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Trace Metals Biogeochemistry and Diffuse Pollution in
Mangrove Ecosystems
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Abstract

Pollutants from diffuse sources are becoming a significant environmental issue after the increasing controt of
point-source effluents in the last two decades. In most coastal areas, mangroves are an important receptor of such
pollutants, from atmospheric deposition, continental runoff and tidal currents. Among these pollutants, heavy met-
als due to their long lasting effccts on ecosystems are of key importance. Heavy metals reach mangroves incorpo-
rated in suspended particles, brought in by tides and river flooding, mostly associated with oxidized substrates.
Mangroves act as a physical barrier by trapping suspended matter from tidal and fluvial waters. Once deposited,
these particles with their heavy metal load face reducing environments, due to anaerobic sulfate reduction, the domi-
nant metabolism in mangrove environments. Under such conditions heavy metals precipitate as refractory sulfics
and accumulate in mangrove sediments, but under a chemical form of very low bioavailability. The mangrove
plants' physiology appears to cope with high salinity of the pore waters, to help in hampering heavy metal absorp-
tion. As a result, heavy metal concentrations are, in general, very low in mangrove plants and animals. However,
this immobilization mechanism only works when the mangrove ecosystem is kept under its natural conditions, de-
forestation or degradation of mangrove forest will also result in the mobilization of the accumulated heavy metals,
later conveying them to coastal food chains. Therefore, conservation of mangrove ecosystems is above and beyond
the biodiversity issue, since it can also significantly contribute to maintenance of the environmental health of tropi-

cal coastal areas.

1. Introduction

1.1 The relative importance of diffuse
pollution in coastal environments

In the process of conducting economic activities
that cause chemical inputs into the environment, little
forcthought has been given to diffuse sources of
chemicals and the potential for long-term, time de-
layed ecological impacts. Attention was focused on
obvious point sources of pollutants and on major epi-
sodic chemical accidents, the impact of which is usn-
ally evident in the short term. The appreciation of
polluting impacts on the environment resulted on the
other hand on improvement of technological processes
and on the other on enforcing policics of controf over
point sources of pollutants; this approach however,
has failed to evaluate the long-term impact of diffuse
pollutant sources.

The increasing control of potential polluting ac-
tivities and the development of “clean” technologies,
though resulting in a global decrease of pollutant
emissions, has substantially increased the relative im-
portance of diffuse pollution sources (Behrendt,
1993). Presently, diffuse sources of pollutants, such as
disposal of urban solid wastes, sewage, intensive use
of agro-chemicals, burning of fossil fuels and of solid
wastes, have become the major sources of many pol-
lutants, in particular of trace metals, organic micro-
pollutants and excess nutrients. Some of these pollut-
ants are extremely long-lived and may be the cause of
environmental health problems lasting even afier the
control or ban of the present sources.

Coastal arecas are typical integrators of different
activities taking place along their basins. Notwith-
standing their increasing social-cconomic value, which
resulted in the enforcement of regulations on the use of
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coastal arcas and other in situ activitics, they arc per-
manently threatened by basin activities. For example,
Hg contamination on most coastal areas of SE Brazil
is due to diffuse inputs from the atmosphere, which
has recetved Hg from a varicty of sources located
along river basins, in general very far from the coastal
arca (Marins ef al., 1996; 1997b). Copper contamina-
tion of Empress Augusta Bay and its mangrove for-
csts, Papua New Guinea, is due to the fluvial transport
of tailings from mining operations located 700 m
above sea level in the central mountain range of the is-
land, as far as 50 kin inland (Jeffery ef al., 1988).
Many other examples could be listed, suggesting that
whatever control policies are applicd to polluting ac-
tivities located in the coastal area, basin activities can
still contribute with a significant input of pollutants to
coastal ecosystems and time-delayed effects can occur
even many years after banning the pollutant source.

1.2 The chemical time bomb concept

Numerous studies refer to chemical sinks as the
ultimate environmental deposition of man-made inputs
of heavy metals and long-lived chemicals. Examples
of such sinks often include well-buffered clayey soils,
wetlands, including mangroves, and many types of
aquatic sediments. The image suggested by the word
“sink™ is one of a bottomless hole into which chemi-
cals may be wasted away never to be encountered
again. However, increasing evidence suggests that
such sinks are in reality more like “sponges” than like
“bottomless pits”, meaning that those chemicals are
out of sight but certainly should not be out of mind.
This view is critical to make a quantitative estimate of
the impacts of chemical inputs into the environment
(Salomons & Stigliani, 1995),

Just as a sopping-wet sponge looses its capacity
for absorbing more liquid, the “sink-as-sponge” image
suggests that while environmental systems often have
large capacities for adsorbing and immobilizing toxic
and environmentally harmful chemicals, they can
eventually become saturated with accumulated chemi-
cal inputs. Moreover, during the time over which the
system is capable of immobilizing toxic chemicals,
clear environmental effects may not be evident. When
the effects are finally manifested, they are usually dis-
placed in time from the activities causing the problem
in the first place. In addition the effects may also be
spatially-displaced. This occurs when the chemicals

are transported by rivers, groundwater or the atmos-
phere to environments where they become more mo-
bile and/or bioavailable. Saturation of sinks is defined
in respect of the impact on the ecosystem or human
health, therefore a slow but increasing release of the
chemical with time will affect the system until when
certain threshold is reached and detrimental effects oc-
cur. The thresholds may result from changes in the
ecosystem functioning or may be more “down to
earth” surpassing the criteria for pollutant concentra-
tions in environmental compartments, as defined by
law in most countries (Stigliani, 1995). The time de-
layed and the spatially-displaced effects should be
faken into account where chemicals are used and are
disposed off into the environment,

1.3 Mangroves as chemical time bombs

Some recent studies have strongly suggested that
mangroves, the dominant ecosystem of over 75% of
the tropical coastline, have some biogeochemical char-
acteristics which may result in a chemical time-bomb
type response to environmental pollutants. For exam-
ple; DDT was found to be still accumulating in man-
grove sediments in SE Brazil even 10 years after
banning their agricultural use of in the region . Bio-
geochemical processes involving the burial of unde-
graded organic matter were related to low degradation
rates of these pollutants in the mangrove environment
(Japenga ef al., 1988). Thus, increasing the threat of
contamination from a substance considered an envi-
ronmental issuc of the past. A typical time-delayed,
chemical time-bomb phenomenon.

Another example of peculiar behavior of man-
groves in relation to pollutants was observed in the
speciation of Hg in mangrove sediments. Quevauviller
et al. ( 1992) showed accumulation of dimethyl-Hg, a
highly toxic componnd, in mangrove sediment cores.
This compound is in general volatile and unstable un-
der oxic conditions, however, these authors have
shown that binding to abundant polysulfides in man-
grove sediments may result in decreasing decomposi-
tion rates of dimethyl-Hg in mangrove sediments,
which then accumulate.

After many years of research on the fate of trace
metals in mangrove ecosystems in Australia, Harbin-
son (1981, 1984, 1986a) concluded that although
mangroves act as a sink of many trace metals,
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changing physical-chemical conditions can turn the
ecosystem into a net source of these pollutants, con-
veying them to local food chains. Similar results have
been found in mangroves of the southeastern Brazilian
coast (Lacerda ef al, 1991a,b; Lacerda 1993; Silva er
al., 1990), as well as in mangroves along the Arabian
Gulf (Sadiq & Zaidi, 1994), Taiwan (Chiv & Chou,
1991) and India (Bhosale, 1979; Ramadhas ef al.,
1975; Rao ef al., 1991).

Although there are many examples scattered in the
literature, no attempt has been made to consolidate the
available data and generalize upon the role displayed
by mangroves in the biogeochemical cycle of long-
living pollutants in coastal environments, no attempts
were made on the potential impact of such substances
on mangrove functioning or on mangrove resources
and uses.

The behavior of a functioning mangrove ecosys-
tem in relation to the immobilization and mobilization
of pollutants is described in figure 1.1, modified from
Stigliani (1995). For any given point on the curve, the
vertical axis shows the quantity of a given pollutant
immobilized by a mangrove ecosystem, i.c. the bulk
accumulation in forest compartments, particularly in
mangrove soils. The horizontal axis shows pollutant
amount in mobilized phases, in the case of mangroves,

AQ,

amount
of poliutant
immohilized

AQ,

mobilized phases are mostly dissolved species in soil
pore waters and tidal waters. The slope of the line at a
given point (AQ/AC) gives the accumulation capacity
of the mangrove ecosystem to a particular pollutant.

At the beginning of the contamination process the
immobilization capacity is higher (see AQ1/AC1), as
the contamination proceeds, immobilization capacity
decreases as in AQ2/AC2, until maximum accumula-
tion capacity is reached where the level of immobiliza-
tion tends to zero, meaning that the mangrove
ecosystem is saturated and no more pollutant can be
immobilized. At this point any extra load of a given
pollutant will be rapidly mobilized through soil pore
water and tidal waters. However, it is quite possible
that even before reaching this threshold, pollutant con-
centrations would already be higher than standard val-
ues for the protection of wildlife.

Since the processes involved in the immobilization
of a pollutant and, therefore of the maximum accumu-
lation capacity of a given mangrove, forest will be de-
pendent on the biogeochemical propertics of a given
site, mangroves under different environmental condi-
tions will show different maximum accumulation ca-
pacity. Also, it secems that the immobilization of
pollutants in mangroves is tightly linked to the ecosys-
tem health. Once the typical conditions of mangroves

maximum immobilization capacity

I

I

|

l

l
AC,

ACQ

pollutant cancentration in pore and tidal waters (C)

Fig. 1.1. General curve describing the hypothetical behavior of poltutants in mangrove ecosysiems,

modified from Stigliani (1995).
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are changed (e.g. through deforestation, crosion, fish
farming), they shift from long term sinks into sources
of the accumulated pollutants.

I.4 Trace metals as key pollutants from
diffuse sources

Trace metals are natural occurring and non-
degradable. They are ubiquitous by-products mostly
of urban, industrial and agricultural activities and are
present in significant quantities in their effluents into
soils, waters and the atmosphere. At least I3 trace
metals are considered harmful to human health and to
the preservation of natural ecosystems (Novotny,
1995). Today modern civilization mobilizes more met-
als than their natural weathering cycles.

Diffuse sources have mobilized trace metal con-
tamination globally. Increasing concentrations of Pb
and Cu have been measured in Arctic ice over the last
2,000 years due to atmospheric deposition of trace
metals generated by pyrometallurgical processes and
more recently due to the burning of fossil fuels (Hong
et al., 1996; Nriagu, 1996). Mercury, originated from
the industrial revolution in the northern hemisphere,
has been recently measured in lake sediments from the
Amazon region (Lacerda & Salomons, 1997). The
widespread use of trace metals by modern civilization
makes anthropogenic structures a potential source of
these pollutants, to a point that the washout of urban
and agriculture surfaces are presently the most impor-
fant sources of many trace metals. For cxample, Zn
roof materials are excellent buffer surfaces for acid
rain. However, Zn concentration in the runoff from Zn
roofs is 450 times higher than in rainfall, when pH is
below 4.0 (Novotny, 1995). Diffuse loads of trace
metals in the Rhine basin in Germany, increased from
183%, 42% and 40%, of the total load of Cd, Pb and
Zn respectively, in the 1970'; to 58%, 66% and 56%
(for Cd, Pb ad Zn respectively), in the late 1980's (Be-
hrendt, 1993).

The long residence time of trace metals in surface
compartments of the biosphere, and in particular in
soils and sediments, allows for great accumulation.
This accumulation process may result in a very high
concentration increase with time. Therefore, even con-
sidering diffuse sources, with low input to arca ratio,
trace metals can become a serious environmental risk.

2. Environmental contamination by
trace metals

2.1 Anthropogenic inputs of trace metals to
the biosphere

Trace metals are ubiquitous by-products of indus-
trialization and urbanization. Although used by hu-
mans since pre-historic times, the large quantitics of
these elements presently mobilized by modern civiliza-
tion, has resulted in increased concentration in many
natural environments, submitting the biota to toxic
levels of these pollutants and leading to reduction in
biodiversity and in the quality of many natural renew-
able resources. Also in many arcas, significant effccts
on human health have been reported.

Table 2.1 summarizes the most recent estimates of
the quantities of selected trace metals mobilized annu-
ally by industrial processes and natural weathering
and their respective anthropogenic mobilization fac-
tors, defined as the ratio between these two variables,

The industrial mobilization of trace metals is by
far the most important pathway of their transfer to the
biosphere, being in specific cases such as for Hg, Cd
and Pb, over 11, 4 and 3 times higher than the mobili-
zation of these metals through natural intemperism.
Only naturally abundant metals such as Mn, and Fe
and Al (not shown in table 2.1), present a greater mo-
bilization through weathering,

Among the many industrial sources of trace met-
als, the most important are pyrometallurgical proc-
¢sses in mining and smelting (Nriagu, 1989;1990).
Burning of fossil fuels, incineration of wastes and re-
lease of non-treated domestic and urban sewage are
also important sources of trace metals to the environ-
ment, Historically, most sources of trace metals were
associated with large urban centers which, throughout
the world are preferably located along the seashore,
and this is particularly true for tropical regions. Re-
cently, many countries in the tropics have witnessed
rapid industrialization and urbanization, generally
lacking proper environmental care. Most of this devel-
opmental process takes place along protected coasts
where water and harbor facilities and cheap land, are
more favorable for this development. Also, internal
migration has driven more than half of these countries’
populations to the coast (World Resources Institute,
1992). In Brazil, the largest population in tropical
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Americas, over 75% of the country's population lives
on the coast, roughly 110 million people. In India, do-
mestic wastes reaching the cast coast of the country,
amount to 18 million cubic meters per day, whereas
industrial wastewater amounts to 700 million cubic
meters per day and is much larger than the natural
freshwater flux in many regions (Ramachandran,
1996). Therefore, contamination of coastal environ-
ments with trace metals is becoming a permanent
threat in most of the tropical world.

Among the trace metals reaching the coastal zone,
many are of environmental concern. Some like Cu, are
highly phytotoxic affecting the phytoplankton and con-
sequently primary production (Fowler, 1982; Bryan,
1984). Others, like Pb and Cd present a generalized
toxicity to marine biota, leading to changes in natural
communities structure by causing local extinction of
more sensitive species (Bowen, 1979). Some like As
and Hg may form metal-organic complexes and accu-
mulate progressively through the food chain to very
high concentrations, eventually reaching humans and
causing serious health problems including death (Mi-
tra, 1986). Whichever the metal involved, all present
high concentration factors in the marine biota, are vir-
tually non-degradable, thus producing long lasting ef-
fects on the environment and that may cause
environmental health problems even after the major
sources are stopped or controlled.

2.2 Trace metals dynamics in coastal
environments

Coastal environments such as estuaries, bays and
lagoons are transitional littoral zones between the sea
and the mainland, having developed during changes in
sea level during the Holocene. Coastal zones cover
only 8% of the ocean surface and less than 5% of the
ocean volume but are responsible for 18 to 33% of the
total ocean production (Gomes, 1996). They also play
an important role in the ecology of the seas, by sup-
porting many indigenous biocoenosis, and providing
spawning and nursery grounds for migratory species.
These environmental characteristics have turned most
coastal environments into ideal sites for fisheries, aq-
uaculture and tourism, eventually followed by acceler-
ated urbanization and inevitable conflicts among their
many uses, to a point where anthropogenic fluxes of
materials are higher than the natural flux in many
coastal areas.

Many coastal areas act as intermediate steps in the
transport of water and substances from land to sea.
Once these reach the coastal areas, fluvial conditions
change drastically both in physical and chemical char-
acteristics. Decreasing river topography gradients to-
wards the sea results in decreasing water velocity and
transport capability, which in tern affects the deposi-
tion of particles by gravity. As a result of these
changes, most of the suspended particulate load, in-
chuding trace metals and other long-lasting pollutants,
are trapped and deposited, and only a minor fraction
of the continental load is exported to the open ocecan
(Salomons ef al., 1988; Kremling, 1988). It is esti-
mated that from 75% to 90% of the total flux of conti-
nental materials to the oceans is trapped in coastal
environments (Berner, 1982; Gomes, 1996). Therefore
coastal areas are, in general, deposition environments
and function as filters by retaining materials supplied
by rivers, the atmosphere and the oceans for relatively
long periods of time (Kjerfve & Magill, 1989; Berner,
1984).

Most coastal areas have recently been affected by
human activities other than traditional fisheries and
tourism, they reccive an increasing load of contami-
nants from diverse urban, industrial and agricultural
sources, which can accumulate to dangerous levels in
these typically deposition environments. However, far
from being static sinks of these substances, the com-
plex coastal biogeochemical processes affect the
physical-chemical and environmental properties of
most contaminants, altering their bioavailability and in
conscquence, their associated environmental risks
(Krumbein, 1982; Postma, 1982; Salomons et al,
1988; Kremling, 1988; Lacerda, 1994; Forstner,
1995).

2.2.1 Sources of trace metals to coastal
environments

Trace metals reach coastal environments through
atmospheric deposition, fluvial inputs and direct dis-
charges of solid and liquid wastes and from i» st ac-
tivities producing metal containing effluents, such as
shipping and other harbor activities. Erosion of infand
watersheds due to deforestation may also represent a
significant source of trace metals, in particular in
tropical areas (Lacerda er al, 1985a; Carvalho,
1992). Fluvial inputs are generally the most important
route of trace metals entering the coastal environment.
They characteristically have a high input to arca ratio
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Table 2.1, Global mobilization of selected trace metals, in thousands of tons per year, due to industrial processes
and natural weathering and respective anthropogenic mobilization factors (AMF), based on Bowen
(1979); Salomons & Firstner (£984) and Nriagu (1990), -

Metal Hg Cd As Cr Cu Pb ‘Mn Zn
Industrial mobilization 1t 24 105 1,010 1,048 565 1,894 1,427
Natural weathering 1 5 90 810 375 180 4,800 540
AMF’s 11 4.8 1.2 12 2.8 3.1 0.4 2.6

and, therefore, generally have high environmental im-
pacts (Norton ef al., 1981; Irion & Muller, 1988).
Fluvial inputs of trace metals arc mainly associated
with suspended particles (Bourg, 1988).

The major sources of trace metals to coastal envi-
ronments (table 2.2) are; fuel combustion, mostly of
Pb, Hg and As; non-ferrous metal smelters and iron
and steel plants, for Cd, Ni, Pb, Zn, and Cu and the
dumping of sewage sludge, for Cr, Cu, Ni and Zn
(Nriagu & Pacyna, 1988; Nriagu, 1989; 1990,
Brown, 1988). Major access pathways of heavy met-
als to the coastal zone are fluvial and atmospheric in-
puts which can be very high, for both highly
industrialized and developing countries. For example,
in Sepetiba Bay, a mangrove dominated area South of
Rio de Janeiro city, Brazil, annual inputs of trace met-
als reach 389, 768 and 55 tons of Zn, Mn and Cu re-
spectively and of 534 kg of Hg. Fluvial inputs alone
account for over 90% of these yearly inputs, whereas
atmospheric inputs account for 27.8 tons per year of
Zn (7.4%) and only 0.2% and 0.7% of Cu and Mn
(Pedloviski er ai., 1990, 1991a,b). But reaches over
35% of the total Hg input (Marins ef a/., 1997b).

Atmospheric inputs however, can be the major
source of certain elements, as those typically enriched
in fly ash from thermal plants such as Bo, Ge, V. In
Lake Macquarie, New South Wales, fly ash from local
power plants is an important source of Bo, Ge, V, Zn
and Cu to superficial sediments, and can reach at lo-
calized sites up to 40% of the total input of such ele-
ments (Crawford ef al., 1976). Similar results have
been reported in mangrove areas of Todos os Santos
Bay, NE Brazil by Paredes ef al. (1995). In the Coroa
Grande mangroves, in SE Brazil, Pachincelam & Bez-
erra (1987) showed that dust generated by rail traffic
transporting ores to local harbors was the major
source of Cd, Zn and Pb to surface sediments. Atmos-
pheric inputs can otherwise affect areas far from

6

direct pollutant sources (Botello & Menelewicz 1988)
and account for the majority of metal fluxes. At
Lover’s Lake, Bermuda, for example they can be sig-
nificantly high and range from 3 to 14, to
43pg.cm™year’, for Cd, Cu, Pb and Zn; and Cr re-
spectively (Lyons ef al., 1983),

Sewage, depending on treatment, may be greatly
enriched in trace metals, in particular Pb, Zn, Cr and
Cu. Emission rates for these metals can vary from
ngl" in treated sludge to pgl’ in untreated sludge
(Nriagu & Pacyna, 1988; Salomons & Forstner,
1984). Along tropical coasts, urban, untreated sewage
is frequently the principal source of trace metals to
coastal areas (Garcia, 1989). As sewage is normally
associated with high biological oxygen demand
(BOD), reducing conditions are favored and may af-
fect trace solubility in the water column, resulting in a
synergistic interaction between the two types of con-
tamination and therefore augmenting trace metal tox-
icity in the entire ecosystem (Souza ef al., 1986).
Direct effluents released into coastal areas may also
be important, and are mostly due to metals associated
with shipping and harbor activities and urban wastes
from pipelines, but since these activities are consid-
ered typical point sources of trace metals, they will not
be discussed further.

These observations suggest that most coastal areas
worldwide are far from pristine conditions in relation
to trace metal contamination. Even where direct metal
inputs are very low, they may present higher concen-
trations of trace metals than pristine marine or fluvial
environments, since diffuse pathways such as atmos-
pheric deposition and continental runoff can be major
sources of trace metals to coastal areas.

2.2.2 Fate of trace metals in coastal environments
Figure 2.1 presents an oversimplified scheme of
the transport of trace metals through the coastal zone,
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Table 2.2. Major anthropogenic sources and transport pathways of heavy metals fo coastal environments, Most
important major sources and pathways appears first in each line, as well as most toxic metals.

Metal Major sources Input pathways Toxicity

Hg, As Fuel combustion, Chlor-alkali plants Atmosphere, rivers, High to humans and to high trophic
(Hg), fungicides, metal smelters, gold direct discharges fevel aquatic species
mining

Cd Electro-electronic industry, pyrometal- Rivers, atmosphere, High to fish and man, low to other

lurgy, fertilizer and plastic production
Pb Fossil fuel combustion, pyrometaiiurgy

direct discharges
Atmosphere, rivers,

aquatic biota

High to most aquatic biota and to man

direct discharges

Cu Pyrometallurgy, anti-fouling paints,

sewage sludge
Zn, Cr,Ni  Pyrometallurgy, sewage sludge, mining,

electronics

Rivers, atmosphere,
direct discharges

Rivers, atmosphere,
direct effluents

High to phytoplankton and benthic
algae, low to other aquatic biota

1.ow to all aquatic biota and to man

which will be discussed further on. Apart from spe-
cific situations, trace inetals reach coastal areas
mostly by fluvial inputs (Figure 2.1). Suspended parti-
cles are by far the most important metal carriers from
rivers to coastal areas (Barcellos ef af., 1988; Barcel-
los & Lacerda, 1994). When entering brackish waters,
deposition of fine particles, due to decrease in current
velocity, flocculation of negatively charged clay parti-
cles, and general decrease of metal species solubility
occurs, leading to a gradual accumulation of tfrace
metals in sediments (Salomons & Férstner 1984).

The accumulation process varies in magnitude de-
pending on the specific adsorption constant between
metal and particle and the solubility constant of the
new metal complexes formed with the species present
in the coastal waters. For instance the high specificity
of Cu for carboxyl and polyphenolic functional groups
(Whitfield & Turner, 1986} and the high stability con-
stant of Cd chloro-complexes (Comans & van Dijk,
1988), will favor the permanence of these metals in
solution in respect to metals like Fe and Cr with high
affinities for inorganic particles with fast settling ve-
locities (Santschi, 1988). Therefore, different accumu-
lation rates of metals will depend not only on the loads
input, but also on the specific chemical characteristics
of each metal (Salomons, 1983; Souza ef al., 1986).

Deposited metals will be strongly affected by sedi-
ment characteristics. One of the most important pa-
rameters is grain size (Lucas ef a/., 1986; Horowitz &
Elrick, 1987). Fine sediments with high surface area
scavenge much higher amounts of metals than sands.

Therefore metal accumulation in coastal bottom sedi-
ments will also be a function of fine sediment distribu-
tion and movement (Osuma er al., 1986). In general
the accumulation of trace metals in protected coastal
areas also corresponds to an increase in fine, pelitic
particles, organic matter and cation exchange capacity
of their bottom sediments in relation to fluvial and ma-
rine ones {Krumbein, 1982; Lacerda & Abrdo 1984),
This implies that coastal ecosystems such as man-
groves, which typically accumulate fine sediments,
will also accumulate relatively higher amounts of trace
metals compared to other coastal environments.

Although there are very few trace metal balance
studies in coastal areas, they all indicate that coastal
areas accumulate trace metals. The retention rates
however, vary. In the Gironde estuary, France, reten-
tion rates of Zn, Cu, Pb and Ni were reported to be
17%, 3%, 13% and 17% respectively of the total input
(Jouaneau, 1982); in the Scheldt estuary, Holland re-
tention rates were reported much higher, reaching 59%
for Ni, 77% to 90% for Zn (Kerdijk & Salomons,
1982; Wollast & Peters, 1978). In Narraganset Bay,
USA, retention rates werc more variable, from only
15% to 30% for Cd, to 70% to 20% for Cu and from
80% to 100% for Pb (Nixon ef al., 1987). Lacerda et
al,, (1987) have also found high (>75%) retention
rates of heavy metals in Sepetiba Bay, Brazil,

2.2.3 Trace metal remobilization from bottom
sediments
Although accumulation of trace metals in bottom
sediments of the coastal zone seems to be the general
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Figure 2.1. Simplified scheme of the transport of trace metals through the coastal zone, showing major and minor

pathways.

rule, this system is far from being a general sink of
these substances. Coastal bottom sediments are moved
and reworked much more frequently than decp sea
scdiments. Forces such as winds, tides, biota, fluvial
inputs and some anthropogenic activities such as
dredging, induce patching of the sediments, where
residence time of pore waters and their associated
trace metals may be very short and variable, resulting
in high metal remobilization to the water column
(Postma, 1982; Camacho-Ibar & Alvarez Borrego,
1988; Hall er al., 1987a, b). Also, the biogeochemical
processes occurring at the water-sediment interface
will keep trace metals constantly cycling among the
many coastal compartments, resulting in compara-
tively higher concentrations of trace metals in coastal
waters as compared to adjacent sca or river waters.
Figure 2.2 shows a schematic representation of the
major physical-chemical processes involving trace
metal  post-deposition  mobilization in  coastal
sediments. The enrichment of pore water metal concen-
trations occurs due to solubilization of substances and
metal complexes subject to redox processes, in par-
ticular oxidized compounds of Fe and Mn, and most
probably of As; to desorption processes as conse-
quence of the fower pH typical.of pore waters; and to

the partial mineralization of organic matter and subse-
quent solubilization of metal complexes with dissolved
organic species, which readily react with free ami-
noacids and aminosugars and polyphenols of low to
medium molecular weight (Salomons & Férstoer,
1934; Lacerda & Rezende, 1987; Henrichs & Farring-
tonm, 1979; Mopper et al., 1980; Lindberg & Harris,
1974).

An extreme example of trace metal remobilization
is found in Bikini Atoll, where nuclear tests resulted in
an increase in artificial nuclides in the atoll environ-
ment, Nevissi & Schell (1975), studying the fate of Pu
and Am in the Atoll lagoon, found that 16 years after
the last nuclear test on the atoll, these radionuclides
were neither buried totally in the lagoon sediments nor
were totally discharged into the ocean, They concluded
that remobilization at the water-sediment interface by
currents, winds and storms, would enhance the com-
plexion of the released ions with suspended particles.
Coagulation with organic detritus and incorporation
within the plankton, would cause metal containing
suspended particles to increase in size, allowing set-
tling, remineralization and therefore recycling within
the atoll ecosystem.
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Figure 2.2. Schematic representation of post-deposition mobilization of trace metals in coastal sediments.

Biological processes at the sediment-water inter-
face are also a major force affecting metal release
from sediments to the overlying water column, Lac-
erda (1993) proposed that diurnal variation of Zn con-
centration in pore waters inside a mangrove forest of
Sepetiba Bay was due to dissolution of Zn-
polysulfides by oxygen produced by algal photosyn-
thesis. Photosynthesis by algacis also reported as the
main cause for the observed seasonal variation of dis-
solved Zn concentration in many other coastal areas
(Salomons, 1983; Salomons & Forstner, 1984). In
some tropical coastal areas, mangrove forests have
also been reported to strongly affect water pH. In
Taqueriga Lagoon, Venezuela, a reduction in water
pH from 9.2 to 7.3 due to mangrove organic matter
partial degradation was reported. Although no data
exist for metals in the system, the observed variability
in water pH could cause variability in dissolved metal
species.

Seagrass and other marine macrophytes may alter
physico-chemical parameters of sediments such as
grain size, cation exchange capacity, organic matter
content and redox potentials (Pullich, 1982). This can
cause spatial variability in pore water composition on
a scale from centimeters to meters (Camacho-Ibar &
Alvarez-Borrego, 1988). Lacerda & Rezende (1985)
found a two-fold Cu and Zn increase in bottom sedi-
ments under the seagrass Halodule wrigtii Arschers,
due to a ten-fold increase in fine particles and organic
matter content in comparison with sediments outside

the seagrass beds. The same macrophyte has been re-
ported to increase Mn dissolved concentration in se-
lected arcas of Corpus Christi Bay, Texas, by
decreasing redox potential of sediments under coloni-
zation of bare arcas by the macrophyte, which in-
creases microbial activity on the deposited organic
debris (Pulich, 1982),

Release of oxygen by the roots of salt marsh and
mangrove plants significantly affects the post-
deposition mobilization of trace metals in coastal sedi-
ments. Figure 2.3 shows the effect of roots from Spar-
tina afterniflora plants in a mangrove area in Sepetiba
Bay, on the Hg distribution in sediment cores, The
oxygen released by the roots dissolves deposited Hg-
sulfides, resuiting in mobjlization to pore waters and
eventual export from the sediments (Marins ef al.,
1997a).

The above cxamples indicate that liberation of
metals from pore waters can be regarded as the major
mnternal source of metals into the coastal zone (Salo-
mons, 1983) keeping them in permanent cycling from
sediment to pore water, then to the water column and
again to the sediments with high efficiency.

2.2.4 Fate of trace metals in the water column
Some physical and chemical parameters of coastal
arcas have a direct relationship with the concentration
and variability of dissolved metal specics in the water
column (Santschi, 1988) (Table 2.3). A closed
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Fig. 2.3, Mercury distribution in mangrove sediment cores
colonized by Spartina alterniflora and a control
without vegetation. Modified afier Marins ef af,
(1997a).

hydrography and, to a certain extent, a limited ex-
change with the sea, result in relatively long residence
time of waters, which are frequently of the order of
weeks to months (Kjerfve & Magill, 1989). The shal-
low depth of most coastal areas will promote intimate
contact between water and sediments, which are fre-
quently enhanced by resuspension due to winds and
waves, facilitating the release of dissolved metals from
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pore waters to the overlying water by diffusion trans-
port and also avoiding the development of stratified
thermal layers and thus oxygenate the entire water col-
umn. This allows for the continuous decomposition of
organic matter and consequently the release of incor-
porated metals (Cossu ef al., 1987). As a result, dif-
ferently from the open ocean, metal inputs will tend to
concentrate rather than become diluted during longer
residence time and with an almost permanent contribu-
tion from the sediments.

The permanence of most metals in solution will
depend on the possibility of complex formation with
organic and inorganic ligands. Again, coastal waters
are characteristically enriched in such substances.
First of all because autigenic organic production is
high in coastal waters as compared to most waters of
the continental shelf, as land derived nutrients and
those regenerated in bottom sediments sustain a con-
tinuous growth of phytoplankton. Also, shallow depth
facilitates the colonization by macrophytes such as
seagrasses, saltmarshes and mangrove species which
contribute to the supply of organic matter. The high
organic production therefore will supply a large quan-
tity of highly diverse organic ligands to the water
column,

Frequently dissolved organic carbon (DOC) can
reach concentration orders of magnitude higher than in
the open sea. Dissolved DOC is generally refractory to
further degradation and metals forming complexes
with such substances may be kept in solution almost
permanently (Lindberg & Harris, 1974),

Dissolved organic matter from different origins
however, present different metal complex capacity.
Mackey & Szymezak (1988) found that Cu complex
capacity of waters in Port Hac King, Australia, was
not correlated with terrestrial organic matter export,
but increased by a factor of 10 due to a phytoplankton
bloom that resulted from intrusion of nutrient rich wa-
ters. Jones & Thomas (1988) and Jones ef al. (1982)
showed that “red tide” algac on reaching low salinity
waters, releas humic substances which can chelate Fe
from water to a level of 5%, and actively influence the
cycle of most metals. These substances, mostly mono-
carboxylic acids, would facilitate any reaction with
metal ions adsorbed onto particulate material by pro-
moting a dissolution process whereby colloidal-bound
metal fons are converted to labile metal ions,
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Table 2,3, Major biogeochemical factors affeciing trace metals in the water column of coastal environments, based

on Santschi (1988).
Factor Processes Effects
Salinity Chioro-complexion Cd* to CdCl,
Desorption Pb-particle to Pb**; Cu-particle to Cu(OH),
Plankton synthesis Bio-incorperation of soluble Generation of organic-bound metals, transport

forms of nutrient-like metals
(Ni, As, Cu and Zn)

Dissolved organic Cartbon  Complexion and coagulation

Particle setting Scavenging

Bacterial activity
Organification

Sediment resuspension Changing redox potential

Degradation of organic matter

through food-chains

Converting dissolved forms of Hg, Pb, Cu and Fe 1o
metal-organic complexes

Deposition of geogenic metals (Cr, Pb, Th, Co, Mn,
Fe, 1)

Solubilization of incorporated metals. Formation of
organo-complexes of larger biological residence
times. (e.g Co in vitamin B12 and Hg in
alkil-mercurials),

Qxidation of reduced forms, e.g. metal sulfides, or
reduction of oxidized forms of Mn and Fe. Both
processes may liberate metals to solution.

Complexion and coagulation may also affect other
metals such as Pb, Cu and Hg and regulate their con-
centrations in a time scale of hours to days (Santschi,
1988).

Concentrations of dissolved metal complexes
therefore, will increase in the presence of marine hu-
mic substances. As eutrophication or at least periodic
algal blooms are characteristic of most coastal areas,
and the sediments are a continuous source of metals to
the water column, high concentrations of dissolved
metal complexes are expected to be present. These
metal-organic specics, will in general decrease metal
availability to the biota. However, most organic-metal
complexes can easily release adsorbed metals when
other more abundant ions, such as Ca, out-compete
them for the organic binding sites (Campbell & Evans,
1987). These will cause frequent, temporary situations
of concentration peaks of metals in the water column
enhancing the potential toxicity to the biota.

Apart from DOC, dissolved metal species will also
be highly dependent on the variability of some
physical-chemical parameters, among them redox po-
tential and salinity are of major importance. In most
coastal areas, salinity and redox potential are highly
variable. Redox potential can reach negative values
(up to -500mV) due to consumption of dissolved

oxygen during decaying organic matter or after strong
resuspension of reduced sediments, metals such as Fe,
Mn and As and any other complexes with Fe and Mn
oxi-hydroxides, will have their dissolved concentration
increased during such occasions. Salinity also varies
both spatially and temporally from values <1%o to sea
water concentration, Metals forming stable chloro
complexes such as Cd and Hg will be highly soluble at
intermediate salinity (Table 2.3).

Therefore, it is expected that the concentration of
dissolved metal species will frequently reach high val-
ues in the water column of coastal areas. These con-
centration peaks may be important sources of metals
to organisms, and cventually become a toxicological
threat to some of them.

2.3 The impact of trace metals on tropical
coastal areas

Tropical coastal areas present some environmental
characteristics that may maximize the impact of trace
metal poliution more intensively than in temperate
coasts. Table 2.4 compares selected characteristics of
tropical and temperate coasts which may affect trace
metal fate and bioavailability, as well as their impact
on local human populations,

11
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Table 2.4, Selected characteristics of temperate and tropical coasts which may affect the fate and availability of

trace metals.

Environmental characteristics Temperate coasts

Tropical coasts

Hydrochemistry Highly seasonal

Terrestrial inputs of materials

Biological oxygen demand and Mediam to low

ecosystem metabolism

Low, season dependent

Low season dependent
Very high, event dependent
Very high

Primary production Phytoplankton, salt marshes; Bacierioplankton(?), mangroves,

highty seasonal seagrasses, phytoplankton, non-seasonal
Biodiversity Medium (o low Medium to high
Urban sewage Medium, treated High, untreated

Industrial effluents High, monitored

Medium to high, non-monitored

The first major difference between tropical and
temperate coasts is the much larger fresh water and
sediment discharge from the continents to the sea. Riv-
ers of tropical Southeast Asia alone are responsible
for about 70% of the total terrigenous sediment dis-
charge to the oceans, Whereas South American rivers
alone contribute nearly 60% of the global freshwater
inputs to the oceans (Milliman & Meade, 1983; De-
gens & Ittekkot, 1985). Also, tropical rivers contribute
with over 75% of the global terrestrial carbon flux to
the occans (litekkot, 1988). Sediment discharges from
tropical rivers reach over 120 x 10° t.yr". Since rivers
account for the major inputs of trace metals to the
coastal zone, this enormous load of terrestrial materi-
als brings in very large amounts of trace metals from
weathering to the tropical seas. Carvalho (1992) and
Carvatho ef al. (1993) showed anomalous high trace
metal content in shelf sediments off the NE and SE
Brazilian coast close to river estuaries. For example,
Hg from anthropogenic sources associated with sus-
pended matter, was detected as far as 70 miles off-
shore and over 200 m deep sediments in the SE
Atlantic under the influence of the Paraiba do Sul
River, Brazil (Lacerda ef al., 1993b).

The large freshwater input and small seasonal
variation of most hydrochemical parameters, fre-
quently expand estuarine conditions offshore and
along continental margins. Extreme examples are the
northern coast of South America from the Amazon
River delta to the Orinoco River delta, wehre the
coastal marine waters are in estuarine conditions the
year round, and the coast-line is colonized by a nearly
continuous  belt  of mangroves. The Ganges-

i2

Brahmaputra delta in the Indian Ocean shows similar
characteristics,

High BOD and ecosystem metabolism of tropical
coastal areas the year-round, promote permanent recy-
cling of trace metals and nutrients, whereas in temper-
ate coasts this is frequently restricted to short periods
of the year. Primary production is dominated by ever-
green mangroves, phytoplankton, algae, sca grasses
and symbiotic algae in corals. Temporal fluctuations
are due to climatic events rather than seasons. This
variety of primary producers results in a large biodi-
versity in tropical coasts. The increasing complexity
of food chains maximizes the effect of pollutants at
the ecosystem level, since the elimination or the de-
crease in the metabolism of more sensitive species,
may result in imbalances of the complex interactions
between components of the system.

The last major difference between tropical and
temperate coastal arcas relates to the utilization and
impacts due to human occupation. Whereas most tem-
perate coasts border developed nations, with strong
control policies regulating the emission of industrial
and urban effluents, most tropical developing coun-
tries lack such policies. Accelerated urbanization of
tropical coasts is a worldwide phenomenon, due
mainly to the colonial status of most of the tropics,
which lasted to the middle of this century and required
harbor facilities for the commerce with the colonial
powers. Later, socic-economic imbalance in the distri-
bution of agricultural areas, resulted in intense internal
migration to the coastal area. Finally, the more recent
phenomenon of tourism, which regards tropical coasts
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as the number one tourist attraction worldwide, result-
ing in seasonal migration of millions .

The coastal areas in the tropics are in general oc-
cupied by mangrove forests. Therefore, in many
places, mangroves may already be submitted to abnor-
mally high concentrations of contaminants. These eco-
systems are probably playing a key role in the fate of
contaminants in coastal systems in the tropics. Due to
their high biomass and productivity rates, mangroves
may accumulate trace metals in large quantities se-
questering them from their cycling in coastal waters
for a certain period of time. However, they can also
export trace metals incorporated into organic detritus,
which is the basis for many food chains in areas close
to mangrove forests. Therefore, the increasing anthro-
pogenic pressure upon these ecosystems may cause a
rapid increase in the environmental toxicity of heavy
metals leading to decreasing water quality and damage
for the exploitation of their natural biological
resources.

3. The natural history of mangroves

3.1 Origin and worldwide distribution of
mangroves

3.1.1 The pollen record

The mangrove flora is believed to have evolved
from the tropical flora of the Indo-Pacific region ap-
proximately 65 million years ago. Mepham (1983},
proposed a broader Tethyan region as the place where
angiosperms first acquired the mangrove habit, and
where most contemporary mangrove genera origi-
nated. The ubiquitous genera Rhiizophora and Avicen-
nia are thought to have evolved earlier and therefore
were able to spread through the Tethys Sea into what
is presently the Mediterrancan and thence to the east
coast of the Americas and the West coast of Africa.
They may have reached the Caribbean by the early
Eocene (some 55-50 million years BP), when the dis-
tance from the Tethys Sea was considerably smaller,
This route is believed to be confirmed by the wide-
spread pollen of Nypa, an Asian mangrove palm, in
late Eocene deposits (c.. 40 million years BP) along
the present Mediterrancan coast, England, North
America, West Africa and Northeastern Bragzil
(Muller, 1980; Macnae, 1968; Dolianiti, 1955),

Mangrove pollen of Rhizophora, Avicennia and
Pelliciera (a restricted mangrove species from the
Caribbean) have been reported from the Gatuncillo
Formation, Panama, of the middle to late Eocene (c.a.
40Ma BP) (Graham, 1989). Around the same time ¢x-
tensive Rhizophora and Avicennia forests covered
northern South America (Wijmstra, 1969). Later pol-
len records along the Americas show abundant man-
grove pollen (Graham, 1989; 1992), that confirm the
early Eocene as the probable date of mangrove arrival
to the New World. By the time of the arrival of the
first mangrove genera to the American continent, the
Panama isthmus was still open, making possible the
colonization of the western coast of the Americas. The
closure of the Tethys Sea route and the decrease of
temperature of the South African coast due the Ben-
guela Current would have prevented the migration of
more recent mangrove genera. As a result, whereas
Asian mangroves evolved over 70 species of plants,
New World mangroves species are restricted to 11.
For details on mangrove origins and migration routes
see Lacerda ef @l. (1993c).

3.1.2 Present day distribution of mangroves

Mangrove forests presently occur over 75% of the
tropical and subtropical coasts between latitude 30° N
and 30° S, Small, dwarf mangroves occur as north as
Bermuda (32°) and as south as New Zealand (33°). the
best developed and largest forests however are roughly
restricted between 10° N and 10° S (Twilley ef al,,
1992),

Recent estimates of world mangrove cover vary,
and range from 15 to 30 million ha, most recent esti-
mates however give figures close to the lower end of
this range (Lacerda ef af., 1993¢; Twilley ef al., 1992,
Lugo et al., 1990; Saenger ef af., 1983). A summary
of the most recent published values is shown in table
3.1. Worldwide distribution of mangrove forests
shows that Latin American and Caribbean mangroves
represent approximately 29% of the total. African
mangroves cover about the same arca, whereas man-
grove cover in the Indo-Pacific region, represents
nearly half of the world's mangroves, with over 6.8
million hectares of arca.
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Table 3.1. Mangrove forests cover in the Aflantic and Pacific coasts of Latin America, including the
Caribbean Islands, Africa, Asia and world total.

Continent Mangrove area Fraction of world Author
(ha) mangrove area (%)
Americas 4,062,335 (28.6) Lacerda ¢t al. (1993c¢)
Africa 3,257,700 (22.9) Diop (1993)
Asia 6,877,600 (48.5) Saenger ef al. (1983)
World total 14,197,635 (100)

3.2 Biology of mangrove ecosystems

3.2.1 Flora composition and distribution

The mangrove flora is composed of nearly one
hundred taxa of true mangrove plant species, those
which are either restricted or mostly abundant in this
environment (Rao, 1987; Mepham & Mepham, 1985;
Duke, 1992). Highest species diversity occurs in Asia
with over 70 species, followed by Africa (20-30 spe-
cies) and the New World mangroves which are very
poor in number of tree specics, including only 11 spe-
cies and one variety. Old World mangroves are domi-
nated by Rhizophora, Bruguiera and Kandelia
(Rhizophoraceae), and the palm Nypa fruticans, while
Rhizophora (Rhizophoraceae) and Avicennia (Avicen-
niaceac) are the dominant trees in New world man-
groves (Hong & San, 1993; Lacerda et al., 1993c¢).
Other widespread genera are Laguncularia and Cono-
carpus (Combretaceae).

Along the very humid coasts some tropical forest
species “invade” mangroves, mainly vines and lianas.
In the New World epiphyte bromeliads and orchids are
also common. Along large river estuaries such as
along the Amazon and Congo rivers, where mangroves
are seldom exposed to high or even moderate salinity,
typical freshwater macrophytes and palms occur
among true mangrove species (Lacerda ef al,, 1993c).

Salt marsh and seagrass species also occur in
mangroves, though they are in general restricted to
pioneer formations at the seaward fringe of the man-
grove forest, to natural gaps under the canopy and oc-
casionally along tidal creeks and channels. Common
species are Spartina alterniflora loisel and the sea-
grasses, Halodule wrightii Aschers, Thalassia testu-
dinum Konig, and Ruppia maritima L. (Phillips,
1992; D’Croz, 1993). Salt marshes and sea grasses
may play an important role in the hydrochemistry and
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environmental conditions of mangroves (Costa &
Davy, 1992; Lacerda & Abrdo, 1984), they promote
sediment fixation and trapping of chemical elements,
including trace metals, in the mangrove environment.

Macroalgae are mostly found on the roots of man-
grove trees {over 50% of the species). Other hard sub-
strates like rocks, stones and large shell fragments,
account for nearly 30% of the species, while soft mud
and sandy substrates account for the other 20% of the
species (Cordeiro-Marino et al., 1992). The macroal-
gal community of trunks and aerial roots, is dominated
by the Bostrichietum association, which includes spe-
cics of Bostrichia, Caloglossa and Catenella. Another
typical association is in the sediment, the Rhizoclonie-
tum association, formed by over 10 species of green
algae of the genera Rhizoclonium, Enteromorpha and
Cladophora. The metabolism of these algae may af-
fect the chemistry of mangrove porewaters and sedi-
ments. Algal photosynthesis results in the release of
oxygen into the sediment, changing pH and redox po-
tential thus influencing the dynamics of dissolved trace
metals.

Marine fungi of mangroves belong to all groups of
higher fungi of warm waters, They infest submersed
roots, stems and twigs, as well as sessile animals and
algae. Over 30 species of marine fungi occur in man-
groves. However, only a few seem to be host-specific
(Kohlmeyer & Kohlmeyer, 1979). The distribution
and species composition of the mycoflora is deter-
mined by the duration of submergence of the parts of
the tree infested by the fungus and of its physiology.
Submersed parts have a different mycoflora from the
non-submersed parts. However, at high tide level, ma-
rine and terrestrial fungi overlap. Marine fungi play a
key role in litter decomposition processes and nutrient
and trace metal cycling in mangrove ecosystems.
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3.2.2 Mangrove fauna composition

The mangrove fauna is large and diversified,
whether transient or permanent. However, few animal
species are exclusive inhabitants of mangroves, hence
the difficulty of characterizing a “true” mangrove
fauna (Bacon, 1970). Over 300 species of birds and
500 species of fish and hundreds of species of terres-
trial and marine invertebrates, create high faunal di-
versity environments along otherwise low biodiversity
mud flats. Due to the accelerated destruction of inland
forests in many tropical countries, mangrove areas
have become important sanctuaries and migratory
routes of various species, which otherwise would be
threatened by extinction. For example the manatee
Trichechus manatus, the scarlet ibis Eudocimus ruber
and the American crocodile Crocodilus acutus, once
widespread throughout the Caribbean are presently re-
stricted to the remnant mangrove areas in the Carib-
bean and Northern South America. The Bengal Tiger
finds its last refuge in the immense mangroves of the
Sunderbans. Therefore, additional impacts on man-
groves, such as industrial pollution, may have a sig-
nificant impact on the global biodiversity.

Crustaceans are among the most noteworthy taxa
related to the mangrove swamps. The most common
crabs are members of the Grapsidae, Sesarmidae and
Portunidae, with many species of high economic im-
portance. Some of these decapods feed on detritus ma-
terial from the mangrove's litterfall, as reported for
Uca, Sesarma, Cardisoma and Ucides. Other specics
are filter feeders (Petrolisthes), predators and scaven-
gers (Callinectes) and some include living mangrove

leaves in their diet. Several species of penaeid shrimps

are related to mangroves using the mangrove swamps
as nursery area (D'Croz & Kwiecinski, 1980). These
shrimps enter the mangrove swamps as small post-
larvae secking protection and food in this brackish wa-
ter habitat and move offshore as juveniles. These pe-
naeids are the major component of the coastal shrimp
fisheries in most tropical regions. Also of high eco-
nomic importance are many mollusc species, including
oysters, clams and mussels.

Over 500 fish species have been reported to oceur
in mangrove areas. Most of these fishes are found as
Juveniles in the mangrove channels. In coral reefs ar-
eas such as the Australian Barrier Reef and the Carib-
bean, a great diversity of typical coral reef fishes are
frequently found in mangroves (Alvarez-Leén, 1993).

Over 260 species of fish have been reported for the
mangroves of Vietnam alone (Hong & San, 1993).

In addition to the aquatic fauna, some birds, rep-
tiles and mammals are inhabitants of mangrove for-
ests. Birds such as the pelicans Pelecanus
erpthrorhinchus and P. occidentalis, the spoonbill
Ajaia ajaia, the kingfisher Chloroceryle americana,
and the egret Bubulcus idis. Among the reptiles are:
the fguana iguana, the alligator (Alligator spp), the
caiman (Corocodylus fuscus) and the crocodile
(Crocodylus acutus). Mammals, as the opossum
Didelphis marsupialis, the crab-eating raccoon Pro-
cyon lotor, the otter Lutra anneclens, and the weasel
Moustela frenata (Aveline, 1980; Alvarez-Ledn, 1993).

All the fauna depends on the quality of the man-
grove resources. Some important shellfish are natural
accumnulators of environmental pollutants and can effi-
ciently convey pollutants to food chains (Lacerda et
al. 1983). Therefore, contamination of these ecosys-
tems can represent a significant drawback of major
econoniic activities along tropical coasts and their
biodiversity.

3.3 Structure and productivity of mangrove
forests

3.3.1 Physiognomy of mangrove forests

Mangrove forests are best developed under tropi-
cal climates, where the coldest winter temperature is
above 20°C and temperatures are fairly constant
throughout the year (< 5°C of variation). Highly devel-
oped forests are also associated with low energy, pro-
tected shorelines, with abundant freshwater supply,
allowing the deposition and accumulation of fine or-
ganic mud, and keeping the salinity range between 5
and 30%.. Large tidal amplitude will allow the migra~
tion of mangrove forests farther inland, forming large
forest belts which can extend over 60 km landward
from the sea (Walsh, 1974; Lugo & Snedaker, 1974).

In the tropics the conditions described above are
more common along equatorial coasts influenced by
intense convective activity in the intertropical conver-
gence zone, which generates annual rainfall higher
than 2,000 mm. At these latitudes, coasts are sub-
Jjected to mesotidal or macrotidal regimes (up to 8m of
tidal amplitude), which generate extensive tidal plains.
These conditions are to be found roughly restricted to
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within 100 of the Equator. Along this belt the largest
mangrove forests are located. In the Americas these
optimal conditions occur South of the Amazon River
Estuary to S3o Luis, in North Brazil where nearly
continuous 700.000 ha of mangroves are located. In
Asia, the Sunderbans with nearly 800,000 ha man-
groves along the Ganges Brahmaputra delta are
probably the largest continuous mangrove forest in the
world.

Under optimal environmental conditions, man-
grove forests attain their maximum growth. Red man-
grove (Rhizophora) forests 40 to 50m in height and
more than 1.0m in diameter have been reported in Ec-
vador and Colombia (West, 1977). At the Southern
coast of Costa Rica and several areas of the Panama-
nian coast, where seasonality is less pronounced and
annual rainfall ranges from 2,100 to 6,400mm, man-
grove trees exceed 35 m in height and a biomass of
280 tons.ha”. Well developed black mangrove forests,
with trees up to 30 m in height and 0.7 m in diameter,
occur on the coasts of Suriname, French Guyana and
Northern Brazil, frequently with biomass of about
200ton.ha (Lacerda ef al., 1993c).

Structure of mangrove forests has been classified
by Lugo & Snedaker (1975) who recognized six dif-
ferent mangrove forest types: Fringe, Riverine, Basin,
Overwash, Dwarf and Hammock forests. The last
three types are supposed to be specific cases of the
first three types. This classification is based on the
functioning of the ecosystems rather than on physiog-
raphic characteristics. Therefore it is of great impor-
tance in the study of the fate of contaminants in
mangrove ecosystems. Briefly the major characteris-
tics of these forest types are:

Basin forests occur inland in drainage depressions
channeling terrestrial runoff toward the coast. Water
flow is slow, laminar and floods extensive areas of
low topography. These forests are particularly sensi-
tive to inundation and export of mangrove litterfall to
coastal areas is minimal, most exported Carbon is in
the dissolved form (Twilley, 1985).

Fringe forests occur along the borders of protected
shorelines and islands and are periodically flooded by
tides. Due to their greater exposure to waves and tides
and their greatly developed root system, they are par-
ticularly  sensitive to erosion and marine
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contamination. Nutrient cycling and litterfall dynamics
are dependent on episodic climatic events rather than
on the ecophysiology of the forest itself. Variable and
important amounts of nutrients and Carbon from ma-
rine origin participate in nutrient cycling processes of
these forests (Lacerda er a/., 1988a; Ovalle ef al.,
1990; Silva ef al., 1991; Rezende ef al., 1990).

Riverine forests occur along rivers and crecks and
are flooded daily by tides. They generally consist of
tall straight-trunked trees and the low surface water-
flow velocity precludes redistribution of ground litter.
Fluvial nutrients and constant freshwater supply often
support high productivity rates of these forests.

3.3.2 Primary production, biomass distribution
and allocation

Net aboveground primary productivity of man-
groves is the sum of wood growth and total litterfall.
While litterfall has been studied by many authors,
wood growth has rarely been monitored. Therefore,
estimates of total net primary productivity of man-
groves are very scarce. Wood growth seems to be
highly influenced by the availability of freshwater and
nutrients. Fringe and riverine mangrove stands in
Laguna de Términos, Mexico, under humid conditions
(1,680 mm of rainfall) showed very different values
(Day et al., 1988). Fringe forest wood growth was
significantly smaller (772 g.m™ . yr) than riverine for-
est (1,206 g.m™.yr?). Under the more arid conditions
found in Puerto Rico (810mm rainfall), Golley ef al.
(1962), estimated a smaller wood growth rate of
307g.m* yr-'.

Based on these values and on litterfall rates, net
primary productivity for these forests was estimated to
be 2,457, 1,606 and 781 g.m*yr', for the Mexican
riverine, fringe and Puerto Rican forests respectively.
Other estimates for mangrove primary productivity
were provided through gas exchange experiments in
various mature south Florida mangroves (Twilley ef
al., 1992; Carter ef al., 1973). These studies found
much higher values ranging from 2,044 to
5,475g. m™.yr probably due to the method used.

Leaf litter is the major component of total lLitterfall
of mangrove forests, regardless of forest type, latitude
or climate. In general it sums up to over 70% of the
total Litterfall. From the available data no clear rela-
tionship is found between rainfall and litterfall.
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However, the data suggest that the lower the latitude
the higher the annual litterfall. Notwithstanding this,
local site specific differences seem to be very impor-
tant in determining litterfall rates, sites very close to
cach other may show different litterfall values.

Total litterfall typically average 1.0 kg.m™yr’,
but can be as low as 0.1 kg.m™.yr" in arid mangroves
of Florida (Lugo & Snedaker 1975) and as high as
5.6kg.m-2.yr-1 ), in the highly productive forests of
Vietnam (Hong & San, 1993). Highest aboveground
biomass is found roughly between 10° North and 10°
South, For example the mangroves of Darien, Panama
(8°00'N) under annual rainfall of 2,200 mm show 279
and 190 tha™ of above and below ground biomass re-
spectively (Golley er al., 1978). However, average
values are of the order of 100 tha’ of aboveground
biomass and approximately 30% of it as belowground
biomass,

3.4 The physical environment

3.4.1 Hydrology

Mangroves are subject to regular or occasional in-
undation by water of riverine, estuarine, or oceanic
origin. Waters inundating mangroves regularly can
have salinity up to 37%. without adversely impacting
the function of mangroves, as long as the trees are
protected from wave action and strong currents. The
area flooded during each tidal cycle increases with in-
creasing tidal range along deposition, low-lying tropi-
cal coasts. Along the scaward margin of mangroves,
strong tidal currents can prevent mangroves from sct-
tling and can export seedlings to other arcas. Along
the landward margin, stunted and dying mangrove
trecs are often occur adjacent to an extensive zone of
non-vegetated bare  sand, where high evapo-
transpiration has lead to hyper-saline interstitial condi-
tions which do not support even mangrove trees (Gal-
loway, 1982; Blasco, 1984).

Hydrology of mangroves is highly dependent on
mangrove forest type. The hydroperiod in most man-
groves lasts only hours and occurs daily as a result of
high tide wash, which is the only water input to this
type of wetland. Riverine mangroves have an hydrope-
riod which may last from hours to days. The fre-
quency of the hydroperiod however, may be daily or
scasonal due to changes in river discharges. Stream
flow and tides represent the major water fluxes of this

type of mangrove forest. Basin mangroves have hy-
droperiod of perennial duration, continuous frequency,
and shallow waters. Fresh ground-water discharge,
overland runoff, and superficial and underground salt-
water intrusion are the water inputs to these man-
groves (Zack & Roman-Mas, 198R).

In general major rates of water transport in man-
grove systems ocecur during short periods (1-2 hours)
of the tidal cycle, immediately before and after high
water standstill, when the flow direction also changes.
Although stream velocities can be substantial, the flow
within the mangrove vegetation is slow and sluggish
and seldom exceeds 5 cms™ . Major hydrochemical wa-
ter and soil changes can occur during these short peri-
ods (Lacerda er al, 1988a; Rezende et al., 1990,
Kjerfve, 1990), as well as exchanges of dissolved and
particulate material (Ovalle ef al., 1990).

3.4.2 Mangrove soils

Mangroves are salt-tolerant trees and grow most
prolifically along low-lying depositional coasts and
deltas, where the substrate is predominantely made of
clay and silt rather than sand. This suggests the im-
portance of river-borne nutrients in fueling the produc-
tivity of mangrove wetlands, since nutrients often are
adsorbed onto sediment particles. Rains and subse-
quent river floods carry alluvial sands and mud to
tidal flats, creating a substrate for mangrove coloniza-
tion. Although some mangrove speciments may grow
on sand, gravel, or rocky shores, these substrates are
abrasive and cause considerable damage to mangrove
seedlings. Thus, mangroves ideally colonize fine-
grained alluvial mud and sand flats deposited by river
runoff, particularly in deltas, and along protected
shorelines of bays, estuaries, and lagoons (Thom,
1984). During flash floods, large quantities of allu-
vium can be deposited rapidly and may cause initial
destruction to  mangroves before  rebuilding
COMMENCEs.

The ratio of rainfall to evapo-transpiration exerts
a critical control on mangrove production. Differences
in rainfall leads to leaching, which can cause substan-
tial nutrient export from mangroves as a function of
plant type, season, and rainfall periodicity (Twilley et
al., 1992). In climates that remain humid throughout
the year, soils are continuously leached of salts by
heavy but evenly distributed rainfall, which yields
constantly low and stable salinity levels. In arid
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climates with marked seasonal rainfall distribution, in
contrast, the drought periods lead to high evapo-
transpiration rates, and consequently high soil salinity.
During the rainy season, this situation reverses, and
the soil salinity drops.- As a consequence, mangrove
species diversity in arid regions is substantially lower
than in humid regions,

Mangrove soils are generally of fine granulometry,
rich in organic matter and periodically waterlogged.
Dominant soils in continental mangroves are mostly
entisols, sometimes followed by istosols. Riverine
mangroves generally grow on immature clay soils
(clay hydraquents). On tidal flats mangrove grow on
mineral (sulfaguents) and organic (sulfahemists) soils.
Seaward fringe mangroves grow on acid sulfate soils
whereas in many coral reefs areas such as in most
Caribbean islands mangroves grow on bioclastic,
coralline sands (Alvarez-Leén, 1993), however, on
such soils mangroves are very poorly developed.

A detailed study of mangrove soils was performed
on the Guyanas coast (Brinkman & Pons, 1968;
Augustinus, 1978), where extensive mangroves have
grown on the young coastal plains. Marine clays of
the Comowine phase (later than 1,000 BP) are found
in a band along most of the Guyanas with their sur-
face at about high tide level, The sediments are saline
with brown or reddish-brown mottles when leached at
the surface. Original pyrite content is low to medium,
but thin layers of pyrite clay occur in places. On these
clays pioneer Avicennia forests develop along lines
which alternate with ridges of coarses of shelly sand.
Soils of river and estuary levees in areas dominated by
Rhizophora show less variation in soil depth and de-
gree of soil formation than marine clays. Rapid accre-
tion of mud and sand characterizes the coast of the
Guyanas, the dominant mud type being a reduced ol-
ive gray pelite. In Guadeloupe, mangrove soils were
found similarly under reducing conditions, with Redox
potential of -300 mV indicating strong anaerobiosis
(Febvay & Kermarrec, 1978).

Recent studies by Thibodeau & Nickerson (1986);
Nickerson & Thibodeau (1985) and Lacerda er al.
(1993a) showed that, at least close to the rizosphere of
mangrove plants, mangrove soils are highly influenced
by the physiological activity of the roots which is dif-
ferent depending on plant species. For example, con-
sistently lower redox potential have been reported for
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Rhizophora soils when compared to Avicennia soils.
Also the organic content and composition of mangrove
soils are directly related to the above vegetation. Car-
bon isotopic studies showed that over 95% of the Car-
bon present in mangrove soils originate in mangrove
litter (Lacerda ef al., 1986b; 1995).

3.5 Mangrove utilization

Mangroves play an important role in tropical
coastal economies providing many goods and services
for the human population. These include: coastline
protection and stabilization, nursery for a variety of
economically important molluscs, crustaceans and
fish, and are source of important products to coastal
human populations in the form of timber, firewood
and charcoal, chemicals, medicine and waterways for
transport, enrichment of marine coastal waters by nu-
trients, and an environment for aguaculture, although
some of these benefits are presently poorly understood
or unrecognized. Examples of the importance of such
direct and indirect benefits provided by mangrove are
significant for the rational management of the tropical
coastal belt. '

Protection of along-shore structures using man-
groves are common in Ecuador and Colombia. In Bra-
zil, USA and in the Ryukyus islands in Japan,
mangroves have recently been included in the manage-
ment plans of marinas, roads, breakwaters and coastal
condominiums,. -In Panama, up to 60% of the total
shrimp fisheries is based on 5 species which depend on
mangroves for completing their life cycle . Along the
Maranhdo coast, North Brazil, the huge shrimp pro-
duction includes two species of shrimps which develop
in the local mangroves. The same occurs in most
southeastern Asian countries.

Firewood and charcoal seems to be the major uses
of mangroves in Central America and Africa. In coun-
tries like Nicaragua, where nearly 80% of houscholds
uses wood for cooking, mangroves provide a signifi-
cant percentage of firewood. In Brazil, mangroves are
a regular source of firewood for bakeries and potter-
ies, even along the most developed arcas of the South-
eastern coast (Aratdjo & Maciel, 1979). In Tanzania,
the use of mangroves to produce wood has a history of
over 1,000 years, and had been an important trade be-
tween Africa and Asia (Semesi, 1993), Charcoal pro-
duction is another major use of mangrove wood,
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although only a fraction of the tofal yield is coliected
due to inefficient extraction techniques. Mangrove
bark is still a source of tamnin in many tropical
countries.

Despite their importance for most coastal tropical
countries, mangrove ecosystems have been witnessing
an accelerated rush for their resources, mostly without
the necessary care to maintain their integrity while
threatening their sustainable utilization. Estimates of
deforestation are, however, scarce. In Central America
for example, annual cover losses reach over 10,000ha,
mostly for conversion into rice fields, salt pans and
aquaculture. In Ecvador nearly half of the total man-
grove area (ca. 80,000 ha) has been deforested for
shrimp ponds construction, during the last two dec-
ades. In the Ilha Grande Bay, southeastern Brazil,
which harbored nearly 2,000 ha of mangrove forests
in the early 80’s, nearly 80% of it have been reclaimed
to build condominiums and marinas. African, Asian
and Caribbean mangroves are also threatened by
deforestation,

Apart from deforestation itself, degradation of
large mangrove areas is taking place in many coun-
tries due to misuse of coastal resources. Diversion of
freshwater for irrigation and land reclamation pur-
poses has been one of the major actions.leading to
mangrove degradation (Conde & Alarcon, 1993), The
mangroves of Guanabara Bay, Rio de Janeiro, which
reached nearly 80 km? at the beginning of the century,
arc presently nearly totally degraded with less than
15km? of pristine forests, mostly due to clearcutting of
creek and river banks, oil spills, solid wastes dumping
and decreased freshwater inputs. In French Guyana
over 20,000 ha of mangroves have been cut for rice
culture and large amounts of fungicides, pesticides
and fertilizers arc being used. In the insular Caribbean
and the Caribbean coast of Venezuela, tourism devel-
opment in coastal regions has been the major destroyer
of mangrove areas (Bacon, 1993),

World wide mangroves are being clear cut or af-
fected by many non-sustainable uses. The conse~
quences of these impacts upon mangrove dominated
coastal areas are, however, still un-assessed.

4. Trace metal dynamics in mangroves

Mangroves have been considered by Harbinson
(1981) to be a sink for certain trace metals but also a
source of these same metals depending on major
physical-chemical parameters such as pH, Eh, dis-
solved oxygen, salinity and the quality and quantity of
suspended matter (e.g. organic and morganic). These
variables are dependent on tidal amplitude and flood-
ing characteristics, scason and meteorological
conditions.

Figure 4.1 shows the schematic view of trace
metal dynamics in mangrove ecosystems. Trace metals
reach the mangrove environment through many routes
(e.g. dry and wet atmospheric deposition, river inputs
and tides). In heavily industrialized areas or in mining
districts, trace metals can be released directly into
mangroves from effluent pipes or leaching of tailings
(Aksomkoac & Saraya, 1987). In general, rivers are
the major route of trace metals to coastal areas (Salo-
mons & Forstner, 1984; Harbinson, 1986b). However,
Lacerda et al. (1988a) suggested that metals carried
by the rivers are first distributed in the coastal zone,
and are then transported to mangroves by tides, or
through overbank flooding when tides partially block
the river flow,

Trace metals are transported mostly associated
with suspended particles, in coastal waters (Wollast &
Peters, 1978; Lacerda ef o/, 1988a) and this is the
major form under which trace metals reach mangrove
areas (Harbinson, 1986a). Once inside the mangrove
forest, trace metals will suffer a series of processes
typical of the mangrove water and sediment condi-
tions, which are different from those occurring in the
marine and rivering environments. The dominant di-
rection of these reactions is, in general, the deposition
and accumulation of trace metals associated with sus-
pended particles into mangrove sediments, which fre-
quently present high sedimentation rates.

Mangrove sediments present certain characteris-
tics which may favor metal accumulation. Sheltered,
slack water conditions allow deposition of fine parti-
cles normally enriched with trace metals. High organic
matter and sulfide content helps in fixing trace metals
as insoluble sulfides and precipitated organic-metal
complexes. Finally, high sedimentation rates contrib-
ute to a permanent burial of locally formed metal
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Fig. 4.1. Schematic representation of trace metal dynamics through a mangrove ecosystems, after Lacerda (1993).

sulfides and refractory metal organic complexes (Lac-
erda & Abrio, 1984; Harbinson, 1981; Aragon ef al.,
1986; Gonzalez-Farias ef al., 1997).

After reaching equilibrium under the physical-
chemical conditions prevailing into mangroves, trace
metals may be incorporated by the mangrove biota.
Eventually they can be transferred through food chains
to terrestrial and marine ecosystems and be exported
to the continental shelf associated with dissolved and
particulate detritus. Most studies to now however,
suggest that these pathways are of minor importance
compared to the deposition and accumulation of trace
metals in the sediments. In this chapter, the major
mechanisms of trace metal exchange between man-
groves and adjacent coastal systems, as well as the
mechanisms involved in trace metal accumulation in
mangroves, will be discussed.

4.1 Trace metals inputs and outputs from
mangroves

The balance between inputs and outputs of trace
metals in estuarine areas is mostly dependent on the
balance of suspended particulate matter (SPM) load
and its trace metal content (Jouaneau., 1982; Salo-
mons & Forstner, 1984; Wollast & Peters, 1978), and
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this is also true in estwaries dominated by mangrove
ccosystems (Rezende, 1988; Lacerda et a/., 1988a).
Contrary to most estuaries however, mangrove domi-
nated areas also have peculiar hydrochemistry, which
may affect trace metal chemistry. The characterization
of SPM during tidal cycles is essential for the under-
standing of trace metal balances in mangrove ccosys-
tems. This characterization must include not only the
trace metal concentration in the SPM and the causes
of their variability, but the sources of SPM to and
from mangrove ecosystem, since different origins (e.g.
terrestrial and marine borne SPM) may result in com-
pletely different assemblages and concentrations of
trace metals. Also hydrochemical changes, since they
can alter trace metal composition and concentration in
the SPM itself (Woodroffe, 1985a, b, ¢), must be
characterized.

4.1.1 Water balance and tidal hydrochemistry in
mangroves

Tidal amplitude and weather can affect hydro-
chemistry of mangrove waters and therefore the SPM
load and trace metal composition (Ovalle ef af., 1987;
1990). Hydrology of mangrove ecosystems has been
recently reviewed by Kjerfve (1990). Also, hydrology
of mangroves are very site specific and a complete de-
scription is not the scope of the present work.




Trace Metals Biogeochemistry and Diffuse Pollution in Mangrove Ecosystems

However, some hydrological characteristics of impor-
tance to the understanding of trace metal dynamics in
mangrove ecosystems will be mentioned.

Typical hydrological cycles in mangroves show
that water flow is, in general, not evenly distributed
through the tidal cycle. Maximum water flux occurs
during short periods (1 to 2 hours) at the inflection of
tides, characterizing water flow pulses of incoming
and outwelling waters. These pulses are efficient in
¢roding and transporting materials between the man-
grove and the adjacent coastal and terrestrial systems.
During low tide periods pore water drains into man-
grove channels, having a large influence on the waters
fluxing out of mangroves (Ovalle ef al., 1990, Kjer-
fve, 1990; Kierfve ef al., 1997).

The wvariations of major physical-chemical pa-
rameters in mangrove creek waters during typical tidal
cvcles have been studied in many mangrove areas.
One of the best studied variables is oxygenation of
tidal waters, either through the direct measurements of
dissolved oxygen or through the determination of the
water redox potential. Figure 4.2 shows the typical
variation of dissolved oxygen concentrations, pH and
redox potential (Eh) of tidal waters in a southeastern

Brazilian mangrove creek during tidal cycles. At the
peak of low tide, pH and Eh and dissolved oxygen are
at a minimum. Redox potential, dissolved oxygen and
pH reach their maximum values at the peak of the
high tide, coincident with the increasing current veloc-
ity, and remain constant during the entire flood period
{Ovalle, 1992; Lacerda ef al, 1983a; Harbinson,
1986b). Therefore, more oxidizing waters at high tide
and less oxidizing at low tide seems to be a general
rule in mangroves. This large variability in Eh, pH
and dissolved oxygen, may significantly affect trace
metal behavior in mangrove tidal creeks. In particular
those associated with Fe and Mn oxy-hydroxides,
which may be dissociated due to these changes in re-
dox potential and pH.

4.1.2 Nature of suspended matter during tidal
cycles

Suspended particulate matter (SPM) flowing in
and out of mangroves are of different nature. It may
include alloctonous materials derived from the adja-
cent terrestrial and marine environments, and may also
include autoctonous materials produced in the man-
grove itself, Therefore, SPM can convey trace metals
from polluted maring and fluvial areas to mangroves
and/or vice versa. 1t is fundamental to establish the

25 ¢

20 -

units

ol—— 4 ; ; ' R

—depth (dom)
~{—Eh {mV x 10-1)
—O—dissolved oxygen

{mg.-1)
—K—pH

12345678 91011121314151617181920212223242526

Gime interval (houes)
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creek in SE Brazil, after Rezende (1988).

21




ISME Mangrove Ecosystemns Occasional Papers No. 2

origin of the SPM to understand trace metal sources to
mangroves.

'The ratio between stable isotopes of Carbon, has
been successfully used .as a tracer of SPM origins in
mangroves. Mangroves are typical terrestrial plants in
terms of the “C/°C ratios, normally expressed as
8"C, in parts per thousand (%o) of this ratio in a stan-
dard carbonate of Permitella americana (PDB). Man-
grove organic matter presents very constant and
consistent 8°C, independent of location. For example,
Rhizophora mangle L. collected from latitude 22°S, in
Brazil, to latitude 30°N in Florida, showed 8°C values
ranging from -26 %. to -29 %o only (Raz-guzman et
al.,1993; Lacerda et al., 1986b; Zieman et al., 1984).
Table 4.1. compares 8°C from different mangrove
species in South America and Africa, and values re-
ported for mangrove sediments and suspended parti-
cles at the same sites. In general, mangrove leaf
material worldwide, shows 8'*C ranging from -24 %o
10 -29 %o. The same range of values is found in man-
grove suspended matter and in mangrove sediments
(Raz-guzman et al., 1993; Lacerda et al., 1986b; Zic-
man ef al., 1984). However, these values are very dif-
ferent from those observed in mangrove green algac
and marine suspended matter, including phytoplank-
ton. This difference allows to quantify by means of a
simple two-end-member model, the relative impor-
tance of mangrove and marine sources of SPM during
the tidal cycle in mangrove ecosystems (Rezende et
al., 1990); in association with trace metal concentra-
tions, and to suggest possible sources and pathways of
these pollutants in the mangrove ecosystem.

Table 4.1 shows that the §'*C signatures of man-
grove bottom sediments and SPM indicate that the

production of mangrove organic matter accumulated
in sediments or as part of the SPM is almost eatirely
originated by the mangrove productivity itself. Studies
of the organic matter composition in mangrove soils
showed that sugars, amino sugars and amino acid
composition found is the same as that found in man-
grove plants (Lacerda ef al., 1995).

Figure 4.3 shows the variation of 8'°C during tidal
cycles in a mangrove ecosystem in Sepetiba Bay, SE
Brazil, based on the studies of Lacerda ef al. (1988a)
and Rezende ef al. (1990). In general, flood periods
are characterized by SPM mostly of marine origin
(8°C < -22 %o), whereas during ebb periods mangrove
SPM (8°C > -25 %o) dominates the flux. This result
suggests that mangroves efficiently trap most of the
marine borne SPM brought into the forest by tides.
Since most contaminants from diffuse sources will
reach mangroves through tides, it is expected that ma-
rine borne SPM will have higher trace metal content
then mangrove SPM in contaminated sites, and there-
fore, they will also be efficiently trapped by
mangroves,

4.1.3 Mass balances of suspended solids

The variations of suspended particulate matter
(SPM) and particulate organic carbon (POC) during
tidal cycles typically show minimum and maximum
values of SPM ranging from about 10.0 to 100.0mg.1"
and for POC from less than 0.5 to 10.0mgl’
(Rezende, 1988; Woodroffe, 1985 b,c). The highest
content of SPM and POC were associated with high
discharge periods either at flood or ebb tides. How-
ever, the maximum peaks of POC occurred in general
during ebb tides (Rezende ef al., 1990), when man-
grove POC is exported to coastal areas. POC export

Table 4.1. Carbon isotopie compaesition "C/"*C (8°C %. PDB) of diverse mangrove ecosystem compartments, in
South America, SE Brazil (Lacerda et al., 1986b) and Africa, Kenya (Rao et al., 1993),

South America, SE Brazil (d“C%o PDB) East Africa, Kenya {(dVC %o PDB)
Rhizophora mangle, -27.6 Rhizophora mucronata -26.09
Laguncularia racemosa -27.41 Bruguiera gymnorrhiza -28.58
Avicennia schaweriana -25.15 Ceriops tagal -24.28
Mangrove green algae -18.34 to ~17.28 Xvlocarpus granatum -25.87
Mangrove bottom seditnents -27.56 to -25.61 Sonneratia alba -26.7
Mangrove suspended particles -26.70 t0 -25.53 Avicennia marina -26.62
Marine suspended particles -20.75to -20.50 Lumnitzera racemosa -27.17
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Figure 4.3. Catbon isotopic composition variations in snspended particolate matter during tidal cycles
in a mangrove creek in SE Brazil, after Rezende (1988).

can range from 20% to over 70% of the total man-
grove Carbon production (Heald, 1969; Snedaker,
1984; Twilley, 1985; Lacerda, 1992). The tidal vari-
ability of SPM and POC transport is in general, of the
same amplitude as the seasonal variability, and some-
times even higher. For example, Gonzalez-Faria ef al.
(1997), working in Baja California mangroves, Mex-
ico, a region with strongly marked rainy season, found
SPM scasonal variation from 5 mgl' in May to 158
mg.I" in December, a 31-times difference. Particulate
organic carbon (POC) in the same site however,
ranged from 0.7 mg.I”" in early winter to 4.6 mg.l” in
early summer, a 6.5-times difference. Similar ranges
have been reported to occur during one tidal cycle, in
particular during spring tides in other mangrove arcas
(Rezende, 1988; Ovalle er al., 1990), mostly associ-
ated with erosion of mangrove and creck sediments.

4.1.4 Metal concentrations and variability in sus-
pended particles
Trace metal concentrations in SPM will be a func-
tion of the origin of the suspended particles. In gen-
eral, trace metals present higher concentrations during
the changes in the tidal flow, since during these peri-
ods of the tidal cycle maximum flow velocity occurs

promoting some remobilization of metal-rich fine, pe-
litic, bottom sediments from mud flats adjacent to the
forest (flood periods) and of mangrove sediments
themselves (ebb periods), that may contribute to a
fraction of the suspended matter in mangrove creeks
(Rezende ef al., 1990). The enrichment of creck water
with suspended matter derived from remobilization of
bottom sediments has been shown to occur in salt-
marsh creeks and to change the SPM composition
(Ward, 1981; Ward & Twilley, 1986).

Heavy metal concentrations may vary greatly be-
tween different tidal cycles and even between sampling
intervals within a given cycle, reflecting the overall
high variability of mangrove eccosystems. Notwith-
standing the large fluctuations, in general during ebb
tides the metal concentrations are lower when com-
pared with the material transported during flood tide
(Rezende, 1988; Lacerda er al., 1988a), suggesting
that most of the marine borne SPM is trapped inside
the mangrove and that trace metal-poor SPM from the
mangrove itself dominates the export during ebb tide,
as shown by the lighter 8"°C values of POC during
ebb tides (Figure 4.3).
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In Sepetiba Bay, SE Brazil, where most earlier
work on the dynamics of trace metals in mangroves
was done, long term monitoring showed that SPM
moving in and out through the major creck draining
the forest is of different origin (Figure 4.3). During
flood periods the SPM entering the mangrove forest is
almost totally of marine origin while during ebb peri-
ods SPM leaving the system is of mangrove origin
(Ovalle et al., 1987; Lacerda et al,, 1988a). Figure
4.4 shows trace metals concentrations during those
tidal cycles. As trace metal concentrations are higher
in marine borne SPM and lower in mangrove borne
SPM (Lacerda et al., 1988a; Rezende, 1988; Rezende
ef al., 1990), the shift in the origin of SPM seems to
be the major source of heavy metal variability in these
mangroves. The behavior of trace metals during tidal
cycles shown in figure 4.4, strongly suggests that

mangroves arg efficient traps in trace metal transport
associated with SPM. The mechanisms involved are
the fast setting of SPM at the peak of high tide, when
flow velocity is nearly zero for at least a few hours
(Ovalle et al., 1990), and trapping of the deposited
SPM by the entangled mat of mangrove roots and
preumatophores (Harbinson, 1986a). Some chemical
mechanisins, such as trace metal co-precipitation, may
increase trace metals transfer from dissolved to par-
ticulate forms, speeding up their deposition. Oxy-
hydroxides of Fe and, in particular, Mn, may play an
important role in this process.

4,1.5 The manganese cycle

Korte er al. (1975) showed the importance of the
behavior of Fe and particularly of Mn oxi-hydroxides
in releasing associated trace metals upon dissolution
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Figurc 4.4, Trace metals concentrations in suspended particulate matter during tidal cycles in a
mangrove creek in SE Brazil, after Rezende (1988).
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due to changing physical-chemical conditions, particu-
larly the redox potential. In mangrove ecosystems, Mn
oxy-hydroxides may play an important role in trace
metal fluxes into and out of mangroves. The range of
redox-potential frequently found in waters during a
tidal cycle is sufficient to change Mn species equilib-
rium (Mn (II) Mn (IV)), resulting in dissolution or
precipitation of Mn oxy-hydroxides and consequently
of any trace metal associated with them. The range of
redox potential of tidal waters, however, is not suffi-
ciently great to affect Fe species. Iron is a key element
under sedimentary conditions (Howarth, 1979). How-
ever, the range of Eh found during tidal cycles (see
figure 4.1), is sufficient to alter the equilibrium be-
tween dissolved and particulate Mn (Figure 4.5.)
{(Krauskopf, 1979; Vorjak ef al., 1985).

The relationship between redox potential (Eh), dis-
solved oxygen and the different specics of Mn (dis-
solved Mn (IT) and particulate Mn (IV), during tidal
cycles of a mangrove creek water, in a mangrove for-
est in Sepetiba Bay, SE Brazil, is shown in figure 4.5.
It is clear that high tide waters are more oxygenated
and have higher Eh than low tide waters as had been
previously shown, High tide waters are basically sea
water whereas low tide is rightly influenced by the ex-
port of mangrove waters. As discussed, mangroves
consume oxygen from tidal waters in the process of
organic matter oxidation.

Particulate Mn (IV) is the dominant Mn species
during high tide periods. However, when less oxygen-
ated waters flow through the creck Mn (IV) dissolves
and Mn (II) dominates the flow. When open bay wa-
ters dominates the tidal cycle again, Mn (II) is oxi-
dized and precipitates on the suspended matter present
in the water (Lacerda ef a/., 1988a).

The precipitation of Mn (IV) onto particles is
probably of colloidal species (Balikungeri ef al.,
1985) and involves biological mediation, accelerated
by the frequently high temperature found in man-
groves. This precipitation scavenges trace metals pre-
sent i solution and is responsible for a significant
enrichment of trace metals in the incoming suspended
particles (Lacerda ef al. 1988a), as has been shown
for many aquatic systems (Salomons & Forstner,
1984). Figure 4.6 illustrates this phenomenon for a
mangrove arca in SE Brazil. It is clear that all trace
metals show an enrichment peak simultaneous with the

Mn maximum onto SPM, suggesting that scavenging
of trace metals by Mn-oxidation is occurring. How-
ever, the enrichment due to Mn precipitation is smaller
than that due to changing in the origin of the SPM, as
discussed earlier {(Rezende, 1988; Lacerda er al.,
1988a; Lacerda, 1993; Ribeiro, 1994},

4.1.6 Metal mass balances

Mangrove ecosystems present an alternating be-
havior with net import and net export of trace metals
occurring in different cycles, depending mostly on the
local oceanographic conditions. For example, spring
tides associated with cold fronts may result in inten-
sive erosion of mangrove sediments, resulting in active
transport of SPM with associated trace metals out of
the mangrove. However, the final balance afier long
periods of time, seems to be a net import of trace met-
als, as a result of the physical and chemical processes
described above. Table 4.2 summarizes the results of
long term monitoring of trace metals transfer from a
4-hectare mangrove forest to adjacent ecosystems in
Sepetiba Bay, SE Brazil. Large quantities of SPM are
accumulated inside mangroves, as well as most metals
carried into the mangroves by tides. The importance of
SPM load in controlling the balance of trace metals
transport in wetland ecosystems has been demon-
strated in other similar situations (Woedroffe, 1983a,
b, ¢; Rezende, 1988).

One important result shown in table 4.2 is the
large variability of the mass of trace metals trans-
ported through the mangrove creek, as confirmed by
the large standard deviation of the averages. This sug-
gests that at short intervals, net import and export of
trace metals can occur. On the other hand, the mass
balance results show that on a long term trace metals
are eventually being accumulated in mangroves. The
effect of tidal forcing associated with tide type can ex-
plain some of the variability, Table 4.3 compares the
mass balance of selected trace metals between man-
groves and the adjacent marine system, during spring
and neap tides, It is clearly shown that spring tides arc
able to erode accumulated sediments from mangroves,
carrying back some of the accumulated trace metals
during neap tides.

There is a great variability in physical-chemical
parameters during tidal cycles in mangrove ecosys-
tems, including significant changes in suspended mat-
ter load and composition, and trace metal
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during tidal cycles in a mangrove creek in SE Brazil, after Ribeiro (1994).
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Figure 4.6. Manganese and trace metal concentrations in suspended particulate matter in a mangrove tidal
creck in SE Brazil, after Lacerda ef af. (1988a) and Rezende (1988).

concentrations. Some variability has been shown to
occur also in other coastal wetlands (Nixon ef al.,
1987; Woodroffe 1985a, b, c). However, significant
differences between sources of suspended matter dur-
ing the tidal cycle have been poorly documented,
though this is now proved to be of great importance

for the understanding of trace metal behavior in the
mangrove forest.

The results discussed above strongly suggest that
mangrove ecosystems can act as active sinks of trace
metals in coastal waters, in the long term. The high in-
put of these metals in the system is due to a net import
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Table 4.2, Mass balance of trace metals in a Sepetiba Bay mangrove, after 28 tidal cycles Lacerda ef af, (1991h);
Rezende (1988), in kg.ano™, (+) Export. (-) Import. SPM = Suspended Particulate Matter.,

Metal Mn Zn Ca Cd Fe Pb SPM
Mean + 8.2 -57 +0.3 -02 + 227 +0.2 + 1,808
Standard deviation 34.8 35.9 0.7 1,225 1.9 39,640

Table 4.3. Comparison between trace metal massses transported during spring and neap tides in a 4-hectare SE
Brazilian mangrove forest in kg.ano™, After Rezende (1988), SPM = Suspended Particulate Matter.

Metal Mn Zn Cu Ni Fe Pb SPM

Spring tide -2.5 -124 -0.4 -0.1 - 127 -0.2 - 7,200
Neap tide +9.3 +3.0 +0.5 +0.2 + 274 +0.3 + 6,100
Difference +6.8 - 9.4 +0.1 +0.1 + 147 +0.1 - 1,100

of suspended particulate matter enriched in metals
from adjacent estuarine areas, and a small export of
accumulated trace metals due to internal mechanisms
of the mangrove ecosystem. There are no data on trace
metals balance in areas where major trace metal fluxes
come from river waters. However, one can sec no rea-
son why the mechanisms described above would not
take place also under this situation. Accumulation
mechanisms may include anacrobic decomposition of
organic matter in mangrove sediments through sulfate
reduction, resulting in a net accumulation of sulfides,
which can precipitate trace metals, and of refractory
organic compounds, which can complex trace metals.
These mechanisms will be discussed in detail in the
next chapter.

S. Trace metals in mangrove sediments

5.1 Biogeochemistry of trace metals in
mangrove sediments

In strongly reducing cnvironments, metals distri-
bution in sediments would be controlled primarily by
the formation of highly insoluble sulfides. This is the
case of the so called type B metals which form stable
sulfides under natural anoxic conditions (Berner,
1984). Stability constants of such metals are, in gen-
eral very high, reaching from K = -56 for Hg and K =
-27 for Cd, for example (Kersten, 1988). Also,
organic-metal complexes are more stable under reduc-
ing conditions. For example, the formation of
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polysulfides and their interaction with refractory or-
ganic compounds, may form extremely high molecular
weight compounds, which are very resistant to oxida-
tion, thus accumulating trace metals in strong refrac-
tory posifions (Casagrande, 1977, Boulegue et al,
1982; Altschuler, 1983).

Trace metals associated with Fe and Mn oxi-
hydroxides, are released from these complexes when
reaching a transition zone between oxic and anoxic
layers. This transition zone is called post-oxic or sub-
oxic (Korte ef al., 1975; Berner, 1982), and extends
for a fow millimeters to a few centimeters in most
coastal areas, but may reach a few meters in areas of
large physical forcing over the sediments, such as in
the Amazon river estuary (Aller ef al., 1994; Alongi ef
al., 1996). Upon reaching this post-oxic layer, oxi-
hydroxides of Fe and Mn solubilize and release their
trace metal load. Dissolved trace metals may thus mi-
grate to permauently anoxic layers throungh sulfide-
rich pore waters, and precipitate as insoluble sulfides.
Again, the presence of refractory dissolved organic
compounds in pore waters will facilitate and acceler-
ate the accumulation process (Boulegue et af., 1982).
Therefore, if a given coastal area presents high sedi-
mentation rates, these stable trace metal compounds
may accumulate relative to surface sediment concen-
trations. For example, Lyons et al. (1983) studying
Mangrove Lake sediments in Bermuda, found a sig-
nificant increase in trace metal concentrations in
deeper mangrove mud layers, in relation to surface
carbonate sediments (Figure 5.1). This finding is even
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Figure 5.1. Distribution of Cd ad Cr in Mangrove Lake sediments, Bermuda, modified from Lyons ef a/. (1983).

more significant if one considers that this remote At-
lantic Ocean Island is free from any direct contamina-
tion source, suggesting that accumulation of trace
metals in this type of sediment is a natural phenome-
non, capable of concentrating trace metals even from
very low ocean water concentrations.

Annexes 5. 5. la, b show trace metal concentra-
tions in surficial mangrove sediments from different
parts of the world. Contrary to biological compart-
ments or water, these data are very difficult to com-
pare , since they depend on some physical properties
of sediments, in particular grain size, organic matter
content and redox conditions. However, as expected,
trace metals forming stable sulfides such as Fe, Zn,
and Cu, among the essential elements, and Pb, Cd and
Hg, among the non-essential, gencrally present rela-
tively higher concentrations. Unfortunately many more
data are necessary in order to make a proper compari-
son between mangroves themselves, and between man-
groves and adjacent marine and fluvial sediments,
regarding trace metal concentrations.

Although accumulation of trace metals in anoxic
sediments of coastal arcas has been reported

worldwide, a certain degree of post-deposition mobili-
zation is possible (Forster, 1989). Upon oxidation,
some metals such as Cd may be released from sulfur
and organic matter compounds and associate with
chlorine or dissolved organic matter and be kept in so-
lution. However metals such as Cu and Pb are re-
leased much slower (Hunt & Smith, 1983). Some
studies were reported on the export of tracc metals
from mangrove sediments associated with dissolved
organic carbon and chloring (Lindberg ef al., 1977,
Tripp & Harris, 1979). Figure 5.2 shows the major
mechanisms influencing trace metal dynamics in man-
grove sediments.

5.2 Distribution and accumulation of trace
metals in mangrove sediments

Mangrove sediments are of fine grain size, rich in
organic matter and flooded daily by tides. Under such
conditions, sediments become reducing because of mi-
crobial decomposition of organic matter, and by con-
sumption of oxygen in the process. Most of mangrove
sediments metabolism is through sulfate reduction,
which releases high quantities of HS" and HCO®™ to
pore waters and cven to waters overlying the
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Figure 5.2. Summary of major metabolic processes in anoxic mangrove sediments.

sediments. Sulfide concentration derived from this
process may reach 10mg.l" in water overlying the
sediments (Harbinson, 1986a). Under these physical-
chemical conditions the formation of sulfide minerals
is favored, precipitating dissolved trace metals, in par-
ticular the “soft” B type metals which includes most
heavy metal pollutants such as Zn, Hg, Ni, Cu and Cd
(Berner, 1984; Harris ef al., 1993).

Trace metals are enriched in clay sediments com-
pared fo typical marine carbonate sediments. The ac-
cumulation process is highly enhanced by high organic
matter content. The strength of the association be-
tween the metal and the mangrove soil components, is
a function of the specificity of a given metal for the
substrate and the stability of recently formed com-
pounds. For example in the presence of humic sub-
stances, that are particularly rich in mangroves, trace
metals like Cd, Ni and Pb have very low mobility in
soils, probably due to complexion of the metals which
hampers leaching by solutions (Kersten, 1988). The
high affinity of Hg for sulfur groups, results in strong
immobilization and therefore, accumulation in man-
grove sediments. Quevauviller ef al., (1992), working
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in Sepetiba Bay, SE Brazil, showed that mangrove
sediments are able to immobilize and accumulate Hg,
even the volatile dimethyl-Hg through complexion
with sulfide groups. Therefore, three major aspects are
involved in the accumulation and distribution of trace
metals in mangrove sediments: a- preferential accumu-
lation of sediments of fing granulometry; b- accumula-
tion of high organic matter content, and c-
precipitation of metal sulfides present as a by-product
of the sulfate reduction based metabolism.

Figure 5.3 shows trace metal accumulation and or-
ganic matter content in sediments from a fringe man-
grove forest compared to adjacent mud flats, in
Sepetiba Bay, SE Brazil (Lacerda & Abrio, 1984).
Higher accumulation of trace metals in mangrove sedi-
ments relative to adjacent mud flats occurs by a factor
of 2 to 4 depending on the e¢lement, following the in-
crease in organic matter content by a factor of 3. Ina
study of the mangroves of Botafogo River, NE, Bra-
zil, Meyer (1996) also found strong correlation be-
tween Hg concentrations in sediments and the content
of organic matter and fine particles.
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Figure 5.3. Trace metal concentrations and organic matter content in sediments of 2 mud flat-mangrove
environment in Sepetiba Bay, SE Brazil, modified from Lacerda & Abrdo (1984).

Trace metals reach the mangrove environment as-
sociated with fine particles of marine and terrestrial
origin brought into the forest by rivers and tides
(Rezende, 1988). Terrestrial materials are frequently
enriched in trace metals content (see chapter 1) and
also have fine granulometry and are rich in organic
matter (Rezende, 1988). Therefore, events enhancing
runoff’ from mangrove basins will result in higher
trace metal contents of suspended particles. During
monsoon periods in Thailand, for example, runoff par-
ticles are enriched in trace metals from smelter wastes
located in the basin, relatively far from mangroves
(Brown, 1988). In Papua New Guinea, the same phe-
nomenon is observed when tailings from mining opera-
tions are transported to the coast (Jeffery ef al., 1988).

The redox potential of mangrove sediments is an-
other significant parameter controlling trace metal
concentrations in mangrove sediments. Changing re-
dox potential can affect the solubility of certain ele-
ments, the so called redox sensible clements, such as
Mn ad Fe, or indirectly by making metal-precipitates
unstable (e.g. metal sulfides). Figure 5.4 shows the
variability of dissolved oxygen in pore waters and
leacheable Fe concentrations in sediments across a

mud flat-mangrove-salt flat gradient in Sepetiba bay,
SE Brazil. The different physiography of the areas,
which occur as fringes parallel to the shore, creates re-
dox boundaries between the different sub-habitats.
This is clearly seen from the dissolved oxygen concen-
trations. Dissolved oxygen reaches high (up to
8.2mg.1") at the seaward mud flats decreasing to less
than 5.0 mg.I" at the two mangrove fringes and again
increasing at the salt flat arca. Leacheable Fe concen-
trations respond sharply to changing oxygen content
of pore waters. At the boundaries between sub-
habitats leacheable Fe reach maximum concentrations
(> 40 pg.g"), probably as a result of increasing solu-
bility due to reduction of Fe’* to Fe**, made possible
by decreasing oxygenation, At higher oxygen levels,
resistant Fe oxides precipitate, decreasing its leache-
ability (Aragon ef al., 1986).

5.3 Geochemical partitioning of trace metals
in mangrove sediments

When trace metals are dissociated from oxic sus-
pended matter and are eventually fixed in reducing
substrates of the mangrove soil, they will have their
geochemical partitioning altered. Figure 5.5 shows Cu
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Figure 5.4. Variation in leacheable Fe concentrations in sediments and pore water dissolved oxygen
concentration, across a mud flat-mangrove-salt flat gradient in Sepetiba Bay, SE Brazil,

modified from Aragon ef af. (1986).

and Zn geochemical partitioning in Zaire River, Af-
rica, and its adjacent mangrove sediments (Salomons
et al., 1988), and in Sepetiba Bay, SE Brazil bottom
sediments and the adjacent mangroves (Lacerda,
1993),

The results show a sharp difference between the
two mangrove sediments and their fluvial or marine
counterparts. In river sediments at the Zaire estuary,
Cu and Zn concentrations are associated with reduci-
ble fractions (hydro-oxides of Fe and Mn) and inert
positions, with oxidizable fractions, which includes or-
ganic matter and sulfides, responsible for only 15%
and 8% of the total concentrations of Cu and Zn re-
spectively. In the mangrove sediments in the same
arca, Cu and Zn concentrations shift to oxidizable
fractions (organic matter and sulfides), which ac-
counts for 85% and 40% of the Cu and Zn concentra-
tions respectively. In Sepetiba Bay, the same behavior
occurs, with the oxidizable fraction of Cu and Zn total
concentrations increasing from approximately 10% for
both metals in the bay’s sediments to 77% and 60% in
mangrove sediments, for Cu and Zn respectively. This
has also been shown to occur for other trace metals
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such as Fe, Pb and Cr (Lacerda, 1993). Similar re-
sults have also been reported by Chiu & Chon (1991)
when comparing trace metals geochemical partitioning
in mangroves and bamboo forest soils, along the Tam-
shi River, Taiwan,

The above data indicate that increasing organic
matter and fine particles content, create reducing con-
ditions, leading to a redistribution of deposited trace
metals in sediments (Salomons ef o/., 1988), This shift
in trace metal partitioning has been observed also in
other mangrove areas in Africa (Salomons & Férstner,
1984). The chemical reactions involved in this process
have not been described in detail yet. However, the
formation of framboidal pyrites, mediated by microor-
ganisms, may be a clue to the geochemical processes
undergoing the change of the major substrate of trace
metals present in sediments. Pyrites (Figure 5.6), are
deposited by sulfate reducing bacteria that co-
precipitate trace metals in the process. Relatively en-
richmemt of Cu and Au has been reported in recently
precipitate framboidal pyrites in mangroves (Aragon,
1997; Pires, 1997).
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Figure 5.5. Copper and zinc geochemical partitioning in bottom sediments from the main river and adjacent mangroves at
the Zaire River estuary, Africa, after Salomons et af. (1988); and from open bay bottom sediments and
mangrove sediments at Sepetiba Bay, SE Brazil, after Lacerda (1993).

Figure 5.6. Framboidal pyrite photographed from biofilms collected in mangrove sediments from a fringe mangrove forest
in Sepetiba Bay, SE Brazil.
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5.4 The effect of plant cover on the
distribution of trace metals in mangrove
sediments

Trace metals accumulation in mangrove sediments
is due to the formation of precipitated metal sulfides,
which are buried fast by the high sedimentation rates
generally found in the mangrove environment. How-
ever, although the metal-sulfide complex is highly sta-
ble under the reducing conditions found in mangrove
sediments, they can be dissociated upon oxidation of
the sediment. Mangrove plants are able to oxidize the
thizosphere by exuding oxygen through their roots
into the sediment. This phenomenon has been well de-
scribed for salt marsh environments (see chapter 2),
and has recently also been described for mangrove en-
vironments. The mangrove genera Avicennia and
Rhizophora, can efficiently oxidize their rhizospheres,
creating conditions where metal sulfides can be disso-
ciated (Carlson et al., 1983; Nickerson & Thi-
bodeaux, 1985; Thibodeaux & Nickerson, 1986;
Lacerda ef al., 1993a). The oxidation capacity of
Avicennia, for example, is such that virtually no sul-
fide is detected in its rhizosphere pore waters (Nicker-
son & Thibodeaux, 1985).

Table 5.1 shows the major physical-chemical
characteristics of mangrove rhizosphere pore waters
under Avicennia and Rhizophora, and from mud flats
without plant cover in a mangrove forest in SE Brazil.
The data confirm the high oxidation capacity of man-
grove roots, Whereas sulfides show high concentration

in mud flat pore waters, this decreases by a factor of 3
under Rhizophora and sulfides are virtually absent un-
der Avicennia. Also, redox potential, an indirect meas-
urement of oxidation level, shows very negative values
in the mud flats, indicating permanent reducing condi-
tions, whereas under mangrove plants it can reach
positive values, indicating high oxidation. Interesting
to note is the high standard deviations found, suggest-
ing that rhizosphere pore waters shift contantly from
reducing to oxidizing conditions, keeping various
chemical species unstable, including trace metal
sulfides.

Table 5.2. shows weakly bound trace metal con-
centrations in the same sediments. Although concen-
trations are very low, Avicennia thizosphere sediments
show significantly higher trace metal concentrations
than mud flat sediments. The changing redox condi-
tions and the possibility of periods of high oxidation,
as shown in table 5.1, suggest a certain degree of trace
metals remobilization, probably resulting from the dis-
sociation of metal sulfides. The concentrations under
Rhizophora are not significantly different from mud
flat sediments, for some metals, in particular Fe and
Zn. Therefore, although Rhizophora seems to be able
to oxidize its rhizosphere, this is not sufficient to re-
lease all trace metals from precipitated sulfides,

The results discussed above show that at least un-
der certain circumstances, deposited trace metals can
eventually be released into pore waters by the metabo-
lism of mangrove roots.

Table 5.1. Major physical-chemical variables of porewaters, and soil organic matter content (OM) in a fringe man-
grove forest in Sepetiba Bay, Rio de Janeiro, Brazil,

Plant cover HS (mg.1") Eh (mV) pH Salinity OM(%)

Avicennia 0.33+£049 =634 92 6.8+06 328+6.5 247+ 11.8
Rhizophora 156+ 4.6 -173 £ 125 6.8+£02 31.2+49 125+43
Mud Flat 47,1+ 163 -204 £ 95 7.1+03 264+27 205279

Table 5.2. Weakly bound trace metal concentrations (pg.g* dry weight) and iron (% dry weight) in mangrove soils
compared to salt marsh and mud flats in Sepetiba Bay, Rio de Janeiro, Brazil. Trace metal fraction ex-

tracted with 0.5N HCL
Plant cover Fe Zn Pb Cu Cd
Avicennia 3.6:0,7 387 £ 189 23+36 12+56 34+1.3
Rhizophora 3.0£03 529+ 641 22+£26 13+44 35+£04
Mud Flat 45404 823+ 26 39+ 18 24+£14 09£04d
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6. Trace metals in mangrove plants

6.1 Trace metals distribution in mangrove
leaves '

~ The location of mangroves in protected coastal
sites adjacent to large industrial and urban areas
prompted studics aiming at the use of mangrove plants
as biological monitors of trace metal pollution (Sadiq
& Zaidi, 1994; Peterson et al., 1976; 1979; Lacerda
ef al., 1986a). Nearly all these studies concluded that
mangrove trees are not suitable for heavy metal moni-
toring, since they fail to show any correlation between
concentrations of trace metals in sediments and in
mangrove plant lcaves. Nevertheless, these studies,
though reporting only metal concentrations in leaves,
are the only source of information on the distribution
of trace metals in mangrove plants.

Reports show that mangrove plants have present
very low concentration factors (CF) for trace metals
(CF= ratio between the concentration of trace metals
in leaves and the concentration in soil). Mangrove
CF’s are in general much lower than 1.0. Rao er ol
(1991) for example, found As CF’s ranging from
<0.02 in Rhizophora mucronata to 0.09 in Avicennia
marina in India, whereas in the same area 7 species of
marine benthic brown algae showed CF’s ranging
from 1,510 to 6,980. Jayasekera (1991) also com-
pared CF’s of R. mangle with brown algae and found
that mangrove CF’s are in general from 1 to 1,000
times smaller than the algae CF’s, for most trace met-
als of environmental significance. Lacerda ef al.
(1986a), found CF’s lower than 1.0, for Fe, Cu, Zn,
Pb, Cd and Cr, in mangrove plants from 18 forests
along the SE Brazilian coast, including sites heavily
contaminated by trace metals. Their study also found
higher CF’s in Avicennia species than in Rhizophora.

Peterson et al. (1976; 1979), studied the concen-
trations of Sn, Fe, Zn and Cu in mangroves of Malay-
sia submitted to mining cffluents and found much
lower CF’s in these plants than in other local marine
organisms. They also found no correlation between
trace metal concentrations in mangrove leaves and in
the sediment.

Sadiq & Zaidi (1994) studied the concentrations
of various metals in mangroves along the Persian Gulf
coast of Saudi Arabia, finding the following order of

tracc metals  concentrations:  Fez>Mn>Zn>P-
b>Cu>Ni>Cr>Cd>Co. Along 1,000 km of the SE
Brazilian coast, Lacerda ef a/, (1986a) found the same
concentration order in trecs collected from 18 forests.
Both studies reported no significant correlation be-
tween trace metal concentrations in soils and in leaves,
with the exception of Mn, which presented highly sig-
nificant correlation,

Bhosale (1979) studied the concentrations of five
metals in 9 mangrove species from the Indian coast
which presented clear zonation pattern and thus were
submitted to different soil conditions. Notwithstanding
this, no correlation was found between soil and plant
metal concentrations of Cu, Zn, Mo, Co, Mn and Fe.
As for Co the plants showed sub-optimal concentra-
tions although relatively high levels were found in the
soil. The author suggested that “the specificity of the
plant for each metal” was responsible for the lack of
correlation found. Soto (1992) also found sub-optimal
concentrations of selected trace metals in mangrove
species from the Pacific coast of Costa Rica. Peterson
ef al. (1979) reported lack of correlation between
metal concentrations in plants and soil as due to the
“complex interactions between plants and soils typi-
cal of mangroves”. Unfortunately these terms are ob-
viously not an explanation for the lack of correlation
between plants and soils but a statement of the phe-
nomenon and the inability to explain it so far,

Chiu & Chou (1991) showed that mangrove plants
display high resistance to trace metals. They showed
that seedlings of Kandelia candel from pristine arcas
can adapt to areas polluted by trace metals, due to
high tolerance mechanisms. In laboratory experiments
with Rhizophora mangle seedlings, Walsh ef al.
(1979} showed that metal suifides are deposited close
to mangrove roots, avoiding the uptake of Pb, and to a
lesser extent, of Cd and Hg which were translocated to
the plant. No effect on the seedlings was observed up
to 500 pg.g” of metals in soils. The only metal to af-
fect the growth of mangrove seedlings at this concen-
tration level was Hg, but even for this element,
seedlings showed resistance to up to 100 pg.g”' of Hg
in soils. Mechanisms of trace metals tolerance hy-
pothesized by these authors to explain the lack of tox-
icity of the translocated metals involve chelation on
cell walls or segregation in the well developed hypo-
dermis of the leaf.
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Annex 6. 6. 1a, b show trace metal concentrations
in leaves of mangrove plants in many areas of the
tropics. Concentrations are in general higher among
the essential trace metals, decreasing in the following
order: Mn>Fe>Zn>Cu, and vary among the non-
essentials according to site, depending on the contami-
nation status of each site, in particular for some metal-
loids. For example, Peterson et af. (1979) found very
high Sn concentration in mangrove leaves growing
close to mining operations in Malaysia. Relatively
high concentrations were also found among some
other metalloids (not shown in the tables). Fluoride
concentrations in mangrove species from Australia
close to emission sources were up to 100 times higher
than background values (Murray, 1985). Concentra-
tions of Ba in mangrove sites receiving oil from pro-
duction waters in Colombia also showed to be from 10
to 100 times higher than background concentrations
(Grosso et al.,, 1996). It is interesting to note that
some of these metalloids (c.g. F) show significant leaf
uptake from atmospheric deposition. However, other
non-essential heavy metals such as Pb, Hg and Cd
(Table Annex 6. 6. [b) show relatively constant con-
centrations regardless of the area studied.

Most trace metal concentrations in mangrove
leaves are similar or lower than the average concentra-
tion found in leaves from temperate and other tropical
tree leaves, which generally occur in soils much
poorer in trace metals than mangrove soils (Golley et
al., 1978; Silva et al., 1990; Whittaker et al., 1979).
However, as can be clearly deduced from the tables,
data on trace metal concentrations in mangrove plants
are still scarce and incomplete. Therefore, it is impos-
sible to analyze inter-specific differences on trace
metal accumulation by mangrove species or make
comparisons with better studied vegetation forms, at
present,

The concentrations of selected trace metals in two
of the most studied mangrove genera, with relatively
well known physiology, Avicennia and Rhizophora
are shown on table 6.1. The two species show differ-
ent physiological adaptations to cope with the high sa-
linity of mangrove soils, Whereas Rhizophora species
are typical salt-excluding plants, Avicennia are typical
salt-excreting species (Chapman, 1976). Lacerda ef
al. (1985b) showed that these mechanisms of salt up-
take control affect trace metals uptake. These authors
showed that Avicennia consistently showed higher
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concentrations of trace metals than Rhizophora. Table
6.1, shows data from pair of plants from these genera
analyzed in the same site worldwide. The results con-
firm that at least for essential trace metals, for which
enough data are available, it is clear that salt-
excluding mechanisms may be very efficient in avoid-
ing the uptake of trace metals, as e:épresst_;d: by the
consistently lower concentrations in Rhizophora than.
in Avicennia plants. a D

Apart from differences among specics, leaf trace
metal content also depends on age of the leaf. Younger
leaves, show in general, higher concentrations of trace
metals than older leaves. Rao ef al. (1991) showed
this for the high mobile ion As in 7 species of man-
groves along the Goa coast, India. Chiu & Chou
(1991) however, found no significant difference in the
concentrations of the less mobile metals Cu, Zn, Pb,
Cd and Ni, between young and old leaves of Kandelia
candel in Taiwan, Peterson ef al. (1979) found higher
concentrations of Sn in old leaves of R. mucronata
and A. illicifolius, but lower concentrations of Fe, Zn
and Cu. It scems that less mobile clements are translo-
cated more slowly, if ever, than the leaf growth rate,
resulting in the dillution of young leaf concentration
due to accumulation of biomass as the leaf grows.
Lacerda et al. (1988b) showed this phenomenon to oc-
cur in R. mangle seedlings during development. Con-
centrations of Fe, Zn, Mn and Cu decrease
consistently with the growing of the scedling. At least
for Zn, concentrations drop to sub-optimal levels, re-
quiring further translocation from the mother plant
when the seedlings are ready to fall.

6.2 Factors controlling trace metal
concentrations in mangrove plants

Concentration factors calculated from a complete
set of data from SE Brazil (Silva ef a/., 1990) for R,
mangle and the trace metals concentrations bioavail-
able in the soil (Table 6.2), show that for the majority
of metals CF’s are up to two orders of magnitude
lower than 1.0, the only exception being Mn with CF’s
of about 2.0, These concentration factors suggest that
either mangrove plants actually avoid metal uptake
and/or that most metals present very low bioavailabil-
ity in mangrove soils, notwithstanding the relatively
high concentrations found in mangrove sediments.
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Table 6.1. Essential trace metal concentrations in species of Rhizophora and Avicennia from different parts of the

world,
Species Site Fe Zn Cu Mn Author
R. mangle St. Catarina, 99 69 L6 260 Panitz (1997)
A. schaueriana Soutl Brazil 127 145 2.1 195
R. conjugata Penang, 50-69 6.2-7.1 2.6-3.0 _ Peterson et al. (1979)
A. alba Malaysia 139-185 15-19 28-6.0 _
A. officinalis 88 12 4.5 _
R. mucronata Ganapatipule, _ 11.5 4.1 32.2 Bhosale (1979)
A. officinalis India _ 17.5 9.2 158.7
R. mangle Pacific coast 80-420 6.0-19 3.5-16 _ Soto (1992)
R. harrisonii of Costa Rica 100-440 8.0-17 4.8-17 _
A. germinans 80-380 17-22 8.0-21 _
R. mangle Séo Paulo, 208 12 4.5 254 Lamberti (1969)
A. schaueriana South Brazil 175 28 7 63
R mangle Sepetiba Bay, 68-943 10-34 3.0-34 20-882 Lacerda ef al. (1986b)
A. schaueriana SE Brazil 71-606 20-66 3.0-19 38-473

The bioavailability of trace metals to plant uptake
is a function of their geochemical partitioning in the
mangrove soil. Metals are precipitated in mangrove
sediments as sulfides (Lacerda & Rezende, 1987)
which are stable under the anoxic conditions of man-
grove soils and unavailable to plant uptake, Other data
that suggest that sulfide is responsible for the low
availability of trace metals in mangrove soils is the
high concentration factors found for Mn, which do not
form stable sulfides and is soluble under the redox
conditions found in mangroves (Aragon ef al., 1986;
Lacerda et al., 1988a). For example, Mn consistently
shows higher exchangeable contents in sediments than
most other trace metals. This has been reported for
mangroves as far apart as South America, China and
Australia (Lacerda ef al., 1986a; Tam et al., 1995;
Mackey er al., 1992). The importance of suifides in
controlling the availability of trace metals to various
organisms inhabiting aquatic sediments has been often
demonstrated and sulfide concentration actually con-
trols the concentrations of trace metals in pore waters

of reduced sediments (Di Toro, 1990). Chiu & Chou
(1991) suggested that the low concentrations of trace
metals found in Kandelia candel forests in Taiwan
was due to sulfide precipitation. In this study they also
showed that this was not the case for Mn.

Apart from sulfide precipitation, organic matter
complexation may also decrease the availability of
some trace metals to plant uptake in mangroves. Lac-
erda ef al (1991b) showed that at least for Cr, which
does not form sulfide minerals, refractory organic
compounds were responsible for Cr fixation and accu-
nmiation in mangrove sediments. Table 6.3 shows the
total and bicavailable concentrations of trace metals in
mangrove soils under R. mangle in the Itacurucd Ex-
perimental Forest, SE Brazil (Lacerda ef al., 1993a).
These results show that less than 1% of the total metal
content is available for root uptake, confirming the
low bioavailability of trace metals in mangrove soils.
Similar results have been found for mangroves in Asia
(Tam ef al., 1995; Chiu & Chou, 1991).
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Table 6.2, Trace metals concentrations in leaves of Rhizophora mrmgle and bioavailable metal concentratwns in
sediments of a mangrove forest in Southeastern Brazil, (ug.g* dw),

Compartment Mn Fe Zn Cu Pb Cr
Leaves 101 + 39 37+ 9 72+08 <0.05 <0.06 <0.2
Sediment 52+ 11 4,856+ 247 1845 28+08 0.6+0.2 9443
Concentration factor 2 <0.01 <0.5 <0.01 <0.01 <0.1

Table 6.3. Total and weakly bound trace metal concentrations in sediments under R. mangle in a mangrove in SE

Brazil (Lacerda ef al,, 1993a) (ng.g" dw).

Metal Fe Pb Ca - Cd
Total metal concentration 3,600+ 300 191 + 140 21.5+£24 125+12 31411
Weakly bound concentration 35+6.7 1.1+£0.7 0.1+0.01 0.01 £0.01 0.01+0.01

Apart from low bioavailability however, other fac-
tors may be responsible for the low trace metal con-
centrations found in mangrove leaves and for the lack
of correlation between the concentrations of most trace
metals in soils and in the plants. Mangrove species
present physiological adaptations aimed at controlling
the uptake of ions present in large quantities in the sa-
line and frequently reduced soil porewater. For exam-
ple, the higher trace metals concentrations found in
Avicennia when compared to Rhizophora (Table 6.1)
may be a result of salt-excluding mechanism in the lat-
ter, although no study so far has addressed this subject
(Lacerda et al., 1985b; Walsh ef al., 1979; Werner &
Stelzer, 1990; Scholander ef af., 1955; 1962). Some
of these adaptations may act as a tolerance mecha-
nism, reducing trace metal uptake. Among them, the
formation of redox barriers such as iron and manga-
nese plaques may be particularly efficient in trace
metal uptake. Immobilization of trace metals on the
cell wall and complexation with root exudates may
also reduce trace metal uptake particularly under the
organic rich conditions of mangrove soils (Walsh et
al., 1979; Taylor, 1987, Otte ef al., 1987; Tanizaki,
1993). Also, high salinity itself may reduce trace
metal uptake (Soto, 1992).

Few studies have dealt with the tolerance of trace
metals to mangrove plants, Walsh er al. (1979)
showed that mangrove (R. mangle) secdlings are par-
ticularly resistant to Cd, Pb and Hg, due to the pre-
cipitation of insoluble metal compounds on the
external surfaces of roots induced by the seedling me-
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tabolism, However, these authors did not characterize
the chemistry of these precipitates.

Seedlings of Kandelia candel also showed high
tolerance to trace metals, 20 to 80 times higher than
salt marsh plants in China (Chiu & Chou, 1991). The
mechanism(s) responsible for the high tolerance pre-
sented by this species, however, was not identified.

6.3 Trace metal distribution in mangrove
plant organs

The distribution of trace metals in different organs
of K. mangle is shown on tables 6.4 and 6.5, and sug-
gests some possible mechanisms involved in decreased
metal uptake by mangrove plants, with the exception
of Mn, all other trace metals showed highest concen-
tration in below-ground roots. Highest concentrations
of Mn were found in leaves.

Jayasekera (1991) grew R. mangle under con-
trolled conditions for one year. His results, given on
table 6.5, also show that with the exception of Mn,
with highest concentrations in leaves, all other trace
metals had their highest concentration in below-ground
roots which are responsible for the nutrient uptake and
all plant- sediment interactions. Similar results have
been reported by other authors and other mangroves.

Chiu & Chou (1991) found the same relative dis-
tribution in Kandelia candel in China. Montgomery &
Price (1979) showed by in vifro experiments using a
continuous flow of effluent containing metals, that the
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Table 6.4. Trace metal concentrations in different organs of R. mangle in a mangrove forest in SE Brazil according

to Silva (1988) (pg.g”* dw).

Organ _ Mn Zn Cu
Fruits 18+6 32+06 12401 --
Flowers - 59 9 -
Lcaves 101+ 39 372+89 72408 --
Stems _ 67 6.2 0.6
Trunks 204+£58 124+73 34+£038 0.5+0.3
Aerial roofs 155+32 8.2:4£32 72424 0402
Below-ground roots 153+ 5.9 1,011 + 637 51£3.0

199+ 78

Table 6.5, Trace metal concentrations in different or-
gans of R, mangle after one year growth in
artificial media according to Jayasekera
(1991) (pg.g" dw) and percentage of the

total  content weight averaged in

parenthesis),
Metal Leaves (%) Stem (%) Roots (%)
Co 7.1 (104) 74 (32.5) 13 (574)
Cu 11,1 (7.3) 120 232y 362 (69.5)
Fe 52.9 (L.6) 373 (3.2) 1,100 (95.2)
Mn 298 (36.9) 117.8 (43.0) 554 (20.D)
Zn 156 (3.0) 94 (5.4) 159 (91.5)

underground fine roots of R. mangle accumulated high
trace metals concentrations, but not the other plant
paris submitted to the same treatment. Walsh ef «/.
(1979) growing R. mangle seedlings under controlled
laboratory conditions, showed that most of the metals
added to the culture medium are accumulated by the
roots. Only a small proportion is translocated to the
rest of the plant (Figure 6.1).

The gradient of high trace metal concentrations m
roots and low in leaves and the absence of significant
correlation between trace metal concentrations in soils
and plants, although not characterizing the mechanism
involved, clearly indicates that these plants actively
avoid uptake of tfrace metals, even where their concen-
tration in the soil are high (Taylor, 1987),

The dominant redox conditions of mangrove soils
make it particularly enriched in phyto-toxins, Trace
metals such as Fe and Mn are soluble under these con-
ditions and may reach very high concentrations. Also,

Root
B Hypocotyl
O Stem
il Leaf

Figure 6.1, Distribution of selected trace metals after 240
days culture under controlled laboratory
conditions, after Walsh ef o/, (1979).

the microbial metabolism based on the dissimilatory
reduction of sulfate, generates large amounts of sul-
fides. Therefore, the roots are frequently submiited to
toxins under reduced forms. The most efficient mecha-
nism to neutralize such substances is the exudation of
oxygen translocated through the aerenchyma to the
root surface (Scholander ef af., 1953), creating an oxi-
dized rhizosphere. Soluble ¥e and Mn are precipitated
as oxides forming iron-plaques on the root surface
while sulfides are oxidized to harmless sulfate (Pon-
namperuma, 1972; Taylor, 1987; Armstrong, 1978).
This oxidized rhizosphere can affect the mangrove soil
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adjacent to the roots (Nickerson & Thibodeaun, 1985;
Carlson ef al., 1983; St-Cyr & Crawder, 1990).

Otte et al. (1987) and Mendelsshon & Postek
(1982), studied in detail the formation, morphology
and composition of iron-plaques in salt-marsh plants
and showed their efficiency as geochemical barriers to
the uptake of trace metals by the root cells of these
marsh plants. Thibodeau & Nickerson (1986) and
Nickerson & Thibodeau (1985) studied the release of
oxygen by mangrove roots and showed the formation
of oxydized micro-environments in the rhizosphere.
The release of oxygen in the soil adjacent to the root
will favor the precipitation of iron originated in the re-
duced pore-waters of mangrove soils forming typical
iron-plaques at the rhizosphere (Tanizaki, 1993). The
high concentration of iron in the fine, underground
roots of R. mangle measured in most studies suggest
that they are also efficient as barriers of trace metals
in mangrove plants.

At the Macurugd Experimental Forest Lacerda ef
al. (1993a) studied the importance of iron plaques as
biogeochemical barriers to trace metal uptake. In table
6.2 it was shown that the weakly-bound fraction of
trace metals in mangrove soils were less than 1% of
the total trace metal concentration in the soil adjacent
to the roots of R. mangle. Paradoxically, trace metals
concentrations in mangrove roots are in general very
high (Montgomery & Price, 1979; Silva et al., 1990;
Chiu & Chou, 1991). When analysis of root plaque
concentration are shown however, (Table 6.6) it is
clear that the majority of the trace metals present in
the roots are fixed on the iron plaques deposited on the
external cortex of the roots rather than in internal root
tissues. Similar results have also been found for other
estuarine plants (St-Cyr & Crowder, 1990) and for 4.
schaueriana (Tanizaki, 1993).

Table 6.6, Trace metal concentrations in roots and
iron-plaques of R. mangle (ng.g'dw), af-
ter Tanizaki (1993),

Compartment Fe Mn Zn Cu

Root (total) 25,000 730 140 23
iron-plaques 24,000 670 90 12
% in iron-plaques 96 R 62 32
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The low trace metals concentrations generally
found in mangrove plants and the lack of correlation
between trace metal concentrations in soils and plants
can be explained by the extremely low bioavailability
of trace metals in mangrove soils and by the presence
of efficient tolerance mechanisms involving the pre-
cipitation of iron-plaques on the root surfaces.

6.4 Trace metals mass balance in the
biomass of mangrove forests

The accumulation of trace metals in mangrove
soils occurs through the precipitation of stable suifides
under the anoxic conditions prevailing in such soils.
This results in extremely low bioavailability of trace
metals and the presence of tolerance mechanisms at
the root level makes even more difficult the uptake of
trace metals by mangrove plants. As a result, man-
grove trees show low trace metal concentrations and
do not respond to changes in soil concentrations, typi-
cally they have concentration factors lower than 1.0.
However, since mangrove production is high, even
with low concentrations of trace metals, mangrove
leaves would be an important component in their cy-
cling (Ramadhas ef al., 1975).

In order to understand the mass distribution of
trace metals in mangroves Silva ef @/. (1990) studied
the mass contribution of trace metals in the first 50 cm
of the sediments and on the biomass of the major plant
compartments of the Itacurugd Experimental Forest,
SE Brazil. The resultant mass balance is shown on ta-
ble 6.7.

The results of such estimate show that the mass
distribution of trace metals is not proportional to the
mass distribution of the different compartments in the
forest. While the relationship between the mass of
sediment and the total biomass is only 58, the mass re-
lationship between the mass of trace metals in the
sediments and in the biomass of mangroves ranged
from a minimum of 110 and 165 for Cu and Mn re-
spectively and a maximum of 200 to 1,000 for Fe and
Zn respectively.

These results clearly demonstrate that mangrove
forests do not accumulate nor reflect the trace metal
concentrations of mangrove soils, although in other
tropical forests the biomass is the major reservoir of
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nutrients and of trace metals, rather than the soil (Gol-
ley ef al., 1978),

Table 6.8 gives the mass distribution of trace met-
als in different compartments of Rhizophora mangle
biomass. The results clearly show the importance of
below-ground roots in trace metal accumulation. For
Fe for example, although below-ground root biomass
is only 20% of the total biomass, 94% of the Fe mass
were accumulated in the roots. This result is a clear
indication of the presence of iron-plaques in mangrove
roots which correspond to 66.7% of the total Cu and
49.3 % of the total Zn concentrations. On the other
hand, the retention of Mn in the roots is very ineffi-
cient since only 10% of the Mn mass is stored in the
total root biomass which represents circa 20% of the
total tree biomass. Manganese, however, was the only
metal showing significant accumulation in leaves
reaching over threc times the mass expected taking
into account only the biomass ratio for this compart-
ment. Similar results were reported for R. mangle
growing in a Puerto Rico forest (Table 6.9) by
Ragsdale & Thorhaug (1980).

For all other metals, mangrove leaves had very
low contents as expected, in particular for Fe and Cu
with total metal mass at least one order of magnitude
lower that the respective biomass of these compart-

ments. Since leaves are the compartment. with faster
cycling rates and the major route for trace metals
transfer from plants to soil, and eventually to adjacent
coastal waters, it is clear that a minor proportion of
metals incorporated in mangrove trees will cycle
through the ecosystem. The preferential incorporation
of trace metals takes place in perennial tissues of man-
grove trees, and makes these compartments semi-
permanent sinks of trace metals. Therefore, both at the
abiotic level (stable, low-bioavailable compounds in
soils) and biological (through fixation in root iron-
plaques and perennial tissues), trace metals are effi-
ciently trapped in mangroves, suggesting that these
ecosystems are efficient biogeochemical barriers for
trace metals in tropical coastal areas.

The data discussed here strongly suggest that
mangrove plants are inefficient accumulators of trace
metals and therefore are poor biological monitors for
trace metals contamination. However, the mangrove
ecosystem as a whole may play an important role as a
biogecochemical barrier to trace metal transport in
coastal areas. At the soil level, mangroves keep trace
metals unavailable to plant uptake. At the plant level
they display physiological mechanisms which make
trace metals uptake extremely difficult, fixing them on
the outer surface of roots. By preferentially accumu-
lating trace metals in perennial tissues, and keeping

Table 6.7, Mass distribution of trace metals in sediments and hiomass of a fringe mangrove forest in SE Brazil

(Silva et al., 1990), (kg.ha™),

Compartment Mass Mn Fe Zn Cu
Sediment 4,799,604 390 33,492 150 i3
(% of total) (98.3) (99.4) (99.9) (99.5) (99.1)
Biomass 81,707 2.4 17.5 0.7 0.12
(% of total) (1.7 (0.6) (0.1) (0.5) (0.9)
Sediment/biomass 58 165 1,000 200 110

Table 6.8, Mass distribution of biomass and trace metals in different compartments of a R. mangle forest in SE

Brazil, after Silva e al. (1990) (kg.ha™),

Compartment Mass (%) Mn (%) Fe (%) Zn (%) Cu (%)
Below-ground roots 16,334 (20.0) 0.25 (10.2) 16.51 (94.6) 0.33 (49.3) 0.08 (66.7)
Aerial roots 16,762 (20.1) 0.26 (10.7) 0.14 (0.8) 0.12 (17.9) 0.01 (8.3)
Trunks 31,422 (38.6) 0.64 (26.2) 0.39(2.2) 0.11 (16.4) 0.02 (16.6)
Branches 12,912 (15.9) 0.87 (35.7) 0.25(1.4) 0.08 (11.9) 0.01(8.3)
Leaves 4,202 (5.2) 0.42 (17.2) 0.16 (0.9) 0.03 (4.5) <0.01 (<0.1)
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Table 6.9, Mass distribution of biomass and trace metals in different compartments of a R. mangle forest in Puerto

Rico, after Ragsdale & Thorhaug (1980) (kg.ha™).

Compartment Mass (%) ' Fe (%) Zn (%) Cu (%)

Below-ground roois 55,500 (43.7) 451 (71.1) 0.70 (68.1) 0.89 (82.3)
Aerial roots 17,700 (13.6) 49,5 (24.9) 0.19 (5.9 0.21 (6.2)
Trunks 50,200 (38.0) 1.91 (2.7) 0.29 (25.6) 0.13 (10.8)
Leaves 6,600 (5.1) (0.01) 0.03 (0.4) 0.04 (0.5)

leaf concentrations low, mangrove trees also act as a
long term sink these pollutants. Therefore, mangrove
ccosystems have a significant role in trace metal con-
tamination control in tropical coastal areas.

7. Trace metals concentration and
distribution in mangrove animals

Trace metal contamination of mangrove animals
has been poorly studied. A generalized pattern of their
distribution cannot be described at present. Mercury
has been one of the most studied elements, and since
its major sources are diffuse, its behavior may be typi-
cal of this type of contaminant. In general, most stud-
ies have dealt with the contamination of molluscs, ,
due to the facility of collecting these organisms and
their high concentration factors. For example, in the
mangroves of the Botafogo River, northeastern Brazil,
mangrove oysters show concentration factors (CF) for
Hg, ranging from 750 to' 1,500, relative to the water
total Hg concentrations (CF = Hg concentration in
oyster/Hg concentrations in water and/or sediments)
(Meyer, 1996).

The high concentration factors frequently found in
filter feeding organisms, arc due to a multiple expo-
sure of the oyster to many environmental compart-
ments  containing trace metals. As filter feeding
organisms, they incorporate their trace metal load
through direct absorption of dissolved metals from the
water and from the ingestion of contaminated sus-
pended particles and resuspended bottom sediments.
Although dissolved trace metals are more bioavailable
than other forms, sediments can also be a significant
source of contaminants in the changing tidal estuarine
environment (Bryan, 1986; King & Davies, 1987).
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Evidence from temperate studies suggests that
suspended matter is more important as a source of
trace metals to invertebrates than seawater. The avail-
ability of trace metals in suspended particles will de-
pend on the chemical bond and on the stability of the
metal-particle interaction, facing digestion. Studies by
Bryan (1984, 1986) have shown that trace metals
bound to biogenic carbonates and organic matter are
incorporated more efficiently by bivalves than those
bound to Fe and Mn precipitates, Di Toro (1990)
showed that trace metals precipitated as sulfides are
practically non available to filter feeding organisms, In
the mangrove environment, conditions are generally
reducing, and there is abundance of organic maiter
and fine sediments that may complex trace metals as
stable organic-metal compounds, or by strong adsorp-
tion onto clays and/or precipitation as sulfides, thus
decreasing their bioavailability to particle-feeding ani-
mals (Harbinson, 1986a; Lacerda., 1993; Carvalho &
Lacerda, 1992). This may result in a lower trace metal
content in animals living in mangroves as compared to
those living in adjacent coastal waters.

Lacerda ef al. (1983) and Pfeiffer er al. (1985)
found concentrations of Zn, Cd, Cu, Cr and Pb in the
mangrove oyster Crassostraeqa (vhizophorae) brasili-
ana, one order of magnitude lower in animals col-
lected inside mangroves than in animals collected in
adjacent coastal waters, in SE Brazil. These animals
were submitted to the same trace metal sources.
Therefore, the only explanation of these results is the
lower bioavailability of trace metals in mangrove envi-
ronments relative to coastal waters. However, due to
the scarcity of data, no generalization of this prelimi-
nary information is possible.

Mangrove animals, particularly molluscs, have
been used in some studies mostly for monitoring pur-
poses. Contrary to the macroalgae, other typical
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monitoring organisms, with very low biomass and
small size in mangrove ecosystems that frequently oc-
cur mixed with fine sediments, molluscs are abundant,
have a relatively large size and large biomass. There-
fore, these animals are ideal for monitoring purposes.

Crassostraea (rhizophorae) brasiliana for exam-
ple, was used in the monitoring of the spatial and tem-
poral distribution of Zn, Cd, Cr and Fe along the SE
coast of Rio de Janeiro, an area dominated by man-
groves. The results showed that this oyster species re-
sponds well to the spatial distribution of
environmental concentrations of these pollutants. A
certain amount of seasonal variation was reporied,
causing difficulty for a proper monitoring of the tem-
poral variability of the pollutant concentrations (Lima
el al, 1986). In a study with the same objective,
Meyer (1996) found no seasonal variation in the Hg
content of Crassostraea (rhizophorae) brasiliana
along the Canal de Santa Cruz mangroves in north-
eastern Brazil, but found significant positive correla-
tion between Hg content in oysters and the
concentrations in suspended and bottom sediments.

A summary of the data on the trace metal concen-
trations in mangrove animals is shown on table 7.1,
Contrary to concentrations in plants, the results for
animals are always given in wet weight, The data
clearly show that no conclusion whatsoever can be
drawn because of shortage of data,

Even fewer studies have dealt with the factors af-
fecting trace metal concentrations in mangrove ani-
mals. Lacerda ef al., (1983) found decreasing trace
metal concentrations with size in the mangrove mussel
Mytella guyanensis, a relationship frequently reported
for temperate mussels, due to faster metabolic rates of
younger organisms. However, Cd showed an inverse
relationship with size, suggesting a net accumulation
of this toxic metal with increasing animal size (figure
7.1). For essential elements such as Cu, the concentra-
tions were nearly constant regardless of body size,
suggesting that essential trace metals may be physio-
logically controlled to an optimum necessary for the
functioning of the animal’s metabolism,

Unfortunately many more studies are necessary to
draw a general picture of the fate of trace metals in
mangrove animals. This, however, is a crucial and ur-
gent step, due to the socio-economic importance of
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Figure 7.1. Size and trace metal concentration in the
mangrove mussel Adyvtella guvanensis from SE
Brazil (Lacerda ef al. (1983)).

mangrove animals for many coastal populations, and
the fact that animals are the potential pathway to the
transfer of pollutants to humans in coastal
environments,
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Table 7.1. Concentrations of selected trace metals in mangrove animals (ng.g* wet weight),

Animat Site Hg Zn Author

Lile piguitinga Recife, NE Brazil 0.09 - Meyer (1996)
Anchovia clupeidis Recife, NE Brazil 0.08 ~ Meyer (1996)
Crassosiraea rhizophorae Recife, NE Brazil 0.2-0.4 - Meyer (1996)
Crassostraea rhizophorae Sepetiba, SE Brazil 0.3-0.7 - 430-650 Pfeiffer ef al. (1985)
AMytella guyanensis Sepetiba, SE Brazil <0.1-0.2 - 5.6-18 Feema (1997)
Myrella guyanensis Sepetiba, SE Brazil 0.2-0.9 - 4.5-84 Lacerda ef af (1983)
Cardisoma sp. SE Brazil <0.1-1.4 - 14-106 FEEMA (1997)

8. Diffuse pollutants interactions with
global environmental impacts on
mangroves

The biogeodynamics of pollutants originated from
diffiise sources, contrary to most of those derived from
direct, point sources, may be affected by anthropo-
genic impacts which cause changes in ecological,
physical and chemical conditions of mangrove ecosys-
tems. The interactions between the biogeodynamics of
pollutants from diffuse sources and other environ-
mental impacts on mangroves may act at two levels.
First, impacts can affect the mobilization of the pollut-
ant proper and second, a given impact can alter the ca-
pacity of a mangrove ccosystem to immobilize
pollutants. Among the many anthropogenic impacts on
mangroves which may affect pollutant biogeodynam-
ics, the most important is changing hydrological pat-
terns and salinity regime due to engineering works at
mangrove watersheds, dredging of waterways, and the
disposal of aquaculture, agriculture and urban wastes
in mangrove basins, Also, “natural” impacts can influ-
ence pollutant biogeochemistry in mangroves, in par-
ticular storms and hurricanes and relative sea level
rise (table 8.1).

Hydrological changes in mangrove basins, mostly
caused by canalization, increases the flux of particle-
bound trace metals as well as organic micropollutants,
leached from soils. However, it also results in increas-
ing sedimentation rates and consequently increasing
pollutant burial rates. For example, in Sepetiba Bay,
SE Brazil, canalization of the Sdo Francisco canal, re-
sulted in an increase by a factor of 10 of the fluvial
load. As a result, sedimentation rates in mangrove
dominated sites increased from 0.12 emyr! to
0.54cm.yr' and 0.78 cm.yr (Barcellos, 1995). This
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increased sedimentation reduces surface trace metal
concentrations in the Bay's bottom sediments due to
dilution and increased trace metal burial rates (Barcel-
los ef al., 1997). Decrease in porewater salinity can
also be induced by increasing fresh water supply and
may augment mangrove productivity in saline stressed
arcas leading to enhanced mangrove accumulation ca-
pacity for pollutants.

Dredging of navigation canals is the adjacent open
waters and construction of breakwaters have an oppo-
site effect on sedimentation rates. Here increase in ero-
sion rates is expected, resulting in the removal of
burted pollutants from mangrove sediments. For ex-
ample, the construction of the protection moles for the
Lagos harbor, Nigeria, resulted in intense erosion of
coastal sediments and a regression of the coast line at
a rate of 25 to 30 meters per year (Adcgbic, 1996).
Mobilization of buried pollutants occur not only
through the physical transport by stronger tidal cur-
rents, but also by putting pollutants into a different
chemical environment from the one found in the sedi-
ment column, changing the equilibrium between dis-
solved and particulate phases. Similar results are also
expected due to construction of dams upstream, with
the consequent decrease in freshwater supply to
mangroves.

Building of aquaculture ponds in mangrove areas
is a major issue at present for mangrove conservation
strategies. For example, shrimp ponds are reported to
have substituted nearly 200,000 ha of mangroves in
Ecuador (Bodero, 1993). In India aquaculture farms
release nearly 3 million m® per day of effluents to
coastal areas (Ramachandran, 1996). The construc-
tion of ponds results in rapid changes in sediment
chemical conditions, in particular on the redox
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Table 8.1. Interactions hetween pollutant biogeodynamics and other environmental impacts on mangrove

ecosystems,

Impact Effects

1. Canalization of basin

fhuvial systems coastal waters

~ increased particle-bound pollutant flux due to increasing suspended sediinent load to

- increased pollutant burial rates due to increasing sedimentation

2, Dredging of navigation

- enhanced pollutant removal from sediments and export to the sea due to increasing ero-
canals sion from stronger tidal currents

- increasing wash out of deposited litter and its metal load

3. Pond aguaculture
4. Increasing sewage input

5. Relative sea level rise

- dissolution of precipitated metal sulfides due to increasing redox potential of pore waters
- increased metal sulfide precipitation due to increasing oxygen consumption

- increased particle-bound pollutant flux to the sea due to increasing crosion

- increased heavy metals mobilization due to more efficient leaching of deposited metals by

saline pore waters

- increased heavy metals uptake by plants due to decreasing efficiency of physiological bar-

riers at the root level

- speed up of metal cycling through accelerating leaf turnover,

potential of sediment porewater. During the construc-
tion and infill up of ponds, fast oxidation of anoxic
sediment layers occurs, Under this newly created oxi-
dizing environment, precipitated metal sulfides are dis-
solved and mobilization of metals to pore waters and
tidal currents take place, resulting in high dissolved
metal concentrations and contamination of the species
under culture, This is particularly serious for shrimp
aquaculture, since shrimp larvae are particularly sen-
sitive to high concentration of dissolved heavy metals.

As a result from fast urbanization of coastal arcas,
increasing loads of urban sewage takes place in many
mangrove areas. Oxidation of organic matter from
sewage results in strong anoxia of mangrove waters,
At first instance, decreasing redox conditions will fa-
vor metal precipitation as sulfides. However, in the
long term, pernmanent anoxia may affect mangrove
plant's metabolism, decreasing their capacity for im-
mobilizing heavy metals and for decreasing iron
plaque production, or reducing filtration capacity as
for the Rhizophoraceae.

The impacts of relative sea level rise upon man-
grove biogeochemistry have been recently reviewed
(UNEP, 1994). It may result in increasing erosion of
mangrove sediments causing a larger flux of particu-
late heavy metals to the ocean. Also, washout of de-
posited litter may increase, accelerating the transfer of
pollutants associated with mangrove leaf litter to

coastal food chains. Saline intrusion may efficiently
leach heavy metals deposited in the basin soils. Also,
more saline pore waters are able to enhance heavy
metals mobilization in the sediments. For example
metals deposited in bottom sediments from coastal la-
goons of different salinity show different availability,
regardless of the total amount present in sediments
(Lacerda, 1993).

Apart from enhancing heavy metal mobilization in
the sediments, increasing salinity leads to stress condi-
tions of mangrove trees which results in lowered effi-
ciency in blocking metal uptake, such as decreasing of
iron plaque formation and imbalance of salt uptake
control mechanisms. Heavy metals concentrations in
leaves of mangrove plants are significantly correlated
with scdiment salinity (Lacerda ef al., 1985b), rather
than with sediment trace metal concentrations, mean-
ing that salinity may effectively control at least part of
the trace metal uptake by mangrove plants. Since
higher salinity also accelerates leaf turnover rates, the
cyeling of heavy metals in mangroves may be acceler-
ated, resulting in a larger supply of poliutants to ma-
rine food chains.

The short discussion above intends to put forward
an issue which may be of high significance to the con-
servation of mangrove forests. Since direct effluents of
pollutants released directly into mangroves are being
extensively controlled by governmental authorities in
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most countries, the remobilization of existing poltut-
ants due to unrelated anthropogenic impacts, may be-
come the major threat to these ecosystems. This may
result in time-delayed and spatially displaced effects,
difficult to forecast and nearly impossible to prevent.

9. Summary and outlook

Trace metals reach mangrove ecosystems mostly
from diffuse sources, such as atmospheric deposition,
tidal transfer, flooding of rivers and continental run-
off. Although direct inputs can be important in se-
lected sites, as in mining districts, they are being
controlled in most countries. The biogeochemical
processes dominating the mangrove sediments result in
a natural accumulation mechanism and relatively high
trace metal concentrations, even when the anthropo-
genic influence is small. However, under pristine con-
ditions, these same  mechanisms  (sulfate
reduction/sulfide precipitation and organic matter
complexation) keep most trace metals under chemical
forms of very low availability to the biota. Therefore,
mangrove ccosystems are a natural sink for trace
metals.

Mangrove plants incidentally use their mecha-
misms of salt uptake control and of oxidation of their
rhizospheres to make trace metal uptake difficult.
Even when some trace metals are incorporated into
plants, they are preferentially accumulated in peren-
nial tissues, in particular trunks, which augments their
residence time in the forest biomass. This also results
in relatively low trace metal concentrations in man-
grove detritus, when compared to the trace metal con-
centrations in suspended particulate matter from
adjacent coastal waters.

Unfortunately, very few data exist on trace metal
contamination of mangrove animals. Although the low
bioavailability of trace metals in the mangrove cnvi-
ronment will result in low trace metal concentrations
in animals, the great socio-economic importance of the
mangrove fauna to coastal human populations, re-
quires that intensive research should be dedicated to
this subject.

The resistance of mangroves to trace metal pollu-

tion and its character of long term sinks, may allow
these ecosystems to be used as an economically
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interesting alternative for treating some urban and in-
dustrial effluents, after a proper evaluation of each
specific situation. Notwithstanding this, the sink ca-
pacity of mangroves fo trace metals will be limited,
but the threshold of the accumulation process, without
significantly affecting the mangrove organisms, is
probably very site specific and still unknown. Since
the processes responsible for the sink character of
mangroves are biologically mediated and are depend-
ent on the maintenance of the mangroves natural
physical and chemical conditions, time delayed effects
of trace metal contamination can occur, following dis-
turbances of the mangrove environment. Of greater
significance arc those anthropogenic activitics which
result in erosion and oxidation of mangrove sediments,
such as deforestation, dredging and canalization. In
the long term, relative sea level rise and changes in
land use, may also trigger deleterious effects of the ac-
cumulated trace metals.

The general scarcity of data on a global basis on
the impacts of trace metals and diffuse pollution on
mangroves, calls for an urgent extensive survey on the
situation, in particular in rapid developing tropical
countries, both to evaluate mangrove utilization as a
natural defense against pollutants and as a potential
source of such substances in arcas where mangroves
are threatened by impacting anthropogenic activities.
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ACTIVITIES OF
THE INTERNATIONAL SOCIETY FOR MANGROVE ECOSYSTEMS (ISME)

ISME was founded in 1990 as a society to promote study and research concerning mangrove ecosystems,
with the ultimate goal of laying the bases for rational, sustainable use and management of these resources. A
non-governmental and non-profit-making organization, ISME brings together interested scientists, profession-
als and institutions working for the conservation and better use of the mangroves of the world.

The Society is affiliated to the JCSU family of organizations as a constituent part of the International Union
of Biological Science (IUBS) through the International Association of Biological Oceanography (IABO), and
has observer status with several organizations of the United Nations.

ISME organizes and cosponsor conferences, seminars, symposia and working group meetings; to organize
Iectures and courses; to publish both scientific and popular articles, ISME promote mangrove ecosystems re-
search and extension activities for sustainable management, rational utilization, rehabilitation and conservation
of mangrove ecosystems. Since 1995, ISME has been implementing a two month mangrove training course, fi-
nanced by JICA. The number of participants for the last three years sums up to 20 from 17 countries. As of
March 1998, ISME has 667 individual members and 34 institutional members from 73 countries.

While its Secretariat is located in Okinawa (Japan), ISME undertakes to implement projects anywhere in
the world where the expertise of its members can be of service, Through its newsletter, the Society provides an
open forum for discussion leading to the optimum modalities of attaining its objectives. In addition, ISME has
ce-operated with the International Tropical Timber Organization (ITTO) {o promote mangrove research.

As well, ISME organizes annual training courses, sponsored by the Japan International Cooperation

Agency, and publishes educational and professionals papers as well as videos. Thus far, the following have
been produced:

ISME Mangrove Ecosystems Occasional Papers

No. 1. 1993. Mangrove Nurseries in Bangladesh, by N A, Siddigi, MR, Kstam, M.S.S. Kahn, and M.
Shahidullah;

No. 2. 1998, Trace Metals Biogeochemistry and Diffuse Pollution in Mangrove Ecosystems, by Luiz Drude de
Lacerda.

ISME Mangrove Ecosystems Proceedings

No. 1. 1993. Proceedings of a Workshop on Conservation and Sustainable Utilization of Mangrove Forests in
Latin America and Africa Regions, Niteroi, Brazil 28-30 May 1993;

No. 2. 1993. Proceedings of a Workshop on Conservation and Sustainable Utilization of Mangrove Forests in
Latin America and Africa Regions, Dakar, Senegal, 20-22 January 1993,

No. 3. 1994. Proceedings of VII Pacific Science Inter-Congress Mangrove Session, Okinawa, Japan, 1-2 July
1993,




ISME Mangrove Ecosystems Technical Reports

No. 1. 1993. The Economic and Environmental Vakes of Mangrove Forests and their Present State of
Conservation in the South-east Asia/Pacific Region. (an ITTO/ISME Project);

No. 2. 1993. Conservation and Sustainable Utilization of Mangrove Forests in Latin America and Africa
Regions, Part I - Latin America. {an ITTO/ISME Project);

No. 3. 1993. Conservation and Sustainable Utilization of Mangrove Forests in Latin America and Africa
Regions, Part IT - Africa. (an ITTO/ISME Project),

No. 4. 1994. Study of Chokoria Sundarbans Using Remote Sensing Techniques, by A M. Choudhury, D.A.
Quadir, and Md. Jinnahtul Islam. (with the support of AEON Foundation).

Slide Set Programme for Children

1994 - A Slide Programme of Environmental Education for Vietnamese Children, entitled "Know Your
Mangroves", 73 slides and textbook:

1995 - A Slide Programme of Environmental Education for Children, entitled "Know Your Mangroves”, 2nd
edition, 76 colour slides and textbook;

1996 - Video on mangroves of Fiji, entitled "What the Tides Bring",
1997 - Video on mangroves of Thailand, entitled "Living with Mangroves".

Outputs of ITTO/ISME Project:
"Mauunal and a world natural mangrove atlas for mangrove ecosystem restoration

- Non-technical publication: Journey Amongst Mangroves;

- Technical manual: Restoration of Mangrove Ecosystems;

2

- Atlas: World Mangrove Atlas.
For more information and purchase, contact:

ISME Secretariat

¢/o College of Agriculture,
University of the Ryukyus
Okinawa 903-0129 Japan

Telephone: (81-98) 895-6601;
Facsimile: (81-98) 895-6602.
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