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Abstract The present study compared accumulation
of heavy metals in a mangrove swamp dominated by
Kandelia obovata with that by Sonneratia apetala in
Pearl River Estuary, China. The results showed that
the concentrations of heavy metals at all sediment
depths in the S. apetala site were significantly higher
than that in K. obovata. The geo-accumulation index
and potential ecological risk index also showed that S.
apetala sediment had a higher contamination of heavy
metals, especially Cd. S. apetala significantly altered
the biogeochemical cycles of Cd, lead (Pb), nickel (Ni)
and chromium (Cr). In S. apetala sediment, TOC
played an important role in sequestering heavy metals
as reflected by its positive correlations with Zn and Pb.
This study demonstrated the importance of plant
species in altering soil quality and heavy metal
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accumulation, and S. apetala is more efficiently
working as a pollution barrier than K. obovata.
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Introduction

Mangroves are important intertidal estuarine wetlands
that provide a unique ecological environment for
diverse fauna and flora (Smee et al. 2017). However,
mangroves are also one of the most threatened tropical
environments, which have been damaged by reclama-
tion for urbanization, agriculture, mariculture and
tourism, inadequate protection from insect infestations
and anthropogenic pollution such as heavy metals
(Friess et al. 2012). From 2000 to 2012, the degrada-
tion and annual losses of mangroves, particularly
because of rapid coastal development, varied from
0.16 to 0.39% (Hamilton and Casey 2016). In China,
the area of mangroves between the mid-1950s and
1990s also decreased from over 40,000 to 15,122 ha
(Peng et al. 2008). In the early 1990s, several
mangrove reforestation projects have been initiated
by local governments in China to plant indigenous and
exotic mangrove species, which increased the man-
grove forest area to 22,000 ha (Lin and Liu 2003).
Sonneratia apetala, because of its fast growth and high
adaptability, has been introduced to mainland China
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from Bangladesh since 1985 for mangrove reforesta-
tion (Chen and Ma 2015). Since then, most of the
studies on S. apetala focus on its physiology, growth,
reproduction, carbon storage and ecological adapta-
tion (Liu et al. 2014; Hossain et al. 2016), and only a
few has reported its effect on biogeochemical cycling
(Li et al. 2017a, b).

The sediment in mangrove wetlands has been
considered a sink of contamination and a record of
anthropogenic inputs of pollution (El-Said and
Youssef 2013). Heavy metal pollution has been
reported to disturb the establishment and growth of
mangrove seedlings, affect mangrove health and pose
toxicity to mangrove ecosystems (Sruthi et al. 2017).
The toxicity and ecological risk of heavy metals to
plants and ecosystems are related to the behavior and
fate of heavy metals in sediments and are controlled by
sediment properties, such as pH, organic matter, grain
size, salinity, oxidation—reduction potential and ben-
thic animals. (Sundaramanickam et al. 2016; Wu et al.
2016). On the other hand, sediment properties are
affected by the presence of mangrove plants (Weng
et al. 2014). Zhang et al. (2010) reported that S.
apetala had a potential to remove nutrients and heavy
metals in a simulated wetland. Rhizophora apiculata
could remove chromium in a phytoremediation system
(Richter et al. 2016). However, how different man-
grove plants affect the distribution and accumulation
of heavy metals in the sediment is not clear, even
though such knowledge is necessary to evaluate the
role of mangrove species in the remediation of heavy
metal-contaminated coastal environments.

Shenzhen is a rapidly developed and urbanized
modern city in the eastern coastal area of the Pearl
River Estuary, China, and both native (Kandelia
obovata) and exotic (S. apetala) mangrove plants are
found along its coastlines. As a native mangrove
species, K. obovata is widely spread along the
coastline of south China and is quite adaptive to
adverse environmental conditions (Lu et al. 2007).
Shajing—Xixiang area of Shenzhen was adjacent to the
catchment of the Dongbao River which was heavily
polluted by heavy metals (Wu et al. 2016). The
Dongbao River (22°46'N, 113°47'E) connected to the
Pearl River Estuary is regarded as one of the most
polluted urban rivers in China because sewages from
more than 7000 metals and electronics factories are
discharged directly to the river without any proper
treatment (Song et al. 2016). So far, no systematic
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research on the ecological risk assessment of heavy
metal contamination in this mangrove wetland has
been conducted. In August of 2015, the growth of
exotic S. apetala in the study area was found to have
severe leaf shedding, but the adjacent K. obovata
community appeared to have normal and vigorous
growth. Previous studies reported that S. apetala had
faster growth and more adaptive characteristics than
K. obovata (Zan et al. 2003; Li et al. 2017a). However,
it is not clear why these two species respond differ-
ently to similar heavy metal-polluted environment.
We hypothesize that the different tolerance between S.
apetala and K. obovata may be related to the different
accumulations of heavy metal in sediment dominated
by the two species. The present study aims to compare
the effects of S. apetala and K. obovata on the
accumulation of heavy metals in sediments and other
physicochemical sediment properties. The potential
ecological risk of heavy metals in S. apetala and K.
obovata sediments was also assessed.

Materials and methods
Study area

The studied mangrove forest (Shajing—Xixiang area in
Shenzhen) is located in the eastern coastal area of the
Pearl River Estuary, China (Fig. 1). The mangrove
forest is dominated by native mangrove plants, namely
K. obovata and Aegiceras corniculatum, while Acan-
thus ilicifolius, Bruguiera gymnorrhiza, Avicennia
marina and Excoecaria agallocha are also found in
this forest. Some introduced mangrove species,
including Rhizophora stylosa, Laguncularia racemose
and S. apetala are also found in this area. The mean
annual temperature is 23.0 °C, with the highest
temperature in July (36.1 °C) and the lowest in
January (3.9 °C). The mean annual precipitation is
1935.8 mm, most of which occur from May to
September. The tides are semi-diurnal with an average
tidal range of 1.9 m (Yang et al. 2014).

Sediment collection and pretreatment

In August of 2016, the study area was uniformly
divided into six sampling points along the coast with a
distance of about 200 m between two consecutive
sampling points (Fig. 1). Sampling points 1-3 were
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Fig. 1 Sampling points in eastern coastal area of the Pearl River Estuary, China. Points 1-3 were in S. apetala site; points 4—-6 were in
K. obovata site. At each sampling point, three replicates were collected

dominated by S. apetala, while K. obovata was
dominant in sampling points 4-6. At each sampling
point, three random surface sediment samples
(0-10 cm) were collected using acid-washed PVC
pipes (each was 40 cm long and 7.5 cm internal
diameter). Core sediment samples (0-30 cm) were
also collected at sample points 2 and 5 (each in
triplicate) for analyzing the history of heavy metal
pollution in this area. The sediment cores were
immediately sliced into 10 cm increments with a
plastic knife after collection, and the subsamples were
placed in plastic bags, sealed and transported back to
the laboratory on the same day.

The water content was determined by the weight
loss after drying at 105 °C for 48 h. Plant roots and
stones were removed from the sediment. The sediment
was then dried, ground into powder and passed
through a 0.5-mm sieve before the analysis of pH,
electronic conductivity (EC), total organic carbon
(TOC), total nitrogen (TN) and total heavy metals (Cd,
Cu, Zn, Pb, Ni and Cr). Sediment pH and EC in the
sediment slurry (sediment:water = 1:2.5 w/v) were
determined using pH meter (sartouris PB-10, Ger-
many) and conductivity meter (LABORATORY

BENCHTOP METERS, China). The TOC and TN
were measured by CHNSO elemental analyzer Vario
EL Cube (Elementar, Germany). For heavy metal
determination, 2-g sediment sample was digested in a
mixture of 9 ml nitric acid (HNO3), 3 ml hydrofluoric
acid (HF) and 1 ml hydrochloric acid (HCI) in a
microwave. The heavy metals concentrations in the
digest were analyzed using inductively coupled
plasma-atomic emission spectrometry (ICP-AES,
Leeman, USA). The internal standard method was
used to test the recovery of heavy metals in sediment
samples. The recoveries of heavy metals ranged from
95.35 to 106.41%.

To determine the possible biological effects of
combined metals in both S. apetala and K. obovata
sites, the mean PEL quotients (m-p-Q) determined by
Long et al. (1998) were calculated using the following
formula:

>i (Ci/PEL))

n

Mean PEL quotient =
where C; is the sediment concentration of metal (i),

PEL,; is the PEL of metal (i) and » is the number of
metal. The classification of toxicity probability for
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biota described by Long et al. (1998) suggested that
m-P-Q < 0.1 indicated an 8% probability of being
toxic, and m-P-Q values of 0.11-1.5, 1.51-2.3 and
> 2.3 indicated 21, 49 and 73% probability of being
toxic, respectively.

The potential ecological risk coefficient (E7) and
potential ecological risk index (RI) were used to
evaluate the ecological risk of each heavy metal, as
well as multiple heavy metals, based on the following
formula: El =T!-Ci =T!-C./Ci, where T! is the
toxic-response factor of heavy metal i, Ci is the
contamination factor of heavy metal i, C! is the
measured concentration of heavy metal i in the
sediment, and C' is the background value of heavy
metals i, adopted from Li and Zheng (1988). The
toxic-response factors for Cd, Cr, Cu, Pb and Zn were
30,2,5,5 and 1, respectively (Hakanson 1980). RI was
calculated as the sum of all six risk factors of heavy
metals using the formula: RI = "7 | E', where n is
the number of heavy metals analyzed in the sample
(n = 6 in the present study). Heavy metal pollution
was also characterized by the geo-accumulation index
(Igeo), defining by the following equation: /4., = log,
(Cy/1.5B,), where C, is the measured content of the
metal n and B,, is the background value of the metal (Li
and Zheng 1988). The constant factor 1.5 was
introduced to analyze natural fluctuations in the
contents of a given substance in the environment with
very small anthropogenic influences.

Statistical analysis

All data were expressed as the mean =+ standard
deviation (SD) of three replicates. A two-way analysis
of variance (ANOV A) was used to test any significant
differences in sediment heavy metal concentrations
and other properties between S. apetala and K.
obovata sites and among different depths. If the
interaction is significant at p < 0.05, a Student ¢ test
would be performed to determine any difference in
these properties between S. apetala and K. obovata
sites at each sediment depth. Multivariate statistical
analyses were conducted to determine pollution
sources and relationships among heavy metals and
other sediment properties. Principal component anal-
ysis (PCA) was used to investigate the potential
pollution sources (natural or anthropogenic) and the
relationships between heavy metals. Hierarchical
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cluster analysis (HCA) of the normalized data set
was carried out using Ward’s method with Euclidean
distances as a measure of similarity (Gotelli and
Ellison 2004). The classification is based on visual
observation of the dendrogram. Pearson’s coefficient
was calculated to examine the relationships among
TOC, TN, pH and heavy metals and confirmed the
results obtained by multivariate analysis. All statistical
analyses were done using Statistical Product and
Service Solution (SPSS) 16.0.

Results and discussion
Physicochemical properties of sediment

The sediment in the S. apetala site had significantly
higher TOC content than that in the K. obovata site at
all depths, except the deepest layer (Fig. 2). A two-
way ANOVA revealed that TOC was significantly
affected by both site and depth factors, and the
interaction of these two sources of variations was also
significant (Table 1S). Li et al. (2017a) found that S.
apetala produced larger amounts of root materials and
leaf litter than the native K. obovata, thus providing
more carbon inputs to the sediment. In both sites, TOC
content in sediments decreased from surface (3.48% in
average) to bottom layers (1.34%), which may be
related to the higher letter supply in the upper
sediment layer by mangrove plant. These data are
consistent with findings of previous studies with more
organic matter distributed in surface sediment (Perry
and Berkeley 2009; Zhou et al. 2010). Li et al. (2017b)
estimated the sedimentation rate in Shenzhen Bay was
around 1.38 cm year_l, so the present 30-cm sedi-
ment core recorded the anthropogenic activities of
recent 20 years. The TN content in the surface
sediment (0-15 cm) in the S. apetala site was
significantly higher than in the K. obovata site, but
there was no significant difference between two sites
at deeper sediment layers (Fig. 2, Table 1S). The root
system of S. apetala is different from K. obovata, with
more fine roots and pneumatophores that can enhance
the adsorption and retention of nitrogen from sur-
rounding inputs (Lugomela and Bergman 2002).
Compared to site, the effect of depth on TN contents
in both sites is not significant (Table 1S). Similar to
TN, only site (but not depth) significantly influenced
the EC, pH and water content in sediment, and their
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values in the S. apetala site were significantly higher
than that in K. obovata, with a few exceptions such as
EC and water content in both sites were comparable at
the last two deepest layers (25-30 cm). The values of
EC in the S. apetala site were also higher than in the K.
obovata site. On the other hand, the sediment in the K.
obovata site (pH 6.5-6.6) was slightly acidic than that
in the S. apetala site (pH 7.0-7.6). The alkalinity in S.
apetala site may improve the deposition of heavy
metals in sediment. The acidity in mangrove sediment
was due to the decomposition and oxidation of FeS,
and FeS leading to more production of humic acids
(Tam and Wong 2000). However, the litter production
and decomposition rate of S. apetala were reported to
be faster than that of K. obovata (Liu et al. 2014). In
fact, the field condition of mangrove forest is so
complex, and the litter decomposition is highly
dependent on the surrounding environment, such as
pH, electronical conductivity, organic matter and
particle size (Laing et al. 2009; Antoniadis et al.
2017). So why the K. obovata sediment in the present
study was more acidic deserved more in-depth
research.

Heavy metal concentrations in sediments

The sediment concentrations of Cd, Cu, Zn, Ni and Cr
in the S. apetala site were significantly higher than in
the K. obovata site at most sediment depths (Fig. 3),
indicating that S. apetala could enhance the accumu-
lation of heavy metals in mangrove sediment. A two-
way ANOVA revealed that Cd and Ni were only
affected by site; Cu, Zn and Cr were affected by site,
depth and their interaction, while site and depth had no
significant effects on sediment Pb concentrations
(Table 1S). Previous studies have showed that the
vertical profile of heavy metals could provide a rapid
insight into their degree of pollution over time, and the
geochemistry and waste discharge affected the vertical
distributions of heavy metals (Qiao et al. 2013; Dias-
Ferreira et al. 2016). In the present study, the vertical
profiles varied between the two sites and were heavy
metal specific. In the S. aperala site, Zn and Cu levels
decreased with depths, while the depth changes were
less obvious in the K. obovata site. In the S. apetala
site, the depth profiles of Cu and Zn concentrations
were comparable to that of TOC (Fig. 2), suggesting
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the close relationship between organic matter and
heavy metals. Marchand et al. (2006) found that the
high specific surface area of organic matter enhanced
the sorption with metals. The vertical variations of Cr
in both sites were significant but without any obvious
trend. The steady levels of Cd, Pb and Ni along
sediment depths in both sites indicated the inputs of
these heavy metals did not increase with time even
though the areas have intensive human activities and
rapid economic development in recent decades. This
also suggested that the pollution control policy
implemented by local government during the recent
20 years as described by Li et al. (2017b) has been
effective. The awareness of public on environmental
protection and conservation of natural resources has
been strengthened, and many mangrove swamps in
Shenzhen, China have been under effective protection
and scientific management in recent years (Li et al.
2013b).

Based on the background levels of heavy metals
reported by Gan et al. (2010), Cd, Cu, Zn and Pb in
surface sediments (0-5 cm) in both K. obovata and S.
apetala sites were above their respective background
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levels (Table 2, Table 2S), indicating anthropogenic
activities had a direct impact on the concentrations of
heavy metals in these sediments. On the contrary, the
Cr concentrations in sediments in both sites were
similar to the background value, demonstrating the
present sediment was not contaminated by Cr and its
presence in sediments was primarily lithogenic origin.
Similar low levels of Cr were also detected in
sediments from Shantou Bay without any source of
Cr such as from mechanical engineering and steel
industry (Qiao et al. 2013).

Previous studies have found that the sediment
properties could significantly affect metal mobility in
the intertidal sediment and floodplain (Laing et al.
2009; Frohne et al. 2014). The correlations among
different heavy metals were dependent on sites and
metal species (Table 1). In the K. obovata site, the
correlations between TOC and heavy metals could be
positive, negative or no correlations, while significant
correlations were all positive in the S. apetala site. The
pneumatophores of S. apetala may trap more effi-
ciently suspended sediments to accumulate more TOC
and heavy metals in the sediment (MacFarlane et al.
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Table 1 Pearson correlation matrix among heavy metals, TN, TOC, pH and EC in sediments (0-30 cm depth) in K. obovata and S.
apetala sites in the eastern coastal area of Pearl River Estuary, China

Cd Cu Zn Pb Ni Cr TN TOC pH EC
K. obovata site
Cd 1.00
Cu 0.25 1.00
Zn 0.77%* 0.59%:* 1.00
Pb 0.53% - 0.07 0.14 1.00
Ni 0.30 0.09 0.36 0.04 1.00
Cr 0.12 — 0.52% — 0.11 0.32 0.61%* 1.00
N 0.12 — 0.50% 0.00 0.42 0.31 0.66%* 1.00
TOC 0.02 0.917%* 0.45 —0.32 0.02 — 0.52% — 0.63%* 1.00
pH 0.20 0.35 0.03 0.37 —0.08 —0.14 —0.13 0.13 1.00
EC — 0.04 — 0.76%*%  —0.38 0.25 0.04 0.48%* — 0.44 — 0.82%%  —0.18 1.00
S. apetala site
Cd 1.00
Cu 0.38 1.00
Zn 0.43 0.70%* 1.00
Pb 0.807%* 0.57%* 0.72%* 1.00
Ni 0.59* 0.66%* 0.47 0.64°%* 1.00
Cr —0.13 0.55* 0.36 0.29 0.51* 1.00
TN —0.05 - 0.05 0.30 0.20 —0.16 0.24 1.00
TOC 0.26 0.42 0.81%%* 0.55% 0.21 0.45 0.62%* 1.00
pH —0.16 — 0.49* — 0.31 —0.24 — 0.11 - 0.30 —0.32 —0.34 1.00
EC 0.21 0.29 — 0.04 0.14 0.21 0.27 0.17 0.06 — 0.74*%%  1.00

* and ** indicate correlation is significant at 0.05 and 0.01 levels (2-tailed), respectively. n = 18

2007). The positive correlations between TOC and
two heavy metals (Zn and Pb) in the S. apetala site and
between TOC and Cu in the K. obovata site indicated
that sediment organic matter played an important role
in the distribution pattern of heavy metals (Samuel and
Phillips 1988). In sediment, organic matter increased
the sediment retention capacity and created ligands
that roots are unable to absorb, which improved the
retention of heavy metals by organic matter in the
sediment (Laing et al. 2009; Antoniadis et al. 2017).
Sundaramanickam et al. (2016) found that organic
matter in sediment acted as a metal binding agent and
complexed with Fe and Ni during both pre- and post-
monsoon seasons along Parangipettai, India. How-
ever, the correlations between TOC and other heavy
metals such as Cd and Ni in both sites were not
significant, and the value between TOC and Cr in the
K. obovata site was even negative. Paramasivam et al.

(2015) reported that the concentrations of heavy
metals were not controlled by a single factor, instead
a combination of geochemical support phase and their
mixed association affected the metal level. This
implied that the sediment heavy metals in the present
mangrove swamp may come from different sources of
contamination and the roles of two mangrove species
in retaining heavy metals and their fates may be
different. Similar to TOC, the correlations between
TN and heavy metals in the K. obovata site were also
complex. On the contrary, no significant correlations
were found in the S. apetala site, suggesting that TN
had little effect on the accumulation of heavy metals in
this site.

The present mangrove swamp is located in the
downstream of the catchment of the Dongbao River
(with a distance of 20 km), the largest manufacturing
base of metal and electronics industries in the Pearl
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River Delta (Wu et al. 2016). This explained why the
concentrations of heavy metals in present sediment
samples such as Cu, Zn and Ni were relatively high
(Table 2), when compared to the other mangroves in
China which are less affected by industries and the
mangrove wetlands in other parts of the world. The
mean Cd and Pb concentrations were higher than other
mangrove wetlands, except Galatea, Panama (Guzman
and Jiménez 1992) and South Port Klang, Malaysia
(Sany et al. 2013), which had comparable Cd and Pb as
the present study, respectively. The concentrations of
Cr in this study were also higher than other wetlands
but lower than other sediments in the Pearl River,
South China (104.68 pg gfl) (Bai et al. 2011).
Additionally to anthropogenic inputs, the high con-
centrations of heavy metals in the present mangrove
sediments may be attributed to the large amount of
suspended and fine particles discharged from the
distributaries into the Pearl River Estuary which could
enhance the retention and precipitation of heavy
metals due to large surface area of fine particles
(Fernandes and Nayak 2015; Zhao et al. 2017).

The concentrations of heavy metals in the present
six sampling points showed significant fluctuations
(Table 2). In theory, the concentrations of heavy
metals should decrease from point 1 to point 6 with
increasing distance to the estuary of Dongbao River;
however, the results did not follow this or even show
the opposite trend. For instance, the Cd concentration
at point 1 was lower than that at points 3 and 6, and
point 3 had a significantly higher Cd concentration. On
the contrary, point 3 had lower Cu concentration than
point 2, despite their close proximity to the river. Point
2 had the lowest Cd but the highest level was at point 3.
Similar results as Cd were found in Pb, indicating the
similar anthropogenic origin of these two heavy
metals. On the other hand, the lowest and highest
levels of Ni and Cr were detected at point 5 and point
1, respectively. The highest levels of Cu and Zn were
found at point 1 but this point did not contain the
highest levels of other heavy metals. It has been
suggested that the heavy metal concentrations in
sediments are not only affected by the inputs, the
dispersal by water current and the mobility of heavy
metals in sediment may also affect the accumulation
(Zheng et al. 2008; Wu et al. 2016). The major causes
of the variations in heavy metal accumulation in the
present mangrove sediment may be related to the
anthropogenic inputs (including industrial and
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domestic sewage), the effect of river flow and the
types of vegetation. Detailed investigations are needed
to obtain a comprehensive understanding of such
spatial variation.

Evaluation of heavy metal risk

In the present study, mean sediment Cd levels in both
sites exceeded the Class III standard for Marine
Sediment Quality of China GB 18668-2002 (SEPA
2002), mean Cu levels were above that of Class II
(except for mean Cu at S. apetala above Class III),
while mean Pb levels were above those of Class I
(Table 2, Table 2S), indicating Cd was the most
problematic heavy metal, irrespective of plant species.
Previous studies also reported that the Pearl River
Estuary was heavily contaminated by Cd, due to the
prevalence of electroplating industries (Li et al. 2007,
Wu et al. 2016). Compared to Cd, mean Zn levels in
the S. apetala site varied from Class II to Class III and
were more polluted than that in the K. obovata site.
Among all heavy metals, Cr was the least polluted one,
with mean Cr levels in the S. apetala site ranging from
Class I to Class II, and was lower than Class I in the K.
obovata site. The lower contamination of Zn and Cr
than Cd indicated that the anthropogenic source of
these two metals was under control, which was related
to the effectively managed discharges from mechan-
ical engineering and steel industries in this region
(Cheung et al. 2003).

In the present study, the concentrations of Cd, Cu,
Zn, Pb and Cr at all sediment depths in the K. obovata
site were higher than the respective threshold effect
level (TEL) but below the probable effect level (PEL)
(Fig. 3, Table 2S). The TEL and PEL of the sediment
quality guidelines (SQGs) have been applied to assess
which heavy metal might adversely affect aquatic
organisms (MacDonald et al. 2000; Rumisha et al.
2016). Generally, adverse biological effects are rarely
expected at levels below the TEL, whereas the PEL is
defined as the level above which adverse effects are
expected to occur more often (Costa-Bdddeker et al.
2017). The present findings suggested that adverse
biological effects caused by these metals may be
observed occasionally. The Ni levels in the K. obovata
site were much higher than the PEL value, indicating
that adverse effects caused by Ni are expected to occur
more often. In the S. apetala site, the levels of Cd, Cu
and Ni at all sediment depths were higher than the
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respective PEL values, Zn and Pb concentrations were
higher than TEL but lower than the PEL values (except
Zn higher than PEL at 0-5 cm). The Cr levels reached
up to the PEL benchmark, except at 5-10- and 25-30-
cm-deep sediments. Based on the TEL and PEL
criteria, the contamination of heavy metals in the S.
apetala site was higher than that in the K. obovata site,
especially for Cd, Cu and Zn. The higher mean values
of Cd, Cu and Ni in the S. apetala site than the PEL
values indicated more attention should be paid to this
site.

In the present study, the mean PEL quotient (m-p-
Q) determined by Long et al. (1998) at all sediment
depths in the K. obovata site was 0.90, ranging from
0.11 to 1.5 (Fig. 4), indicating that the combination of
the six metals in the K. obovata site had a 21%
probability of being toxic. This value was similar to
that recorded in previous studies conducted in inter-
tidal Bohai Bay (Gao and Li 2012) and the coastal
Shandong Peninsula (Li et al. 2013a). The mean PEL
quotient in the S. apetala site at all sediment depths
was 1.73 (from 1.51 to 2.3), suggesting a 49%
probability of being toxic and further confirmed that
this site was more contaminated and problematic than
the K. obovata site.

Potential ecological risks of heavy metals have
previously been used for a better understanding of
heavy metal pollution (Rumisha et al. 2016). In this
study, the pattern of E! of each heavy metal was more

m-PEL-quotient
0 1 2 3

0-5cm A

5-10cm

10-15cm A
—l- S.apetala

K.obovata

15-20cm

Depth (cm)

20-25¢cm

25-30cm 4

Fig. 4 The mean PEL quotient of sediment heavy metals in K.
obovata (black triangle) and S. apetala (black square) sites in the
eastern coastal areas of the Pearl River Estuary, China
(mean £ SD of three replicates)
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or less the same as its concentration (Figure 1S), while
the ecological risk of Cd was very high (E' > 320). In
the K. obovata site, the mean E; values of six studied
heavy metals followed the sequence Cd (4196.24 +
336.85) > Cu (36.30 + 11.36) Ni (27.63 + 3.71) > Pb
1971 £181)>7Zn 478 £027)>Cr (322 £
1.16), and the same sequence was also found in the S.
apetala site [Cd (8441.94 £ 811.72) > Cu (188.38 &+
3331) >Ni (4244 £535)>Pb (20.10 &£ 2.91)
> 7n (8.30 + 1.22) > Cr (5.29 £ 1.00)]. It is clear that
although Cd concentrations were significantly lower
than other heavy metals (Fig. 3), the highest E! values of
Cd (Figure 1S) demonstrated its strongest toxicity
than the other metals. For the other heavy metals, the
ecological risk of Cu was low to moderate in the K.
obovata site, but was high in the S. apetala site. The
ecological risk of Zn, Pb, Ni and Cr was low (E;' <40)
in both sites, except Ni in the S. apetala site (E' about
40). According to grades of potential ecological risk,
the values of RI ranged from 3896.36 to 4618.38 in the
K. obovata site and the ranges in the S. apetala site
were from 7984.71 to 10,099.06, both sites were
classified as at very high risk (Table 3S). The
percentages of Cd accounting for the total risk were
97.85 and 96.94% in the K. obovata and S. apetala
sites, respectively, indicating that Cd was the main
heavy metal posing a very high risk to the environ-
ment. Similar high Cd contamination was detected in
many other coastal areas in China, such as geo-
accumulation index of — 1.62 to 2.85 in Pearl River
Estuary (Zhao et al. 2017), Eé of 414.36-573.82 in
Bohai Bay (Chai et al. 2014), pollution load index of
0.40-0.67 in Shantou Bay (Qiao et al. 2013), revealing
that the coastal area is contaminated by Cd, irrespec-
tive to its geographical location.

The distribution pattern of the geo-accumulation
index (Ige,), a normalization technique that has been
widely applied to the assessment of heavy metal
contamination in soils and sediments (Costa-Boddeker
et al. 2017), of each heavy metal was more or less the
same as its concentration and E' value, with lower Loeo
values in the K. obovata site than in the S. apetala site,
except Pb (Figure 25). In the K. obovata site, the mean
Iy, values of the six metals followed an increasing
order of Cd (7.78 £ 0.13) > Cu (2.21 £ 0.43) > Ni
(1.86 £ 0.18), Zn (1.67 £ 0.08), Pb (1.37 £ 0.13) >
Cr (0.49 £ 0.01), but the order in the S. apetala site
was slightly different, with Cd (8.79 £ 0.12) > Cu
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(4.65 £+ 0.24) > Zn (2.52 £ 0.28), Ni (2.48 £ 0.15)
>Pb (1.41 £ 0.21) > Cr (0.79 £ 0.26). According
to Miiller (1969), heavy metals in the K. obovata site
could be classified into four groups based on the
pollution potential: (1) unpolluted to moderately
polluted (0 < Iy, < 1), which was the case of Cr;
(2) moderately contaminated (1 < Iy, < 2), the case
of Ni, Zn and Pb; (3) moderately to heavily contam-
inated, the case of Cu; and (4) extremely contaminated
(Igeo > 5), the case of Cd. Similar grouping was also
found in the S. apetala site, except the case of Cu
(4 < Igeo < 5) that was heavily to extremely contam-
inated, and Zn and Ni (2 < g, < 3) which were
moderately to heavily contaminated. These results
demonstrated that the sediment in the present man-
grove swamp was extremely contaminated, and the
risk of Cd to environments must not be ignored as it is
a widespread concern.

Multivariate statistical analysis

Multivariate analysis (PCA and HCA) is effective at
providing suggestions on the sources and pathways of
heavy metal contamination (Sundaramanickam et al.
2016). Table 3 shows the results of PCA obtained by
applying varimax rotation for heavy metals in S.
apetala and K. obovata sites. Factor loading is
excellent with the values higher than 0.71 and is poor
with values lower than 0.32 (Garcia et al. 2004). In
both sites, Cd, Cu and Zn had strong positive loadings
on PCI. In the K obovata site, Pb and Ni had positive
loadings on PC1 and 2, with only Cr had a positive
loading on PC2; while in the S. apetala site, Pb and Ni
had positive loading on PC1, with Cr had a positive

loading on both PC1 and 2. Generally, the pollution
caused Cu and Zn is mainly related to sewage
discharges (Gu et al. 2014), the main source of Pb is
atmospheric deposition (Huang et al. 2014), and Ni
mainly comes from alloy, manufacture of coins,
magnets and household utensils (Gu et al. 2012).
The PC1 in the S. apetala site accounted for 60.5% of
variation while the value was only 39.6% in the K.
obovata site, implying that the former site was more
affected by anthropogenic contamination. In both
sites, Cr was not a serious concern (Fig. 3, Table 2),
indicating that there was no anthropogenic contami-
nation of Cr and its presence was due to natural
sources.

In the dendrogram obtained from HCA, all heavy
metals in the K. obovata site were grouped into three
clusters, with cluster 1 consisting of Cd, Zn and Cu,
cluster 2 of Pb and cluster 3 of Ni and Cr (Fig. 5). The
three metals in cluster 1 also had significant correla-
tion with each other (Table 1), demonstrating that they
originated from the same source, such as discharges of
industrial and domestic sewage. The grouping of Cu
and Zn in the same cluster in both sites implied their
similar anthropogenic origin, which could be agro-
chemical sources, manufactured goods (paints, cos-
metics and batteries) and agricultural fertilizers
(D’Adamo et al. 2014). However, other clusters in
the S. apetala site were different, its cluster 1 was
made up of Cd, Pb and Ni; cluster 2 was Cu and Zn and
cluster 3 was Cr. The analysis also revealed two
distinct clusters, one was the cluster 3 of K. obovata
site including Ni and Cr and the other was the cluster 3
of S. apetala site that includes only Cr. These results
are consistent with the output from the PCA analysis.

Table 3 Total variance

- Variables K. obovata S. apetala
explained and rotated
matrix of principal PC1 PC2 PC3 PC1 PC2
components analysis
Cd 0.90 0.04 - 028 0.69 — 0.68
Cu 0.49 —0.73 0.19 0.86 0.27
Extract method: principal Zn 0.89 —0.32 0.12 0.81 0.04
component analysis. Pb 0.47 0.39 - 0.72 0.90 — 0.28
Rotation converges in three Ni 0.55 0.39 - 0.72 0.83 0.07
iterations. Factors loadings
areater than 0.32, which Cr 0.17 0.93 0.18 0.52 0.80
could account for Initial 2.38 1.88 1.08 3.63 1.25
significant portion of the Percentage of variance 39.66 3141 18.13 60.53 20.83
overall variance, are Cumulative percentage 39.66 71.07 89.20 60.53 81.36

marked with boldface
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(A) Kandelia obovara

Rescaled Distance Cluster Combine

15 20 25

Cr

(B) Sonneratia apetala

Rescaled Distance Cluster Combine

0 5 10 15 20 25
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Ni

Cu
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Cr

Fig. 5 Hierarchical clustering analysis of sediment heavy metals in K. obovata and S. apetala sites in eastern coastal areas of the Pearl

River Estuary, China

The present study demonstrated that the effects of the
exotic S. apetala on the accumulation of heavy metals
in sediment differed from that of the native K. obovata,
with the former species exerted stronger effects on the
physicochemical properties of sediments and heavy
metal accumulation under the similar pollution source.
The different hydrological characteristics and sources
of pollution may be the main factors affecting the
sources and pathways of heavy metals which deserve
further investigations. The more accumulation of
heavy metals in the S. apetala sediment may cause
the severe shedding of leaves in this study area, but the
actual link between the accumulation of heavy metals
in sediment, their transfer to mangrove plants, their
effects on leaf shedding and even plant death need
more detailed research.

@ Springer

Conclusions

The present study reveals the pollution of heavy
metals in a mangrove swamp in the eastern coastal
areas of the Pearl River Estuary in China, and the
influence of mangrove plant species on the accumu-
lation of heavy metals in the sediment. Compared to
Kandelia obovata (native species), Sonneratia apetala
(exotic species) significantly changed the sediment
physicochemical properties, with significantly higher
values of TOC, TN, water content, electronic conduc-
tivity and pH, which may affect the accumulation of
heavy metals in the sediment. The sediment in the S.
apetala site retained and accumulated more Cd, Cu,
Zn, Pb, Ni and Cr than that in the K. obovata site, and
its organic matter played an important role in retaining
Zn and Pb in sediment. The S. apetala site not only
accumulated more heavy metals, its potential
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ecological risk index and geo-accumulation index
were also higher than the K. obovata site. According to
the mean PEL quotient, heavy metals in the S. apetala
site had a 49% probability of toxicity, higher than that
of 21% in the K. obovata site. The PCA and HCA
results further demonstrate that exotic S. apetala
affected the biogeochemical cycles of Cd, Cu, Ni and
Cr more than the native K. obovata. Among the six
heavy metals investigated, Cd levels in both sites were
very high, exceeding the background value, Class III
standard for marine sediment quality and the PEL, and
was the most problematic heavy metals. More atten-
tion on Cd contamination and ways to control its
inputs, especially in the site dominated by the exotic S.
apetala, are urgently needed.
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