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ABSTRACT

Urbanised and industrial coastal areas in Soutlic&fare most vulnerable to the effects of
marine pollution, and the Kwa-Zulu Natal coastlinegparticularly at risk. The musseferna
perna,from a polluted (Isipingo Beach) and unpollutedriPRynie) site, andBrachidontes
semistriatusvere evaluated for their use as potential bioirtdicarganisms. The mussels were
subjected to increasing copper concentration trewatsnto asses the following biomarker
responses: cardiac activity, lysosomal membranéilisga malate dehydrogenase enzyme
(MDH) activity and body condition indexBrachidontes semistriatuexhibited significant
variations in biomarker responses only when expaésddgher Cu dosages, wherdasperna
from Park Rynie displayed distinct changes in hear®, lysosomal membrane stability and
MDH activity with increasing contaminant exposuf@erna pernafrom Isipingo Beach
displayed significant biomarker variation in caictivity and lysosomal membrane stability,
however differences in MDH activity were only evideat the highest Cu concentration of 100
ug.L™. Both species from the different Cu treatmentieéaio show any significant changes in
body condition indices due to the limited time ohtaminant exposure. The musBelperna
was therefore selected as a suitable biomonitosipgcies, and cardiac activity, lysosomal
membrane stability and body condition index weresem as reliable biomarkers for the study.
Native P. pernafrom KZN responded to a distinct pollution gradietong the coastline by
displaying significant bradycardia, reduced lysoabmembrane stability, poor condition
indices and high heavy metal tissue concentratiwban, Isipingo and Umkomaas were
singled out as the most contaminated sites alomgadhast, and Zinkwazi and Park Rynie as the
least polluted. In addition, significant correlaso between tissue and sediment metal
concentrations suggest that the species is antigffidzeavy metal bioaccumulator of Cd, Pb,
Zn, Cr and Fe. Similar spatial trends in seawata mussel tissue concentrations in Durban
Harbour were identified. Stations in the port lechthearest to the freshwater inputs and
stormwater drains displayed the highest metal aanagons in tissue and seawater, as well as
adverse biomarker responses from transplafegderna These results suggest that Durban
Harbour is strongly influenced by tidal exchange anntaminated freshwater inflow entering
the harbour. It was also found that reproductiopdses a considerable effect®npernabody
condition as spawning events in winter months tdaybronounced body mass loss. The study
concluded thatP. pernais a highly effective bioindicator species, andd@c activity,
lysosomal membrane stability and body conditioneindan successfully be employed in

marine pollution monitoring programmes.
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CHAPTER 1: General Introduction

South Africa has an estimated population of 40iamilpeople, 30% off which reside along the
coastline (Taljaarcet al, 2006). The extensive rate of urbanisation andistréhlisation has
introduced an array of toxic xenobiotics to thestabwaters of the country, mainly through the
discharge of sewage, domestic waste water, indugtfiluent, dumping of dredged materials
and contaminated runoff from land (Moldan, 1995sheret al, 2006a,b,c; Taljaardt al,
2006). Although there has been an increasing awascfior the urgency of marine conservation
in the country, there is a substantial lack of mafollution research in South Africa (Connell,
1988; Anandragt al.,2002; O’'Donoghue and Marshall, 2003). The effedtpollution on the
South African marine environment remain uncertaing current monitoring procedures are
inadequate (Anandrait al,. 2002; O’'Donoghue and Marshall, 2003). This promdptudies to
identify the brown mussdPerna pernaas a suitable biomonitor for use in South Africa’s
marine pollution biomonitoring programmes, usinguite of biomarker tests. The procedures
for these biomarkers were first assessed in therdatry to correlate a link between
contaminant exposure and biomarker response, aréatter the biomarkers were tested in

field surveys.

Traditional marine pollution techniques include astigating species diversity and abundance,
toxicity tests and analysing both sediment and meltemistry. Such techniques are inadequate
as they are time consuming, expensive to perforth raquire specialised laboratory skills
(Wedderburnet al, 2000; Wellset al, 2001). In addition, routine chemical analysisyonl
provide specific information on contaminants préseroth sediment and the water column, as
well other details such as water temperature, isglioxygen and nutrient content of the water.
However, this approach does not consider thoseanonants present in undetectable levels in
the environment, and neither does it provide infation on the biological effects of these
pollutants on biota (Sotet al, 1995; Smolderst al, 2003). In addition to these shortcomings,
it is not feasible to conduct chemical analysesaaregular basis. Therefore the effects of a
sporadic event such as adverse weather conditamwdental leaks and spills will not be
considered unless a chemical survey is undertakeatly after the event occurs (Shugeirtal,
1992).

In light of this, there has been a growing demamrdnfiarine pollution monitoring techniques
that are quick, uncomplicated, inexpensive andisem®nough to the highlight the impacts on

biota. In response to this need, monitoring tealmesghave evolved into low cost and easy to



use tools that provide rapid results (Gallowaty al, 2002). Possessing these attributes,
biomarkers have successfully become a part of natemal marine pollution monitoring
protocol (Shugartet al, 1992; Abesseet al, 2005). A biomarker can be defined as a
xenobiotically-induced biological response from thicexposed to anthropogenic chemicals
(Shugartet al, 1992; Lagadiet al, 1994; Handyet al, 2003). Although they have been in use
in marine pollution programmes for more than 35rgediomarkers only gained global
recognition in recent years (Hanéy al, 2003). These sensitive and useful tools measure a
variety of responses from biota on different orgamilevels such as molecular, cellular,
biochemical and physiological attributes (Shugeatrtal, 1992; Mooreet al, 2006), thus
providing an integrated approach on assessing rnipadts of marine pollution that can be
applicable over a wide range of both species amdystem types. Not only do biomarkers
indicate the presence of toxic contaminants that owur in too minute concentrations to be
detected by chemical analysis, they also signifg firesence of contaminants that are
biologically available to biota and those that halready degraded in the environment (Handy
et al, 2003).

One other vital role of biomarkers is their servie® an early warning distress signal that
indicates contamination before irreversible damagges occur to ecosystems (Shugeatrtal,
1992; Riveroset al., 2002; Luk’yanova, 2006; Mooret al, 2006; Nigroet al., 2006). Once
organisms are exposed to anthropogenic stresirgheariation in bodily response occurs on a
molecular and cellular level, followed by changeshmchemical and physiological levels, after
which changes to the entire body of the organise @bserved (Shugaet al, 1992).
Biomonitoring is the evaluation of such biomarkdérem biota in polluted environments
(Boening, 1997) and serve to display the effectgdividual organisms through to populations,

communities and ecosystems.

Selecting a suitable organism from which biomarkeils be assessed is important as certain
criteria must be met. Rainbow (1995) postulated tha selection of a biomonitor species
should be dependent on the contaminant sourcewitiabe tested. Table 1 provides a brief
description of biomonitors used in previous studisd the main sources of anthropogenic

contaminants these organisms are naturally exgosed

According to Hennig (1984), Widdows and Donkin (2R8Ravera (2001) and Boening (1997)
and Smolderst al.(2003), suitable biomonitor species should haegaolowing traits:

- Wide geographic distribution and occur abundantly



- Sedentary or have restricted movement.

- Long-lived to accommodate long-term studies.

- Survive laboratory conditions.

- Tolerant to a wide variety of contaminants thatuamulate within body tissues.

- Easy to handle and able to cope with a fair arho@iandling stress during collection

and transplant experiments.

- Easily transplantable and survive prolonged wé#ptperiods.

- Extensively studied in terms of their physiolaicesponses and adaptations to intrinsic

and extrinsic factors.

Table 1: Review of marine bioindicators and their sourgBanthropogenic contaminants

Bioindicator

Macroalgae

Marine mussels,
oysters and
barnacles

Deposit feeding
bivalves

Burrowing
polychaetes

Amphipods

Lamellibranches

Gastropods
(Prosobranchs)

Phytoplankton

Method / organ of

contaminant acquisition

Easy absorption through
large, free surfaces

Epibenthic suspension

feeding

Newly deposited particles
and seawater are taken up
by inhalant siphons during
feeding and respiration

Soft tissues in contact with
sediment, interstitial water
and overlaying water
currents. Suspension or

deposit feeding.

Detritivorous species that

ingest sediment

Filter feeding

Deposit feeding

Phytoplankton posses free
surfaces for absorption.

Source of contaminant Reference

Dissolved metals in seawater Rainbow, 1995

Rainbow, 1995
Wang and
Fisher, 1999
Ravera, 2001

Dissolved metals and
suspended particles in
seawater

Seawater, newly deposited
particles on surface. Shell
protects organism from
contact with sediment

Rainbow, 1995
Wang and
Fisher, 1999

Contaminated sediment,
interstitial water and
overlaying water. Suspended
particles, newly deposited
particles or contaminated
food

Rainbow, 1995
Wang and
Fisher, 1999

Contaminated food,
sediment and dissolved
metals in seawater

Rainbow, 1995
Ravera, 2001

Dissolved metalseawater Ravera, 2001

Sediment particles Ravera, 2001

Dissolved metals in seawater Ravera, 2001



Although various species have been employed as dritars, few meet all the above
requirements of a model biomarker as suitably asnmaivalves (Goldberg, 1986; Widdows
and Donkin 1989;Rainbow, 1995;Boening, 1997; Nascet al, 1999; Ravera, 2001;
Smolderset al, 2003; Domouhtsidoet al, 2004). It is these characteristics that have tead
bivalves becoming prevalent in current marine bibittsing programmes, as they are
widespread in most marine ecosystems around thiel \{@molderset al, 2003; Domouhtsidou
et al, 2004). Mussels can be used in studies duringhail life stages and their sedentary
nature as well as their high bioaccumulation abitiiakes these specimens ideal study subjects.
Being filter-feeders, they are exposed to susperided and seawater, thereby providing an
integrated measure of pollutant contaminant (Golglb&986; Widdows and Donkin, 1989;
Boening, 1997; Khessibket al, 2001; Domouhtsidoat al, 2004; Nicholson and Lam, 2005).

Mussels were first established as biomarkers byd@wl in 1975 in the Mussel Watch
Programme, which aimed to analyse chemical contmsnwithin the marine environment and
provide a better understanding of the quality ef marine water (Goldberg, 1986; Smoldets
al., 2003). The project was so successful in monigpgontaminants present in the coastal
zones of USA that the programme was adopted irtierradly in the 1990s, thereby starting a

new trend in biomonitoring techniques (Ravera, 2001

Since then, mussels from the family Mytilidae hdwecome well-established biomonitors
(Nicholson, 1999a,b; Sze and Lee, 2000; Ananefrgl, 2002). The brown mussél. perna
native to the South African coast, also occurs en&zuela, Brazil, Uruguay, Madagascar,
Argentina and the West Indies (Anandeajal, 2002; Rajagopadt al, 2003), and has already
been the subject of numerous ecotoxicology studlieiertaken around the world. Trace metal
concentrations in soft tissues as well as byssteadls ofP. pernahave been successfully
studied by Szefeet al, 1997a,b; Costat al, 2000; Joiriset al, 2000; Anandragt al, 2002;
Baraj et al, 2004; Rajagopatt al, 2003; Sidoumotet al, 2006. These mussels were also
investigated for the accumulation of polycyclic matic hydrocarbons (PAHSs), organochlorides
(pesticides and PCBs) and furan by Ahadsal. (2002), Otchere (2005) and Franciatial.
(2007) respectively.

Gregoryet al. (1999; 2002) demonstrated the drastic effects obréh exposure to metals on
the gill morphology ofP. perna and Barracccet al. (1999) studied the morphology and
chemistry of their haemocytes extensively and erathihe role of phagocytosis in the species.

Ferreira and Salomao (2000) studied the ionic seitgiof the species’ cardiac activity, and



biochemical responses frof. pernawas researched by Bairet al. (2000). The species’
susceptibility of DNA damage of its digestive andntie tissues was examined by de Almedia
et al. (2003), and Stucchi-Zucchi and Salomao (1998)stigated howP. pernaresponded to
chronic salinity stress and hyposmosis. The effeétséemperature and hypoxia were well
demonstrated by Hicks and McMahon (2002), and sedsiuctuation in their biological
functions by Dafreet al. (2004) and Almeidat al. (2003). This study focuses on highlighting
the usefulness d?. pernaas a biomonitor. The following biomarkers wereduse establisiP.
pernaas a suitable biomonitor:

- Cardiac activity.

- Lysosomal membrane stability.

- Body condition index.

- Malate dehydrogenase enzyme activity.

- Heavy metal bioaccumulation.

Cardiac activity

Previous studies have investigated the use of wapbysiological responses from invertebrates
as biomarkers of contaminant exposure. Such respomglude alterations in respiration,
oxygen consumption, valve closure, pumping andafitbn rates, growth, gonad maturity,
cardiac activity and body condition indices (Wedklen et al., 2000). Cardiac activity is
rapidly becoming a popular technique that is ugecharine pollution monitoring programmes,
especially since advances in technology has prablaceon-invasive method of recording the
heart rates of organisms (Wedderbetral., 2000; Bakhmet and Khalaman, 2006). The close
link between heart rate and metabolic activity mes a useful technique to evaluate the
physiological integrity of the organism (Abesshal, 2005). Marine mussels have an open
circulatory system that consists of haemolymph elessnd sinuses that are regulated by a three
chambered heart (Nicholson, 1999a,b). Mussels éxfitle fluctuation in cardiac activity,
except when exposed to stress such as exposukntantnants (Sabourin and Tullis, 1981;
Nicholson, 1999a,b; Curtist al.,2000, 2001; Browret al.,2004; Marshalkt al.,2004; Abessa
et al., 2005). This is attributed to the lack of endothelissues in the bivalve auricular and
ventricular cavities, which allows the heart to ibedirect contact with contaminant loaded
haemolymph (Nicholson 1999a,b). Hence, any sigmificalteration in cardiac activity can be
attributed to an external stress such as contam@xosure (Nicholson, 1999a,b; Cueisal,
2000; Brownet al, 2004; Marshalket al, 2004; Abessat al, 2005). This characteristic has
made cardiac activity of marine mussels a widebdusiomarker (Nicholson, 1999a,b; Cusis
al., 2000, 2001; Browrt al.,2004; Marshalkt al.,2004; Bakhmet and Khalaman, 2006).



Studies conducted by Nicholson (1999b) and Abesgsal. (2005) showed that some marine
bivalves may display no significant variation inaherate when exposed to increasing copper
concentrations, due to the uptake of metals by mahmands, metallothionein binding and
sequestration of the contaminant by lysosomes latiog in the haemolymph. It is postulated
that the metal remaining in the haemolymph wasanoigh enough dosage to induce effects on
the myocytes or cardio-regulatory neurons that @ekult in a change in the cardiac activity
(Nicholson, 1999b; Abessat al, 2005). Another study by Nicholson (1999b) andvéret al.
(2004) showed mussels displaying elevated heass rdachycardiac), which was a result of
elevated metabolic rates in order to rapidly ddyoand excrete the toxins from the organism’s
body (Nicholson, 1999b; Browat al, 2004; Marshalket al, 2004). Another hypothesis that
would explain such an elevation of heart rateiésibhcrease in the organisms’ body work rate
in an attempt to atone for the impairment of othedy organs by metal toxicity (Nicholson,
1999a). Such elevations in cardiac output has twelgn found in mussels exposed to low
concentrations of contaminants (Nicholson, 1999awm et al, 2004) as the pollutant dosage
was far too small to produce an immediate declinegiart rates. Nonetheless a rapid increase in
heart rate will result in great energy loss to dhganism and also inflict severe damage to the
surrounding heart tissues and muscles (Nichols8894). Most studies on bivalve cardiac
activity have reported a decline in heart ratedipcardia) when mussels were exposed to metals
(Nicholson, 1999b; Curtist al, 2000; Curtiet al, 2001; Gallowayet al, 2002; Marshalét al,
2004), as a result of severe impairment of hearésvous control system. The effects of
contamination on the cardiac activity of musselgehaow become widely studied (Nicholson,
1999a,b; Curtiet al, 2000; Gallowaet al, 2002).

Lysosomal membrane stability

Lysosomes are membrane-bound organelles that arendot in the digestive tissues of
invertebrates (Lowet al, 1995; Wedderburat al, 2000; Matozzat al, 2001; Petroviet al,
2004; Mooreet al, 2006). They have the primary function of breakilagvn biological material
as lysosomes contain hydrolytic enzymes (Marigoraezal, 1998; Kagleyet al, 2003;
Nicholson, 2003; Mooret al, 2006). Previous studies by Nicholson (2001; 2G08) Loweet
al. (1995) have shown that once organisms are exptiseahthropogenic chemicals, they
accumulate an excessive amount of contaminantsinwttieir lysosomes, which becomes
enlarged, rendering the lysosomal membrane nortitured. This occurrence of reduced
lysosomal membrane stability is used as a biomarkekposure to pollutants as the membrane
instability is correlated with the concentrationtbé chemical contaminant (Love al, 1995;
Marigomezet al, 1998; Kagleyet al, 2003; Nicholson, 2003; Mooret al, 2006). Since the



inside environment of lysosomes are maintained imgmbrane Mg ATPase-dependent’libn
pump (Loweet al, 1995), excessive contaminant accumulation anostyme enlargement will
render the pump dysfunctional which consequentaninncrease in pH within the lysosome.
This in turn will create an equilibrium between tin@mer organelle contents and the cytosol
exterior to the organelle, allowing the free passaf lysosomal contents to the organelle
exterior (Loweet al, 1995; Nicholson, 2003). A method indicating auettbn of lysosomal
membrane stability was developed by using the @ligsi ability to take up and retain a neutral
red dye, and as the stability of the lysosomal nramd decreases with increasing contaminant
concentration, the time period for the dye to leakof the damaged cell is monitored (Logte
al., 1995; Marigomezt al, 1998; Viarengeet al, 2000; Wedderburet al, 2000; Matozzaet
al., 2001; Nicholson, 2001; Galloway al, 2002; Mooreet al,, 2006).

Body condition index

Factors such as temperature, salinity and foodlabiliy have different effects on the
physiological responses of marine bivalves and Haad to investigations of various indices
that evaluate the health of the organism (Nichqld®99b; Orbaret al, 2002); such indices
include body condition index, metal burden inderd aorgan somatic indices. Studies by
Dahlhoff and Menge (1996) and Nicholson (1999bfestihat an unfavourable habitat condition,
such as exposure to anthropogenic chemicals, isdaceonsiderable degree of stress on the
organism. This in turn will result in the organisatsempting to cope with such conditions, thus
depleting energy that would otherwise be resereedowth, reproduction and numerous other
physiological body processes. There are numerodg dendition indices that currently exist in
international marine biomonitoring programmes (Leiogeet al, 1997; Smolderst al, 2003),
which include the ratio between dry mass of saue and internal shell cavity volume, wet
mass of soft tissue and internal shell cavity vaudry mass of soft tissue and shell length, and
lastly dry mass of soft tissue and whole shell x@u Nevertheless, a detailed study by
Lundebyeet al. (1997) on the different body condition indices m@med, revealed similar
results between all of the condition ratios. Boandition index has proved to be a useful
biomarker as mussels exposed to contaminants exiabr growth rates and body condition
indices (Lawrence and Scott, 1982; Avetyal, 1996; Dahlhoff and Menge, 1996; Lundeleye
al., 1997; Nicholson, 1999b; Orbant al, 2002; Gallowayet al, 2002; Smolderst al, 2003;
Amiard et al, 2004).



Malate dehydrogenase enzyme activity

Biochemical responses from biota exposed to comané are becoming increasing popular as
biomarkers, specifically enzymatic biomarkers @ used in invertebrate marine biomonitors
(Lushchaket al, 1997; Fahraeus-Van Ree and Payne, 1999; Gtbala 1999; Dahlhoffet al,
2001; Dahlhoffet al, 2002; Luk'yanova, 2006). They are indicators adtamolic activity of
organisms (Dahlhoff, 2004), and are both direciiyg andirectly associated with biological
functions that are vital for survival. Evaluatiohtbe metabolic condition of organisms is a key
component of understanding the extensive effectermironmental contamination on biota.
Studies by Regolét al. (1998), Dahloff (2003) and Kaglest al. (2003) document the use of
metabolic enzymes as early warning indicators adngibal pollutants. Exposure to heavy
metals have been shown to induce stress on enzyouesgses such as protein degradation, lipid
peroxidation of tissues and chemical carcinogen@igioliet al, 1998), as well as causing
DNA damage and the inhibition of metabolic enzyrtvities (Khessibat al, 2001). Malate
dehydrogenase (MDH) is one such metabolic enzyrakhhs been the subject of numerous
studies (Mizrahi and Achituv, 1989; Dahlhaf al, 2001; Dahlhoffet al, 2002). The enzyme
plays a vital role in the citric acid cycle andthe presence of MDH, malate is oxidized by
nicotinamide adenine dinucleotide (NAD) to oxaldate (Mizrahi and Achituv, 1989;
Cunninghamet al, 1997). The quantity of NADH that is formed in theaction is thus
proportional to the concentration of malate coredrttherefore the reaction is monitored
colorimetrically by measuring the rate of oxidatiohNADH. Previous studies demonstrate a
direct link between MDH activity and the overall taieolic activity of organisms (Cunningham
et al, 1997; Dahlhofkt al, 2001; Dahlhofkt al, 2002).

Heavy metal bioaccumulation

Metals are widely used for various anthropocerapplications, some of which are outlined in
Table 2, and those existing in the marine envirantnean be measured by a comprehensive
chemical analysis of the water column and sedim@uto et al, 1995); however this
methodology is inadequate as it can elude infoonatin pollutants present in undetectable
levels in the environment and little information thre biological effects of these contaminants
on the organisms from polluted habitats. Most adquatvertebrates have the ability to
accumulate anthropogenic chemicals from their sumdong environment within their body
tissues; however the extent of the accumulatiowdat species may vary (Rainbow, 2002).
Although heavy metals occur naturally in the magngironment, the contaminants discharged

from anthropogenic activities such as waste didpasdustrial and sewage effluent, may be



sequestered from the water column and be depositsg@diment (Chong and Wang, 2000;
Gregoryet al, 2002).

Table 2: Natural and anthropogenic sources / uses of m@igtins et al, 1988).

Metal

Cu

Cd

Pb

Zn

Cr

Fe

Ni

Natural occurrence

Weathering of rocks and
mineral ores.

Weathering of rocks,
erosion of the earth’s
crust and deep sea
volcanism.

Natural weathering of
sulphide ores, forest fires
and volcanism.

Weathering of rocks and
mineral ores.

Weathering of rocks and
mineral ores.

Weathering of rocks and
sulphide ores.

Volcanic activity, forest
fires and soil erosion.

Common uses or sources afetal

Electrical equipment, copper piping, treated sewage
effluent, algacides, metal-plating, smelting, wood
preservatives and anti-fouling paints on the hofllescean
vessels.

Stabilisers for PVCs and pigments in plastics,yadind
glass manufacture, as well as in electroplatiregtéd
sewage and smelting of non-ferrous metal ores.

Emissions from motor vehicles, milling, mining, dtimey
of metals, industrial and domestic waste watenstiies
involved in the manufacture of car batteries, Faantd
pigments.

Galvanising, the manufacture of paints and dyespaper
milling.

Metal plating, manufacture of explosives and in the
leather, paper, ceramic and paint industries.

Manufacture of household detergents, petrochemirads
fungicides, burning of fossil fuel, mineral prodess
sewage and corrosion of iron and steel.

Sewage sludge, incineration activities, electrapiat
burning of fossil fuel, manufacture of asbestoselsand
cement, as well as emissions from Ni miming and
refining.

A comprehensive study by Chong and Wang (2000) detrated the ability of marine mussels

to assimilate heavy metals from sediment, and hybtdd the significance of sediment

ingestion by marine bivalves as major contributbmetal uptake. Although the measurement

of metal concentrations from body tissue of mussetswidely used biomarker, the biomarker

has to be accompanied by other biomarkers as @oimaaf the metals taken up by organisms is

used by physiological and metabolic processes agaffrowth, excretion and reproduction. In

addition, abiotic factors such as salinity, tempee and seasonality can affect metal



accumulation rates in mussels (Sab al, 1995; Boening, 1997; Francioet al, 2004).
Nonetheless, the analysis of tissue concentrat@smsbiomarkers remain a popular and
informative approach that identifies toxic contaamts accumulated within soft body tissues
(Shugartet al, 1992; Boening, 1997; Ravera, 2001).

Table 3 provides a summary of all the biomarkeeslus this study.

Table 3: Summary of biomarkers employed in this study pretlicted response to pollutants.

Documented response to anthropogenic

Biomarker Category of biomarker .
contaminants

Lysosomal membrane . Significant reduction of lysosomal
. Cytological .
stability membrane stability

Mild tachycardia to low levels of
Cardiac activity Physiological contaminants or significant bradycardia
to high levels of contaminants

Significant decline in growth and

Body condition index Physiological condition indices

Malate dehydrogenase

- Biochemical Significant MDH enzyme inhibition
activity
Heavy metal . . Significant metal accumulation within
. . Bioaccumulation :
bioaccumulation soft tissues and organs.

Introduction to the study area

Kwa-Zulu Natal has approximately 239 known freshaxatutlets that exit into the ocean, which
range from drains to rivers (Begg, 1978). Howewety 73 of these outlets are considered to be
significant rivers and estuaries. One such estisatiie Port of Durban, which was originally
used for anchorage in the 1820s. However, the ieceeasing trade route recognised the
estuary as a prime location for a permanent harbbows the development of the harbour
initiated the growth of a heavily industrialiseddambanised city on the periphery of the port.
Despite its economic value to the city, the devedept and expansion of the harbour has had a
negative impact on the coastal environment. Themguality of the rivers draining the city and

emptying into the bay is in poor condition (Beg®,7&8). Similar developments of urban and
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industrial nodes along KZN'’s estuaries and coastiire also affecting their immediate coastal
environments (Begg, 1978; Kalicharran and Diab31@obleret al, 1996). Durban South, in
particular, is noted for being heavily industrieliswith separate industrial outfalls along the

coast.

Hence this study attempts to assess the pollugeeld along the coast of Kwa-Zulu Natal, as

well as Durban harbour, by employiRg pernaas a bioindicator species.

Aims and objectives of each chapter
Chapter 2 is designed to test the hypothesis tkpbseire of mussel$®. perna and B.
semistriatussampled from two different sites on the Kwa-Zulat&l coast, to increasing metal
concentrations will induce alterations in physidatad, cytological and biochemical responses.
This chapter therefore aims to select a potentiahdicator from the two South African mussel
species by investigating the following biomarkespenses from specimens exposed to varying
copper dosages:

1. Cardiac activity.

2. Lysosomal membrane stability.
3. Body condition index.
4

Malate dehydrogenase enzyme activity.

Chapter 3 tests the hypothesis that biomarker resggofromP. pernacan demonstrate a
pollution gradient along the KZN coastline. Biomankwere tested in a field surveyRafperna
from Kwa-Zulu Natal coastal waters in order to pdevan evaluation on the environmental
state of the province’s intertidal zones, and tnly establish the specieB. pernaas a
biomonitor for future pollution monitoring programs in South Africa. The aims for this
chapter are to:
1. Assess and compare the pollution status of KZNastime.
2. Investigate the usefulness of applying a suitei@larker tests to evaluate the health
of the marine environment.
3. Investigate whethdP. pernais a suitable biomonitoring species in a field laggion
by evaluating:
- Heavy metal bioaccumulation in mussel soft tissue
- Cardiac activity.
- Lysosomal membrane stability.

- Body condition index.
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Chapter 4 tests the hypothesis that biomarker regso from transplanteB. pernacan
demonstrate an underlying a pollution gradient imrdan harbour. Cytological and
physiological biomarker responses frdth pernatransplanted to sites within the Port of
Durban, were assessed to determine the environmeatalition of the bay. Biomarker
responses were also assessed for spatial differeridaus this chapter aims to assess the health
of the marine environment in Durban harbour by stigating:
1. Water quality in Durban harbour by identifying sphttrends in seawater metal
concentrations.
2. The suitability ofP. pernain transplant experiments by investigating:
- Heavy metal bioaccumulation i perna
- Cardiac activity.
- Lysosomal membrane stability.
- Body condition index.

- Spatial trends in biomarker responses.
Chapter 5 discusses the results and concludingrksnieom the previous three chapters to

assess if all research aims and objects have baeoessfully accomplished, provide

recommendations and to conclude the study.

12



CHAPTER 2: Physiological, Cytological and Biochemial Responses to Copper
Exposure of the Mussel$erna perna and Brachidontes semistriatus

Introduction

Marine pollution has become of increasingly globahcern. In recent years, rapid industrial
growth and urbanisation has continuously introdueed array of toxic pollutants to the
environment, which have the potential to cause dt@mmimpacts on ecosystems. Adverse
biological effects such as reproductive failurejasrine disruption and impairment of immune
systems of aquatic biota have become well assdcisiitn man-made pollutants (Fosi al.,
2002). The issue is exacerbated by the widespreadepce of persistent toxic organic
contaminants, which are bioaccumulative in bodguisand biomagnify through food chains
existing in ecosystems (Rivera, 2001). Also, agsult of their slow degradation rates in the
environment, these organic pollutants and theidues cause long-term effects, even long after
the repository source has been removed (Hatdy.,2003). Marine pollution monitoring has
subsequently received global interest, and momigortechniques are being extensively

developed in an effort to assess, control and girdite stability of the environment.

Much attention is currently drawn to marine orgargstheir ability to accumulate contaminants
within their body tissues, and their ability to glesy distinct physiological and cytological
responses to varying levels of pollutant exposihessels have been extensively studied and
found to have significant potential as biologigadicators compared to other aguatic organisms
(Anandrajet al.,2002; Smolderet al.,2003). The brown mussé€l. perna(Linnaeus, 1758), is
native to the South African coast (Anandetpl.,2002; Rajagopadt al.,2003), and has already
been used in ecotoxicology studies undertaken droli@ world. The genuBrachidontesis
also widely distributed in tropical and subtropicadiions, (Rajagopat al.,2003),however the
only documented occurrenceskfsemistriatugKrauss, 1848) occur on the east coast of South
Africa and Mozambique (Branddt al.,1994) as well as reported findings in the Suez Cama
eastern Mediterranean ocean (Kilburn and Rippeg2l9Nevertheless, little work has been
done on this species. Likewise, excotoxicologitatligs in assessing and monitoring marine
pollution in South Africa has been considerablyleetgd, and fallen behind the advances made
by the rest of the global community (O’Donoghue awvidrshall, 2003). This prompted
investigations using these two mussel species amditators and assessing biomarker

responses from the mussels when exposed to vargmgentrations of copper.
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Infrared monitoring of cardiac activity is a nonsisive monitoring technique, developed by
Depledge and Anderson (1990), that is extensivelgduin excotoxicological experiments
(Nicholson, 1999a; Curtist al, 2000; Gallowayet al.,2002; Brownet al.,2004; Marshallet

al., 2004; Pereireet al., 2007). This method requires that a sensor whictasag a small
infrared light emitter and phototransistor deteetass attached onto the exterior shell surface of
the animal in a position nearest to the organishesrt. The infrared light continuously
illuminates the molluscan heart, whilst the phansistor detects and transfers fluctuations in
the heart rate to an oscilloscope. Variations irdiea activity has become the subject of
detailed studies in both laboratory and field temtsessing the biological effects of marine
pollution (Nicholson, 1999a,b; Curtist al., 2000; Curtiset al., 2001; Brownet al, 2004;
Marshall et al, 2004; Abessat al., 2005; Pereiraet al, 2007). Evidence from such studies
shows a direct relationship between heart rate exmbsure to varying levels of chemical
pollutants, as otherwise mussels exhibit verelitllictuations in cardiac activity, except during
valve closure (Nicholson, 1999a,b; Custsal.,2000; Curtiset al.,2001; Marshalkt al, 2004).
Significant fluctuations of heart rate can thereftre attributed to variations in the ambient
environment such as the presence of chemical camégion, thus serving as a useful biomarker

in monitoring pollution.

Lysosomes are concentrated in the digestive tissiiesvertebrates (Loweet al., 1995;
Nicholson, 2001; Mooret al.,2006) and their main physiological function is tireakdown of
food. These organelles are also capable of acctimmillaigh amounts of contaminants, and are
involved in contaminant detoxification (Lowet al., 1995; Matozzoet al., 2001; Nicholson,
2001). However numerous studies have found thaeifintracellular accumulation of chemical
contaminates is excessive the health of the lysesodeteriorates, and in doing so exhibit
distinct stress signals, one of which is a reductiblysosomal membrane stability (Loweal.,
1995; Nicholson, 2001; Gallowast al.,2002). Lysosomal membrane stability is assessed by
measuring the neutral red retention time of lysasomembranes. In such assays, lysosomes are
incubated in neutral red dye solution, which iswakd to diffuse into, and thereafter be retained
within the organelles. Membrane stability has bg@eoven to decrease with exposure to
contamination; therefore the stability capacity lgdosomes exposed to pollutants will be
reduced (Nicholson, 1999a; Viarengbal.,2000; Gallowayet al.,2002). This process of dye
retention and leakage is monitored over time uradenicroscope. Used as a biomarker, the
assay has proven to be a very reliable and extyeraeturate marker of contamination
(Nicholson, 2001; Mooret al.,2006).
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Evidence shows that a negative impact of envirotat@onditions, such as chemical pollution,

places the bioindicator specimen in a considerableunt of stress, resulting in depletion of

energy that is normally allocated for ensuring mjptin rates of growth, reproduction and

numerous other body functions. Subsequently, osgasiexposed to pollutants display reduced
growth rates and poor body condition (Dahlhoff aidnge, 1996; Nicholson, 1999b). The

condition index is expressed as a ratio of bodyshasl shell length and studies have been
utilising a decrease in condition index as a smmsibiomarker of environmental stress

(Nicholson, 1999a; Gallowagt al.,2002; Amiardet al.,2004).

Measurement of metabolic enzyme activity is anotlewly developed indicator that assesses
the effects of stress on the metabolic activitypioimonitors, and has been successfully used in
numerous studies, particularly those that emplegiitebrate marine organisms as bioindicators
(Lushchaket al.,1997; Fahraeus-Van Reeal.,1999; Orbeaet al.,1999; Dahlhoffet al.,2001;
Dahlhoff et al., 2002; Luk'yanova, 2006). To assess the metabotie o P. perna malate
dehydrogenase (MDH), which has been the subjecharfy previous studies, was measured
(Mizrahi and Achituv, 1989; Dahlho#ft al.,2001; Dahlhoffet al.,2002). The enzyme plays a
vital role in the citric acid cycle, and researtiows a direct link between MDH activity to the
overall metabolic activity of organisms (Pellerirabsicotte and Pelletier, 1987; Pakal,
1995; Cunningharet al.,1997; Dahlhoffet al.,2001; Dahlhoffet al.,2002). In the presence of

MDH, malate is oxidised by nicotinamide adenineudieotide (NAD) to oxaloacetate,

MDH
Malate + NAD« oxaloacetate + H+ NADH

(Mizrahi and Achituv, 1989; Cunninghagt al.,1997). The quantity of NADH that is formed in

the reaction is thus proportional to the concemmadf malate converted.

The experimental metal used for this study was €t has been extensively used in previous
biomarker studies and is a common contaminant afiesh coastal waters (Browet al.,2004;
Curtis et al., 2000; Marshallet al., 2004). The metal occurs naturally in the environtrian
smaller concentrations; however, excessive quastdire introduced by anthropogenic wastes
such as urban runoff, domestic and industrial vgag€ark, 2001). Copper is an essential
element for invertebrate metabolism (Nicholson, 299 however excessive concentrations of
any metal in the natural environment has shownflizi severe impairment of bodily functions.
Table 4 provides a short summary on the effectsopper on marine mussels documented by

previous experiments.
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Table 4 Summary of findings from previous studies onéfffects of copper on marine mussels

Category of effect

Biochemical

Cellular

Physiological

Bioaccumulation

Effect

Inhibition of acetyl-cholinesterase, malate
dehydrogenase, lactate dehydrogenase,
cytochrome oxidasei-amylase, catalase,
malonedialdehyde, glutathione S-transferase
activities.

Reduced lysosomal membrane stability.
Impaired phagocytosis.

Reduced protein catabolism in haemolymph.
Reduced heart rate.

Growth retardation.

Changes in byssus and mucus production.
Inhibited filtration.

Suppressed Qiptake.

Decline in faecal production.

Limited shell production.

Assimilation efficiency of organic matter from
ingested food material.

Accumulation of Cu within soft tissues.

Reference

Pellerin-Massicotte and
Pelletier, 1987; Mizrahi and
Achituv, 1989; Regolet al.,
1998; Khessibat al.,2001;
Narbonneet al.,1999, 2005;
Kagleyet al.,2003; Lionettoet
al., 2003; Brownet al.,2004.

Nicholson, 1999a,b; Matozzo
et al.,2001; Nicholson, 2001;
Riveroset al.,2002;
Nicholson, 2003; Browet al.,
2004.

Nicholson, 1999a,b; Curtet
al., 2000, Sze and Lee, 2000;
Curtiset al.,2001; Matozzaet
al., 2001; Anandragt al;

2002; Nicholson, 2003; Brown
et al.,2004.

Phillips, 1976a,b; Amiard-
Triquetet al.,1986; Sze and
Lee, 2000; Anandragt al,
2002; Riverost al.,2002.
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Chapter 2 is designed to test the hypothesis tkpbseire of mussel$®. perna and B.
semistriatus to increasing metal concentrations will induceertions in physiological,
cytological and biochemical responses. The aimhi $tudy was to determine the effects of
copper on physiological, cytological and biocherhrezponses oP. pernaandB. semistriatus
from two different sites on the Kwa-Zulu Natal chas an attempt to investigate the suitability
of these biomarkers for monitoring marine pollutidn these experiment®. pernaand B.
semistriatusvere subjected to increasing concentrations opegmand thereafter, the following
biomarker responses were investigated: cardiawigctiysosomal membrane stability, body

condition index and malate dehydrogenase enzymaétgct

The objectives of the study were to:
- Assess the selected biomarkers as useful toohadiane pollution monitoring.
- Compare biomarker responses frBopernaandB. semistriatugollected from a
polluted and non-polluted site.

- Select a suitable biomonitoring species to bel us¢he following chapters.

Materials and methods

Site overview

Park Rynie Beach, (30° 19’ S; 30° 43’ E), locatedyafrom heavy industrial areas on the south
coast of KZN, is regarded as a relatively unpotldeca, and was used as a reference site in this
study as well as a collection site for test orgasisfor previous studies (Connell, 2001;
Biseswaret al, 2002; De Pirro and Marshall, 2005). In contréspingo Beach, (29 05'S; 30
56’E), also on the KZN south coast, is located giche an estuary which drains two polluted
rivers that flow through the heavily industrialiseshd urbanised areas of Prospecton and
Isipingo Rail (Begg, 1978), (refer to Figure 1 imapter 3 for site locations). The Isipingo
Estuary is documented by Begg (1978), Kalicharrah Riab (1993) and Grobleat al. (1996)

to by greatly affected by chemical pollution dueitdustrial wastes, sewage effluent and
agricultural runoff entering the water bodies frone surrounding areas. In addition to this,
approximately 4 km on the opposite end of the beaciother polluted estuary drains the
Umbogintwini River which also receives industridflent and stormwater runoff (Begg,
1978).

Collection and maintenance

Perna pernaof shell lengths between 55 — 60 mm were obtaina two localities within Park

Rynie and Isipingo Beachn & 150 from each localityBrachidontes semistriatyshell lengths
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45 — 50 mmn = 150 from each locality) was obtained from thene®. pernacollectionsites at
Park Rynie; however no specimens were found ainipgp Mussels were removed from rocks
at low tide and transported in plastic containeith weawater to the laboratory (University of
KwaZulu-Natal). Prior to placing mussels in wellrated artificial seawater (35%. Instant
Marine) with a constant water temperature of@3shells were cleaned of any epizoans. Thirty
specimens oB. semistriatuandP. pernafrom the two sites were randomly selected to &sses
biomarker responses immediately after collectiommfrthe field to compare any variances
displayed by the mussels serving as a control gehunng the duration of the experiment.
These specimens were allowed to acclimate to tiagk environment for 24 hours before
biomarker assays were undertaken. The remainddreaiussels collected from the field were
divided into four different glass tanks (50 ¢trb0 cmX 110 cm); each of which was divided
into three mini aquaria by Perspex boards. Eacl aojnaria was kept aerated during the entire

experiment, and mussels were fed daily with unitatlalga,Chlorella.

Copper concentrations of 0; 10; 50 and @A™, (n = 30 mussels from each species and site
for each Cu treatment) were obtained by weighingtba relevant mass of analytical grade
CuSqQ to prepare a stock solution, and thereafter diguto obtain the required concentrations.
Seawater was changed on a daily basis to elimeatemulated waste, as well as to ensure a
constant level of metal concentration of the waltdussels were exposed to Cu treatments for
10 days before the majority of the biomarker respsnwere assessed. Mussels, randomly
chosen for the condition indices, were exposedofper for 21 days before the indices were
measured, as a 10 day exposure period was corsitbereshort to inflict significant alterations

in mussel shell and body tissue growth. Ideallyghebiomarker should be tested on separate
specimens; however, due to the substantial numbkrspecimens that were required, the
sequence of biomarker tests were co-ordinated thathihe least stressful biomarker (heart rate)

was measured first, thereafter the invasive biosradchniques were conducted.

Mortality

Specimens were declared dead if valves did noechdgen the organisms were disturbed.

Cardiac activity

Heart rate activity was measured by a non-invatagelnique. An infra-red light-emitting diode
was glued securely onto the shells of each indalideusselif = 30 individuals for each species
and site). Once diodes were attached to the shisianussels were left undisturbed for at least

6 hours to ensure the organisms had a sufficiesdvery time after the attachment of the
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diodes. Cardiac activity was recorded for 20 miswgeery hour, for 6 hours, after 10 days of
exposure to the Cu treatments. The mean hear{bass.mift) for each copper concentration

was then obtained.

Lysosomal membrane stability

Methodology for neutral red assays was adapted ftowe and Pipe (1994). Lysosomal
membrane stability was determined for 30 mussedsnfieach copper treatmem € 30
individuals for each species and site). Mussel eslwere gently praised apart and
approximately 0.5 ml of haemolymph was extractedifa sinus in the adductor muscle using a
syringe, and thereafter placed in siliconised Eppefintubes, together with an equal volume of
temperature adjusted physiological saline solutidre mixtures were then inverted at regular
intervals to prevent cells from adhering to theemibApproximately 4@Qul of the haemolymph
solution was allowed to settle and then attach dw@emocytometers, and incubated at room
temperature for 20 minutes. An equal volume ofdie neutral red (NR) was then introduced
to the incubating slide, and allowed to infiltratiee cells for 15 minutes. Following the
incubation period, cells were observed at 15 minatervals microscopically, and the time

taken for 50% of the cells to lose their dye wa®rded as the membrane stability time.

Body condition index

The ratio of tissue dry mass (mg) of mussel bosisuee to shell length (mm) was determined for
30 mussels from each copper treatment for eachiegpend site (Lundebyet al., 1997;
Nicholson, 1999b; Orbaet al.,2002; Gallowayet al.,2002; Amiardet al.,2004).

Malate dehydrogenase (MDH) enzyme activity

Twenty four mussels from each copper treatmeneémh species and site were removed from
tanks and dissected. The adductor mussel tissueisoked and placed on ice. The tissue
samples were then weighed and immediately homogernis a 5-fold dilution of chilled 50
mmol.L* potassium phosphate buffer, pH 6.8 at@1The homogenate was centrifuged for 5
minutes, and the supernatant was retrieved to ée fes the MDH enzyme activities. A 50 ml
stock solution of the assay medium used was frephiypared for each Cu treatment, and
comprised of 50 ml chilled 0.20 M imidazole-HCI farf pH 7.5, 5.4 mg NADH and 1.4 mg
oxaloacetate. Two millilitres of this assay mediwvas pipetted into plastic cuvettes and
thereafter 25 pl of the tissue homogenate was addedhe cuvettes to initiate the enzyme

reaction. Enzyme activities were assayed specttopteirically (Spectronic 20 Genesys) and

19



reported in International Units per gram wet mdsgg), (Young and Somero, 1993; Dahlhoff
and Menge, 1996).

Statistical analysis

All statistical analyses were performed using SR&Sion 15.0 (SPSS for Windows, Rel. 15.0.
2006. Chicago: SPSS Inc.). All data obtained wested for normality (Shapiro-Wilk) and
homogeneity of variance (Levene’s test). Not all thata obtained from the various biomarker
tests conformed to normal distribution; hence tba-parametric Kruskal-Wallis H-test and
Dunn’s post-hoc comparisons were used to defirferdifices between the treatments. Statistical
comparisons between populations were unfortunatelyundertaken because only two site

localities each from Park Rynie and Isipingo Beaehe available.

Results

Mortalities

Only four mussels died over the 10 day exposure f@riod. One contrd?. pernacollected
from Park Rynie and three Isipingo Bea8hsemistriatugndividuals had died three and two
days respectively, after haemolymph extraction.s€hdeaths were possibly due to extensive
damage that occurred to surrounding tissues whileeg were pried apart. ORe pernamussel
from Park Rynie and another twB. semistriatusindividuals from highest concentration
treatment died during the 21 day exposure timeodeiihe mortality of these mussels could be

due to the extended Cu exposure at the higheseotmation.

Biomarker responses from mussels tested immedégidtelycollection

Inter-species biomarker responses showed no signtfidifferences from the control mussels
and those processed immediately after collectiomfthe sites for both species and populations
(Kruskal-Wallis,H = 53.16,p > 0.05).

Cardiac activity

Cardiac activity was successfully obtained fromrallssels with relatively stable heart beats
from all treatments. Median heart rates obtainethf?. pernaandB. semistriatusre presented

in Figure 1. A steady decline in mean cardiac #gtiwas observed as the concentrations of
copper treatments were increased, thereby exigbitinclear relationship between metal
concentration and cardiac response. Dsipost-hoccomparisons showed thBt pernafrom

both Park Rynie and Isipingo Beach exhibited sigaiit differences in heart rates between all
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Cu treatments (Kruskal-Wallisgf = 3, H = 17.89 and 15.46 respectivelp, < 0.001).
Brachidontes semistriatudisplayed significant variations in heart ratesewlexposed to higher
metal concentrations (Kruskal-Wallid,= 11.26,p < 0.001); and similar cardiac activities from
the control and the lowest Cu treatments (Dunrsg pe> 0.05).Perna pernafrom Park Rynie
exhibited highest heart rates at each Cu concenmtrathilst B. semistriatusdisplayed the

lowest.
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] PRB. semistriatus
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Figure 1: Median heart rates (beats.Mnfrom B. semistriatuscollected at Park Rynie (PB.
semistriatuy andP. pernacollected from Park Rynie (PR. perng and Isipingo Beach (I$?. perng.
Box indicates the 25and 7% percentile ranges and error bars represent a 95ffideace interval
around the median. Similar medians between Cunreats are indicated by common symbols
(Kruskal-Wallis,p > 0.05).

Lysosomal membrane stability

Figure 2 illustrates the decline of lysosomal meamlrstability in haemocytes from Park Rynie
and Isipingo mussels as the exposed Cu concemisatiere increased. Isipingo Bed€hperna
lysosomal membrane stability were longer than tliasa Park Rynie specimens, and exhibited
significant differences in lysosomal membrane $itgbbetween all Cu treatments (Kruskal-
Wallis, df = 3, H = 56.06, p < 0.001).Perna pernafrom Park Rynie displayed similar
lysosomal membrane stability between the two higBesconcentrations (Kruskal-Wallidf =
3,H =62.82,p > 0.05). Although lysosomes froB1 semistriatusiso displayed a reduction in

lysosomal membrane stability, Dunnimost-hoc comparisons identified similar lysosomal
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membrane stability between the control and the w2 treatments, as well as between the
two highest concentrations (Kruskal-Wallig,= 3, H = 46.99,p < 0.001).

Body condition index

The condition indices measured did not reveal agyifccant difference between the Cu
treatments for any of the mussels (Kruskal-Watliss 3, H = 18.35; 10.41 and 14.63 for Park
Rynie P. perna Isipingo BeaclP. pernaandB. semistriatugespectivelyp > 0.05); however
Figure 3 clearly show$®. pernacollected from Park Rynie exhibiting healthier citioth

indices compared to those collected at IsipingocBeandB. semistriatusnussels.
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Figure 2: Median lysosomal membrane stability (min) fr@&nsemistriatusollected at Park Rynie (PR
B. semistriatusandP. pernacollected from Park Rynie (PR. perng and Isipingo Beach (I$. perng.
Box indicates the 25and 75 percentile ranges and error bars represent a 95%¥ideace interval
around the median. Similar medians between Cuntrextis are indicated by common symbols (Kruskal -
Wallis, p > 0.05).

Malate dehydrogenase activity

Perna pernafrom Park Rynie exhibited a significantly inverselationship between metal
concentration and MHD enzyme activity (Kruskal-Vi&lldf = 3, H = 36.14,p < 0.001),
(Figure 4). WhilsB. semistriatusndP. pernasampled from Isipingo only exhibited significant
responses at the highest Cu treatment (Kruskaliydfl= 3, H = 30.07 and 23.19 respectively,
p < 0.001), mussels from Isipingo interestingly shdwaeslight elevation in MHD activity from

the 50pg.L™" Cu treatment.
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Figure 3: Body condition indices fromB. semistriatucollected at Park Rynie (PR semistriatusand
P. pernacollected from Park Rynie (PR. perng and Isipingo Beach (I$?. perng. Box indicates the
25" and 7%' percentile ranges and error bars represent a 95#tdeace interval around the median.
Similar medians between Cu treatments are indidayetbmmon symbols (Kruskal -Wallig,> 0.05).
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Figure 4. Median MDH enzyme activities from. semistriatugcollected at Park Rynie) ariel perna
(collected from Park Rynie and Isipingo Beach). Bodticates the 25and 7% percentile ranges and
error bars represent a 95% confidence interval ratothe median. Similar medians between Cu
treatments are indicated by common symbols (Kruskélllis, p > 0.05).

23



Discussion

There has recently been a growing urgency to moaitd control marine pollution. In light of
this, there has been a demand for marine pollutmmitoring techniques that are simple,
inexpensive and provide some understanding of thedical effects in marine biota. The
biomarkers evaluated in this study were select@dapily for their low cost, ease of use and
quick application. More importantly, they highligtte relationship between anthropogenic
contaminants and long-term toxic effects in mararganisms. The present study tested a
cellular biomarker (lysosomal membrane stabilighysiological biomarkers (cardiac activity
and condition index) and a biochemical biomarkernl@te dehydrogenase enzyme activity)
from musselsampled at relatively pristine and polluted areafe( to Chapter 3 for a survey of

some heavy metals on the KZN coastline).

Cardiac activity

Past studies assumed that metal-induced bradycaraa directly related to mussel valve

closure in response to the elevated metal condimsa Prolonged closure of the valves would
result in hypoxia, which in turn results in a redddeart rate (Davenport and Redpath, 1984).
Since then extensive studies by Cueisal. (2000; 2001) have contradicted this view by
revealing the direct effects of metals on the nesvoontrol system of the mussel heart. The
effects of contamination on the cardiac activitynafissels have now become widely studied
(Nicholson, 1999a,b; Curtegt al.,2000; 2001).

Few studies have reported no difference in musseliac activity when exposed to elevated
metal concentrations (Nicholson, 1999a,b; Cuetial.,2001; Gallowayet al.,2002; Abessat
al., 2005), which is due to metallothionein binding @hd uptake of metal ions by the humoral
ligands and haemocytal lysosomes. Therefore thaireng metal content available within the
mussel body would not be a high enough dosagditctia response from the mussel myocytes
or cardiac nervous system. In the present studguoh insensitivity of heart rate was observed,
instead the data revealed a strong decline in aamalitivity from both populations &f. perna
andB. semistriatuss the Cu dosages increased. This could be dsevese impairment of the
heart from the metal exposure. Most studies onhNmveardiac activity have reported a similar
decrease in heart rate when mussels were expodehiy metals (Widdows, 1973; Sabourin
and Tullis, 1981; Nicholson, 1999a,b; Cumtisal.,2000; Curtiset al.,2001; Galloway, 2002;
Marshallet al.,2004; Abessa&t al.,2005), thereby highlighting cardiac activity asedfective

and reliable biomonitoring tool.
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Lysosomal membrane stability

Previous studies have shown that mild alterationysosome membrane stability can be
stimulated by external factors such as extremarthkstress, hyposalinity, hypoxia and food
deprivation (Domouhtsidowet al., 2004). However, such effects are mild comparedht® t
degree of membrane instability induced by pollutaxposure. Numerous studies in the field
and laboratory have since verified lysosomal membrstability to be a sensitive indicator of
stress caused by contamination for a range of epaccluding annelids, crustaceans, molluscs
and fish (Loweet al.,1995; Marigomezt al.,1998; Viarengeet al.,2000; Wedderburet al.,
2000; Matozzeet al.,2001; Nicholson, 2001; Gallowast al.,2002; Mooreet al., 2006). The
biomarker is based on the notion that neutral sedisl allowed to permeate into live lysosomes
and then be retained inside the organelle by a mamkbound proton pump (Nicholson,
1999a). Once the enzymes of the proton pump istdeth by the excessive swelling and
increased autophagy (Wedderbetral.,2000) due to excessive contaminant accumulati@n, th
pump is rendered useless resulting in an increfagk avithin the lysosomes. This subsequently
produces equilibrium between the inner organeltgearats and the cytosol outside the organelle,
and allowing the inner lysosomal contents to difosit of the lysosome. Thus lysosomes from
healthy mussels will exhibit greater lysosomal meank stability times of the dye. Conversely,
mussels stressed by pollutant exposure will exlailv#duction in lysosomal membrane stability
(Nicholson, 1999a,b; Wedderburet al., 2000). Neutral red dye is used to indicate the
dysfunction of the proton pump and its enzymes lfhlison, 1999a,b) and the technique is low

cost, quick and only a small sample of haemolynsptequired from individuals.

This study shows that exposure to copper causetisiderable dose-dependent decrease in the
lysosome membrane stability of mussels from Panki&ywhich is an unpolluted environment.
These results are consistent with the findings feavweral other studies (Loved al., 1995;
Marigomezet al.,1998; Viarengeet al.,2000; Wedderburet al.,2000; Matozzzaet al.,2001;
Nicholson, 2001; Gallowagt al., 2002; Mooreet al., 2006). Perna pernacollected from
Isipingo Beach exhibited greater lysosome membrategrity than those of Park Rynie.
Wedderburret al. (1998) postulated that the insensitivity of soyspsomes could be explained
by the organisms’ adaptation to their environmeal&vated metal contamination. Furthermore
several authors have demonstrated that musselsleshrfrpm polluted urban and industrial
areas have enlarged lysosomes in their digestills, iggesting that animals from areas
exposed to elevated levels of pollution in theibitets will have developed a tolerance to the
effects of toxic contaminants; thereby reducing tirganisms’ sensitivity to the copper

treatments (Riverost al., 2001; Abessat al., 2005). This lower stability time of the Park
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Rynie lysosomes can therefore be an indicationgreater stress experienced than the mussels
from the polluted area of Isipingo, which has sevardustrial zones in the area. Lysosomes
from B. semistriatusexhibited no response to the lowest copper tredinaam though there
were a decline in lysosomal membrane stability nf@enbrane stability time for the highest two
copper treatments were not significantly differémm each other. This suggests that this
organism is only tolerant to mild metal concentiasi as their lysosomes cannot cope with
excessive loads of contaminant accumulation, tlyeeetriuding this species as a suitable

bioindicator.

Body condition index

Numerous studies document a significant decreabedy condition indices with an increase in
pollutant loads (Averet al, 1996; Nicholson; 1999a,b; Mauri and Baraldi, 20B8din et al,
2004). The findings in this study contrasts thasgorted previously as condition indicesRof
pernaandB. semistriatusiowever displayed no differences in their bodyidad between the
copper treatments. Since Isipingo mussels may haeeability to tolerate exposure to mild
levels of pollutants in their natural environmeRiVeroset al., 2001; Abessat al., 2005), it
can be assumed that they will exhibit no effecbody condition index; however this seems an
unlikely possibility as?. pernafrom Park Rynie also displayed similar conditiadices for all
Cu treatments. Another plausible explanation farhslack of response is that the duration of
the experiments was too short to inflict drastimssguences on somatic growth rates. This
hypothesis would also account for the insensitigit{d. semistriatusody indices to the copper
exposure, as these mussels were also sampled frampslluted environment. However, from
Figure 3, the difference in body condition inditetween the tw®. pernapopulations andB.
semistriatuscan be visually observed, and hence, suggest®thpErnaobtained from Isipingo
Beach have much lower body conditions than thosepkal from Park Rynie. This could
confirm the sensitivity of the condition index wheesting for the history of contaminant
exposure. Condition indices have been found tofteetad by seasonal changes, reproductive
activity and age of the organisms (Lundebsteal., 1997); however in this study, such
variability in results were reduced by collectingidar sized specimens from the different sites
on the same day, and ensuring tank conditions wamsistent for all treatment tanks. Although
this biomarker has been proven in to be sensitidkadfective in previous studies (Sabal.,
1995; Averyet al.,1996; Lundebyet al.,1997; Gallowayet al.,2002; Smolderst al.,2003),

it is highly recommended that this biomarker be duder long-term monitoring, with

consideration to the effects of external factorsh@nresults.
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Malate dehydrogenase activity

Metabolic rate is fast becoming a popular biomark@ehlhoff, 2004) and biochemical
indicators such as enzyme activity have alreadygdo be sensitive and useful markers for
growth rate and metabolic stress. MDH activitiesehbeen used in several other studies to
assess metabolism in marine invertebrates and@iahlhoff, 2004), as the enzyme has a close
link to metabolic rate. The production of oxaloatetis essential to biological processes such as
the tricarboxylic acid cycle, amino acid synthesigsidation/reduction balance and plays a role
in the transference of metabolites between theptyson and organelles (Goward and Nicholls,
1994; Parlet al.,1995). Thus the inhibition of MDH will result inreduced production rate of
oxaloacetate, which in turn will cause a negatigscading effect on important biochemical

processes and metabolic pathways.

In this study, bottB. semistriatusand P. pernafrom Isipingo Beach only exhibited a strong
response in enzyme activities between the lowetr€tments and the highest Cu treatment.
The insensitively oP. pernafrom Isipingo Beach to the low copper concentraicould also
be a result of those organisms being constanthypsegh to a mild level of pollutants in the
environment, thus only exposure to a high conceatraof Cu would inflict any effect on
enzyme activity; howeveB. semistriatusrom Park Rynie also did not display any sengiiaif
enzyme activity to the lowest copper concentratemen though the area from where the
organisms were sampled was unpolluted. The dateftre suggest that the lower copper
concentrations were far too low a dosage and thatida of the exposure period far too short to
induce a hindrance on enzyme activity. This lafigrothesis is supported by the findings of a
study by Pellerin-Massicotte and Pelletier (198xhich documented a decrease in MDH
activity in mytilid mussels only after 22 days ofp@sure to both low and high concentrations
of methyl mercury. In contrast, a study by Mizraind Achituv (1989) on the bivalM@onax
trunculus exhibited a 4.8% drop in MDH activity after 24 hewf exposure at 50g.L™ Cu,
and a further 28.5% decrease in the enzyme ac@titl0 mg.[* Cu after the same exposure
time. Nevertheless the findings of this study comfdo the results of these previous studies as
metal exposure inhibits the MDH enzyme activitytehestingly P. perna from Isipingo
exhibited a slight increase in enzyme activity freme 50ug.L™" Cu treatment. This can be
accounted by the fact that mussels have been shovatevate their metabolic rates in an
attempt to rapidly detoxify and excrete contamisandm their tissues (Nicholson, 1999a,b).
Evidence has revealed that numerous factors sutheasal stress, hyposalinity, hypoxia and

starvation can influence enzyme activity (Dahlh@®04), for that reason it is crucial that this
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indicator is accompanied by multiple biomarkergmsure a true reflection of the overall health

of the organism.

Experimental design considerations

The basic elements of a scientific experiment amprised of a hypothesis, an experimental
design to test the hypothesis, implementation efekperimental procedure, data retrieval and
manipulation by statistical analysis and lastlgiscussion on the results obtained which either
accepts or rejects the hypothesis (Hurlbert, 198A& consequences of improper experimental
design have been the subject of humerous publightédies (Hurlbert, 1984; Stewart-Oaten
al., 1986; Eberhardt and Thomas, 1991; Wiens and PRafl@95; Heffneret al, 1996;
Underwood, 1998; Chapman, 2000; McGregor, 2000;a6ds, 2001; Hurlbert, 2004; Millar
and Anderson, 2004; Kozlov, 2007; Velickovic, 2007Mhe most common mistakes in
ecological experiments are inadequate samplingepitres, too small sample sizes, lack of
controls and using inaccurate experimental units datistical analysis, which results in
statistical errors. Statistical treatment of diffetr data sets require all replicate and contra dat
sets to be independent of each other and that jap@t® control groups for each experiment are
designed so as to reduce any confounding factescé] if any of the above requirements are
not met, fundamental assumptions of statisticallygis are violated (Underwood, 1998).
Hurlbert (1984) postulated that the most prevatemfounding factors that influence hypothesis
testing in ecological experiments include tempatanges, handling effects of test organisms,
bias on the part of the scientist and errors duat@bility between results. Such factors can be
minimised or eliminated by implementing proper coh@and replicate treatments, as well as
practicing randomisation. Without appropriate regié samples, there is difficulty in separating
the effects of a treatment from confounding effd¢tsiribert, 1984; Eberhardt and Thomas,
1991; Cottenie and De Meester, 2003); thus the eurob replicate and control groups of a

treatment strengthens the test of the hypothesis.

In simple terms, pseudoreplication is the misiidieation between the number of observations
or measurements made during the experiment anautineer of independent replicates required
for statistical analysis. A true replicate of arpesimental unit is independent, and in the event
sub-samples from one experimental treatment or-dgpendent measurements are treated as
true independent replicates, pseudoreplication diswnaitted (Hurlbert, 1984; Mundry and
Sommer, 2007). The occurrence of pseudoreplicatiogcological experiments is a common
mistake among biologists with several publishediergs citing some documented studies

showing this error in experimental design (Hurlpdr®84; Heffneret al., 1996; Millar and
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Anderson, 2004; Kozlov, 2007). According to Hurlb€t984), there are different types of
pseudoreplication:
1. Simple pseudoreplication - occurs when there argrae’ replicates in the experiment,
or replicates are not independent from each other.
2. Temporal pseudoreplication - occurs when multippe-mdependent replicates from
one experimental treatment are taken over a pefitiche.
3. Sacrificial pseudoreplication - occurs when theadatlues of each experimental unit is
pooled and averaged before any statistical anailysiadertaken, thereby providing an

error in the variability of the variance.

In this study, despite having the appropriate nunalbeeplicatesrf = 3 for each concentration),
the replicate tanks for each treatment were napeddent from each other, thus representing a
single experimental unit and pseudoreplication wasmitted. As stated by Musset (2006),
when test organisms are contained in an inter-dpenrholding facility, confounding effects
may be brought on by either an alteration in thiglihg facility, such as any malfunction of the
system shared by the ‘replicate units’ or acciderwatamination which will spread to the rest
of the inter-dependent systems, or by test organisithin the holding facility affecting each
other’'s responses, for example death. In Hurlbeattcle (1984) various types of basic
experimental designs that are commonly used ireatiological experiments are described,
and with regards to the potential occurrence otigseeplication, these designs are categorised
by spatial interspersion and segregation of indialdexperimental units. The experimental
design of this study can be classed as having ipals inter-dependent replicates’.
Pseudoreplication is most common in studies invgiyarge systems such as rivers, lakes and
watersheds, where replicate sampling is either dostly or impossible (Oksanen, 2001);
however in this study, the error of inter-dependeplicates were a consequence of a lack of
forethought in the experimental design stage of shely and poor knowledge on proper
experimental design and statistical protocols. Assllt, the statistical results of this chapter
have to be reviewed with caution as it is diffidaitexclude the effect of confounding factors on

the biomarker responses.

Considering the weaknesses and pitfalls in the raxeatal design of this chapter, some
fundamental concepts in experimental design wegalighted. Seeing how an inappropriate
design set-up can result in statistical resultedpénconclusive, the importance of using clear
and logical thought at the onset of an experimedéslign phase is emphasised. Even more

important, the experiment must be designed in lsidasthat tests the hypothesis of the study. In
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the case of this chapter, to test the effects trteatment on a response of an organism, it is
necessary for the experiment to include a suffiarember of treatment levels, i.e. different Cu

concentrations. In addition, the sample size ofeatiment 1f) must also be suitable as small

sample sizes will reduce the power of the statibtiest being applied. Each treatment level (in
this case concentration) must have an appropriatgar of completely independent replicates,
as the number of replicates also affects the patdhe statistical tests used. Furthermore,
control treatments with independent sets of ref@Eare customary for any experiment as they
are required to test whether the different treatsibad a significant effect on the test organism.
Lastly, thorough randomisation at each step ofekgerimental process must be executed to
further reduce confounding effects, and randonusatalso ensures the independence of

experimental treatments and replicates.

However, despite the problem of pseudoreplicatibme, present results do not differ greatly
from as the findings from numerous published aticthat support the biomarker results

obtained in this study.

Conclusion

Biomarkers have numerous advantages to the traditi@chniques of analysing trace metals
from the environment and biota. Besides being loat @and low technology, they indicate the
effects of biologically-available contaminants e of an inert form of the chemical pollutant.
Various biomarkers also provide an indication oimdge to physiological, cellular and
biochemical processes, thus illustrating the effettpollution on a whole-organism level. They
also serve as an early warning signal of environaiesiress before detrimental damages can
occur to ecosystems. Despite the experimental desid statistical considerations, the findings
in this study show that the selected biomarkergedeproved to be useful tools that can be
employed in marine pollution monitoring programs #ee exposure to a widespread
contaminant inflicted an inverse effect on mostnimoker responses from mussels. Nevertheless
MDH activity did not provide as a distinct relatitmlow Cu treatments in most of the mussels
as the rest of the biomarkers, hence this biomarkenot recommended for short-term
monitoring in areas of low pollution. Condition &xi must be used for long-term monitoring
experiments as the short exposure time in thisydtited to inflict any considerable differences
between indices from the Cu treatments. Furtherpqmevious studies have documented that
the index is influenced by biotic and abiotic vates, and it is therefore important that these

factors are considered during monitoring progra@exdiac activity and lysosomal membrane
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stability proved to be highly suitable biomarkeng dxhibiting distinct responses to metal
concentrations.

Bivalve molluscs have been extensively used in bimtoring programmes as they have proved
to be excellent bioindicator. In this stud, semistriatudailed to exhibit any sensitivity to low
contaminant exposure for three out of the four laidkar tests and are not as widely distributed
as P. perna thus highlighting their inappropriateness as aingiicator. In contrasP. perna
proved to be the more sensitive bioindicator had a wide global distribution which suggests
that the species has a high tolerance to subdtamati@tion in environmental factors such as
temperature and salinity. Nevertheless the impogani using a suite of biomarkers rather than
a single biological evaluation is emphasised as aHcthe biomarkers tested in this study
indicate general stress of the organism, and canfheenced by other external factors such as

hypoxia and food deprivation.

31



CHAPTER 3: Biomonitoring of Heavy Metals and Biomarker Responses from
Perna perna in KwaZulu-Natal Coastal Waters

Introduction

Approximately half of the world’s population livegthin 60 km of the coastline (Turnet al,
1996; Creel, 2003), resulting in coastal watersfioning as a free and convenient depot for
waste materials (Lapointe and Clark, 1992; Sunmi®®?2; Turneet al, 1996). As coastal cities
are continuously expanding, the need for wasteodalpis proportionately increasing; however
the capacity of the ocean to receive such pollutzads will shortly be exceeded, resulting in

irreversible marine degradation (Sumich, 1992; Maldl995).

South Africa has the longest coastline on the Africontinent, stretching from Ponta do Ouro
on the east coast to the Orange River on the Wesftering a distance of approximately 2954
km (Oelofseet al, 2004), the coastline is an ideal repository fastes (McClurg, 2006;
Oelofseet al, 2004; Misheeet al, 2006a,b). Sixty three licensed pipelines dischargarly
800 000 mof effluent into South African waters on a dailyslsa(Misheeret al, 2006a,b,c).
The majority of these outfalls dispose of their igasn deep waters, however an estimated 27
older outfall pipes discharge effluent above thghhivater mark (Misheeet al, 2006a,b,c).
Half of the offshore pipelines dispose industriffluent, one third dispose domestic effluent
and the rest of the pipelines discharge a mixturédoath domestic and industrial wastes
(Moldan, 1995). Seeing as the KwaZulu-Natal progifas experienced rapid expansion of
urbanisation and industrialisation, it is not siging that the majority of the toxic outfall pipes
are located on the eastern seaboard of the co(Muidan, 1995; Misheeet al, 2006a,b,c).
Although there has been an increasing awarenesgohe pollution and the need for marine
conservation, there is a large gap between madhetion research in the country and the latest
research methodologies being developed interndljoria addition, current marine pollution
monitoring procedures in South Africa are inadeguyanandrajet al, 2002; O’Donoghue and
Marshall, 2003).

Heavy metals can be naturally introduced to maenéronments by events such as volcanic
activity, forest fires, wind blown dust and eroswiore-bearing rock (Clark, 2002; Gregaty
al., 2002). Nonetheless, the vast majority of heavyaieentroduced to coastal ecosystems are
due to anthropogenic activities (Chong and Wan@02@Gregoryet al, 2002; Iratcet al, 2003;
Petrovic et al, 2004). Another increasingly recognised route atahexposure to marine
environments is atmospheric precipitation. Sigaffic sources of coastal water pollution are

summarised in Table 5.
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Table 5: Sources of common contaminants in the marine enment (adapted from Schachter and Serwer,
1971; Gross, 1978; Moldan, 1995; Taljaatdal, 2006).

Deposition of fine contaminants.
_ Air-sea gas exchange of fluorocarbons, fluoroctdarbons and
Atmospheric sources ,
halogenated hydrocarbons from combustion and etnol

consumption.

Natural minerals derived from the ocean floor.
Dredging of shallow marine environments.

Marine sources Deposition of dredged spoil.
Wastes and accidental leaks from operational ships.

Oil spills.

Polluted riverine input.
Surface runoff.
Stormwater drainage.

Land-based sources , o _
Disposal of municipal and domestic wastes.
Discharge of sewage and industrial effluent.

Seepage of contaminated groundwater.

The fate of heavy metals in the marine environniearst been the subject of numerous studies
(Bryan, 1971; Chong and Wang, 2000; Blackmore arahdy2003). Other than the dilution of
contaminants, metals from seawater are rapidly vehdoy both precipitation and deposition in
sediments (Bryan, 1971; Chong and Wang, 2000). &st metals enter the marine environment
in the form of inorganic compounds or hydrated joiey are easily adsorbed to sediment
particles via chemical bonds (Pempkowgtkal, 1999). Sediments therefore act as a sink for
deposited metals and contaminant concentratiorthi®fmedium are often higher than those
found in seawater (Chong and Wang, 2000; Lowe aay] RO02; Yaget al, 2002; Beira®t al.,
2003). As a result, contaminants present in seditoecome bioavailable once it is ingested by
marine organisms, resulting in sediments being pm®source of metal contaminants (van
Hattumet al, 1996; Pempkowialet al, 1999; Chong and Wang, 2000; Lowe al, 2002;
Phillips, 2002; Blackmore and Wang, 2003). Howebefore metal ions are removed from the
water column, a fraction of the contaminants areatly absorbed by marine organisms (Bryan,
1971; Ravera, 2001). Metals can be absorbed bynimmga via the ingestion of contaminated
food particles (Wang and Fisher, 1996). This pathefanetal uptake has been shown by Bryan
(1971), Chong and Wang (2000) and Ke and Wang (2@@0Be a vital source of bioavailable
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metals in marine bivalves. Heavy metals, both d&denetals such as Fe, Cu and Zn, as well as
non-essential metals, which include Cd, Pb, CrMndh excessive concentrations, are toxic to

marine organisms (Andersen, 1996; Irat@l, 2003).

Bivalves are highly resistant to several pollutamtsich have shown to be lethal to other
common biomonitoring species such as fish and acasins (Ravera, 2001). Marine mussels are
also very effective accumulators of metals as tr@g@anisms are exposed to contaminants
existing in the water column, sediment and ingésstibod particles (Chong and Wang, 2000).
Metal assimilation efficiency and absorption by marbivalves have been studied widely
(Reinfelderet al, 1997; Roditi and Fisher, 1999; Wang and Dei, 19%Bese studies show that
there are several mechanisms of uptake and transforetals within molluscan tissues (Wang
and Dei, 1999), which include:

- passive diffusion of dissolved metals;

- facilitated diffusion of metals across the cdéiggna membrane;

- endocytosis (which is an active transport proggssreby a substance gains entry into

a cell by the inward folding of plasma membrane);
- pinocytosis of dissolved metal ions (whiclhs introduction of substances into a cell

by invagination of the cell membrane).

Studies have found that a fraction of essentialafleeils absorbed by body tissues and are
partially regulated for biological functions. Nossential metals absorbed by the organisms are
usually excreted from the body or accumulated @fieh al, 1996; Ravera, 2001; Anandret

al., 2002). Mussels have been found to concentrateyhewetals by factors of f0- 1¢
compared to levels present in ambient seawaterifgéon et al, 1983; Galloway, 2002).
Hence, there have been several investigations ercel and tissue localisation of metals in
marine mussels. Specific tissues such as the digegand, gills and kidney, as well as specific
cells such as lysosomes, digestive cells and broeils which underlie the mantle are target
sites for metal accumulation (Marigomet al, 2002). These target sites for different metal

elements are summarised in Table 6.

Mussels are sedentary and therefore reflect polidevels from the area they are situated in.
More importantly however, mussels display extrentely metabolises or biotransformation of
xenobiotics, providing an accurate account of amb@montaminant levels (Smolde&t al,
2003). On account of these attributes, these marigenisms were chosen as a sentinel species

to assess the state of pollution in the coastadnsatf USA in 1975 in the Mussel Watch
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Table 6: Metal contaminant target sites in Mytilidae mudssues

Metal

Cu

Cd

Pb

Zn

Cr

Target cells / tissues in Mytilidae mussels

Brown cells of the mantle
Cytosolic ligands
Digestive cells

Epithelial cells

Gills

Haemocytes

Labial palp

Lysosomes

Nephrocytes

Stomach cells

Brown cells of the mantle
Cytosolic ligands
Digestive cells
Haemocytes

Lysosomes

Nephrocytes

Stomach cells

Cytosolic ligands
Digestive cells
Extracellular granules
Gill filaments
Lysosomes

Brown cells of the mantle
Cytosolic ligands
Digestive gland
Endothelial cells
Haemocytes

Kidney

Lysosomes

Mantle

Nephrocytes

Stomach cells

Amoebocytes
Cytosolic ligands
Cytosolic ligands
Digestive cells
Digestive gland
Gills
Haemocytes
Kidney
Lysosomes
Muscle fibres
Nephrocytes

&erence

Smith, 1985

Sotoet al, 1996

Domouhtsidou and Dimitriadis, 2000
Marigomezet al, 2002

Janssen and Scholz, 1979
Scholz, 1980

Sotoet al, 1996
Marigomezet al, 2002

Domouhtsidou and Dimitriadis, 2000
Marigomezet al, 2002
Dimitriadis et al, 2003

Lobel, 1986

Sotoet al, 1996
Tsangarist al, 1997
Marigomezet al, 2002

Boening, 1997

Tsangariset al, 1997

Walsh and O’Halloran, 1998
Parlaket al, 2004
Marigomezet al,, 2002
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Table 6 continued:Metal contaminant target sites in Mytilidae mugissdues

Amoebocytes
Fe Cytosolic ligands

Digestive gland

Foot

Gills

Gonads

Hepatopancreas

Kidney

Labial palp

Lysosomes

Mantle

Valve muscles

Connective tissue

Bootsmeaet al, 1990
Tsangarist al, 1997
Marigomezet al, 2002

Ni C_ytoso_llc ligands Zaroogian and Johnson, 1984
Digestive gland T : I
Kidney sa_ngarlset al, 1997
Marigomezet al, 2002
Lysosomes
Mantle cells

monitoring programme (Smoldeet al, 2003). Since then, the concept has been adopted
internationally, and numerous countries currenthe umarine mussels in marine pollution
monitoring programmes (Rainbow, 1995; Ravera, 20Rittschof et al, 2005). Different
species of mussel have been employed, the most conselonging to the family Mytilidae
such asMytilus edulis (USA), Septifer virgatusand Perna viridis (Hong Kong), Trichomy
hirsute (Australia), Perna canaliculus(New Zealand)Dreissena polymorphgdEurope) and
Perumytilus purpuratugChile), (Rainbow, 1995; Rivercat al, 2001; Smolderst al, 2003).
The brown mussd®. pernaoccurs in abundance on rocky shores along Souttestern Africa
and compared to other species from the Mytilidamilfg not much work has been done on this
species. AlthoughP. pernahas been used as accumulators of trace metdie icoastal waters
of Brazil, Ghana, Morocco and Yemen (Anandrapl, 2002), the use of this species as a fully

fledged biomonitor has not been established.

The hypothesis of this study is that biomarker oesps fromP. pernacan be used to
demonstrate a pollution gradient along the KZN tdoes The aims for this chapter are to
therefore:
- Assess and compare metal contamination along s@astline.
- Investigate the usefulness of applying a suiteiomarker tests to
evaluate the health of the marine envirenim
- Investigate whethd?. pernais a suitable biomonitoring species in a

field applicati by evaluating the biomarkers cardiac activity,
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lysosomal membrane stability, body condition indexl heavy metal

bioaccumulation in mussel soft tissues.

Materials and methods

Site overview

KwaZulu-Natal has an eastern seaboard that spawessaepproximately 570 km along the
Western Indian Ocean, with 73 significant rivers a@stuaries exiting into the sea (Begg, 1978).
Most of these water bodies have been severely dedraver time. Sites along the coastline
were selected to represent polluted and non-pdllgtastal areas. Several points along the
coast are discharge points for either domestic geyiadustrial effluent or both. As outlined by
Connell (1988), there are at least 47 effluenthdisge points along the coast, and although this
coastal assessment was undertaken in 1988, pramaditions of the coast are still very much
the same. A summary of the main points of effludistharge located in near proximity to the

sites sampled in this study are summarised in Table

Collection and maintenance

Specimens oP. pernawith shell lengths between 55 — 60 mfn = 60 from each site) were
collected by hand from the same intertidal deptHoat tides from rocky shores between
Zinkwazi and Port Edward (Figure 5). Each site waisdivided into three localities, hence

20 from each replicate locality. Mussels were tpanted in plastic containers with seawater to
the laboratory (University of KwaZulu Natal). Th@esimens were then cleaned of any
epizoans and thereafter maintained in well aeratgficial seawater (35%o Instant Marine) with

a constant water temperature of €3 Perna pernawere allowed to depurate for 24 hours
before biomarker tests were conducted. Althougls twlding period may have partially
allowed biomarker responses to recover to someededhis time frame was assumed to be
adequate time to allow for the recovery of orgasigsrom any stress incurred by handling and
transportation, which would have a greater infleean biomarker responses. Thus any external
influences on biomarker responses would have bdeimal. In addition, this holding period
was necessary due to the time taken to collecirsees from the field, return to the laboratory,
and allow for the removal of epizoans and attaehdibdes. At each site approximately 3 cm of
surface, intertidal sediment was collected usiwgoaden scoop, and sieved through a 0.5 mm
nylon mesh sieve on site. Sieved particles werecteld, sealed in plastic bags and transported
in a cooler bag to the laboratory. Three localifiesn each site were sampled for sediment

metal analysis.
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Table 7: Summary of the main effluent discharge pointslose proximity to selected study sites (adapted
from Connell, 1988); (* denotes significant quaestof effluent discharged (> 20 006.day").

Site Effluent type Discharge point Reference
Zinkwazi ; ) Begg, 1978
Domestic sewage Surf zone Connell, 1988
Sheffield ; ) Begg, 1978
Domestic sewage Surf zone Connell. 1988
Domestic sewage and Begg, 1978
Westbrook o dustrial effluer?t - Tongati River Connell, 1988
Pillay, 2006a
Begg, 1978
Umdhloti . - Surf zone Connell, 1988
Domestic sewage - Mdloti River Thomaset al, 2005
Pillay, 2006b
Begg, 1978;
Durban Domestic sewage and - Umgeni River Connell, 1988;
industrial effluent- - Submarine outfalls Macleod, 1982;
McClurget al, 2006.
- Surf zone Begg, 1978
o Domestic sewage and - Submarine pipeline Connell, 1988
Isipingo i dustrial efﬂuer?t - Umlaas River Kalicharran and Diab, 1993
’ - Isipingo River Gregoryet al, 2005
- Umbogintwini River Newellet al, 1991
Begg, 1978
Umkomaas Domestic sewage and - Surf zone Connell, 1988
industrial effluent- - Submarine pipeline Schleyeret al, 2006

Blair et al, 2006

Port Domestic sewage and - Surf zone Begg, 1978
Shepstone industrial effluent Connell, 1988
Margate Domestic sewage - Surf zone (B:i%%éﬁgzgss
Port Edward ; ) Begg, 1978
Domestic sewage Surf zone Connell, 1988

38



T
Northern Province -
g i qéme ‘1 Zinkwasi R,
s £
l"l‘\; Free State | Mvoti R . .
1 Zinkwasi
SOUTH AFRICA _ « Sheffield
Northern Cape i e STUDYAREA Beach
v = Eastern Cape Tongati R
Western Cape Mdloti R e Westbrook
i Indian Ocean
; » Umdhloti
Aflantic Ocean
Mgeni R
KWAZULU-NATAL
DURBAN
Sipingo R
— e Isipingo 3008
) Lovu R
Mkomazi R
s Umkomaas
Mpambanyoni
N Park Rynie
5 Mﬁrvaf e R =
Hibberdene
Mzumbe R
Indian Ocean
Mzimkulu R ¥ Port Shepstone
Mbizana R Margate
0 10 20 30 40km
[ || ]
Mtamvuna R
0
e Port Edward e
3o‘|J E 31? E
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Metal analysis

Mussels were thawed and dissected by stainlest istruments. After separating the soft
tissues from the shells, tissues were pooled ingg®f 5 specimens per inter-site replicate for
each siter{ = 3 pooled samples from each site). Tissues werghgd and then homogenised in
a stainless steel blender. The samples were dti&d &C for 2 days in an oven and then
prepared for metal analysis by digesting approx@hge2 g of sample in 5 ml 60% concentrated
nitric acid for at least 10 hours. Samples were thether digested by microwave digestion.
Microwave digestion was conducted in three stag=ddvin et al., 1994) at the following
power settings: two stages at 600 W for 2 min, \&imin intervals, and a third stage at 200 W
for 15 min. Once the samples were filtered throdyhatman N42 filter paper, metal
concentrations were determined by atomic absorp8pectrophotometry. Samples were
analysed for copper (Cu), cadmium (Cd), lead (Bl (Zn), chromium (Cr), iron (Fe) and
nickel (Ni), and are presented on a dry mass b8sidiment was thoroughly stirred in a pestle
for homogeneity and approximately 1g of sample waalysed for the same metals as the
mussel tissue metal analysis using the same proe@gdscribed above. Internal standards were
used to verify metal concentrations obtained, aedveries of the internal standards always fell
within 90% of this value. Mussel tissue metal corications were validated using certified
reference material (National Institute of Standamdd Technology), (SRM 2976 mussel tissue).

Analysed and certified values for standard refezanaterials are presented in Table 8.

Table 8: Measured and certified values for standard referematerials

Metal NIST 2976 mussel tissue (ug/g) Analysed value (ug/g)

Cu 4.02+0.33 4.21+0.12

Cd 0.82 £0.05 0.79 £0.03

Pb 1.19+0.18 1.17+0.22

Zn 137+ 12 141 +3

Cr 0.5+0.16 0.46 £ 0.02

Fe 171+4.9 165+ 3.8

Ni 0.93+0.12 1.02 + 0.06

Cardiac activity

A non-invasive technique was used to measure camlitivity. An infra-red light emitting
diode was glued onto the shell of each individualksel at the position nearest to the heart
(n = 30 from each site, 10 specimens per replicatalitgy. Once diodes were attached to the
shells, the mussels were left undisturbed for &fi00ardiac activity were recorded, thereafter

the mean heart rate (beats.Hifor each site was calculated.
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Lysosomal membrane stability

Lysosomal membrane stability was determined foheacssel f = 30 from each site, 10
specimens per replicate locality). Approximatelg tl of haemolymph was extracted from a
sinus along the adductor muscle using a 3.0 ml, 8(age, and thereafter placed in Eppendorf
tubes. This was mixed with an equal volume of teafpee adjusted physiological saline
solution. Approximately 40ul of the haemolymph solution was allowed to attamito
haemocytometers, and were incubated at room temoperfar 20 minutes. An equal volume of
the neutral red dye (NR) was then allowed to irdikt the cells for 15 minutes. The number of
haemocytes that absorbed and retained the dye waerved at 15 minute intervals
microscopically, and the time taken for 50% of te#ls to lose their dye was recorded as the

lysosomal membrane stability time (Nicholson, 198Ra

Body condition index

The ratio of tissue dry mass (mg) of mussel bosiguie to shell length (mm) was determined for
30 mussels from each site € 10 specimens per replicate locality), (Lundeleyeal, 1997,
Gallowayet al, 2002).

Statistical analysis

Statistical analyses were performed using SPSSoved$.0 (SPSS for Windows, Rel. 15.0.
2006. Chicago: SPSS Inc.). All data obtained wested for normality (Shapiro-Wilk) and
homogeneity of variance (Levene’s test). All théadabtained from the various biomarker tests
conformed to normal distribution and the varianeese homogenous. Differences in metal
concentrations in mussel tissue and sediment batwées were determined by ANOVA.
Comparisons of biomarker responses among and wiités were investigated by a nested
ANOVA, where localities were nested within sitesik€y’'s HSDpost-hoccomparisons were
conducted to define significant differences betwsites. Multidimensional scaling (MDS) was
employed as a graphical presentation to differems#es by mussel tissue metal concentration
by using PRIMER version 6 software. The Pearsoaisetation coefficient was applied to test
for significant correlations between pooled bionaarkesponses and tissue metal concentrations
from all sites, in addition to correlations betweg@ooled sediment and tissue metal

concentrations.
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Results

Sediment concentrations

Figure 6 presents the mean metal concentratiossdiment collected along the KZN coastline
and the ANOVA results for each metal analysed. $hdiment metal results exhibited an

increase in metal concentrations from the nortlsées (Zinkwazi and Sheffield) to Umkomaas

before significantly decreasing in Park Rynie seita. Umkomaas had significantly higher

sediment metal concentrations for Cd, Pb and Nipaoed to the rest of the sediment results
(ANOVA, df =11, F = 43.73; 88.04 and 28.65 respectivgly< 0.05), whereas Zn and Fe

however reached their maximum sediment concenti@tad Durban. In contrast, Park Rynie
displayed the lowest sediment metal concentrafi@n€u and Cr compared to most of the other
sites along the coast (ANOVAf=11,F = 34.24 and 16.72 respectivepy< 0.05).

Perna perna tissue metal concentrations

MDS was used to graphically differentiate sitesPhypernatissue metal concentrations (Figure
7). MDS grouped sites by a stress factor of 0.88ulting in Park Rynie and Zinkwazi being
separated from the rest of the sites, as well abdhy Isipingo and Umkomaas. Hence a clear
distinction of these sites from the rest of the [glamgy sites along the KZN coast was
established. Figure 8 illustrates a distinct ldimal gradient inP. pernatissue concentrations
and presents the ANOVA results for each metal @ealy A similar latitudinal trend as the
sediment metal concentrations sampled at the sié@sevgas found, as most metals such as Cu,
Cd, Pb, Zn and Cr exhibited a gradual increaseofh tssue metal concentrations from the
northern sites (Zinkwazi and Sheffield) which pehke Durban, Isipingo and Umkomaas.
These latter three sites displayed the highestidissetal concentrations for most metals,
particularly Isipingo and Umkomaas, and were modifferent from the northern most sites
and Park Rynie and Hibberdene; except for tissueddcentrations which were did not show
such large differences across sites (ANOMA=11, F = 6.95 p < 0.05). Mussels collected at
Umkomaas displayed significantly higher Cr tisswmaentrations than the rest of the sites
(ANOVA, df=11,F = 19.95 p< 0.05). In contrast to Isipingo and Umkomaas, FRykie and
Zinkwazi exhibited the lowest Cr mussel tissue emtiations and displayed significant
differences in tissue metal concentrations for mib@d from the rest of the sites (ANOVR =
39.98 and 19.31 respectivelyp < 0.05). Zinkwazi also exhibited significantly lowr
concentrations in mussel soft tissues comparedetother sites (ANOVAJf=11,F=19.95 p

< 0.05). The southern most sites sampled (Port Sbee, Margate and Port Edward) did not

show large variations in mussel tissue metal canatons for metals, except for Cu, Zn and Fe
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Figure 6: Spatial variations in metal concentration (Hfdyy mass) in sediment sampled from sites
along the KZN coastline. Bars and error bars reprethe mean sediment concentrations + standaod err
of the mean r{ = 3 localities from each sije Bars with common symbols denote similar means
(ANOVA, p > 0.05) between sites.
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Figure 6 continued. Spatial variations in metala@niration (ug gdry mass) in sediment sampled from
sites along the KZN coastline. Bars and error bepsesent the mean sediment concentrations * sthnda
error of the meann(= 3 localities from each site). Bars with commagmbols denote similar means
(ANOVA, p > 0.05) between sites.

tissue concentrations. Each of these metals disglaither significantly higher or lower mussel

tissue concentration than the other two southerst sites.
Mussel tissue and sediment concentration corratadioalysis

Figure 9 illustrates the correlations between @smetal concentrations and sediment metal

concentrations. Metals Cd, Pb, Zn, Cr and Fe etddbétrong correlations between tissue and
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sediment concentrations, £ 0.66, 0.71, 0.76, 0.69 and 0.79 respectieky,0.05). In contrast,
there was no correlation between Ni tissue andhesdi concentrations € -0.21,p > 0.05),

and Cu tissue and sediment concentration displayeelak correlationr (= 0.36,p < 0.05).

2D Stress: 0.02

Figure 7: MDS representation of differentiation of sitesttssue metal concentrations by a stress factor
of 0.02. Site 1 = Zinkwazi, 2 = Sheffield, 3 = Wastok, 4 = Umdhloti, 5 = Durban, 6 = Isipingo, 7 =
Umkomaas, 8 = Park Rynie, 9 = Hibberdene, 10 = Boepstone, 11 = Margate, 12 = Port Edward.

Cardiac activity

Heart rates were successfully measured from muBsefsall sampling sites, and are presented
in Figure 10. Mean heart beats frdt pernaindicated a decreasing trend in cardiac activity
from Zinkwazi to Umkomaas, before displaying a figant increase at Park Rynie; thereafter
the sites south of Park Rynie exhibited an insigaift decline in heart rateBerna pernaheart
rates differed significantly between sites, howethere was little variation within sites (nested
ANOVA, df = 24, F = 121.43, p > 0.05). Cardiac activitiespécimens from Durban, Isipingo
and Umkomaas exhibited significantly reduced respercompared to mussels sampled from
other sites (nested ANOVAJf = 11, F = 50.98, p < 0.05), with mussels from Umkas
showing the lowest heart rates (17.0 + 0.7 beatd)nclosely followed by those from Isipingo
(17.6 + 0.9 beats.mi). The highest heart rates however were recorded fnussels sampled
at Park Rynie (38.5 + 0.7 beats.i)n
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Figure 8: Spatial variations in soft tissue metal conceitirafug g*dry mass) irP. pernaretrieved from
sites along the KZN coastline. Bars and error bepsesent the mean tissue concentrations + standard
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Figure 8 continued. Spatial variations in soft ussnetal concentration (ug'giry mass) inP. perna
retrieved from sites along the KZN coastline. Bamd error bars represent the mean tissue condensat
standard error of the mean € 3 pooled samples from each site). Bars with commsymbols denote
similar means (ANOVAp > 0.05) between sites.

Lysosomal membrane stability

The lysosomal membrane stability®f pernaalong the KZN coast adopted a similar pattern as
cardiac activity (Figure 11); however reduced lgsnal membrane stability from mussels were
observed at Margate. Lysosomal membrane stabilitierdd significantly between sites,
however there were no differences amongst localiper site (nested ANOVA]If = 24, F =
104.91,p > 0.05). Durban, Umkomaas and Isipingo specimés@aled the lowest lysosomal
membrane stability, and were significantly diffearémom membrane stability times of mussels
sampled from rest of the sites (nested ANOYA: 11,F = 26.16,p < 0.001).
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Figure 10: Spatial variations in mean heart rate (beats'jnfrom P. pernaalong the KZN coastline.
Bars and error bars represent the mean tissue mwatiens + standard error of the mean=(30). Bars
with common symbols denote similar means (neste@¥N, p > 0.05) between sites.

The lowest lysosomal membrane stability was obskfnem mussels sampled at Isipingo (42.3
*+ 4.3 min), whereas the highest lysosomal membeaakility was observed from specimens
obtained at Zinkwazi Beach (180.0 £ 2.3 min), falé closely by lysosomal stability recorded
from Park Rynie, Sheffield and Hibberdene, all wiiich were significantly different from

other sites sampled.

Body condition inde

Condition indices fromP. pernasampled along the coast are presented in FigureThe
condition indices obtained from mussels at eack wsiere consistent with the two other
biomarker results. No significant differences wkmend within sites (nested ANOVAIf = 24,

F = 126.16p > 0.05). The lowest indices from pernawere obtained from Umkomaas (1.9 +
0.5), which was also significantly different froimetrest of the indices obtained along the coast
(nested ANOVAdf = 11, F = 41.90,p < 0.001). The healthiest conditions were obtaifnech
Park Rynie specimens (4.9 £ 0.2), however the ¢immdindex from this site were not different

to the high indices from Zinkwazi and Sheffield.
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Figure 11: Spatial variations in mean lysosomal membraneilgtarom P. pernaalong the KZN
coastline. Bars and error bars represent the mgsuretconcentrations * standard error of the mean (
30). Bars with common symbols denote similar mgaasted ANOVAp > 0.05) between sites.

Biomarker and tissue concentration correlation /s

Table 9 presents the correlations between biomadggonses frorR. pernaand tissue metal
concentrations. Body condition indices were sigaifitly correlated to tissue concentrations;
however the other two biomarkers used in the stgly showed strong associations with
selected metal tissue concentrations. Lysosomalbreeme stability had significant correlations
only for Cu, Cd, Zn and Cr tissue concentratians ¢0.66, -0.72, -0.59 and -0.65 respectively,
p < 0.05); whereas cardiac activity only displayndigant correlations with Cu, Pb, Zn and Fe
tissue concentrations € -0.75, -0.68, -0.49 and -0.69< 0.05).

Discussion
Heavy metals are natural elements that occur inn@anvironments; however, coastal waters,

particularly areas adjacent to industrialised arxhoised zones, are vulnerable to the excessive
contaminant loads entering the environment (Andeetaal, 1996; Wells, 1999; Chas al,
2001). The coastal waters along KZN are particylatlrisk as the rapid rate of development
along the coast has highlighted the urgency forimeapollution monitoring (Moldan, 1995;
O’Donoghue and Marshall, 2003; Oelofseal, 2004; Misheeet al, 2006a,b,c). This study
demonstrates how a suite of biomarkers fidnperna,accompanied by chemical analysis, can

distinguish a pollution gradient in coastal wateffsKZN.
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Figure 12: Spatial variations in mean body condition indifesn P. pernaalong the KZN coastline.
Bars and error bars represent the mean tissue mivatiens + standard error of the mean=(30). Bars
with common symbols denote similar means (neste@¥N, p > 0.05) between sites.

Table 9: Pearson’s correlation coefficients between traetahtoncentrations and biomarker responses.

Metal  Body condition index  Lysosomal membrane stability = Cardiac activity

Cu -0.84 * -0.66 * -0.75 *
Cd -0.75 * -0.72 * 0.35
Pb -0.86 * -0.13 -0.68 *
Zn -0.82 * -0.59 * -0.49 *
Cr -091 * -0.65 * -0.12
Fe -0.73 * -0.21 -0.69 *
Ni -0.61 * -0.07 -0.06

(* denotes significanp-values ap < 0.05)

Metal analysis

Heavily industrialised areas are well associateth wollution of coastal waters, and prominent
metal concentrations in sediment and mussel sstiéis have been documented in numerous
studies (Phillips, 1976a,b; Davies and Pirie, 198bugartet al, 1992; Boening, 1997;
Rainbowet al, 2000; Ravera, 2001; Blackmore and Wang, 2002ahdi Kueh, 2005; Szefet

al., 2006). Similar results as these studies have Bmamd in this study as sediment aRd

pernasoft tissue metal concentrations were generahatgr at industrial and urban zones along
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the KZN coast. Sediments concentrations of Cu,RBd Cr, Fe and Ni conformed to the general
latitudinal pattern displayed by tissue metal com@ions. Sediment concentrations of Zn
however, failed to display a distinct latitudinaadient but showed maximum levels at Durban,
Umkomaas and Port Shepstone, and low levels atfi€ldeind Park Rynie. The results

generated from the MDS analysis (Figure 7) reflddtee magnitude of industrialisation and
heavy metal contamination at each site, and grolpetan, Isipingo and Umkomaas together,
as well as differentiated the unpolluted and unbigerl areas of Park Rynie and Zinkwazi from
the rest of the sites. Metals Cu, Cd, Pb, Zn anth®. pernasoft tissues exhibited significant

concentration gradients along the coastline, witbnpunced levels at Durban, Isipingo and
Umkomaas and significantly low levels at Park Rymied Zinkwazi. Fe and Ni tissue

concentrations however did not display as larg@&tians across sites as did the other metals.

Considering the correlation results between tisswk sediment metal concentrations, it can be
deduced thaP. pernais an effective bioaccumulator species, especfaliynetals Cd, Pb, Zn,
Cr and Fe. Zn and Fe concentration levels, in @agi were found to be much higher
pernatissues compared to sedimeBimilarly, Yapet al. (2002) found a significant correlation
between metal concentrations in mytilid musseligsand sediment for Cd, Cu and Pb; whereas
Beiraset al. (2003) found strong correlations only between @d &b tissue and sediment
concentrations. In addition, both these studiesudh®mt weak correlations between Zn tissue
and sediment concentrations. This is in contragh wie results of this study which found a
significant correlation between tissue and sedinZentoncentrations, and no such significance
for the correlation between tissue and sediment@wentrations. A study by Hummet al.
(1997) however, does support the findings of a wéaktissue and sediment correlation. The
metals Zn, Fe and Cu are essential metals to anganihence the varying correlation strengths
of the tissue and sediment concentrations of thestals can be attributed to regulation within
the body or rapid detoxification and eliminationugdmel et al, 1997; Yapet al., 2002). A
significant correlation between Pb mytilid tissuelaediment concentration was also found by
Beiraset al. (2003), as was the correlation of Cr in Zebra rali3reissena polymorphaissue
and sediment by Lowe and Day (2002); thus furtlhipsrting the findings of this study. The
above study also supports the lack of correlatigtavben Ni tissue and sediment concentrations
and attributes this result to rapid detoxificatiamd excretion of the metal. However, in this
study, higher Ni concentrations were found in mugissue than in sediment. According to
McGeer et al. (2003) and Muyssen et al. (2004)¢cdncentration factors are independent of
contaminate exposure, as metal uptake and elirnimatie controlled by complex physiological

mechanisms. Marine organisms commonly eliminateegxanetals via their kidneys, liver or
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gills; and mussels in particular have been foundetwxify and store metal contaminants such
as Ni. Mussels contain calcium-phosphate basedlublke granules that store excessive
amounts of Ni, thereby making the metal non-bidabée to the organism (McGeer et al.,
2003; Muyssen et al.,, 2004). Hence, this reasomiagy be used to explain the higher

concentration of Ni found in mussel body tissuestim sediment.

Durban is the largest city in KZN with its most gduztive industrial and commercial nodes
located in central Durban and the port (Parson§22®illay, 2003). Two large submarine
outfalls have been responsible for dischargingcihgs industrial and domestic effluent since
1970 (Connell, 1988; McCluret al, 2006). As industry and informal settlements im ¢ity are
continuously expanding, the coastal waters of thelave been receiving increasing amounts
of toxic wastes and untreated sewage (Begg, 19#8ddh and Stretch, 2002). The biomarker
responses fron®. pernaand the metal concentrations from soft tissuessatiment indicate
that Durban is the third most contaminated site@lthe KZN coast. Although the Tongati,
Umhlanga and Umdhloti Rivers and estuaries on tiréhrof Durban are under pressure from
receiving industrial and sewage discharges, as aglagriculture runoff, the contamination
levels inP. pernawere not as severe as those from central Durbanttendegion south of

Durban.

Called the South Durban Basin, the region soutbuwban supports numerous major industries.
Some of the larger industries situated in this gtdal belt are Engen (the largest South African
petroleum group), Sapref (the largest crude oiinezf in Southern Africa), AECI (which
produces various chemicals), Huntsman Tioxide (rfaoturer of chemicals and pigments) and
Mondi Paper Mill (which is one of the largest inidival paper mills in the world), (Newedt

al., 1991; Nurick and Johnson, 1998; Matooane and ,D2&l01; Diabet al, 2002, Lund-
Thomson, 2002; Battermaat al, 2007; Van Alstine, 2007). Other industries indude lllovo
and Hullets sugar mills, manufactures of plastiestiles, asbestos products, galvanising plants,
landfill sites, large chemical tank farms and paidustries (Battermawet al, 2007). It is
therefore not surprising that the Isipingo and Ugibtwini Rivers and the Umlaas and Reunion
canals that discharge into the sea are severelytgd] as these water bodies receive large
gquantities of toxic wastes from the entire indadtregion, together with sewage, stormwater
runoff and leached agrochemicals (Kalicharran aiab[D1993; Grobleet al, 1996). Still in the
south coast, the coastal environment of Umkomaaalss severely polluted by industrial
effluent from extensive paper and pulp industry PRASAICCOR) and municipal domestic

wastes, as well as agricultural runoff from numerdéarms alongside the river (Begg, 1978;
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Connell, 1988; Schleyeat al, 2006; Blairet al, 2006). Considering the substantial number of
industries along the coast of KZN is localised @nttal Durban, Isipingo and Umkomaas, it
stands to reason that these environments woulddmbst contaminated. The results from this
study shows that although the highest contamindtenls of heavy metals iR. pernaand
sediment were generally limited to these industieghlities, metal contamination along the
KZN coastline is prevalent. While stormwater drag@aleached agrochemicals and river inputs
contribute to the metal contamination levels, tremcontributors of marine pollution are the

point sources of effluent discharges off the KZMsttine (Connell, 1988).

Chemical analysis of water and sediment providelaable insight into which chemicals are
present in the ambient environment, however theragmh fails to consider the biological
effects of such contaminant levels. Metal tissuterdeinations on the other hand provides an
indication of metals that are bioavailable to oigamin the environment, however it must noted
that essential metals such as Cu and Zn are redufat bodily functions (Anandragt al,
2002; Nicholson, 2003), whilst the more toxic metate either stored in lysosomes or rapidly
detoxified and eliminated from the mussel body. ifiddally, external factors such as salinity
and temperature fluctuations can influence mettdkgin mussels (Phillips, 1976a; Nicholson
1999a,b; Anandragt al, 2002). Hence, in order to attain an accuratesagsent of the effects
of pollution levels in the environment, a suit edbimarkers must be employed (Wedderbatn
al., 2000).

Cardiac activity

Numerous authors have shown a distinct changeriousphysiological responses from marine
bivalves such as gill filtration rate, respirati@te, valve closure and heart rate when exposed to
anthropogenic pollutants (Nicholson, 1999a,b; Welaa et al, 2000; Gallowayet al, 2002;
Brown et al, 2004; Marshallet al, 2004; Petrovicet al, 2004; Abessaet al, 2005).
Bradycardia has been well documented in bivalvgmesd to metal contaminants (Nicholson,
1999a,b; Curtiet al, 2001, Gallowayet al, 2002). The findings in this study are consistent
with these previous studies as mussels sampledg albe coastline displayed a strong
geographic trend in declining cardiac activity framlatively undeveloped sites to highly
industrial zones supporting various industriéerna pernasampled at Durban, Umkomaas and
Isipingo in particular were under significant plolegical stress as indicated by significantly
depressed cardiac activity. In contrast, mussat mates from Park Rynie and Zinkwazi did not
exhibit reduced cardiac activities. Nicholson (18P6xplained that very mild metal levels will

not induce bradycardia as a result of effectiveamassimilation by humoral ligands and
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metallothionein binding of pollutants, which restsi the quantity of the contaminant present in
the haemolymph before any organelle damage canr.o€te difference in mussel cardiac

activity between sites are thus consistent with fthdings from several other studies which
compared cardiac activities from mussels obtaineanf polluted and unpolluted sites

(Nicholson, 1999a; Curtist al, 2000; Curtiet al, 2001; Galloway, 2002).

Lysosomal membrane stability

Lysosomes are hydrolytic enzyme containing orgasehat are the target sites for accumulated
metal contaminants as these organelles are invalvedntaminant storage and detoxification
(Wedderburret al, 2000; Petroviet al, 2004). Lysosome membrane destabilisation has been
well documented for mussels experiencing elevatedagninant conditions from polluted sites
(Loweet al, 1995; Nascet al, 1999; Wedderburat al, 2000; Nicholson, 2001; Riveres al,
2002; Domouhtsidoeet al, 2004; Petroviet al, 2004; Abessa&t al, 2005; Regoliet al, in
press), as the excessive contaminant load on gosdyne ceases the membrane proton pump
and denatures important lysosomal membrane enzyhésh aid in the functioning of the
organelle (Nicholson, 1999b). The results of thiglg are consistent with the findings of these
previous studies, as the lysosomal membrane s$jabfisays carried out dh pernafrom sites
that supported industrialised and urbanised a®ssitvere significantly shorter that those
recorded from relatively unpolluted areas alongKE& coastline. Hence the clear geographic
trend exhibited by mussel cardiac activity was alsplayed by lysosomal membrane stability

in P. perna

Body condition index

The condition indices measured B. pernafrom the KZN coast exhibited significant
differences between sites. In particular, musselsipted from Umkomaas and Isipingo
displayed the lowest condition indices when comgbdcethe rest of the sites. The findings in
this study is similar to that of previous work ddmeAveryet al. (1996), Nicholson (1999a,b),
Mauri and Baraldi (2003) and Bodét al. (2004) which also documented low condition indices
from contaminated sites. As pointed out by Dahllaoffi Menge (1996) and Nicholson (1999b),
the exposure of marine mussels to elevated antgespo contaminants will induce a
considerable degree of stress on the organisms.WiHiresult in the organisms attempting to
cope with such conditions by rapidly assimilatinigtoxifying and excreting much of metal
contaminant from its body, thereby depleting energperves that would ordinarily be reserved
for growth, reproduction and numerous other phggjimal body processes. In contrast to the

indices obtained from mussels sampled at indusandl urban zone®,. pernasampled at Park
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Rynie and Zinkwazi displayed the healthiest condsi indices. The results of the condition
indices from mussels of KZN support the adverspaeses indicated by significant bradycardia
and reduced lysosomal membrane stability Fof perna from highly industrialised areas.
Although condition indices have also been found b® affected by seasonal changes,
reproductive activity and nutritional health of tleganisms (Lundebyet al., 1997), this
biomarker has been proven in to be sensitive afettefe in numerous studies (So¢t al,
1995; Averyet al, 1996; Lundebyet al., 1997; Nicholson, 1999a; Galloway al., 2002 and
Smolderset al, 2003).

Although cardiac activity and lysosomal membraranzrker responses & pernaexhibited
strong correlations with only selected metals, bathndition index displayed strong
correlations for all metals analysed in body tissuihereby emphasising the biomarker's

accurateness in indicating contaminated environsnent

In this study, the results of metal analysis anal dldverse biomarker responses indicated by
significant bradycardia, low lysosomal membranebiita and poor condition indices of
mussels from these regions support the notion Bhatban, Isipingo and Umkomaas are
hotspots for marine pollution. Furthermore, bionesrkesponses were directly related to
elevated metal concentrations, thus highlightinrgséhmarine pollution monitoring techniques
as valuable tools for assessing the overall camdigf the KZN coastal environment. These
biological responses are well established biomaridrich have been extensively studied under
laboratory conditions for their effectiveness asntonitoring tools (Wedderburet al, 2000).
Nevertheless, environmental factors from diffedengtions can influence biomarker responses
from mussels. To overcome this, Phillips (1976b3igleed a sampling protocol fon situ
sampling and comparisons of bioindicator resporisem different locations. The most
important considerations taken into account henewe
1. All samples were collected over the shortest peamgossible (over 2 days), to reduce
the occurrence of sudden events that could affemhdrker responses, e.g. sudden
storms.
2. SinceP. pernadisplays distinct annual growth and reproductiyeles, tissue mass and
metal uptake rates are also affected. Hence musssks collected in later winter in
order to minimise the effects of gonad maturity metal uptake. Also, mussels

generally show a higher metal tissue concentratiavinter.
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3. Studies have shown a distinct relationship betwmessel size (shell length and wet
mass) and metal accumulation rates; hence adulefsusnly from a set size class were
sampled (shell lengths between 55 — 60 mm).

4. Mussels were all collected from similar environngeatg. highly exposed rocky shores
from the same intertidal depths, to minimise varrain mussel exposure to air, food,

salinity and temperature.

Mussels from the Mytilidae family are a well estabéd family of bioindicator species. The

mussels used in this study occur abundantly on Kehidres and proved to be a suitable
bioindicator species for thia situ study. Being an indigenous speciBspernais well adapted

to local environmental conditions. Thus the didtib@logical responses obtained from the
mussels for all biomarker assays highlights theciggesensitivity to contamination on a

localised scale, and to its ability to display barker responses that are proportional to the

degree of pollution.

Conclusion

In conclusion, this study illustrates how the ugeaosuite of biomarkers that incorporate

physiological and cytological responses fré pernacan be a diagnostic tool of stress in

mussels that serve as early warning signals ofr@anvironment degradation. The usefulness
of assessing these biomarkers from field studiesiges a reliable and cost-effective approach
to rapidly assess marine pollution in coastal vegatef KZN and clearly differentiate

contaminated areas from unpolluted sites.
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CHAPTER 4: Spatial Variations in Physiological andCytological Biomarkers
of Perna perna Transplanted in Durban Harbour (KZN).

Introduction

Estuaries have been defined as semi-enclosed sysitamare still freely connected to the open
sea (Begg, 1978; Moore, 1999; Kennish, 2002). Thstems exhibit complex hydrology
dynamics as they are subject to the continuousnmiwif freshwater and seawater (Kennish,
2001), and hence produce unique and highly prodrieitosystems that support complex food
webs consisting of both terrestrial and aquati¢abi&stuaries also function as vital spawning
and nursery grounds for a diverse range of sp€Cisis and Forbes, 1996; Forhetsal, 1996;
Vandermeulen, 1996; Whitefield, 1997; Abuodha araré{ 2001; Alongi, 2002; der Boer,
2002). Despite their ecological value, these edesys are being degraded beyond repair on a
global scale (Chaset al, 2001; Kennish, 2002), particularly those in seuathAfrica where
development encroachment has a severe impact dovgltaastal and estuarine systems (Begg,
1978; Cyrus and Forbes, 1996; Forledsal, 1996; Whitefield, 1997; Abuodha and Kairo,
2001).

Strategically located along one of the world’'s magportant shipping routes, South Africa has
had an exponential increase in international tade the last decade (Siko, 1996; Marshall and
Rajkumar, 2003). As a consequence, there has bedense/e port development along the
coastline (Vermeulen and Wepener, 1999; Fatoki Muathabatha, 2001; Marshall and
Rajkumar, 2003; Wepener and Vermeulen, 2005), quaatily on the eastern seaboard. To
accommodate such rapid development, two of thesngstuaries in Kwa-Zulu Natal have been
converted into productive ports, namely Durban &ichards Bay Harbours (Forbes al.,
1996; Vermeulen and Wepener, 1999; Marshall anéuragr, 2003).

Port environments are continuously being threatebgda range of contaminants, which
originate from shipping and dry dock activitiescidental leakage of toxic substances, illegal
dumping and spillage from tankers (Chasel, 2001; Taljaard, 2006). Harbours also receive
vast amounts of ballast water discharges andédstisnated that approximately 20 million tons
of ballast water is discharged in South Africanbmarrs annually (Taljaard, 2006). Furthermore,
dredging activities that take place in such envitents reintroduce contaminants that have
accumulated within the sediment, particularly heawgtals and hydrocarbons, into the
environment (Taljaard, 2006). Since harbours amdteted from strong tidal action, there is
poor water circulation within these environmentslish pollutants out of harbour. As a result

most contaminants that empty into bays accumulateirvharbour environments (Taljaard,
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2006), and pollutants that are commonly associai#il such systems include heavy metals,
petroleum contaminants, suspended solids, littdraodegradable organic matter (Vermeulen
and Wepener, 1999; Fatoki and Mathabatha, 2001;ewapand Vermeulen, 2005; Taljaard,
2006).

Originally a shallow and permanently open estutivg, Port of Durban was developed in 1824
and is regarded as the most productive port incAffihe harbour is still strongly influenced by
the continuous mixing of sea water and freshwatrrfis and Cyrus, 2000); hence a distinct
salinity gradient exits from the harbour entranzéhie upper reaches of the bay which receive
freshwater inputs from three rivers. Although tlag s used as a fully operational port, Durban
Harbour still sustains estuarine and marine enwiemts that support high species diversity,
which have documented by numerous studies (CyrdsFambes, 1996; Forbext al., 1996;
Vermeulen and Wepener, 1999; Harris and Cyrus, 20@8erts and Cyrus, 2002). This
prompted a study to assess the environmental hefltie bay by using biomarkers from the
brown musseP. pernatransplanted in the bay, as well as investigatirgseasonal and spatial

variations of these responses and heavy metalroamdsion in the harbour.

Biomarker responses from indicator organisms hageoime an appreciated tool used in
assessing environmental condition and include ogtohl and physiological responses from
organisms as indicators of environmental stresgef@set al.,2002; Luk’'yanova, 2006; Nigro

et al., 2006). Active biomonitoring is defined by Nasei al. (1999) as the relocation of
biomonitoring organisms from an unstressed and llwtpd site to another monitoring area in
order to investigate the change in their biologicalsponses for monitoring marine
contamination. The brown mussBl pernaoccurs abundantly on the east coast and has
exhibited distinct cytological and physiologicalspenses to varying levels of chemical
contaminants (see Chapters 2 and 3). Hence thi@despeas selected as a suitable biomonitor

for this study.

Chapter 4 tests the hypothesis that biomarker resgofrom transplanteld. pernashow a
response with regards to a gradient in pollutioDirban harbour. This chapter aims to assess
the health of the marine environment in Durban barltby investigating:
1. Water quality in Durban harbour by identifying dphtrends in seawater metal
concentrations.
2. The suitability ofP. pernain transplant experiments by investigating:

- Cardiac activity from transplanted organisms.
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- Lysosomal membrane stability from mussels.
- Body condition index fron®. perna.
- Spatial trends in biomarker responses from massel

- Heavy metal bioaccumulation in biomonitor mussels

Materials and methods

Site overview and station selection

Durban harbour (29° 52° S; 31° 02° E) has a tatal hnd surface water area of approximately
1854 ha and operates numerous terminals, the tdbgésy Durban Container, Multi-purpose
and Car Terminals, as well as the Maydon Wharf Treathwhich supports a sugar, bulk, wood
chip terminals and other privately owned facilitide harbour also supports a coal terminal,
oil and petroleum complex, a passenger terminakandresh produce terminals. In addition to
these, there are three marinas within the harbbat &re allocated for yachts and small
watercrafts. The harbour is surrounded by the te@emt Waterfront development and central
business district at the north eastern region, MayWharf on the west, the Bluff Peninsula and
Salisbury Island on southern region and the Baylstdyl repair area (dry dock) at the inner
reaches of the port. The area that surrounds theotlis therefore heavily urbanised and
industrialised, with many storm water drains empugyinto the bay (Figure 13), together with
three rivers (Umbilo and Mhatuzana Canals and Amnayerma River). Stations in Durban
harbour were selected by their proximity to stormerarains and freshwater inflows, as well as
the harbour entrance to obtain a fair represematfadhe harbour. Station 1 was located at the
nearest possibly area to the freshwater inputsgekiewsalinity and depth were also taken into
account. Station 2 was chosen due to its locatiear the dry dock area. Station 3 was
positioned in the vicinity of the yacht and smadtercraft harbour, as well as directly opposite
the main stormwater outfalls that drain the immeliaity centre. Stations 4 and 5 were
positioned near the entrance of the harbour. PgrkieRwas chosen as a reference site (see

Chapter 2, page 25).

Construction of mesh bags

Polyethylene mesh bags were constructed usingiplesble ties, each bag consisted of five
separate compartments. Each of these compartmefdsohly five P. perna individuals to
ensure free circulation of water, to allow eachaoigm equal exposure to the ambient
environment, to allow valve movements and to rediieess from over-crowding. Four replicate
mussel bags were secured at each station, onttingxisvigational bouys positioned around

the harbour using nylon rope at depths of 1.5 rad@teensure the test specimens were still fully
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submerged during low tide. At Park Rynie, mussajsbarere secured to floats and existing

rocks below the infra-tidal zone.

Key
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31%0'E 310 02, 31°04'E

| I |
Figure 13: Map of Durban Harbour showing sampling stations.

Mussel collection and retrieval

Transplant experiments began at the beginning oé R005 and the entire procedure was
repeated at the beginning of December. HedRhpernaspecimens, between 55 — 60 mm in
length, were collected by hand from Park Rynieoat lide and transported in plastic containers
with seawater to the laboratory (University of K&alu Natal). Mussels were carefully cleaned
of any epizoans, and 30 specimens were randondgteel to be used as a reference group that
represented baseline information on shell measuresnissue mass, body metal concentrations
and biomarker responses. The remaining mussels stetted into the bag compartments and
thereafter maintained in well-aerated artificiahwater (35%0 Instant Marine) with a constant
water temperature of 2&. The transplant bags were deployed into the fdhours after
collection, and deployment commenced the followimgning. Mussel bags were transplanted
at five stations within Durban Harbour, and contvags were transplanted back at Park Rynie.

Each station had four replicate mussel bags spoeddapproximately 2.5 m apart. One
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compartment per replicate bag was retrieved frooh sgation every 14 days for biomarker and

tissue metal analysis, over a total transplanbpest 70 days.

Metal analysis

Perna pernandividuals from each station were dissected bynstss steel instruments € 20
from each station, i.e. five mussels per replitstg). After separating the soft tissues from the
shells, the individual tissues were dried at %D for 2 days in an oven. Due to budget
constraints, mussel tissues from each station peoted. Tissues were then prepared for metal
analysis by digesting approximately 2 g of sampléiml 60% HNQ for at least 10 hours.
Samples were further digested by microwave digestichich was conducted in three stages
(Baldwin et al., 1994) at the following power sedfs: two stages at 600 W for 2 min, with 2-
min intervals, and a third stage at 200 W for 15.n@nce the samples were filtered through
filtered through Whatman M2 filter paper, metal concentrations were detegchiby atomic
absorption spectrophotometry. All samples wereyeea for Cu, Cd, Pb, Zn, Cr, Fe and Ni.
Seawater samples were obtained after the 70 dagdpfeom each station for metal analysis.
Water samplesn(= 2 from each station) were with obtained withtdelipolyethylene sampling
bottles, which were first rinsed twice with seawaded then filled with water samples from
each station. Samples were filtered, digested usignitric acid, and then analysed for the
same metals as the mussel tissue metal analysig tl#8 same procedure described above.
Internal standards were used to verify metal coinadons obtained, and recoveries of the
internal standards always fell within 90% of theédue. Mussel tissue metal concentrations were
validated using certified reference material (Naaiolnstitute of Standards and Technology),
(SRM 2976 mussel tissue). Analysed and certifiddesfor standard reference materials are

presented in Table 8 (Refer to Chapter 3).

Physico-chemical water quality parameters
Salinity at each transplant station was measurad isshand-held refractometer at the onset of
mussel transplants. The rest of the physico-chdmieger quality parameters were obtained

from previous Durban Harbour monitoring repdRdlay, S., 2003; 2007; pers comm.).

Cardiac activity
Mussels from each station were assessed for caadiadty (n = 20 from each station). Once
the diodes were attached, the mussels were lefstunbled for 6 hours. Cardiac activity was

recorded for 6 hours and the mean heart rate (b@at3 for each station was calculated.
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Lysosomal membrane stability

Lysosomal membrane stability were determined forssels from each statiom (= 20).
Approximately 0.5 ml of haemolymph was extractaairirthe adductor muscle using a 3.0 ml,
23G syringe, and thereafter placed in Eppendoggulbhis was mixed with an equal volume of
temperature adjusted physiological saline solutidpproximately 40ul of the haemolymph
solution was allowed to attach onto haemocytometard were incubated at room temperature
for 20 minutes. An equal volume of the neutral dgé (NR) was then allowed to infiltrate the
cells for 15 minutes. The number of haemocytes Hizorbed and retained the dye was
observed at 15 minute intervals microscopically] tre time taken for 50% of the cells to lose

their dye was recorded as the lysosomal membrabdist time (Nicholson, 1999a,b).

Condition index
The ratio of tissue dry mass (mg) of mussel basiguie to shell length (mm) was determined for
20 individual mussels from each station (Lundedlyal, 1997; Gallowayet al, 2002).

Statistical analysis

All statistical analyses were performed using SP&Sion 15.0. (SPSS for Windows, Rel. 15.0.
2006. Chicago: SPSS Inc.). All data obtained frdra e&xperimental study were tested for
normality (Shapiro-Wilk) and homogeneity of varianfLevene’s test). All the data obtained

from the various biomarker tests and metal conaiotrs conformed to normal distribution and

the variances were homogenous. Between statioerélif€es in biomarker responses over time
were investigated by regression analysis usingragsformed data for heart rate and condition
index. Analysis of covariance (ANCOVA) was useddgtermine whether the slopes of the

regression lines were significantly different amatations, with the precondition that all slopes
were parallel. Due to the pooling of tissue samgfess 1), and number of water samples

collected 6 = 2 from each station), statistical analysis distie and seawater metal

concentrations between stations were not posdiloever the mean metal concentrations of
the pooled mussel tissues and seawater from eatiorstwere calculated and presented
graphically. Spatial differences in seawater metaicentrations were analysed by one-way
analysis of variance (ANOVA) and Tukeyp®st-hodests.

Results
Seawater metal analysis
Figure 14 represents the metal concentrations awaer collected at the selected stations in

Durban harbour and Park Rynie during the monthiityf and January. Seawater seemed to
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Figure 14: Spatial variations of Cu, Cd, Pb, Zn, Cr, Fe amdnNseawater samples collected at transplant

and reference stations at the end of the transpknd.
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display higher metal concentrations in January thaly for most metals, except Fe and Ni
which were higher in July at Stations 1 and 3 inrlam harbour. For most metals, an
observational trend between stations was evidetit %iations 1 — 3 exhibiting the highest
seawater metal concentrations, particularly Statiofhis station seemed to display the highest
Cu concentration than the rest of the stationsnduduly and January, and for Fe during July
only. However, for the metal Cd, both Stations @ areeemed to display higher seawater metal
concentrations during both sampling months, andréom January only. During July, Stations 1
and 3 showed higher concentrations for Ni. StaB@tso displayed a high concentration for Zn
during January. In contrast, Park Rynie displayeskbngngly lower seawater metal

concentrations for Cu, Cd, Pb and Cr during Januargt Pb during July only.

Perna perna soft tissue metal analysis

Variations in soft tissue concentrations in P. peane presented in Figure 15. Tissue metal
concentrations exhibited accumulation patterndh wifsue samples obtained in January having
seemingly higher metal concentrations that thoswioeéd in July. However tissue metal
concentrations obtained from the entrance of tmbcha (Stations 4 and 5) and Park Rynie did
not exhibit strong fluctuations between the différeampling periods. Trends between stations
were seemingly evident with Station 1 displaying khghest soft tissue metal concentration for
metals Cu, Cd, Pb and Ni during sampling monthsyelsas Cr and Zn in January and Fe in
July. These high tissue metal concentrations wéwsely followed by Station 2, whereas
Stations 5 and Park Rynie seemed to exhibit thesbwssue metal concentrations, except for

Ni during July, which occurred at Station 4.

Physico-chemical water quality parameters

Table 10 displays the mean values for salinity,perature, pH and dissolved oxygen at the
transplant stations during summer and winter psriaver a seven year period, as well as
salinity readings taken at the beginning of eaahdplant period. Although temperature, pH and
dissolved oxygen measurements were not taken oaxhet days during the transplant study,
the mean values provided does provide some inditatf the physico-chemical conditions

experienced at each of the transplant sites dwimgmer and winter seasons. Salinity varied
little between sites, with Station 1 having the éstvsalinity during summer. Temperature did
not vary much between stations; however, there avageat difference between winter and
summer months. The rest of the physico-chemicamaters (pH and dissolved oxygen) did

not seem to vary greatly between sites.
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Table 10: Mean+ gandard deviation of physico-chemical water qualityameters of transplant sites
over 2002 — 2007 during winter (June — July) andrser (December — January) months, (Pillay, S.,

2003; 2007; pers. comm.).

Winter
Sites 1 2 3 4 5
Salinity (0/00) * 32 33 34 35 35
Salinity (%o0) 31.8+25 322+23 32.1+2.0 33.7+0.6 34.7+ 0.6
Temperature (°C) = 20.1+1.7 19.8+14 19.7+£0.7 20616 206+ 1.6
pH 7.9+0.7 8.2+0.3 8.1+0.1 8.0+0.5 8.0+0.5
Dissolved
Oxygen (mg.L’l) 5.8+0.7 55+0.6 58+1.2 6.4+0.8 6.4+0.8

Summer
Sites 1 2 3 4 5
salinity (%o0) * 29 33 33 35 35
Salinity (%o0) 31.0+1.6 32.0+£0.2 33.2+0.8 34.9+0.9 349+ 0.9
Temperature (°C)

245+1.8 24.4+19 24.7+2.0 24.7+1.6 247+ 1.7

pH 8.0+0.3 8.0+0.8 8.0+0.8 8.3+0.2 8.4+0.6
Dissolved
Oxygen (mg.L™) 6.1+0.7 5.6+0.8 6.1+0.9 6.9+04 6.9+0.4

(* represents salinity measurements taken by a hddd-dfeactometer at the onset of each mussel

transplant).

Cardiac activity

The linear relationship between heart rate ovee firmm each station is depicted in Figure 16; it
provides a clear indication of the biomarker regasnof transplanteB. perna.All stations
displayed significant negative slopes (biomarkeposse over time < 0.05), with slopes for
January heart rates from mussé{%r( 0.831, 0.838, 0.832, 0.947 and 0.949 for Statibrsb5
respectivelyp < 0.05) being steeper than those recorded in(Baky 0.939, 0.867, 0.838, 0.933
and 0.963 for Stations 1 — 5 respectivglys 0.05). At the end of the 70 day transplants, the
lowest mean heart rates were found at Station 1+(11beats.min in January and 13 + 2
beats.mift in July). On the contrary, mussels at Park Rynieitdted the highest mean heart

rates (37 + 1 beats.nilrand 39 + 1 beats.niirin January and July respectively), and therefore
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station).R? = regression coefficient. Black circles with solides represent heart rates and best-fit lines
for July. Grey triangles with broken lines repredegart rates and best-fit lines for January.
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produced the weakest regression relationship dwver (& = 0.181 and 0.129 respectivefy<
0.05). Regression slopes obtained from Park Rymnigsels were significantly different from the
rest of the stations (ANCOVAIf = 113,F = 101.6 and 71.8 in January and July respectiyply,
< 0.05), however in Durban Harbour, Stations 2 &naere similar for both transplant periods.
In July, Stations 4 and 5 adopted the same tren&taons 2 and 3; however Station 1

displayed a significantly different slope from ather stations.

Lysosomal membrane stability

Most stations displayed a distinct variation in seldysosomal membrane stability between the
two sampling periods, with membrane stability imuery being considerably lower than those
recorded in July, particularly at Station/?€ 0.766 and 0.736 in July and January respectively,
p < 0.05), (Figure 17). In contrast, mussels fromtiSh 5 and Park Rynie did not exhibit such
strong variations in lysosomal membrane stabilitgrahe different sampling periods. As with
the recorded cardiac activities, mussels from PRankie displayed the highest mean lysosomal
membrane stability for both transplant periods (%78 min in January and 180 + 5 min in
July), and was closely followed by Station 5. Therdst means were obtained from Station 1
(39.5 = 3 min) in January and Station 2 in July.QAd1+ 7 min). Linear regression analysis
showed a considerable reduction in lysosomal mengbstability over time for all stations,
(Figure 5). Slopes from mussels at Park Rynie wagaificantly different from all other
stations (ANCOVA,df = 113,F = 88.2 and 55.2 in January and July respectiyehky,0.05),
however Stations 1, 2 and 3 exhibited similar stogaring July, as did Stations 2 and 3 in

January.

Body condition index

Mussels of all stations exhibited a considerabfiedince in body condition indices between the
two transplant periods (Figure 18). In contrastite results of the other biomarkers tested,
condition indices ofP. pernaobtained in July were distinctly lower than thodstained in
January. Stations 1 — 3 exhibited pronounced deslin condition indices)¢ = 0.953, 0.724
and 0.702 in July, an? = 0.969, 0.811 and 0.831 in January for Statiors3irespectivelyp

< 0.05). On contrary, mussels from Park Rynie atadic 5 did not display strong declines in
condition, particularly in JanuaryR{ = 0.078 and 0.164 respectivelp, > 0.05) and
subsequently displayed the highest condition irelaethe end of the transplant period (Park
Rynie, 4.93 + 1in January and 3.82 £ 1 in July).skkls at Station 1 had the lowest index for
both transplant periods (2.89 1 in January a8 1.1 in July). The Park Rynie January body
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condition index ofP. pernaalso displayed a positive slope; hence this dataag not included
in ANCOVA. ANCOVA showed most stations were sigo#ntly different from each other,
except Stations 2 and 3 during July and Januaryd@NA, df = 113,F = 162.4 in July an& =
124.7 @f = 94) in Januaryp > 0.05).

Discussion
This study shows how physiological and cytologibamarkers fromP. pernacan identify

spatial and seasonal variations of contaminatiddurban Harbour.

Metal analysis

Seawater and mussel tissue metal concentrationglagésl varied trends, with high
concentrations of different metals being spreadszstations; however those stations nearest to
the freshwater inputs of the bay (Stations 1 — &ynsed to display higher tissue metal
concentrations than the rest of the stations. Timazimnyama, Mbilo and Mhlatuzana Rivers
drain the most industrialised and urbanised aréabkeocity, and thus carry a high amount of
pollutants. Stations 1 and 2 were subjected to thikow of contaminants, as well as
contaminants originating from dry dock activitieckhese stations also experience a regular
build-up of land-derived sediment from the riversdaherefore also subjected to periodic
dredging, which releases sediment-trapped contan@rato the water column. Therefore the
prime locations of these two stations would accdantthem displaying the highest seawater
and soft tissue concentrations. Station 3 whiclo asplayed high metal concentration in
seawater and soft tissues, particularly for mefalsCr and Cu, was exposed to contaminants
originating from stormwater runoff and the smallterarafts and yacht harbours. Stations near
the harbour entrance (Stations 4 and 5) were mmdleenced by fresh tidal seawater entering
the harbour; hence most metals occurred in low @atnations there. However Zn, Pb and Cr
had surprisingly high concentration at these statiduring the transplant period in January.
Durban experiences its peak rainfall season oveingluthis month; hence a possible
explanation for the high zZn, Pb and Cr concentratifibund at these stations is that the heavy
rainfall during this transplant period would havaided excessive amounts of these metals into
the harbour. Park Rynie also displayed an unusuddin Ni concentration in mussel tissue
during January. Again, this can only be attributedhe high summer rainfall which would
cause high riverine outputs from neighbouring svier disperse numerous contaminants around

the coastal area.
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Numerous studies have found a distinct trend inumectated metal concentrations in mussel
soft tissue during winter and summer periods (Piill1976a; Latouche and Mix, 1981; Amiard
et al, 1986; Borchardet al, 1988; Regoli and Orlando, 1994; Setioal, 1995; Bodinet al,
2004; Sokolowsket al, 2004), with winter months exhibiting much higimeetal accumulation
rates in marine mussels than summer months. Mathoruhave attributed this pattern to an
inverse relationship with tissue mass, i.e. mussal®e low tissue mass in winter months with
high metal content and high tissue mass with loviaimeontent in summer months (Phillips,
1976a; Amiarcet al, 1986; Borchardet al, 1988; Sotaet al, 1995). These studies suggest that
this inverse relationship between tissue metal eotmation and tissue dry mass can be due to a
‘dilution effect’ on the metals that accumulatehigh flesh mass in summer. A study by Cossa
et al. (1980) also supports this hypothesis as the fggliof the study concluded that smaller
mussels with lower tissue masses are richer inlmetgent than their larger counterparts. A
study by Latouche and Mix (1981) attempted to owere the seasonal fluctuation in gonad
mass by excluding the reproductive organs duringalremalysis; however this method was
unsuccessful as the rest of the soft tissue ing$ieorganisms also showed seasonal changes in
growth and mass. Another possible hypothesis isrthssels have more energy available for
rapid contaminant excretion in summer months timawinter months when energy is depleted
by maturing of the gonads and spawning (Philligs/6h,b; Amiardet al, 1986; Sotcet al,
1995). Although the experimental design of thislgtdoes not permit any valid deductions on
seasonal variations in tissue metal accumulatio® findings in this study were in contrast to
the previous studies mentioned above in that ssfiués exhibited higher tissue metal
concentrations from the January transplant persgmMmer months) rather than the July
transplant period (winter months), hence emphagigiat biological responses frof perna
transplanted in Durban harbour and Park Rynie weree influenced by the excessive seawater
metal concentrations present in the summer transpkriod. Similar results were documented
by Farringtonet al. (1983), Boalchet al. (1981) and Amiarcet al. (1986), who show that
seasonal metal accumulation in tissue can be ssgguleby short-term contaminant exposure
such as pollutant overloading during rainy seasbogthermore, a study by Soéb al. (1995)
postulated that mussels gain mass during sexuairatetn which occurs before spawning, and
gonad tissue and other organs usually associatddcantaminant storage do not accumulate
metals. This explanation, together with the hypsithef ‘metal dilution’ by high flesh masses

would also contribute to the lower metal conter®irpernaduring the July transplant period.
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Cardiac activity

Numerous studies have examined the effects of gmbigenic contaminants on the heart rates
of invertebrates (Widdows, 1973; Sabourin and $ullio81; Nicholson, 1999a,b; Curésal,
2000; Curtiset al, 2001; Galloway, 2002; Marshadt al, 2004; Abessat al, 2005). Most of
these studies report no significant differencesh@art rates when the test organisms were
exposed to low concentrations of contaminants, kewes the metal concentration were
increased, the measured cardiac output decreaspdrponately (Nicholson, 1999a,b; Curét

al., 2001; Gallowayet al, 2002) even after exposure times of less thantiours (Curtiset al,
2000). Studies by Nicholson (1999b), Wedderbatnal. (2000) and Brownet al. (2004)
documented significant increases in heart beatsn fildytilid mussels exposed to low
contaminants over a short period of time. Brastral. (2004) found tachycardia from mussels
exposed to a Cu concentration of 38L ™ for 7 continuous days; however Wedderbetral.
(2000) and Nicholson (1999b) found similar restittsn mussels transplanted in unpolluted
areas. The authors of these studies attributedntirease in cardiac activity to an increased
metabolic rate by the test specimens to rapidlgxdist and purge the pollutants; however, these
sites where reported to be relatively unpollutéds unlikely that an environmental conditions
would have effected the cardiac activity of thegalanted mussels in these studies, as the same
effects would have been observed at all trans@eeds of the study (as distances between the
transplant sites were not as great to experierftereit environmental conditions). In addition,
the study by Nicholson (1999b) only used transpkitégs that had similar physio-chemical
properties. Rather, the increase in mussel hesrta@uld have been due to a sudden flush of
contaminants in that particular region. Seeing ahdson (1999b) documented the frequency
of dredging near that transplant site, it can seimed that newly released contaminants or fine
silt from such activities could have influenced tsiemarker response, even though the area is
relatively unpolluted. According to Nicholson (1%99tachycardia in mussels occurs when the
organisms are exposed to too low contaminant caret@ns for bradycardia to be induced,
however the sudden increase in metabolic activity physiological response can cause injury
to fragile tissues and organs such as gills, masthe heart and its surrounding tissues. Hence
the elevation of mussel heart rates from mildlylyged sites is not uncommon, however
tachycardia was not observed during either of tdwesplant periods. This suggests that although
the reference site (Park Rynie) was exposed tash fof anthropogenic contaminants into the
marine environment, particularly during the heaawfall period in December and January, the
level of contaminants present at this station vieoelow to induce such a response. In contrast,
stations in Durban harbour contained metal contanighigh enough for distinct bradycardia

to occur. Stations 1 — 3 in particular exhibitedrastic decline in heart rates. These findings are
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consistent with the findings from several othedsta which compared heart rates from mussels
obtained from polluted and unpolluted stations fi@lson, 1999a; Curtist al, 2000; Curtiset
al., 2001; Galloway, 2002).

Nevertheless, biological biomarkers are variable external factors such as salinity,
temperature, sex, age and reproductive status @hymat al., 1997), and during the sampling
months of December and January, the bay could be&e exposed to fluctuating salinities and
high temperatures, especially at Station 1. Mostimaamussels are osmoconformers (Neufeld
and Wright, 1996; Berger and Kharazova, 1997; Nexrg 2002); hence, a reduction in salinity
may consequent in a ‘dilution effect’ of extravisaleluids and alterations of the ionic balance
of cells. However, studies by de Vooys (1991), N&lfand Wright (1996), Berger and
Kharazova (1997), Nicholson (2001) and Braby anth&o (2006) have documented various
mechanisms of salinity adaptations in mussels. €imd mechanism is the use of free amino
acids to stabilise cell volume induced by low dalirstress, (de Vooys, 1991; Neufeld and
Wright, 1996; Berger and Kharazova, 1997; Nichols2001), as well as transient changes in
protein and RNA synthesis in isolated tissues ails$,cparticularly during acclimation to low
salinities. However, the most frequently documengetdptation to salinity stress is valve
closure, which isolates the organisms’ internalyodldids from the ambient environment,
thereby reducing salt loss and preventing conthahternal tissues with the ambient water
(Phillips, 1977; Berger and Kharazova, 1997; Nisbal 2002; Braby and Somero, 2006). A
reaction to the above mechanisms is a reductiophysiological and metabolic processes,
including bradycardia (Phillips, 1977; Nicholso®02; Braby and Somero, 2006).

Experimental work on the heart rateMf edulisby Bakhmetet al. (2005) concluded that large
variations in salinity can induce significant bradydia when mussels were exposed to a drop in
salinity from 25 — 15%.. The study also found thatssels can become acclimated to lowered
salinities within five days, and display a hearterghat is similar to those recorded at the
original salinity. When the test mussels were retdrto control conditions, the recovery time
taken to reach control heart rates fell just ovehgs; thereby indicating the organisms’ ability
to physiologically compensate and adjust to natilmatuations in salinity. According to Berger
and Kharazova (1997), this observation of an irsgéa physiological activity such as heart and
respiration rates, after the return to normal gglifrom a higher or lower salinity is another

typical adaptive mechanism of marine molluscs timisga variations.
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Nicholson (2002) determined the effects of a widage of salinities on the heart rate of
mussels from the same genus as those used irtutis and found that at a salinity change rate
of 3%..day", P. viridis were able to physiologically adjust to salinitresiging from 15 — 35%o
without exhibiting significant bradycardia. Sticld&d Sabourin (1979) found similar results in
their studies on the heart rateMf edulis as no significant variations in mussel heart vedee
observed during gradual exposure to salinitiesoms ds 10%0The salinities tested in these
previous represented extremely low levels which amékely to occur in field situations.
Referring to Table 10, the average salinity le¥elsnd in study area do not fall below 29%o
even during wet months; and according to previdigsature, the effects of a dip just below
30%o in salinity will be transient (Berger and Khawsa, 1997; Bakhmaedt al, 2005). Hence it
can be assumed that any effects on cardiac biomegkponses due to salinity variations may

have been minimal.

According to the Nicholson (2002), although mus$edm the genu®ernaare subtropical and
intertidal, they have a limited capacity to regelttiteir cardiac activities to extremes in ambient
temperatures. Mechanisms such as valve closureshwdiitempts to isolate the organisms’
internal tissues from exposure to ambient condstiand avoid desiccation, are commonly
observed particularly during extremely high tempaes & 30°C during emersion). Hence,
bradycardia may be induced as valve closure irgifitysiological processes to some degree
(Nicholson, 2002; Braby and Somero, 2006). Tachdieaduring elevated temperatures may
also be observed as mussel attempt to rapidly aeglleart rate as a response to the thermal
shock (Nicholson, 2002).

Experimental investigations da. viridis (Nicholson, 2002) showed that water temperatutes a
31°C and above represented the species upperrogefianit for stable heart rates. The study
determined the effects of gradual thermal altenation mussel heart rate, and found that at a
rate of 2°C.day, there were no differences in mussel heart ratpssed to a low temperature
of 15°C, as well as to an elevated temperature5d€2However, when exposed to 30°C and
above, mussel heart rates were significantly difiefrom those of the control treatment. The
investigation also found that when extreme tempeeat were allowed to return to ambient
conditions, the mussel heart rates also returnedréie similar to the control treatment. Hence
extremes in temperature can induce bradycardiaatwytardia, which will cease when normal
temperature levels are returned. Pickens (1968)estuhe effects of thermal stress on marine
mussel heart rates, and found the upper thermefatote limit for stable heart rates to be

between 25 — 30°C fdvl. edulis, M. galloprovincialisndM. californianus Widdows (1973)
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also found significant reduction in heart ratesrfid. eduliswhen exposed to 30°C. However,
for P. perna which are found in warmer waters, the thermadreohce limit for stable heart rate
was 32°C (Pickens, 1965). Chang and Acuna (198i)ddhe upper thermal lethal limits Bf
pernato range from 37.44 — 42.61°C, and concluded tiaspecies’ ability to rapidly adapt to
the thermal shock was dependent on the rate ofdenhpe elevation. A study on other
physiological processes B. pernaby Resagallaet al. (2007) found that only extremes in
temperatures(15°C and> 30°C) have induced significant effects on resmratnd excretion
rates. The average temperature conditions in DuHemour do not reach such extremes in
temperature (Table 10); it can therefore be reabdhat temperature fluctuations during the
course of the transplant study may have not hadge linfluence in heart rate frdf perna,as

any effects would have been transient before rgtgrio normal.

With regards to the possible effects of low disedioxygen on cardiac activity, a study by
Nicholson (2002) investigated the effects of lowssdilved @ on P. viridis heart rate, and
concluded that when mussels experiencing normalohlied Q conditions (4.9 — 6.4 mgiL
dissolved Q) were exposed to low dissolved Ebnditions such as 0.8 + 0.07 mg.tissolved

O,, significant bradycardia is induced. However, heates increased as soon as the water was
re-oxygenated to normal dissolved édnditions. Dissolved Qevels in this study area did not
fall below 5.5 mg.[* dissolved @during both seasons (Table 10), hence it can $ienzed that
low dissolved @ conditions would have had minimum, if any, inflees on mussel cardiac

activity.

Furthermore, the seawater and tissue metal comtems found at Stations 1 — 3 strongly
suggest the cardiac activity of the transplantedsels were more influenced by the presence of
anthropogenic contaminants in the environment blaysico-chemical characteristics of the
study area. Thus, the variations in cardiac agtifgt P. pernasuggest that stations in Durban
harbour are strongly affected by inputs from thvens and stormwater drains that empty into the

bay, as well as dry dock activities.

Lysosomal membrane stability

Reduced lysosomal membrane stability from mussgi®sed to anthropogenic contaminants
have been reported by numerous studies (Gallavay, 2002; Loweet al, 1995; Marigomez
et al, 1998; Matozzaet al, 2001; Mooreet al, 2006; Nicholson, 2001; Viarengx al, 2000;
Wedderburret al, 2000). These findings are consistent with thelte®f this study. At the end

of the transplant period of both sampling pericgtstions from Durban harbour exhibited a
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distinct reduction in lysosomal membrane stabillty.contrast, mussels transplanted at Park
Rynie did not show a uniform reduction in lysosom&mbrane stability. This station provided
the healthiest specimens with little reductionysdsomal membrane stability. Similar results
were obtained by Lowet al. (1995); Nicholson, (1999b), Wedderbwenal. (2000), Kagleyet

al. (2003) and Petroviet al. (2004), whereby reference and unpolluted statiexisibited
significantly longer lysosomal membrane stabilityart stations positioned near industrial and
urban areas. The stations position at the innethe=aof the harbour (Stations 1 — 2) provided
contrasting results to Park Rynie as the lysosan&hbrane stability showed a strong decline
over time, which are consistent with the resulttailed from the cardiac activity assays at

Stations 1 and 2, which also displayed distinctides over time.

During the rainy summer months of December and algnuhe bay could be exposed to
fluctuating salinities and temperatures, partidylat Station 1. Ringwooét al. (1998) found
that oystersCrassostrea virginicaaccustomed to a salinity range of 25 — 28%., dtddbno
significant differences in cellular biomarker respes, including lysosomal membrane
instability when exposed to salinities ranging frdt — 30%. Moore et al. (1980) also did
extensive work on the structure of lysosomes frbm musseM. edulisand its response to
variations in salinity. The results were in agreetneith the findings of Ringwoodt al. (1998)

in that there were no differences in lysosome fonctvhen salinity was reduced from 30 —
15%0 In contrast, Baynet al. (1981) demonstrated that although an increasalinity has a
considerable influence on lysosomal membrane #ighitie effects caused are reversible during
acclimation and return to normal salinity; and Hewgt al. (1998) found that lysosomes from
the oysterOstrea edulisexhibited significantly reduced lysosomal membratebility when
exposed to a drop in salinity from 32 — 19%ad below. Nicholson (2002) showed that
lysosomes fromP. viridis exposed to salinities at 25%. and below, displagesignificant
reduction in lysosomal membrane stability. The gtusked a rapid exposure approach; however,
if the mussels were to be gradually acclimatedht® lowered salinities, the degree of the
lysosome dysfunction may have been reduced. Thmitgatanges tested in these previous
studies represented extremes which are unlikehetobserved in the field, and extend beyond
those conditions normally experienced in Durbanhbdar (Table 10). In the event of an
excessive influx of freshwater into the bay, thieafon lysosomal membrane stability would
be transient, and return to normal once normahisalconditions of the bay returned. It can
therefore be assumed that the effects of salititgtidfation on lysosomal membrane stability

during the transplant study would have been minimal
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According to Moore (1976) and Nicholson (2002), tbleserved reduction of lysosomal
membrane stability at elevated temperatures coelddbe to the denaturing of lysosome
enzymes, thus affecting the permeability of theaordles’ membrane. The resulting elevation
of metabolic activity may also induce an increasepiotein and organelle processes which
would necessitate an increase in lysosome hydmlak®ore (1976) demonstrated that
lysosomes fromM. edulis undergo severe thermal stress and exhibit sigmifig reduced
lysosomal membrane stability when exposed to heghperatures. Kaglegt al. (2003) also
found significantly reduced lysosomal membrane iktalat different times during the year,
however attributes such responses to energy depletiought on by gonad development and
spawning rather than influences of temperature. @drtsidouet al. (2004) found significantly
higher lysosomal membrane stability frolkh. galloprovincialis sampled in colder months
compared to those sampled in warmer months. Howéwverstudy also attributed the variation
in seasonal results to an increased availabilitfoofl during the colder period, as well as the
possible negative effect of spawning and gonad raatun on lysosomal membrane stability at

the onset of the warmer period.

Studies by Wangt al. (2006) and Zhangt al. (2006) investigated the effects of gradual and
rapid water temperature changes to lysosomal memabstability, as well the reversal of the
temperature experiments. Zhagigal. (2006) investigated the effects of both rapid gratlual
water temperature changes on lysosomal membrab#itgt&rom oystersCrassostrea gigas
When the oysters were rapidly exposed to tempersit@0°C above and below the control
temperature, lysosomes displayed a significantatolu in membrane stability within 3 hours
of the temperature change. Waag al. (2006) performed the same test design on abalone
Haliotis rubra, with a 9°C temperature increment, and found simiésults within 3 — 6 hours

of the temperature change. Both species from tlevealstudies showed similar lysosomal
membrane stability times from animals exposed ® fihal altered temperatures and those

documented from animals acclimated to the samedgatyres.

On the other hand, oysters exposed to a graduati@f€change in temperature showed that at
11°C and 19°C the lysosomal membrane stability gindéfered significantly from those
animals acclimated at 15°C (Zhaagal, 2006). And abalone exposed to a gradual 1°C.day
and then followed by a 2°C.dayindicated that temperatures below 15°C and alicdh#€
induces significantly reduced lysosomal membraabilidty (Wanget al, 2006). Nonetheless,
both studies found that irrespective of the manofeexposure (i.e. gradual or rapid), the

lysosome membrane stabilities at the final tempeeatwere the same. The studies also
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investigated the revere effect on lysosomal men®rstability by acclimating oysters and
abalone to lower and higher salinities and thenosixyg them to the control salinity. These
results showed that the lysosomal membrane desttinh time is quicker than its stabilisation

or recovery time, for both species.

Camuset al. (2000) postulated that when exposed to low tentpers, cellular membranes
adjust to the stress by altering their structueture to keep enzyme kinetic properties stable.
The increased concentration of unsaturated lipdsnussels habituated to low temperature
conditions help to maintain the viscosity of memmaracomponents, and may influence the
instability of lysosome membranes. Canatsal. (2000) also found the lysosomes frdvh
edulis exhibited significantly reduced lysosomal membratability at temperatures below
10°C. Hautonet al. (1998) found that lysosomes from the oys@strea edulissimilarly
exhibited significantly reduced lysosomal membratedility the temperature was dropped to
10°C

In the current study, the mean lysosomal membréatglisy from the reference station (Park
Rynie) were 170 £+ 3 min and 180 £ 5 min in Januand July respectively, with the
corresponding water temperature ranges of 24 — 26019 — 21°C (Table 10). A field study
by Pereireet al. (2007), which also employed lysosomal membranilgiafrom P. pernaas a
biomarker of marine pollution, found summer wawnperatures to range from 29 — 30°C and
winter water temperatures to range from 18.0 —°Z1.5n view of the fact that the average
winter water temperatures observed in both studiescomparable and the average summer
water temperatures observed in this study do ramthr@s stressful conditions as those reported
by Pereiraet al. (2007), similar or higher lysosomal membrane $tgbcan be expected.
However, the mean lysosomal membrane stability downthe study by Pereirat al. (2007)
contrasted with the present results. The mean dygakmembrane stability documented in the
study were 40 + 13.83 min during a summer month3h@ + 11.42 min during a winter month
(Pereiraet al, 2007). Besides displaying contrasting lysosomeainiorane stability during warm
and cold months, the lysosomal membrane stabibfyorted are much lower than those
recorded in this study. According to Dailiaeisal. (2003), Zhanget al. (2006) and Franciorst
al. (2007), such differences in lysosomal membrantglgtacould be attributed to the following
reasons:

1. the health status of the organisms used,;

2. minor differences existing in the experimepalcedures used to determine

lysosomal membrane stability times;
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3. the different lysosomal membrane stability gnfirom the mussels are

genetically characteristic of the area of arigi

In contrast, a field study by Dailianist al. (2003) found no effects attributed to water
temperature on the lysosomal membrane stabilitthef musseM. galloprovincialis during
warm and cold months, and concluded that the eellbiomarker was minimally affected by
natural fluctuations in physico-chemical water pasters. An investigation by Nicholson
(2002) found that lysosomes from viridis displayed reduced lysosomal membrane stability at
temperatures at 29°C and above; however such essrémtemperature regimes used in the
study are unlikely to occur in the field. The awgraemperatures experienced annually in the
study area of this study fall between 19 — 25°Ch(&4dl0), which are not as extreme as those
temperatures tested in previous studies. Hencearitassumed that any effects induced by
temperature fluctuations would have been minimathWkegards to the possible effects of low
dissolved oxygen on lysosomal membrane stabilitghdlson (2002) found that lysosomes
from P. viridis acclimated to normal dissolved, Gonditions (4.9 — 6.4 mgLdissolved Q),

did not show significant differences in lysosomatémbrane stability when exposed to low
dissolved @ conditions (0.6 — 1.1 mg:L dissolved @). According to the study, lysosomes
have the ability to maintain lysosomal membrandibty during extended periods of low
dissolved Q@ conditions via anaerobic metabolism. In this stuaywever, dissolved 0O
conditions did not fall below 5.5 mg'Ldissolved @ during both seasons (Table 10), hence it
can be assumed that this physico-chemical parametgid have minimum, if any, influences

on lysosomal membrane stability.

Body condition index

Body condition index is regarded as an accurate aseful bioindicator that provides
information on the general health condition of nelssand has successfully been employed in
numerous studies (Avemgt al, 1996; Lundebyest al, 1997; Nicholson, 1999b; Orbaat al,
2002; Gallowayet al, 2002; Smolderst al, 2003; Amiardet al, 2004). Studies by Nicholson
(1999a,b), Mauri and Baraldi (2003), Avest al. (1996) and Bodinet al. (2004) all
documented significantly low condition indices fropolluted sites than the reference or
unpolluted sites. The spatial results of this stady consistent with these findings as the most
polluted stations in Durban harbour (Stations 1 2ndisplayed the lowest indices and Station 5
and Park Rynie showed less variation and higheicésdover the transplant periods. Body
condition indices obtained from the January treengjgld mussels exhibited much stronger body

condition indices than those obtained in July.His study, Durban harbour was shown to be
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exposed to excessive contaminants in the summeplisggmmonths, and all biomarker tests
discussed thus far conform to this trend by disppydepressed biomarker responses during
this transplant period. These results are alsocomtrast with studies that have documented a
decrease in indices with an increase in pollutaati$ (Nicholson; 1999a,b; Mauri and Baraldi,
2003; Averyet al, 1996; Bodiret al, 2004).

As sensitive as condition indices are to anthropmgeontaminants, it must be noted that biotic
and abiotic biotic factors such as seasonal chamgpsoductive activity and nutritional health
of the organisms can also influence mussel growthleealth (Lundebyet al., 1997).Perna
pernadisplay annual reproductive, growth and storagdesythat cause significant changes in
soft tissue mass (Phillips, 1976a; Cain and Luoh®86; Sotoet al, 1995). Cain and Luoma
(1986), Cossat al. (1980) and Bodiret al. (2004) speculated that adult Mytilid specimens may
increase their body masses by more than three tim@sresult of increased glycogen and lipid
production in the gonads before spawning. Once sibewvning period is over, the energy
resources of these organisms are depleted andficigmi mass is lost. A study on the
reproductive cycle oP. pernafrom KZN by van Erkom Schurink and Griffiths (19%howed
that the species used in this study spawns ovetewwmonths (particularly from late May —
July) and is accompanied by a pronounced decreasieyiflesh mass. Thus this significant
mass loss will strongly influence the calculatidrifee June and July condition indices. Mussels
have also been found to expel water from theiuéssvia osmosis when exposed to extremely
low salinities (Phillips, 1977), also resulting $ignificant wet mass loss. Although Station 1
may have been subjected to typical coastal comditduring wet seasons, where excess runoff
frequently flushes into the harbour, the mean surnsaknity range at this station did not vary
greatly from the rest of the other stations. It tlaerefore be assumed that physico-chemical
water parameters may have had a minimal effect ussgl body condition index, and that body

condition index were more influenced be contamisg@nésent in the bay.

Some experimental design considerations for mirss&plant studies

Active biomonitoring has numerous advantages begidaviding a biological assessment of an
area where native organisms either don’t occurcoupnin too small populations to be sampled
(Salazar, 1997; Salazar, 1999; Salazar and SalbE2@6, 2000; Smoldeet al, 2003; Bervoets
et al, 2004). Transplanting test specimens from an umigal site to a polluted site provides the
opportunity to specify the exposure duration, adl we obtain a more acute account of the
effects of pollutants on biomarker responses aporeses from native organisms may be

influenced by the organisms ability to adapt toldsal conditions (Smolderst al, 2003;
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Bervoetset al, 2004). However, some precautions or consideratounst be taken into account
during the experimental design of such studies:

1. The selected test organisms must be the same aggepbelong to a well established
family of bioindicators, have extensive tests poergly performed on its physiology
(Phillips, 1976b).

2. Test organisms that will be used in transplantistithust be carefully removed from
rocks by meticulously cutting off the byssal thresahd carefully removing any
epizoans from the shells in order to ensure thatwhll being of the organisms are
not compromised (Honkoagt al, 2003).

3. The constructed mussels bags or cages must bewffomic materials that will not
corrode or dissolve, nor influence the behaviourealth of the test organisms.
According to Salazar and Salazar (1995, 2000), maddesuch as glass, PVC,
polyethylene and nylon are highly suggested for @abmstruction of such holding
devices.

4. During the design of the mussel bag or cage, thehraize used must not only ensure
free circulation of food and water, but also hatdl grotect the specimens efficiently
from predators or other interfering organisms. bags should be divided into sub-
compartments to ensure minimal stress due to awsding, facilitate growth and
valve movements and ensure all organisms have eguabsure to ambient
conditions. Also compartments will allow for the neenient cataloguing of
measurement data from specimens throughout the stuidition. The bag size and
number of compartments will be decided by the sizé number of test organisms
per compartment.

5. The type of bag deployment will be decided by thedimm that will be tested.
According to Salazar (1999), bags can be transgiatd the water column for the
assessment of bioavailable contaminants preseaheimvater column or bags can be
deployed on sediment for the assessment of bi@blailcontaminants present in
sediment. These different types of media requifierdint types of bag deployment.
For water column deployment, bags may be attacmd existing structures like
navigational bouys, piers or floating moorings (WMaand Baraldi, 2003), or be
secured by weights at the sea bottom and floatsstispend the bags to the desired
depth (Borchardet al, 1988; Roesijadét al, 1984; Bervoetet al, 2004). Bags for
sediment deployment must be fixed to the sediménhe sea floor, and designed
such that all compartments and specimens are exgosthe sediment. Studies by

Phillips (1976b) and Salazar (1999) suggest melthgs be used along a vertical
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gradient in the water column in order to sampleeatpr vertical height. However all
bags must be deployed at the same depth and dither equal periods of air
exposure during low tides or be completely subnekageall times.

The number of transplanted organisms per bag amgplea per replicate must be
considered with the type and number of biomarkstistéhat will be assayed in mind.
Furthermore, the loss of test organisms due to atity;t loss of bags or any other
unforeseen event must also be considered.

The spatial range of transplant sites must be densid. The sampling of a site or
area and ‘hotspots’ isolated within a site areedéht from each other and thus
require different sampling protocols and disperspditial replicates. According to
Salazar and Salazar (1995, 2000), replicate distagbould be proportional to, and
representative of, the locality that is being ifigeged. In this study, replicates for
each station were deployed 2.5 meters apart duket@ttachment of mussel bags
onto existing navigational bouys that were not daled for maintenance removal,
thus representing a hotspot rather than a largetantonated area (Shugast al,
1992; Underwood, 1998).

Physico-chemical water parameters (salinity, teiefoee, pH and dissolved oxygen)
must be monitored at each transplant site, as efatttese parameters can influence
biomarker responses.

The test duration must be determined by the bioararkpe that will be assayed, as
some biomarkers only display a change in respoaiesjust 4 hours (Curtist al,
2000) and others much longer (Salazar, 1999; Salazd Salazar, 1995, 2000).
Transplant studies must also consider the effdcte@asonal variations on biomarker
assays and should therefore be planned to endeb&foew season starts. Studies that
are planned to investigate the effects of seaswashtions however, must be
undertaken over a minimum period of 3 years forseeal comparisons to be
statistically valid (Borchardet al, 1988). This is re-emphasised by Coull (1985),
who also recommends any research of biologicalggmdue to seasonal fluctuations
be investigated by long-term sampling designshis study, transplant experiments
were undertaken during winter months (June — Jag) summer months (December
— January), however the experiments comprised lgf biyear of data. According to
Underwood (1998) replicate samples from a singksaeeal cycle (over a 1 year
cycle) are pseudoreplicates which provide invatidatusions as the results from a
single season could have been affected by an ésblavent rather than natural

variations in the environment and biological fluations. Although any statistical
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comparison between the two seasons sampled isdlusive, the findings of this
study are supported by those of previous studiesicel, despite the time scale
limitations of the experimental design, the seakadiferences in biomarker
responses fror®. pernareflected fluctuations that should conform to dedélected

over a 3 year sampling period.

Conclusion

This study showed that transplant® perna mussels could be used to assess metal
bioavailability and biomarker effects at pollute@teons in Durban harbour and unpolluted
stations in Park Rynie. In conclusion, the varibimnarker responses, seawater and soft tissue
metal concentrations suggest that the environmestitus of Durban harbour is heavily
influenced by tidal exchange and contaminated Wwastr and stormwater outputs entering the
bay, as stations exposed to the contaminants egtdré harbour via the rivers and stormwater
drains, particularly Station 1, displayed the lotwbgmarker responses and highest metal
concentrations in tissue and water samples. Thdysalso emphasises the sensitivity and
usefulness of employing a suit of biomarkers timatude both physiological and cytological
responses to evaluate the biological health of d, @nd its ability to identify localised
‘hotspots’ which are areas of concern with regaodsharine pollution. The need for long-term
seasonal monitoring of such biomarkers to providenéegrated approach to marine pollution
biomonitoring is also highlighted, as well as tdai a clear understanding of how seasonal
fluctuations can affect biological responses fronussels. Recommendations for future
transplant studies would be to apply a more congelre and long-term study in Durban
harbour that would not only employ filter-feedingussels as biomonitoring species, but also
use deposit feeders to give an indication on th@ogical effects and bioavailability of
contaminants trapped within sediment. This shoukb &e complimented by a detailed
sediment analysis for the different types of ambgenic contaminants usually present in
shallow marine environments. Another interestinglgtto be considered for the future would
be to investigate the changes in biomarker resgofreen mussels transplanted from (1) a
polluted area to an unpolluted area; (2) a polldesh to other polluted areas with different
degrees of contamination; and (3) to compare bikemaresponses from transplanted mussels

and indigenous mussels.
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Chapter 5: Conclusion and recommendations for futue studies

The use of oceans as a repository site for antigerpo wastes has resulted in alterations of the
marine ecosystems (Schachter and Serwer, 1971;sG1®¥8; Moldan, 1989; Fatoki and
Mathabatha, 2001). Hence marine pollution andffeces on ecosystems have been recognised
as an important global issue that need urgent taitenAt present, South Africa’s marine
environment is threatened mostly by land derivagses of pollution, and habitat degradation
(Begg, 1978; Moldan, 1995; Forbetal, 1996; Weerts and Cyrus, 2002), with estuaries and
near-shore waters being the most vulnerable as water circulation and the inability to
efficiently assimilate large waste loads (Taljaatdl, 2006). Despite this, not much work has
been undertaken on the pollution status along dliatey’s coastline, particularly in KZN. The
only detailed article on the KZN effluent dischangeints was published in 1988 (Connell,
1988), thus clearly illustrating the urgency forther research on marine pollution in KZN, as

well as on the latest international advances onnmaanollution monitoring techniques.

Biomonitoring

Biomonitoring is a recent advancement in the figfidccotoxicology and has drawn significant
attention. In addition to providing a true reflectiof the effects of anthropogenic contaminants
on organisms, biomarkers serve as an early warsiggal before irreversible damages at
population or ecosystem levels can occur as theyletermined at sub-organism levels (Moore
et al, 2006; Shugaret al, 1992). Numerous past studies have employed theséoring tools

to identify spatial and temporal patterns of contetion in the marine environment (Rainbow,
1995). According to Lam and Rudolf (2003), the laéKunds, research, resources and skilled
scientists are the main factors which deter thelémpntation of biomarkers in pollution
monitoring programmes. Rapid, reliable, cost-effectaind easy to use biomarker techniques
are therefore in demand, particularly in countsesh as South Africa where current marine
pollution monitoring techniques are outdated. Aetbifomonitoring allows the exposure period
of the test organisms to be controlled over spacktime, and provides an accurate comparison
between sites, particularly if some sites have eeith limited or no population of the
biomonitoring species (Salazar, 1997; Smoldsral, 2003). This approach has been used in
numerous biomonitoring studies, and proved to lmeessful in this study (refer to Chapter 4).
A suite of biomarkers, accompanied with chemicalalgsis, are recommended for
environmental monitoring programmes, as this irgegt approach would provide a detailed
account on the effects of anthropogenic pollutamghe biomonitoring organism. The multi-

biomarker approach used in this study successiutiijses physiological, cytological and
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biochemical responses from mussels to indicateremviental stress due to anthropogenic

contamination.

Perna perna as a bioindicator species

This study aimed to show that biomarker responsa® indigenous marine mussels can be
successfully used as an ecotoxicological tool farine pollution monitoring. Chapter 2
investigated the potential use of two mussel sges$ebio-indicator organisms by exposing the
organisms to increasing Cu dosadesrnapernaandB. semistriatusoth occur in tropical and
sub-tropical regions, and are particularly prevalgong the eastern South African coastline
(Ragagopakt al, 2003). AlthoughP. pernahas been the subject of humerous experiments,
little is known about the physiology 8f semistriatusin the present studi?. pernawas shown

to be a suitable bio-indicator organism as the isgeexhibited a stronger sensitivity to
increasing Cu treatments. In contraBt, semistriatusdid not show any distinct variation in
biomarker response when exposed to low Cu condmmsafor most biomarker assays. Further
experiments on the biological responses of theispauust be undertaken in future studies to
gain detailed knowledge on the physiology of thganism before utilising the species as

biomonitors in marine pollution monitoring programs

Pernapernaoccurs in densely populated communities througK@iN rocky shores. Seeing as

this species has a wide geographic distributiogiy tiolerance to varying environmental factors
is evident. In addition, these mussels proved teebgient to removal from their natural habitats
and relocation into aquaria and another naturalremwment, as the majority of the mussels
survived the entire duration of the laboratory d@rahsplant experiments. Thus this species
adapts well to new surroundings and were able $plaly distinct variations in biomarker

responses to identify spatial gradients of contation along the KZN coast, as well as
localised areas of severe contamination in Durbarbdur as seen in Chapters 3 and 4

respectively.

Changes in physiological and cytological biomarkizosn P. pernawere evident during the
summer and winter transplant months as found inp@ha4. It was concluded that these
differences in response were due to two factorse Titst is the excessive amount of
contaminants entering the bay during the wet seasuahthus affecting the biomarker responses
accordingly. The second is the effects of spawnimghe physiology oP. perna It is therefore
recommended that detailed investigations are cdeduon the effects of the different

reproductive stages and other physiological factush as size, sex and age on biomarker
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responses. In this study, such variables were nseuinby ensuring mussels of a similar size
were used, and all specimens were obtained durisboat collection from the field, from

similar tidal habitats. Studies on the effects avimnmental factors such as salinity and
temperature extremes, air exposure and the avayatfi food on biomarker responses should

also be further investigated.

Cardiac activity as a bioindicator of marine polior

Cardiac activity as a biomarker proved to be a goadicator of contaminant exposure Rs
pernaandB. semistriatugdisplayed a decline in heart rates as the Cu dssagre increased
(refer to Chapter 2). This finding is consistenthathose of previous studies (Widdows, 1973;
Sabourin and Tullis, 1981; Nicholson, 1999a,b; Buet al., 2000; Curtiset al., 2001,
Galloway, 2002; Abessat al., 2005). In Chapter 3, mussels from heavily indubseal and
polluted sites along the KZN coast reflected deggdsheart rates compared to the cardiac
activities obtained from relatively un-urbaniseéas. Cardiac activity recorded frden perna
sampled at Durban, Umkomaas and Isipingo exhibigmificantly decreased heart rates
compared to mussels obtained from Park Rynie ankw#izi, which are regarded as relatively
pristine sites. The results of Chapter 3 are suppdry similar studies that document depressed
heart rates from polluted sites (Nicholson, 199Gartis et al, 2000; Curtiset al, 2001;
Galloway, 2002). Chapter 4 examined the cardiacviies from P. pernatransplanted in
Durban harbour during summer and winter monthstidis bradycardia was observed at
several stations within the harbour, particulaigge positioned at the inner most and heavily
polluted regions. This result strongly indicatesttihe water quality and well-being of
organisms in the harbour are strongly influencedcbgtaminants entering the bay via rivers
and stormwater drains that empty into the harbloucontrast, the rest of the transplant stations
in Durban harbour and the reference site (Park &yaiid not show such large fluctuations in
mussel heart rates. Again, these results are ¢enst® previous results in similar studies, and
to the rest of the results of this study, which deatrate that mussels exposed to anthropogenic
contaminants exhibit bradycardia. Thus the utilisabf this biomarker as an excotoxicological

tool is highlighted.

Lysosomal membrane stability as a biomarker

Domouhtsidouet al. (2004) stated that although extremes in environatefactors such as
salinity and temperature may influence lysosomambrane stability, the damages inflicted to
the lysosomal membrane by contaminant exposureraich more severe. This was clearly

demonstrated in this study. As shown in Chapteh jncreasing Cu dosages caused a distinct
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decline in lysosomal membrane stability from bBtlpernaandB. semistriatusinterestinglyP.
pernaobtained from the polluted site (Isipingo Beackhibited greater lysosomal membrane
stability than those obtained from mussels samfiech park Rynie. It was concluded that
lysosomes from Isipingo Beach mussels had a higiterance level to the Cu concentrations,
which is attributed to the organisms’ adaptatiorelevated pollutant exposure. The lysosomal
membrane stability recorded froB1 semistriatushowed that the species was able to tolerate
the effects of the lowest Cu treatments; however Iffsosomal membranes were rendered
dysfunctional when the species were exposed tohigker Cu treatments. In Chapter 3,
lysosomal membrane stability obtained frémpernacollected from polluted sites along the
KZN coastline exhibited significantly reduced stipitimes compared to unpolluted sites; thus
identifying a geographic trend of localised contaation of the marine environment. Similar
results were obtained from previous studies thatpared mussel lysosomal stabilities from
polluted and unpolluted sites (Loved al, 1995; Nasckt al, 1999; Wedderburet al, 2000;
Nicholson, 2001; Riverost al, 2002; Domouhtsidoat al, 2004; Petroviet al, 2004; Abessa
et al, 2005). In Chapter 4, significantly reduced lysnab membrane stability fro®. perna
transplanted to heavily polluted sites were obskrparticularly during the summer transplant
month at the inner most area of the harbour whesteiwves freshwater inflow. As with the
depressed heart rates recorded at the same sthti@as concluded that these biomarker results
were due to an excessive quantity of contaminagitgyflushed into the harbour by the summer
rains. Hence lysosomal membrane stability can hyarded as a sensitive and reliable

biomarker.

Body condition index of P. perna as an indicatiépalluted environments

Body condition index has been successfully useduimerous studies to show the effects of
contaminant exposure on the health condition ofimaorganisms (Lundebyet al, 1997,
Nicholson, 1999b; Orbaet al, 2002; Gallowayet al, 2002; Smolderst al, 2003; Amiardet

al., 2004). However as seen in Chapter 2, the comditidices ofP. pernaandB. semistriatus
failed to exhibit any difference in their body inds between the increasing Cu treatments. It
was deduced that the experimental period was tieb torretard somatic growth rates, and that
this biomarker should only be used be used for -temgn monitoring programmes.
Nevertheless, Chapters 3 and 4 revealed signifididférences in the health conditions of
mussels between sites along the KZN coastline amtbdh harbour respectively. Low body
condition indices of marine mussels sampled froruped regions are well documented by
previous articles (Avergt al, 1996; Nicholson, 1999a,b; Mauri and Baraldi, 2(8&din et al,
2004), and support the findings of this study & lttwest indices fron. pernaalong the
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coastline were recorded from Umkomaas and Isipirige, most polluted sites sampled in
Chapter 3. The highest body condition indices fiempernawere found at Park Rynie and
Zinkwazi. These findings are consistent with theuts of the heart rate and lysosomal
membrane stability biomarker tests at the aboes sihus validating the results of the condition
indices. In Chapter 4, mussels from the most padlugtations in Durban harbour displayed the
lowest body condition indices, whereas those fress Ipolluted and reference stations exhibited
healthier body condition indices. An interestingnitast was found between the condition
indices of P. pernafrom the summer and winter transplant months. Ritgss of Durban
harbour experiencing an excessive flush of contama during the summer months and the
other biomarkers responding accordingly, the baalydition indices of mussels found during
these months indicated healthier mussel conditibas those of winter transplant months. It
was concluded that seeing as the spawning perioB. gberna occurs in late winter, the
considerable body mass loss due to this event Igeiafiuenced the body condition indices.
This highlights the significant effects that biomd abiotic biotic factors such as seasonal
changes, reproductive activity and nutritional Heabf the organisms can have on body
condition indices. Thus a future detailed studysach influences is needed; nonetheless, this
biomarker can provide important information on thealth of mussels if used in long-term

studies.

The use of malate dehydrogenase enzyme activatysasable biomarker response

MDH has been successfully used in previous stuttiegssess the metabolic rate of marine
invertebrates (Lushchadt al., 1997; Fahraeus-Van Ree and Pay#99; Orbeeet al., 1999;
Dahlhoff et al., 2001; Dahlhoffet al., 2002; Luk'yanova, 2006). However, in this study
significant inhibition in MDH enzyme activity frormussel exposed to low Cu treatments was
not evident; thus concluding that very low metatalges combined with a short exposure period
cannot affect MDH enzyme activity . pernaandB. semistriatugrefer to Chapter 2), hence
the biomarker was not employed in any further itigasions in this study. Nevertheless the two
mussel species displayed a decline in enzyme fctiith increasing Cu treatments, which is
supported by the findings of Pellerin-Massicottal &elletier (1987). It must be noted that
factors such as temperature and salinity extreimgsoxia and food availability can have an
effect on enzyme activity (Dahlhoff, 2004); hentisistrongly recommended that should MDH
activity be used in monitoring programmes, it mostcomplimented by a suit of biomarkers to

support the results of the biomarker response.
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Heavy metal bioaccumulation in P. perna

Bivalves are extensively used in global biomonrtgrprogrammes, particularly marine mussels
as they have the unique ability to accumulate yeastals within their body tissue (Goldberg,
1986; Rainbow, 1995Boening, 1997; Nascat al, 1999; Ravera, 2001Smolderset al,
2003; Domouhtsidowet al, 2004). In this study, the metal content Raf pernabody tissue
proved to be a good reflection of the amount ofainebntaminants that are bioavailable to
marine organisms, as seen in Chapter 3. Significanmtelations between mussel tissue and
sediment metal concentrations suggest fatpernais an effective metal bioaccumulator
species, particularly for metals Cd, Pb, Zn, Cr &ed Additionally, the metal analysis Bf
perna soft tissues and sediment, as well as the advammwalbker responses indicated by
significant bradycardia, reduced lysosomal membsdability and poor condition indices from
mussels, identified a pollution gradient along tK&N coastline. Durban, Isipingo and
Umkomaas were singled out as being the most contded sites along the coast, and Zinkwazi
and Park Rynie as the most unpolluted. Seeingeastist contaminated sites identified in this
study support the majority of the province’s chiedustries, it stands to reason that the highest
metal concentrations iR. pernatissue would be found at these sites; howevendissetals Fe
and Ni did not show a pronounced geographic tresddid the rest of the tissue metal
concentrations. The sediment metal concentratidhede two metals, together with the rest of
the heavy metals analysed, did however conforninéosame trend displayed by tRe perna
tissue concentrations. Hence, the metal analysisodi P. pernasoft tissues and sediment
sampled along the KZN coast validates the biomarkgponses recorded at the different sites.
In Chapter 4, similar spatial trends were obsetnethetal tissue and seawater concentrations.
Stations located nearest to the freshwater inpots stormwater drains displayed the highest
metal concentrations for most metals. Nevertheldgh, concentrations of metals Zn, Pb and Cr
also displayed high concentrations at those sttgxposed to a continuous exchange of fresh
seawater during the summer transplant months. dtaeacluded that this was attributed to the

summer rains flushing excessive pollutants fromciheinto the bay.

With regards to thé®. pernatissue concentrations from the different transplaonths, the
highest tissue concentrations were observed dwsimgmer. As discussed in Chapter 4, a
dilution effect of metal contaminants by musselt disue in summer months have been
previously documented; as well as the loss of St body mass during winter spawning
which results in a concentration of heavy metaldissues. However, in this study, metal
bioaccumulation of transplant&d pernawere found to be more influenced by the presefice o

excessive contaminants in the seawater than sdaspnaductive activities. Nevertheless, it is
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recommended that the complex biological processdbeurs during spawning must be further
investigated as it can have a significant effeciratal bioaccumulation. It is also recommended
that all biomarker studies be accompanied by cha&lmaicalysis. Although this may increase the
cost of implementation, a routine chemical analysi$ provide a detailed account on which

and how much heavy metals are attributing to bideraresults.

Key issues of experimental design

Each chapter discusses important experimental mesigsiderations. Chapter 2 reiterates the
importance of proper experimental planning and etien. The basic structure of an
experimental design is outlined, as well as theoitgnce of having adequate sampling
procedures, suitable sample sizes, appropriateatetnd using accurate experimental units for
statistical analysis. The consequences of not bavandom, independent replicates are
discussed, as well the incorrect use of statisiitsuch data. Chapter 3 highlights some key
protocols that must be considered ifossitu sampling and comparisons of results from different
locations. The practical recommendations listed ldiouminimise the influences of
environmental factors from different locations dorbarker responses from mussels, thereby
reducing the variability between results. Chapteudines some practical considerations for the
experimental design of active biomonitoring studisgig marine mussels. The most important
being to ensure the health of the specimen dugngwal and relocation, as any compromise to
the organisms’ health will provide inaccurate biokea results. Secondly, the number of
transplanted organisms and replicates used mugirisdered together with the biomarkers that
will be investigated. Thirdly, the spatial range todnsplant sites must be considered, and
replicate distances should be proportionate andeseptative of the locality that is being
investigated. The rest of the considerations dessisin detail practical issues of cage

construction and deployment.

Concluding remarks

This study shows that a suite of simple, rapidabdé and cheap biomarkers from native brown
mussels are useful ecotoxicological tools; andnifpyed in marine pollution monitoring
programs, can identify geographical gradients andlised areas of heavy metal contamination.
Perna perngproved to be an appropriate biomonitoring speitigbe study, and the biomarker
responses obtained in the various experiments detmaded the organism’s ability to provide a
true reflection of the pollution status of an eowiment. The biomarkers used provided
consistent results and supported each others fipdihowever it is emphasised that these

biomarkers can be influenced by both environmeatal biological factors, particularly body
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condition indices and MDH activities. Therefore sbebiomarkers must be used with these

considerations. Studies that are recommended édiuthire include:

1.

Detailed investigations on the influences of bioféctors such as age, sex, size,
reproductive activity, nutritional health of theganism, and abiotic factors which
include thermal and salinity extremes, seasonahgdm and exposure to air, on
biomarker results.

The use of different biomarkers frof. pernamust be investigated, particularly
biomarkers from lower organism levels such as mdéacbiomarkers, as well as the
combination of population and community studiespltain an integrated approach to
assessing the effects of anthropogenic contamimemisarine ecosystems.

The effects of a combination of contaminants musther be studied in extensive
laboratory studies to investigate such interactiorisomarker responses.

The effects of low concentrations of contaminantfong-term laboratory studies must
also be determined as natural populations of osgasiare more likely to be continually
exposed to mild levels of pollutants rather thaarsterm exposure to extremely high
contaminant levels.

A detailed study on seasonal variations in biomarkemP. pernasampled from the
KZN coastline.

An extensive long-term study in Durban harbour thaiuld use filter-feeding and
deposit feeding biomonitor species to give an iatibe on the biological effects and
bioavailability of contaminants trapped within sednt.

Transplant studies that include the changes in &iken responses from mussels
transplanted from (1) a polluted area to an unpediarea; (2) a polluted area to other
polluted areas with different degrees of contanmmatand (3) to compare biomarker

responses from transplanted mussels and indigenossels.
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