and
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their relative content among different vegetation types. The results showed that land use could change
the content of the dominant microflora of the soil and decrease or increase unique microflora.Water 2019, 01, x FOR PEER REVIEW  11 of 17 
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4. Discussion

4.1. Soil CO2

Before collecting the soil samples, the atmospheric and soil carbon dioxide levels were detected.
The test results are shown in Table 4. The atmospheric carbon dioxide content was only 450 mg/m3,
which is significantly less than the soil carbon dioxide content. However, the soil carbon dioxide
content in bare land (M01) was lower than that in the other plots, and the Castanea-containing land
(M03) had the highest soil carbon dioxide content. This indicates that there were some differences in
the soil carbon dioxide content in plots under different land uses.

Table 4. The carbon dioxide content.

Sample Atmosphere M01 M02 M03 M04

CO2 (mg/m3) 450 1863 2005 3059 2561

Soil CO2 is derived from the respiration of soil microorganisms, the respiration of root systems,
the respiration of soil animals and the oxidation of carbonaceous minerals [30]. Therefore, soil microbes
can affect the amount of carbon dioxide in the soil. As is well-known, CO2 gas exists in the soil and
should meet the general law of gas movement, including the following formula:

∂C
∂t

= D
∂2C
∂x2 − v

∂C
∂x

, (1)
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where C is the CO2 concentration, D is the CO2 diffusion coefficient, V is the velocity of gas migration,
T is time, X is the vertical distance and W is the other source of CO2. The effect of temperature on
CO2 is not considered by the analysis of the results of this study. Other sources of CO2 (W) include
soil microbial activity, the absorption or release of animal and plant respired CO2, chemical reactions,
and water and other substances with CO2. After a long time, the velocity of gas migration in the
equation (V) remains unchanged and the movement of gas maintains dynamic balance. The soil and
the CO2 dispersion coefficient (D) parameters, which depend on the physical properties of the gas and
the soil itself, will not change in the short term. If the CO2 source (W) does not cause interference,
after a sufficiently long time, the system will reach an equilibrium state. The final CO2 concentration
(C) is only related to the soil depth (X), and the depth of the CO2 remains unchanged. This study
collected soil samples from the same depth and found that there were significant differences in soil
CO2. The main reason for this is that microorganisms in different soil samples changed W and made
the soil CO2 concentrations different.

4.2. Soil CO2 and Soil Microbial

Soil is an important part of the ecosystem. As an important natural resource, it maintains the health
of terrestrial ecosystems and plays an important role in the circulation of materials and energy flow of
ecosystems [31]. The amount of carbon released into the atmosphere by the microbial decomposition
of soil organic carbon is approximately 68–100 pg every year, accounting for approximately 10% of
atmospheric CO2 reserves [32]. Therefore, soil microbial changes play an important role in the carbon
cycle. As the main form of human disturbance, land use is the key factor affecting the terrestrial
ecosystem. Different land uses can change the proportion of solid, liquid and gas in soil [33], affect
soil microbial biomass and activity [34], and then affect the CO2 flux released from the soil to the
atmosphere [35]. Soil microbial richness and diversity are important indexes of soil ecological function.
In the long-term evolutionary process, species have formed relatively stable adaptive relationships with
each other and with the environment that may be broken down by changes in land use patterns, thus
changing the composition and diversity of soil microbial communities [36]. Chapman et al. found that
after a change in the use of natural forestland, soil microbial diversity also changed [37]. Griffiths et al.
showed that soil microorganisms have a certain resistance and resilience to environmental changes,
especially changes in soil community richness and diversity [38]. In contrast, some scholars found that
land use had no effect on soil microbial diversity [22]. Kuntz et al. also found that farming methods
had no significant impact on the microbial diversity [39]. In the current study, it was found that land
use had an impact on microbial diversity. Whether land is vegetated or not, soil microorganisms have
obvious similarities and differences (Figures 7 and 8). It was found by observing the soil CO2 content
(Table 3) that the soil CO2 content followed the trend of M03 > M04 > M02 > M01. The CO2 levels of
these plots were much higher than the carbon dioxide content in the atmosphere. Some scholars have
found similar results [40]. Through the analysis of microbial diversity, it was found that the microbial
phyla in the soil were mainly Actinobacteria, Proteobacteria and Acidobacteria. Actinomycetes are
usually distributed in the soil, and most of them are aerobic bacteria that, with good air quality, can
produce CO2.

4.3. The CO2 and Water Quality

CO2 is slightly soluble in water and is present as CO2 (aq), H2CO3, HCO3
− and CO3

2− in water.
H2CO3 accounts for only approximately 1% of the total amount of CO2. The content of carbonic acid
in aqueous solution mainly depends on the partial pressure of CO2, the pH of the aqueous solution
and the chemical composition. In the process of the infiltration of precipitation through the soil layer,
a water–rock reaction will occur, resulting in hydrochemical changes. When the CO2 content in soil
increases, the dissolved CO2 in water correspondingly increases and combines with H2O to form
H2CO3, which is then decomposed into H+ and HCO3

− to form a new balance. Wang X et al. found
that the trend of changes in the Ca2+ and HCO3

− concentrations was basically the same as that of
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the soil CO2 concentration, while the trend of pH value changes was opposite to that of the soil CO2

concentration [41]. Cao et al. also found a negative correlation between CO2 concentration and pH
in the liquid phase of a cave [42]. After CO2 is injected into the ground, a phase equilibrium reaction
occurs, which reduces the pH value of the water in the formation, thus changing the balance between
the existing salt water in the formation and the rock, resulting in mineral dissolution or precipitation in
the rock layer [43]. In conclusion, the amount of soil CO2 content can affect the chemical composition
of the water. Table 3 and Figure 4 show that the respective K+, Na+, Ca2+ and Mg2+ and NO3

−, SO4
2−,

Cl− and HCO3
− concentrations follow the same trend as that seen for soil CO2 concentration, and all

of the ions increase in concentration with the increase of increasing soil CO2 content. This is similar to
the research results from most scholars. However, the change of F− content is different from that of
CO2, and a negative correlation between pH change and soil CO2 was not detected.

4.4. Correlation between Soil CO2, Hydrochemical and Soil Microbial

Through a preliminary analysis, it was found that soil CO2 content, water chemical composition
and soil microbial community composition were different under different land uses. What are the
reasons for this phenomenon? What is the correlation between these factors? To better understand the
correlation between them, the hydrochemical compositions and soil CO2 were selected to discuss the
correlation between different environmental factors and soil microbial species. A heatmap was
used to analyze the results, and the correlation coefficients between environmental factors and
microorganisms were calculated (Figure 9). The x-axis and y-axis represent environmental factors
and species, respectively, and the R-values and P-values were obtained through calculation and were
used to represent the correlation coefficient between each microorganism in the community and
each variable environmental factor variable. The R-values are shown in different colors in the figure
(Red means a positive correlation, and blue means negative correlation. The darker the color, the
higher the correlation.), and the P-values are represented by the value size (Integrity means a positive
correlation, and negative means a negative correlation. The better the correlation is, the higher the
value is.). The figure on the right is the color interval for different R- and P-values of different sizes.

Based on the relative abundance map of bacterial phyla, the relationship between environmental
factors and the 12 phyla was considered. Figure 9 shows that soil microorganisms are different
under the influence of different environmental factors. There were different correlations between the
hydrochemical composition, soil CO2 content and bacteria. The influence of pH on the bacterial phyla
is complex, and the pH shows a low correlation with the dominant phylum but a significant negative
correlation with Firmicutes (the P-value is −0.853). Except for Firmicutes, soil CO2 is positively
correlated with bacteria, with a slightly higher correlation between soil CO2 with the subdominant
bacteria. The F− ion concentration was positively correlated with the dominant microflora and
the subdominant microflora and negatively correlated with Firmicutes and Verrucomicrobia with
P-values of −0.185 and −0.202, respectively. The relative abundance of Planctomycetes is negatively
related to HCO3

−, Cl−, NO3
− and SO4

2− concentrations, whereas ions are positively correlated
with the abundance of other bacterial phyla. TDS shows a general correlation with the dominant
and subdominant bacteria but a significantly negative correlation with Firmicutes. However, the
K+, Na+, Ca2+ and Mg2+ concentrations were slightly less correlated with the dominant bacteria
and the subdominant bacteria. The overall correlation between Actinobacteria and the 12 phyla
was neutral, and there was only a significant positive correlation between the Actinobacteria and
F− ion concentrations. Proteobacteria and Acidobacteria were related to similar environmental
factors as Actinobacteria with different land use. Nitrospirae and Chloroflexi showed a positive
correlation with the major soil anions, but the correlation coefficient was small. However, they showed
a strong correlation with soil CO2. Gemmatimonadetes was significantly positively correlated with
hydrochemistry and the soil CO2 content, and the P-value with the soil CO2 was 0.836. There is
little correlation between Planctomycetes and environmental factors, and these bacteria are negatively



Water 2019, 11, 466 14 of 17

correlated with HCO3
−, with a P-value of −0.507, and positively correlated with F−, with a P-value of

0.496. In addition, Firmicutes showed a strong negative correlation with various environmental factors.Water 2019, 01, x FOR PEER REVIEW  14 of 17 
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Under different types of land uses, microorganisms can change soil CO2 content, while soil CO2

content can influence water chemical composition. In contrast, different water chemical compositions
can also affect soil microbial diversity, and soil microbes can further change soil CO2 content. In a
word, under different types of land uses, soil CO2 content, water chemical composition and soil
microorganisms all changed and influenced one another. This shows that the impact of land use on
biodiversity is complex, and the hydrochemical change process is also a complex process, but it can be
verified and correlated by soil CO2 content.

5. Conclusions

In this research, Laiwu, an important agriculture area, was studied to understand the influence
of land use, which was considered to be important for healthy ecosystem management. This study
evaluated the potential impact of CO2 influx for hydrochemistry and microorganisms. Further research
should be conducted to confirm and quantify the impact.
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The results show that vegetation forms can influence the water chemistry compositions. Different
hydrochemical indices between vegetated and non-vegetated areas suggested that land-use patterns
can affect the evolution of water chemical composition. Furthermore, we found that microbial
diversities are variable with vegetation forms. A non-vegetated area has seen the highest microbial
diversity and the lowest abundance, while the microbial diversity and abundance were mainly related
to the vegetation in vegetation area. Soil CO2 content was related to both microbe communities and
water compositions. It may give hints that CO2 flux was influence by land use and then may influence
the groundwater chemistry compositions and microbe communities development in soil.
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