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Abstract: The proliferation of copper (Cu) mines has led to a rapid rise of tailings dams 
comprised of mining metal mineral material, causing serious damage to the ecological envi-
ronment of mining areas. Soil physicochemical characteristics, enzyme activities, and microbial 
diversity are important indices for ecosystem functions as well as being important factors in 
evaluating soil restoration characteristics. This study selected nine Cu tailings subdams in 
Yuanqu County, Yuncheng City, Shanxi, China, to analyze the effects of heavy metal pollution 
on soil physicochemical properties and microbial diversity over different years of reclamation. 
We found that these different years of reclamation exhibited significant differences in physi-
cochemical properties, and as restoration progressed, soil nutrient concentrations (i.e., carbon 
[C] and nitrogen [N]) significantly increased. Furthermore, we found significant negative 
correlations between catalase and the soil C and N ratio (C/N). In addition, urease was sig-
nificantly positively correlated to N, C, and cadmium (Cd) as well as bacterial gene copies but 
was negatively correlated to zinc (Zn). Sucrase, on the other hand, was negatively correlated 
to Cd and bacterial gene copies. Over subsequent years of reclamation, we found that envi-
ronmental factors affected bacteria more than fungi. Soil fungi diversity gradually increased 
as restoration progressed over consecutive years, while soil bacteria correspondingly exhibited 
an irregular trend. Results from this study could provide an ecological basis for further studies 
on soil ecosystem restoration and degradation mechanisms associated with Cu tailings dams.

Key words: copper tailings dam—microbial diversity—soil enzymes—soil physico-
chemical properties

During metal mineral resource develop-
ment processes, a large amount of heavy 
metals are disposed directly into soil 
along with waste rock, tailings, and other 
mineral dust in mining districts and their 
surrounding areas, which subsequently 
become the main source of environmental 
pollution (Huang 2015). Such mining waste 
not only consumes a lot of land and worsens 
the pervading ecosystem degradation taking 
place, but it also causes the breakdown of 
the aggregate structure of soil, reducing soil 
fertility and soil physical and chemical prop-
erties, as well as biological properties, which 
together cause serious damage to the eco-
logical environment of mining areas (Hao et 
al. 2017; Xin et al. 2017; Li et al. 2018). The 
Zhongtiao Mountains copper (Cu) mine, the 

largest underground Cu mine in China, has 
an annual output of greater than 4 million t of 
ore (Liu et al. 2017). This mine is dominated 
by Cu ore with other available metals, such 
as iron (Fe), lead (Pb), zinc (Zn), cadmium 
(Cd), etc. (He et al. 2007). Each year, this Cu 
mine has increased its mining of metal ore, as 
well as gradually accelerating the speed of lift 
of its tailings dam. The extensive accumula-
tion of tailings has led to severe pollution and 
the degradation of the local ecological envi-
ronment (Wang et al. 2010b). Accordingly, 
a resolution to this problem is essential, and 
the best way to resolve this is to effectuate 
the reasonable and efficient ecological resto-
ration of the Cu tailings dam. The ecological 
functional recovery of soil is the key to such 
restoration as well as the sustainable devel-

opment of terrestrial ecosystems (Wang et 
al. 2013; Tong et al. 2017). Thus, along with 
vegetation, this type of ecological restoration 
must also focus on soil fertility and the char-
acteristics of dynamic change associated with 
microbial communities throughout the res-
toration period. 

At present, plant-microbial remediation 
and characteristics of vegetation succession 
are mainly used to evaluate restoration effects 
(Pei et al. 2017a; Zeng et al. 2017). Some 
studies related to the ecological functional 
recovery of soil in tailings dams for resto-
ration periods that extend to 45 years have 
been published (Liu et al. 2017; Ojuederie 
and Babalola 2017; Tong et al. 2017). Soil 
enzymes are a type of biological catalyst 
that can catalyze and decompose polymeric 
organic matter, which is an important index 
in evaluating soil quality. Soil enzymes pri-
marily derive from plant root secretion and 
soil microbial activity as well as animal and 
plant residue, and they are also involved 
in processes associated with soil organic 
matter (SOM) decomposition, synthesis, 
transformation, and oxidation reduction of 
inorganic substances. Soil enzyme activities 
are closely related to soil physical and chem-
ical properties as well as soil types, which 
are indicative of ecological changes in soil 
as well as SOM decomposition and element 
cycling processes (Chen and Yang 2013; Yang 
et al. 2013b; Liu and Yang 2014; Zhang et 
al. 2016). Soil enzymes, being one of the 
most active organic components within the 
soil ecosystem, are involved in almost all 
biochemical processes in soil and can con-
sequently reflect the intensity and direction 
of such biochemical processes. At the same 
time, soil enzyme activities are closely related 
to soil physical and chemical properties, and 
both are critical indicators of ecosystem 
function (Tong et al. 2017). Soil enzymes 
can also activate the compounds of various 
soil elements, and subsequently enhance 
the availability of soil nutrients and improve 
overall soil quality. Additionally, soil proper-
ties provide a substrate and an environment 
for enzymatic reactions to occur, which 
directly affect enzyme activities (Tong et al. 
2017). For example, it has been reported that 
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different patterns of vegetation restoration 
processes have a significant impact on both 
soil physical and chemical characteristics and 
soil enzymes (i.e., sucrase, catalase, urease, and 
polyphenol oxidases) in coal mine reparation 
areas in Shanxi Province (Tong et al. 2017). 
Furthermore, different artificial forest types 
have had notable effects on soil urease and 
sucrase activities in the loess region of China; 
soil alkali-hydrolyzable nitrogen (N), water 
content, and available phosphorus (P) were 
the crucial factors affecting urease activities, 
while sucrase activities were mainly affected 
by soil organic carbon (SOC) content (Pei 
et al. 2017b). However, in addition to the 
vegetation types, recovery time is also an 
important factor that influences the soil envi-
ronment undergoing remediation. Recovery 
time is also extremely important for soil 
fertility recovery given that it improves the 
accumulation of soil nutrients and enzyme 
activities (Li et al. 2015a).

 Soil microorganisms are sensitive to 
soil quality during restoration processes 
(Li et al. 2005). Heavy metal accumulation 
in soil will destroy the natural soil micro-
bial community structure. Consequently, 
biological community activities not only 
reduce soil fertility and quality, but also 
alter the distribution of soil microbial com-
munities (Abraham and Susan 2017; Ding 
et al. 2017). Soil microorganisms are sensi-
tive to heavy metal stress (Sun et al. 2004); 
that is to say, the quantity and community 
structure of microorganisms will change 
under such conditions. To some extent, soil 
microorganisms reduce the mobility and 
biological toxicity of heavy metals through 
microbial absorption and adsorption, which 
have certain restorative effects on heavy 
metal pollution in soil. Soil microorgan-
isms play a significant role in organic matter 
decomposition, nutrient cycling, and phy-
toavailability, while they also play a decisive 
role in soil structure, especially the forma-
tion and stabilization of soil aggregates.

Although many studies have shown that 
anthropogenic activities can cause changes 
in soil microbial structure and diversity, 
there have been very few studies to date that 
have reported on the effects of heavy metal 
pollution on soil properties and microbial 
diversity over different reclamation periods 
in Cu tailings dams in China. In this study, 
we conducted a survey of heavy metal pol-
luted soil in nine tailings subdams of a Cu 
mine over different years of restoration. To 

achieve this objective, we addressed the fol-
lowing questions: (1) How do soil properties 
and enzyme activities in soil vary with an 
increase in recovery time, (2) what is the 
relationship between soil physiochemical 
properties and enzyme activities for differ-
ent subdams over various restoration years, 
and (3) what are the dominant environmen-
tal factors that affect soil microbial diversity 
in a Cu tailings dam? The aim of this study 
was to provide an ecological basis for the 
mechanisms of soil ecosystem restoration 
and degradation in a Cu tailings dam, and to 
strengthen our understanding of soil prop-
erty and microbial community biodiversity 
restoration in an environment subjected to 
heavy metal pollution.

Materials and Methods
Site Description and Soil Sampling. The 
Shibahe River tailings of the Northern 
Copper Mine (35°15´~35°17´ N, 
118°38´~111°39´ E) were constructed in 
1969 in the southern region of Shanxi 
Province, China. Each year, waste from min-
eral processing in the Shibahe River tailings 
accumulates in the form of ore sand. A new 
subdam is constructed on the basis of the 
original subdam every three to five years, 
and the ore surface of these new subdams is 
covered with 30 cm of local soil. The eleva-
tion from the dam base to the dam crest is 
486 m and 509 m, respectively. At this point 
in time, the Shibahe River tailings of the 
Northern Copper Mine is composed of 14 
subdams, with a stack height of 84 m and 
a texture ratio of 1:6. It is under the influ-
ence of a continental monsoon climate with 
four distinct seasons, where the annual mean 
temperature is 14°C, annual precipitation is 
approximately 780 mm, and frost free days 
are greater than 200 days (Liu et al. 2018).

 In July of 2015, we selected nine subdams 
under different restoration stages for sam-
pling (figure 1 and table 1). The control soil 
(referred to as CK) used in this study is from 
the local (native) soil, free of heavy metal pol-
lution and natural vegetation, taken from the 
periphery of the subdam. For each subdam, 
we randomly collected five samples (from a 0 
to 10 cm depth) following an S-shaped curve 
where no vegetation was present. Visible roots 
and residue were removed prior to homoge-
nizing the soil fraction of each sample. Fresh 
soil samples were sifted through a 2 mm 
sieve and divided into two subsamples. One 
subsample was stored at 4°C to determine 

physiochemical properties, while the other 
was stored at –20°C prior to DNA extraction.

Soil Chemical Properties and Enzyme 
Activities. Soil pH was measured after shak-
ing in a soil water (1:2.5 mass/volume) 
suspension for 30 minutes. Soil water con-
tent (SWC) was measured gravimetrically. 
Soil particle size (PS) was measured by 
using the Mastersizer 3000 laser diffraction 
particle size analyzer (Malvern Panalytical 
Ltd., Malvern, United Kingdom). Total soil 
carbon (C), N, and sulfur (S) content was 
measured using an elemental analyzer (vario 
EL/MACRO cube, Elementar, Hanau, 
Germany). Nitrate nitrogen (NO3

–-N), 
ammonium nitrogen (NH4

+-N), and nitrite 
nitrogen (NO2

–-N) were determined using 
an automated discrete analyzer (DeChem-
Tech, CleverChem 380, Germany). Heavy 
metal (arsenic [As], Cd, Cu, Pb, and Zn) con-
centrations of samples were measured using 
an ICP-AES (iCAP 6000, Thermo Fisher, 
United Kingdom). Additionally, soil sucrase 
was measured using 3,5-Dinitrosalicylic 
acid colorimetry, urease was measured using 
phenol-sodium hypochlorite colorimetry, 
catalase was measured using potassium per-
manganate titration, and phosphatase was 
measured using the disodium phenyl phos-
phate colorimetric method (Li et al. 2015a; 
Qiao et al. 2017).

DNA Extraction, Polymerase Chain 
Reaction, and Denaturing Gradient Gel 
Electrophoresis. Total soil DNA was extracted 
using the E.Z.N.A. Soil DNA Kit (OMEGA, 
Norcross, Georgia, United States). The qual-
ity and quantity of DNA extracts were 
measured using the Plate reader Infinite 200 
PRO (TECAN Group Ltd., Männedorf, 
Switzerland). DNA purity was assessed by 
determining A260/A280 absorbance ratios, and 
only DNA extracts with absorbance ratios of 
about 1.8 to 2.0 were used for bacterial com-
munity analysis (Jorquera et al. 2016).

The structure of the bacterial and fungal 
communities was evaluated using denatur-
ing gradient gel electrophoresis (DGGE) as 
follows: Partial 16S rRNA genes were ampli-
fied by polymerase chain reaction (PCR) 
with DNA template concentrations of 10 ng 
μL–1. Fragments of 16S rRNA genes (the V3 
region) were amplified by PCR using prim-
ers 341F (5’-CGC CCG CCG CGC GCG 
GCG GGC GGG GCG GGG GCA CGG 
GGG GCC TAC GGG AGG CAG CAG-
3’) and 534R (5’-ATT ACC GCG GCT 
GCT GG-3’). Hot start PCR was as follows: 
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95°C for 4 minutes, followed by 30 cycles at 
94°C for 40 seconds, annealing at 63.5°C for 
30 seconds, extension at 72°C for 30 seconds, 
and 72°C for 10 minutes. 

Partial 18S rRNA genes were amplified 
by PCR with DNA template concentra-
tions of 10 ng μL–1. Fragments of 18S rRNA 
genes (the V4 region) were amplified by 
PCR using the primers FUNG-GC (5’-
CGC CCG CCG CGC CCC GCG CCC 
GGC CCG CCG CCC CCG CCC CAT 
TCC CCG TTA CCC GTT G-3’) and NS1 
(5’-GTA GTCA TAT GCT TGT CTC-3’). 
Hot start PCR was as follows: 95°C for 5 
minutes, followed by 30 cycles at 94°C for 
30 seconds, annealing at 53°C for 30 seconds, 
extension at 72°C for 30 seconds, and 72°C 
for 7 minutes. 

Denaturing Gradient Gel Electrophoresis 
Analysis. The DGGE runs were per-
formed using a DCode system (Bio-Rad 
Laboratories, Inc., Hercules, California). 

Eight microliter bacteria PCR products were 
loaded onto 10% (w/v) polyacrylamide gels 
over an urea gradient between 45% and 65% 
(urea and formamide). Eight microliter fungi 
PCR products were loaded onto 8% (w/v) 
polyacrylamide gels over an urea gradient 
between 25% and 35% (urea and forma-
mide). Electrophoresis was run for 12 hours 
at 65 V. The comb of this system to load sam-
ples can only have up to 20 holes. Gels were 
then stained using the silver staining method 
(Bassam et al. 1991) and photographed on a 
gel imaging system (Gel Doc XR, Bio-Rad 
Laboratories, Inc., Hercules, California). The 
DGGE image analysis of the band profiles 
were carried out using Quantity One version 
4.6.2 (Bio-Rad Laboratories, Inc.), which 
detects bands and quantifies the relative con-
centration of DNA. Based on the results of 
our analysis, shown in the grayscale value of 
the band, the ß-diversity of the microbial 
communities was calculated. The number of 

distinct DGGE bands was used as an estimate 
of species richness, and the relative abundance 
of each band was treated as the proportion of 
a given species within a sample.

Statistical Analysis. Significant differences 
between subdam variables were analyzed by 
one-way analysis of variance (ANOVA) and 
Duncan test. Pearson correlation coefficient 
was used to analyze the relationship between 
soil physicochemical properties and enzyme 
activities. The number of distinct DGGE 
bands was imported into SPSS v20.0 (IBM, 
Chicago, Illinois) to calculate the Shannon–
Wiener index, the Margalef ’s richness index, 
an evenness index, and the Simpson’s Diversity 
Index (Yang et al. 2015). We used redundancy 
analysis (RDA) ordination technique and 
canonical correspondence analysis (CCA) to 
examine the relationships between environ-
mental variables and microbial communities. 
The Monte Carlo-based permutation test was 
used to test the significance level (p < 0.05) 
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Figure 1
Location of the study area in the Shanxi Province and distribution of the soil samples.
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between environmental factors and microbial 
communities. Statistical analyses were per-
formed using Canoco software (version 5.0) 
and SigmaPlot (version 12.5).

Results and Discussion
Soil Physical and Chemical Properties. Soil 
physical and chemical properties are import-
ant indicators of soil quality. In this study, the 
soil C, N, and S overall present an ascendant 
trend as years of restoration progressed, and 
these contents of S516 subdam were higher 
than that of other subdams, which indicated 
that the soil nutrient content was gradually 
improved along with the increase of resto-
ration years for different subdams (table 2). 
This result was in accordance with a study 
by Zhao et al. (2013). The soil was alkaline, 
and the change of soil pH was not signifi-
cant in different subdams. Moreover, soil pH 
decreased as the recovery period increased, 
which was consistent with results from Yang 
et al. (2013a). A possible cause for this find-
ing could be that an increase in surface litter 
and microbial activity within the root system 
led to an increase in humic acid and organic 
acid (Shao et al. 2017), effectively improving 
soil physical and chemical properties (Li et 
al. 2015b). For soil physical properties, it has 
been reported that soil porosity and fractal 
dimensions increased as a result of restoration 
in a coal mine subsidence area (Huang et al. 
2014). The subdams selected in our study, 
having undergone restoration for a period of 
19 years, had a maximum soil particle size, 
while there were no significant differences in 
particle size between other subdams with the 
exception of S536 (table 2), which could be 
due to the fact that the soil composition of 
the Cu tailings dam was mainly comprised 
of ore sand.   

Soil urease was in the form of aerobic 
hydrolase activity associated with soil N 
(Wang et al. 2010a), and it was significantly 
positively correlated to soil C content (table 
3), which was consistent with results by Li 
et al. (2015a). One possible reason for this 
was that urease could convert amide-based 

organic N to inorganic nitride that plants can 
directly absorb, and its activity reflects the 
capacity and level of soil N. Therefore, ure-
ase activity in soil improves with an increase 
in N (Niu et al. 2010). It has been reported 
that urease activity is significantly positively 
correlated to pH when soil pH is between 
3.1 and 7.1 (Fisher et al. 2017). However, 
some studies also showed that there was no 
correlation between pH and urease activity 
(Xin et al. 2017), which was consistent with 
our results. It could be that soil pH of a Cu 
tailings dam was greater than 7.9 (Yuan et al. 
2017). Catalase was used as a means of soil 
oxidation, which was widely available in soil 
and living organisms. In our study, there was 
a significant negative correlation between 
soil catalase and soil C/N (table 3), and the 
probable cause for this was that vegetation 
provides C and N to the soil through root 
exudates and residues during restoration pro-
cesses, which affected the input of SOM as 
well as the soil structure and physicochemi-
cal properties, thus reducing catalase activity 
(Cerli et al. 2008; Jin et al. 2009b; Li et al. 
2015b). Furthermore, studies have reported 
on an improvement in soil enzyme activ-
ity along with an increase in heavy metal 
concentrations (Luo et al. 2006). Guo et al. 
(2012) found that heavy metal pollution in 
soil was negatively correlated with urease, 
protease, alkaline phosphatase, and catalase 
activity in soil. In this study, soil urease was 
significantly positively correlated with Cd, 
but negatively correlated with Zn, and 
sucrase was negatively correlated with Cd 
(table 3). According to Yang et al. (2001), Cd, 
Zn, and Pb together caused a negative syner-
gistic inhibition effect on urease.

Relationship between Soil Characteristics 
and Microbial Community Structure. Soil 
microorganisms are vital biological indi-
cators for the evaluation of environmental 
soil quality. They are also important com-
ponents of soil biological activities and are 
sensitive to external disturbances (Tong et 
al. 2017). With the restoration time increase, 
abundance of soil bacteria and fungi rRNA 

genes increased in different subdams (figure 
2). The DGGE results showed that there was 
a certain difference in the composition of 
bacterial and fungal communities in differ-
ent subdams, and the composition of fungi 
in the S529 subdam was lower than that of 
other subdams (figure 3). The soil bacteria 
and fungi communities in Cu tailings dam 
were affected by soil chemical properties, 
heavy metals, and soil enzyme activities. Our 
results showed that 36.9% of soil bacteria dis-
tribution could be explained by soil physical 
and chemical properties, soil heavy metals, 
and enzyme activities. Axis 1 of the CCA 
plot explained nearly 19.1% of the variation; 
Axis 2 explained a further 17.8% (figure 4a 
and 4b). For soil fungi, it showed that 41.1% 
of soil fungi community could be explained 
by soil environmental factors and enzyme 
activities. Axis 1 of the CCA plot explained 
22.5% of the variation, and Axis 2 explained 
18.6% (figure 4c and 4d).

Soil pH is an important regulator of soil 
microbial communities and enzyme activities 
at either continental or global scales (Lauber 
et al. 2009; Sinsabaugh et al. 2010). In our 
study, the negligible differences we found 
in pH among the different years of recla-
mation resulted in no correlations between 
pH and enzyme activities or microbial abun-
dance (table 3). Similarly, results from Li et 
al. (2015a) also observed that soil pH was 
not a significant environmental factor in soil 
microbial composition. Lauber et al. (2009) 
reported that soil pH did not correlate to 
microbial phylogenetic diversity, and they 
suggested that biodiversity was controlled 
by the substrate, environmental factors, or 
biotic competitiveness found in semiarid 
soils (Fierer and Jackson 2006). In this study, 
soil bacterial abundance exhibited different 
correlations along with four enzyme activi-
ties, and the ratio of bacteria and fungi was 
positively correlated with NO2

–-N (table 
3). This suggested that bacterial abundance 
was more affected by environmental factors 
than soil fungi. Ratios of bacterial to fun-
gal biomass were also correlated to enzyme 
activities under ecological succession pro-
cesses because an elevated ratio can be a sign 
of the amount and composition of litter that 
enters the soil given that fungi are the domi-
nant decomposers of plant cell wall polymers 
in litter (Baldrian et al. 2008).

Relationships between Environmental 
Parameters and Microbial Diversity. The 
soil microbial diversity and abundance were 

Table 1
The reclamation time of different subdams in copper tailings.

 Subdams number 

Times S516 S523 S525 S529 S531 S536 S540 S550 S560 

Start time 1969 1981 1985 1989 1993 1997 2001 2009 2014 
(year) 
Reclaimed 47 35 31 27 23 19 15 7 2         
time (a)
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Table 2
Soil chemical properties of the different subdams (topsoil 0 to 10 cm). Values represent mean with standard error in parentheses. Significant differences 
between sites (Duncan test, p < 0.05) are denoted with letters (a > b > c).

     Subdams number

Properties S516 S523 S525 S529 S531 S536 S540 S550 S560 CK

NH4
+-N (mg kg–1) 8.49ab 4.57b 3.97b 7.66ab 6.03ab 7.09ab 7.33ab 7.04ab 3.41b            12.07a

 NO3
–-N (mg kg–1) 5.12b 5.16b 5.78b 5.28b 6.65b 5.34b 4.77b 5.35b 3.56b 10.41a  

NO2
–-N (mg kg–1) 0.39a 0.35a 0.37a 0.34a 0.33a 0.35a 0.44a 0.47a 0.34a 0.45a

Olsen-P (mg kg–1) 7.21ab 6.22ab 5.11b 13.43ab 8.68ab 7.97ab 6.03ab 7.59ab 14.15a 6.44ab
N (%)  0.07a 0.05ab 0.05bcd 0.05bc 0.04bcd 0.04bcd 0.03cd 0.03d 0.03d 0.05ab
C (%)  1.71a 1.09bc 1.20b 1.06bc 0.95cd 0.91cde 0.79efg 0.58g 0.67fg 0.64g
C/N  27.41a 21.09a 26.79a 23.19a 24.28a 23.35a 25.27a 22.75a 26.09a 11.50b
S (%)  0.10a 0.07ab 0.06ab 0.06ab 0.05b 0.08ab 0.05b 0.05b 0.05b 0.08ab
SWC%  1.82ab 2.22ab 1.80ab 1.38ab 1.48ab 1.49ab 0.39b 1.03ab 2.16ab 2.90a
pH  7.90ab 7.99ab 7.88b 8.05ab 8.11a 8.02ab 8.03ab 8.12a 8.05ab 8.05ab
PS (μm)  37.34ab 44.98ab 42.60ab 42.00ab 40.66ab 46.66a 39.92ab 42.54ab 38.06ab 24.74b
As (mg kg–1)  9.62ab 10.32ab 10.84ab 13.18ab 12.19ab 15.26a 6.33ab 3.32ab 2.13b 12.98ab
Cd (mg kg–1)  5.27abc 6.80ab 7.26a 7.47a 7.11a 6.31ab 6.59ab 4.64bcd 3.22cd 2.92d
Cu (mg kg–1)  553.53a 366.44b 379.14b 324.41b 326.79b 352.81b 376.43b 340.74b 385.07b 48.80c
Pb (mg kg–1)  267.62ab 258.12ab 250.48ab 277.67ab 261.73ab 224.32ab 287.88a 256.91ab 176.36b 226.16ab
Zn (mg kg–1)  109.79b 81.01b 81.04b 85.06b 87.30b 69.54b 81.07b 85.52b 67.67b 236.69a
Notes: NH4

+-N = ammonium nitrogen. NO3
–-N = nitrate nitrogen. NO2

–-N = nitrite nitrogen. N = total nitrogen. C = total carbon. S = total sulfur. C/N = the 
ratio of carbon and nitrogen. SWC = soil water content. PS = average particle size. AS = arsenic. Cd = cadmium. Cu = copper. Pb = lead. Zn = zinc. 

Table 3
The Pearson correlations among soil chemical properties, enzyme activities, and microbial rRNA gene abundances in copper tailings dam.

 NH4
+ NO3

– NO2
– Olsen-             Bac-   Cat- Ure- Suc-

Properties –N –N –N P N C C/N S SWC pH PS As Cd Cu Pb Zn teria Fungi B/F alase ase rase 

NO3
–-N ns      

NO2
–-N (+)** (+)*

Olsen-P ns ns ns
N ns (+)** ns ns
C ns ns ns ns (+)** 
C/N (–)* (–)** ns ns (–)** (+)* 
S ns ns ns ns (+)* (+)** ns
SWC ns ns ns ns ns ns ns ns
pH ns ns ns ns ns (–)* ns ns ns
PS ns (–)* ns ns (–)* ns (+)* ns (–)** ns
As ns ns ns ns ns ns ns (+)* ns ns ns
Cd ns ns ns ns ns (+)* (+)* ns ns ns ns (+)**
Cu ns (–)** ns ns ns (+)** (+)** ns ns ns ns ns ns 
Pb ns ns ns ns ns ns ns ns ns ns ns ns (+)** ns
Zn ns (+)** ns ns ns ns (–)* ns ns ns (–)** ns ns (–)** ns
Bacteria ns ns ns ns ns (+)** ns ns ns ns (+)** ns (+)** (+)** (+)* (–)* 
Fungi ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns (+)**
B/F ns ns (+)** ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
Catalase ns ns ns ns ns ns (–)** ns ns ns ns ns ns ns ns ns ns ns ns
Urease ns ns ns ns (+)* (+)* ns ns ns ns ns ns (+)* ns ns (–)* (+)** ns ns (+)* 
Sucrase ns ns ns ns ns ns ns ns ns ns ns ns (–)* ns ns ns (–)** ns (–)** (–)** (–)** 
Phosphatase ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns ns
*p < 0.05  **p < 0.01  ns = no significance
Notes: NH4

+-N = ammonium nitrogen. NO3
–-N = nitrate nitrogen. NO2

–-N = nitrite nitrogen. N = total nitrogen. C = total carbon. S = total sulfur. C/N = the 
ratio of carbon and nitrogen. SWC = soil water content. PS = average particle size. AS = arsenic. Cd = cadmium. Cu = copper. Pb = lead. Zn = zinc. B/F 
= gene abundance ratio of bacteria and fungi. (–) = negative correlation. (+) = positive correlation. 
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influenced by soil physical and chemical 
properties. Figure 5 showed that richness 
index and Margalef of soil bacteria from 
S516 and S525 were significantly higher than 
other subdams. We analyzed the soil charac-
teristics on soil microbial diversity with the 
Redundancy analysis, and the results showed 
that 99.6% and 97.6% of the variations in 
soil bacteria and fungi diversity could be 
explained by soil physical and chemical 
properties, respectively (figure 6). For soil 
bacteria, axis 1 of the RDA plot explained 
nearly 83.9% of the variation, and axis 2 

explained a further 15.7% (figure 6a). For 
soil fungi, axis 1 of the RDA plot explained 
97.2% of the variation (figure 6b). Soil bacte-
ria richness and the Margalef's richness index 
were influenced by soil pH, and soil micro-
bial diversity was generally more affected by 
soil C content (figure 6a). We also found that 
fungal diversity was affected by N, PS, and 
S, and soil bacteria diversity was influenced 
by C/N and NH4

+-N (figure 6b). Soil per-
meability, pH, NH4

+-N, and NO3
– were the 

primary factors that affected microorganism 
abundance; for example, soil microorganism 

abundance was higher when soil permeabil-
ity and pH were higher and NH4

+-N and 
NO3

– were lower (Gu et al. 2018). 
It has been reported that light and mod-

erate pollution can improve the richness, 
diversity, and evenness of the soil micro-
bial community, and severe pollution will 
activate certain inhibitory effects in them 
(Guo et al. 2012). Our study showed that 
Cd and Cu mainly affected soil fungal and 
bacterial diversity, respectively (table 4). 
This could be the result of the different 
sensitivities between bacteria and fungi to 

Figure 2
Abundance of (a) soil bacteria and (b) fungi rRNA genes in different restored subdams. Points show the means of five replicates, and vertical bars 
show standard errors. The different letters indicate that the means are significantly different among restored subdams (p < 0.05) with Duncan test.
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heavy metal pollution (Jin et al. 2009a). Our 
results indicated that soil properties have 
a greater impact on microbial diversity in 
areas of heavy metal pollution (table 5). We 
hypothesized that pollution levels would 
be one of the main reasons for soil micro-
bial diversity in a Cu tailings dam. Richness 
and Margalef of soil bacteria were positively 
correlated with soil C content, C/N ratio, 

and Cu, but negatively correlated with soil 
pH (table 4 and figure 6a). Conversely, soil 
bacteria evenness index was negatively cor-
related with soil C content, C/N ratio, and 
Cu, but positively correlated with NH4

+-N 
(figure 6 and table 4). Research has shown 
that the degree of heavy metal soil pollution 
was negatively correlated to the C/N ratio 
of paddy soil microorganisms, and was posi-

tively correlated to the relative abundance of 
fungus in soil (Wu et al. 2008). On the other 
hand, severe pollution will decrease rich-
ness diversity and evenness of soil microbial 
communities, while soil microbial commu-
nity dominance indices will be highest. This 
indicated that a dominant species within soil 
microbial communities will prevail under 
severe pollution (Guo et al. 2012).

Figure 4
Canonical correspondence analysis (CCA) ordination biplot of environmental factors and enzyme activities for (a and b) soil bacterial and (c and d) 
fungal communities in copper (Cu) tailings dam. Environmental factors include total nitrogen (N), total carbon (C), total sulfur (S), the ratio of carbon 
and nitrogen (C/N), soil water content (SWC), soil pH, particle size (PS), ammonium nitrogen (NH

4
+-N), nitrate nitrogen (NO

3
−-N), nitrite nitrogen 

(NO
2

−-N), and Olsen-P.
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Summary and Conclusions
This study addressed the effects of heavy 
metal pollution on soil physicochemical 
properties and microbial diversity over dif-
ferent years of reclamation in a Cu tailings 
dam. As restoration progressed, soil nutrient 
content significantly increased, especially 
for total soil C and N. Soil enzyme activates 
also varied along with environmental fac-
tors in alkaline soil. Soil bacteria and fungi 
gene copies gradually increased; the relative 
abundance of bacteria was more affected by 
environmental factors than fungi; and soil 
fungi diversity gradually increased along 
with an increase in restoration years, while 
soil bacteria exhibited irregular trends. 
Results from this study could have important 
implications for soil ecosystem restoration 
and could provide an ecological basis for fur-
ther studies on soil degradation mechanisms 
in Cu tailings dams.
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Table 4
The Pearson correlations between soil heavy metals and microbial diversity in copper tailings dam.

                   Bacteria                         Fungi
 Shannon-      Shannon-      
 Wiener       Simpson    Wiener Simpson     
Metal index index Richness Margalef Evenness index index Richness Margalef Evenness

As 0.029 –0.007 –0.067 –0.131 0.124 0.211 0.224 0.174 0.191 –0.072
Cd –0.153 –0.154 0.005 0.129 –0.175 0.322* 0.328* 0.256 0.250      –0.032 
Cu 0.054 –0.038 0.363** 0.492** –0.376** 0.269 0.270 0.243 0.228 –0.021 
Pb –0.177 –0.134 –0.049 0.052 –0.132 –0.002 –0.027 0.031 0.049 –0.081 
Zn 0.137 0.132 –0.030 –0.160 0.199 –0.057 –0.117 0.015 0.047 –0.132
** Correlation is significant at the 0.01 level (2-tailed). * Correlation is significant at the 0.05 level (2-tailed). 
Notes: As = arsenic. Cd = cadmium. Cu = copper. Pb = lead. Zn = zinc.
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Table 5
Relationship of microbial structures and diversities to different environmental factors by a Mantel test.

 Soil chemical    Reclaimed Enzyme   
 properties Heavy metals  years  activities

Structure/         
diversity rM p rM p rM p rM p 

Bacteria 0.410 0.048 0.518 0.012 0.303 0.058 0.041 0.390
structure
Fungi –0.355 0.975 0.081 0.345 0.133 0.216 –0.102 0.704
structure
Bacteria 0.225 0.045 0.135 0.178 –0.036 0.538 0.083 0.259
diversity
Fungi –0.185 0.853 –0.049 0.607 0.237 0.058 –0.148 0.817
diversity
Note: Significant p-values are in bold print.

C
opyright ©

 2019 Soil and W
ater C

onservation Society. A
ll rights reserved.

 
w

w
w

.sw
cs.org

 74(5):439-448 
Journal of Soil and W

ater C
onservation

http://www.swcs.org

