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Mangrove ecosystems are known to act as filters for contaminants between

land and sea. In New Caledonia, urbanization has increased along the coastline

during the last decades. However, the impact of urbanization on contaminant

cycling in mangrove forests has remained unexplored. In this study, we

investigated trace metals (TM) dynamics in an urban mangrove soil and their

transfer to mangrove tissues for the two dominant mangrove species in New

Caledonia: Avicennia marina and Rhizophora stylosa. The results suggest that

decades of urban rainwater runoff from an upper neighborhood induced large

variations of mangrove soil physico-chemical properties compared to a control

mangrove site sharing the same geological watershed. The urbanmangrove site

had a neutral pH and low salinity in the upper soil, while the control mangrove

site presented acidic pH and a salinity ranging from 24 to 62 g L−1. Most TMwere

significantly less concentrated in the urban mangrove soil varying from 1.3 ±

0.3 μg g−1 at the urban site and 1.9 ± 0.5 μg g−1 at the control site for Cd, to 30 ±

8mg g−1 and 49 ± 11 mg g−1 for Fe at the urban and control site, respectively.

However, higher root bioconcentration factors were measured for As, Cd, Co,

Cr, Fe, Mn, Ni, and Pb in the urban mangrove soil (1.7 ± 0.9, 0.14 ± 0.06, 0.23 ±

0.13, 0.042 ± 0.026, 0.088 ± 0.057, 0.47 ± 0.39, 0.21 ± 0.12, and 0.25 ± 0.09,

respectively) compared to the control mangrove soil (0.11 ± 0.03, 0.041 ±

0.016, 0.045 ± 0.021, 0.010 ± 0.004, 0.013 ± 0.007, 0.094 ± 0.030, 0.022 ±

0.011, and 0.12 ± 0.03, respectively). The bioavailability of TM in the urban

mangrove soil may be favored by suboxic conditions associated to less Cl-TM

complexes and pyrite-TM complexes in the soil. Only Cu, Pb, Ti, and Zn, usually

associated with urbanization, were more concentrated in the urban mangrove

soil with mean concentrations of 27 ± 4, 17 ± 2, 4,571 ± 492, and 62 ± 12 μg g−1

at the urban site, respectively, and 21 ± 4, 10 ± 3, 2,834 ± 541, and 57 ± 12 μg g−1

at the control site, respectively. No significant difference in translocation factors
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was measured between the two sites, evidencing a regulation of TM

translocation to the upper tissues by mangrove trees.

KEYWORDS

mangrove forests, trace metals, urbanization, bioaccumulation, anthropogenic
pressure, Avicennia marina, Rhizophora stylosa

1 Introduction

Mangrove forests are tidal ecosystems developing in

intertropical areas (Thomas et al., 2017). These ecosystems

provide many ecosystem services, such as the function of

buffers for sediments and contaminants between diverse

watersheds and the adjacent aquatic ecosystems (e.g., lagoon,

estuaries, sea) (Lee et al., 2014). Mangrove forests cover littoral

areas of more than 100 countries. Out of the 20 countries with the

most mangrove surface areas, 17 are referred to as developing

countries, according to the International Monetary Fund

(International Monetary Fund, 2022), and a third of their

population lives on the coast (Center for International Earth

Science Information Network, 2012). There is inevitably

competition for space between mangrove ecosystems and

economic and urban development.

Accordingly, mangrove forests are endangered ecosystems

despite awareness of their benefits. Economic and urban

development have resulted in high mangrove deforestation

rates with about 35% of the mangrove surface area that was

lost between the 80s and the 90s (Valiela et al., 2001; Alongi,

2002). In addition to direct mangrove forests destruction,

urbanization can also impact mangrove forests through the

input of anthropogenic effluents, and specifically rainwater

runoff enriched with trace metals (TM). These effluents can

contaminate and stress mangrove ecosystems, but also change

hydrological and geochemical conditions, creating a

disequilibrium in coastal areas (Cavalcante et al., 2009; Lewis

et al., 2011; Kristensen et al., 2017; Alemu et al., 2021).

TM are one of the many types of pollutants in mangrove forests

andmainly originate from anthropogenic activities. TM are naturally

occurring elements in the Earth crust (<1,000 mg kg−1) and are

therefore present in the environment (Turekian andWedepohl, 1961;

Thornton, 2012). Anthropogenic activities such as industrial, mine,

agricultural, and housing development activities increase their

concentrations in the environment (Bayen, 2012). TM are of great

concern because even though most of them are micronutrients,

which can be used by a range of organisms, they can have significant

negative impacts beyond specific thresholds (e.g., toxicity). For

instance, TM can inhibit developmental processes and decrease

photosynthetic activity of plants (Bayen, 2012). In contrast to

organic pollutants, TM cannot be biologically or chemically

degraded and can therefore be transported over long distances or

accumulate in the environment (Prasad et al., 2006), adsorbed on

organic complexes and reactive mineral surfaces, or trapped within

mineral structures (Brown and Parks, 2001).

Mangrove ecosystems act as reservoirs for TM due to their

high sedimentation rate, high organic matter (OM) content, and

high biogeochemical reactivity (Harbison, 1986). TM dynamics

in mangrove soil are generally well documented and depend on

many factors, with the main ones being bonding phases and

physico-chemical parameters (Duan et al., 2020; Huang S et al.,

2020; Jayachandran et al., 2018). For example, the modification of

redox conditions can limit or favour the precipitation of pyrite

(FeS2), which can trap TM, supporting TM immobility in the

mangrove soil (Noël et al., 2015; Chakraborty et al., 2016). Also,

the amount of OM in the soil and the quality of the OM can

influence TM accumulation and bioavailability in mangrove

soils. TM can form complexes with the OM, and the capacity

of formation is dependent on the nature of the OM with a

preference of TM for mature OM with high lignin content

(Marchand et al., 2005; Kristensen et al., 2008; Thakur et al.,

2016, 2014; Ge and Li, 2018; Duan et al., 2020). TM can also be

exported to mangrove trees or outside the mangrove forest in the

dissolved phase with litterfall or tidal flushing and tidal pumping

(Silva et al., 1998; Ferreira et al., 2007; Holloway et al., 2018,

2016). In urban contexts, previous studies have measured

moderate to highly TM contaminated mangrove soils due to

urban inputs (Marx and McGowan, 2010; Singh et al., 2010;

Bastakoti et al., 2019).

Mangrove plants are considered resistant to metallic

stress, partly due to the production of antioxidants

limiting reactive oxygen species (MacFarlane, 2002).

However, some direct effects of TM on mangrove trees

were reported, including growth inhibition, increased

peroxidase activity, and death of vegetal species

(MacFarlane and Burchett, 2002, 2001; Cheng et al., 2014;

Naidoo et al., 2014). The transfer of TM from mangrove soils

to mangrove trees depend on the bioavailability of the TM in

the soil as plants can only assimilate TM in the soluble form

(Tremel-Schaub and Feix, 2005). Soil factors such as redox

potential, pH, and cationic exchange capacity drive TM

bioavailability in mangrove soils, and therefore transfer to

mangrove trees (Batty, 2000; Bourgeois et al., 2020; Fritioff

et al., 2005; Huang X et al., 2020; Marchand et al., 2016; Robin

et al., 2021). TM transfer to mangrove plants differs greatly

between TM, tissues, and species since it depends on

metabolic requirements (He et al., 2014; Marchand et al.,

2016; Rezaei et al., 2021; Robin et al., 2021). Mangrove species

have developed mechanisms to prevent metallic stress. Some

species, such as Avicennia spp., have pneumatophores (aerial

roots exhibiting negative geotropism), which allow for gas
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exchange between the atmosphere and the rhizosphere,

notably O2 (Purnobasuki et al., 2017). The O2 can oxidize

labile Fe(II) available in the rhizosphere to form an iron (III)

plaque at the root surface (Taylor and Crowder, 1983).

Studies have shown that this iron plaque can trap TM and

therefore prevent their transfer to the plant tissues (Pi et al.,

2011; Yamaguchi et al., 2014; Robin et al., 2021). Other

species, such as Rhizophora spp., rely on the thickness of

their roots and lignification processes to limit TM absorption

within their tissues (Cheng et al., 2014, 2012).

In New Caledonia, mangrove ecosystems account for

about 80% of the West coast of the main island and 15%

of its East coast (Marchand et al., 2007). While the human

population density is low (17 inhabitants per km2) (Insee,

2020), and the island is relatively pristine, anthropogenic

activities still threaten these ecosystems to various degrees.

Due to the lateritic nature of one-third of the soil on the

island (e.g., rich in oxides and TM) (Tardy and Roquin,

1992), most studies were interested in the impact of

mining activities, that increase erosional processes, and

lateritic sediments inputs on mangrove forests (Marchand

et al., 2016, 2012; Bourgeois et al., 2020; Robin et al., 2021).

Few studies have also considered the impact of aquaculture

and its discharge (Marchand et al., 2011). However, the

impact of urbanization on TM inputs and distribution in

mangrove forests remains unexplored and is of critical

importance. The understanding of the impact of

urbanization in a pristine island is necessary to manage

future urban development and limit the threat of TM

contamination. In addition, the Caledonian population rely

on mangrove forests and their resources for personal and

economic use. Studies worldwide have already shown the

potential threat of urbanization as a source of TM

contamination in mangrove forests (Ray et al., 2006; He

et al., 2014; Celis-Hernandez et al., 2020).

Our main objectives were to assess TM dynamics in mangrove

soils receiving urban rainwater runoff for more than 50 years, as well

as their bioaccumulation in tissues of two main mangrove species,

Avicennia marina and Rhizophora stylosa. To this end, we collected

soil, porewater, roots, and leaves in an urban and a control mangrove

forest. The control site had the same geological watershed as the

urban site, but was not exposed to urban runoff. Our hypotheses are

1) that trace metals are in higher concentrations at the urban site due

to a greater input of these contaminants within the mangrove forest

with the urban rainwater runoff, 2) that their physico-chemical

conditions also differ because of a more waterlogged soil at the

urban site, and 3) that their bioaccumulation in mangrove tissues at

the urban mangrove site will differ from natural mangrove forests

such as the controlmangrove site due to those differences in physico-

chemical conditions. To evaluate these hypotheses, sequential

extractions were performed on soil samples and bioconcentration

factors (BCF) were determined for the roots and the leaves of the two

mangrove species.

2 Material and methods

2.1 Study sites

New Caledonia is a French archipelago located between 20°S

and 23°S in the South Pacific. Mangrove forests cover more than

35,000 ha of the archipelago (Marchand et al., 2007). The climate

of the western coast of the main island is semi-arid with semi-

diurnal tidal cycles (Douillet et al., 2001). In New Caledonia,

mangrove species develop in monospecific stands along gradients

depending on soil geochemical parameters, such as salinity and

topography (Marchand et al., 2011; Deborde et al., 2015). More

than 20 mangrove species are found in New Caledonia, but two

are dominant. Rhizophora spp. represent 50% of mangrove area

and grow along the sealine in soils with porewater salinity

ranging from 5 to 40 g L−1. Avicennia marina represents more

than 15% of the mangrove area and grows in areas of higher

elevation with porewater salinity between 35 and 70 g L−1

(Marchand et al., 2016, 2007).

The archipelago is composed of 33 towns and is characterized

by a very low human population density. 57% of the population

lives in the four main cities, all located in the southwest coast of

the main island (Insee, 2020). This population aggregation

generates substantial urban activities. Dumbéa, the second

most populated city, has increased its population by 33% in

the past 10 years, leading to an outbreak of anthropogenic

activities and urban development (Insee, 2020), while the

littoral area of this city is almost completely covered by

mangrove forests.

Two mangrove sites containing both dominant mangrove

species were chosen as study sites on the littoral of Dumbéa to

investigate the impact of urbanization (Figure 1). Both sites have

the same geological watershed, characterized by a Cretaceous

sedimentary formation (sandstone and limestone) that often host

volcano-clastic fragments (Service de la Géologie de Nouvelle-

Calédonie, 2016), and are only 2 km apart. The first mangrove

site is the undisturbed “control” mangrove site located in the

Apogoti Bay (22°12′08″S, 166°26′20″E). The site is adjacent to a

recent housing lot, still under construction, without any direct

anthropogenic inputs. The wastewater discharges and rainwater

effluents are not released in this control mangrove site. The

second mangrove site is the “urban” mangrove site (22°12′39″S,
166°27′19″E) and is characterized by an input of rainwater runoff
streaming from the upper allotments for more than 50 years. The

upper allotments have few petrol stations and are mainly

residential with a population of about 10,000 inhabitants. This

urban freshwater is therefore potentially charged in

contaminants. At the urban site, the R. stylosa trees are about

8–10 m tall, which is much higher than those at the control site

and other typical mangrove stands in New Caledonia, which are

usually about 2 m tall. Also, in contrast to the control site, the

species zonation at the urban site is unusual, with R. stylosa trees

developing further away from the sealine where A. marina trees
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FIGURE 1
Map of the two studied mangrove sites (A)with triplicate soil cores taken under A. marina and R. stylosa at the control site (B) and urban site (C),
and pictures of A. marina at the control site (D), R. stylosa at the urban site (E), and the entrance of the urban rainwater in the urban site (F).
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usually develops and where the runoff enters the mangrove

ecosystem.

2.2 Sampling and processing

2.2.1 Sampling
Samples were collected in May 2021, at the end of the rainy

season, characterized by a La Niña phenomena. In both sites and

at each mangrove stand (A. marina and R. stylosa), triplicate soil

cores (40 cm long) were collected with an Eijkelkamp gouge

auger about 30 m apart from one another. The 40 cm depth

allowed for differential analysis with an above and below portion

of the root system. Soil cores were cut along the depth with a

wooden knife into six sections (0–5 cm, 5–10 cm, 10–15 cm,

15–20 cm, 20–30 cm, and 30–40 cm). The pH and redox

potential were immediately measured using a pH meter

(pH3110—WTW). A glass electrode (SENTIX–Xylem

Analytics) was inserted in the middle of the soil section to

measure the pH, calibrated with standards prior to

measurements, while a combined Pt and Ag/AgCl electrode

(SENTIX–Xylem Analytics) was inserted in the soil to

measure the redox, calibrated with standards prior to

measurements. Eh values correspond to the redox values

obtained on site +202 mV to adjust to a H electrode. The soil

sections were placed into tightly closed plastic bags. To extract

porewater from soil samples, rhizon samplers (Rhizon

SMS—10 cm, diameter 2.5 mm–Rhizosphere) were inserted

into the soil sections. Each rhizon was connected to a 20 ml

syringe. The plastic bags with the soil and the attached syringes

were immediately placed into a cooler (~4°C) until processed at

the laboratory, less than 6 h after collection.Within the same area

where the soil cores were collected, coarse roots of R. stylosa were

extracted with a stainless-steel saw. For A. marina,

pneumatophores were gently teared from the main roots. Leaf

samples were also collected from both tree species. One leaf

sample corresponds to 20 leaves collected from five different

trees. All biotic samples were immediately placed into plastic

bags and kept in a cooler (~4°C) until processed at the laboratory,

less than 6 h after sampling.

2.2.2 Processing
Upon arrival at the laboratory, salinity was measured in the

porewater samples using a refractometer (ATC). Porewater

samples were filtered at 0.45 µm and two drops of H2SO4

were added before storage at 4°C. The soil samples were

tightly closed and kept in the freezer at −20°C. The biotic

samples (roots and leaves) were thoroughly washed with

MilliQ water and dried in a heat chamber at 40°C until

reaching constant mass.

Frozen soil samples were lyophilized 72 h

(FreeZone—LABCONCO) before sieving at 2 mm. Half of

each sample was grounded with a ball mill (FRITSCH) and

the other half kept ungrounded for scanning electron microscopy

(SEM). Biotic samples for TM analysis were grounded using a

cutting mill (POLYMIX–px-mfc90d) after drying. Dried samples

were kept at room temperature, in the dark, and away from

humidity.

2.2.3 Iron plaque extraction
In order to extract the iron plaque from the root surface, a

treatment with a solution of dithionite-citrate-bicarbonate

(DCB) established by Taylor and Crowder (1983) and

modified by Lin et al. (2018) was used. Briefly,

pneumatophores were immersed in 40 ml of the DCB solution

(13% w/v Na3C6H5O7 •2H2O, 16% w/v NaHCO3, and 37% w/v

Na2S2O4 in MilliQ water) for 3 h at room temperature. Samples

were then rinsed with MilliQ water to obtain 50 ml of final

volume. The extract was filtered at 0.45 µm and kept at 4°C.

Treated samples were dried in a heat chamber at 40°C until

reaching constant mass.

2.3 Analyses

2.3.1 Total elements extraction in soil samples
Total elements were extracted from soil samples by

multiwave digestion. Samples between 5 and 20 cm, where the

root system is mainly located, were used for BCF calculations.

Briefly, 100 mg of sample was weighed in the vessel. 5 ml of 70%

HNO3, 1 ml of 32% HCl, and 1 ml of 70% HF were added.

Digestion was performed on an Ethos Easy–Milestone apparatus

starting with a 25 min heating step from room temperature to

220°C followed by a 15 min plateau and a 20 min cooldown

step. The extract was transferred to a Teflon tube and heated at

180°C on a heating plate to get rid of HF. After complete

evaporation, 1 ml of HCl was added for dissolution of

resistant particles. The extract was then transferred to a

polypropylene tube, the volume was adjusted to 10 ml with

MilliQ water and placed at 4°C until analysis. For

quality control, certified material (MESS-3 Marine

sediments) was also extracted and analyzed (Supplementary

Table S1).

2.3.2 Trace metals extraction in biota
Trace metals were extracted from biotic samples by

multiwave digestion. Briefly, 500 mg of sample was

weighed in the vessel. 5 ml of 70% HNO3 and 1 ml of 30%

H2O2 were added. The digestion program started with a

10 min heating step from room temperature to 160°C, then

15 min step to 210°C, followed by a 10 min plateau and a

20 min cooldown step. The extract was transferred to a

polypropylene tube, the volume was adjusted to 15 ml with

MilliQ water and placed at 4°C until analysis. For quality

control, certified material (IPE sample ID 949) was also

extracted and analyzed (Supplementary Table S2).
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2.3.3 Soil sequential extractions
The Community Bureau of Reference sequential extractions

were used for elemental analysis in soil samples (Rauret et al.,

1999). Briefly, 500 mg of sample were weighed in a centrifuge

tube. For the exchangeable fraction, 20 ml of 0.11 M acetic acid

(pH 5) was added, and the sample was placed on a horizontal

shaker for 16 h. The sample was centrifuged at 3,000 rpm for

20 min, and the supernatant was filtered at 0.45 µm and

transferred to another tube. Water was added to the sample

for washing, and after 20 min centrifugation at 3,000 rpm the

water was discarded. For the reducible fraction, 20 ml of 0.5 M

hydroxylamine hydrochloride (pH 2) was added to the

sample. After 16 h of shaking, the extract was filtered and

transferred to a tube. After the washing step, 5 ml of 8.8 M

H2O2 was added to the sample to extract the oxidizable

fraction. The sample sat for 1 h partially opened, and then

placed in a diethylene glycol bath fully opened at 85°C. After

1 h, 5 ml of 8.8 M H2O2 were added and heated until

completely dried. A total of 25 ml of 1 M ammonium

acetate was then added to the sample, which was shaken

for 16 h. After transfer of the supernatant to a tube and

washing, the sample was dried at 80°C in a heat chamber.

A dried residue of 400 mg was weighed in a vessel for total

microwave digestion of the residual fraction (see 2.3.1).

2.3.4 Elemental analyses
Elemental concentrations in soil extracts, biotic extracts

(leaves, roots of R. stylosa, and pneumatophores of A.

marina), DCB solutions, and porewater were obtained via

ICP-OES (Varian 730-ES) at the chemistry laboratory LAMA

of the French Research Institute for Sustainable Development in

New Caledonia. Concentrations were obtained using a

calibration curve previously prepared with the right matrices

from a stock solution of elements at 100 mg L−1. Certified

reference materials were used to calculate a z-score for each

element when available (Supplementary Table S1 and

Supplementary Table S2). The |z-scores| range from 0.30 to

3.00 for the soil samples and 0.17 and 2.33 for the biotic samples.

2.3.5 Mineralogical analyses
The mineralogical composition of each soil sample was

determined by X-Ray Diffraction (XRD), using a PANalytical

- AERIS XRD Diffractometer equipped with a Co source at the

ISEA laboratory. XRD patterns were recorded between 5 and

80 °2θ, with steps of 0.01, an acquisition time of 480 ms step−1,

and using a generator power of 600 W. Diffractograms were

treated and analyzed with the High Score software. XRD peaks

were identified based on the Crystallography Open Database

(COD_may22_2019).

2.3.6 Scanning electron microscopy
The petrography of bulk soil samples was performed by SEM

using a JEOL JSM-IT 300 LV apparatus coupled with an energy

dispersive spectroscopy Oxford CAM 80 device. The

measurements were performed at a working distance of

10 mm and an energy of 15 kV.

2.4 Data analyses

2.4.1 Bioconcentration factors and translocation
factors

The root and leaf BCF were calculated by dividing the

concentration of TM in the tissue by the total mean

concentration of TM in the soil between 5 and 20 cm, which

corresponds to the depth sections where roots and

pneumatophores were collected. The translocation factor (TF)

was calculated by dividing the concentration of TM in leaves by

the TM concentration in the roots of the same sample.

2.4.2 Iron plaque concentration calculation
The iron plaque was calculated following this equation:

Iron plaque (mgkg−1) � mFe inDCB (mg)*0.1591
mdried pneumatophore (kg)

where 0.1591 is the correction due to the fact that the iron plaque

has the formula FeOOH but only Fe is measured in the DCB

solution.

2.4.3 Statistical analyses
Statistical analyses were performed using R studio software

(version 1.2.5001). For comparison between species or study sites

the Mann-Whitney test was performed. All other statistical

analyses with more than two variables were tested with a

Kruskal–Wallis test followed by a Wilcoxon test. All tests

were performed with a 95% confidence interval and n ≥ 3.

kendall correlation analyses were performed to obtain

correlation matrices.

3 Results

3.1 Physico-chemical parameters

Soil porewater salinity was significantly (p < 0.001) lower at

the urban site compared to the control site. Soil porewater

salinity at the urban site ranged between 0 g L−1 and 39 g L−1.

At the control site, salinity ranged between 25 and 62 g L−1. Along

the soil core of the control site, salinity under A. marina (mean =

48 g L−1) was significantly (p < 0.05) higher than under R. stylosa

(mean = 39 g L−1). For both sites and both species,

salinity was significantly (p < 0.05) lower close to the surface

(Figure 2A).

The urban site was significantly (p < 0.001) less acidic with a

mean pH value of 6.9, compared with the control site, which had

a mean pH value of 6.3. At the control site, the pH along the soil
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core was significantly (p < 0.01) more acidic beneath R. stylosa. At

the urban site, the pH was significantly (p < 0.05) more basic at

the surface than in depth (Figure 2B).

Eh values varied between −214 and 134 mV, and variability

among triplicates was high. The Eh of the soil at the control site

under R. stylosa (mean = −108 mV) was significantly more

negative than the soil of the control site under A. marina

(mean = −7 mV, p < 0.01), and the urban site under R.

stylosa (mean = −39 mV, p < 0.05) (Figure 2C).

3.2 Mineralogy

Both sites develop downstream the same geological

watershed characterized by a rock basement made of

sandstones and limestones rich in quartz (SiO2). Quartz is

the main species present in both mangrove soils. Several

minerals from the mangrove soils seem to be also

inherited from this substrate in both sites such as illite

(KAl2Si4O12), laumontite (Ca[AlSi2O6]2), lizardite

(Mg3Si2O5(OH)4) and plagioclase (Na/Ca[AlSi3O8]), likely

albite (Figure 3). Pyrite (FeS2) was detected at both sites, from

the surface to the bottom of the sample soil core at the control

site, and only observed at 10 cm and below at the urban site.

At the urban site, chlorite

((Fe,Mg,Al)6(Si,Al)4O10(OH)8) was observed above 20 cm

(Figure 3A). At the control site only, hematite (Fe2O3) was

also determined (Figure 3B).

3.3 Total elemental concentrations in soil

Most elements in the soil had concentrations significantly

higher at the control site compared to the urban site (Table 1).

Only, Cu, Pb, Ti beneath both mangrove species, and Mn and

Zn beneath R. stylosa, were found in significantly higher

concentrations in the urban mangrove soil compared with

the control site. Under both mangrove species, Fe was the

FIGURE 2
Mean values for (A) salinity in g L−1, (B) pH, and (C) Eh in mV along the soil cores of the urban and control sites under both mangrove species (A.
marina and R. stylosa) with error bars corresponding to standard deviation of triplicates.
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most concentrated measured element in the soil, with mean

values of 30 g kg−1 at the urban site and 49 g kg−1 at the

control site. The most concentrated TM after Fe at the urban

site were Ti and Mn (4.6 and 0.1 g kg−1, respectively), and Ti

and Cr at the control site (2.8 and 0.8 g kg−1,

respectively). The least concentrated TM at both sites were

As and Cd, with mean values of 1.5 and 1.3 mg kg−1 at the

urban site, and 9.4 and 1.9 mg kg−1 at the control site,

respectively.

3.4 Elemental soil fractions distribution

At the control site, all TM, except for As, were predominantly

measured in the refractory fraction of the soil, representing 41%

for Mg and 96% for Al (Figure 4A). At the urban site, Cd and Mg

were primarily determined in the exchangeable fraction of the

soil with 34% and 46%, respectively; As in the reducible fraction

(86%), and Al and Cr in the oxidizable fraction of the soil with

58% and 50%, respectively (Figure 4B). In the exchangeable

FIGURE 3
XRD diffractograms of the (A) urban site and (B) control site along soil core with depth and characteristic peaks labelled in d-spacing (Å).
Chl–Chlorite, Hl–Halite, Hem–Hematite, Ilt–Illite, Lmt–Laumontite, Lz–Lizardite, Pl–Plagioclase, Py–Pyrite, Qz–Quartz.
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fraction of the soil, Al, Cu, Fe, and Mn were significantly (p <
0.05) more concentrated at the urban site. The same elements

and Pb were significantly (p < 0.01) more concentrated in the

reducible fraction at the urban site. Cu was significantly (p <
0.001) more concentrated in the oxidizable fraction at the urban

site (Supplementary Table S3). All elements except for As and K

were significantly (p < 0.05) less concentrated in the refractory

fraction of the urban site compared to the control site

(Supplementary Table S3).

3.5 Trace metals in biota

Fe was the most concentrated TM in the roots of both species

and at both sites with mean concentrations reaching up to 5.1 g

kg−1 followed by Al with mean values up to 4.1 g kg−1. The least

concentrated TM in the roots was Cd with mean values up to

0.2 mg kg−1. Al, Cd, Mn, and Ti were significantly more

concentrated in the roots collected at the urban site compared

to those collected at the control site (Table 2). At the urban site,

TABLE 1 Mean ± SD elemental total concentrations in soil (mg kg−1) from both sites and under both mangrove species with significant differences
displayed and Effect Range Low (ERL) and Effect Range Median (ERM) of TM in marine sediments from NOAA.

Site Urban Control

Species A. marina R. stylosa A. marina R. stylosa ERL ERM

As*** 1.7 ± 1.1 1.4 ± 0.6 8.8 ± 3.4 10 ± 5 8.2 70

Cd*** 1.4 ± 0.4 1.1 ± 0.3 1.9 ± 0.3 2.0 ± 0.7 1.2 9.6

Co*** 8.9 ± 3.1 8.2 ± 1.4 36 ± 6 37 ± 1

Cr*** 121 ± 60 108 ± 37 797 ± 23 775 ± 115 81 370

Cu*** 28 ± 4 25 ± 4 22 ± 3 20 ± 5 34 270

Fe*** 32,795 ± 9,640 27,596 ± 5,895 47,611 ± 7,362 50,280 ± 16,463

K* 10,100 ± 1,032 7,697 ± 189 12,320 ± 634 8,819 ± 152

Mg*** 1,146 ± 513 1,782 ± 867 10,730 ± 927 11,437 ± 1,319

Mn 125 ± 3 148 ± 27 127 ± 10 125 ± 20

Na*** 8,865 ± 983 10,748 ± 1,503 31,855 ± 1,085 38,872 ± 2,148

Ni*** 37 ± 5 39 ± 8 563 ± 59 498 ± 60 20.9 51.6

Pb*** 18 ± 1 17 ± 2 13 ± 0 7.9 ± 0.3 46.7 218

Ti*** 4,741 ± 486 4,403 ± 534 3,316 ± 101 2,353 ± 157

Zn 61 ± 6 63 ± 18 68 ± 2 46 ± 2 150 410

*p < 0.05, ***p < 0.001 between sites.

FIGURE 4
Mean percentage composition of elements in each fraction (exchangeable, reducible, oxidizable, refractory) obtained by sequential extractions
of the entire soil cores in triplicates at the (A) control site and (B) urban site.
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TABLE 2 Mean ± SD TM concentrations in roots and leaves in mg kg−1 at both sites for both mangrove species.

Roots

Site Species Al* As Cd* Co Cr Cu Fe Mn* Ni Pb Ti* Zn

Urban
A.
marina

1,933 ±
1,514

3.1 ± 1.5 0.2 ± 0.1 2.8 ± 1.4 3.3 ± 1.6 6.1 ± 3.0 2,355 ±
1,668

23 ± 3 7.4 ± 1.9 4.1 ± 1.7 45 ± 30 22 ± 13

R. stylosa 4,079 ±
2,215

1.9 ± 0.5 0.2 ± 0.1 1.3 ± 0.7 27 ± 36 3.8 ± 1.3 2,943 ±
2,035

115 ± 62 8.7 ± 8.4 4.5 ± 1.5 72 ± 23 12 ± 3

Control
A.
marina

824 ± 181 2.4 ± 2.2 0.1 ± 0.04 2.2 ± 0.4 11 ± 1 7.0 ± 0.7 5,143 ±
7,414

11 ± 2 14 ± 5 1.5 ± 0.1 37 ± 9 16 ± 9

R. stylosa 312 ± 153 0.9 ± 0.3 0.03 ±
0.03

1.0 ± 0.6 5.3 ± 2.3 2.9 ± 1.9 403 ± 222 27 ± 25 8.5 ± 5.2 0.6 ± 0.6 12 ± 6 2.4 ± 0.9

Leaves

Site Species Al As Cd Co Cr Cu Fe Mn Ni** Pb Ti Zn

Urban
A.
marina

6.2 ± 1.2 1.0 ± 0.4 0.08 ± 0.04 0.2 ± 0.03 0.4 ± 0.1 8.6 ± 0.7 42 ± 2 66 ± 7 1.4 ± 0.1 0 1.6 ± 0.5 14 ± 1

R. stylosa 29 ± 10 0.5 ± 0.1 0.03 ± 0.02 0.2 ± 0.1 0.3 ± 0.1 4.6 ± 0.6 67 ± 16 321 ± 130 2.1 ± 1.1 0.2 ± 0.2 2.0 ± 0.5 6.5 ± 1.4

Control
A.
marina

13 ± 1 3.3 ± 1.5 0.04 ± 0.01 0.2 ± 0.02 0.05 ± 0.01 14 ± 6 122 ± 24 33 ± 9 4.3 ± 0.3 0.2 ± 0.3 2.6 ± 0.7 18 ± 3

R. stylosa 31 ± 44 0.5 ± 0.1 0 0.09 ± 0.05 0.5 ± 0.3 2.6 ± 0.7 45 ± 51 99 ± 9 3.7 ± 0.6 0.6 ± 0.2 1.6 ± 2.0 3.5 ± 2.1

*p < 0.05, **p < 0.01 between sites.

FIGURE 5
Mean (A) root bioconcentration factors (root BCF), (B) leaf bioconcentration factors (leaf BCF), and (C) translocation factors (TF) with error bars
corresponding to standard deviation of triplicates for both species (A.marina and R. stylosa) at the urban and control sites, with significant differences
displayed.
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Cd, Mn, Ni, and Pb concentrations in the roots were positively

correlated to their concentrations in the exchangeable fraction of

the soil with r = 0.73, 0.58, 0.47, and 0.47, respectively.

No significant difference was observed between sites for TM

concentrations in the leaves, except for Ni, which had higher

concentrations at the control site compared with the urban site.

Mn and Fe were the most concentrated TM in the leaves with

mean concentrations up to 321 and 122 mg kg−1, respectively. Cd,

Co, and Pb were the least concentrated in the leaves. At both sites,

Mn was more concentrated in the leaves than in the roots. At the

control site, Zn was more concentrated in the leaves than in the

roots of both species, and As and Cu only forA. marina (Table 2).

3.6 Bioconcentration factors and
translocation factors

Mean root BCF ranged between 0.008 and 1.7. All TM, except

Cu, Ti, and Zn, had significantly higher root BCF at the urban

site. This site displayed the highest root BCF for As and Mn with

1.7 and 0.5, respectively. At the control site, Cu and Zn were the

most proportionally transferred to the roots with root BCF of

0.23 and 0.14, respectively. Cr and Ti had the lowest root BCF

with 0.042 and 0.013 at the urban site, and 0.010 and 0.008 at the

control site, respectively (Figure 5A).

Some elements (Cd, Co, Cr, Ni) showed higher leaf BCF at

the urban site. The most transferred TM from soil to leaves was

Mn with leaf BCF of 1.34 at the urban site and 0.53 at the control

site. The least transferred TMwere Cr, Fe, and Ti with leaf BCF of

0.003, 0.002, and under detection limit at the urban site, and

0.0005, 0.002, and 0.001 at the control site, respectively

(Figure 5B).

A greater proportion of As, Al, and Zn was significantly

transferred from roots to leaves at the control site compared to

the urban site (Figure 5C). Mn was once again the most

transferred with TF values of 2.9 and 4.5 at the urban and

control sites, respectively, and Al the least with 0.008 at the

urban site and 0.51 at the control site.

3.7 Iron plaque

The iron plaque concentration at the surface of the

pneumatophores of A. marina at the urban site is significantly

higher than at the control site withmeans value of 81 mg kg−1 and

16 mg kg−1, respectively (Figure 6).

4 Discussion

4.1 Soil characteristics of the mangrove
forests

Mangrove species zonation at the control site is typical of

semi-arid mangrove forests, with Rhizophora spp. trees

developing on the seaside of the mangrove ecosystem, and A.

marina developing on the landside at higher elevation. Being less

frequently inundated, the soil in A. marina stand at the control

site is more subjected to evaporation, explaining why porewater

salinity was higher (Deborde et al., 2015). These differences in

soil porewater salinity between mangrove species were not

observed at the urban site. The inputs of urban rainwater

runoff during decades, with a salinity of almost zero, disrupt

the typical mangrove forests zonation. In fact, at the urban site,

Rhizophora spp. trees develop also in the landside of the urban

mangrove forest where the urban rainwater runoff enters the site.

In addition, mangrove trees at the urban site, especially R. stylosa

trees, are visually much taller than in most mangrove forests in

New Caledonia, including the control site. The lower soil

porewater salinity can explain this observation as mangrove

trees spend less energy to adapt to highly saline conditions

and have therefore more energy to spend to growth (Clough,

1984). At both sites, porewater salinity increased with depth,

which may result from dilution with rain in the upper layer and

salts percolation down the cores (Marchand et al., 2004;

Bourgeois et al., 2020).

Beneath R. stylosa at the control site, Eh values were low

(<100 mv), dissolved Fe concentrations were close to zero

(Supplementary Figure S1), and pyrite was observed all along

the core, even in the top soil, suggesting that sulphate-

reduction was the dominant decay process as early as the

first upper centimetres. Conversely at the urban mangrove

site, Eh values were less negative, dissolved Fe concentrations

reached up to 4,164 μg L−1 (Supplementary Figure S1), and

pyrite was observed only at depth. Consequently, under R.

stylosa, conditions were less anoxic at the urban mangrove

site and other decay processes, like iron respiration, may

dominate in the upper soil.

FIGURE 6
Mean iron plaque concentrations on A. marina
pneumatophores’ surfaces (mg kg−1) at both sites with error bars.
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Despite suboxic conditions in the upper soil, pH values were

less acidic than at the control site, and almost basic for some

layers. Usually, in mangrove ecosystems, OM decomposition,

along with pyrite oxidation, which can both be enhanced in

suboxic conditions, induces a soil acidification (Marchand et al.,

2004; Kristensen et al., 2017, 2008; Noël et al., 2014). However, in

this specific urban mangrove ecosystem, the main pH driver is

the amount of rainwater from the urban runoff, as the rainwater

collected had a pH higher than 7.

Regarding A. marina, it is known that oxic to suboxic

conditions usually prevail in the upper soil due to its root

system, capable of diffusing O2 in its rhizosphere

(Purnobasuki and Suzuki, 2005; Kristensen et al., 2017). At

the control site, Eh values under A. marina varied between

61 and -69 mV, and large concentrations of dissolved Fe were

measured (3,000–13,000 μg L−1) (Supplementary Figure S1),

confirming suboxic conditions. Surprisingly, at the urban site,

despite similar redox values, dissolved Fe concentrations were

low (114–760 μg L−1) (Supplementary Figure S1). This result may

either indicate different OM decay processes or export of

dissolved elements from the mangrove soil. However, the

absence of pyrite in the upper layer indicates that sulphate-

reducing process is limited.

The disturbed mangrove forest zonation, the very low

porewater salinity, and the high pH values measured at the

urban site are clear indicators of the impact of the urban

rainwater runoff on the mangrove forest. TM dynamics in the

environment being dependant on these parameters, the

partitioning and bioaccumulation of TM in soil and mangrove

tissues must be evaluated in the urban and control mangrove

sites.

4.2 Trace metals concentrations in
mangrove soils

The two mangrove sites studied have a Cretaceous

sedimentary watershed, dominated by sandstone and

limestone (Service de la Géologie de Nouvelle-Calédonie,

2016), and are therefore less subjected to high concentrations

of TM compared to mangrove forests located downstream

lateritic soils (Noël et al., 2014). In both the urban and the

control mangrove sites, lower soil concentrations of Co, Cr, Fe,

Mn, and Ni (characteristic of New Caledonia’s lateritic soils)

were measured compared to mangrove forests developing

downstream mining activities in New Caledonia (Bourgeois

et al., 2020; Robin et al., 2021). For instance, Cr and Ni

concentrations measured in a mangrove site downstream a

lateritic watershed were 17 times and 89 times greater than

the mean concentrations at the urban site (Supplementary

Table S3) (Robin et al., 2021). However, the studied mangrove

sites were still characterized by higher concentrations of Cd, Cr,

Fe, and Ni than many mangrove soils in the world such as in

Australia, in New Zealand, in Mexico, in China, or in the

Sundarbans (Supplementary Table S3) (Chaudhuri et al., 2014;

Chowdhury et al., 2015; Bastakoti et al., 2019; Deng et al., 2019;

Celis-Hernandez et al., 2020). Cr and Ni soil concentrations at

the control site were much higher than the effect range median

(ERM), which corresponds to the level of contamination of

marine sediments, where biological toxicity effects are

generally observed according to the National Oceanic and

Atmospheric Administration (NOAA) (Table 1) (Buchman,

1999).

Regarding some TM (As, Cu, Pb, Zn) often associated to

urbanization and of major public health concern according to the

World Health Organization (Vracko et al., 2007), their

concentrations were lower than the effect range low (ERL)

(Table 1), a value below which biological toxicity effects are

scarcely observed (Buchman, 1999). For instance, As, Cu, Pb, and

Zn soil concentrations were up to 10 times lower than in the

other mangrove forests of the world such as in China (He et al.,

2014; Deng et al., 2019), in Tanzania (Kruitwagen et al., 2008), in

Mexico (Celis-Hernandez et al., 2020), or in India (Ray et al.,

2006), where extensive urbanization and industrial activities

occur (Supplementary Table S3).

The high TM background of New Caledonia must therefore

affect both sites, even though they have a sedimentary rocks-

dominated watershed (Fernandez et al., 2006; Beliaeff et al., 2011;

Maurizot et al., 2020), but the concentrations are well under

thosemeasured inmangrove forests directly affected by upstream

lateritic soils. In addition, TM associated to urbanization and

industrial activities do not reach hazardous concentrations, and

are lower than in other urbanized world mangrove forests (Ray

et al., 2006; Kruitwagen et al., 2008; He et al., 2014; Cao et al.,

2018), implying that a large part of New Caledonia has not

reached an alarming state for urban mangrove forest TM

contamination.

The two studied sites share the same geological watershed,

but the urban site has been influenced by an urban rainwater

runoff for decades. It has been observed and mathematically

modelled that urbanization leads to an increase in watershed

erosion during the construction process, but can then inhibit

sediment transport from the upper watershed to the coastal area

(Randhir, 2003; O’Driscoll et al., 2010). Therefore, soil erosion

and TM transport into the urban mangrove stands from the

volcano-sedimentary watershed may be limited, explaining lower

concentrations of the majority of TM in the urban mangrove

soils. Conversely, at the control site, the presence of hematite,

which is generally absent of the New Caledonia volcano-

sedimentary watershed (Maurizot et al., 2020), indicates

possible inputs from an adjacent watershed composed of

lateritic soils (Service de la Géologie de Nouvelle-Calédonie,

2016; Robin et al., 2021). Even though the currents do not

directly flow from the lateritic watershed to the control

mangrove site (Douillet, 2001), the intense rainfall events that

occurred during the rainy season impacted by a La Niña
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phenomena, or punctual cataclysmic events such as cyclones,

may have induced larger inputs of minerals from the adjacent

watershed in this control mangrove soil. For the elements

significantly more concentrated at the urban site (Cu, Pb, Ti,

Zn), they are typical of urban anthropogenic activities. In the

environmental monitoring of the construction of the Dumbéa-

sur-Mer allotment, the urban mangrove site showed higher Cu

and Zn concentrations than all other monitored mangrove sites

in Dumbéa (Ruiz et al., 2020). Cu, Pb, Ti, and Zn are used in

many urban items in buildings and transportation. For instance,

particles from car brakes increase the amount of Cu in

environments close to highways, which is the case for our

urban mangrove site (Davis et al., 2001). Cu, Pb, Ti, and Zn

are also used in building sidings (e.g., bricks, painted walls), roofs,

and tire wear (Davis et al., 2001; Neal et al., 2011; Panagos et al.,

2018). These TM can therefore be in higher concentrations in the

urban mangrove soils due to greater inputs from the rainwater

runoff.

As detailed in the previous section, mangrove soil at the

urban site is characterized by suboxic conditions in the upper

layer, and anoxic ones at depth. These suboxic conditions in the

upper layer result in high TM concentrations in the dissolved

phase. In fact, Cr and Fe were significantly more concentrated in

the porewater of the urban site beneath R. stylosa stand

(Supplementary Figure S1). Noël et al. (2014) suggested that

tidal fluctuations may be a major cause for continuous Fe

reduction-oxidation cycles in mangrove soils, which could

significantly affect the Fe mass balance with the exports of

dissolved Fe in stands closest to the sea. Deborde et al. (2015)

suggested that the loss of some elements towards the seaside may

be related to sulphur oxidation and to more intense tidal flushing

of dissolved elements. In the present study, redox conditions

induced the presence of high concentrations of dissolved TM,

which can be easily exported towards adjacent ecosystems or

being subject to plant uptake. These observations could explain

in part why concentrations of most TM are lower in the urban

mangrove soils compared to the control site.

4.3 Trace metals transfer to mangrove
roots

In the mangrove sites studied, root concentrations of Co, Cr,

Cu, Fe, Ni, Pb, and Zn were lower than in roots collected

downstream highly eroded lateritic soil in New Caledonia

(Marchand et al., 2016; Bourgeois et al., 2020; Robin et al.,

2021). In fact, Fe and Ni mean root concentrations were

8 and 150 times greater in mangrove plants collected

downstream a Ni mine (Bourgeois et al., 2020). However, root

concentrations of As, Cr, Fe, and Ni were between 8 and 30 times

greater in the present study than in the poorly urbanized

mangrove forest of the Sundarbans (Chowdhury et al., 2015),

which can be attributed to the high TM background of New

Caledonia. Nonetheless, Cu, Pb, and Ti, which are usually

associated to urbanization, were 20–40 times more

concentrated in the roots of mangrove trees collected in the

Sydney harbour, where there is an extensive boat traffic that can

cause greater discharge of those TM in the environment

(Chaudhuri et al., 2014).

In the urban mangrove site, despite lower TM concentrations

in the soil, concentrations of some TM in the roots were higher

than at the control site, suggesting different TM uptake

mechanisms by the mangrove trees between sites, and/or

distinct TM bioavailability in the soil. Al, Cd, Mn, and Ti

were between 2 and 5 times more concentrated in the roots

collected at the urban site. In addition, root BCF were

significantly higher at the urban site, up to 20 times for some

TM, with values similar or higher to what is observed in

mangrove stands developing downstream highly eroded

lateritic soils in New Caledonia (Marchand et al., 2016;

Bourgeois et al., 2020).

TM in the exchangeable fraction of the soil are supposedly

more bioavailable for plant uptake (Marchand et al., 2016;

Bourgeois et al., 2020). Here, in the exchangeable fraction, Al,

Cu, Fe, and Mn were significantly more concentrated at the

urban site compared to the control site (Supplementary Table S4)

explaining higher root BCF at the urban site. In addition, there

was a positive correlation between concentrations in the roots

and concentrations in the exchangeable fractions of the soil for

Cd, Mn, Ni, and Pb in the urban site. This relationship was not

observed at the control site possibly because of sulphate-reducing

processes and the presence of salt. As soon as TM enters the

dissolved phase, they can be trapped immediately either by pyrite

(Noël et al., 2017) or salt (Cheng et al., 2014). XRD analysis

showed that pyrite was present all along the core at the control

site, but only at depth in the urban mangrove site, which has

suboxic conditions in top soils. In addition, Ni associated to

framboidal pyrite has been observed on SEM at the surface of the

control site (Supplementary Figure S2), but not at the urban site.

Consequently, mangrove roots at the urban site have more access

to TM such as Ni and Cd that are not trapped within pyrite

crystals. In addition, soil porewater salinity was significantly

lower at the urban site due to the input of urban rainwater. It

has been reported that soil salinity affects TM uptake by

mangrove roots as Cl-TM complexes can form, which makes

it more difficult to absorb by the plant (Cheng et al., 2014). Li

et al. (2018) observed high negative correlations between the

concentrations of Cd in the roots of a mangrove species and its

content of Na and Cl. The urban mangrove soil may form less Cl-

TM complexes, favouring TM uptake by mangrove roots. TM

bioavailability in the soil seems therefore to be the main factor

influencing the transfer to mangrove roots, as previously

suggested (Ray et al., 2006; Chaudhuri et al., 2014; Thanh-

Nho et al., 2019). A combined analysis with leaf BCF and TF

helps identify the role and the biological mechanisms of

mangrove trees facing TM bioavailability.
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4.4 Trace metals transfer to mangrove
leaves

There was no difference in TM concentrations in leaves

between the urban and the control mangrove sites, except for

Ni, which was more concentrated in the leaves at the control site.

Concentrations in leaves of Cr, Pb, and Zn, TM with potentially

an urban origin, were at least 5 times lower than what is reported

in the literature for a large urban area in Futian, China (He et al.,

2014). Regarding TM that mainly originate from lateritic soils in

New Caledonia, Co, Fe, and Ni, their concentrations in the leaves

of the urban mangrove site were 10 to 50 times lower than in

leaves collected downstream an open-cast Ni mine in New

Caledonia (Marchand et al., 2016). Therefore, the studied

mangrove sites do not seem affected in terms of TM

accumulation in the leaves compared to other stressed

mangrove forests.

With lower TM total concentrations in the soil, and similar

concentrations in the leaves, the urban mangrove trees have

higher leaf BCF for Cd, Co, Cr, and Ni. The leaf BCF of Co and Ni

were actually greater at the urban site compared to the values

obtained in a mangrove forest developing nearby a large urban

area in China (He et al., 2014) and compared to a mangrove

forest downstream a big city in Vietnam (Thanh-Nho et al.,

2019). Ni leaf BCF were also higher than downstream a Ni mine

in New Caledonia (Bourgeois et al., 2020). The results suggest

that transfer of elements in the leaves, other thanmacronutrients,

are rather negatively correlated to soil concentrations, either

because TM are not bioavailable in the soil for plant uptake,

or because of biological mechanisms, immobilizing TM in the

root system. For example, chelation of TM cations with the roots

cell walls can inhibit TM transfer to the vascular bundle, and thus

to other organs (MacFarlane et al., 2007). Arbuscular

mycorrhizal fungi in symbiosis with mangrove trees in the

root system (D’Souza, 2016) can also help prevent TM

transfer to the higher organs (Garg and Chandel, 2011;

Hassan et al., 2013). For A. marina, the formation of an iron

plaque at the surface of the roots and pneumatophore can help

retain extensive amounts of some TM (Pi et al., 2011; Robin et al.,

2021). The results show that there is significantly more iron

plaque formation at the surface of the pneumatophores at the

urban site. This mechanism limits the uptake of TM in the roots

of the urban mangrove trees, and therefore protects the higher

tissues from metallic stress.

The measured TF for most TM were similar to those

measured in other mangrove forests around the globe, such as

in China (Huang X et al., 2020; Zhou et al., 2011), in Hong Kong

(Eric, 2003), and in Iran (Rezaei et al., 2021). However, TF were

lower in our studied mangrove sites by up to two order of

magnitudes, compared to the TF values obtained in the

Sundarbans (Ray et al., 2021). The concentrations of Al, Cd,

Co, Fe, Pb, and Zn measured in the leaves by Ray et al. (2021)

were similar or higher than the concentrations measured in this

study, while TM concentrations in the roots were much lower

than those measured herein. This result indicates transfer

regulation of TM from roots to leaves. Ray et al. (2021)

suggested that exceeding nutrients or toxic elements can be

excluded from the plant organism via litterfall, but the lower

TF measured in our study sites suggests that this is not the

primary strategy adopted by the mangrove trees in the urban

context studied. With similar concentrations in the roots at the

urban site, and comparable concentrations in the leaves, TF of

most TM were similar at the urban and control sites implying

that, even in an urban context, mangrove trees limit the transfer

of potentially toxic TM to the higher organs where vital processes

occur such as photosynthesis.

Our results show that the urban rainwater runoff increases

the bioavailability of TM in the urban mangrove soil compared to

the control site by modifying TM bearing phases and soil

physico-chemical parameters. Consequently, urbanization, via

the inputs of urban effluents in the mangrove forest, is a factor

able to affect roots uptake. However, its influence on TM transfer

from roots to shoots seems to be limited. TM soil concentrations

and bearing phases influence primarily the root BCF, while

mangrove species biology and physiology regulate TF and

accumulation in the leaves.

5 Conclusion

This study provides new insights on the influence of

urban rainwater runoff on mangrove forests. The

comparison between an urban mangrove forest and a

control mangrove forest sharing the same geological

watershed demonstrates that the almost continuous runoff

of urban rainwater modified the natural physico-chemical

properties of the mangrove soil and disrupt TM dynamics.

The basic freshwater urban runoff controlled mangrove soil

porewater salinity and pH, and induced suboxic conditions

influencing TM distribution. Most total TM soil

concentrations were lower in the mangrove soil influenced

by urbanization due potentially to, on the one hand,

watershed urbanization that reduced TM inputs, and on

the other hand, to more TM bioavailability resulting from

the suboxic conditions. Only Cu, Pb, Ti, and Zn presented

higher concentrations in the urban mangrove soils; these TM

are known to derive from urban activities and inputs can be

attributed to the urban rainwater runoff. The urban rainwater

runoff limits salt-TM complexes or pyrite-TM trapping in

soil, which can lead to the lower TM bioavailability. The

higher bioavailability resulted in higher root

bioconcentration factors for both mangrove species, A.

marina and R. stylosa. However, TM concentrations in

leaves are similar between the two studied mangrove

forests and translocation factors do not differ between sites

suggesting a regulation of the transfer of TM to the leaves by
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the mangrove trees. In order to improve the understanding of

the effects of the urban runoff on the mangrove ecosystem,

further analysis should be performed on the nature of the OM

in the soil and on TM exports to adjacent coastal waters. A

monitoring of various parameters of the urban rainwater

runoff should also be done periodically over a year to

assess the nature of the inputs in the urban mangrove site.
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