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Abstract Concentrations of six heavy metals (Cu, Ni,
Zn, Cd, Cr, and Pb) in sediments and fine roots, thick
roots, branches, and leaves of six mangrove plant
species collected from the Futian mangrove forest,
South China were measured. The results show that
both the sediments and plants in Futian mangrove
ecosystem are moderately contaminated by heavy
metals, with the main contaminants being Zn and
Cu. All investigated metals showed very similar dis-
tribution patterns in the sediments, implying that they
had the same anthropogenic source(s). High accumu-
lations of the heavy metals were observed in the root
tissues, especially the fine roots, and much lower
concentrations in the other organs. This indicates that

the roots strongly immobilize the heavy metals and
(hence) that mangrove plants possess mechanisms that
limit the upward transport of heavy metals and ex-
clude them from sensitive tissues. The growth perfor-
mance of propagules and 6-month-old seedlings of
Bruguiera gymnorhiza in the presence of contaminat-
ing Cu and Cd was also examined. The results show
that this plant is not sufficiently sensitive to heavy
metals after its propagule stage for its regeneration
and growth to be significantly affected by heavy metal
contamination in the Futian mangrove ecosystem.
However, older mangrove seedlings appeared to be
more metal-tolerant than the younger seedlings due
to their more efficient exclusion mechanism. Thus,
the effects of metal contamination on young seedlings
should be assessed when evaluating the risks posed by
heavy metals in an ecosystem.
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Introduction

Mangrove plants comprise a group of intertidal plants
that dominate the coastlines of many tropical and
subtropical regions. These plants are highly produc-
tive and play a vital role as the major primary pro-
ducers in estuarine ecosystems (Macfarlane et al.
2007). Mangrove ecosystems provide great ecological
and commercial services (e.g., Das and Vincent 2009),
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but are often affected by contaminants in effluent dis-
charges, urban and agricultural runoff, and dumped
solid wastes due to their frequent proximity to dense
human populations and inadequate protection (Polidoro
et al. 2010). Some of the most potentially serious an-
thropogenic pollutants in mangrove ecosystems from
these sources are heavy metals. Although mangrove
sediments may act as sinks or buffers that immobilize
heavy metals entering aquatic ecosystems, they can also
act as sources of heavy metals that may be released by
changes in abiotic conditions. In addition, heavy metals
may be accumulated by mangrove plants and concen-
trated in exported dead plant materials, which are im-
portant food sources for higher organisms in estuarine
food chains (Harbison 1986).

Elevated concentrations of heavy metals have been
recorded in mangrove sediments from many parts of the
world (Marchand et al. 2006). Several studies have also
reported high concentrations of accumulated metals in
tissues of mangrove species in polluted localities (e.g.,
Agoramoorthy et al. 2008), and some mangrove species
have been shown to have relatively high tolerance
to heavy metal pollution, compared to most plants
(Macfarlane et al. 2007; Yan et al. 2010). However,
excessive uptake of metals by mangroves may cause
reductions in biomass (Yan et al. 2010) and damage at
the cellular level (see Moura et al. 2012). Furthermore,
heavy metal cycling is a potentially serious problem in
mangrove environments (Marchand et al. 2006; Pekey
2006) since excessive transfer of heavy metals from
sediments to mangrove plants may lead to contamina-
tion of the food pathway (Ahmed et al. 2011).

In addition to the background levels of heavy met-
als and the plant species, the metal sensitivity of plants
may also be influenced by their age. Notably, germi-
nating seeds and young seedlings are thought to gen-
erally be more sensitive to metal pollution than mature
plants because some of their defense mechanisms have
not yet fully developed (Liu et al. 2005). Therefore, it
is important to consider the age of the plants used in
toxicity assessments. Surprisingly, however, most pre-
vious investigations of the physiological basis of
heavy metal resistance have considered plant material
at a single age.

Futian mangrove forest is situated within a National
Nature Reserve in Shenzhen Special Economic Zone,
China, adjacent to the Mai Po Nature Reserve of Hong
Kong (Fig. 1). Together with the Mai Po marshes, this
area was declared a wetland of international importance

under the Ramsar Convention (Tam et al. 1995). Both
the mangroves and the associated mudflats are important
feeding, nesting, and staging grounds for some 67,000
birds belonging to 270 species, including some rare and
endangered species, such as Platalea minor, Tringa gut-
tifer, and Larus saundersi (Young and Melville 1993). It
is the only mangrove forest located in the heart of a
major urban area in China having experienced a major
economic and industrial boom since the early 1990s.
Thus, there are serious concerns about the impact of
pollution, especially metal contamination, on this Ram-
sar site. Levels of Cu, Mn, Zn Cd, Cr, and Pb in the
sediments and leaf tissues of Kandelia candel (L.) Druce
and Aegiceras corniculatum (L.) Blanco collected from
this site in the 1990s have been reported (Tam et al.
1995), but there is insufficient information to determine
the extent of recent heavy metal contamination.

Therefore, in this study, we first investigated the
concentrations of six heavy metals—three essential
metals (Cu, Ni, and Zn) and three nonessential metals
(Cd, Cr, and Pb)—in the sediments and various parts

Fig. 1 Sketch map showing a the locality of the sampling area
(the Futian Mangrove ecosystem) and b the sampling design for
the field experiment (filled circles sampling point, BG B. gym-
norhiza community, AI A. ilicifolius community, KC K. candel
community, AM A. marina community, AC A. corniculatum
community, SA S. apetala community)
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(fine roots, thick roots, branches, and leaves) of six
adult mangrove species to assess the extent of contam-
ination by these metals and their accumulation and
distribution patterns in mangrove plants. To further
assess the risks posed by heavy metal contamination
to this mangrove ecosystem, we then evaluated the
heavy metal tolerance of propagules and 6-month-old
seedlings of Bruguiera gymnorhiza (L.) Lam by ob-
serving their growth performance and patterns of met-
al accumulation and distribution in the presence of
contaminating levels of an essential heavy metal
(Cu) and a nonessential heavy metal (Cd) in the green-
house. We hypothesized that (1) there would be high
degrees of heavy metal contamination in the Futian
mangrove ecosystem; (2) both propagules and seed-
lings of B. gymnorhiza would have relatively high
heavy metal (Cu and Cd) tolerance; and (3) relatively
old (6-month-old) seedlings would have higher toler-
ance of heavy metal exposure than the propagules.

Material and methods

Collection of sediment and plant samples

Mangrove plants are segregated in distinctive bands of
species in the Futian mangrove ecosystem (Wang et al.
2010; Fig. 1), with a horizontal zonation pattern, land-
ward to seaward of B. gymnorhiza, Acanthus ilicifolius
Linn., K. candel, Avicennia marina (Forsk.) Vierh, A.
corniculatum, and Sonneratia caseolaris (L.) Engler.
In March 2009, samples of absorbing roots, branches,
and leaves of four representative adult plants of each
of these six mangrove species were collected, together
with sediment samples from 0 to 5 cm and from 10 to
20 cm depths from approximately 5×5 cm plots close to
each sampled plant. The sediment and plant samples
were separately stored in clean, acid-washed plastic
containers and plastic sample bags until transportation
to the laboratory.

Soil property analysis

Sediment samples were air-dried at room temperature
and ground with an agate pestle and mortar. Soil
properties, including the organic matter content, total
and available N, P, and K contents, pH, and electrical
conductivity were measured based on the methods
described by Wang et al. (2010).

Analysis of heavy metals

Each absorbing root sample was separated into two
subsamples: fine root (consisting of the root tip and
the fine secondary absorbing root within 5 cm of it)
and thick root (further from the tip). All plant samples
(fine root, thick root, branch, and leaf) were thorough-
ly washed, oven-dried at 70 °C for 48 h, and ground to
pass through a 100-mesh sieve. Each sample was then
digested with a 6.5-ml mixture of HNO3–H2O2 (10:3
v/v) in a microwave oven (Arao et al. 2003). After
digestion, samples were allowed to cool at room tem-
perature, diluted to a volume of 10 ml with Milli-Q
water, and subjected to heavy metals analysis by flame
atomic absorption spectrophotometry. The detection
limits for the Cu, Ni, Zn, Cd, Cr, and Pb analyses were
3.0, 2.0, 30, 0.5, 2.0, and 5.0 μgL−1, respectively. The
precision of the analytical procedures for plant mate-
rial was assessed using a certified reference material
(GBW-07603, provided by the National Research
Center for Certified Reference Material, China), and
the percentage recoveries for all the analyzed heavy
metals were in the range of 94.5–105.0 %. Total con-
centrations of heavy metals (Cu, Ni, Zn, Cd, Cr, and
Pb) and their diethylenetriaminepentaacetic acid
(DTPA)-extractable fractions (which were used as a
measure of the bioavailable parts) in soil were deter-
mined by flame atomic absorption spectrophotometry,
following mixed-acid digestion (HNO3–HClO4–HF)
and DTPA extraction, respectively (Page et al. 1982).

Greenhouse experiment

Plant materials

B. gymnorhiza was chosen for the greenhouse exper-
iment because of its widespread distribution in China
and the nearly year-round availability of its mature
propagules. Mature B. gymnorhiza propagules were
separately collected in May and December 2009, and
healthy specimens with no emergent hypocotyls were
selected for planting. Propagules collected in May
were first planted in wet sand in a greenhouse envi-
ronment with daily temperatures of 25–30 °C. They
were watered daily with tap water, and 50 ml Hoag-
land solution was added biweekly per plant after ger-
mination. In December 2009, 20 newly collected
mature propagules (similar in height and weight) and
20 individual 6-month-old seedlings that were similar
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in apparent health, height, and leaf numbers were
chosen for transplantation to pots to assess their heavy
metal tolerance, accumulation, and distribution pat-
terns, as described in the succeeding sections.

Soil preparation and experimental design

The soil used in the experiment was collected from a
mangrove swamp in Zhuhai, Guangdong Province,
China, air-dried, and then ground with a wooden roller
to pass through a 5-mm sieve. The electronic conduc-
tivity, pH, and organic matter content of this soil were
2.65 dSm−1, 7.33, and 2.38 %, respectively, and the
concentrations of total N, P, and K and available N, P,
and K were 1.32, 0.87, and 65 gkg−1 and 118, 11.8,
and 625 mgkg−1, respectively. The total Cd and Cu
concentrations were 0.26 and 34.8 mgkg−1, respec-
tively. After analyzing the soil, portions were prepared
for jointly applying two Cd treatments (designated
Cd1 and Cd2; final Cd concentrations of 0.91 and
3.22 mgkg−1 dry weight soil, respectively) and two
Cu treatments (Cu1 and Cu2; final Cu concentrations
of 96 and 183 mgkg-1, respectively) by adding solu-
tions of CdCl2 and Cu(NO3)2 to the ground and dried
soil approximately 1 year before the experiment. The
prepared soil without heavy metal additions was used
as the control (CK) growth medium.

Portions (3 kg) of each kind of prepared soil were
then placed into pots (height, 24 cm; diameter, 18 cm
at the top and 13 cm at the bottom) in a greenhouse at
Sun Yat-sen University with air temperatures ranging
from 25 to 30 °C, and compound fertilizer (N/P/K0
15:15:15, 3 g pot−1) was applied as basal fertilizer and
allowed to equilibrate for 2 weeks. The propagules
and seedlings of B. gymnorhiza were transplanted to
the pots in December 2009. They were regularly
watered to maintain high soil moisture and supple-
mented with Hoagland’s solution biweekly at a rate
of 50 ml pot−1. The experiment had a randomized
complete block design with two treatment factors:
metal levels (CK, Cd1Cu1, Cd1Cu2, Cd2Cu1, and
Cd2Cu2) and ages of plant (propagule and 6-month-
old seedling). Each treatment was applied to four pots.

Harvest and measurements

All plants were harvested after 3 months of growth
and washed with deionized water. Growth parameters
including seedling height (excluding propagules) and

diameter at ground height were measured immediately
after harvest. The second leaf pair from each seedling
was taken for determinations of chlorophyll a and
chlorophyll b, using the method described by Inskeep
and Bloom (1985). All plants were divided into leaf,
branch (stem), thick root, and fine root, then oven-
dried at 70 °C for 72 h, weighed, and ground. The
concentrations of Cu, Cd, P, and K in all of the plant
parts were determined (excluding the P and K concen-
trations in the fine root because of limited biomass in
this part) according to the methods described above.

Statistical analysis

The mean and standard error (SE) of the metal con-
centrations of all sample types were calculated. Cor-
relation analysis was then applied to evaluate the
relationships between total and DTPA-extractable
fractions of the heavy metals in the sediments. Differ-
ences among metal concentrations in sediments from
different locations and plant parts (fine roots, thick
roots, branches, and leaves) from different mangrove
species were tested using one-way analysis of variance
(ANOVA). To compare the ability of the fine roots,
thick roots, branches, and leaves of different man-
grove species to accumulate the heavy metals (Cu,
Ni, Zn, Cd, Cr, and Pb), concentration factors were
calculated by dividing the concentration of each metal
in each plant part by the concentration of the respec-
tive metals in the sediment (means of concentrations
detected at 0–5 and 10–20 cm depths) (Alberts et al.
1990). Two-way ANOVA (using generalized linear
models) was also applied to analyze the effects of Cd
and Cu treatments and their interactions on the plants’
growth parameters, nutrient levels, and heavy metal
accumulations when there were statistically significant
differences among different treatment groups assessed
by one-way ANOVA. All statistical analyses were
performed using SPSS Base 16.0 (SPSS Inc., USA).

Results

Biological and chemical properties of the sediments

As shown in Online Resource 1 (Table S1), all the
sediment samples had acid to neutral pH, varying from
4.78 to 7.42. There were relatively high organic mat-
ter, N, P, and K levels in the sediment, especially
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available N, P, and K concentrations (Table S1),
presumably due to discharge of domestic sewage
from surrounding regions. The salinity (electrical
conductivity) of the sediment from different inter-
tidal zones varied substantially, ranging from 2.38
to 21.74 dSm−1.

Heavy metal concentrations in the sediments

There were no significant differences in either total or
DTPA-extractable fractions of any of the investigated
heavy metals (Cu, Ni, Zn, Cd, Cr, and Pb) between 0–
5 and 10–20 cm sediment layers (P>0.05; Fig. 2).
However, there were significant differences in concen-
trations of all of the heavy metals in both layers from
different locations (P<0.01), except for the total con-
centration of Cd in the 0–5 cm sediment layer. The
mean metal concentrations were found to decrease in
the order Zn>Pb≈Cu>Ni>Cr>Cd (Fig. 2). The cor-
relation analyses also showed that concentrations of
all the heavy metals were significantly positively cor-
related with each other (P<0.01), except for Cd and Cr
(P>0.05). In addition, total concentrations and DTPA-
extractable fractions of all of the heavy metals, except
Cr, were positively correlated (P<0.01) in both sedi-
ment layers (Table 1). The proportions of DTPA-
extractable metals (except Cr) were relatively high
and significantly related to each other in the 5–10 cm
layer sediments (P<0.05).

Heavy metal concentrations in the sampled plant parts

The concentrations of all the heavy metals were sub-
stantially higher in the fine roots than in all of the other
sampled organs (Table 2). Thus, limited amounts of
the metals were transferred to the branches and leaves,
especially of Ni and Zn, for both of which the concen-
tration factors in the leaves were very low. Except for
the concentration factors of Pb and Cd in the fine root
and thick root parts, there were statistically significant
differences in the concentration factors of all plant
parts among different plant species (P<0.05), imply-
ing that there were differences in the ability of heavy
metal absorption and transportation among these man-
grove species. Correlation analyses showed that the
concentration factors for the six heavy metals in the
fine root, thick root, branch, and leaf were mostly
negatively correlated with the concentrations of the
respective heavy metals in the sediment (P<0.01).

Effects of Cu and Cd contamination on the growth
parameters and nutrient status of B. gymnorhiza

For both 3-month-old seedlings (planted as propa-
gules) and 9-month-old seedlings (transplanted as 6-
month-old seedlings), the Cd treatments, Cu treat-
ments, and their interactions all had no significant
effects on the tested growth and nutrient parameters
of the plants (see Online Resource 1, Figs. S1, S2, S3,
S4, and S5), including leaf, branch, and root bio-
masses and P and K levels, plant height, and diameter
at ground height (P>0.05), except that the Cu1 treat-
ment increased the root K level in the 3-month-old
seedlings (P<0.01). For the 9-month-old seedlings,
the Cd and Cu treatments had no significant effects
on the chlorophyll a, chlorophyll b, total chlorophyll
contents, or the chlorophyll a/b ratio, while for the 3-
month-old seedlings, although the Cd and Cu treat-
ments had no significant effects on the chlorophyll b
and total chlorophyll contents (Table 3), the high Cd
treatment weakly decreased the leaf chlorophyll a
content (P00.042) and the ratio of chlorophyll a/b
(P00.050).

Concentrations of Cu and Cd in sampled plant parts
in the greenhouse experiment

The concentrations of Cu and Cd in both the 3- and 9-
month-old seedlings clearly declined in the order fine
root>thick root>branch≈ leaf (Figs. 3 and 4). There
were generally no significant differences in Cu con-
centrations between the fine roots, thick roots,
branches, and leaves of 3-month-old seedlings and
the corresponding parts of 9-month-old seedlings un-
der any of the treatments (Fig. 3). Also, there were
generally no significant differences in Cd concentra-
tions between corresponding parts of the 3- and 9-
month-old seedlings under the CK treatment (Fig. 4).
However, under the Cd1 and Cd2 treatments, there
were distinctly higher Cd concentrations in the 3-
month-old seedlings than in most corresponding parts
of the 9-month-old seedlings (P<0.01).

Discussion

Our results indicate that current levels of Cu, Zn, and
Pb in sediments of the Futian mangrove ecosystem are
similar to those presented approximately 20 years ago
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by Tam et al. (1995), but there are markedly lower
levels of Cd and Cr. Since heavy metals are highly
stable, the apparent reductions in Cd and Cr concen-
trations are presumably mainly due to absorption by
mangrove plants and/or the export of these heavy
metals to the sea, while the similarity of the Cu, Zn,
and Pb contamination levels implies that inputs of
these heavy metals into the sediments have roughly
balanced the outputs. The similarity of distribution
patterns of all of the investigated metals in the sedi-
ments and the relatively high proportions of the
DTPA-extractable fractions imply that these heavy
metals have the same anthropogenic source(s) and

the wastewater discharge from the nearby electroplate
factories and electronic instrument factories could be
important pollution sources. This is supported by the
observed outlets of wastewater from these factories
ultimately leading to this mangrove ecosystem.

So far, heavy metal contaminants in the mangrove
sediments have been reported inmany areas (see Table 4).
Comparing the results of this study with those done in
other areas of China and in the world, the Futian man-
grove sediments seem to have relatively low Cd and Cr,
moderate Pb and Ni, and high Cu and Zn concentrations.
Heavy metal contaminations in mangrove plants have
also been widely investigated. Zheng et al. (1997)

Fig. 2 Concentrations of heavy metals (Cu, Zn, Ni, Pb, Cd, and
Cr) in sediments, at two depths, through the vegetational zones
of the Futian mangrove ecosystem (mean values of four

replicates; B. g B. gymnorhiza zone, A. i A. ilicifolius zone, K.
c K. candel zone, A. c A. corniculatum zone, A. m A. marina
zone, S. a S. apetala zone)

Table 1 Proportions of DTPA-extractable heavy metals (mean±SE) and the results of Pearson correlation analysis between DTPA-
extractable and total heavy metals in the 0–5 and 10–20 cm sediment layers of the Futian mangrove ecosystem

0–5 cm sediment layer 10–20 cm sediment layer

Ext/Tol (%) N Corr. Sig. Ext/Tol (%) N Corr. Sig.

Cu 29.4±2.1 24 0.690 0.000 25.9±1.8 24 0.968 0.000

Ni 14.9±1.2 24 0.609 0.002 14.8±1.8 24 0.585 0.003

Zn 32.8±2.0 24 0.724 0.000 29.3±2.8 24 0.761 0.000

Pb 40.3±1.5 24 0.676 0.000 44.8±2.3 24 0.629 0.001

Cd 44.7±4.3 24 0.542 0.003 46.5±5.0 24 0.649 0.001

Cr 2.15±0.28 18 −0.296 0.233 1.69±0.15 18 −0.155 0.469

Pb 40.3±1.5 24 0.676 0.000 44.8±2.3 24 0.629 0.001

Ext/Tol proportion of DTPA extractable to total heavy metals, N number of samples for correlation analysis, Corr. correlation coefficient
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reported the heavy metal concentrations in different parts
of Rhizophora stylosa located in Yingluo Bay, China.
Compared to those in the Futian mangrove ecosystems,
clearly lower Zn, Cu, and Pb and similar Cd, Cr, and Ni
concentrations in all plant parts were found in the Yin-
gluo Bay. Ong Che (1999) reported the heavy metal
contamination levels in the roots of three mangrove
species from the Mai Po Nature Reserve in Hong Kong.
Higher Zn (44.0–324.8 mgkg−1) and Pb (20.0–60.0 mg
kg−1), similar Cu (19.6–65.4 mgkg−1), Cd (0.05–0.6 mg
kg−1), and Ni (4.0–32.0 mgkg−1), and lower Cr (1.6–

6.4 mgkg−1) concentrations were observed in the Mai Po
mangrove ecosystem in comparison to those in the Futian
mangrove ecosystem. MacFarlane et al. (2007) reviewed
the Cu, Zn, and Pb concentrations in the roots and leaves
of 19 mangrove species, based on published literature.
Comparing the results of this study with those listed in
their report, there were relatively high Cu and Zn and
moderate Pb levels in the plant parts from Futian man-
grove ecosystem. In general, both the sediments and
plants in Futian mangrove ecosystem seem to have been
moderately contaminated. Thus, the first hypothesis of

Table 2 Concentrations of heavy metals (in milligrams per kilogram dry weight) and Concentration Factors (CFs) for each heavy metal
in the fine roots, thick roots, branches and leaves of the sampled mangrove species (mean ± SE, n04)

Cu Zn Cd Pb Cr Ni

Conc. CF Conc. CF Conc. CF Conc. CF Conc. CF Conc. CF

Fine root

B. g. 109±13 6.14 83±24 0.79 0.40±0.06 1.53 37.8±4.0 0.94 35.9±5.0 41.10 27.2±2.2 1.86

A. i. 152±9 3.71 85±6 0.52 0.28±0.04 0.69 30.4±2.2 0.56 20.0±4.0 14.11 18.3±2.3 0.63

K. c. 359±49 5.35 121±28 1.05 0.55±0.09 1.17 35.9±5.0 0.58 36.8±5.6 19.58 37.9±7.5 1.37

A. c. 161±11 3.26 156±26 0.85 0.56±0.14 1.55 34.5±5.3 0.56 16.7±1.3 6.85 16.0±1.4 0.58

A. m. 212±26 2.70 114±19 0.48 0.56±0.16 1.41 39.2±8.8 0.59 37.7±7.4 18.14 27.7±4.9 0.78

S. a. 279±15 3.02 190±16 0.79 0.62±0.04 1.60 40.1±3.7 0.56 19.0±1.5 9.21 18.5±2.3 0.54

Thick root

B. g. 12±2 0.70 11±2 0.11 0.09±0.01 0.35 6.0±1.2 0.15 15.1±2.8 17.65 4.2±0.6 0.30

A. i. 61±6 1.48 21±0 0.12 0.13±0.02 0.32 6.2±0.6 0.12 6.4±1.2 4.60 6.6±1.3 0.23

K. c. 30±5 0.44 21±2 0.18 0.16±0.02 0.34 6.2±1.8 0.10 6.0±0.8 3.30 5.9±0.7 0.22

A. c. 33±6 0.66 42±7 0.24 0.22±0.06 0.62 4.3±0.4 0.07 5.7±0.9 2.28 4.4±0.6 0.16

A. m. 30±2 0.38 37±5 0.16 0.15±0.01 0.38 4.4±0.4 0.07 6.2±0.2 2.68 7.5±0.4 0.21

S. a. 26±2 0.28 25±6 0.10 0.20±0.08 0.49 4.1±0.8 0.06 5.5±0.2 2.63 4.8±1.1 0.14

Branch

B. g. 17±2 0.96 38±5 0.38 0.21±0.03 0.82 2.3±0.2 0.06 ND / 1.3±0.3 0.09

A. i. 25±4 0.61 13±2 0.08 0.09±0.03 0.23 0.3±0.1 0.01 1.4±0.2 0.93 1.5±0.2 0.05

K. c. 14±1 0.22 17±2 0.15 0.16±0.04 0.34 3.0±0.5 0.05 0.9±0.2 0.46 0.7±0.1 0.03

A. c. 9±3 0.24 12±2 0.07 0.09±0.01 0.27 0.1±0.1 0.00 0.6±0.1 0.22 0.9±0.2 0.03

A. m. 16±2 0.20 15±1 0.06 0.10±0.02 0.24 1.0±0.3 0.02 2.4±0.5 1.04 1.2±0.2 0.03

S. a. 15±1 0.16 11±2 0.05 0.20±0.02 0.52 0.5±0.1 0.01 ND / 0.5±0.2 0.01

Leaf

B. g. 12±2 0.68 12±1 0.12 0.14±0.02 0.53 1.7±0.2 0.04 0.6±0.2 0.67 0.5±0.1 0.03

A. i. 17±1 0.42 69±4 0.41 0.09±0.01 0.22 1.6±0.3 0.03 3.0±0.3 2.09 2.1±0.5 0.07

K. c. 8±1 0.12 21±2 0.19 0.12±0.02 0.25 0.6±0.1 0.01 3.3±2.8 0.32 0.5±0.1 0.02

A. c. 10±1 0.21 12±1 0.07 0.14±0.01 0.41 ND / 0.2±0.1 0.06 0.2±0.1 0.01

A. m. 12±1 0.16 17±1 0.07 0.09±0.02 0.23 0.9±0.1 0.01 1.8±0.6 0.73 1.3±0.4 0.04

S. a. 8±1 0.09 40±3 0.17 0.15±0.02 0.37 0.7±0.2 0.01 1.0±0.1 0.45 0.7±0.2 0.02

CF concentration factors, B. g. B. gymnorhiza, A. i. A. ilicifolius, K. c. K. candel, A. c. A. corniculatum, A. m. A. marina, S. a. S. apetala,
ND not detected
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this study, that there would be relatively high degrees of
heavy metal contamination in the Futian mangrove eco-
system, is not supported.

Depending on the plant species, metal tolerance
may be based on one of two basic strategies: metal
exclusion or metal accumulation (Dahmani-Muller et
al. 2000). The exclusion strategy, comprising avoid-
ance of metal uptake and restriction of metal transport
to the shoot, is usually adopted by pseudometallo-
phytes (Dahmani-Muller et al. 2000). In this study,
the heavy metal distributions observed in mangrove
plants in both the field investigation and greenhouse
experiment clearly indicated that these mangrove spe-
cies adopt this strategy. High accumulations of the
heavy metals were observed in the root tissues, espe-
cially in the fine roots, and much lower levels in other

plant parts, indicating that the roots strongly immobi-
lize the metals and (hence) that mangrove plants have
evolved mechanisms that limit the upward transport of
heavy metals and exclude them from sensitive tissues.
This is consistent with previous studies showing that
restriction of upward movement is a common metal
tolerance strategy among wetland plants, with clear
protective value since movement of metal ions into
photosynthetic tissue can induce severe stress in plants
(Deng et al. 2004; Macfarlane et al. 2007; Liu et al.
2009). Mangrove species could be used in constructed
wetlands for wastewater treatment (Yang et al. 2008;
Zhang et al. 2010), since this low transportation
trait should facilitate their use for removing heavy
metals from wastewater or remediating heavy
metal-polluted marine environments, as it could

Fig. 3 a–d Concentrations
of Cu in sampled parts of
the 3-month-old (white
bars) and 9-month-old
(black bars) seedlings of B.
gymnorhiza (mean±SE, n04;
ns differences in Cu concen-
trations between the 3- and 9-
month-old seedlings were not
significant; *P00.05, differ-
ences in Cu concentrations
between the 3- and 9-month-
old seedlings were signifi-
cant; **P00.01, differences
in Cu concentrations between
the 3- and 9-month-old seed-
lings were significant)

Table 3 Analysis of parameter estimates from generalized lin-
ear models (two-way ANOVA): effects of Cd treatments, Cu
treatments, and their interactions on the contents of chlorophyll

a, chlorophyll b, chlorophyll a+b, and chlorophyll a/b ratio of
3-month-old seedlings (Prop.) and 9-month-old seedlings
(Seed.) of B. gymnorhiza

Variables Chlorophyll a Chlorophyll b Chlorophyll a/b Chlorophyll a+b

Prop. Seed. Prop. Seed. Prop. Seed. Prop. Seed.

Cd 0.042* 0.078 0.625 0.894 0.050* 0.073 0.116 0.166

Cu 0.347 0.138 0.680 0.087 0.706 0.646 0.437 0.093

Cd×Cu 0.120 0.847 0.088 0.120 0.295 0.122 0.100 0.503

*P00.05, statistically significant
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inhibit the release of metals from the plant to the
surrounding environment.

Although the retention of metals in fine roots could
facilitate the heavy metal tolerance of plants, the high
concentration of heavy metals retained in those roots
of mangrove plants might inhibit or even destroy
microbial symbionts in the fine roots, such as arbus-
cular mycorrhizal fungi, which have recently been
found to be ubiquitous in most investigated mangrove
plants (Wang et al. 2010, 2011) and reportedly play
important roles in nutrient acquisition for mangrove
plants (Wang et al. 2010). From this perspective, the
heavy metal contaminants might pose a potential
threat to mangrove ecosystems, especially oligotro-
phic mangrove forests. On the other hand, some of
the mangrove macrobenthos (e.g., Mictyris brevidac-
tylus, Crassostrea corteziensis, etc.) could accumulate
much higher levels of heavy metals in their tissues
than those of their environment (Frías-Espericueta et
al. 2008; Yeh et al. 2009), thus posing a risk to the
food chain in the mangrove ecosystem. Especially as
fishery activities take place in and around the Futian
mangrove ecosystem, further research is needed to
study the cycling of heavy metals in the food web of
this habitat.

No obvious negative effects of any of the metal
treatments were observed on the growth and nutrient
parameters of the 3- and 9-month-old seedlings of B.
gymnorhiza. These results indicate that B. gymnorhiza
develops relatively high heavy metal resistance

following its propagule stage, thus supporting our
second hypothesis, i.e., that both propagules and seed-
lings of B. gymnorhiza have relatively high tolerance
of the heavy metals Cu and Cd. Several previous
studies have also found that propagules and seedlings
of other mangrove species have relatively high heavy
metal tolerance (Macfarlane and Burchett 2001; Yan et
al. 2010). Although the mechanisms involved in the
metal tolerance of mangrove plants are still poorly
understood (Macfarlane et al. 2007), some knowledge
of structural adaptive metal tolerance strategies of
mangrove seedlings has been acquired and several
hypotheses have been postulated (Liu et al. 2009;
Cheng et al. 2010). For example, it has been proposed
that heavy metals could significantly reduce the per-
meability and radial loss of oxygen from roots of
mangrove seedlings, thus leading to lower heavy met-
al accumulation in their tissues and higher tolerance
(Liu et al. 2009; Cheng et al. 2010). It has also been
well documented that the viviparity of many man-
grove species is a typical adaptive evolutionary re-
sponse to the tidal flooding environment (Lugo and
Snedaker 1974), and it will be interesting to ascertain
how the propagules of mangrove plant evolved their
heavy metal tolerance.

Inhibition of photosynthesis by heavy metals in
higher plants is well documented (see Macfarlane
and Burchett 2001), and reductions in levels of chlo-
rophyll a and/or b on exposure to heavy metals have
been observed in many plant species, including

Fig. 4 a–d Concentrations
of Cd in sampled parts of
the 3-month-old (white bars)
and 9-month-old (black bars)
seedlings of B. gymnorhiza
(mean±SE, n04; ns differ-
ences in Cd concentrations
between the 3- and 9-month-
old seedlings were not sig-
nificant; *P00.05, differen-
ces in Cd concentrations
between the 3- and 9-month-
old seedlings were signifi-
cant; **P00.01, differences
in Cd concentrations between
the 3- and 9-month-old seed-
lings were significant)
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mangrove plants (Basak et al. 1996; Macfarlane and
Burchett 2001). The substitution of the central mag-
nesium ion by heavy metals and/or the inhibition of
enzymes involved in chlorophyll biosynthesis were
reported to be the mechanisms directly concerned with
the reduction of photosynthetic pigments (De Filippis
and Pallaghy 1994). In this study, decreased leaf

chlorophyll a contents and chlorophyll a/b ratios were
observed in the 3-month-old seedlings before any
visible toxicity symptoms, indicating that the leaf
chlorophyll a content has potential use as a sensitive
indicator of metal stress in B. gymnorhiza.

To date, the ability of seedlings of different ages to
accumulate heavy metals has hardly been compared.

Table 4 Concentration of heavy metals (in milligrams per kilogram dry weight) in the mangrove sediments from China and other areas
of the world

Locations Cu Zn Cd Pb Cr Ni

Mangrove sediments in China

Futian mangrovea 17.4–95.8 78.0–253.4 0.28–0.49 39.8–73.2 0.89–3.49 15.2–37.4

Yingluo Bayb 18.9 46.6 0.08 10.0 9.3 14.6

Mai Po, Hong Kongc 48.2–87.4 129.7–349.4 1.1–1.4 68.7–219.6 9.8–74.6 25.0–94.5

Tolo, Hong Kongd 2.4–58.1 22–118 0.01–1.92 14.8–130 ND–8.1 0.3–10.8

Sai Kung, HongKongd 0.5–68.5 12–282 0.01–0.66 7.9–75.8 ND–125 0.9–11.5

Deep Bay, Hong Kongd 45.1–82.1 174–247 0.37–3.22 65.3–82.0 11.3–43.5 24.3–36.9

Mangrove sediments elsewhere

Sunderban mangrove, Indiae 11.0–58.5 27.6–108.0 0.12–0.21 16.8–34.1 26.5–87.2 10.7–42.8

Godavari mangrove, Indiaf 34.0–58.0 – 6.0–17.0 16.0–95.0 1.5–2.7 7.5–52.0

Andaman Island, Indiag 80.9–87.9 12.2–23.0 0.8–1.5 3.9–5.4 12.7–20.4 7.0–12.0

French Guianah 3.8–38.7 81.8–388.5 – 16.6–37.3 31.7–72.8 18.8–44.6

Singaporei 7.1–32.0 51.2–120.2 0.18–0.27 12.3–31.0 16.6–32.1 7.4–11.7

Izmit Bay, Turkeyj 24.5–102.4 440–1,900 2.5–9.5 55.2–172 38.9–112.4 21–55

Sirik Azini creek, Irank 25.9–27.3 62.7–151.8 24.3–31.1 32.3–68.3 – 55.1–101.5

Qua Iboe estuary, Nigerial 29.2–43.2 36.3–179.4 – 39.6–93.8 0.15–0.53 3.6–37.4

Cross River Estuary, Nigeriam 24.1–32.4 140.1–188.9 – 8.8–24.7 19.9–27.4 15.2–30.3

Arabian Gulf, United Arab Emiratesn 5.3–29.4 4.6–22.4 3.1–6.9 13.2–49.8 8.28–18.9 14.8–109

Conception Bay, New Caledoniao 5.1–32.4 44.4–154.3 – – 18.7–161.7 1.8–208.4

ND not detected
a Results from this study
b Zheng et al. (1997)
c Ong Che (1999)
d Tam and Wong (2000)
e Chatterjee et al. (2009)
f Ray et al. (2006)
g Nobi et al. (2010)
hMarchand et al. (2006)
i Cuong et al. (2005)
j Pekey (2006)
k Parvaresh et al. (2011)
l Essien et al. (2009b)
m Essien et al. (2009a)
n Shriadah (1999)
oMarchand et al. (2011)
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In this study, under Cd1 and Cd2 treatments, the 3-
month-old seedlings accumulated markedly higher Cd
concentrations than the 9-month-old seedlings in most
corresponding plant parts, especially the fine root. These
findings indicate that 9-month-old B. gymnorhiza seed-
lings have developed more effective exclusion mecha-
nisms than 3-month-old seedlings for avoiding uptake
of Cd from soil. This, together with the decreased leaf
chlorophyll a contents and chlorophyll a/b ratios in the
3-month-old seedlings, but not in the 9-month-old seed-
lings, strongly supports the third hypothesis of this
study, that younger mangrove seedlings are more vul-
nerable to heavy metal contamination, because some of
their defense mechanisms are not yet well developed.
Similar results regarding heavy metal accumulation
have been observed in Dorycnium pentaphyllum, in
which physiological strategies of heavy metal tolerance
reportedly differ according to the age of the plants, and
the exclusion processes are more efficient at the adult
stage than at the young seedling stage (Lefèvre et al.
2009). The physiology of resistance to other environ-
mental stresses has also been found to vary according to
the phenological status of plants (Munns 2005). Based
on the results from this study, we propose that the effects
of heavy metal contamination should be tested on young
seedlings when evaluating its risks to an ecosystem.

Conclusions

Both the sediments and plants in Futian mangrove eco-
system are moderately contaminated by heavy metals,
with the main contaminants being Zn and Cu. The sim-
ilarity of the distributions of the investigated metals in the
sediments and the relatively high proportions of DTPA-
extractable fractions imply that these heavy metals have
the same anthropogenic source(s). The wastewater dis-
charge from the nearby electroplate factories and elec-
tronic instrument factories could be important pollution
sources. As mangrove plants have relatively high heavy
metal tolerance following the propagule stage, the ob-
served levels of metal contaminants should have limited
direct effects on their regeneration and growth. However,
the high concentration of heavy metals retained in those
roots of mangrove plants might inhibit or even destroy
microbial symbionts in the fine roots. Specially, consid-
ering that fishery activities were frequently observed in
Futianmangrove ecosystem, further research is needed to
study the cycling of heavy metals in the food web of this

habitat. The tolerance to heavy metals differed among
mangrove plants of different ages, and the younger man-
grove seedlings appeared to be more vulnerable to heavy
metal contamination. Thus, the effects of heavy metal
contamination should be tested on young seedlings when
evaluating its risks to an ecosystem.
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