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18.1 Salt Marshes, Halophytes

and Contaminants

Several studies (Morris et al. 1986; Bewers and Yeats 1989;
Vale 1990) describe estuaries as efficient filters of suspended
particulate matter (SPM) and heavy metals, majorly through
particle-solute interactions, flocculation processes and settling
down of metal-charged particles. Since the industrial revolu-
tion, large amounts of contaminants have been released to the
atmosphere, soils and watercourses. Most of these emissions
will be transferred in ultimate analysis into a water matrix,
either by atmospheric deposition or by soil erosion, where
they will stay dissolved or associated to sediment particles
(Nriagu 1988; Viers et al. 2009). This is a very dynamic mech-
anism greatly influenced by the river hydrological conditions.

Salt marshes are natural deposits of heavy metals in the
estuarine system (Doyle and Otte 1997; Williams et al.
1994). When located near polluted areas, these ecosystems
receive large amounts of pollutants from industrial and urban
wastes that either drifts downstream within the river flow or
of waste dumping from the near industrial and urban areas
(Reboreda and Cacador 2007). When metals enter salt
marshes, they spread along with the tides and periodic floods
and interact with the sediment and the biotic community
(Suntornvongsagul et al. 2007). Most salt marsh plants accu-
mulate large amounts of metals in their aerial and below-
ground organs (Cagador et al. 1996). Their ability to
phytostabilize those contaminants in the rhizosediment is an
important aspect in the ecosystem self-remediative processes
and biogeochemistry (Weis and Weis 2004).
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In the last decades, phytoremediation has become a promis-
ing biotechnology for cleaning up contaminants, namely, met-
als (Cunningham et al. 1995; Cunningham and Ow 1996).
Several works concerning a large variety of plant species have
been published in the last decades identifying possible hyperac-
cumulator species (Salt et al. 1997; Brown et al. 1994). Besides
accumulation, some other abilities have arisen as potential
metal detoxification mechanisms to less harmful forms, either
by chelation (Duarte et al. 2007) or redox reactions, changing
the metal’s oxidation states. However two important aspects
must be considered when choosing the best phytoremediator
species for a specific location and level of contamination: the
biomass production ability and the ecology of the species
(Redondo-Goémez et al. 2011). When considering contami-
nated wetland phytoremediation, the number of potential spe-
cies becomes reduced to a few due to the specificities of these
environments, like tidal saltwater flooding and waterlogging.
Even though a species is considered to fit in this description and
with a phytoremediative potential, it is also important to con-
sider its ecophysiological response (like oxidative feedback) to
this metal accumulation. This oxidative feedback will be
important to determine whether this species can tolerate high
metal concentrations and with this maintain its ecophysiologi-
cal health and carry out the phytoremediative process.

Chromium is used in many industrial processes, and its
unregulated use and dumping have led to water, sediment and
biota contamination (Vale et al. 2008; Duarte et al. 2008, 2009).
Industrial activities such as plating, tanning, corrosion inhibi-
tion, glassware-cleaning solutions, wood preservation, metal
finishing or chromite ore processing (COP), are the main
sources of trivalent and hexavalent toxic chromium compounds
(Barceloux 1999; Losi et al. 1994). Cr-elevated contents (up to
600 ppm) in some phosphate fertilizers may be also a signifi-
cant source of this metal in soils, although the most hazardous
addition of Cr to a soil is related to tannery sludge, which can
contain up to 2.8 % of this metal (Kabata-Pendias and Pendias
2001). Estuarine areas are often affected by both these indus-
trial and agricultural activities, unbalancing their critical envi-
ronmental equilibrium (Pazos-Capedns et al. 2010).
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18.2 Chromium Sediment Storage

As stated before, one of the major sources of Cr supply to
wetlands, and particularly in estuarine salt marshes, is the
tidal flooding. When dissolved and particulate Cr reaches the
salt marshes, it will be deposited in the sediments establish-
ing chemical bounds with it. This can be easily observed by
its speciation (how Cr is bound to each of the sediment com-
ponents) as shown in Fig. 18.1.

The sediments become this way the major storage pool of
Cr in the estuarine system. As seen in Fig. 18.1, Cr has high
affinity for the organic matter, establishing relatively stable
chemical bounds (Duarte et al. 2008, 2009). In fact, Cr is
well described in the literature as being a strong oxidizer of
the organic matter, being even used as reagent for the deter-
mination of some of the organic components of the sedi-
ments and water due to this property. This way, salt marsh
sediments tend to store Cr in a rather stable form but which
is accessible throughout oxidizable conditions or throughout
organic matter hydrolysis, for example, by the microbial
community (Duarte et al. 2008, 2009). This leads to shifts
and fluctuations in the bioavailability of Cr, making it acces-
sible to the biota. In fact, if the Cr concentrations in the estu-
arine environment are considered, the second largest pool of
this metal appears in the roots of the halophytes.

18.3 Chromium Natural Phytoremediation
Considering the case of polluted salt marshes, the metal

cycling throughout the sediment and the vegetation becomes
of great interest. According to several works and as stated
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before (Duarte et al. 2010; Cagador et al. 2009), it is possible
to observe that the two major pools of heavy metals in the
salt marshes are the sediment and the root system of resident
species (Fig. 18.2). The higher metal budgets in roots cor-
roborate their increased ability for heavy metal accumula-
tion. The calculated root decomposition rates suggest that
these metal pools are quite mobile particularly in S. mari-
tima. This mobility is very important since it creates a cycle
of metals between the sediment and the root system. Although
a higher fraction of biomass losses in the aboveground
organs was found, their low metal concentration makes the
detritus generated by the aboveground less contributing for
the metal budgets. Conversely, the comparatively low losses
of biomass in the root system generate less necromass, but
with very high concentrations of metals. This necromass
becomes important to the metal budget of the sediment, not
only due to its input of heavy metals but also due to the
increase of organic matter content of this matrix. The bioac-
cumulation of these elements in the belowground organs is
rather mobile, being able to return to the sediment matrix due
to necromass generation and mineralization processes sub-
due. The return of metals due to these decaying processes
and consequent input of metals into the sediments, although
in rather lower concentrations comparatively to the existent
in this matrix, is very important to be considered not only
due to the amount of metal released through this process but
also by the metal forms it introduces into the sediment.
These organically bound metals were already reported as
being one of the most important fractions of metals present
in these sediments, being subjected to microbial degradation
processes (Duarte et al. 2008), that can lead to more bioavail-
able metal forms and contamination of the pore waters. All
this process is the equivalent to a phytoremediation process,
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Fig.18.1 Chromium speciation and total concentrations in sediment exposed to different levels of contamination during 6 days of repeated peri-

odic flooding with Cr-contaminated water
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21.45 mg m? n 9.68 mg m2

S. maritima

Fig. 18.2 Chromium accumulation and exportations (due to senes-
cence) per square metre by Spartina maritima in a low polluted salt
marsh, during a year life cycle (adapted from Couto et al. 2013)

occurring everyday in natural ecosystem such as salt marsh,
indicating the suitability of these halophytes as potential
applications in promoted phytoremediation processes. This
natural process is a well-documented ecological role of these
ecosystems, contributing naturally for the estuarine depura-
tion and promoting the maintenance of the ecosystem eco-
logical status (Cagador et al. 2013).

18.4 Chromium-Assisted
Phytoremediation

Recently, a new approach has also been taken based on this
natural phytoremediation processes. This approach is based
on the enhancement of this mechanism throughout the addi-
tion of chemical compounds (organic or inorganic) that
would intervene in the phytoremediative process (Duarte
et al. 2007, 2010). Plants can modify metal speciation
throughout several processes, like radial oxygen loss (ROL)
and exudation of organic acids (Sundby et al. 1998; Jacob
and Otte 2004; Duarte et al. 2007). This last process is well
documented for plants with agricultural interest (Jones 1998
and paper herein referred), but there are much less papers
investigating wetland plants. One of the groups of substances
exudated by salt marsh plants are low-molecular-weight
organic acids (LMWOA), such as malic, citric and acetic
acids (Mucha et al. 2005). These LMWOA are able to
bind to metals establishing complexes and changing their
bioavailability (Parker et al. 2001). These exudates have
been related to nutrient uptake (Marschner 1995), metal
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detoxification (Ma et al. 2001) and microbial communication
(Jones 1998) in agricultural ecosystems. The use of these
LMWOA can be a useful tool in the so-called assisted phy-
toremediation processes improving the metal uptake by
plants. As observed in Fig. 18.3, the application of LMWOA
improved not only the phyto-extractability of Cr but also in
some cases its allocation within the plant (Duarte et al.
2010). Although some of the changes result directly from the
application of the LMWOA in study, they are often products
of reactions in which these molecules are involved at the root
surface. Cr exhibited higher uptake upon application of
organic acids. All of the applications showed important
increases in the Cr uptake probably due to the interaction of
Cr(IIT) with these organic ligands resulting in the formation
of very mobile organic-bound Cr(III) complexes (Srivastava
et al. 1999). Although the presence of manganese oxides
could lead to the oxidation of Cr(III) to Cr(VI) and formation
of Cr(VI) organic-bound complexes that are less taken up by
plants, there are several side reactions that slow down this
oxidation. These maintain the Cr(IIl) organic-bound com-
plexes as the more abundant species of Cr(Ill) (Bartlett
1991). This is in agreement with the present data, which
shows a high increase of Cr uptake upon organic acids appli-
cation, due to the formation of this highly mobile organic-
bound Cr(IIT) complexes. Previous work showed that most of
the Cr found in the roots was present in the form of Cr ace-
tate (Bluskov et al. 2005). This form is mostly stored in the
cortex of the roots and lately translocated to the aboveground
parts by conversion into Cr oxalate. In the plants treated with
acetic acid, there was a very high increase in Cr content not
only in the roots but also in the shoots. This should probably
be attributed to this mechanism of acetate-oxalate conver-
sion, in contrast to what was found in the other LMWOA
treatments where only the root Cr content increased.

The tenfold increase in Cr uptake observed when acetic
acid is applied points out to a very promising technique for
bioremediation of Cr-contaminated sediments. The potential
environmental risk must be recognized at the early stage of
LMWOA application. With this application, the labile
complexes-associated metals could be absorbed and taken up
directly by plants. New techniques could facilitate the
decomposition of these organo-metal complexes in the short
term, increasing the proportion of free ions and enhancing
the uptake by plants, thus minimizing the environmental
risk. Metals can therefore be removed of the system by har-
vesting of the aboveground biomass. This points out to a
research need to make the use of these environmental-
friendly phytoextraction enhancers feasible for commercial
phytoextraction. In addition, the use of natural compounds in
contraposition to synthetic chelates sounds better for the
public acceptance of phytoextraction as a technology to
clean up metal-polluted soils.
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18.5 The Phyto-transformation
of Chromium (VI) to (lll)

Chromium has two states of oxidation, Cr (III) and Cr (VI).
The latter has been classified as a primary contaminant (Lytle
et al. 1998) due to its mobility and reported harmful effects
in animals and humans (Kortenkamp et al. 1996). Although
this toxic effect is associated to Cr (VI) form, Cr is also an
essential element in the nutrition of several organisms in its
stable Cr (III) form (Katz and Salem 1994). This reduction of
a toxic form to a stable nontoxic and beneficial form has
gathered the attention of several investigative teams.
Abiotically, the reduction of Cr (VI) can occur by the reac-
tions with other ions, metallic or mineral surfaces and organic
molecules (Wittbrodt and Palmer 1996). More important for
phytoremediation proposes, the reduction of Cr (VI) to Cr
(IIT) can be biologically mediated (Mikalsen et al. 1991;
Stearns et al. 1995). Bacteria-mediated Cr (VI) to Cr (III)
reduction pathway by a specific Crreductase is well described
(Shen and Wang 1993; Nies 1992; Romheld and Marschner
1983), although this mechanism has not been identified in
non-engineered plants. Some recent studies (Duarte et al.
2012) point out some halophyte species as potential phyto-
converters and phyto-accumulators of Cr. This has implica-
tions both at ecological and cellular levels. Ecologically it
was found that, for example, H. portulacoides could accu-
mulate very high Cr concentrations, in particular in the root
system (Fig. 18.4).

Earlier reports pointed out in the same direction using
non-halophyte-rooted aquatic plants (Gupta et al. 1999; Sinha
et al. 2003; Suseela et al. 2002) and registered significantly

Control  Citric acid  Malic acid Oxalic acid Acetic acid Gallic acid

higher values in the roots than their upper parts. High metal
accumulation in the fine roots is also in agreement with ear-
lier reports (Sinicrope et al. 1992). Qian et al. (1999) also
reported the highest concentration of Cr in the plant roots and
lower level in shoots similar to other ten elements studied in
twelve aquatic plants. Also field-monitoring studies directed
to this species showed that the main biological metal sink is
the halophyte root system (Cagador et al. 2009; Duarte et al.
2010). This can be due to metal binding to organic ligands,
thus reducing its mobility from roots to aerial parts. Another
important aspect focused in this study (Duarte et al. 2012)
was the H. portulacoides-mediated Cr (VI) to Cr (III) reduc-
tion (Fig. 18.5). It was found that this species can convert
large Cr (VI) amounts to its less toxic form. This was already
pointed out as a defence mechanism in sediments colonized
by H. portulacoides, where a reduction of Cr (VI) to Cr (III)
would have as consequence the retention, of this element, in
Fe oxyhydroxide fraction, decreasing its bioavailability
(Tanackovic et al. 2008). Lytle et al. (1998) found similar
data concerning soluble Cr (VI) reduction by water hyacinth,
suggesting that wetland plants uptake Cr in its less toxic
form, throughout external reduction of Cr (VI) by their lateral
fine roots, probably due to oxalate exudation.

This points out for two potential phytoremediative appli-
cations. Not only this species can accumulate large amounts
of Cr withdrawn from its surrounding medium, but it can
also convert high percentages of the remaining Cr (VI) into a
less toxic form. This toxicity reduction is important not only
for this plant species but also for the remaining surrounding
biota, with a potentially essential role for environmental
detoxification. This phytoremediation potential must be
allied to a healthy and tolerant metabolism.
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18.6 Final Remarks

Salt marshes are very interesting field laboratories to study
metal biogeochemistry, namely, Cr. Salt marsh localization
in estuarine systems, where large concentrations of indus-
trial activities are gathered, makes them target systems to
store metals. Being preferentially bound to the organic mat-
ter present in the sediment, the removal of Cr throughout
natural or enhanced processes occurs throughout plant-
mediated processes. Naturally, plants acquire during their
life cycle nutrients from their sediments but also some

15 mg/L Cr

30 mg/L Cr
Treatments

non-nutritional elements, like Cr, and store them in their
tissues. This natural ability can also be used and enhanced
by the application of transporter molecules, like LMWOA,
in order to increase the sediment-plant Cr transport. At this
interface, it is also interesting to analyse the important root-
mediated process of phyto-conversion of Cr (VI) toxic form
to the less toxic Cr (III). Again, halophytes acquire an
important role with high conversion efficiencies. All these
passive and enhanced processes point out to a promising
biotechnology using halophytes as potential cleaners of
Cr-contaminated sediments, using environmental-friendly
and low-cost technologies.
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