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Several studies have been carried out on heavy metal pollution in mangrove ecosystems.
However, the role of mangroves in heavy metal remobilization is still relatively unknown.
On one side, mangrove woody organs and soils sequester heavy metals for long time
periods, but on the other hand, senescence of mangrove leaves may return these metals
collected by roots to the upper layers of the soil. Here, we analyzed the concentration
of chemical elements (Al, As, Cd, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sr, V, and Zn) as a
function of age in mangrove leaves to understand heavy metals retention by the plant
and to quantify the amounts shed with senescing leaves. In addition, we estimated metal
concentrations and stocks in mangrove soils. Our results revealed that the concentration
of most metals increased with leaf age, resulting in the remobilization of metals stored
in sail, thereby returning metals to the upper layers of the soil during senescence of
mangrove leaves. Only Cu was reabsorbed prior to shedding of leaves, a mechanism
similar to that described for nutrients in mangroves globally. These results provide key
data to understand mangroves role in the dynamics of heavy metals.

Keywords: remediation, plants uptake, rhizosphere, deep soil, leaves age, Avicennia marina

INTRODUCTION

Inorganic pollutants such as heavy metals have both anthropogenic and earth crust origins (Lasat,
2002; Nagajyoti et al.,, 2010; Moore et al., 2011; Liu et al., 2018). Anthropogenic emissions in
particular, have increased significantly over the last decades, e.g., in China 10 million ha of land have
been polluted already (Chen et al., 2015). These metals are not degradable and get concentrated
as they move up in the food chain (Wang et al., 2009; Patil et al., 2018). Nevertheless, plants
usually absorb them from soil along with nutrients (Ovecka and Taka¢, 2014; Novo et al., 2018),
in a capacity that can be used to phytoremediate contaminated soils with heavy metals at low cost
(Robinson et al., 2003; Yadegari, 2018). Many heavy metals (e.g., Co, Cu, Fe, Mn, Mo, Ni, Al, Rb, Ti,
and Zn) are not toxic and play a role as essential micronutrients for plant growth until they exceed
a certain limit (Appenroth, 2010; Kabata-Pendias, 2010). Others are non-essential and often toxic
to plant growth (e.g., Cd, Pb, U, Cr, Ag, Hg, and Zr), while As and Se are metalloids yet are also
toxic (Bothe, 2011; Shahid et al., 2013).

Green remediation is the use of plants to remove contaminants, and has been
widely used, in particular in developing countries (Nouri et al, 2017). Mangroves
have the potential to assist in the phytoremediation of coastal soils as they are
able to grow in contaminated coastal environments (Nath et al, 2014; Chai et al,
2018). Indeed, mangrove ecosystems are very efficient at bio-accumulating metals,
which together with their capacity to trap and immobilize soils resulting in
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soil elevation, points to an important potential role of mangrove
ecosystems as metal filters and sinks in coastal areas (Wang
S.-L. et al,, 2013). In addition, metal concentrations in leaves
reflect those in the soil and the environment, justifying its use
as bio-indicators (Murray, 1985; Pinheiro et al., 2012).

However, the translocation of metals from the soil to
mangrove organs, and leaves in particular, may result in the
remobilization of heavy metals stored in the soil during detritus
senescence. Although this will lead to a reduction of heavy metals
in soils, shedding of e.g., mangrove leaves could transfer metals
from deep soil layers into the soil surface and elsewhere in the
ecosystem, so that rather than sequestering metals mangroves
could be remobilizing pollutants within the ecosystem. Despite
pollution in mangroves have been widely studied (Wang Y. et al,,
2013; Zhang et al., 2014; Alzahrani et al., 2018; Kulkarni et al.,
2018), and previous studies showed that mangroves have the
capacity to reabsorb nutrients before shedding the leaves (Alongi
et al., 2005; Zhou et al., 2010; Almahasheer et al., 2018), the fate
of metals remains largely unknown (Saenger and McConchie,
2004). Therefore, the elemental fluxes between bio- and geo-
spheres of mangrove ecosystems and in particular, the dynamics
of heavy metals in mangrove leaves remain, to the best of our
knowledge, unknown. Hence, the role of mangroves as sinks or
sources of metals in polluted environments depends, to a large
extent, of their capacity to reabsorb the metals before the leaves
are shed.

Recently, we examined the capacity of Avicennia marina in the
Red Sea to reabsorb N, P, and Fe prior to leave senescence, and
despite evidence of Fe deficiency, mangroves had low resorption
of Fe (42%) compared to N and P (69 and 72%, respectively;
(Almahasheer et al., 2018). Whether these applies to other heavy
metals or not is unknown.

Here we test the hypothesis that mangrove leaves reabsorb
heavy metals before shedding them, as they do with N and P
(Alongi et al., 2005; Zhou et al., 2010; Almahasheer et al., 2018).
We do so by assessing the changes in heavy metal concentrations
rates as a function of age in Red Sea mangrove (A. marina) leaves.
Shall this hypothesis be supported, it will imply that mangroves
would contribute to reducing the load of heavy metals in all
soil layers, both surface and deep soils. We then evaluate the
concentration and stock of heavy metals in the soil and compare
it with their concentration in the overlying mangrove leaves
by, estimating the leaf bio-concentration factor (BCF), to reflect
the ability of plants to accumulate elements in leaves relative to
soils.

MATERIALS AND METHODS

Sampling Leaves and Soil in Mangrove
Stands

Soil cores and leaves from mangrove ecosystems were collected
in November 2014 and March 2015, respectively, from
four different locations in the Central Red Sea. Mangrove
ecosystems were composed of monospecific stands of A. marina
(Figure 1). At Thuwal Island (22°16'54.42"N 39° 5'6.12"E)
and Khor Alkharar (22°58'14.81”N 38°50'44.27"E) locations,

39°0'0"E

A F23°0'0"N

23°0'0"N+

¥ Khor Alkharar

\

\

¢ Petro Rabigh

22°40'0"N 22°40'0"N

Economic City|

22°20'0"N+ [22°20'0"N

- Thuwal Island
P

i {
39°0'0"E

FIGURE 1 | Location of the Central Red Sea mangrove stands sampled. The
map was produced using ArcMap Version 10.2.

coastal development and human disturbances occur, whereas
Economic City is a location under construction (22°23/31.10"N
39°7'49.07"E) and Petro Rabigh is close to an oil refinery
(22°45'5.81"N 39° 0'46.90"E). Details of study locations and
environmental conditions are described in Almahasheer et al.
(2016b, 2018).

A total of 91 leaves were collected across the four locations and
sorted based on their location in the axillary shoot starting from
the first leaf near the meristem to the last attached senescing leaf
(Table 1). Each leaf was placed in an individual paper bag, and
stored at 4 Celsius until analyses. A total of 26 cores soil cores
were collected within mangrove stands across the four locations
(eight cores at Thuwal Island, eight cores at Economic City, four
cores at Petro Rabigh and six cores at Khor Alkharar) using
170 cm long PVC pipes. We used two types of corers; “whole
corers” consisting in PVC pipes, and “port corers” consisting
in PVC pipes with pre-drilled ports (3 cm in diameter) at 6 cm
intervals [see Almahasheer et al. (2017) for further details]. The
port cores were subsampled using a modified 60 mL syringe
(and the volume of soil recorded), while the whole cores were
cut lengthwise, and the soils inside were sliced at 1 or 3 cm-
thick slices using a ceramic knife. The slices were dried on
the oven at 60°C until constant weight. Metal analyses were
conducted in four to six soil depths per core within the top 30 cm
of soil.

Frontiers in Marine Science | www.frontiersin.org

December 2018 | Volume 5 | Article 484


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org
https://www.frontiersin.org/journals/marine-science#articles

Almahasheer et al.

Remobilization of Heavy Metals by Mangrove Leaves

TABLE 1 | Mean + SE for heavy metals concentration (mg g DW*1) and content (mg DW Ieaf*1) in Avicennia marina leaves from four different locations in the Central
Red Sea, and the results from ANOVA and Tukey HSD post-hoc tests for differences among locations.

Location Khor alkharar Economic city Petro rabigh Thuwal Island F ratio
(n) (15) (30) (27) (19)

Concentration Al 0.20778 + 0.02328° 0.37307 £ 0.045272 0.41386 + 0.040882 0.33916 =+ 0.0244420 3.82%

(mgg pw-1) As 0.00216 =+ 0.000332P 0.00215 + 0.00026° 0.00329 + 0.000282 0.00273 =+ 0.000342P 3.65%
Cd 0.00021 + 0.000022 0.00017 + 0.000032 0.00011 + 0.000022 0.00020 + 0.000042 1.87M8
Cr 0.00087 + 0.000102 0.00157 + 0.000252 0.00123 + 0.000102 0.00119 + 0.000092 2.30n8
Cu 0.00218 + 0.000152 0.00290 + 0.000242 0.00306 + 0.000332 0.00316 + 0.000762 0.86"8
Fe 0.26202 =+ 0.03370° 0.48587 + 0.060112 0.55512 + 0.055632 0.43934 + 0.029492P 4.26™
Mn 0.02324 + 0.00115° 0.02812 + 0.00229° 0.10157 £ 0.011092 0.02397 + 0.001910 34.36™
Mo 0.00282 + 0.000222 0.00192 + 0.00029%° 0.00145 + 0.00024° 0.00178 =+ 0.000262° 3.61*
Ni 0.00181 + 0.000332 0.00212 + 0.000222 0.00151 £ 0.000142 0.00141 £ 0.000122 2.80*
Pb 0.00866 + 0.000812 0.00872 + 0.000962 0.00790 + 0.000652 0.00844 + 0.001032 0.19"
Sr 0.05785 £ 0.001872 0.05976 + 0.001362 0.05480 + 0.001492 0.05848 + 0.002332 1.84"8
Vv 0.01645 + 0.00127P 0.01469 + 0.00133 0.02072 + 0.001692 0.02127 + 0.001522 4.74*
zn 0.01606 + 0.005292 0.01034 + 0.000622° 0.01689 + 0.001582 0.00654 = 0.00050° 5.49™

Content Al 0.03540 =+ 0.00416° 0.08839 £ 0.010632 0.09646 + 0.013522 0.06825 =+ 0.009812P 4.56™

(mg DW

Ieaf’1) As 0.00042 + 0.000082 0.00059 + 0.00009 @ 0.00075 + 0.00009 @ 0.00058 + 0.000112 1.65M8
Cd 0.00004 + 0.000012 0.00006 + 0.000012 0.00003 + 0.000012 0.00005 + 0.000022 0.86"
Cr 0.00015 = 0.00002° 0.00042 + 0.000092 0.00030 = 0.00004P 0.00026 =+ 0.000052° 2.70"
Cu 0.00040 = 0.00005° 0.00070 + 0.000072 0.00059 =+ 0.000052° 0.00054 =+ 0.000092P 2.87F
Fe 0.04362 =+ 0.00538° 0.11621 £ 0.014142 0.12953 + 0.01808? 0.09011 = 0.01336%° 4.95
Mn 0.00442 =+ 0.00058° 0.00724 + 0.00081° 0.02502 + 0.003732 0.00565 = 0.00111P 18.42*
Mo 0.00050 + 0.000062 0.00064 + 0.000128 0.00037 + 0.000082 0.00035 + 0.000062 2.08"8
Ni 0.00031 = 0.00005° 0.00055 + 0.000082 0.00036 = 0.000053° 0.00030 =+ 0.000052P 3.50*
Pb 0.00160 + 0.000242 0.00226 + 0.000362 0.00172 £ 0.000212 0.00178 + 0.000332 0.96"
Sr 0.01039 + 0.000972 0.01572 £ 0.001572 0.01244 £ 0.001242 0.01238 + 0.001842 2.14n8
Vv 0.00303 + 0.000402 0.00405 + 0.000532 0.00519 + 0.000692 0.00511 + 0.000902 1.90"8
Zn 0.00230 = 0.00042P 0.00280 =+ 0.00036%° 0.00378 + 0.000542 0.00132 £ 0.000210 5.62**

*=0.05>P>0.01;" =P <0.01; ns = P > 0.05. Locations sharing the same superscript letters do not differ among themselves for a particular element.

Chemical Analysis

All leaves were photographed and dried individually at 60°C
oven until constant weight. Then 0.50 mg of the leaf was digested
with 6 ml concentrated HNO3 and 2 ml of H,O; in Digi PREP
digestion systems for 2h at 95°C, as described by Spalla et al.
(2009). Around 200 mg of soil was digested in 6 ml of HNO3 and
2ml of HCL following EPA method 3052 (Kingston and Walter,
1995). All samples were left to cool and then diluted in Milli-
Q water to be subsequently analyzed by Inductively Coupled
Plasma-Optical Emission Spectrometry (Varian Inc. model 720-
ES). Analyses of replicates and Quality Control Standards
(Sigma-Aldrich, Inorganic Ventures and PerkinElmers Pure
Plusv), were carried out to ensure reproducibility of the results.
In addition, spike recovery was evaluated to examine matrix
effect, resulting a good recovery of heavy metals (grand average
of 101%) in Standards run together with both leaves and soil
samples (Table 2). Additional, information of the ICP standard
operating procedure (SOP) are in Table S1.

Statistical Analysis

The element content (mg DW leaf ') was calculated as the
product of element concentrations (mg element g DW~!) by
the leaf dry mass (Lin and Wang, 2001). Leaf age was estimated
using the plastochrone interval approach, i.e., the time in between
development of a new node supporting a new leaf pair (Erickson
and Michelini, 1957; Duarte et al., 1994; Coulter et al., 2001).
Avicennia marina produced 9.6 nodes year’1 (Mean + SD)
resulting in an estimated Plastocron interval (PI) of 38 days
(Almahasheer et al., 2016c), the time interval between production
of two consecutive leaf pairs along a branch.

To calculate the flux of elements in mangrove leaves (mg
element m 2 year ~!) we estimated the number of leaves shed
annually per square meter using the leaf production and tree
density measurements reported by Almahasheer et al. (2018).
The BCF reflects the ability of plants to accumulate metals
(Zhang et al.,, 2002), and was estimated as: BCF = element
leaves/€lementgy.
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TABLE 2 | Average of % recovery of heavy metals in Avicennia marina leaves and soil.

Leaves Soil
Stand1 Stand2 Spiked Dup diff. Average Stand1 Stand2 Spiked Dup diff. Average
Al 99 102 93 116 103 100 102 97 100 100
As 96 100 88 144 107 101 101 95 107 101
Cd 98 98 92 149 109 100 101 88 101 97
Cr 99 98 92 120 102 99 104 98 101 101
Cu 98 101 90 100 97 99 98 93 100 97
Fe 100 99 91 116 101 99 104 100 100 101
Mn 101 101 94 102 100 101 96 93 99 97
Mo 102 103 97 109 103 99 102 94 82 94
Ni 99 98 90 69 89 99 100 94 99 98
Pb 99 99 87 166 113 99 103 88 90 95
Sr 108 107 101 110 106 101 101 223 99 131
\Y 96 99 51 101 87 99 98 93 100 98
Zn 99 96 83 99 95 99 104 91 102 99

Ag =0.02497 + 1.692e-6"X  Mn =0.04338 + 2.674e-5"X Ag=0.001698 + 2.1810-5X Mn = . 5" . # &
Al =0.3464 + 2.447e-5"X Mo = 0.001437 + 2.559¢-6X Al 002554 5 0.000287°X Mo = 0.000101 + 2 06ae.g ity
As = 0.002055 + 3.067e-6"X Ni =0.001659 + 4.414e-7"X As = 0.000118 + 2.694-6"X  Ni = 0.000162 + 1.315¢-6"X Zn = 0.000782 + 1.055¢-5"X Fe**
Cd = 8.8950-5 + 4.194e-7"X P = 0.008598 - 1.0460-6"X Cd =6.4150-6 + 2.209-7'X  Pb = 0.000739 + 6.3370-6'X
Cr=0.001218 + 3.07e-7"X Sr=0.05543 + 1.25¢-5"X g:;oclzoow:;’\‘vués;;:é
Cu =0.004322 - 7.9030-6"X ¥ = 0.01075 + 4.067e-5"X Fo = 0.03184 + 0,00039°X
Fe = 0.4453 + 7.983e-5"X Zn =0.01406 - 8.93e-6"X 0.1
1
Fe
— —————————11
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FIGURE 3 | The increase of metal content with the age of Avicennia marina
FIGURE 2 | The increase or decrease in the concentration of metal elements leaves in the Central Red Sea. The slopes of the fitted linear regressions
with the age of Avicennia marina leaves in the Central Red Sea. The slopes of provide an estimate of metal accumulation rate (units mg metal leaf~").
the fitted linear regressions provide an estimate of metal accumulation rate Results from ANOVA testing differences during leaf age. * = 0.05 > P > 0.01.
(units mg metal gDW~=1). Results from ANOVA testing differences during leaf ** =P < 0.01. Elements without stars means no significant differences
age.*=0.05 > P> 0.01. " = P < 0.01. Elements without stars means no (P > 0.05).
significant differences (P > 0.05).

heavy metal stocks among locations, the cumulative mass (mass

Metal stocks were calculated for each soil depth in each coreby ~ heavy metal per unit area) was calculated by multiplying the soil

multiplying the soil dry bulk density by the metal concentration  dry bulk density (g cm™>) by the metal concentration, and used
[see Almahasheer et al. (2017)]. Then to allow comparisons of  to estimate the heavy metal stocks in 30 cm thick deposits.
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FIGURE 4 | Correlation heat plot showing the correlation (r) of metal concentrations in the leaves (A), soil (B), and between metals in leaves and soil (C).

Statistical analyses, including descriptive statistics, linear
regression analyses of age vs. element content, general linear
models to test differences among stands, and Tukey HSD post-
hoc test to assess pairwise differences were carried out using JMP
Pro version 12.1.0., a statistical program developed by the SAS
Institute.

RESULTS

The average concentration (mg g DW 1) and contents (mg DW
leaf~!) of eight and six out of the 13 heavy metals analyzed
in mangrove leaves differed significantly among locations, with
Petro Rabigh supporting higher concentrations than Economic
City. Indeed, both Petro Raibgh and Economic City locations
contained higer concentrations of heavy metals than Khor
Alkarar and Thuwal Island (P < 0.05, Table 1, Tables S2,S3).
Metal concentrations were independent of leaf age for most heavy
metals, except for V, Cd, and As, which increased with leaf age,
and Cu which decreased with leaf age (P < 0.01, Figure 2).
Whereas, the content of all metals increased significantly
with leaf age (P < 0.01, Figure 3). Additionally, there were
significant differences in the relationships (i.e., slopes) between
metal contents and leaf age (i.e., accumulation rates) among

locations (ANOVA, P < 0.05, Tables $4,S5). Al, Fe, Cr, and
Ni were significantly correlated among themselves in the leaves
(Figure 4A, Table S6).

The average metal stocks in 30 cm thick-soils of eight and
five out of the 13 heavy metals analyzed were significantly
different among sites, with Petro Rabigh supporting higher
concentration of most metals than Economic City, Khor Alkarar,
and Thuwal Island (Table 3, Tukey HSD post-hoc test, P < 0.05).
Specifically, Al, Cd, Fe, Mn, and V stocks in 30-cm thick-
soils were significantly higher in Petro Rabigh than in the
other locations, and Sr concentration was higher in Thuwal
Island compared to the rest of locations. The concentration
of other metals (i.e., As, Mo, Cr, Ni, Cu, Zn, and Pb) did
not differ significantly among locations (Figure 5, Tukey HSD
post-hoc test, P < 0.05). Two groups of metals were positively
correlated among themselves in the soil: the first group included
Al, Fe, Mn, Cd, and As, and the second group included
Cr, Cu, Ni, Zn, and Mo (Figure 4B, Table S7). Even though
metal concentrations in leaves and soils were not correlated
(Figure 4C, Table S8), the BCF of most metals in the leaves
was low, with leaf concentration half of the soil concentration,
except for V and Pb, where the concentration in leaves
doubled and quadrupled the concentration in soils, respectively
(Figure 6).
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TABLE 3 | Mean =+ SE of metal concentrations (mg DW Kg~) and accumulated stock (g m~2) in the top 30 cm of the soil from four different locations in the Central Red
Sea, and the results from ANOVA Tukey HSD post-hoc tests for differences among locations.

Location Khor alkharar Economic city Petro rabigh Thuwal Island Average F ratio
(N =6) (N=28) (N=4) (N=8) (N = 26) (Location)
Soil metal Al 2477.09 £ 670.37%  4561.38 & 709.492 7262.55 +£929.808  2111.72 £347.832  3742.22 + 471.71 10.7*
concentration As 7.03 + 1.06%° 9.93 + 0.762 7.49 + 1.06%0 5.56 + 0.37° 7.54 +0.50 6.6
(mg DWKg™") cd 0.24 + 0,040 0.36 + 0.04° 0.56 + 0.062 0.27 +0.020 0.34 +0.03 1o+
cr 22.81 4 7.652 28.79 + 142 62.11 & 42,512 68.52 + 61.452 44.76 +19.87 0.3ns
Cu 3.55 + 0.892 6.77 +1.672 13.13 + 5.042 8.49 + 6.112 7.53+£2.08 0.6™
Fe 3053.39 &+ 532.74P¢  5682.10 &+ 820.21°  10501.47 & 1629.092  2740.84 + 382.64C  4911.91 + 649.72 16
Mn 45.47 + 6.92° 100.85 =+ 15.020 183.43 + 10.262 4337 +£7.15° 83.09 & 11.24 25.7*
Mo 5.80 + 1.562 5.18 + 0.742 1.82 £0.612 253 +0.712 3.99 + 0.56 3.5*
Ni 10.90 + 2.742 15.38 + 5.162 31.74 + 15.342 25.85 + 21.012 20.08 + 6.88 0.4
Pb 1.06+0.172 1.84 +0.222 2.52 +0.312 1.93 +£0.742 1.794+0.25 1.qns
Sr 3881.66 = 313.97%  3353.72 4+ 125.46°  3331.76 = 763.43%  4561.03 +321.312  3843.66 + 190.98 3.1%
% 6.59 & 1.89P¢ 9.20 & 1.58%0 16.19 & 3.352 3.04 £ 0.59¢ 7.78 £1.17 8.9
Zn 12.22 + 1.362 15.45 + 1.842 35.56 + 6.022 23.21 £ 11.242 20.19 & 3.79 1.4n8
Soil metal stock Al 469.81 + 60.93° 979.40 4 225.3420 1587.80 + 316.852 450.04 + 71.53° 792.52 + 116.48 7.2
(gbwm=2) As 1.23 4+ 0.392 1.94 +0.322 1.97 + 0.592 1.14 £0.162 1.583 +0.17 1.8ns
Cd 0.04 +0.01° 0.07 £ 0.0180 0.12 +0.032 0.06 + 0.01° 0.07 + 0.01 5
cr 14.88 + 12.362 480+ 1172 6.51 +2.942 6.26 + 3.462 7.84+3 0.5M
Cu 1.99 + 1532 1.28 +£0.252 1.88 £ 0.55% 1.03 + 0.402 1.46 £+ 0.37 0.3M
Fe 581.86 + 121.98° 1184.91 + 250.26° 2230.68 + 391.202 574.52 + 88.73P 1018.82 + 152.17 10.4**
Mn 9.48 + 2.24b 21.34 + 4.65P 38.91 + 6.442 8.34 +1.320 17.31 £ 2.76 1.2
Mo 0.93 +0.382 0.86 +0.22 0.32+0.12 0.41 + 0.092 0.66 + 0.12 1.7ns
Ni 5.90 + 4.522 2.83 + 0.562 4.25 +1.382 2.64 +1.232 370+ 1.1 0.5M
Pb 0.35 + 0.142 0.41 + 0.062 0.55 + 0.132 0.37 +0.142 0.40 £ 0.06 0.4ns
Sr 825.77 + 300.012 673.55 + 104.662 775.60 + 295.202 1008.25 + 170.95%  827.36 + 99.672 0.5M
v 1.01 +£0.18° 1.92 +0.47P 3.76 +0.672 0.72 £ 0.14b 1.62 4+ 0.27 10.5%
n 4.36 +£2.212 3.33 + 0.662 5.86 & 0.782 3.72 + 1.262 4.08 + 0.66 0.5M

*=0.05>P>0.01;,"=P <0.01;, ns =P > 0.05. Locations sharing the same superscript letters do not differ among themselves for a particular element. N, number of cores.

DISCUSSION

The observed concentrations of heavy metals in the leaves and
soils of A. marina in the Central Red Sea are generally in the
lower range of values found in different mangrove species and
environments observed around the planet (Agoramoorthy et al.,
2008; Lai et al., 2010; Usman et al., 2013; Chaudhuri et al., 2014),
Tables §9,510, but similar to concentrations of Cr, Ni, Pb, Cd,
and Cu reported for A. marina in other locations in the Red
Sea (Alzahrani et al., 2018). Thus, suggesting that mangroves
in the central Red Sea area are not under severe heavy metal
pollution.

Whereas, previous studies reported similar or higher metal
concentrations in mangrove roots and shoots compared to
those in soils (Alongi et al, 2003; MacFarlane et al.,, 2003,
2007; Kaewtubtim et al., 2018; Kulkarni et al., 2018), However,
in our study, we found heavy metals concentrations in the
soil to be significantly higher than the leaves, in particular,
we found that some of the metals (i.e., Al, Cd, Fe, Mn, and
V) were significantly higher along the 30-cm soil profile in
Petro Rabigh, which could be due to industruial activities

compared to the rest of locations. However, metal profiles in
soils reveal significant fluctionations of metals inputs over time
(Figure 5).

The role of leaf shedding as a source of metals to the
environment should be taken into consideration when assessing
the potential of mangroves as phytoremediation tools (Figure 7).
Here we estimated that the metal remobilization with leaf
shedding (i.e., transfer of deep-soil metal stocks into the soil
surface) by mangroves in the Red Sea (occupying ~135 km?;
Almahasheer et al., 2016a totaled 120 tons of Fe, 91 tons of Al,
16 tons of Mn, and Sr, 6 tons of V, 3 tons of Zn, 2 tons of Pb,
0.7 tons of As, 0.5 tons of Mo, 0.4 tons of Cu and Ni, 0.3 tons of
Cr, and 0.05 tons of Cd. These preliminary estimates show that
mangroves could act as important sources of metals, particularly
Fe, to the Red Sea. Moreover, mangrove leaves in our Red Sea
study sites cannot be considered as hyper-accumulators, since
metals did not exceed 1% of the dried plant material (Baker
and Brooks, 1989; Reeves et al., 2018), nor the concentrations of
metals in above-ground parts exceeded their concentration in the
soil (Baker, 1981). Further, our study relating the concentration
of metals to leave age indicates that for most metals content
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FIGURE 5 | Vertical profiles of metal concentrations (mg DW kg~) along soil depth (cm decompressed) in mangroves from central Red Sea.

increases with leaf growth (Figure2), showing no evidence
of reabsorption before shedding. This implies that mangroves
remobilize heavy metals that were stored deep in the soil by up
taking them through their root system and bringing them back
to the surface of the soil through leaves shedding.

Yet, three metals presented a different behavior. Cu
concentration in leaves decreased with age, suggesting that
A. marina reabsorbs about 51 £ 16% of the Cu present in
leaves before these are shed, potentially accumulating Cu in

their above ground biomass as trees grow (Usman et al., 2013;
Almahasheer, 2016). A similar effect for Cu concentrations has
been observed in other mangrove species were concentrations
were higher in young leaves than in mature leaves (Saenger and
McConchie, 2004; Pinheiro et al., 2012). In plants, Cu is essential
in various metabolic processes from photosynthesis to lignin
synthesis, but at high concentrations it can be toxic and it is,
therefore, under tight regulation (Pilon et al., 2006). The fact
that Cu in mangrove leaves is being reabsorbed before leaves are
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shed suggests that it might be a limiting chemical element for
the growth of mangroves in the Central Red Sea, as supported
by the low leaf concentration values (3 £ 1mg Kg_l) found
at our study locations compared to those reported elsewhere
e.g., 356 mg Kg~! in Farasan Islands, (Usman et al., 2013) and
10-20mg Kg~! in Sydney, Australia (Nath et al., 2014; Birch
et al,, 2015). On the contrary, V, Cd, and As concentrations in
the leaves increased with leaf age. Whether V is essential for
plants is under debate, there is evidence that it has deleterious
effects at high concentrations (Imtiaz et al., 2015). Both Cd and
As are considered non-essential metals with toxic effects even
at low concentrations (Finnegan and Chen, 2012; Gallego et al.,
2012). The increasing concentration of both metals with leaf
age suggests that A. marina has the capacity to detoxify itself by
transferring these two elements to leaves, which will be shed, and
therefore, A. marina could be considered as excluders for these
two elements (Figure 2).

CONCLUSIONS

We demonstrate that mangroves remobilize metals buried deep
in the soil into the environment by shedding the senescing leaves
into the surface soil, which could either enter in food chains via
leaf consumption or act as an important source of metals to the
adjacent ecosystems depending on biogeochemical conditions
and processes. Therefore, when used as phytoremediators, the
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