IPL

escola superior de rurismo
e recnologia do mar
instiruro polinecnico de leiria

Phytoremediation of cadmium at different salinitidsy

Scirpus maritimus from the Obidos Lagoon (Portugal)

Marcia Sofia da Silva Santos

[2011]






IPL

escola superior de rurismo
e recnologia do mar
instiruro polirecnico de leiria

Phytoremediation of cadmium at different salinitidsy

Scirpus maritimus from the Obidos Lagoon (Portugal)

Marcia Sofia da Silva Santos

Project study submitted to obtain the degree oftbtas

in Biotechnology of Marine Resources.

Project study performed under the orientation of

Doctor Susana Ferreira and co-orientation of DoBituia Gongalves.

[2011]






Title: Phytoremediation of cadmium at differentisgiles by Scirpus maritimusfrom the
Obidos Lagoon (Portugal)

Copyrighf Méarcia Sofia da Silva Santos
School of Tourism and Maritime Technology
Polytechnic Institute of Leiria
2011

The School of Tourism and Maritime Technology ahd Polytechnic Institute of
Leiria have the perpetual right to this dissertativithout geographical limits. They can also
publish it digitally or as printed paper copies,amy other form known and yet still to be
invented. They also have the right to dissemirtatescientific repositories, as well as to allow
its copy and distribution for educational or resbapurposes, without commercial interests,

just as credit is given to its author







This thesis is dedicated to my parents,
my grandmother,
my family

and friends.







Resumo

Este estudo teve como objectivo analisar se aefitediacdo de cadmio pode ser
feita usando a macrofitcirpus maritimusia Lagoa de Obidos (Portugal), para estudar a
influencia da salinidade da agua na sua eficAcraocplanta acumuladora de metais
pesados. Duas concentraces de cadmio foram test@@ae 100 pg?) para avaliar a
capacidade de acumular cadmio pela planta, alésfeit®s de toxicidade do cadmio. Os
niveis de contaminacdo foram testadas em diferardrdicfes de salinidade da agua
(valores iguais a 0.0, 5.0, 10.0 e 20.0), em quyadagas estdo normalmente submersas no

seu ambiente natural.

A mortalidade de Smaritimusfoi principalmente determinada pela salinidade da
agua e ndo pela contaminacdo de cadmio, em quém@R Mmorreram em aguas com
salinidades mais elevadas. A presenca de novostoshe comprimento das plantas e o
incremento de biomassa nédo foram afectados pogugradesses fatores, no entanto, o
comprimento da planta, a reducéo e perda de bienpasem ser induzidos pelo aumento
da salinidade da agua.

O desenvolvimento de um biofilme em todos os vassde estudo foi observado
independentemente do tipo de tratamento envoldees microrganismos em suspenséo
e matéria organica senescentes apresentaram nuaigoc&de acordo com os valores
iniciais presentes na agua. A concentracédo de cadissolvida na agua foi positivamente
relacionada com os valores de contaminacéo esoslipdra este estudo, mas o aumento
de cadmio foi proporcional ao aumento da saliniddal@dgua, possivelmente um resultado
da degradacédo de tecidos e da ruptura de plantaasnpotenciado também pela presenca
de organismos simbiontes, também encontrados nfini®o Alguns destes podem

promover a decomposicao de tecidos e a biodispmatie de cadmio dissolvido na agua.

As plantas apresentaram mais cadmio nas raizesdeedps caules e das folhas. A
maior acumulacdo de cadmio nas raizes foi um sskulgue variou de acordo com o
aumento de salinidade em 4guas contaminadas. Qifades indicaram que a salinidade
pode influenciar o transporte de cadmio das rap@s as folhas en$. maritimus
Contudo, a fitoremediacédo da Lagoa de Obidos cdm @anta pode ndo ser possivel,
devido ao stress provocado nas plantas pela sati@jdjue interfere com a acumulacéo de

cadmio e com a normal fisiologia das mesmas. Anupécdo de processos de
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fitoremediagcdo con®. maritimugpode auxiliar na bioremediacéo de ecossistemaguie
doce.

Palavras-chave: biorremediacéo, plantas acumuladoras, metais pssaanta

haldfita, espectrometria de absorcao atomica, sapal
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Abstract

A greenhouse experiment was performed, to veriphiftoremediation of cadmium
can be done by using the macrophyeirpus maritimusfrom the Obidos Lagoon
(Portugal), plus if water salinity can influence phytoremediation effectivenesbwo
concentrations of cadmium were tested (50 and XpD')uto evaluate the plant capability
to accumulate cadmium, plus possible toxicity éffeaf this pollutant. The contamination
levels were tested at different water salinity dbads (values equal to 0.0, 5.0, 10.0 and
20.0), in which the plants are usually submergeatheir natural environment.

S. maritimugmortality was mostly determined by the water safimnd not for the
cadmium contamination, in which more plants dietligher water salinities. The surge of
new shoots, plant length and biomass increments wet proved to be affected by either
of those factors, however, plant length and redacéind biomass loss can be induced by
increasing water salinities. There was a biofiimvedlepment in all trial vessels,
independently of the type of treatment involvede3é suspended microorganisms and
senescent organic matter presented more cadmiucoydiieg to initial water level of
cadmium. The amount of water dissolved cadmium p@stively related to the initial
contamination levels of the experiment, but it @xged also at higher water salinities. This
may have resulted from tissue degradation and mlismu from dead plants, possibly
potentiated as well by symbiotic organisms anddHosm the biofilm, some of which may
have promoted tissue decomposition and bioavaitplof dissolved cadmium. The plants
presented more cadmium in the rhizomes, followedhgystems, and less in the leaves.
More cadmium accumulated in the plant's rhizomescoeding to higher water
contamination levels and lower water salinitiescéwling to the results, salinity could
influence the transport of cadmium in the plantwaen roots and leaves.

However, the phytoremediation of the Obidos LagbgnS. maritimus or other
similar systems, may be not be possible, due tosHie stress of the plants, the salt
interference with the cadmium accumulation, andribienal functions of a plant. But the
optimization of phytoremediation processesSymaritimuscould turn possible the use of

this plant in freshwater ecosystems.

Key words: bioremediation, accumulator plant, heavy metaloptayte plant, absorption

atomic spectrometry, salt marsh
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Introduction

Introduction

1. Environmental Biotechnology

1.1. Bioremediation in water environments

In the last years, Biotechnology has been considere of the most promising
scientific areas of development. It combines knolgée from several sciences, applying
biological organisms, or a concrete property ofrtheo technological use for different
purposes. In the case of recovering endangeredyseoss, it is classified as
Environmental Biotechnology, usually referred to “@&reen Technology” (Kjelleberg,
2002).

There is a narrow line between Ecology and Enviremtal Biotechnology.
Pollutants such as heavy metals, persistent onggnibetic pollutants, polycyclic
aromatic hydrocarbons, volatile organic compouedsjronmental xenobiotics, as well as
nutrients (like nitrogen and phosphorous) destabilhe biotic and abiotic interactions
between organisms and their environment, when #neypresent in high concentration in
water, soil and air (McMahoet al, 2007). The purpose of Environmental Biotechnolsgy
to apply biological techniques, such as bioremexhato control the concentration of toxic
compounds, by using several organisms, primarilgroorganisms to degrade several
environmental contaminants to their less toxic frmo safeguard human health and the

environment (Vidali, 2001; Grommen & VerstraeteQ2

Bioremediation is also a procedure applied in emrmental monitoring, using
bioremediation techniques situ (Scrag, 2005). With organisms used as bioindicatois
possible to identify and quantify the effects ofllg@ants, like heavy metals. This
organisms presenting a geographical wide distdoytexist in the local subject of the
environmental study, capable of providing quantiwatinformation of the presence,
amount and intensity of the exposure to a pollu¢sensibility for a specific contaminant)
(Scrag, 2005).
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Bioindicators can be able to allow evaluating theéabcumulation (the
accumulation of a certain substance in organicug¢iss and the biomagnification (the
increase of a given pollutant within the tissueswicessive organisms from a food chain)
of certain pollutants (Scrag, 2005; Gomes 2007ps€hresults are important to establish

the impact of contaminants in different organismd acosystems. (Gomes, 2007).

1.2. Phytoremediation

Phytoremediation ("phyto" = plant + "remedium" =e@&h or restore) is part of
bioremediation processes, developed in Ecology &mdironmental Biotechnology
studies, through the use of plants with certaifiteds to control pollutants (such as metals,
pesticides, oils, etc) (Prasad & Freitas, 2003)s Htological procedure is considered a
cost-effective “green” technology and environmeritandly. The handling of pollutant-
accumulating plants presents less costs and washemeg than those from other
procedures, like incineration. This remediatiorhteque can be used to remove or degrade
both organic and inorganic pollutants present ffecent substrates (air, liquid - e.g. water,
or solid — e.g. soil/sediment (Raskhal, 1997; Sousat al, 2010).

Phytoremediation consists in different plant-basechnologies, each having a
different mechanism of action, for the remediatafnpolluted soil, sediment, or water,
such as those contaminated by heavy metals (Kawaetwal, 2010; Sousat al, 2011).
Among those mechanisms are: 1) phytoextractiont teasists in adsorption of soil
contaminant by the roots, subsequently stored andnaulated in the harvestable tissues;
2) rhizofiltration, which refers to the approach uding hydroponically cultivated plant
roots to remediate contaminated water through ghisor concentration, and precipitation
of pollutants; 3) phytostabilization, it concerhg treduction of mobility and bioavailability
of contaminants by plants roots, which will stad@liand reduce pollutant transfer to other
ecosystem compartments; 4) phytovolatilizations iised for the removal of pollutants by
plants into volatile compounds released to the aphere by evaporation; 5)
phytoaccumulation, which results in accumulatiorcohtaminants in plants’ biomass; 6)
phytodegradation, consists in the rhizosphere diagien of pollutants into insoluble or
non-toxic compounds, through metabolic processed #rough interaction with

microorganisms (Kavamuet al, 2010; Sousat al,2011).
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Plants are good candidates for bioremediation @zibhe phytoextraction), since
they present a rapid growth, have profound rootssai/sediment and are able to
accumulate the pollutants. Plants can be dividdd tategories, according to these
purposes: 1) accumulator - which can concentrall@tpats in their above-ground tissues
to levels far exceeding those present in the sait the non-accumulating species growing
nearby; 2) indicators — which accumulate contantmaoncentrations in different plant
tissues above-ground, generally reflecting theremvnental levelsn situ; or 3) excluders
— which effectively prevent pollutants from enteyithe aerial parts, over a broad range of
pollutant concentrations in the surrounding enwinent, although they can still contain
large amounts in their roots (Ghosh & Singh, 2QG#H; 2010).

Other criteria are also important to chose bioraatedy plants: 1) the
concentration of pollutants in the plant cells mustlO to 500 times higher than the values
found in the same species from non-polluted enwremis; 2) the contaminant
concentration ratio between shoots and roots mesintariably higher than one. This
indicates an efficient ability to transport pollota from roots to shoots and, probably, the
existence of tolerance mechanisms to support higitentrations of those contaminants;
3) the shoot/soil concentration ratio must be diggher than one, that indicates the
increasing degree of contaminant uptake (Cheraghal 2011). For instance, heavy
metals’ concentration in shoots needs to be suptsid 000 mg kg' of copper, cobalt,
chromium, nickel and lead, or 10 000 mg k@f iron, manganese and zinc, in order to
considera certain plant as a metal accumulatortHe case of cadmium, accumulator plants
present 100 mg kg dry weight of that metal (Peet al, 2005; Suret al, 2008) .

Despite the promising possibilities and applicatioh phytoremediation, there are
still some downsides to be resolved for a bettatewstand of pollutants accumulation.
Phytoremediation is a slow procedure for severasaas: 1) contaminants’ concentration
present in the water and sediment can be toxiti@optants, inducing sometimes death,
which plants are most effective at remediating\eegipollutant (Prasad & Freitas, 2003);
2) preliminaryex situexperiments to try phytoremediation present tigt fadversity of
how to maintain the plants alive; 3) secondly, lolant biomass in these experiments may

under- or overestimate phytoremediation resultso€ah&Singh, 2005; Cheraglat al,
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2011); and when the procedures are establisheid;cén take many growing seasons to
clean up a site; 5) the plants that absorbed tm&terials may contaminant the food chain,
turning them bioavailable again after being inasi®e in deeper sediment/soil layers; 6)
the volatization of compounds can transform a gdwater pollution problem to an air
pollution problem; and 7) hydrophobic contaminanthich bind tightly to soil, are not
efficiently removed by plants (Belz, 2007).

2. Environmental impacts of heavy metals contamin&in in coastal Lagoons

2.1. Heavy metals contamination in aquatic environments

Water environments are rich in different nutrieswsl metals, introduced by natural
inputs, but also effluents from industrial, munalipvastewaters, landfills, agriculture, etc.
Compounds like heavy metals can be harmful foretmronment, when present in large
guantities (Carvalho, 2006). Heavy metals are cbahglements with a specific gravity
that is at least 5 times the specific gravity oftevaThey are pervasive and persistent
metallic elements that are present in their eléaleand organic/inorganic form. Heavy
metals are dissolved in water, as vapour, in raks mineral and in particulate forms.
They have a relatively high density and they axécteven at low concentrations. (Duruibe
et al, 2007). In high concentrations can form unspe@émpounds with cytotoxic effects
for organisms. Heavy metal are sulphides, suchras arsenic, lead, lead-zinc, cobalt,
gold silver. They cannot be degradated biologi¢alhey can only be transformed from
one oxidation state or organic complex to anothené et al, 2008). In general, iron,
manganese and molybdenum are important micro-mtstievhile zinc, nickel, copper,
cobalt, and chromium are toxic elements for plafke elements cadmium, lead, mercury,
and others are not involved in nutrient functiorefBvideset al, 2005; Carvalho, 2006;
Sousa, 2010).

The transportation of heavy metals trough riverd atreams is made under the
form of either accumulated in aquatic organismsnosuspended sediments. The fate of
pollutants transported in shallow waters is regudty resuspension and deposition, both
physical processes that strongly depend on tidalents and wind, which have low

expression in some Lagoon system (Kowalski, 2008 contamination of the soil and
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water resources with heavy metals results in damtgthe ecosystems, leading to the loss
of agricultural productivity, food chain deteriamat and to human and animal health
problems (Cheraghi, 2011).

2.2. Cadmium

Cadmium has been one of the most studied heavylsn&tas non-essential metal
is naturally present in the soil, in low concentmas; however it is extremely pollutant due
to its great solubility in water and high toxicityr biological organisms. Benavides al
(2005) established that cadmium did not occur afated forms at natural environments,
but that it was associated with lead and zinc nalimation instead. This metal can also
interfere with plants’ nutrient uptake, transpontdause of water, plus of other elements.
According to Ghosh & Singh (2005), total cadmiunmeoentration over 8 mg Kgdry
weight, or bioavailable in a soluble form that esd® 0.001 mg K§ is toxic for most
plants. The bioaccumulation of cadmium will depemndthe soils’ pH, redox potential and

on the chemistry of roots.

The Portuguese legislation, plus other internatioeavironmental quality
regulations, contemplates rules to control pollutiand establish maximum levels of
concentration for several pollutants in water, smt air, in order to protect public and
environmental health. Cadmium is classified as iarity substance according to the
European Union Water Frame Directive (EU-WFD; Direx 2000/60/EC), which means
that it is a substance that represents signifidgaktto the aquatic environment or others by

its intermediation.

The Portuguese Decrete Law 103/2010 (which trarspothe Directive
2008/105/EC to Portuguese National Law) statesdhpérficial waters should not present
cadmium above 0.45 — 1.5 ¢ khe Maximum Allowed Concentrations (MACs) for the
lowest and highest water hardness classes. Atobsorgtion spectrometry is the most
usual procedure to determinate metals and metallo@hcentration in water and sediment
samples. The most used methods are Flame Absoigpiectrometry, with a sensitivity to

analyse concentrations in the order of rifg(bpm —parts per million), and Graphite
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Furnace Absorption Spectrometry, which allows datgcconcentrations in the order of
ug I (ppb — parts per billion).

2.3. Heavy metals contamination in coastal Lagoons

Coastal Lagoons are semi enclosed water bodidsientfed by tides and small
rivers flows. They are very important water ecosys, which communicate with the
ocean through a permanent or intermittent barkgerfve, 1994). These ecosystems are
brackish water environments, presenting a wide gaofgsalinity values, varying from
fresh (up to 0.5 salinity) to salt water 85.0 salinity) (Carvalho, 2006). They detain a
particular fauna and flora, which endure extrenuettlations of environmental conditions
associated with the mixture of fresh and salt vgate€foastal Lagoon systems are
responsible for elevated production of organic eratitroduced in the oceans. Nerveless,
the sediments and suspended matter that are fixeétei bottom are retained by filter
organism and plants, like halophyte plants, disted in important areas of preservation.
At the same time, coastal Lagoons are also imporiarsery areas of several species.
Vegetation within coastal systems can be classified reeds, marshes, meadows and
salines (Carvalho,2006).

Salt marshes are found in brackish water systesyecglly coastal Lagoons.
(Reboreda & Cacador, 2007). They consist in anrfaxte between terrestrial coast and
maritime environment, extended around the coasttaritle inside of estuarine systems.
Salt marshes provide several benefits and good$y as protecting the coastline from
erosion. These places of great ecological diveraity also responsible for elevated
productivity (values could exceed 2000 ¢ iyeaf), but lower specifies diversity (Silva,
2000).Such ecosystems involve several physicalnaia and biological activities, that
results in unstable salt marshes, where factoestéknperature, salinity, dissolved oxygen
and others are very variable (Silva, 2000). Salingt an important parameter that can
influence salt marshes vegetation. High concewtnatif salinity in aquatic environments
can affect plant growth and suppress shoot grolivthe values of salinity are inferior to
5.0, plants found in these areas will be charagtierirom freshwater systems (Silva, 2000;
Reboreda & Cacador, 2007), otherwise, halophytéisbe@ithe most representative plants
of the salt marshes.
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Halophytes are plants that tolerate high watevsadiment salinities (near or
higher than 35.0), contrarily to glycophytes, tha¢ damaged when submitted to those
conditions. Plants that avoid the effects of salefq though they live in a saline
environment) may be referred to as “facultativeopbites” rather than “true” or
“obligatory halophytes”. Plants can minimize sodiig’) uptake and transport to the
areal parts, in order to avoid sodium chloride (Na@xicity. The plants present such an
osmotic balance, which is responsible for the aatapt, survival, growing conditions and
energy expenses. (Silva, 2000; Reboreda & Caca@087). N& can be mostly
accumulated in the leaves of plants (80%), but glaltes have other mechanisms to
reduce salt levels: 1) accumulation in vesicul@htvmes; 2) salt gland secretion; 3) lost of
old leaves or 4) salt transfer to other organsvéSiR000). Accordingly, halophytes are
promising candidates for soil desalination. Thdaats occur according to the salt marsh’s
topography, physical and chemical properties ofrsedt and interspecific competition
conditions (Ghnayat al, 2005; Sousat al, 2010).

Salt marshes are classified as sensitive habitaderuthe European Habitats and
Birds directives (European Directive 92/43/EEC; tRguese Decrete Law 149/2004;
European Directive 2009/147/EEC;). Heavy metalagnatic environments are distributed
in the sediments, water and plants. Such is the cashalophyte plants (Reboreda &
Cacador, 2007). Halophyte plants accumulate heastalsimostly in roots, but some are
able to translocate them into the leaves and stdims.translocation of metals within
plants depends on the mobility and disposal of heaetals in the sediments. The
availability and plant uptake of heavy metals wi#pendent of the pH, salinity, redox
potential, organic matter content and t grain sizéhe sediments (Reboreda & Cacador,
2007). For example, metals like manganese, cadnaindhzinc accumulate more within
the aerial parts of the plants, because they aree mwbile in the cytoplasm. The
concentration a given heavy metal present in tliierdnt parts of a plant varies from

species to species, causing different degreesmf éffects and perturbations of the plants’

physiology.

Phytoremediation using halophytes could be a plesbibremediation technique to
apply in heavy metal contaminated coastal envirarimeSalt marshes are a source of

plants for phytoremediation of metals, becausehefrtcapability to accumulate heavy
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metals in their tissues, especially in roots cdllsse plants can contribute to the reduction
of metals' bioavailability in the sediments. Heamgtals are bound to sulphides in anoxic
sediments and plants are able to oxidize them enrdlots, moving oxygen downwards
through the aerenchyma pathway. This oxidation eamobilize metal contaminants,
otherwise entrapped in the sediments, and takeprtipger actions, their concentration can
be decreased in the affected ecosystem. (Weis &\V20D4; Reboreda & Cacgador, 2007).
Numerous plant species have been identified andddsr their traits in the uptake and
accumulation of different heavy metals for the rkemy of several ecosystems.
Phytoremediation using halophytes is being apptedry recovering polluted coastal
Lagoons (Madejéet al, 2006; Loneet al, 2008);

2.4. Phytoremediation of cadmium byScirpus maritimus

The presence of cadmium in water and sediments Ballhmarshes Lagoon is
important to evaluate and to monitor. The halopipyémts present in salt marshes has been
studied for phytoremediation, in order to study Weametal Lagoon contamination
(Madejon et al, 2006; Vardanyan & Ingole, 2006; Momudu & Anyakora010;
Cheraghi,2011; Marquest al, 2011). However, the relationship between heavyame

accumulation and salt-stress in plants remainslypooderstood (Yimaz, 2007)

The plantScirpus maritimugFigure 1) is a facultative halophyte plant. Thianp
can be found in Europe, North America and SouthcAfrat wet marsh flats, seasonal and
permanent wetlands, pond margins and estuariepf8ig) 2008; Marquest al, 2011).S.
maritimusbelongs to the Cyperaceae family. It is a possiipion for phytoremediation
studies, due to the general geographical distobuéind ecosystem occurrence. This plant
presents emergent rhizomes, is widely distributedhallow brackish water bodies of

temperate regions and can reach a height of 1 2huping, 2008).

S. maritimugresents three phases of development: 1) a jwphase, followed by
2) a mature phase, when the density of shoots @ieeittheavy weighted, and 3) a
senescent phase, with a dominance of belowgroward pharts (Marquest al, 2011). This
plant is well adapted to low temperatures and tugibon dioxide levelsS. maritimus

rhizomes have tubers (main reserves of carbohyfateplant growth) that sprout in the
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autumn (wet season) and emerge from the sedimetitezat the beginning of wint.
During spring, these monoic plants undergo sexapftoduction, forming flowers ar
fruits afterwards. They can also undergo vegetative patpayg which allows them t
form dense populations. The marshes dry up irsummer;consequently tubers becor

dormant, buried in the sedimeMadejonet al, 2006).

This plant can survive under botaline and norsaline conditions, plus it ce
endure total submersion in the we In the study of Lillebeet al. (2003),S. maritimus
tolerated high salinities for short periods of tiared senescence was induced after a
exposure to salinities above.0. They concluded that high salinities result inegréase:
growth rate, emergency of new shoots, seed geribmaind survival rtes of this
facultative halophyte plant

S. maritimusis a mete-accumulator plant, which can present elevated s of
heavy metals in their rhizom, followed by leaves and stems (Carre-Alvarez et al,
2008). This distributionn the planican beinfluenced by: 1) seasonality and transloca
2) demand for essential micronutrients; 3) rootsitition storage; or 4) salini
conditions, §hupping, 20C). Weis & Weis (2004) usetphytostabilization properties of

S. maritimugo immobilize metal:

Figure 1- Scirpusmaritimus in the salt marhes of the Obidos Lago#), (and the respective

stems B) and flowers C) characteristic.

3. The Obidos Lagooras a case stuc

The ObidosLagoor was chosen for this study, due to its ecologicgidrtance
The Obidos Lagoois located in thewest coast of Portugal (Figu® and is one of the
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largest coastal Lagoons in Europe (Carvalho, 2006) several years, the Obidos Lagoon
was potentially exposed to different sources oftammnation, being eutrophication its
worst problem (Carvalho, 2006; Peregtaal, 2009a; Pereirat al, 2009b). Agriculture and
livestock farming practices have been the largestces for nutrients and pesticides, as
well as several discharges from domestic and indlisiewages (sewage treatment plants
and pig farms) from the towns nearby, like CaldasRhinha, Cadaval and Bombarral
(Carvalho, 2006).

The Obidos Lagoon is located in the west coasiofugal (Figure 2) and is one of
the largest coastal Lagoons in Europe (Carvalh@6R0For several years, the Obidos
Lagoon was potentially exposed to different sourcels contamination, being
eutrophication its worst problem (Carvalho, 200@&rdira et al, 2009a; Pereirat al,
2009b). Agriculture and livestock farming practideave been the largest sources for
nutrients and pesticides, as well as several digesafrom domestic and industrial
sewages (sewage treatment plants and pig farms) tine towns nearby, like Caldas da
Rainha, Cadaval and Bombarral (Carvalho, 2006). Ohé¢hose examples is Casalito
wastewater treatment plant, which discharges 4945momth’ into the Bom Sucesso
Branch of the Obidos Lagoon (Malhadssal, 2009). Casalito waste water treatment plant
serves 920 residents and 2000 fluctuating inhatsitahhe towns nearby are close to
bathing areas). Malhada&s al (2009) analysed heavy metals (nickel, cadmiung lead
copper) and found values for all metals inferiavstiie quantification limit of the used
method (Decree law n° 236/98; 1 |1.IThe highest values were found in the freshwater
sampling point of collection located close to Borc&sso Branch. The concentration of
cadmium found in sediments from the Obidos Lagoaried from 0.019 to 0.29 pg'g
being more abundant at the inner parts of the Lagan the collecting point closer to the
sea, (Pereirat al, 2009).

Given the above, the Obidos Lagoon is a good systeperform bioremediation
studies by phytoremediatio8cirpus maritimuss a plant that exists in the mouths of rivers
that run into the Lagoon, being subjected to peciegdbmersions in brackish waters with
high salinities, larger than 30.0 in the summetHars, unpublished data). This plant is a
known bioaccumulator of cadmium (Carranza-Alvagtzal 2008) and, therefore, is a

good candidate to test cadmium phytoremediationveNReless, as a facultative
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halophyte, how efficient caB. maritimuse in accumulating cadmium in different places
of the Obidos Lagoon, where salinities reach higladues?

4. Aim of the study

Bioaccumulation of cadmium b§cirpus maritimugplants from the Obidos Lagoon
was assessed in a greenhouse experiment. The dssalpped in this work tried to
understand ways to appl®. maritimuscapacity to accumulate cadmium for situ
phytoremediation of this heavy metal in coastatays. In the case of coastal Lagoons,
salinity is one of the most relevant environmergatameters to influence organisms’
distribution and physiology. Thus, the capacitySofmaritimusto accumulate cadmium
was also evaluated at different salinities, acewydif the regimes observed in the Obidos
Lagoon.

An essay was conducted for 30 days, in which tweceatrations of cadmium were
tested (50 and 100 pd)laccording to the Maximum Allowed Concentratioaferred in
The Portuguese Decrete Law 236/98. These values uged to evaluate the capability of
S. maritimusfrom the Obidos Lagoon to accumulate cadmium, massible toxicity
effects of this pollutant for this plant. The diéat cadmium contamination levels were
tested at different water salinity conditions (\eduequal to 0.0, 5.0, 10.0 and 20.0), in
which the plants are usually submerged in, at thaiural environment. This was done to
assess the cadmium accumulation efficiencg.aharitimusat different water salinities, in
order to establish if it can be used as a phytodgtien plant in coastal Lagoons’ salt

marshes and, if so, in what extent.

To accomplish these goals, cadmium concentratiowater, biofilm, rhizomes,
stems and leaves was evaluated by Graphite Fuilaserption Spectrometry, at the end
of the experiment. Plus, plant mortality, elongatibiomass and formation of new shoots
were also appraised. In the end, cadmium transtocatdex from rhizomes to leaves were
estimated, as well &. maritimuscadmium accumulation levels within its differemant

parts (rhizomes, stems and leaves).
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Materials and Methods

1. Study area

The Obidos Lagoon (Figure 1) is located in the amstentral coast of Portugal. Is
influenced by a transition-Atlantic Mediterraneamgsothermal and humid weather. It is a
shallow coastal Lagoon, with an elongated form {drblength, 1.8 km large), being the
largest system of its kind in the Portuguese cdastas a mean an area of 7 %and a
mean depth of 3 m. It is permanently connectetiedAtlantic Ocean by a narrow inlet and

presents a perpendicular position to the coasfdaevalho, 2006).

The lower section of the Lagoon has several chanihalt cut through large sand
banks. The bottom sediments are manly sand antidée are not faster than 1 m. §he
sand barrier, in the middle section, is the res@iltmixed semidiurnal tide regime (two
flood and two ebb tides, alternately), with a mediamplitude of 1 to 3 m, according to
the annual season (Carvalho, 2006). There is angadideposition on the central Lagoon,
due to a decrease in tidal water velocity, whichdketo a progressive reduction of the

average depth and the surface area (Fortunato\&i@d] 2005).

The Lagoon has a surface area of 3.6 ktnmean sea level and 5.3 %during a
high spring tide. The bottom sediments are mud.tida ranges vary between 2 and 4 m,
near the coastline, and between 1 and 2 m on ttex areas of the Lagoon. Ripple effects
significantly the morphodynamics of the Lagoon, vehthe sea waves exceed 1 m high at
the opening, during 88% of the time (Fortunat®&veira, 2005), preventing the water to
run out of the Lagoon during low tides.

The upper Lagoon is divided into two arms: the Bsar arm at southeast
(maximum of 1.5 m depth) and the Bom Sucesso ahs@st (4.5 - 5 m depth). In the
Barrosa branch occurs an outflow of freshwater ftbm Barrosa Riverside and the Cal
River (Pereiraet al, 2009). In the Bom Sucesso arm, freshwater inpegslt from the
Ameal ditch. The Borraca River flows into a smalidgle in the middle section of the
Lagoon and the Arndia River reaches the Lagoohenarea between the inner arms, This

last river drains the main agricultural areas @ tagion, running an annual average flow
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of 3 nT s*, being negligible in the summer (< 0.008 st) (Pereiraet al, 2009b), which
represents 90% of the freshwater input into theobag

The Obidos Lagoon presents different salinity valu@roughout the year,
depending on the precipitation, plus income oftfrester and seawater into the Lagoon,
during the different annual seasons. The salindtlyes registered near Barrosa and Bom
Sucesso arms are usually lower than the remaimgagsgPereirat al, 2009b).

PORTUGAL

Barrosa Arm

Bom Sucesso Arm

Figure 2 —Map of the Obidos Lagoon, situated in the westarast of Portugal, along with the
location of the sampling station wheSeirpus maritimuglantswere collected for the essay.

2. Sample collection and acclimation period

Scirpus maritimugplants were collected in the Obidos Lagoon, inilA®011, near
the mouth of the Arndia River. Those plants weréected carefully. They were washed in
the water from the collection site, to remove dtéat sediment, and then transported to
laboratory, in plastic containers (Carranza-Alvaegzal, 2008). At the same time, a
portable multiparameter probe (HANNA HI9828 anatyddanna Instruments, Vila do
Conde, Portugal), was used to register the valtisalimity, dissolved oxygen, temperature

and pH.
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At the laboratory, all plants were cleaned withtidesl water, to remove slurry and
epiphytic algae. Healthy non-damaged plants withilar age/size were chosen for the
experiment (Almeida, 2006; Carranza-Alvarez, 20049).plants were dried with paper
towels, fresh weighted (Metler Toledo AB2045, Samjea, Portugal) and measured
(Almeidaet al, 2004; Almeideet al, 2011).).

In order to avoid metal contamination, all the glasd plastic materials were
washed for 24 hours with Derquim LM 02 (Neutral,opphates free liquid, Panreac
Quimica S.A.U., Spain), followed by a 24 hours hath nitric acid solution (25%) (HNO
69%, PA-ACS-ISO, Panreac Quimica S.A.U., Spain) mmskd with ultrapure water. No

metal utensils were used (Monterragal 2003).

For this experiment, three plants®fmaritimusvere put in perforated plastic cups
(= 4 cm diameter), with 240 g of gravel in the bottdmt covered the plants’ rhizomes
entirely (Figure 3). The gravel was previously kadnat 500°C for 6 h (Nabertheern
Controler B170, VWR International), in order toneinate possible organic (Lillebat al,
2003), and washed with a 10% hydrochloric acid tsmu(HCL 37%, PA-ACS-ISO,
Panreac Quimica) for 12 h, to avoid metal contationa Each cup containing the plants
were inserted in a single plastic vasel8 cm diameter), with 500 ml of artificial bradkis
water (ultra pure water plus sea salt; Tropic Ma@ermany) set for a salinity of 2.0,
which was registeredn situ at the time of the plants’ collection. The plantgre
submerged unt# 1 cm high above the gravel (Lilleles al, 2003). In total, 54 vases were
prepared and placed in an acclimation chamber, eatistant temperature (22.5 + 1.0 °C)
and artificial light (Lustek, TLD 18W/765 daylightustek Services, Australia), with a
photoperiod of 16:8 hours of light:dark, at 11.825 pmol photon cfis® (PAR Sensor,

Apogee Logan, UT). The acclimation endured oneahdlf months.

Throughout the entire acclimation and experimepéaiods, the water volume lost
by evapotranspiration was compensated every 3 tgyadding a plant nutrient solution
(Lillebg et al, 2003), with a source of nitrogen (N - 620 rifgdalcium nitrate 4-hydrate
PRS, Panreac Quimica S.A.U., Spain) and phosphai®us94 mg T: potassium di-
hydrogen phosphate PA, Panreac Quimica S.A.U.,ngpAt the same time, salinity,
temperature (Seawater Refractometer HI96822, HANN#ruments, Portugal) and pH
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(Symphony SP 70P, VWR, International- Material debératorio, Lda, Portugal) were
regularly monitored (Lillebet al, 2003).

Figure 3 — Schematiaepresentation of the container vessels used forete S. maritimugo the
experimental set-up.

3. Experimental design

To study the relation between salinity and cadmiainsorption by plants, four
salinities were chosen (0.0, 5.0, 10.0 and 20.d)taree cadmium concentrations (0, 50
and 100 pg?). Brackish waters were prepared by adding thessarg quantity of sea salt
(Tropic Marin, Germany) to ultrapure water, for abing the pretended salinities.
Afterwards, those waters were contaminated, byrafthe respective cadmium volume
from a cadmium stock solution (cadmium nitrate, @8tHu Chemie S.A., Spain), for

achieving the desired concentrations.

The [Cd] = Oug I'* was used for a reference situation of no cadmiantamination
and [Cd] = 50ug I* was chosen for being the Maximum Allowed Conceitra(MAC)
for irrigation waters, according to the PortuguBserete Law 236/98. This document also
states that residual water discharges should hame Eamission Limit Value
(ELV) = 200ug I}, but it mentions that plants like beans, beetstamps are affected by
nutrient solutions with [Cd] = 10Qg I*. Therefore, this concentration was used to

simulate a discharge with high concentration ofnaiaein, without risking extreme toxicity
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for the plants. These treatments will be referredas [Cd], [Cdsg and [Cdod,
respectively.

The salinities were chosen according to the essafonmed by Lillebget al
(2003), testing salinity as a major role in the wadndynamics ofS. maritimus which
agrees with the range of salinities recorded infiblel station where those plants were
collected at the Obidos Lagoon (authors, unpublistiata). These treatments will be
referred to as§ S Sip and o, respectively.

During the acclimation period, all the aerial paststhe plantsS. maritimuswent
senescent and new shoots were born. The vasegwenged according to similar number,
weight and size of new shoots, for each experiniérgatment (Table 1) . The experiment
began after the development of the new shoots, wese reached approximately 10 cm
high (Lillebg et al, 2003). Three vase replicates were used for eaotbined treatment
salinity x cadmium concentration. The aquaria w@laced randomly and moved

frequently to avoid temperature and light gradeffects.

Table I- Representation of the number of plaBtamaritimuswith 3 replicates for each combined
treatment.

Cadmium (ug I
[Cdg] [Cdsg  [Cdiod]

So 3x1 3x2 3x3
Salinity S 3x1 3x1 3x1 | Vessels x Plants
S0 3x2 3x2 3x1

S0 3x1 3x1 3x2

4. Cadmium analyses

After the experiment, the water of each replicates filtered with cellulose acetate
membranes with 0.45 um pore size and 47 mniWwhatman OE 67, Whatman GmbH,
Dassel, Germany), under vacuum conditions (Rotak&dve control, Heidolph

Instruments, Germany), for the analysis of dissblaad suspended cadmium (Perata
al, 2009b).
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In order to determine the concentration of cadmdissolved in the water samples,
the filtered water was acidified with nitric aci@% to a pH < 2. Then, the samples were
analysed by Graphite Furnace Atomic Absorption 8petetry, using a Thermo Scientific
ICE 3500 Atomic Absorption Spectrometer (Thermodam, Leca da Palmeira, Portugal),
with a graphite furnace SOLAAR FS95 Furnace aut@amand a cadmium hollow
cathode lamp (10 mA, Thermo Electron Corporatigkrgon was the used gas (Praxair
Portugal Gases S.A., Portugal). All the standaldtems were daily prepared for metal
analysis, from a cadmium stock solution ([Cd] =Q®0g I, traceable to SRM from NIST
Cd (NO); in HNO 0.5 mol t*; CertiPUR®, © Merck KGaA, Darmstadt, Germany).

For the analysis of the suspended cadmium, thalos# acetate membrane filters
of the water samples were submitted to a nitrid aligestion. The filters were weighed,
dried at 60°C for 48 hours. Then they were digest&&iml of nitric acid (Hseu, 2004) and
heaten at 200 °C in a hotplate (VHP series C e&@mic, VWR International-Material de
Laboratério, Lda, Portugal). After digestion, thamgples were filtered through ashless
guantitative filter papers Whatman grade no. 414590um pore size, 55 mml,
Whatman", GE HealthCare Company, UK) and diluted to a fw@ume of 50 ml, with
ultra pure water. These samples were processeavaftis, in the same way as the water

samples for dissolved cadmium.

At the end of the essay, all plants were removed fthe sediment. They were
fresh weighted (Mettler Toledo, AB 2045, SoquimiBaytugal), measured and then dried
at 60 °C, for 48 h (Memmert Drying UFB 500, Germankhe plants were divided into
rhizomes, stems and leaves, with the help of anger&nife (MUSSLA, Inter IKEA
Systems B.V, Sweden). All these parts were weighatedl grinded to powder by using a
glass mortar. Afterwards, they were submitted tcaeid digestion (Bragatet al, 2006;
Cambrolléet al, 2008). About 100 mg of plant sample was subjettieatid digestion with
3 ml of nitric acid 69 % added twice, at 150 °C @dS2004). After the digestion, 3 ml of
nitric acid 1 %, were added, to stabilize the sa®pl'he volume obtained and was diluted
with ultra pure water, until 50 ml. Later on, thesre processed in the same way as the

acetate membrane filters for the quantificatiosadmium.
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5. Statistical analyses

The transportation index (Ti) evaluates the praporbetween leaf and rhizomes
metal concentrations and depicts the plants’ gbibtr translocating the metal ion form

from rhizomes to leaves, in the presence of sewsaly metal concentrations (Ghosh

&Singh, 2005). | is calculated &% = —C9lieaves 5 100,

[Cd]rhizomes

The accumulation of cadmium within the rhizomesys and leaves’ tissues was
determined as being the difference between the icednctoncentrations of plants
subjected to contaminated water (fgdand [Cdod) and those from the [Cd] = fig I,
used for a reference situation of no cadmium comaton. So,

Cadmium accumulation = [Cds,] — [Cd,].

Statistical analyses were performed using the IBEFISS 19 software package.
The One-Way ANOVA was applied to the relation betweadmium concentrations (O,
50, 100 pgf) and salinity established for the mortality resuf S. maritimus For this
factors were realized Two-Way ANOVA, with post-hietstes: Tukey HSD, LSD and
Bonferroni tests. These statistic analyses were @ded to evaluate the relationship with
other parameters: number of shoots and biomaSs wifaritimus The same tests were also
applied for the cadmium concentrations measuresbhlied in the brackish water samples
(kg M), in the water suspended matter and in the pkaizemes, stems and leaves (mg kg
%."A Kolmogorov-Smirnov Test was performed to teke normality distribution for
cadmium found in roots, stems and leavesSomaritimus with several transformations
(Log, Log, Square root and Ln). These transformations weadenin agreement with
Underwood (1997).
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Figure 4 — Relative frequency ofS. maritimus cumulative mortality for the cadmium
concentration treatments [d[Cdsg and [Cdog, submitted to four salinity treatments @), S
(B), Sio (C) and $, (D), throughout the month in which the essay was cotedl (mean;

n=3).

After one month, S. maritimusmortality showed a gradient dependent on the
salinity values and not on cadmium concentratiatatistically supported by a two-way
ANOVA (Table II). Higher plant mortality was obsex at higher salinities. No plant
mortality was observed in all cadmium treatmentsadinity S (Figure 4A). However, all
plants died at &, after the 18 day, except for one plant of [gldthat lasted until the 27
day (Figure 4E). Plants in vesselg 8nd S (Figure 4C and 4D, respectively) start to died
at different days in the presence of different caaimconcentrations, reaching no more

that 50% mortality.

After the beginning of the experiment, new shodtsted to appear within the
different treatments (Figure 5A). The treatmentsisf{fCand [Cdog from the two lower

salinities, presented the highest number of newtshd@hese shoots were not measured or
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analysed, once that they went senescent almostdmtet/ after their appearance. A two-
way ANOVA test (Table Il) did not reveal any influee of salinity and cadmium
(individually and combined together) in the appeaaeaof new shoots, although it seems to

be a tendency for being most abundant at lowenisab, within treatments with cadmium.

Table Il — Two-way ANOVA tests results for the greenhouse expent with
S. maritimusto test the relations between salinity, cadmiumceatrations ([Cg, [Cds)] and
[Cdiod) and plant parameters as factors. The followipgisols stand for: S x [Cd] - salinity and
cadmium concentration variable; df - degrees @éddmn; MS - Mean Square.

Two-way ANOVA Source of variation

Experiment parameters df MS F-statistic | p-Value
Mortality (%)

Salinity x death plants 3 1.806 16.250 0.000
Cadmium x death plants 2 0111 1.00( 0.383
[S x Cd] x death plants 6 0.111 1.000 0.448
Shoots

Salinity x shoots 3 0.296 0.593 0.626
Cadmium x shoots 2 0.861 1.722 0.200
[S x Cd] x shoots g 0.380 0.759 0.609

Stem elongationcm)
Salinity x stem elongation 2 3728 0.123 0.885
Cadmium x stem elongatign2 | 10.893 0.360 0.701
[S x Cd] x stem elongation, 4  5.51% 0.182 0.946

Plant Fresh weight(g Fw)

Salinity x plant weight 2 54.77( 0.826 0.45)7
Cadmium x plant weight 2 40.304 0.608 0.557
[S x Cd] x plant weight 4 110.799 1.671 0.209

The S. maritimudength increment of all living plants (Figure 5B},the end of the
experiment, showed to be related with the sizéefalants, analysed by Cubic Regression
(length increment = -0.001 (initial length) 0,06 (initial lengthd - 2,108 (initial length) +
24,152; B = 0.679; N = 35) and a one-way ANOVA test (F =85B; MS = 196.029; df =
3; p-value< 0.05). Smaller plants showed a larger increntlean the tallest ones. The
plants’ length increment showed no significant uefice of salinity, cadmium, or any

interaction between the two factors (Table Il). Tplants from $ treatments showed
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increased length in all cadmium concentrations. ¢oincreases were observed nadd
S0 (although, plants from;$ x [Cdyog verified noticeable increment and those fropxS
[Cdo), showed a tendency to shrink), all presentingaiagd value variation. No plant
survived in % treatments, reason for which they were not medsutae to senescent

processes that wizen and shrink the plants.
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Figure 5— (A) Number of new shooS. maritimusbserved in each treatment, since the beginning
of the experiment and after the acclimation pe(indan; n = 3).E) Stem elongation increment of
S. maritimusliving plantsin each treatment, since the beginning of the éxmart (mean +
standard error; n = 3)C{ Biomass increment &. maritimugmeasured as FW — Fresh Weight) in
each treatment, since the beginning of the expeatifmean + standard error; n = 3).

All treatments presented a biomass increase (FigGje The lowest increment of

weight of S. maritimusoccurred in the treatment & [Cdiog and the largest in 1§ %
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[Cdiog. No tendency for the influence of salinity, cadimi or interaction between these
two factors is perceptible. This is supported bg Hbsence of statistically significant
differences between the plants of the multipletinests, tested by a two-way ANOVA
(Table II).
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Figure 6 —(A) Suspended Organic Matter content (S.0.M.; measasey T DW - Dry Weight) in
the trial water vessels, plus concentration of dadmB, C) in the suspended particles (in mg |
and mg kg, for future comparison with similar works) anB)(dissolved in brackish water for
each treatment at the end of the experiment. (mes@andard error; n =3).

During the experiment, some organic matter formselfiin the water (Figure 6A).
The values of suspended organic matter (S.O.Mipddretween 0.125 and 0.5 § of
suspended organic matter. This matter resulted fracnoorganisms that live in symbiotic
relations with S. maritimusand plant decay. In lowest salinity watersp @d 3),
treatments [Cg] showed higher organic content, but this tenddaeayls to faint in higher
salinities. No statistically significant differerecgvere noticed between all the treatments
(Two-way ANOVA, Table IlI).

The suspended particles were filtered and analysedheir cadmium content
(Figure 6B and 6C). No salinity influence was ne#ible, but there was a statistically
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significant influence of water cadmium concentratievels. No interaction between these
two factors was detected (two-way ANOVA, Table.llBenerally, cadmium concentration
in the suspended particles increased along withenigadmium levels in the water. The
only exception was the replicates from thg *6[Cdso], which presented more cadmium

than the ones from [Gegl).
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Figure 7 - Cadmium concentration in thé\) leaves, B) stems and ) rhizomes of liveS.
maritimusplants collected in the Obidos Lagoon for thisags&xcept for those of the treatment

The concentrations of cadmium dissolved in the wat@s between 0 to 1 mg |

(Figure 6D). This heavy metal was found in higheramfities at the highest salinity
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treatment &, for all cadmium concentration treatments. It préed lower values as the
salinity values decreased as well. The jf]dtreatments in all salinities presented the
highest values of cadmium, followed by those of §QJdand almost no cadmium was
found in plants from [Cg] treatments. Both factors presented a statisyicsihnificant
influence over the final concentrations of cadmidmsolved in the water, increasing
whenever they increased as well, showing some actien between them (two-way
ANOVA, Table IlI).
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Figure 8 - Cadmium accumulation in the (A) leaves, (B) steamd (C) rhizomes of live.
maritimusplants collected in the Obidos Lagoon for thisags&xcept for those of the treatment

The concentrations of cadmium $ maritimuswvere different in the three parts of

the plant (Figure 7). In general, the leaves presktine lowest concentrations of cadmium,
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followed by the stems and the rhizomes afterwartie. leaves presented higher values of
cadmium at the treatmentsS[Cdsg] and $ x [Cd], around 100 mg K§(Figure 7A). The
minimum values registered were close to zero. Tams presented a high variability of
cadmium concentrations, but the highest values vierad at the treatments; 8 [Cdo)
and $ x [Cdsg], respectively 150 and 250 mg k¢Figure 7B). BothS. maritimudeaves
and stems should no statistically significant iaflae of salinity, cadmium contamination
levels, or of any interaction between these twaoiac(two-way ANOVA, Table IlI). On
the other hand, th&. maritimusrhizomes did show a positive influence of the water
contaminated with cadmium (Figure 7C). Its tisspresented higher concentrations within
treatments [Cgy], followed by [Cd] and, [Cd] for last. The rhizomes were also affected
by the water salinity, in the inverse order, desme@ as salinity values rouse. These
tendencies were statistically supported (two-wayOAMW\, Table 111), without finding any
interaction between the two factors. Therefore Shmaritimugissues with higher amount
of cadmium were the rhizomes of plants subjectetthéocombined treatment $ [Cdyo,
reaching almost 300 mg RgPlants of the [C4] treatments revealed the presence of this
heavy metal in their tissues, although in quargtitieuch lower than those subjected to
contaminated water during this experiment. The npestuliar case was that of plants
belonging to the combine treatment>S[Cdy], in which the rhizomes showed almost no
cadmium, but the tissues of leaves and mostly ef skems registered the highest
concentrations. Despite of surviving onlydadys, the plants of thegreatments managed

to present a fair amount of cadmium.

The S. maritimugissue accumulation of cadmium was evaluated bydifierence
between the concentrations found within the plesiues subjected to contaminated water
and those of no contamination reference plantsafgiven salinity. The leaves where the
part of the plants presenting less accumulatioguifei 9A), actually presenting loss of
cadmium at the salinitysSThe stems followed, showing similar accumulati@ues to
those of the leaves. They also presented metainossme of the treatments, without any
evident pattern (figure 9B). The rhizomes were th@t of the plant where the
accumulation of cadmium was more evident (figure. Fdr all salinities, plant tissues
from the [Cdog treatment showed more metal accumulation tharsehiwom [Cdy

treatments, but it decreased along with the uprguef the water salinity. The only
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exception was in the salinity,& where plants of the [Gg accumulated more cadmium

than those from [Cd(], as they lived longer

Table Ill — Two-way ANOVA tests results from the relations veeen salinity and cadmium
concentration treatments ([6}d[Cdsg] and [Cdog]) versusthe amount of suspended organic matter
and cadmium concentrations evaluated dissolved ateny within suspended particles, pl8s
maritimus leaves, stems and rhizomes. The following symistésd for: S x [Cd] - salinity and
cadmium concentration variable; df - degrees adfdmn; MS - Mean Square

Two-way ANOVA Source of variation

Experiment parameters df MS F-statistic | p-Value

Suspended Organic Matter(mg kg")

Salinity x organic matter 3 0.037 0.898 0.45f
Cadmium x organic matter 2 0.031 0.770 0.474
[S x Cd] x organic matter @ 0.019 0.475 0.820
Suspended particlegmg 1)

Salinity x suspended patrticles 3 0.042 1.113 0.363
Cadmium x suspended particles 2 1.361 35.949 0.900
[S x Cd] x suspended particles 6 0.061 1.610 0.188
Dissolved cadmium in watermg 1’

Salinity x dissolved cadmium 3 0.79 11.060 0.000
Cadmium x dissolved cadmium P 0.85 11.938 0.000
[S x Cd] x dissolved cadmium 6 0.027 3.788 0.009
Cadmium concentration in leavegmg kg

Salinity x cadmium in leaves 3 1883.226 0.478 0.701
Cadmium x cadmium in leaves P 17.948 0.005 0.995
[S x Cd] x cadmium in leaves 6 5939.472 1.506 2.19
Cadmium concentration in stemSmg kg

Salinity x cadmium in stems 3 20700.796 1.363 0.278
Cadmium x cadmium in stems P 9307.981 0.613 0.550
[S x Cd] x cadmium in stems 6 | 21513.177 1.416 0.249
Cadmium concentration in rhizomes(mg kg

Salinity x cadmium in rhizomes 3 18619.999 3.729 028.
Cadmium x cadmium in rhizomes P 50241.175 10.061 00D.

[S x Cd] x cadmium in rhizomes 6 6249.198 1.251 0.316
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The cadmium transport index indicated tHat maritimusaccumulated more
cadmium in § x [Cdy] in the leaves comparative with the other resalthieved. The
presence of cadmium was found at {Cfdr S;0 and $oalso, between 0 and 50% (Figure

9).

[Cdo] M [Cds)] M [Cdiod
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Figure 9 - Cadmium transport index of liv&. maritimusplants collected in the Obidos Lagoon for
this essay, except for those of the treatment S4h
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Discussion

The mortality ofScirpus maritimushowed that salinity influenced the life of this
halophyte plant (Figure 4). Ozawaéal, (2009) indicated that hyperaccumulator plants are
sensitive to high salinity and waterlogged condiioln this greenhouse experiment, it was
possible to verify the same sensitivity of the pdaispecially to &, were the survival only
occur for 18 days. The plants subjected tog]Guaere the ones that seemed to tolerate
salinity better (Figure 4E), although no statidtianalyses supported this tendency. The
plants’ stress, induced by high salinities, wapoesible for harmful effects on the plant
growth and on retarding the plants shoot germinafibillebg et al 2003).

The results achieved were consistent with thosetlodr authors. Similar mortality
patterns were observed by Lilleleg al (2003) forS. maritimuscollected from Mondego
estuary (also located in the western coast of BalfuPlants went on senescence processes
when submersed in brackish water over 15.0 salifatylong periods.. This agrees with

the results obtained in this work.

The sensitive and tolerance of salinity is alsduigriced by the macrophyte plants
natural uptake of nutrients, water and other i@adt stress reduces water potential, causes
ion imbalance or disturbances in ion homeostasl@biciet al, 2011). For this reasd.
maritimus plant is considered a facultative halophyte of dseumulating type (Kantrud,
1996; Yilmaz, 2007). At high salinity values, hahype plants require leaching of water
30-50% above consumptive use, as for the plante table to flush out the excessive salt
below the root zone, preventing plant growth intn, a result observed in these plants
(Brown et al, 1999). High salinities values are responsibleaf@rimary stress, resulting in
several cells damages, such as disruption of tHenwmbrane integrity, induction of
structural changes and cytoplasm replacement o With Na' (Hegedus ,2010). Besides
these damages, facultative halophyte shave speun#ichanisms for avoiding them, like
the ability to acquire ions and compartmentalisnthn vacuoles, or the discrimination in
favour of K" over Nd (Flowerset al, 2010). These protective functions are some of the
possible responses 8f maritimusin order to survive at mild salinities, such asa8d o,
where the vessels presented both live and deattispfar [Cq], [Cdsq] and [Cdod]
treatments (Figure 4C and 4D).
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The acclimation period was realized with a salioty2.0, measurenh loccqg at the
plants’ collection site, in order to ensure simitanditions to those found in the plants’
natural environment. All the shoots went senesckning this period, but new ones
emerged afterwards. New shoots were also obseryddllebg et al (2003). This was
possible because during the life cycle &f maritimus ramets produce photosynthetic
shoots.The experimental trial begun when these turned gnoavn plants Nevertheless,
more new shoots emerged afterwards in some oféksels (Figure 5A). They surged in
highest numbers at the 8nd $ treatments, although no statistical support wasdoto
explain the results observed. But, according tdeb# et al (2003), salinity can be
responsible for the number of shoots that appemrédeir study. The shoots emerged at
salinities below 10.0. The same was observed sghidy., On the other hand, senescence
was verified in the § S0 and $o treatments, with the loss of some leaves. The same
senescence was observed in Lilledieal (2003), where it was concluded that continuous
exposure to salinities above 15.0 induced the senes ofS. maritimus Ghosh & Singh
(2005) also verified presence of new shoots and tha increase of cadmium
concentrations lead to the necrosis of leavesntgigiation of cells and to epinasty
followed by wilting The leaves appeared dry antloy@sh, like observed by Hegedus
(2010). For the authors this was a metal detoxibcamechanism of the plants. In this

study, necroses of the leaves were also observ@g 8o and $o.

The shoots length increment was one way to evalingtalifference between the
plants’ size at the beginning and the end of theeament (Figure 5B). This parameter
was not related with the salinity and cadmium comtation levels in the water (Table II).
The negative value observed in the treatment 8Cdy) was a result of the lost of some
leaves. That was probably related to the 35 % atatty achieved in these vessels, as the
lost of leaves is one sign of necrosis) (Ghosh 8gBj 2005). The length increase of the
plants was highest for,8eatments, except forn§« [Cdiog, but there was a high variation
among plants, with possible lost of leaves as wmellome of them. Nonetheless, there was
no statistical support for growth reduction witle flactor salinity. The restriction of growth
of S. maritimuswas verified by Lillebeet al (2003). For Kharet al (2001), the growth
reduction at high salinities, verified in the hdigte hyperaccumulator pla@alicornia
rubra, was caused by the reduction of the plants’ osmaatjustment, due to the saturation

of the solute uptake system or the excessive energyirement demanded by those
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systems. According to Braga& al (2006), cadmium did not affect the growth of p&nt
especially in rhizomatous plants, lie maritimuswhich agrees with the results obtained
in this study. Nutrients uptake is reduced in tle@escent aerial part, because of the
resources translocation to the underground ovetewny tissues, necessary to the plant
growth and survival. Leblebi@t al (2011) concluded that salt stress entails bothotism
and ionic stress, so the suppression of growth nekded to the total concentration of

soluble salts. However, this result was not posdiblverify forS. maritimusn this study

For Yilmaz (2007), plants grown at the highestragjli had significantly lower
dried mass than plants grown at lower salinitidse ame situation was similar in this
study: the fresh weight loss was superior for theti®@atments (Figure 5C). According to
Ghosh & Singh (2005), biomass was one of the fadtwait controlled the total amount of
metal accumulation by the plantS. maritimusfrom the Obidos Lagoon, presented the
largest weight loss in the combined treatmeptx3Cdiog and the lowest in ©Sx [Cdyo.
That first result was compatible with the planendth increment. It seems to imply that
the biomass and the plant length increments mustfheenced by the same physical and
chemical factors. Kamneet al (2000) concluded, that growth rate is usually lfow
phytoacumulator plants, as well as biomass increstiig in the case 0. maritimudrom
the Obidos Lagoon, there was no statistical suppofindament the differences between
the influence of salinity or cadmium contaminatlemels to the plants’ biomass increase.
For Khanet al (2001), salinity was considered responsible far decrease of biomass
production, since it causes a lowering of plantewgtotentials, specific ions toxicity or

ionic balance.

No influence of cadmium for the fresh and dry weigh the shoots were also
observed irBalicornia rubraplants (Ozawat al,2009). However, the salinity inhibited, at
higher salinities, the fresh and dry weight of sal@arts ofS. rubra(Khanet al, 2011).
Another important conclusion for the biomass obpalyte plants was achieved by Flower
& Colmer (2008): changes in the water (per dry mas$) had influence in the biomass

fresh weight variations at different salinities @sae ion accumulation can also occur).

The number of algae species in the Obidos lago@ieigated and the lagoon has

been studied to monitoring eutrophication problgisreiraet al, 2009a). These algae
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were washed way fror8. maritimusplants, both at the collection site and in labangt
but some algae probably were not removed at alis@élalgae grew during the experiment,
with the conditions created for the developmenthafS. maritimus Lillebg et al (2010)
verified that the release of oxygen, carbon dioxated organic compounds at the
rhizosphere resulted mostly by microbial activiyhich can also modify the distribution
and availability of metals.

Suspended organic matter (Figure 6A) was foundeptegn all experimental
vessels. This matter was formed by microorganisnts édgae. Their biomass was more
evident in § x [Cdy]. It showed no influence of both salinity and cagm contamination
factors. For example, Pereigaal (2009c) reported thallva sp., a green algae established
in the Obidos lagoon, was capable of lowering fnaiain levels in the lagoon (between 0
and 0.2 pg Q), during spring at the Barrosa Arm. Coincidentlye same season &f
maritimuscollection for this experiment, near the same @l&admium was present in the
form of suspended particles in the brackish watahe experimental vessels (Figure 6B
and 6C), like in the Obidos Lag (authors unpublisitata). A significant influence of
cadmium levels was evident. Suspended particlesepted higher metal concentration
within the treatments more contaminated. Still, thsults showed that salinity did not
present any influence in the concentrations achlieVhe combined treatmentoX [Cdsg]
showed more cadmium, but it also continued morpesuded particles of organic matter.
These could indicated that;pSpossibly was the best salinity for the accumutatad
cadmium by the organic matter formed in the stuslpyce cadmium factor presented

influence in these results (Figure 6B and 6C).

The cadmium dissolved in the brackish water (Figilpg§ was more elevated for
the higher initial contamination levels, establtier the experimental trial. It presented
also higher concentrations at the highest salgjitee possible result from the cytotoxic
effects of cadmium for the plants. Also, Vasquzal (1998) concluded that cadmium
concentrations in the water lagoon were positivelgted to salinity. Heavy metals were
retained in organic matter due to exchange betweetarger number of hydrogen ions on
the peats colloidal surface and the metals caiidlamioset al, 2003). Thus, it can also be
related to the elevated mortality & maritimusplants at the highest salinities. The

rhizomes of the plants that died during the essaxevonly removed from the sediment at
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the end of the study. This procedure avoided ptessibmages to the other surviving
plants, or cause disruption of their normal physigl As the plants revealed some
cadmium accumulation from field conditions, esplegia the rhizomes, it is acceptable to
hypothesise that this cadmium may have been dieddly the water, in which the plants
were submerged. It may have occurred by tissueadegon and disruption. This may
have been potentiated as well by the plants’ sytitbiorganisms and those from the
suspension biofilm, some of which may have promotsdue decomposition and

bioavailability of dissolved cadmium.

The concentration of cadmium was different in theesal parts of the plant (figure
7). If heavy metals are absorbed by the plant, thay be stored away from metabolically
active compartments, to prevent phytotoxic effé@arranza-Alvareet al, 2008). Ozawa
et al (2009) indicated that most of the hyperaccumulptants developed cell vacuoles, in
which metals are accumulated, to be segregated thencytosol. Thus, the metal uptake
by plants was made mainly in the form of cationw ithe cells. This segregation of
cadmium could also be a protection respons8&.afaritimusin this study, being also a
response to the several different concentrationaddoetween the three parts of the plants

analysed: leaves, stems and rhizomes.

The cadmium concentration in leaves (Figure 7Awmsdtbno influence of salinity
or cadmium contamination The cadmium concentratioaasured at treatmentg $ere a
representation of the ability of the plants to awualate cadmium even at elevated
salinities, plus the transportation of cadmiumhe keaves, due to the elevated mobility of
this metal (Reboreda & Cacador, 2007). It occumea short period of time, since almost
all S. maritimugdied after a few days, mostly by salinity influen&eboreda & Cagador
(2007) concluded that the cadmium content in leavas due also to the fact that the
presence of leaves was very dependent on the pliéatsycle. The hottest seasons induce
the production of more leaves in most plants, thostals’ accumulation becomes
dependent on this factor. (Almei@a al, 2006). Shupping (2008) found values between O
and 0.6 mg kg within leaves ofS. maritimus These values were inferior to the results
achieved in this present study (between 0 and 1§&gn), with no influence of cadmium
and salinity in the presence of cadmium in leavd® plants used by Shupping (2008),

were collected in a local with low values of salrand cadmium contamination.
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The values of cadmium in stems (Figure 7B) werevbeth 0 and 300 mg KgThe
concentration of cadmium withi8. maritimusfrom the Obidos Lagoon presented higher
values than in those collected from other ecosyst@tadejoret al, 2006; Shuppingt al
2008). Seasonal variations should be considereadSFmaritimusspring and summer are
the seasons were plant growth is best developaddilaet al, 2006). For this trial, the
plants were collected in the spring. This can backor for the appearance of elevated
plant growth at the lowest salinities. Since theakp of cadmium was lower on the stems,
the toxicity in this part of the plants was potaliyi lower. The stems include mostly
vascular tissues with lower metabolic activity amonsequently, the accumulation of
metals is expected to be lower (Madeginal, 2006). Still, at §x [Cdsg] the values of
cadmium were very elevated. These values appedae iofluenced by salt stress induced
in plants, interfering in the uptake of water arehvy metal, even though the salinity and

cadmium showed no statistically influence in theesaults.

In accordance with other similar studi&s, maritimusrhizomes (Figure 7C) were
the part of the plant where cadmium accumulated iost (Madejonet al, 2006;
Shuppinget al 2008). The concentration of cadmium in rhizomes si@ongly influenced
by both salinity and cadmium contamination leveétslividually and combined together.
There was a clear presence of cadmium within plaota the reference trial situation of
no contamination [C4l, which indicates that there was a prior cadmiwunuanulation at
the Obidos Lagoon. Madejdt al, 2006, registered cadmium concentrations of 0.298
mg kg* in tubers (rhizomes) from "Entremuros”, a heavyahpolluted salt march area at
the South of Spain. Almeidat al (2006) observed the same in the Douro Estuary
(Portugal), where the authors concluded that canmias easily mobilised and available

for plants.

For Ololade & Ologundudu (2007), the increase irtaineontent within certain
parts of the plants can be informative on subletbstbonses, indicating the increased metal
availability and the potential metal stress for filant. Particular species of halophyte
plants have a natural capacity to absorb cadmiuougin the rhizomes and accumulate it
within the aerial parts (Ozawa, 2009). This absorptould indicate if salinity presented
or not a general influence in the metal accumutato all the parts of plants. That was

possible to see in the cadmium uptake results (Ei§l It was possible to conclude, that
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salinity did not interfere with the presence of m@agm in a specific part of the plant,
except for the rhizomes. These were the plant stredhat accumulated more cadmium
during this experiment (Figure 8C). The negativeuatulation in the leaves, observed at
S5, was an indication of the small amounts presetite tissues. With these results would
be possible to assume that, in salt stress, plaunbgected to the [Gd treatment
accumulated cadmium better within their rhizomespdg€ially considering that the

treatments §and g were close to the salinity value measured at dleation point.

The transport index (Figure 9) showed a highesmaaih transportation with no
salt flow, as this can cause bounded/complexedtantss in the conducting vascular
system of the plants (Gosh & Singh, 2005). The @&lls and different apoplastic
structures are similar to filters, responsible honiting the movements of substances
within the symplast and aerial parts. The rooteysofS. maritimushas the capacity to
collect water for the plant, if it becomes impaittbis will be indicated by the wilting of
leaves (Gosh & Singh, 2005). The fact that 80% af ¥ found in the leaves could be
associated to the elevated values of cadmium, falsed in this part of the plant. The
elevated cadmium of the plants from the combinedtinent §x [Cdy] could be a result
of some these interferences during the experinogrte fact that, being this salinity may

be ideal for the accumulation of cadmium by theapla

37






Conclusion

Conclusion

Heavy metals remain available in the environment lfing time and their
specification and bioavailability might change owene. According to Kamnev & Lelie
(2000), plants with complex rhizomes systems aremmging candidates for

phytoremediation.

The factor salinity was responsible for the motyabf plants, and this was the
principal factor of disadvantage for the useSofmaritimusplant as a good candidate for
phytoremediation of coastal lagoons, since theatians of salinity are divergent during
the year, especially over 15.0. For the number @i rshoots, length and biomass
increments, the influence of salinity and cadmiueravnot significant, but according to

studies from other authors, the salt stress ioresple for their inhibition and decrease.

The formation of organic matter indicated that dnies present microorganisms
and algae's symbioses, brought from Obidos Lagtha,could alter the concentration of
cadmium results in the brackish water. The coneéintr of dissolved cadmium and the

suspended particles were influenced by cadmiunairibntamination factor in this study.

The results obtained in this study presented sasaldantages that could indicate
that S. maritimusis not an indicated halophyte plant for the phgtoediation for
contaminated coastal lagoons, because the reldietaveen salinity and cadmium
concentrations could be too stressful for the gnowt the plants. TheS. maritimus
population present in salt marshes are constanfiybmitted to e stress induced salinity
changes, not only in the water, but also in thd. sthe soil physical and chemical
properties are important (Kamnev & Lelie, 2000).ldcals were salinity was closer to
freshwater valuess. maritimusstress will not be such problem and plant mdytaliould

be lower.

For phytoremediation is important to evaluate thengh rate and the biomass of
the target plants. For an effective phytoremedmatd a large contaminated ecosystems,
like the Obidos Lagoon , is important that the plaiomass $. maritimuy must be

elevated, in order to remove the metals dischange¢lde area, particularly at the Barrosa
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Arm. (Cheraghet al, 2011). As for the mortality, salinity’s influenoé was important, but
the effect of cadmium cannot be disassociated. tdkieity of the heavy metal, in large
quantities, can lead also to the mortalitySf maritimus.According to Stout & Nussle
(2010), the seasonal growth and the contaminatechdss are disadvantage factors for

phytoremediation success.

Rhyzofiltration is one of the techniques appliecdaqueous environments for heavy
metals remediation. This has been studied befaye,rémoving contaminants from
solutions. The metal hipperacumulation is a adajgairocess between microbes exposed
to metals and plants. The interaction created atdit the presence of a rizhosphere
microbial population, adapted to heavy-metal peliutocals and is important to enhance
roots of hyperaccumulator plants, lie maritimusAlgae and fungus cannot be forgotten.
This interaction could be responsible for the pgnatwth (needed for the phytoremediation
techniques) and for the increase in the plantdasararea for absorvation, which can lead
to a better uptake of nutrients and pollutantslyaricing the food chains) (Stout &
Nusslein, 2010).

Actually, the S. maritimuspopulation from the Obidos Lagoon was not able to
detoxify cadmium from the water. The values fouod dadmium were above the values
established in Portuguese directives for consematif several ecosystems, in the last
years (Pereirat al, 2009 b,c). According to Vasquet al (1998), the shallow depth of the
lagoon promotes resuspension of the sedimentsphstant wind driven waves and tidal
mixing. This activity promotes the release of thetats entrapped within the sediments
into the water column. The continuous decompositblrganic matter can also release

incorporated metals into the lagoon system.
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Future Perspectives

The halophyte planS. maritimuswas not efficiency for bioremediation of
cadmium in elevated conditions of salinity, somkeotstudies could be realized for a
much better knowledge of their capabilities as aspme phytoacumulator in coastal

Lagoons.

1) S. maritimuswvas study for phytoacumulation of other heavy nsetigte lead
(Shuppinget al, 2011). These other metals in the presence o$dheities (inferior or
superior to salinity 15.0) could present a différersults in terms of accumulation in a

similar greenhouse experiment.

2) The presence of cadmium in sediments of Obidagobn has also been
studied (authors, unpublished data). The amousahfin the sediments could also be
interesting to analyse, in order to verify the analation of cadmium or other heavy

metals in accordance with salinity variations;

3) Other values of cadmium concentrations could dme option for the
optimization of the phytoremediation technique w&h maritimus more close to the
MAC established for surface waters (but imposstioleapply in brackish or marine

water systems).

4) The analysis of the rhizomes & maritimusand the identification of
symbiotic microorganisms could be important to éretinderstand the bioremediation

possibilities that the halophyte plant presents;

5) Studies in greenhouse experiments, Vthmaritimusassociated with other
hyperaccumulator halophyte plants (such Sadicornia ramossisimaalso found in
Obidos Lagoon), could be interesting to analysthéf potential of bioremediation is
more successfully achieved together, or if existzompetition for heavy metal

accumulation.

6) The study ofScirpus maritimusdecomposition/mineralization, plus the

possible influence of salinity on the heavy metacentrations resulting from those
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processes, would be important to analyse for optimgiphytoremedation techniques, in

order to verify if it could result in increased ralebioavailability.

Given the above, there is still plenty to be knoimnthe interaction of salt
marshes organisms and their potential for bioreat®oi, where natural native

organisms in a given ecosystems
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Annexes

Annex |- Post-hoc tests results for the greenhouse expetrimvéh S. maritimusto test the

relations between salinity, cadmium concentrati@@sl], [Cds0], [Cdio) and plant parameters as
factors. The following symbols stand for: [S x Cdalinity and cadmium concentration variable;
df - degrees of freedom; MS - Mean Square.

Post Hoc Test

Dependent variable and factorg Test p-value
tested
Mortality (%)
Salinity Tukey HSD | Comparation:c&nd mortality 0.503
Comparation: Sand mortality 0.503
Comparation: § and mortality 0.175
Comparation: § and mortality 0.175
LSD Comparation: Sand g 0.170
Comparation: §and S 0, 000
Comparation: §and S 0.000
Comparation: Sand S 0.009
Comparation: § and $¢ 0.44
Bonferroni Comparation:,3and 3 1.000
Comparation: §and S 0.002
Comparation: §and S 0.000
Comparation: Sand S 0.056
Comparation: § and $¢ 0.267
Cadmium Tukey HSD| Comparation: cadmium and maytali 0.451
LSD Comparation: Cdand Cdg 0.233
Comparation: Cgdand Cdyq 0.233
Comparation: Cg and Cdl 1.000
Bonferroni Comparation: Gand Cdg 0.698
Comparation: Cg and Cdlyc 0.698
Shoots
Salinity Tukey HSD | Comparation: salinity and shoots 0.5%2
LSD Comparation: Sand g 0.511
Comparation: §and S 0.195
Comparation: §and S 0.511
Comparation: Sand S 0.511
Comparation: § and $¢ 1.000
Comparation: § and $¢ 0.511
Bonferroni Comparation:,3and 3 1.000
Comparation: §and S 1.000
Comparation: Sand $o 1.000
Comparation: Sand S 1.000
Comparation: Sand S 1.000
Comparation: § and $¢ 1.000
Cadmium Tukey HSD | Comparation: cadmium and shoots 0.214
LSD Comparation: Cdand Cdg 0.096
Comparation: Cgdand Cdq 0.775
Comparation: Cg and Cdl 0.162
Bonferroni Comparation: Gand Cdg 0.288
Comparation: Cdand Cdy 1.000
Comparation: Cg and Cdlc 0.486
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Stem elongation (cm)

Salinity Tukey HSD | Comparation: salinity and stdomegation 0.822
LSD Comparation: Sand 3 0.549
Comparation: gand S 0.711
Comparation: &and S¢ 0.816
Bonferroni Comparation:o&nd 3 1.000
Comparation: gand $¢ 1.000
Comparation: Sand S 1.000
Cadmium Tukey HSD Comparation: cadmium and stemggltion 0.543
LSD Comparation: Ggand Cdg 0.962
Comparation: Cgdand Cdyq 1.000
Comparation: Cg and Cdl 0.869
Bonferroni Comparation: Gdnd Cdg 0.962
Comparation: Cgdand Cdy 1.000
Comparation: Cg and Cdgc 0.869
Plant Fresh weight (g FW)
Salinity Tukey HSD | Comparation: salinity and plémeish weight 0.463
LSD Comparation: &and 3 0.337
Comparation: sand ¢ 0.259
Com paration: Sand S¢ 0.779
Bonferroni Comparation:o&nd 3 1.000
Comparation: gand ¢ 0.776
Com paration: Sand 3¢ 1.000
Cadmium Tukey HSD | Comparation: cadmium and plangkte 0.549
LSD Comparation: Ggand Cdg 0.304
Comparation: Cgdand Cdyq 0.529
Comparation: Cg and Cdl 0.680
Bonferroni Comparation: Gdnd Cdg 0.911
Comparation: Cdand Cdyq 1.000
Comparation: Cg and Cdqc 1.000
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Annex Il - Post-hoc tests results from the relations betwedinity, cadmium concentrations
([Cdqg], [Cdsg], [Cdiod) and the cadmium concentratiomsrsusthe amount of suspended organic
matter and cadmium concentrations evaluated disdalv water, within suspended particles, plus
S. maritimus leaves, stems and rhizomes. The follpwymbols stand for: [S x Cd] - salinity and
cadmium concentration (ug)lvariable; df - degrees of freedom; MS - Mean $gua

Post Hoc Test |
Dependent variable and Test Condition p-value
factors tested
Cadmium concentration in rhizomes(mg kg%
Salinity Tukey HSD Comparation: salinity and rhizes 0.949
LSD Comparation: gand $* 0.023
Comparation: gand S¢* 0.007
Comparation: Sand S¢* 0.012
Comparation: Sand S¢ 0.595
Comparation: Sand $¢ 0.776
Comparation:  and $¢ 0.804
Bonferroni Comparation:,&nd 3 0.141
Comparation: sand S¢* 0.041
Comparation: sand $¢ 0.074
Comparation: Sand S¢ 1.000
Comparation: Sand $¢ 1.000
Comparation:  and $c 1.000
Cadmium Tukey HSD Comparation: cadmium and rhizdme0.564
LSD Comparation: Gdand Cdc* 0.003
Comparation: CGgdand Cdyc* 0.000
Comparation: Gg and Cdy 0.312
Bonferroni Comparation: Génd Cdc* 0.010
Comparation: Ggdand Cdyc* 0.001
Comparation: Gg and Cdy 0.935

*The mean difference is significant at the 0.0%lev




