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Abstract: The structure of sedimentary bacterial communities in mangroves depends on environmen-
tal factors such as pH, salinity, organic matter content, and metal pollution. To investigate the effect
of heavy metal pollution on such communities, core samples of sediments from four sites in three
distinct mangrove reserves (Golden Bay Mangrove Reserve in Beihai, Guangxi province (GXJHW),
Shankou Mangrove Reserve in Hepu, Guangxi province (GXSK), and MaiPo mangrove in Hong Kong
(MPCT and MPFQ)) in South China were analyzed for physicochemical properties, multiple chemical
forms of metals, and vertical bacterial diversity. Sedimentary bacterial communities varied greatly
among the different sampling sites, with biodiversity decreasing in the order of GXSK, GXJHW,
MPFQ, and MPCT. Proteobacteria was the dominant phylum, followed by Chloroflexi, across all
four sampling sites. Multivariate statistical analysis of the effect of environmental factors on the
sedimentary bacterial communities found that total carbon was the only physicochemical factor with
a significant influence at all four sites. The correlations between environmental factors and bacterial
structure were weak for the two sites in Guangxi province, but strong at MPCT in Hong Kong where
environmental factors were almost all significantly negatively correlated with bacterial diversity.
Variance partitioning analysis revealed that physicochemical properties and chemical forms of metals
could explain most of the changes in bacterial diversity. Overall, we observed that heavy metal forms
were more important than total metal content in influencing the sedimentary bacterial diversity in
mangroves, consistent with the more bioavailable metal species having the greatest effect.

Keywords: physicochemical property; metal speciation; vertical bacterial diversity; sediment; mangrove

1. Introduction

Mangroves are unique ecosystems that are distributed worldwide in tropical and
subtropical tidal areas. They play important roles in providing habitats for aquatic or-
ganisms, degrading contaminants, and shoreline protection [1–3]. Within a mangrove
ecosystem, bacterial activity is vital for nutrient transformation, and is therefore essential
to the productivity, conservation, and rehabilitation of mangroves [4–8].

A range of bacteria are involved in the biogeochemical cycle, which includes activities
such as nitrogen fixation, ammoniation, nitrification, denitrification, solubilizing phosphate,
carbon cycling, oxidizing sulfur, and oxidizing or reducing iron [7–11]. Acting as a buffer
between the land and the sea, mangroves are subject to variable physicochemical conditions,
including salinity, pH, grain size, and anthropogenic contaminants. As a result, specific
bacterial community structures are formed as they adapt to various habitats [12–14]. For ex-
ample, Lamontagne et al. [15] found that Proteobacteria was the dominant bacterial group
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in mangrove sediments that had been chronically affected by oil, while Basak et al. [16]
showed that Proteus was dominant in the Sundarban mangrove sediments, with Bac-
teroides, Acidobacteria, Firmicute, and Actinomycetes relatively abundant.

As unique and effective ecosystems situated between the coast and ocean, mangroves
are constantly subjected to anthropogenic influences, such as mining, agricultural wastewa-
ter, urban sewage, industrial effluents, and port activities [17]. Mangrove sediments are a
significant sink for contaminants from land-sourced discharges as well as polluted tidal
water [18,19]. Among the various types of contaminants, heavy metals are one of the most
serious due to their toxicity, persistence, and tendency to accumulate in biological systems,
including mangrove sediments [17]. Bioavailable metals are either available or can be made
available for uptake by microorganisms from the surrounding environment [20]. It has
been reported that bioavailable heavy metals can affect the composition and activity of
bacterial communities [21–24] and have a significant impact on benthic microbial loop
function [25]. Therefore, how bacterial community structure in mangrove sediments is
affected by heavy metals in their various chemical forms, i.e., the relationship between
bacterial diversity and metal speciation, deserves further exploration.

Although the interplay between bacterial community structure and environmental
factors in mangrove sediment has been researched at a certain level, the depth-related
distribution of bacterial species in sediment has received relatively little attention. This
study was conducted to investigate the diversity and vertical distribution of bacterial
communities and its association with metal speciation, as well as other physicochemical
parameters, in three mangrove reserves in South China. The results not only provide a
basis for scientific evaluation of heavy metal pollution in mangrove wetlands in South
China, but also provide historical data for the study of the relationship between the bac-
terial community and heavy metals in mangrove core sediments, thereby providing both
theoretical and practical significance.

2. Materials and Methods
2.1. Site Description

The core samples were collected from four sites in three distinct mangrove reserves
in South China (Figure A1). The four sites were Golden Bay Mangrove Reserve in Beihai,
Guangxi province (denoted GXJHW, 109.22◦ N, 21.42◦ E), Shankou Mangrove Reserve
in Hepu, Guangxi province (denoted GXSK, 109.77◦ N, 21.48◦ E), a mud flat in MaiPo
mangrove, Hong Kong (denoted MPCT, 114.04◦ N, 22.50◦ E), and forest sediment in MaiPo
mangrove, Hong Kong (denoted MPFQ, 114.04◦ N, 22.50◦ E).

2.2. Sampling

Core samples were obtained by plugging acid-washed PVC pipes with sharp edges
(1 m length; 5 cm diameter) into the unvegetated mudflat/sediment, followed by manual
extraction. The selection of sampling locations was based on the data of surface sedi-
ments [26]. We chose a feasible place with little change in surface sediment heavy metals to
collect cores. Due to the texture of the sediment, cores were of different average lengths:
35 cm at GXJHW, 33 cm at GXSK, 78 cm at MPCT, and 48 cm at MPFQ. Two duplicate cores
were obtained at each sampling site. All core sediments were immediately transported
to the lab, arriving within two hours of sampling, and then were sliced into sections at
1 cm intervals using a semi-automatic plastic splitter (CORER by UWITEC®, Mondsee,
Austria). The lengths of the cores were compared before and after the transportation, and
only minimal changes were observed. After tree roots and leaves were removed from
each sample, samples were sealed in plastic bags and stored at 4 ◦C until further analysis.
Samples for 16S rDNA analysis were taken within two hours of sampling and stored at
−80 ◦C until further analysis.
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2.3. Analytical Methods
2.3.1. Sedimentary Physicochemical Properties

A particle size analyzer (LS 13 320, Beckman Coulter, Miami, FL, USA) was used to
determine the grain size of sediment samples. A grain size of ≤4 µm was clay, 4–63 µm
was silt, and ≥63 µm was sand.

The core samples were oven-dried and ground for the analysis of salinity, pH, total
carbon (TC), and total nitrogen (TN). To measure salinity and pH, samples were mixed with
Milli-Q water at a ratio (sediment/water) of 1:5. Then, samples were shaken for 30 min at
250 rpm at room temperature. After settling overnight, the supernatants were collected and
measurements were taken with a salinity meter (VZ8371BZ, AZ Instrument Corp., Taipei,
China) and a pH meter (PHS-3C, INESA Scientific Instrument Co., Nanjing, China). After
desiccation, TC and TN were determined using a PE 2400 II elemental analyzer (Perkin-
Elmer, Waltham, MA, USA); TP was determined using an automatic discrete analyzer
(Cleverchem 380; Dechem-Tech, Hamburg, Germany).

2.3.2. Metal Speciation

Five heavy metals (Cr, Ni, Cu, Zn, and Pb) were analyzed in this study, along with
their vertical distribution in sample cores. They were selected based on their toxicity and
spatiotemporal concentrations reported in previous studies by Chen et al. [26]. Approxi-
mately 0.2 g of the sediment sample was digested in a microwave digestion system (Ethos
One, Milestone, Italy) with a mixture of 7 mL 65% HNO3 and 1 mL 20% H2O2 [27]. All
reagents were transferred, made up to 50 mL with Milli-Q water, and then used for the
determination of the total concentration of heavy metals. Next, the speciation of heavy
metals in sediments was characterized by the BCR sequential extraction method [28–31].
The heavy metals were classified as an acid-extractable fraction, a reducible fraction, an
oxidizable fraction, and a residue fraction (Table A1 shows abbreviations; Figure A2 shows
the detailed analytical procedure). All heavy metal solutions were tested by inductively
coupled plasma optical emission spectroscopy (ICP-OES; Optima 7000DV, Perkin-Elmer,
Waltham, MA, USA).

2.3.3. DNA Extraction and Illumina HiSeq Sequencing

The total DNA of each sediment sample was extracted using a FastDNA® spin kit
(MP bio, Santa Ana, CA, USA) following the manufacturer’s instructions. The V4 re-
gions of the 16S rDNA genes were amplified with a specific bacterial primer set, 515F
(5′-GTGCCAGCMGCCGCGGTAA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′).
A 6 bp error-correcting barcode was included in the reverse primer to characterize each
sample. PCR reactions were carried out with Phusion® High-Fidelity PCR Master Mix
with GC buffer (New England Biolabs). Sequencing library analysis was performed on an
Illumina MiSeq platform at Novogene Bioinformatics Technology Co., Ltd., Beijing, China.

2.3.4. Sedimentation Rate Measurement

Sedimentation rates were measured in the State Key Laboratory of Estuarine and
Coastal Research, East China Normal University following IAEA-recommended proce-
dures [32] using the activities of 7Be, 137Cs, 210Pb, and 226Ra in sediments. Dry sediment
powders were sealed in a plastic box (70 mm × 70 mm × 70 mm) for three weeks. The
radioactivity of 210Pb, 226Ra, 7Be, and 137Cs was measured using a HPGe γ-ray detector
(Canberra Be3830) with 35% counting efficiency and an energy resolution of 1.8 keV (at
1332 keV) using multilayer shielding (ultralow background system, 777 lead shield). The
activities of 7Be and 137Cs were determined from the γ-ray peak at 477.6 keV (10.5%) and
661.6 k eV (85%), respectively. Results of both 210Pb and 137Cs showed that the sedimenta-
tion rate at GXJHW was 0.58 ± 0.02 cm/year, at GXSK was 0.35 ± 0.03 cm/year, at MPCT
was 1.43 ± 0.15 cm/year, and at MPFQ was 1.09 ± 0.06 cm/year.
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2.4. Quality Assurance and Quality Control

Plastic utensils were mainly used for sampling, and metal utensils were avoided as
much as possible to avoid contamination of core sediments. All sampling instruments were
cleaned with 5% nitric acid solution before use. All samples were determined in triplicate to
check for reproducibility, resulting in a relative deviation of less than 7%. Procedural blanks
were measured, and the concentration obtained was subtracted from experimental samples.
Standard reference materials (SRM 1646a, Estuarine Sediment, NIST) were digested using
the same protocol. The recovery rates for metals in SRM 1646a were greater than 85%.

2.5. Methods to Evaluate Heavy Metal Pollution

The ecological risk index proposed by Håkanson [33] was calculated to assess the heavy
metal pollution of the sediments. This method used both measured total concentrations
and background concentrations of metals, hence considering the sensitivity of biological
communities and toxicity [34]. The metal contamination coefficient C was calculated using
Equation (1):

Ci
r =

Ci
Bi

(1)

where Ci is the measure content of metal i in sediment, and Bi is the metal’s concentration
in background sediment. We used pre-industrial metal contents as the background values
(Cr = 60 mg/kg, Ni = 30 mg/kg, Cu = 30 mg/kg, Zn = 80 mg/kg, Pb = 25 mg/kg) [33]. Then,
the potential ecological risk factor of individual metals was calculated using Equation (2):

Ei
r = Ti

r × Ci
r (2)

where Ti
r is thetoxicity response coefficient of an individual metal, which was determined

for Cr = 2, Ni = 2, Cu = 5, Zn = 1, Pb = 5, respectively) [33]. Finally, the comprehensive
potential ecological risk index (RI) was calculated using Equation (3).

RI = ∑n
i=1 Ei

r (3)

Moreover, it is generally believed that results based on heavy metal speciation much
more accurately reflect the true level of heavy metal pollution [35]. Risk assessment
methods based on heavy metal speciation mainly use the risk assessment coding method
(RAC) and the ratio method of secondary phase to primary phase (RSP) [36]. RAC evaluates
the environmental pollution risk of heavy metals based on the ratio of the heavy metal
active speciation to the sum of the four individual speciations [37]. The formula for RAC is
as follows:

RAC = 100% × (EXC + CAR)
(EXC + CAR + OM + OX + RES)

(4)

where EXC + CAR represents the acid-extractable fraction, OM represents the reducible
fraction, OX represents the oxidizable fraction, and RES represents the residue fraction.
RAC < 1% represents no risk, 1% ≤ RAC ≤ 10% is low risk, 11% ≤ RAC ≤ 30% is a
moderate risk, 31% ≤ RAC ≤ 50% represents a high risk, and RAC > 50% shows an
extremely high risk.

RSP is generally used to distinguish natural and man-made sources of heavy met-
als [38]. The formula for RSP is as follows:

RSP =
Msec

Mprim
(5)

where Msec represents the content of heavy metals in the secondary phase of soil, which
is calculated from the sum of the acid-extractable fraction, reducible fraction, and oxidiz-
able fraction; and Mprim represents the heavy metal content in the primary phase and is
calculated from the residue fraction. When RSP ≤ 1, there is no pollution; 1 < RSP ≤ 2
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means mild pollution, 2 < RSP ≤ 3 means moderate pollution, and RSP > 3 represents
heavy pollution.

2.6. Statistical Analysis

Statistical analyses were performed using SPSS version 16.0 (SPSS Inc., Chicago, IL,
USA). Parameters were analyzed by single/multivariate analysis of variance, Spearman
analysis, Mantel test, variance partitioning analysis, and principle component analysis.
Single analysis of variance was used to study whether a certain factor has a significant
impact on the experimental results. Multivariate analysis of variance can analyze two
or more variables and can usually test for the significance of each variable. Spearman
analysis can reveal the correlation between the measured indicators, which is significant
when the p-value is less than 0.05 and extremely significant when the p-value is less than
0.01. The Mantel test is different from other correlation analysis: it can directly analyze
the correlation between two types of variables (such as the physicochemical properties of
sediment and bacterial diversity). Variance partitioning analysis (VPA) was performed to
calculate the proportion of the explanation of different types of environmental factors on
the change of bacterial community structure. Principal component analysis (PCA) obtains
new variables through linear transformation, by which process the new variables cluster
several original, closely related variables into one group.

3. Results and Discussion
3.1. Physicochemical Properties and Metal Speciation Profiles in Cores from Mangrove Sediments
3.1.1. Vertical Profiles of Physicochemical Properties of Sediment Cores

Studies have shown that the heavy metal content in mangrove sediments is closely
related to vegetation type, organic matter content, and physicochemical properties [39,40].
The grain size is correlated with the sorption capacity of the sediment, and generally the
metal content increases as the grain size decreases [41,42]. For example, Soto-jimenez and
Paez-Osuna [43] found that heavy metal content positively correlated with clay and silt,
and negatively correlated with sand in the mangroves of the Mazatlan Harbor. This was
reflected in the variation in heavy metal content across most of our sampling sites (Table 1;
Figure 1). For example, the proportion of sand in MPCT and MPFQ cores was lower than
that in GXSK samples, while the latter had lower levels of heavy metals (Figure 1a,f,k,p).
However, GXJHW proved to be an exception: there was no sand in GXJHW sediments, yet
this site showed the lowest heavy metal content, indicating that heavy metal content is not
only related to grain size, but must also depend on other factors [44].

Table 1. The content of five metals and their ecological risk assessment information in the four
sampling sites and other mangroves around the South China Sea.

Sites Cr Ni Cu Zn Pb RI

GXJHW content (µg/g) 35.02 ± 6.05 13.49 ± 2.42 12.86 ± 2.64 40.87 ± 11.21 11.98 ± 2.31
7.12 ± 1.41Ei

r 1.17 ± 0.20 0.90 ± 0.16 2.14 ± 0.44 0.51 ± 0.14 2.40 ± 0.46

GXSK
content (µg/g) 49.99 ± 8.22 24.97 ± 4.44 15.40 ± 3.19 53.09 ± 16.47 16.51 ± 3.49

9.86 ± 2.01Ei
r 1.67 ± 0.27 1.66 ± 0.30 2.57 ± 0.53 0.66 ± 0.21 3.30 ± 0.70

MPCT
content (µg/g) 85.68 ± 24.46 36.17 ± 7.02 94.73 ± 27.97 497.99 ± 211.92 59.90 ± 4.73

39.26 ± 9.54Ei
r 2.86 ± 0.82 2.41 ± 0.47 15.79 ± 4.66 6.22 ± 2.65 11.98 ± 0.95

MPFQ content (µg/g) 72.39 ± 8.08 36.40 ± 2.79 110.80 ± 7.09 459.87 ± 37.42 61.04 ± 3.78
41.26 ± 2.86Ei

r 2.41 ± 0.27 2.43 ± 0.19 18.47 ± 1.18 5.75 ± 0.47 12.21 ± 0.76

Singapore [45] content (µg/g) 16.61–32.07 7.44–11.65 7.06–32.00 51.24–120.23 12.28–30.98
Punta Mala Bay, Panama [46] content (µg/g) 23.3 27.3 56.3 105 78.2
Peninsular Malaysia [47,48] content (µg/g) 0.71–6.53 2.41–36.29 1.63–150.81 23.70–607.20 7.97–93.11
Dumai coast Indonesia [49] content (µg/g) - 7.26–19.97 1.61–13.84 31.49–87.11 14.63–84.90
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Figure 1. The vertical profiles of grain size composition, salinity, pH, and TC of cores in GXJHW
(a–d), GXSK (e–h), MPCT (i–l), and MPFQ (m–p). The dashed lines represented average values of
individual cores.
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Moreover, Murray et al. [42] found that the smaller the particle size of the sediment,
the higher the heavy metal content in the oxidizable and residue fractions; on the other
hand, the larger the sediment particle size, the lower the heavy metal content of the acid-
soluble fraction. We made similar observations with vertical depth of the MPCT and MPFQ
cores, where the proportions of Cr, Ni, Cu, and Zn in the oxidizable and residue fractions
increased as the clay content decreased (Figures 1a,f,k,p and 2k–t).

pH also influences heavy metal availability. Studies have shown that when the pH
of sediments increases, the acid-extractable fraction of heavy metals decreases and pro-
motes the conversion of the metals present to other forms [50,51]. This is consistent
with our observations that as pH increased with the depth of the core sample, the acid-
extractable fraction of Zn and Pb decreased and was transformed into other chemical
species (Figures 1d,i,n,s and 2d,i,n,s,e,j,o,t).

TC is also a key factor affecting heavy metal content and speciation. Tam and Yao [52]
found that Cr and Cu are significantly positively correlated with TC in Hong Kong man-
grove sediments. However, our data showed the opposite results for MPCT and MPFQ
samples, which had relatively high metal content yet low levels of TC compared to sites in
Guangxi province. In sediments with naturally occurring metals, TC is normally positively
correlated with metal content; on the other hand, highly polluted areas such as the Mai
Po wetland in Hong Kong have likely received anthropogenic metals and hence show no
correlation between metal content and TC. Moreover, other studies have shown that the
oxidizable fraction of heavy metals in sediments is positively correlated with TC [53]. We
found that GXSK and GXJHW samples had higher TC content and a higher oxidizable
fraction of heavy metals than did the other two sites (Figures 1e,j,o,t and 2), which is
consistent with the findings of Li and Liu [53] and indicates that the accumulation of TC
can increase the proportion of heavy metals in the oxidizable fraction and thereby reduce
biological toxicity.

3.1.2. Vertical Profiles of Metal Speciation in Sediment Cores

The heavy metals in mangrove sediments mainly come from industrial waste, urban
runoff, municipal refuse, effluent from sewage-treatment plants, shipbuilding, chemical
dumping, and leakage from mineral operations [54–56]. To study the changes in the
availability of anthropogenic heavy metals after deposition in mangrove sediments, we
measured the total amount and chemical form of Cr, Ni, Cu, Zn, and Pb in core sediments.
The average vertical content of the five metals and their ecological risk index are listed
in Table 1. Previous studies suggested that Ei

r < 40 and RI < 150 were consideried low
ecological risk [33]. Therefore, sedimentary Cr, Ni, Cu, Zn, and Pb of all four wetlands
had low ecological risk. Nevertheless, statistically significant differences were observed
in both total metal concentrations and Ei

r among four sites (performed by single factor
analysis of variance followed with R-E-G-W F test). For example, the order of Cr in
the four sampling sites was MPFQ > MPCT > GXSK > GXJHW (F = 86.753; p < 0.001);
the order of Ni was MPFQ ≈ MPCT > GXSK > GXJHW (F = 182.561; p < 0.001); the
order of Cu was MPFQ > MPCT > GXSK ≈ GXJHW (F = 355.194; p < 0.001); the order
of Zn was MPFQ ≈ MPCT > GXSK ≈ GXJHW (F = 158.614; p < 0.001), and the order
of Pb was MPFQ ≈ MPCT > GXSK > GXJHW (F = 1759.817; p < 0.001) (“>” indicated
statistically significantly higher, “<” indicated statistically significantly lower, “≈” indicated
no statistically significant difference).
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Figure 2. The vertical profiles of the relative abundances of different fractions of Cr, Ni, Cu, Zn, and
Pb of cores in GXJHW (a–e), GXSK (f–j), MPCT (k–o), and MPFQ (p–t). Dark gray represents the
acid-extractable fraction, gray represents the reducible fraction, light gray represents the oxidization
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Moreover, compared to other mangroves around the South China Sea (Table 1), heavy
metal content in Guangxi Province had similar values while heavy metal content in Hong
Kong presented much higher pollution status. This observation corresponds with the
surrounding environmental conditions. Mai Po mangrove is located on the north side of
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Hong Kong, facing Shenzhen Bay. It is affected by human activities from Hong Kong as
well as Shenzhen, both of which are highly developed cities with large populations. The
contamination of Mai Po mangrove sediments by heavy metals from human activities has
been well documented [57–59]. The overall sediment content of the five heavy metals was
in consonance with the respective grain size, consistent with previous studies [42,59–61].
In contrast, the two mangrove sites in Guangxi province are surrounded by less-developed
cities with markedly smaller populations and industries. The sediment at GXJHW had
a larger grain size than that of the other three sites, making it less likely to retain metals;
indeed, a low metal content was observed in core samples from GXJHW.

Based on the sedimentation rates, the ages of cores collected from GXJWH, GXSK,
MPCT, and MPFQ were 60 years, 114 years, 55 years, and 45 years, respectively. These
time scales spanned both undeveloped period and the fast-developing period of Guangxi
Province and Hong Kong, resulting in higher total concentrations of heavy metals in the
upper layers than in the lower layers (Figure A3). A previous study presented similar
results and suggested that the higher metal pollution on the top was due to the elevated
metal pollution from the development of South China since the reform and opening-
up [62]. The vertical profiles of metal speciation at the various sampling sites are shown
in Figure 2. Generally, heavy metals exist in nature in different chemical forms, which
have different levels of toxicity, bioavailability, and mobility [63–65]. Thus, the ability
of organisms to absorb heavy metals from sediments depends on the chemical species
present [65,66]. For example, Dell’Anno et al. [25] found that only bioavailable heavy
metals have a significant impact on the function of the benthic microbial loop: at higher
concentrations, bioavailable metal species can significantly inhibit the metabolic turnover
of benthic microorganisms. The acid-extractable fraction is generally recognized as the
fraction with the greatest bioavailability, while the reducible fraction and oxidizable fraction
could potentially be bioavailable when the physicochemical characteristics (especially the
Eh) of the environment change [67].

Acid-Extractable Fraction

Across all four sites, there was a significant total amount of chromium, although mainly
in the residue fraction, which is not easily released into the environment (Figure 2a,f,k,p).
The acid-extractable fraction contained very little Cr, indicating that this metal mainly
derives from natural sources and would be difficult for organisms to use directly; hence, it
poses a low ecological risk. This is consistent with the report of Li et al. [68], who found
that in the mangrove surface sediments of the Yangtze estuary and coastal areas, Cr was
predominantly located in the reducible fraction, followed by the oxidizable fraction and the
Fe-Mn oxide-binding fraction. On the other hand, the content of chromium in the upper
layer of the MPCT core was higher than that in lower sediments, indicating that chromium
deposition in recent years has increased. The main sources of Cr are electroplating, mining,
smelting, and industrial wastewater [54,69]. The increasing trend in Cr deposition recently
is probably caused by the rapid development of Shenzhen’s electronics industry [70] and
reflects the close proximity of Mai Po mangrove to Shenzhen and Hong Kong. While
Hong Kong’s economic growth has slowed in recent years, Shenzhen’s high-tech electronic
technology industry has developed rapidly and become a pillar of Shenzhen’s economic
development [62].

The acid-extractable fractions of Ni and Cu were much higher in MPCT and MPFQ
samples than in those from GXJHW and GXSK. The main sources of Ni and Cu are coal
burning and wastewater discharge from factories [54,69,71]. As for Cr, the acid fractions
from MPCT showed a marked increase in Cu and Ni in the upper levels of the sample cores,
consistent with an intensification of human activities in recent years. Zhou et al. [72] also
found that, due to human activity, the acid-extractable fraction of Cu and Ni in mudflat
sediments was enriched at the surface.

The acid-extractable Zn fraction was the highest in MPCT samples, followed by MPFQ,
GXJHW, and GXSK (Figure 2d,i,n,s), and the total amount of Zn was also the highest in
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MPCT cores, suggesting a high level of Zn contamination at the MPCT site. Noronha-
D’Mello and Nayak [73] also found that the acid-extractable Zn fraction accounted for
the largest proportion of heavy metal contamination at a site on the west coast of India,
where Zn levels gradually increased from the bottom layer to the surface layer. The main
sources of Zn are roasting, smelting, and wear of rubber tires [56]. Noronha-D’Mello and
Nayak [73] believe that the popularity of automobiles and the development of shipping
may be the cause of the zinc pollution they observed.

Reducible Fraction

Although there was relatively little Cr and Pb in acid-extractable fractions, both
metals were present in significantly greater proportions in the reducible fractions across all
samples (Figure 2a,e,f,j,k,o,p,t). The reducible Cu fraction also counted for a relatively large
proportion of heavy metal contamination at all four sites (Figure 2c,h,m,r). This shows
that the main chemical species of Pb and Cu in core sediments are in the reducible fraction,
which can be re-released under certain conditions and therefore cannot be ignored as an
ecological risk. This is consistent with previous research [74] demonstrating that Pb was
mainly present in the reducible fraction in the early 1990s, probably as a result of the rapid
economic development and the use of leaded gasoline at that time. The main sources of
Pb are leaded gasoline, lead ore smelting, and batteries [56,75,76]. Due to the focus of
international attention on environmental pollution, the Pb pollution caused by human
activities decreased from the late 1990s to the early 21st century, and the proportion of Pb in
the reducible fraction also decreased. However, this was not found at our GXJHW, MPCT,
and MPFQ sampling sites, where the proportion of Pb in the reducible fraction was not
significantly reduced, indicating that the human source of Pb has not reduced over time. In
GXSK cores, the reducible fraction of Pb varied irregularly, which may be related to local
economic development and human activities.

Oxidizable and Residue Fractions

Compared to the reducible fraction, there was less of all five metals in the oxidizable
fractions, especially for Zn and Pb (Figure 2d,i,n,s,k,o,p,t). The residue fraction is generally
considered to have no bioavailability. Among the five metals, lead was present at the lowest
level in the residue fraction, with chromium and nickel relatively high. In general, the
residue fractions of all five metals were larger at GXJHW and GXSK than at MPCT and
MPFQ, which indicates a higher metal bioavailablity at GXJHW and GXSK than at MPCT
and MPFQ.

3.2. Bacterial Community Structures in Sediment Cores
3.2.1. Vertical Profiles of Top 10 Phyla in Sediment Cores

The vertical profiles of the top 10 bacterial phyla in mangrove sediments are presented
in Figure 3. In terms of bacterial abundance, Proteobacteria was the dominant phylum,
followed by Chloroflexi, across all four sampling sites. Differences among the four sites
became apparent from the third-most-abundant phylum. At GXJHW, Bacteroidetes was
the third-largest phylum, although its representation decreased with sample depth, while
Firmicutes bacteria were only present at low levels beyond a depth of 18 cm. In contrast, the
abundance of Bathyarchaeota increased with depth. At GXSK, Bathyarchaeota was the third-
largest phylum, followed by Bacteroidetes, Planctomycetes, and Gemmatimonadetes. The
abundance of species belonging to Proteobacteria and Bacteroidetes generally decreased
with depth, while Chloroflexi and Bathyarchaeota increased. At MPCT, Firmicutes was
the third-largest phylum, followed by Bathyarchaeota, WSA2, and Bacteroidetes. At the
same time, the abundance of Proteobacteria, Bacteroidetes, and Cyanobacteria generally
decreased, and Planctomycetes increased as depth increased. At MPFQ, Bacteroidetes was
the third-largest phylum, but its abundance generally decreased, while Lokiarchaeota and
Bathyarchaeota increased with depth. Deferribacteres was listed among the top 10 phyla
only at site GXJHW, WSA2 only at MPCT, and Lokiarchaeota only at MPFQ.
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Heavy metals may have a significant impact on the bacterial diversity of some
phyla. The relative abundance of Chloroflexi increased at sites with higher Cu (Figure 3).
Shao et al. [77] also found such an association between the abundance of Chloroflexi and
Cu level, indicating that Chloroflexi bacteria have a strong resistance to copper. Schneider
et al. [78] found that the relative abundance of Proteobacteria was elevated at sites with
higher Pb levels, consistent with our finding of the high relative abundance of Proteobacte-
ria in the Mai Po wetland, which contains high levels of Pb. In addition, several studies
have demonstrated that Proteobacteria, Bacteroides, and Acidobacter, which are usually
the dominant taxa in the sedimentary environment, are consistently important contributors
to biogeochemical processes, such as ammoniation and sulphate reduction [16,79]. This
indicates that the response of microorganisms to heavy metals may be related to their phys-
iological capabilities, and also to other environmental factors such as depth, pH, salinity,
and organic matter content of the sediment [80].

3.2.2. Vertical Variations in Alpha Diversity

Sample biodiversity was measured using two diversity indices, the Shannon index and
the Simpson index (Figure 4). The order of average vertical alpha diversity given by the two
indices was GXSK > GXJHW > MPFQ > MPCT. The vertical species diversity distribution
at the four sites varied depending on the index. Thus, while the vertical biodiversity in
GXSK and MPCT samples did not vary a great deal with depth using either index, the
community diversity of GXJHW cores became greater as depth increased according to the
Shannon index but decreased when the Simpson index was used. For MPFQ, the vertical
biodiversity decreased with depth using both indices. In GXSK core samples, both Shannon
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and Simpson indices returned relatively high values, while the Shannon index for MPCT
and the Simpson index for GXJHW were relatively low.
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It is recognized that the Shannon index is greatly affected by community richness,
while the Simpson index can reflect the most common species in the community [81]. Our
results showed that, as sample depth increased, the diversity of the bacterial community
was in a dynamic state of change without discernible rules. Peng et al. [82] also found that
the species composition and abundance of dominant microorganisms at different depths in
the intertidal sediments of Bohai Bay varied with no apparent regularity. Furthermore, there
seemed to be no correlation between the trends in heavy metal representation and bacterial
alpha diversity. In other words, increased heavy metal content had no apparent effect on
the bacterial diversity of the sediments, perhaps due to variable metal bioavailability and
the adaptability of microorganisms to polluted environments [77]. Gomes et al. [14] also
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emphasized that human activity did not necessarily affect the predominant community of
bacteria in sediments.

3.3. The Influence of Environmental Factors on Bacterial Community Structures in Sediment Cores

Previous sections indicate that bacterial diversity is affected by a variety of environ-
mental factors. Since we investigated more than 20 environmental factors in this study,
we used factor analysis to extract the significant variables that best explain the overall
variations in the environmental factors and hence determine which factors have the greatest
effect on bacterial community structure (Table A2). Factors with absolute values greater
than 0.5 were considered to have significant impacts on the structure of bacterial com-
munities. Five factors, i.e., NiOxid, Cu_RSP, Zn_RSP, Zn_RAC, and TC, were found to
significantly influence bacterial community structure at all four sites. A number of factors
only influenced a single sampling site: Silt and CuReduc at MPCT; pH, CuResid, PbAcid,
and Pb_RAC at GXSK; CrOxid at GXJHW; Cr_RSP, TNi, NiResid, CuAcid, and Cu_RAC
at MPFQ.

The environmental factors selected after the factor analysis were used in a Spearmen
correlation analysis with Shannon and Simpson index values to evaluate their influence on
alpha diversity (Table 2). For the two sites from Guangxi province, the correlations between
environmental factors and bacterial structure were both very weak using either index. For
example, only two factors (CrReduc and ZnReduc) were significantly negatively correlated
(Shannon index) with bacterial community structure at GXJHW. No significant correlation
was observed for GXSK. In contrast, strong correlations were obtained for both Hong Kong
sites. For MPCT, almost all environmental factors, including TC and several metal fractions,
were negatively correlated with bacterial abundance, while for MPFQ, some environmental
factors were negatively correlated with bacterial abundance while others were positively
correlated. We also found that when total heavy metal content was significantly correlated
with bacterial diversity index, the speciation of the same heavy metal was also significantly
correlated with bacterial diversity index, and the r-value of the latter was mostly higher
than that of the former. This accords with the findings of Suhadolc et al. [83], who observed
that while total Cu and Zn were correlated with the bacterial diversity index, some forms
of Cu and Zn were also correlated with the bacterial diversity index. Hiroki [84] obtained
the same result by studying the relationship between heavy metals and the quantitative
characteristics of community microorganisms. At the same time, their study also found
that when total heavy metal content and bacterial diversity index are not significantly
correlated, some heavy metal species do correlate with the bacterial diversity index, which
further indicates that, to evaluate the heavy metal pollution status of a given site, heavy
metal speciation is better than total heavy metal content for comparison with bacterial
community diversity.

The average content of Cr, Ni, Cu, Zn, and Pb in the core sediments of MPCT and
MPFQ was much higher than that of GXJHW and GXSK (Table 1). Correspondingly, both
GXJH and GXSK had high Shannon index values and thus a greater diversity of bacterial
species; in contrast, the Shannon indices of MPCT and MPFQ were low, indicating a smaller
number of species (Figure 4); this is consistent with an effect of heavy metal pollution
on the diversity of the respective bacterial communities [85]. At MPCT, which has the
highest heavy metal content, almost all environmental factors were negatively correlated
with both the Shannon index and the Simpson index, indicating inhibition of bacterial
diversity. At GXJHW, which had a lower heavy metal content, bioavailable heavy metal
species such as NiAcid and ZnAcid were positively correlated with bacterial diversity
(Table 2). Since the level of bioavailable metal species is much smaller than the total amount
of heavy metals, this is consistent with a low content of heavy metals stimulating the
growth of microorganisms, and a high content of heavy metals inhibiting growth [86].
Moreover, there was a significant correlation between bacterial diversity and the proportion
of some heavy metals in the acid-extractable, oxidizable, and reduced fractions, but no
correlation with the residue fraction. Therefore, when the deposition environment changes,
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the bioavailable fraction of heavy metals can be transformed and utilized, while heavy
metals in the residue fraction can only be released into the environment with difficulty [50].
Although it was reported in Section 3.2.2 above that there was no significant correlation
between the vertical variation in alpha diversity at each sampling site and heavy metal
content, further analysis showed that heavy metals and their various chemical forms had
a significant impact on bacterial community structure. A possible explanation for this
apparent contradiction is that heavy metals might affect the abundance of specific phyla or
classes of bacteria to different extents, causing changes in the relative proportions of the
various taxa. For example, Oliveira and Pampulha [87] found that an increase in heavy
metal concentration can lead to a decrease in the number of microorganisms such as peanut
rhizobia, Bacillus subtilis, and Bacillus megaterium, or even the disappearance of some species
from the community, ultimately leading to a reduction in bacterial diversity. On the other
hand, Basak et al. [16] found that heavy metals can increase the richness of certain bacterial
communities, such as phylum BRC1 and Epsilonproteobacteria. The vertical variation in
alpha diversity emphasizes the effect of spatial variation on bacterial diversity, rather than
the effect on specific bacterial species, which further demonstrates that bacterial diversity
is influenced by multiple environmental factors.

Table 2. Correlations between environmental factors and Shannon and Simpson indices.

Site Variable
Shannon Simpson

r p r p

GXJHW

CrReduc −0.415 0.006 * −0.190 0.134
CrOxid −0.207 0.112 −0.033 0.425
NiAcid 0.303 0.036 * −0.159 0.178
NiOxid 0.311 0.033 * −0.100 0.280
Ni_RAC −0.277 0.051 −0.145 0.199
CuOxid 0.316 0.03 * −0.101 0.278
Cu_RSP −0.124 0.235 −0.136 0.214
ZnAcid 0.305 0.035 * −0.078 0.326

ZnReduc −0.366 0.014 * −0.112 0.257
PbReduc −0.229 0.090 −0.002 0.496

OC −0.239 0.080 −0.053 0.379

GXSK

pH 0.093 0.300 0.018 0.148
Eh −0.171 0.166 −0.317 0.034 *

Salinity −0.204 0.124 −0.103 0.281
TCr 0.107 0.273 0.117 0.254

CrAcid −0.198 0.130 −0.323 0.031
CrReduc 0.250 0.077 0.234 0.091
Cr_RAC −0.175 0.161 −0.250 0.077
NiReduc 0.223 0.102 0.244 0.082
NiOxid 0.032 0.428 0.193 0.137
Ni_RAC −0.152 0.195 −0.108 0.271

TCu 0.071 0.345 0.119 0.252
CuResid 0.198 0.131 0.251 0.076
Cu_RSP −0.175 0.161 −0.185 0.147

TZn 0.078 0.330 0.137 0.220
ZnReduc 0.146 0.205 0.223 0.102
ZnOxid 0.129 0.233 0.195 0.135
ZnResid 0.077 0.333 0.149 0.199
Zn_RSP 0.048 0.393 0.095 0.296
Zn_RAC −0.168 0.172 −0.179 0.156

TPb −0.015 0.465 0.068 0.351
PbAcid −0.225 0.101 −0.235 0.090

PbReduc 0.050 0.390 0.138 0.218
PbOxid −0.002 0.496 0.165 0.176
Pb_RAC −0.141 0.213 −0.159 0.184

OC 0.076 0.335 0.171 0.167
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Table 2. Cont.

Site Variable
Shannon Simpson

r p r p

MPCT

Clay 0.248 0.061 0.127 0.217
Silt −0.152 0.175 0.019 0.454

NiAcid −0.479 0.001 ** −0.417 0.007 *
NiReduc −0.273 0.088 −0.200 0.108
NiOxid −0.432 0.005 * −0.284 0.076
Ni_RSP −0.323 0.021 * −0.113 0.244

TCu −0.474 0.002 * −0.304 0.056
CuReduc −0.186 0.125 −0.211 0.096
CuOxid −0.372 0.009 * −0.302 0.058
Cu_RSP −0.332 0.018 * −0.166 0.153

TZn −0.510 0.001 ** −0.382 0.015 *
ZnAcid −0.538 0.0001 ** −0.355 0.024 *

ZnReduc −0.409 0.009 * −0.331 0.037 *
ZnOxid −0.417 0.007 * −0.260 0.053
Zn_RSP −0.523 0.001 ** −0.310 0.052
Zn_RAC −0.311 0.052 −0.103 0.264
PbOxid 0.042 0.398 −0.018 0.456

OC −0.397 0.011 * −0.242 0.066

MPFQ

Clay −0.663 0.0001 ** −0.582 0.002 *
Eh −0.606 0.001 ** −0.590 0.002 *

Salinity 0.527 0.006 * 0.466 0.016 *
TCr 0.566 0.003 * 0.479 0.013 *

CrAcid 0.549 0.004 * 0.410 0.038 *
CrReduc 0.443 0.023 * 0.420 0.033 *
Cr_RSP 0.439 0.025 * 0.525 0.006 *
Cr_RAC 0.502 0.009 * 0.329 0.101

TNi 0.331 0.099 0.246 0.226
NiReduc 0.364 0.067 0.340 0.089
NiOxid 0.255 0.209 0.326 0.104
NiResid −0.523 0.006 * −0.550 0.004 *
Ni_RSP 0.330 0.100 0.412 0.037 *

TCu 0.357 0.073 0.422 0.032 *
CuAcid 0.195 0.340 0.132 0.521
CuOxid 0.694 0.0001 ** 0.704 0.0001 **
Cu_RSP 0.225 0.268 0.174 0.395
Cu_RAC 0.136 0.509 0.032 0.875

TZn 0.350 0.080 0.415 0.035 *
ZnAcid 0.406 0.04 * 0.368 0.065
ZnOxid 0.233 0.253 0.230 0.259
ZnResid −0.510 0.008 * −0.442 0.024 *
Zn_RSP 0.450 0.021 * 0.426 0.03 *
Zn_RAC 0.247 0.223 0.163 0.426

TPb −0.308 0.125 0.140 0.495
OC 0.702 0.0001 ** 0.714 0.0001 **

** represent p < 0.01, extremely significant correlation; * represent p < 0.05, significant correlation.

We next used the Mantel test to ask whether a selected environmental factor has a
significant effect on the structure of bacteria (Table A3). We found that the physicochemical
properties of sediments have varying degrees of influence on bacterial communities. Thus,
the pH value had a significant impact on the bacterial community at GXSK, while the Eh
value and salinity had a significant impact on the bacterial community at both GXSK and
MPFQ. Grain size also affected the bacterial structure at Mai Po, as did clay and silt at MPCT,
and clay at MPFQ. TC was the only factor that influenced bacterial community structure at
all four sampling sites, which is consistent with previous research [88]. It is possible that
a large volume of plant litter and animal residues are decomposed by microorganisms in
mangrove sediments, releasing a variety of nutrients through coagulation adsorption of
heavy metal ions [89].

The chemical forms of the five metals had various effects on the sampling sites. For
GXJHW, several fractions of the five metals influenced the bacterial community, including
the oxidizable fraction of chromium, nickel, and copper, the acid-extractable and easily
reducible fractions of zinc, and the easily reducible fraction of lead. For GXSK, the speciation
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of zinc and lead influenced the bacterial structure more than the speciation of other metals
did. For MPCT, the speciation of Ni, Cu, and Zn influenced the bacterial structure more
than the speciation of Cr and Pb did, while for MPFQ, the speciation of Cr and Zn was more
important than that of other metals. Cu had an extremely significant impact on the bacterial
community structure at all sites except GXJHW. This may be due to Cu readily forming
CuS and a stable organic Cu compound with organic matter in the sediment [90,91].

In general, we can conclude that when heavy metals have a significant impact on the
bacterial community structure, certain chemical species of these heavy metals also impact
bacterial community structure. Furthermore, even when heavy metals (i.e., total metal
content) have no apparent effect on the bacterial community structure, certain chemical
forms of the heavy metals can still significantly impact bacterial community structure. We
suggest, therefore, that heavy metal chemical speciation should be used to evaluate the
effect of heavy metal pollution on bacterial community structure, rather than the total
amount of heavy metals present in the environment [92].

Variance partitioning canonical correspondence analysis (VPA) was used to show
that the physicochemical properties of the sediments together with metal speciation could
explain most of the changes in bacterial diversity (Table 3). Indeed, at MPFQ, physico-
chemical properties and metal speciation could explain 100% of the bacterial diversity
observed. Physicochemical properties alone could explain 43.7%, 50.9%, 27.3%, and 43.7%
of the bacterial diversity at GXJHW, GXSK, MPCT, and MPFQ, respectively, while metal
speciation alone could explain 61.5%, 79.9%, 71.8%, and 91% of the bacterial diversity
at GXJHW, GXSK, MPCT, and MPFQ, respectively. Thus, metal speciation was a more
important factor than physicochemical properties in explaining bacterial diversity at all
four sites.

Table 3. Result of Variance partitioning canonical correspondence analysis.

Site Env 1 Env 2
Explained %

Env 1 Env 2 Unexplained

GXJHW Clay, Eh,
Salinity, OC

TCr CrAcid CrReduc Cr_RSP
Cr_RAC TNi NiReduc NiOxid
NiResid Ni_RSP TCu CuAcid

CuOxid Cu_RSP Cu_RAC
TZn ZnAcid ZnOxid ZnResid

Zn_RSP Zn_RAC TPb

43.7 61.5 19.4

GXSK pH, Eh,
Salinity, OC

TCr CrAcid CrReduc Cr_RAC
NiReduc NiOxid Ni_RAC
TCu CuResid Cu_RSP TZn
ZnReduc ZnOxid ZnResid

Zn_RSP Zn_RAC TPb PbAcid
PbReduc PbOxid

50.9 79.9 12.6

MPCT Clay, Silt, OC

NiAcid NiReduc NiOxid
Ni_RSP TCu CuReduc

CuOxid Cu_RSP TZn ZnAcid
ZnReduc ZnOxid Zn_RSP

Zn_RAC PbOxid

27.3 71.8 25.0

MPFQ Clay, Eh,
Salinity, OC

TCr CrAcid CrReduc Cr_RSP
Cr_RAC TNi NiReduc NiOxid
NiResid Ni_RSP TCu CuAcid

CuOxid Cu_RSP Cu_RAC
TZn ZnAcid ZnOxid ZnResid

Zn_RSP Zn_RAC TPb

43.7 91.0 0.0
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In summary, metal speciation is the key factor affecting bacterial diversity at all
sites, especially MPFQ. At MPCT and MPFQ, which have high heavy metal levels, the
influence of heavy metal speciation on bacterial diversity was much stronger than that
of the physicochemical properties of the sediments. Wasilkowski et al. [85] found that
the soil bacterial community structure in some lead-zinc-silver tailing areas changed in
line with increasing heavy metal content, and the influence of heavy metal speciation
on bacterial community structure was much greater than that of soil physicochemical
properties. Bisessar [86] found that the number of microorganisms in soil polluted by
industrial wastewater over a long period was much lower than that in normal soil, and
the PCA results showed that this phenomenon was caused by the high content of heavy
metals in the soil. At GXJHW and GXSK, which contained lower levels of heavy metals
than the Hong Kong mangroves did, both the physicochemical properties of sediments
and metal speciation affected bacterial diversity. Taking the results of factor analysis and
VPA analysis into account, we conclude that bacterial diversity is affected by the combined
action of physicochemical properties and heavy metal speciation at those sites with low
heavy metal content. At the same time, 25% of the changes in the MPCT sediments, which
had the highest heavy metal load of the four sites, could not be explained, suggesting that
bacterial diversity may be affected by variables other than environmental factors.

Despite the environmental factors and metal concentrations mentioned in the manuscript,
there are many other factors influencing sedimentary bacterial community structure changes.
For example, bio-irrigation and sediment reworking by microbe-fauna interactions were
suggested to be important to sedimentary microbial community [93]. Feces or pseud-
ofeces from fauna can result in local hotspots of biodiversity and microbial activity in
sediment [94,95]. Rice and Rhoads [96] showed that sediment reworking by macrofauna
will increase the organic matter flux into the sediment, therefore introducing particle mix-
ing and pore-water flows vertically and resulting in changes in microbial community
structures vertically. Viruses caused loss of sedimentary microbes, and viral abundances
and production presented positive correlation with bacterial abundances [97]. Moreover,
redox condition regulates the speciation of heavy metals directly by biodegradation or
indirectly by biotransformation, illustrating the complexity of heavy metal cycles in man-
groves [98,99]. The key message of this manuscript is the impact of heavy metals and their
speciation on the microbial community structure in sediments, and we are fully aware
that there is indeed a lack of comprehensive discussion on the impact of redox condition
and fauna activities, which certainly deserve further investigations in future studies on the
bacterial community in mangrove sediments. Despite this, the results reported here can
contribute to expand our knowledge about the patterns of bacterial diversity in mangrove
sediments and provide new cues for future investigations in these ecosystems.

4. Conclusions

In this study, we explored relationships between sedimentary bacterial communities
and environmental factors in core samples of four mangroves in South China. The phylum-
level diversity of major bacterial communities varied greatly among different sampling sites
and also vertically in each individual core. Single environmental factors that significantly
influenced bacterial diversity included TC and various chemical forms of heavy metals.
The correlations between environmental factors and bacterial structure were weak for the
two sites in Guangxi province, but were strong for the two sites in Hong Kong. At MPCT,
almost all environmental factors were negatively correlated with bacterial diversity, while
at MPFQ some were negatively, and some positively correlated. VPA analysis revealed
that physicochemical properties and metal speciation could explain most of the changes
in bacterial diversity, and metal speciation could explain bacterial diversity better than
physiochemical properties could at all four sites. This suggests that the chemical forms of
heavy metals play a more important role in influencing bacterial diversity in mangrove
sediments than total metal content does.
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Figure A1. Site map. (Upper panel) mudflat in MaiPo mangrove, Hong Kong (MPCT), and forest sedi-
ment in MaiPo mangrove, Hong Kong (MPFQ); (Lower panel) Golden Bay Mangrove Reserve in Beihai, 
Guangxi province (GXJHW), Shankou Mangrove Reserve in Hepu, Guangxi province (GXSK). 

Figure A1. Site map. (Upper panel) mudflat in MaiPo mangrove, Hong Kong (MPCT), and forest
sediment in MaiPo mangrove, Hong Kong (MPFQ); (Lower panel) Golden Bay Mangrove Reserve in
Beihai, Guangxi province (GXJHW), Shankou Mangrove Reserve in Hepu, Guangxi province (GXSK).
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Figure A2. Schematic diagram of the sequential extraction procedure as used in this study. Figure A2. Schematic diagram of the sequential extraction procedure as used in this study.
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Figure A3. The vertical profiles of Cr, Ni, Cu, Zn, Pb total content of cores in GXJHW (a–e), GXSK (f–j), 
MPCT (k–o), and MPFQ (p–t). The dashed lines represented average values of individual cores. Figure A3. The vertical profiles of Cr, Ni, Cu, Zn, Pb total content of cores in GXJHW (a–e), GXSK

(f–j), MPCT (k–o), and MPFQ (p–t). The dashed lines represented average values of individual cores.
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Table A1. The meaning of each abbreviation.

Abbreviation Meaning

TCr Total amount of Cr
CrAcid Acid extractable fraction of Cr
CrReduc Reducible fraction of Cr
CrOxid Oxidizable fraction of Cr
CrResid Residue fraction of Cr
Cr_RSP RSP of Cr
Cr_RAC RAC of Cr
TNi Total amount of Ni
NiAcid Acid extractable fraction of Ni
NiReduc Reducible fraction of Ni
NiOxid Oxidizable fraction of Ni
NiResid Residue fraction of Ni
Ni_RSP RSP of Ni
Ni_RAC RAC of Ni
TCu Total amount of Cu
CuAcid Acid extractable fraction of Cu
CuReduc Reducible fraction of Cu
CuOxid Oxidizable fraction of Cu
CuResid Residue fraction of Cu
Cu_RSP RSP of Cu
Cu_RAC RAC of Cu
TZn Total amount of Zn
ZnAcid Acid extractable fraction of Zn
ZnReduc Reducible fraction of Zn
ZnOxid Oxidizable fraction of Zn
ZnResid Residue fraction of Zn
Zn_RSP RSP of Zn
Zn_RAC RAC of Zn
TPb Total amount of Pb
PbAcid Acid extractable fraction of Pb
PbReduc Reducible fraction of Pb
PbOxid Oxidizable fraction of Pb
PbResid Residue fraction of Pb
Pb_RSP RSP of Pb
Pb_RAC RAC of Pb

Table A2. Factor analysis of the effect of environmental factors on bacterial community.

GXJHW GXSK MPCT MPFQ

Clay 0.09 −0.17 −0.84 −0.79
Silt 0.07 −0.06 0.68 0.22
pH −0.47 0.95 0.24 0.47
Eh 0.46 −0.84 −0.16 −0.91

Salinity 0.06 0.68 −0.11 0.88
TCr −0.22 0.69 0.14 0.91

CrAcid −0.04 −0.93 0.36 0.90
CrReduc 0.46 0.84 0.38 0.53
CrOxid 0.92 0.26 0.00 −0.01
CrResid 0.42 0.10 0.10 −0.50
Cr_RSP 0.35 0.35 0.19 0.66
Cr_RAC 0.15 −0.91 0.15 0.87

TNi −0.17 0.59 0.48 0.83
NiAcid 0.61 −0.38 0.77 −0.12

NiReduc 0.24 0.95 0.72 0.60
NiOxid 0.95 0.76 0.87 0.63
NiResid 0.41 0.23 −0.28 −0.70
Ni_RSP 0.42 0.34 0.71 0.77
Ni_RAC 0.58 −0.63 0.34 −0.51
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Table A2. Cont.

GXJHW GXSK MPCT MPFQ

TCu 0.22 0.91 0.70 0.89
CuAcid 0.40 0.02 0.65 0.81

CuReduc 0.88 0.54 0.56 −0.19
CuOxid 0.97 0.44 0.89 0.76
CuResid 0.39 0.89 −0.34 −0.24
Cu_RSP 0.71 −0.77 0.68 0.57
Cu_RAC 0.43 −0.43 0.57 0.71

TZn 0.41 0.95 0.94 0.58
ZnAcid 0.80 0.42 0.89 0.87

ZnReduc 0.94 0.96 0.83 0.08
ZnOxid 0.32 0.83 0.88 0.68
ZnResid −0.34 0.67 −0.41 −0.93
Zn_RSP 0.82 0.79 0.83 0.96
Zn_RAC 0.76 −0.87 0.70 0.89

TPb −0.01 0.74 0.34 −0.73
PbAcid 0.54 −0.92 −0.43 0.53

PbReduc 0.96 0.80 −0.14 0.26
PbOxid −0.33 0.78 −0.56 −0.38
PbResid −0.14 0.13 0.36 0.05
Pb_RSP 0.07 0.23 −0.15 −0.32
Pb_RAC 0.43 −0.94 −0.45 0.58

OC 0.50 0.86 0.89 0.58
Nitrogen 0.07 0.19 −0.18 −0.47

Table A3. Mantel test of the influence of single environmental factors on bacterial community.

Location Variable r p

GXJHW

CrOxid 0.3007 0.002 **
NiOxid 0.1352 0.036 *
CuOxid 0.1571 0.008 **
ZnAcid 0.1956 0.002 **

ZnReduc 0.1547 0.025 *
PbReduc 0.1737 0.003 **

OC 0.2686 0.001 **

GXSK

pH 0.4095 0.001 **
Eh 0.2646 0.002 **

Salinity 0.1942 0.008 **
CrAcid 0.3428 0.001 **

CrReduc 0.346 0.002 **
Cr_RAC 0.2804 0.001 **
NiReduc 0.3436 0.001 **
NiOxid 0.3935 0.001 **
Ni_RAC 0.1386 0.033 *

TCu 0.3446 0.001 **
CuResid 0.3629 0.001 **
Cu_RSP 0.305 0.001 **

TZn 0.5063 0.001 **
ZnReduc 0.5704 0.001 **
ZnOxid 0.5144 0.001 **
ZnResid 0.1883 0.002 **
Zn_RSP 0.461 0.001 **
Zn_RAC 0.2047 0.011 *

TPb 0.3145 0.001 **
PbAcid 0.4432 0.001 **

PbReduc 0.3459 0.001 **
PbOxid 0.3465 0.001 **

OC 0.4144 0.001 **
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Table A3. Cont.

Location Variable r p

MPCT

Clay 0.401 0.001 **
Silt 0.3096 0.001 **

NiAcid 0.4125 0.001 **
NiReduc 0.2778 0.002 **
NiOxid 0.4014 0.001 **
Ni_RSP 0.223 0.008 **

TCu 0.3546 0.002 **
CuReduc 0.1713 0.022 *
CuOxid 0.3708 0.001 **
Cu_RSP 0.2331 0.004 **

TZn 0.4478 0.001 **
ZnAcid 0.4121 0.001 **

ZnReduc 0.2724 0.002 **
ZnOxid 0.329 0.001 **
Zn_RSP 0.3961 0.001 **
Zn_RAC 0.3337 0.002 **
PbOxid 0.1504 0.01 **

OC 0.4864 0.001 **

MPFQ

Clay 0.4482 0.001 **
Eh 0.3135 0.001 **

Salinity 0.3716 0.001 **
TCr 0.3819 0.001 **

CrAcid 0.2751 0.003 **
Cr_RSP 0.2924 0.008 **
Cr_RAC 0.2008 0.014 *
NiReduc 0.314 0.012 *

TCu 0.3308 0.001 **
CuOxid 0.4424 0.002 **
ZnAcid 0.2166 0.018 *
ZnOxid 0.2334 0.039 *
ZnResid 0.1962 0.008 **
Zn_RSP 0.3419 0.001 **

OC 0.5321 0.001 **
** represent p < 0.01, extremely significant correlation; * represent p < 0.05, significant correlation.
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