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ABSTRACT 

The estuarine tube dwelling amphipod Paracorophium excavatum was 

investigated for its suitability as a bio-indicator and bio-monitor. Distribution 

patterns of P. excavatum were determined at 13 sites in the Canterbury region 

that differed in particle size distribution ranging from sandy to muddy 

sediment, with overall10w organic content. Low tide salinity ranged from 5 to 

33 0/00 between sites and sediment moisture content ranged between 23 to 41 % 

moisture. Amphipods were absent from most sites within the Avon-Heathcote 

Estuary. 

The availability, life history and fecundity of P. excavatum were compared from 

intertidal mudflat sites in Brooklands Lagoon and Kairaki over a period of thirteen 

months. Four sediment core samples were collected at monthly intervals and P. 

excavatum IS population structure and life history pattern studied. The life history 
til· <: 

of P. excavatum can be characterised bY fast-growing, annual, iteroporous, 

bivoltine, females ovigerous throughout the year and thelygenous (female biased) 

population. P. excavatum showed relative consistency in abundance throughout 

the year with monthly densities ranging from 875.79 per 0.1 m-2 (July) to 1754.77 

per 0.1 m-2 (December) at Brooklands Lagoon and 1031.83 per 0.1 m2 

(November) to 1780.24 per 0.1 m2 (December) at Kairaki. There was a linear 

relationship between numbers of eggs per female and female length. 

P. excavatum show no statistically significant difference in brood mortality 

between the early and later development stages. 

P. excavatum was investigated for its potential use In short-term (acute) 

sediment toxicity tests. In 10-days sediment tolerance tests using sediment 

from nine sites (8 + control) in the Avon-Heathcote Estuary, amphipod 

survival was overall high in most sites (above 70%). However, low survival 

was found for site 7 and 9, indicating that P. excavatum may be a good 

discriminator of sediment quality. However, P. excavatum mortality was not 
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significantly correlated to sediment type (p = 0.99, / = 0.06) nor copper 

content of sediment (p = 0.99,/= 0.01). 

The effects of copper concentrations on the survival, emergence and reburial 

of P. excavatum were investigated. Amphipods were exposed to 10-days to 7 

sub-lethal copper concentrations (2.7, 15.96, 20.45, 23.92, 32.02, 42.99 and 

84.62 ~lg g-l wet weight sediment). The results show clear dose-dependent 

effects of copper on survival and behaviour on P. excavatum. Copper toxicity 

test indicates P. excavatum high sensitivity to the heavy metal copper. 

Median lethal concentration (LCso) was 53.026 J,tg g-l Cu (wet weight) and 

median effect concentration (ECso) was 47.89 )lg t 1 Cu (wet weight). 

Emergence increased with increasing metal concentrations indicating that the 

contaminants had a sublethal behavioural effect. Concentration of copper in 

P. excavatum tissues increased significantly with increasing metal sediment 

concentration. The ability of P. excavatum to accumulate heavy metals into 

their body tissues makes this species suitable for use used as a copper .. ~ 

indicator. Further work should concentrate on the response of P. excavatum to yvL?J\' " ti 
~ 

known contaminants and the influence of non-contaminant variables to better 

characterises P. excavatum's relative sensitivity. 

It is concluded that P. excavatum can be used as an effective tool for use in 

ecotoxicological studies. Natural behaviour, laboratory experiments, and 

sediment bioassays and its availability throughout the year has demonstrated 

that P. excavatum can be used as a bio-monitor. 
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One: General Introduction 

1 Chapter One 

General Introduction 

Ecotoxicology is the study of the effects of chemical and physical agents on 

ecosystems, with a plimary focus on populations and communities, and their 

interactions in contrast to toxicology, with a focus on organisms of a single species. 

However, the lack of adequate ecotoxicological test methods has resulted in the 

reliance on toxicological tests on organisms assumed to be representative of those in 

the environment as indicators of potential ecosystem impact (Moriarty 1983). 

The goal of ecotoxicology as a science is to organise knowledge about the fate and 

effects of toxicants in ecosystems, based on explanatory principles (Moriarty 1983), 

and applies available knowledge, tools and procedures to specific problems. The 

science of ecotoxicology is based to a large extent on extrapolation from one system 

and one stress to another, extrapolation from laboratory tests and microcosm studies, 

to field situations and extrapolation across scales (Levin et al. 1988). 

As a relatively new field of science, there is still a lack of understanding and 

knowledge on how to predict the effects of pollutants on ecosystems accurately, and 

how to best monitor these effects. In general, an assumption is often made that 

responses at levels of biological organisation above a single species can reliably 
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predicted with single species toxicity tests. Thus, the current state of ecotoxicology 

technology employs ecosystem sUlTogates as likely indicators of ecosystem level 

effects (Moriarty 1983) and signalling the upcoming ecological changes of actual 

concern (Kelly 1988). 

Single species (sulTogates) toxicity tests are often conducted to determine, with great 

precision, levels of permissible discharged and, are presently the major and only 

reliable means of estimating probable damage from anthropogenic stress (Tessier & 

Campbell 1987). Single species tests have proven to be remarkably effective at 

estimating responses at higher levels of biological organisation, despite considerable 

theoretical deficiencies in using them {Cairns 1984). Ecotoxicologists recognise and 

are aware of the huge demand and need for community and ecosystems levels for 

toxicity testing, however, precise predictions of ecosystem effects will not be possible 

until suitable methodologies have been developed and standardised (Levin 1989; 

Cairns 1984). 

Toxicity tests have been used widely in pollution studies for about 80 years (Jones 

1979). The tenn toxicity hence covers a wide range of investigations including: 

.. tests to compare the relative lethal toxicities to one or more species of aquatic 

animal of different substances under some fixed, but arbitrary set of conditions, 

• laboratory tests of the effects of a contaminated sediments or of a heavy metal 

substances (e.g., copper) on survival, growth and reproduction, 

• laboratory use of benthic animals to assess the potential toxicity of polluted 

sediments. 

Toxicity tests can either be short-tenn (acute) or long-tenn (chronic) depending on the 

infonnation required (Jones 1979). Generally, acute toxicity tests are designed to 
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evaluate the adverse effects of chemicals to selected aquatic organisms on short-tenn 

exposure. The most common endpoint in acute toxicity test is mortality. When 

testing contaminated sediments in acute mortality tests an accepted measure of 

toxicity is a significant differences in survival of organisms between control and the 

test sediments. The results of acute (lethal) toxicity are usually reported in tenns of an 

LCso (median lethal concentration) and acute sublethal toxicity in terms of an ECso 

(median effective concentration). Static tests are the most easily obtained measure of 

toxicity. 

Long-tenn (chronic) toxicity tests at sublethal concentrations of a pollutant are 

essential for detennining safe levels of potential toxicant under conditions of 

continuous exposure. Invertebrates that can be cultured through their complete life 

cycle in days to weeks provide a means of testing lethal and sublethal effects resulting 

from long-tenn laboratory exposure to test materials. The life cycle is capable of 

highlighting whether a specific life stage (e.g., embryo, moulting or reproduction) 

fonns a particularly sensitive and critical stage. In addition, it also enables laboratory 

results to more accurately predict the likely effects of chronic exposure on the survival 

(produce an array of other physiological and behavioural effects), growth (inhibit or 

promote growth) and reproduction (influence the reproductive potential by changing 

the fecundity and brood survival) of the test organism in the field (Jones 1979; 

Widdows 1993). 

Most toxicity tests have focussed on testing and monitoring water quality using 

aquatic organisms. Several authors have discussed at length the advantage of the use 

of organisms over other methods for monitoring aquatic contamination (Phillips 

1980; Bryan et al. 1985; Phillips & Rainbow 1992). The greatest disadvantage of 

the analysis of natural waters for contaminants, however, is the lack of any useful 
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correlation between the concentrations of contaminants 'present and their biological 

availability (Phillips & Rainbow 1992). 

Luoma (1990) also reviewed the use of sediment to monitor the contamination of 

aquatic environments. He concluded that this technique undoubtedly improved our 

understanding of the potential for the remobilization of contaminants from sediments. 

It also provided crude estimates of the bioavailabilities of contaminants, however, 

these rely on many assumptions. No study documented a reliable correlation between 

the true bioavailability of any contaminant and its removal from sediment. Thus the 

accurate prediction of the bioavailability of contaminants present in sediments 

remains as elusive as that for contaminants in solution. Thus, while the analysis of 

sediments is of considerable use to identify sources of contaminants or to elucidate 

long-term trends in contamination at a site through the analysis of cores, the issue of 

contaminant bioavalability remains unresolved (Phillips & Rainbow 1992). 

The lack of an accurate and general relation between sediment and contaminant 

concentrations and their bioavalability requires the use of bioassessment tests (e.g., 

toxicity tests), to estimate the biological damage caused when aquatic organisms are 

exposed to contaminated sediments (Ingersoll & Nelson 1990). Research on the 

toxicity of contaminated sediments to benthic organisms is therefore needed. 

Aquatic organisms have long been known to accumulate significant quantities of 

contaminants in their tissues. This accumulation and sequestration of contaminants 

by organisms provides an opportunity to short-circuit the traditional methods for 

monitoring contamination in aquatic environments through the analysis of water, and 

to employ organisms themselves for such monitoring (Luoma & Ho 1993). 
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A variety of organisms are exposed to contaminants in sediments, either directly or 

indirectly. Animals that ingest sediments or particulate detritus as food are directly 

exposed. Upper trophic level organisms that feed on organisms from benthic food 

webs are exposed to contaminants that originated in sediments (Luoma et ai. 1992). 

Sediments also affect contaminant concentrations in the water (pore waters) through 

equilibration during sorption/desorption reactions. In this way sediments affect 

biological exposures to contaminants in solution, especially for organisms living on, 

near or within sediments (Luoma & Ho 1993). Finally, sediment contamination may 

be spread to ecosystems away from input sources through resuspension and 

particulate transport (Luoma 1990). 

Sediment toxicity in the broadest sense is defined by the ecological and biological 

changes that are caused by contaminated sediments (Luoma & Ho 1993). Sediment 

toxicity also can be defined operationally, in toxicological terms, as an adverse 

response observed in a test organism exposed to contaminated sediment. Sediment 

toxicity has been demonstrated in both toxicological and ecological studies (Chapman 

1989). One of the first marine sediment toxicity tests was developed by Swartz et al. 

(1985a) for dredged material evaluation using a benthic ampbipod Rhepoxynius 

abronius. 

Amphipods are one of the most commonly employed organisms used in toxicity 

testing. Species studies include Rhepoxyius abronius (Swartz et ai. 1984), Ampelisca 

abdita (Breteler et ai. 1989; Scott & Redmond 1989), Pontoporeia affinis (Sundelin 

1983), Grandidierella japonica (Nipper et al. 1989), and Eohaustorius estuaris 

(DeWitt et al. 1989). Because benthic ampbipods are in direct contact with, or within 

close proximity to toxic contaminants in polluted sediment, they have been found to 

be amongst the most toxicologically sensitive of taxa to many sediment contaminants, 
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often noticeably absent from polluted areas (Swartz et al. 1984; Fox et al. 1988; 

Roper et al. 1988). 

Most sediment toxicity tests measure mortality (Swartz 1987) of the test species as an 

assessment of the environmental impact of contaminated sediments (Chapman et al. 

1991). In the United States, sediment toxicity bioassay tests have now becoming 

integrated into regulatory requirements for assessing the toxicity of aquatic sediments. 

Protocols and regulations are now more widely employed and standardised. Protocols 

and procedures for testing amphipods are now available from American Standard for 

Testing and Material (ASTM) and U. S. Environmental Protection Agency (USEPA). 

In New Zealand, there has been an increasing awareness for the requirements for 

sediment toxicity testing. Recently, in New Zealand there has been increasing interest 

in sediment toxicity tests (Roper et al. 1988; Nipper et al. 1989; Mischewski 1994; 

Nipper Roper 1995; Roper et ai. 1995; Hebel et al. 1997; Niper et at. 1997; 

Marsden et al. 1999). However, there is insufficient knowledge about the biology 

and natural fluctuations in abundance of New Zealand species from freshwater, 

estuarine and marine environments even to select a suitable animal for assessing the 

toxicity of pollutants to aquatic animals. 

Although there is an increasing amOlmt of published information on the effects of 

polluted sediments on benthic organisms, especially amphipods, locally and overseas, 

it may be unwise to assume that the results of the test will be valid locally, as many 

pollutants induce a species-specific response (Jones 1979). Furthermore, tests carried 

out using local indigenous benthic species would be environmentally more defensible, 

and of more relevance to ensuring an adequate environmental protection of sediments 

in New Zealand. 
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This thesis aims to determine the suitability of the benthic amphipod Paracorophium 

excavatum for use in assessing the toxic of pollutants in contaminated estuarine 

sediments using short-term (lO-days) sediment toxicity tests. For toxicity tests to be 

appropriate indicators of the impacts contaminated sediments on estuarine benthos, 

careful consideration must be given to the selection of the test organisms. 

Desirable properties for an estuarine sediment toxicity test a species are: 

(a) a benthic species 

(b) broad salinity tolerance 

(c) high sensitivity to common sediment contaminants 

(d) high survival rate under control conditions 

(e) tolerance of a wide range of physical sediment characteristics 

(f) ecological relevance 

(g) ability to be easily cultured or year-round availability from the field. 

This thesis is presented in five chapters followed by references and appendix. The 

first chapter is a general introduction to the thesis topic. Chapter 2 describes the 

general biology of P. excavatum and its distributional patterns and ecology in the 

Avon-Heathcote Estuary. Chapter 3 presents the life cycle pattern of P. excavatum 

for 13 months at Brooklands Lagoon and Kairaki (Canterbury). The overall aim of 

this chapter is to determine the availability, abtmdance and reliability of collecting P. 

excavatum throughout the year. This chapter also includes details of life history, 

growth patterns and reproductive ability of P. excavatum. Chapter 4 reports P. 

excavatum sediment tolerance and sensitivity towards sediments from the A von

Heathcote Estuary and tries to address their preference and tolerance towards different 

sediment types of physical and chemical characteristics. This chapter also reports 

short-tenn (acute) toxicity tests of P. excavatum sensitivity to a known toxicant, 
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copper, and compares this with known copper sensitivities of other ampbipod species 

used in toxicity tests. Overall, Chapter 4 will to determine whether P. excavatum is a 

good bio-indicator and metal bio-monitor. General conclusions are presented in 

Chapter 
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2 Chapter Two 

Distribution Patterns of 
Paracorophium excavatum 

in the Avon-Heathcote Estuary 

2.1 IN1RODUCTION 

9 

One of the tasks of ecological research is to explain why species have limited areas of 

distribution. Species tend to occur only in restricted parts of an environmental 

gradient. Species that inhabit the intertidal usually occupy only specific zones. For 

instance, they are abundant only in part of the total tidal range, and the zone is 

generally characteristic of the species (Dan1cer & Beukema 1983). 

On intertidal shores where the nature and abundance of the biota are primarily 

influenced by tidal-dependent variations in environmental conditions, those species 

living in sediments have a large extent evaded the external environmental stresses of 

temperature, desiccation, damage from ultraviolet radiation, and extremes of salinity 

(Beukema & Flach 1995). 
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The distribution and abundance of the sediment infauna is controlled by complex 

interactions between the physico-chemical and biological properties of the sediment 

in which they live. The physico-chemical properties include sediment grain size, 

oxidation-reduction state, dissolved oxygen, organic content, temperature and light. 

Generally, abiotic factors set limits to the range of a species within an environment 

gradient and only within such abiotic limits can a species thrive (Brey 1991). The 

abiotic properties include the following from (Knox 1986): 

II Food availability and feeding activity. 

III Reproductive effects on dispersal and settlement. 

II Behavioural effects which induce movement and aggregation. 

• Interspecific competition - competitive exclusion effects. 

Predation effects and removal of certain species. 

In the past decade, repOlis on field and laboratory experiments have provided 

evidence suggesting that biological interactions play a major role in determining the 

structure and dynamics of marine soft-bottom communities. Such interactions include 

predation (Ambrose 1984), adult-larvae recruits interactions (Luckenbach 1987), 

disturbance (Olafsson & Persson 1986), and competition (Wilson 1983). 

The aim of this present investigation was to explore which physico-chemical and 

biological factors affect the distribution of the amphipod P. excavatum on tidal flats 

within the Avon-Heathcote Estuary (ARE) and Ashley-Saltwater Creek (ASC) (as a 

example of unmodified estuarine system). 
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2.2 GENERAL INFORMATION: Paracorophium excavatum 

P. excavatum (Photo. 1) is a member of the super-family Corophiidae; suborder 

Gammaridae. The Corophiidae are presented by only two genera in New Zealand: 

Paracorophium and Chaetocorophium (Chapman & Lewis 1976). C. lucasi 

according to Hurley (1954) is an endemic, purely freshwater species and P. 

excavatum is an euryhaline brackish water species. Dr. Chapman from the University 

of Waikato has kindly redefined the study amphipod as P. excavatum identified 

according to the characteristics given in Thomson (1884) from specimens collected 

from a creek near Dunedin, Otago. 

Photograph 1: Paracorophium excavatum, lateral view. Length - 4 mm. Natural 
colour. 
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2.2.1 Morphology 

The body of P. excavatum is built high and compressed from side to side, the dorsal 

surface being generally arched (Figure 2.1). It is divided into a head, a thorax of eight 

segments (of which the fIrst is fused with the head to,leave only seven visible) and an 

abdomen of eight segments. The segments are covered by dorsal plates (terga) 

prolonged into skirt-like side plates or coxal plates. Each bears a characteristic-pair of 

limbs. The head has a pair of fIrst and second antennae, and third pairs of jaw-like 

limbs, mandibles, maxillules and maxillae. Of the eight pairs of thoracic limbs, the 

first and smallest are assoc~ated with the jaws and tenned maxillipeds. The next two 

pairs are the fIrst and second gnathopods, which in the adult male is chelate. The 
~ 

next five pairs of limbs in succession are the walking limbs or pereiopods, 

terminating in simple claws; they have gills at the bases, concealed at the inner sides 

of the limbs. The abdomen bears six pairs of shorter limbs divided into two sets of 

three; the first are the delicate and mobile swimming legs, known as the pleopods, 

and they are followed by the sh01t, stiff uropods, turned backwards towards the tail 

and used for leaping. The fInal tail-piece attached to the abdomen is called the telson. 

Figure 2.1: Basic body parts of a gammaridean amphipod (lateral view). Drawing 

adapted froIp BousefIeld (1973). 
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2.2.2 Habitat 

P. excavatum is thought to be a frequent inhabitant of intertidal muddy shores. 

Although restricted in distribution, they may be abundant in mud flats, saltings, low 

tide near the river channels, and estuaries. Their bur;rows appear as holes (0.8-1.2 mm 

diameter) on the surface of the mudflats (personal observation). They are found to 

prefer fine to coarse sand and anaerobic to aerobic substrates (Hurley 1954). The 

degree of anaerobiosis is probably linked to the amount of organic detritus present, 

particle size and interstitial water circulation. There is probably an optimum for 

anaerobiosis and organic content beyond which P. excavatum does not occur. P. 

excavatum can survive under wide range of salinity. Further preliminary work for the 

present study suggest that P. excavatum can survive within a salinity range from 5 to 

30°/00' 

P. excavatum usually swim on their backs. Every few seconds, swimming alternates 

with passive sinking (personal observation). Animals can crawl over surfaces in and 

out of water. Out of water they move by a looping motion using their second 

antennae and telson. VVhen out of water animal crawl away from light and down 

slopes. In water they swim towards light (personal observation). Burrowing is 

initiated by rapid beating of pereiopods, pleopods, te1son, uropods and second 

antennae; within a few minutes, a shallow burrow is formed. 

P. excavatum is thought to be a detritus/filter feeder. They normally feed only when 

in their burrows, by using their second antennae to scrape material from the substrate 

surface into the entrance of the burrow. This material is then transported to the mouth 

by the feeding appendages and respiratory current. Their design confers both 

lightness and flexibility, and their shape and colouring allow great use of camouflage. 
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The behaviour of small and large P. excavatum differs; small P. excavatum burrow 

more rapidly and does not emerge spontaneously. While large P. excavatum swim 

more frequently and spend more time on the substrate surface (personal observation), 

2.2.3 Development 

P. excavatum are dioecious with internal fertilisation and lecithotropic eggs. Like 

other amphipods the eggs are carried in a marsupium, or brood pouch, formed from 

leaf-like, setose outgrowths or oostegites from the bases of the peraeopods (Wildish 

1982). Eggs were clearly visible in the brood pouch of female P. excavatum. The 

eggs are oval, with mean length of 0.25 mm and are light blue or pale yellow in 

colour. As many as 24 eggs have been seen in a single brood pouch, but mean brood 

size was 6.55. is not known if P. excavatum can produce multiple broods, but it is 

common for ampbipods to do so (Powell & Moore 1991). Embryos hatch and 

remain in the brood lmtil fully developed. Late stage embryos found in the brood 

pouch of female P. excavatum were about 0.2 - 0.3 mm in length. Only two to four 

newly hatched amphipods were ever seen within the brood pouch of female P. 

excavatum and only in a few isolated instances, suggesting that the young ampbipods 

may vacate the brood pouch soon after hatching, or were released as a result of stress 

associated while sieving or preservation. 
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2.3 STUDY SITES - General Sites Description 

The Avon-Heathcote Estuary (430 33'S; 1720 43'E) cOI,lsists of 716 ha (1,770 acres) 

of tidal mudflats in the shape of an equilateral triangle with the Heathcote River 

entering the western comer and the Avon River at the northern comer. The tidal flat 

supports a diverse and unique assemblage of flora and fauna and had received 

considerable attention particularly over the last 30 years (Knox & Kilner 1973). A 

narrow sandspit (5 Ian long) bound its eastern margin, and separates the Estuary from 

the South Pacific Ocean. The outlet to the open sea lies between the tip of this spit 

and the volcanic cliffs of Bank Peninsula at the southeastern comer. The oxidation 

ponds associated with the Christchurch City Waste Water Treatment plant bounds 

much of the western margin (Map 1 & 2). 

Within the Estuary, vertical tidal ranges between approximately 2.1 and 1.2 m on 

spring and neap tides respectively. An estimated 8.5 106m3 (300 X 106 ft) of 

seawater enters on each mean flood tide. 

The Heathcote River is 25.5 km long and has a total catchment area of 105 Ian2
, of 

which a substantial proportion is rural and nearly 30% hill catchment. The Avon 

River is 26 Ian long and has a predominantly urban catchment area totaling 84 km2
• 

Both rivers are primarily spring-fed but receive significant contributions from the 

Cluistchurch City stormwater system. 

Ashley-Saltwater Creek (ASC) (430 14'S; 1720 13'E) is a highly productive 170 ha 

tidal flat situated at the mouth of the east by a long narrow unstable spit. The 

remaining adjacent land is saltmarsh and farmland. This estuary has displayed 

considerable modification to its bed sediment composition over the last decade or so 

due to extensive erosion of the fore-dunes at the southern end of the spit and an 
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accompanying movement of the Ashley River mouth to the north. The only stream 

discharging directly into this estuary is Saltwater Creek which is a small (flowing 

approximately 1.7m3 per sec) with an almost exclusively rural catchment. Its enters 

the estuary proper along the western margin three hundred meters below State 

Highway J. 

The investigation was cruned out during 26th to 28th April 1998. This investigation 

included 10 sites at the Avon-Heathcote Estuary and one site at Ashley-Saltwater 

Creek. 

Site 1: 

Site 2: 

Site 3: 

Site 4: 

Site 5: 

Site 6: 

Site 7: 

Site 8: 

Site 9: 

On the Avon River, one kilometer north from Bridge Street. The river is 

narrow and bounded by saltmarsh plants. 

At the Pleasant Point Yatch Club. On the sandbank south of Bridge Street 

and north of the oxidation ponds. 

In front of the oxidation ponds. Between the two outfalls of pond five and 

six. There are two green poles markers by Christchurch City Council. 

South of Sandy Point and close to the surfmg area. 

Along Humpreys Drive and near the west side mouth of Heathcote River. 

Situated in front of a launching ramp. 

In front of the Mount Pleasant Road. 

In front of Beachville Road car park and on the west side of the jetty. 

On the south part of Brighton Spit close to Heron Street. 

On spit side of Estuary and around 650 m along the Estuary Walk Reserve. 

Geometrically opposite to site 3. 

Site 10: Just west of the Pleasant Point Jetty at the mouth of Avon River. 

Site ASC: East side of the State Highway 1. In front of the picnic ru'ea and surrounded 

by farmland. The river channel is narrow (10 to 15 m) and the sediment is 

very muddy and brackish. 
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Avon-Heathcote 
Estuary 

Le Bons Bay 

Map 1: Map of the Canterbury sites surveyed for Paracorophium excavatum. Sites 
are marked with stars. From The Estuary (1992) edited by Owens, S. J. 
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Map 2: Map of the Avon-Heathcote Estuary showing sampling sites, 1 Avon River; 2 
Pleasant Point Yatch; 3 Oxidation Ponds; 4 Sandy Point; 5 Humphries Drive; 6 
Heathcote Bridge; 7 Beachville Road; 8 Heron Street; 9 Estuary Walle; 10 Pleasant 
Point Jetty. 
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2.4 SAIVlPLING lVIETHODS AND PROCEDURE 

A preliminary investigation on the distribution and abundance of P. excavatum was 

carried out at around A von-Heathcote Estuary on 26 and 27 of April and Ashley

Saltwater Creek on 28th of April 1998. At each site, a transect line was sampled from 

the high tide marks towards the low tide river channel. Samples were taken at 

intervals along the transect. The distance between samples varied between sites and 

these ranged from 3 m (for a shorter transect) to 40 m (for a longer transect) (Table 

2.1). 

At each sampling point along the transect, a core sample was taken to a depth of 5 cm 

of sediment and sieved in the field by using 0.3 urn mesh screen to separate associated 

macrofauna and debris. Any organisms contained in the sieve were noted but not 

counted except for amphipod. At the low tide of each transect, four sediment samples 

of 10 cm diameter (86 cm2
) were collected using a PVC sediment corer to a depth of 

5 em depth. They were brought back to laboratory for further analysis. 

2.5 SEDIMENT ANALYSIS 

A sub-sample of sediment from each site during low tide was used for physical and 

chemical characterisation. The ambient and sediment temperature was recorded using 

a thelmometer. Salinity of the river channel and surface water was measured using an 

Atago salinity refractometer. Sediment particle size analysis was undertaken by dry 

sieving following removal of the organic material with 4% HCL. Fractions were 

separated into gravel, sand and silt/mud components. Eight replicate sediment 

samples from each site were dried at 60°C overnight in order to measure the total 

percent of moisture content. Dried sediments were then combusted at 450°C 

overnight to measure the total organic content. 
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2.5.1 Data Analysis 

A Spearman correlation analysis was used to examme relationships between 

amphipod distribution and sediment characteristics (% gravel, sand, silt, TOC, 

moisture content, temperature and salinity). The sediment variables were also 

analysed for correlation amongst themselves. 

2.6 ~lTIL1LS 

2.6.1 Sediment Characteristics 

The natural sediment characteristics were variable among sites, with particle size 

distribution ranging from muddy (high content mud) to sandy-mud (more sand than 

mud). Sediment sample from site 7 and 10 were extremely sandy with more than 

80% sand and less than 20% silt/mud and gravel. Sediment characteristic of site 1,3, 

4, and 5, have high silt/mud content with more than 70% silt/mud and less than 30% 

sand and graveL 

The total organic content (TOC) showed variability between sites ranging from 1.2% 

(site 3) to 5.5% (site 7) with moisture content of drained sediments from 23% (site 2) 

to 36% (site 1) in the Avon-Heathcote Estuary (Table 2.1). Organic and moisture 

content at ASC are 4% and 41 % respectively (Table 2.2). 
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Table 2.1: Length (m) of transect and intervals at each site. 

* Indicate where P. excavatum were found. 

Number of samples 

Site Transect (m) Interval (m) Occun-ence (*) taken 

1 9 3 * 3 

2 50 10 * 5 

3 510 40 13 

4 320 40 8 

5 350 40 9 

6 30 5 6 

7 24 3 * 8 

8 290 20 15 

9 370 40 9 

10 125 20 6 

ASe 3 1 * 3 

Table 2.2: Particle size distribution, organic matter, moisture content, temperature and 

salinity of sediments at each site in A von Heathcote Estuary. 

Site Measured grain-size TOe Moisture Sediment Salinity (%0) 
distribution (%) (%) Temperature (0C) 

% Gravel % % River Surface 
Sand Silt/Mud channel Water 

1 0.9 10.9 89.0 3.9 36 16.0 5 13 

2 0.5 42.9 56.5 1.6 23 13.0 9 13 

3 0.8 29.7 69.6 1.2 25 15.0 26 25 

4 1.3 23.9 74.8 3.4- 32 15.0 33 33 

5 0.3 18.0 81.7 2.5 30 14.6 29 32 

6 0.2 64.2 35.6 2.0 31 15.0 22 30 

7 0.3 82.9 16.8 5.5 30 15.0 25 25 

8 2.0 62.8 35.3 2.0 26 14.0 32 32 

9 1.0 36.9 62.1 2.7 30 12.0 32 32 

10 0.0 83.0 17.0 1.6 26 15.0 8 15 

ASC 12.9 3.8 83.3 4.0 41 13.6 7 12 
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2.6.2 Temperature 

Sediment temperature recorded between sites ranged from 12 to 16°C. Highest 

sediment temperature was recorded at site 1 (16°C) and the lowest sediment 

temperature was recorded at site 9 (12°C). Analysis of variance shows no significant 

variance (p ::::: 0.99) between sediment temperature and sites. Mean sediment 

temperature for alII 0 sites is 14.6°C. 

2.6.3 Salinity 

At low tide, surface water salinity ranged from 13 to 33%0, with river channel salinity 

ranging from 5 to 33% 0 between sites. The Spearman correlation analysis showed 

that the surface and interstitial water salinity were positively correlated (r ::::: 0.93, p ::::: 

0.0056). Salinity for interstitial and surface water for site 1, 2, and 10 was 

significantly lower than other sites because these sites were located closer to the Avon 

and Heathcote Rivers. Site 8 and 9 have no significant difference (p ::::: 0.005) 

between salinity for river channel and surface water, because they are furthest from 

the rivers. The Spearman correlation analysis showed that percent gravel, sand and 

mud, TOC moisture content, temperature and salinity were not correlated to each 

other. Percent of mud was negatively correlated with percent sand (r::::: -0.98, p ::::: 

0.0032). 

2.6.4 Total Organic and Moisture Content 

Total organic content (TOC) for sediment samples at all sites in Avon-Heathcote 

Estuary is quite variable and ranging from lowest 1.2% (site 3) to highest 5.5% (site 

7). Most sites in the" Avon-Heathcote Estuary had low TOC value, however, site 1 

and 7 had a reasonable higher TOC value. Spearman Correlation analysis showed 
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that percent of TOC con-elates significantly with percent of moisture present in the 

sediment samples (r = 0.79, p = 0.0136). Thus finer sediments contained more 

organic material. Thus finer sediments contained more organic material. 

2.6.5 Paracorophium excavab.1m Survey 

Distribution of P. excavatum in the Avon-Heathcote Estuary is very sporadic. 

Individuals were found only at sites 1, 2, 7, and Ashley-Saltwater Creek (Table 2.3). 

Sites 1, 7, and Ashley-Saltwater Creek supported a rather small population of P. 

excavatum. Only site 2 supported a large and healthy population of P. excavatum. 

Transect length for site 1 is 9 m with intervals every 3 m. No amphipods were found 

for the first interval (3 m). However, amphipods were found at the 6 and 9 m marks. 

The average density per core samples collected during low tide at site 1 was 114.65 

per 0.1m2 (SE = 11.63) (Table 2.3). At site 1 the sediment is mainly muddy (89 % dry 

weight), and the organic content is higher (3.9%), by dry weight and the salinity 

ranged from 5 to 130
/ 00 (Table 2.2). 

Site 2 has a transect length of 50 m with samples taken every 10 m. No amphipods 

were found for the first 40 m. As many as 199 (2535.03 per 0.1m2) individuals were 

collected in a single core during low tide at site 2, however the average density per 

core from all core samples collected at site 2 was 2216.56 per 0.1m2 (SE = 134.51) 

(Table 2.3). P. excavatum is most abundant at site 2 and is moreover, the dominant 

species of the animal community in the mud there. P. excavatum was most abundant, 

at the low tide area, which is usually covered with water and where the mud is 

relatively sandy. In this sediment there is a small amount of gravel and stones (0.5% 

of the dry weight), with the remaining sediment made up of sand 42.9% and mud 
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56.5%. The total organic content is 1.6% by dry weight and the salinity range was 

from 9 to 13°/00 (Table 2.2). 

Table 2.3 : Numbers of P. excavatum per 0.1 m2 recorded at 10 low tide sites at Avon 

Heathcote Estuary and Ashley-Saltwater Creek. 

Site Rep 1 Rep 2 Rep 3 Rep 4 Mean SE 

1 89.18 127.39 101.91 140.13 114.65 11.63 

2 2535.03 2000 1987.26 2343.95 2216.56 134.51 

3 0 0 0 0 0 0 

4 0 0 0 0 0 0 

5 0 0 0 0 0 0 

6 0 0 0 0 0 0 

7 25.48 12.74 12.74 25.48 19.11 3.68 

8 0 0 0 0 0 0 

9 0 0 0 0 0 0 

10 0 0 0 0 0 0 

ASC 0 63.69 50.96 38.22 38.22 13.76 

Site 7 has a transect length of 24 m and sampling intervals were evelY 3 m. As noted 

in previous sites, no amphipods were found at upper tidal levels. Site 7 supports only 

a very small population of P. excavatum with mean average density of 19.12 per 

0.lm-2 (SE = 3.68) (Table 2.3). At this site, the sediment is sandy and consists 82.9% 

sand and only 16.8% mud. The total organic content 5.5%, is higher than the rest of 

the other sites and has a salinity of 2.5°/00 for both surface and river channel water 

(Table 2.2). 

Ashley-Saltwater Creek transect length was 3 m and sampling was at every 1 m. 

Amphipods were found only at the 2 and 3 m marks. Ashley-Saltwater Creek 

supports a very small population of P. excavatum with mean density of only 38.22 per 

0.lm2 (SE 13.76) (Table 2.3). At Ashley-Saltwater Creek, there is a certain amount 
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of shelly gravel, small stones and coarse sand, to the extent of 13 % of the dry weight, 

though some of this is due to the large organic, mainly deciduous detritus. Of the 

remaining 87%, 4% represents fine sand and 83 % mud. The total organic content is 

4% by dry weight and salinity ranged from 7 to 12 °/00 (Table 2.2). 

2.7 DISCUSSION 

Since salt water is denser than fresh water more saline water also tends to flow along 

the bottom of the estuaty. At high tide on calm days, the water on the sediment 

surface of the estuary can be twice as salty as the surface water (Owen 1992). In 

Hart's (1930) experiment, it was found that Corophium volutator can survive and 

breed in fresh water, and possibly even in hypertonic seawater. A laboratory 

experiment was carried out in May 1998 to investigate sensitivity of P. excavatum 

toward variable range of salinities. Result also showed that P. excavatum has wide 

tolerance to salinities and can survive under salinity ranging from 50/00 to salinity of 

30 0
/00, However, survival of P. excavatum was highest at salinities ranging from 10 

to 25 0/00 (unpubl. data). 

The mudflats around the mouth of the Heathcote are siltier than those of the Avon 

mouth as a third of the Heathcote catchment included nm-off from the fine erosion 

prone loess soils of the Port Hills. In the Avon-Heathcote Estuary there tends to be 

finer silts lower down on the shore. Fine particles create siltier mudflats at the river 

mouths along the westem shore. Incoming tides drop their heavier, coarser particles 

near the mouth of the estuary (Owen 1992). 
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The natural sediment characteristics were variable among sites, with particle size 

distribution ranging from muddy i.e., with high content of mud, to sandy-mud, and 

finally muddy-sand, represented by samples with more sand than mud: Particle size 

distribution, however, is thought to have affected the distribution of P. excavatum at 

study sites and this is especially obvious at site 1, 2 and at Ashley-Saltwater Creek 

where the particle size is mainly dominated by muddy sediment. Low abundance of 

P. excavatum at some sites may relate to low amount of organic carbon content in the 

sediments. Because P. excavatum is a detrital feeder, organic carbon level can be 

used as an indicator of food availability to organism inhabiting sediments (DeWitt et 

al. 1988). 

Sensitivity of amphipods to natural sediment features varies considerably among 

species and habitats. Meadows (1964) suggested that Corophium arenarium is 

somewhat less particular in its choice of substrate than is Corophium volutator. 

Survival of the freshwater amphipod Hyalella azteca was unaffected by a wide range 

of particle sizes and organic matter content (Suedel & Rodgers 1994). The estuarine 

amphipod Leptocheirus piumulosus is tolerant of a broad variety of sediment types 

from sandy to silty, high TOC mud (DeWitt et al. 1992). The marine amphipod 

Rhepoxynius abronius is most strongly affected by sediment particle size (DeWitt et 

al. 1988). Nipper and Roper (1995) also found that survival of Chaetocorophium cf. 

lucasi was highly positively conelated with an increase of sand content. 

Meadows and Reid (1966) noted that particle size is an important factor for 

Corophium volutator in the formation of bunows. Particles, which are above a 

certain size, would be too cumbersome for animals to manipulate. The observed 

particle preferences of C. volutator may be due to a preference for particular particle 

size; or an appreciation for increased organic material and micro-organisms on fine 

sand grain or difficulty in constructing permanent bunows in the coarser grades of 
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sand due to its rapid evaporation (Meadows 1964). Marine invertebrates, which live 

in sand or mud, are often limited to sediment or substrates having a particillar range of 

particle size (Aldrich 1961). 

As before stated, P. excavatum is most plentiful where small puddles cover most of 

the mud at low water, and where the mud is relatively coarse. The most productive 

locality found for P. excavatum is in a site 2. Here the sediment is rather sandy, with 

low salinity and organic content of 1.6% (dry weight). At site 2, P. excavatum 

reaches mean density of 2216.56 per O.lm-2
• Here the total organic content is rather 

low (1.6% dry weight). The inference is that the nature of the substratum, and not the 

salinity of the water, is the chief factor defining the habitat of P. excavatum. 

In the Avon-Heathcote Estuary, P. excavatum species showed a clear zonation with 

distribution generally restricted to the lower pmt of the intertidal zone below the mid

tide level. Factors limiting then: distribution to such a restricted zone appear to follow 

the general model described by Menge and Sutherland (1987): where the upper limit 

is set by the physiological ability of organisms to smvive dming the harsh conditions 

of prolonged emersion, while the lower limit is determined by the outcome of 

interactions with other species. 

Preliminarily investigation of ten study sites at Avon-Heathcote Estuary and Ashley

Saltwater Creek revealed that most sites supported population of polychaetes 

Boccardia polybranchia and Scolecolepides benhami, cockles Austrovenus 

stutchburyi, snails Potamopyrgus estuarinus or Amphibola crenate, and crabs 

Hemigrapsus crenulatus. B. polybranchia were most abundant at sites 3 and 4. Site 5 

supported a huge and healthy population of cocldes Austrovenus stutchburyi. 



''''~·~·~·Two: Distribution Pattern of excavatum in Avon-Heathcote 28 

For soft-bottom intertidal communities there are a few examples showing that the 

distribution and abundance of Corophium spp. were limited by inter-relationship with 

other species (peterson 1991). Several benthic species are known to reduce the local 

abundance and distribution of these tiny amphipods that live in burrows and are 

vulnerable to sediment disturbance (Beukema & Flach 1995). Beukema and Flach 

(1995) suggest that even low densities of a few tens of adult lugworms JJi2 effectively 

reduce Corophium spp. densities. The severe effect of low densities of lugworms 

(Cadee 1976) drives Corophium volutator out of their burrows, where they are prone 

to predation (Flach & De Bruin 1994) or burrow into the sediment at a different place 

(Flach 1992). Hart (1930) noted that where small Neries diversicolor and the small 

gastropod Paludestrina stagnalis where present in countless thousands, Corophium 

spp. was absent. 

Availability of cockles Austrovenus stutchburyi might causes effects on abundance 

and distribution of P. excavatum at study sites. Findings by Flach (1992, 1993) also 

pointed that cockles, Cerastoderma edule can playa similar role in reducing numbers 

of Corophium spp., but they are effective only at relatively high densities (several 

hundreds per m2
). Flach (1992) noted that high densities of C. volutator did not occur 

when cockles were plentiful but might occur at any level when cockles were scarce. 

In the Avon-Heathcote Estuary, both the upper and lower limit of distribution for P. 

excavatum might be affected by biological interactions with other species. At lower 

levels, cockles and polychaetes are most likely competition and at upper levels snails. 

In conclusion, it is not clear which features limit P. excavatum population abundance 

and distribution in the Avon-Heathcote Estuary and Ashley-Saltwater Creek. 

Physico-chemical factors such as temperature, salinity, siltation, heavy metals 

pollution and sediment disturbance as well as biotic interactions of competition, 
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predation and food availability resulting in mortality or emigration are likely 

mechanisms influencing distribution patterns of P. excavatum. 
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3 Chapter Three 

Study of Life Cycle of 
Paracorophium excavatum 

3.1 INTRODUCTION 

Organisms are used in toxicity tests to show the potential impact of contaminants 

(Swartz et al. 1979, 1984, 1985b). To select suitable species for use in toxicity tests, 

Jones (1979) recommended that contaminant sensitive species must be identified and 

fully studied so that the effects of pollutants can be properly assessed. 

Hickey and Roper (1992) reported that the occurrence of their test organism 

Chaetocorophium lucasi (amphipod) was 'inexplicably sporadic'. If a species is 

difficult to find then this make development of routine sediment toxicity test very 

difficult and inconvenience. The authors were also concerned about the lack of 

ecological information regarding amphipods in New Zealand. Further studies 

therefore required to establish the monthly and seasonal availability of P. excavatum. 

Little is lmown about the ecology, natural availability and variability of P. 
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excavatum's population living in mudflats within estuaries and lagoons of New 

Zealand. 

Ford (personal communications) has reported P. excavatum from sandflats close to 

Dunedin, Otago. Abundant populations of P. excavatum occur within a range of 

intertidal mudflat at Brooklands Lagoon and Kairaki. This survey was able to 

provides general information of P. excavatum on the monthly and seasonal variability 

within its habitat. This may also provide further insight into the reasons behind the 

sporadic abundance of P. excavatum. Because of the practical and ecological 

importance of P. excavatum, I have conducted a thirteen months study of life cycle 

and life history pattern of P. excavatum in Brooklands Lagoon and Kairald, 

Canterbury at low tide during spring tide. 

A monthly sampling program was carried out to assess the seasonal availability of P. 

excavatum as part of an investigation to determine its suitability for use in conducting 

sediment toxicity bioassay. It is well known that the population densities of 

organisms vary systematically with season and microhabitat as a result of life-cycle 

events (Calow 1974). In addition, body length and brood size of all gravid females 

were measured to give indication of popUlation structure and life history of P. 

excavatum throughout the year. 
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Photograph 2: Brooklands Lagoon. P. excavatum monitoring site (outlined), is situated in the 
middle of the photograph, in front of the jetty. 

Photograph 3: Kairaki. P. excavatum monitoring site (outlined), is situated in the river 
channel at the left side of this photo, approximately 12 m from the river mouth. 
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3.2 STUDY SI1ES - Physical Description 

3.2.1 Brooklands Lagoon 

Brooklands Lagoon (43° 23' S; 172° 42' E) is a shallow, coastal, river estuary situated 

15 km north-east of Christchurch at the mouth of the Waimakariri River and covers 

an area of 170 ha (Map 1). Sediment substrate consists of mainly mud, low organic , 

content (2.3%) and 33% sediment moishlre content. 

Although called a lagoon, Brooklands is strictly an estuary according to the definition 

of Cameron and Pritchard (1963), which describes all estuary as a body of shallow 

water with free connection to the sea, where seawater is measurably diluted by 

freshwater from interstitial nmoff. The depth of the lagoon varies with the tidal cycle 

and shallows out further from the Waimakariri River. The depth ranges from zero 

when completely empty to one metre in the primary channels at low tide. The lagoon 

is subjected to an average twice daily tidal regime, which may be modified from the 

coastal cycle by retention times due to the bathymetry of the lagoon bar. The lagoon 

covers an area of 170 ha and has a spring tide volume of approximately 1.6 X 106m3 

which is flushed (Knox & Bolton 1977). 

The freshwater inputs to this estuary are very large. These are mainly from the 

Waimakariri River, where large volume of this river has reduced the salt water wedge 

entering the estuary to a nmrow band. Initial sea-water dilution in the lagoon is by the 

Waimakariri River, which are continuos. Sea water dilution is demonstrated through 

the Brooklands Lagoon by the salinity range (0.5% 0 to 3.0% 0) making it oligohaline 

by definition (Remane & Schliper 1971). 

The sampling site is situated within the lagoon proper 1.1 km from the sea (Photo 2). 

The Styx River maintains a constant minimum level at this site. The major portion of 
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the water level at this site is from the incoming tide, which floods the area to a depth 

ranging from two to four metres. This area is cunently being filled slowly by silt 

deposition when the Waimakariri River floods (Knox & Bolton 1977). 

3.2.2 Kairaki 

Kairald is situated approximately 2 km north from Brooklands Lagoon. It is a small 

river channels with width approximately 5 to 8 m. Sediment substrate was similar to 

Brooklands Lagoon, which is mainly muddy, with low organic content (3%) and 

moisture content of 35%. Population of P. excavatum inhabits the area inside at the 

mouth of Kairaki in the Waimakariri District. The samples were obtained on the left 

side within the area of which the fresh water flows out of the river (photo 3). 
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3.3 METIIODS 

Samples were collected once a month at the time of low water of the spring tides 

beginning in March 1989 and extending to March 1999. At the time of sampling, 

temperature and salinity were recorded and other observations of interest noted. Since 

these observations were made dming daytime low tides, they represent only that part 

of the cycle when freshwater influence was dominant. 

Five preliminary cores of 5 em and 10 cm depth were collected on 18 February 1998 

to evaluate the sieving and sampling procedm'es. Two small (5 cm diameter) and 

medium (10 cm diameter) cores and one large core (15 cm diameter) were used to 

investigate the appropriate core size required for this sampling program. This 

preliminary investigation suggests that the medium core (10 mm) is most suitable to 

be used in this sampling procedure. 

Collections of four replicates were made during low spring tide during a hand-held 10 

cm diameter PVC sediment corer to a depth of 5 cm, as estuarine benthos are 

normally concentrated in the top 3 to 4 em where the sediment is well oxygenated and 

less compact (Flint & Kalke 1986). Preliminary examination of the vertical depth 

distribution of macrobenthos by Mischewski (1994) also confirmed this. . 

Samples were brought back to the laboratory and gently sieved through a 500 urn 

mesh screen using filtered seawater of salinity 20°/°°' Biological material retained on 

the sieve was noted and amphipods were preserved in 10% formalin solution in 

seawater for further measurements, enumeration and classification, Specimens were 

measured to the nearest 0.05 mm along the dorsal surface of the body, from the 

anterior edge of the cephalon (head) to the distal end of the telson, using a low power 
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binocular microscope with a micrometer eyepiece. Specimens were later grouped 

into 0.375 rnrn length classes for analysis. 

During the present study, it was possible to distinguish males and females at a . 

minimum body length of 1.875 mm. A few unsexable specimens with body length 

between 1.8 rnrn and 1.875 mm were for convenience assigned to the juvenile 

category but all male specimens with a body length greater than 1.875 rnrn could be 

identified as such, therefore individuals greater than 1.875 rnrn which were not 

visually male were classified as immature females. The subgroupings used were 

therefore: 

1. Juvenile: 

Male: 

3. Female: 

all specimens below 1.875 mm body length. 

determined by the presence of penes and the second antenna 

proportion. 

consisting of immature females lacking oostegites but larger than 

1.875 mm and females with non-setose developing oostegites. 

4. Gravid Female: female with fully developed setose oostegites forming a pouch, 

which contained developing eggs. 

The sex of each juvenile and adult individual was determined by examination of 

secondary sexual characters. Sex was determined by examining the ventral surface of 

each individual and checking for penes (multiple penises) at the base of peraepod 7, 

or for oostegites on peraeopods 2 - 6. Individuals that lacked any visible penes or 

oostegites were treated as juveniles. Females were further classified between gravid 

and non-gravid females. Gravid females were further classified according to the 

presence of the stage of the embryos in the brood pouch. The contents of the brood 
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pouches (marsupium) of gravid females were removed and eggs counted, staged 

according to their morphological features. The stages used were similar to those used 

for Orchestia platesis and Orchestia gammarella by Dahl (1946), Gammarus duebeni 

(Steele & Steele 1969, 1970), Marinogammarus obtusatus by Sheader & Chia 

(1970), Tryphosella kergueleni by Bregazzi (1973) and Talitrus saltater by Williams 

(1978). 

The marsupium contents of gravid females were separated into five arbitrary stages 

using the morphological features descdbed below (Steele & Steele 1969): 

Stage I: First cleavage, holoblastic. Cleavage cells divide into small nucleated 

and large non-nucleated pigmented yolk cells (micromeres and 

macromeres respectively). The micromeres form a ventral plate that 

extends over the entire surface, forming the blastoderm. Cell rosette 

appears on the dorsal side, a beginning of the embryonic 'dorsal organ'. 

Stage II: 

Stage III: 

Stage IV: 

A ventral cleft appears and extends into a horseshoe-shaped furrow 

separating the future cephalothorax from the abdomen. Appendage 

rudiments and the future nerve ganglia appear as tickening of 

blastoderm. Dorsal organ attains its maximum size. 

Cephalothorax turns orange-red. Foregut and midgut close and contain 

large multinucleate pigmented cells. 

Cephalothorax large, abdomen small, limbs biramous, segmentation 

complete. Red pigmented eyespots appear, become fully pigmented 

before hatching; dorsal organ regresses. Caecae extend into abdomen. 

Heart contracts, peristalsis in gut, limbs and body move. 
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Stage V: Embryo hatched, but still in marsupium. 

Prior to April, all specimens were classified, measured and counted but only until 

May, were number of eggs counted and staged accordingly. 

3.4 RESULTS 

3.4.1 Population Density 

Population densities of P. excavatum at Brooklands Lagoon ranged between 875.79 

(July) to 1754.77 per 0.1 m2 (December) in one year (Fig. 3.1). Densities followed 

the expected pattern of winter increase from about May to June with a steep decline in 

July. The population remained constantly low over spring with mean density of 

915.07 per 0.1 m2
. Sharp increase of maximum was experienced during December 

with population size of 1754.77 per 0.1 m2
• The population remained constant 

throughout summer with mean population of 1389.43 per 0.1 m2
. 

Population density of P. excavatum at Kairaki ranged between 1031.83 (November) 

to 1780.24 (December) per 0.1 m2 in one year (Fig 3.2). The annual pattern of 

population density at Kairaki also showed an overall decrease at the start of the study. 

An overall winter increase was experienced from May through to July with mean 

population density of 1613.59 per 0.1 m2 (Fig. 3.2). Winter increase was followed by 

an overall spring decrease with mean population density of only 1140.13 per 0.1 m2
. 

A minimum density was experienced during November with population density of 

1031.85 per 0.1 m2
• The population fluctuates during summer with maximum 

population density increase dUling December (1780.26 per 0.1 m2
) and February 

(1888.54 per 0.1 m2
) however, decrease subsequently in March 1999. 
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Both sites experience spring-summer increase and were intemlpted dming January 

resulting in low densities during March. Low population densities were experienced 

at both sites dming winter. 

3.4.2 Population Structure 

The population stmcture of P. excavatum in samples taken between March 1998 

through to March 1999 at Brooldands Lagoon and Kairaki. The P. excavatum 

population varied considerably in structure between months (Fig. 3.3 & 3.4). Males 

of P. excavatum grow to a larger maximum length than females. At Kairaki the 

largest male was 5.13 mm in length collected in August, while the largest male 

collected at Brooldands Lagoon in September was 5.21 mm. The maximum female 

length was 4.95 mm collected in June at Kairaki and 4.9 mm at Brooldands Lagoon in 

July. During summer (Febl11ary to April), there were few males available within both 

of the populations. The mean length of males was 2.88 mm at Kairaki and 2.86 rom 

in length at Brooldands Lagoon. The overall mean length of total popUlation for a 

year was 3.22 mm for Kairaki and 3.12 mm for Brooldands Lagoon (Table 3.1). 

From May to June, the overwintering popUlation consisted primarily of females and 

males and a few gravid females andjuveniles. There were no pronounced differences 

in the length distdbution of the overwintering popUlations between the investigated 

areas. 

For most of the months, the population histograms were unimodal. However, with 

the increasing numbers of new recruits from September to October, the size

frequency curve became strongly bimodal. During November through Febl11ary 

1999, relatively few small individuals were found and the size distribution became 

progressively less skewed and more uniform. The size distribution became bimodal 

again in March 1999, as small individuals appeared in increasing numbers. 
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Recruitment occurs throughout the year with a more unifonn distribution in winter. 

During August, there were high numbers of ovigerous females, followed by the 

appearance of new recruits in September and October (Fig. 3.3 & 3.4). Juveniles 

released from the marsupium were at 0.3 - 0.4 mm long (total body length). A new 

generation was distinguished from the overwintering generation by the absence of 0.8 

- 1.3 mm animals in May and 1.4 1.8 mm animals in October. By October, juveniles 

released in September had reached a length of 1.6 - 1.89 mm and were sexually 

dimorphic. 

Table 3.1: Mean average body length (rom) for all groups of P. excavatum at Brooklands 

Lagoon and Kairaki. 

Month Brooklands Lagoon Kairaki 

Males Females Gravid Juveniles Males Females Gravid Juveniles 

Mar-98 2.78 2.64 3.07 1.88 2.92 2.84 3.15 1.31 

Apr-98 3.06 2.63 3.06 1.76 3.00 2.61 3.08 1.73 

May-98 3.21 2.74 3.13 1.75 3.01 3.01 3.45 1.59 

Jun-98 3.16 3.21 3.49 1.88 3.60 3.18 3.76 1.97 

Jul-98 3.35 2.97 3.59 1.88 3.76 2.96 3.68 1.90 

Aug-98 3.02 3.39 3.87 1.75 3.46 3.13 3.87 1.71 

Sep-98 3.63 3.47 3.74 1.61 3.66 2.93 3.84 1.77 

Oct-98 3.35 3.24 3.32 1.31 3.51 3.05 3.71 1.51 

Nov-98 2.85 2.65 3.31 1.88 2.98 2.75 3.47 1.82 

Dec-98 3.12 2.65 3.16 1.79 3.09 2.63 3.43 1.73 

Jan-99 3.17 2.86 2.65 1.78 3.25 2.64 3.21 1.78 

Feb-99 2.81 2.52 2.92 1.63 2.66 2.53 3.13 1.79 

Mar-99 3.00 2.71 3.01 1.52 2.97 2.61 3.06 1.56 

Mean 3.12 2.90 3.26 1.72 3.22 2.84 3.45 1.70 

SD 0.24 0.32 0.34 0.17 0.34 0.22 0.30 0.17 

n 256 580 384 219 360 621 473 292 
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3.4.3 Mean Population Length 

The mean length distribution of P. excavatum populations at Brooklands Lagoon and 

Kairald were generally similar with slightly smaller animals found at Brooklands 

Lagoon (Table 3.1). The overall mean population length of P. excavatum is 2.80 mm 

at Brooklands Lagoon and 2.92 mm at Kairaki. Average population length was 

higher in late winter (from June to October) (Fig. 3.5) with mean population length of 

3.15 mm at Brooklands Lagoon and 3.29 mm at Kairald compared with the summer 

(November through to May) with an average mean length of 2.59 mm and 2.69 mm 

respectively (Table 3.1). Reduced average mean population in summer may be 

correlated with increasing numbers of juveniles entering the population (Fig. 3.6 & 

3.7). 

3.4.4 Size at Maturity 

In both population studied, all mature females and virtually all mature males (95%) 

could be distinguished from juveniles at length> 1.9 mm. The annual mean length of 

mature males at Brooklands Lagoon was 3.12 mm, 2.90 mm for mature females, 3.26 

mm for gravid females and 1.72 mm for juveniles. As for Kairald, the annual mean 

length was 3.22 mm, 2.84 mm, 3.45, and 1.70 respectively (Table 3.1). 

Mean length of mature and gravid females was relatively constant through time varied 

from 2.52 mm in February to 3.87 in August at Brooklands Lagoon and 2.61 mm in 

April to 3.87 mm in June at Kairald and. The mean length of mature males at 

Brooklands Lagoon and Kairald varied from 2.78 mm in March, 1999 to 3.63 mm in 

September and from 2.66 mm in February, 1999 to 3.18 mm in July respectively. 
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3.4.5 Reproduction 

3.4.5.1 Breeding and Recruitment 

The duration of the breeding period of P. excavatum was determined by plotting the 

number of gravid females each month as a percentage of the total female population 

(gravidity index) and by calculating the number of juveniles per month as a 

percentage of the total population (Fig. 3.8 & 3.9). Changes in the abundance of 

gravid females throughout the year clearly indicate a bivoltine cycle of reproductive 

activities with distinct peak during July through to October and another in March 

when gravid females comprised more than 50% of the female's popUlation. The 

gravidity index declined sharply during Apdl and November with very few gravid 

females recorded during May and June. Juveniles were represented in all monthly 

samples, making up more than 20% of the population for October and February, more 

than 15% in November tlu'ough to January and 55% during March. 

The number of ovigerous females began to increase in June, three months prior to the 

peak of recruitment, which occurs in September. This suggests the duration of egg 

development is less than three months in late autumn. The number of mature males 

also showed a strong seasonal fluctuation pattern that was not synchronous with that 

of ovigerous females. Mature males were abundant from June through the end of 

September. They were uncommon in October, when large numbers of females were 

present. The sex ratio favoured females in late spring through to early winter. 

3.4.5.2 Brood Size and Fecundity 

Female P. excavatum brooded between 1 - 20 embryos at Brooklands Lagoon and 

1 - 24 embryos at Kairaki and the mean brood size was 5.37 (SD = 0.473, n = 330) 

and 7.73 (SD :::: 0.513, n = 410) respectively. Figure (3.10 & 3.11) show that the 

mean fecundity was 3.21 for females of 2.8 mm in length at Brooldands Lagoon and 

3.89 eggs for females from Kairaki. Female with body length at 4.5 mm length, had 
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12.05 eggs at Brooklands Lagoon and 15.55 eggs at Kairaki. Overall, all length 

females from Kairaki had more eggs than those from Brooklands Lagoon. When 

averaged over the complete length range within each sampling period, fecundity 

varied from a minimum of 2.83 eggs/female in May, 1999 to 9.79 eggs/female in 

August, 1998 at Brooklands Lagoon. At Kairaki, minimum mean fecundity was 3.2 

eggs/female in May, 1998 to a maximum of 9.88 eggs/female in August, 1998. Table 

(3.2 - 3.4) showed that mean brood size and the length of gravid females at both sites 

tend to be smaller during summer (February to May) with gradual increase dming 

autumn reaching maxima in winter. Gravid female length declined again in summer 

and so does the mean brood for all development stages (I to IV). 

The diameter of freshly laid eggs (0.2 to 0.3 mm) was not influenced either by the 

total number laid per brood or by the of the maternal parent, although the number 

of eggs per brood was affected by female size. Fecundity increases with size and the 

relationship between the length of the female and the numbers of eggs following the 

relationship Y = 5.1876X 10.591 (r 0.75, p :::: 0.01) (Fig 3.10) at Brooklands 

Lagoon and Y :::: 6.4563X 10.042 (r 0.75, p :::: 0.01) (Fig 3.11) at Kairald. A 

linear relationship was obtained between brood number and female length grouped by 

season. All the regression lines were significant at 1 % leveL Seasonal correlation 

between size of gravid females with brood size at Brooklands Lagoon and at Kairaki 

shown respectively in (Fig. 3.10 a-d & 3.11 a-d). From the lines, which include eggs 

at various developmental stages, egg production varies seasonally low during the 

winter increasing in spring and high dming summer and autumn. 
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Table 3.2: Seasonal changes in the mean brood size (stage I - V) and mean size of gravid 
females. 

Brooklands Kairaki 
Date Mean female Mean brood Mean female Mean brood 

length (rnm) size Length (rnm) Size 

May-98 2.95 2.83 3.29 3.20 

Jun-98 3.33 5.21 3.59 6.70 

Jul-98 3.38 5.93 3.49 8.23 

Aug-98 3.70 9.79 3.70 9.88 

Sep-98 3.58 9.19 3.71 9.38 

Oct-98 3.15 5.47 3.51 9.54 

Nov-98 3.12 3.19 3.32 5.30 

Dec-98 2.98 5.38 3.25 7.57 

Jan-99 2.73 3.83 3.04 6.37 

Feb-99 2.75 3.96 2.97 5.95 

Mar-99 2.81 3.94 2.90 4.36 

Mean 3.13 5.34 3.34 6.95 

Table 3.3: Mean brood size (stage I - V) per female at Brooklands Lagoon. 
Bracket number of females. 

Month/Stages I II ill 3.7 N V 

Jun-98 5.50 (6) 5.80 (5) 6.00 (1) 3.50 (6) 10.00 (1) 

Jul-98 8.25 (4) 5.44 (9) 5.75 (4) 6.18 (11) 1.00 (1) 

Aug-98 12.00 (2) 9.40 (10) 9.00 (3) 10.25 (4) 0.00 (0) 

Sep-98 12.33 (12) 7.62 (13) 4.00 (2) 9.25 (4) 2.00 (1) 

Oct-98 5.11 (18) 5.00 (2) 7.00 (9) 6.33 (3) 1.00 (2) 

Nov-98 2.33 (3) 3.57 (7) 3.00 (1) 0.00 (0) 0.00 (0) 

Dec-98 6.25 (20) 4.88 (17) 4.57 (7) 5.50 (2) 3.00 (1) 

Jan-99 4.00 (18) 2.33 (3) 5.25 (4) 2.75 (4) 0.00 (0) 

Feb-99 4.14 (14) 3.75 (20) 4.00 (7) 3.17 (6) 10.00 (1) 

Mar-99 4.39 (18) 3.42 (19) 3.92 (13) 5.50(2) 0.00 (0) 

Mean 6.43 (11.5) 5.12 (10.5) 5.25 (5.1) 5.24 (4.2) 2.70 (0.7) 

SD 3.39 2.11 1.77 3.06 3.97 
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Table 3.4: Mean brood size (stage I - V) per female at Kairaki. 

Month/Stages I II ill IV V 

Jun-98 7.43 5.00 (1) 6.00 (4) 7.00 (1) 

Jul-98 10.25 (20) 6.60 (5) 9.25 (4) 7.22 (9) 2.00 (4) 

Aug-98 10.25 (8) 10.82 (22) 12.00 (4) 7.50 (14) 11.00 (2) 

Sep-98 7.33 (3) 10.78 (18) 6.13 (8) 8.80 (5) 0.00 (0) 

Oct-98 8.57 (7) 10.15 (20) 9.00 (4) 13.60 (5) 1.67 (3) 

Nov-98 5.67 (3) 5.46 (13) 4.40 (5) 6.00 (2) 0.00 (0) 

Dec-98 7.82 (17) 8.45 (11) 6.83 (6) 5.00 (2) 0.00 (0) 

Jan-99 6.11 (19) 6.29 (21) 0.00 (0) 11.50(2) 3.00 (1) 

Feb-99 6.00 (28) 6.36 (11) 6.50 (2) 2.00 (1) 1.00 (1) 

Mar-99 4.14 (7) 4.55 (20) 5.00 (1) 0.00 (0) 3.00 (2) 

Mean 7.36 (11.9) 7.62 (15.7) 6.41 (3.5) 6.76 (4.4) 2.87 (1.4) 

SD 1.97 2.27 3.26 4.04 3.55 

Mortality 

Table presents the mean brood size at each developmental stage for all gravid 

females at Brooklands Lagoon and Kairaki. Brood mortality was calculated between 

the first stage and the average mean of stage 2 through to stage 4, because stage 1 

contained most embryos and stage 2 through to stage 4 has very similar mean value. 

P. excavatum thus surprisingly suffers very little brood mortality for a small species 

producing high numbers of eggs per brood. Both sites shows very little brood 

mortality between stage 1 through to stage 4 with only 19.1 % brood mortality at 

Brooklands Lagoon and 5.84% at Kairaki. 

There is some indication of seasonal differences in brood mortality and that different 

sized female loose different proportion of their broods, but data were inadequate for 

analysis of these questions. 
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Table 3.5: Mean brood size per female at each stage of embryonic development for 
P. excavatum. 

Developmental stages 

Brooklands Lagoon Kairaki 

I IT III IV V I IT III IV V 

Mean 6.43 5.12 5.25 5.24 4.00 7.36 7.62 6.41 6.76 3.67 

SD 1.97 2.27 3.26 4.04 3.67 3.40 2.11 1.77 3.06 3.97 

SE 0.62 0.72 2.21 2.53 0.60 1.07 0.67 0.56 0.97 1.26 

n 119 157 35 44 27 115 105 51 42 7 

Ratio 
The mean P. excavatum population sex ratio (male: female) was 1 : 3.89 (n = 255 

992), or about 3.9 females for every male at Brooklands Lagoon and was 1 : 3.04 (n = 

360: 1093), or about 3.04 females per male at Kairald. Females were more abundant 

than males at all sizes throughout the year. Seasonal fluctuations in the population 

sex ratio (Table 3.6) follow the pattern and magnitude of the seasonal density or 

recruits in the population. Peaks in the sex ratio, or increases in the proportion of 

males, occurred in preceded during early winter with recruitment period and male 

frequency decreased sharply before or with the decline in recruitment. Thus a 

significant correlation (r = 0.326, p = 0.01) for Brooklands Lagoon (Fig. 3.12) and (r 

= 0.508, p = 0.01) for Kairald (Fig. 3.13) was established between sex ratio and the 

density of new recruits. 

Similarly, there was a trend between the numbers of mature males and frequency of 

gravid females about one month later for Kairald throughout the year (Fig. 3.14) 

while at Brooklands Lagoon the trend follow more closely only during winter (Fig. 

3.15). 
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Table 3.6: Sex ratio of mature P. excavatum at Brooklands Lagoon and Kairaki. 

Brooklands Lagoon Kairaki 
Date/Site (Male: Female) (Male: Female) 

Mar-98 1:9.4 (n == 5:47) 1:7.4 (n == 11:81) 

Apr-98 1: 11.3 (n:=: 6:68) 1:21.7 (n==3:65) 

May-98 1:3.5 (n:=: 21:73) 1:2.3 (n:=: 33:77) 

Jun-98 1:1.8 (n==41:73) 1:1.2 (n == 74:89) 

Jul-98 1:2.4 (n:=: 35:83) 1:1.9 (n==51:100) 

Aug-98 1:2.2 (n:::: 21:46) 1:2.9 (n == 31:90) 

Sep-98 1:4.6 (n =12:55) 1:2.2 (n:=: 34:76) 

Oct-98 1:6.3 (n 13:82) 1:4.1 (n:::: 17:70) 

Nov-98 1:4.6 (n:=: 15:69) 1:5.3 (n == 15:80) 

Dec-98 1:7.3 (n = 16: 116) 1:3.6 (n = 30:107) 

Jan-99 1:3.6 (n:::: 27:98) 1:6.1 (n:::: 15:92) 

Feb-99 1:3.3 (n:=: 30:98) 1:2.9 (n:=: 33:95) 

Mar-99 1:6.5 (n =13:84) 1:5.5 (n == 13:71) 
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Figure 3.1: Seasonal changes in mean (± SE) density of P. excavatum at Brooklands 
Lagoon. 
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Figure 3.2: Seasonal changes in mean (± SE) density of P. excavatum at Kairaki. 
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Figure 3.3: Abundance, availability and length frequency of males, females 
gravid females and juveniles of P. excavatumcollected monthly from March, 
1998 to March, 1999 at Brooklands Lagoon. Black::: males; white.:::::: females; 
grey:::: gravid females; strips:::: juveniles. X-axis if the size of amphipods 
categorised into every 0.38 mm. y. axiz represents the percentage of 
amphipod in the population. (n:::: number of total specimens) 
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Figure 3.4: Abundance, availability and length frequency of males, females 
gravid females and juveniles of P. excavatumcollected monthly from March, 

1998 to March, 1999 at KairakL Black = males; white = females; 

grey = gravid females; strips = juveniles. X-axis if the size of amphipods 
categorised into every 0.38 mm. Y - axiz represents the percentage of 
amphipod in the population. (n number of total specimens) 
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FiQure 3.5: Mean averaQe lenJ:lth of P. excavatumat 8rooklands laJ:loon and Kairaki. 

4~--------------------------------------------~ 

3+Om-----__ r-7-------------~~----------------~ 

2+-------~----------------------------------~~ 

1 +---------------------------------------------~ 

o N D ~991 F M 

2.897 2.681 2.902 3.442 3.305 3.398 3.337 i 3.003 2.794 2.825 2.74 2.531 2.132 
Months 

Figure 3.6: Total numbers of individuals at Brooklands lagoon. 
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Figure 3.7: Total numbers of individuals at Kairaki. 
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Figure 3.8: Percentage of gravid females and juveniles at Brooklands Lagoon. 
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Figure 3.9: Percentage numbers of gravid females and juveniles at Kairaki. 
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Figure 3.1 Oa: Correlation between size of gravid females and brood size at Brooklands Lagt 
from May to July. 
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Figure 3.10b: Correlation between size of gravid females and brood size at Brooklands Lagl 
from August to October. 
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Figure 3.1 Oc: Correlation between 
from November to January 1999. 
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Figure 3.1 Od: Correlation between size of gravid females and brood size at Brooklands Lage 
from February to March 1999. 
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Figure 3.11: Mean brood size per female at Kairaki (all months and stages combined) 
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Figure 3.11 a: Correlation between size of gravid females and brood size at Kai raki from Ma 
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Figure 3.11 b: Correlation between 
from August to October 1998. 

of gravid females and brood size at Kairaki 
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Figure 3.11c: Correlation between size of gravid females and brood size at Kairaki 
from Novermber to January 1999. 
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Figure 3.11d: Correlation between size of gravid females and brood size at Kairaki 
from February to March 1999. 
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FiQure 3.12: Sex ratio of and juveniles of P. excavatum at Brooklands Laqoon. 

60.---------------------------------------------~ 

I/) 

"ffi 
::::I 40 u 

:2: 
u 
.5 .... 
0 

l!! 
(\) 
.0 20 E 
::::I 
Z 

0 
M-98 A M J J A S 0 N 0 J-99 F M 

i-+-male 5 6 21 41 35 21 12 13 15 16 27 30 14 

-a-'uvenile 1 30 9 5 2 9 17 22 14 21 8 48 33 

Months 



("'''',~~~,~r Four: Sediment Test 

Fi~ure 3.13: Sex ratio of males and juveniles of P. excavatum at Kairaki. 
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Fi~ure 3.14: Sex ratio of males and ~ravid females of P. excavatum at 
Brooklands Lagoon. 
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Figure 3.15: Sex ratio of males and gravid females of P. excavatum at Kairaki. 
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3.5 DISCUSSION 

The life history of P. excavatum can be characterised by faster-growing, annual, 

iteroporous (reproduces more than once during its life time), bivoltine (producing two 

broods in a year), females ovigerous throughout the year and thelygenous (female biased) 

population. 

Seasonally the mean population density of P. excavatum at both Brooldands Lagoon and 

Kairaki follows the expected pattern of highest densities during summer and lowest 

during spring. The population densities do not fluctuate widely over the year from lowest 

density of only 875.79 per 0.1 m2 to 1754.77 per 0.1 m2
• Overall mean densities for 

Brooklands Lagoon and Kairaki were 1446.75 per 0.1 m2 and 1237.92 per 0.1 m2 

respectively. Population density of P. excavatum was lower when compared with 

Corophium volutator in Sweden with mean population density of 3158.12 per 0.1 m2 

(Moller Rosenberg 1982) and Paracorophium excavatum in Otago Peninsula (New 

Zealand) mean population density of and 2939.52 per 0.1 m2 respectively (Ford 1998; 

personal communication). 

The pattern of embryonic development observed in P. excavatum is similar to other 

amphipods (Dahl 1946; Steele 1967; Steele & Steele 1969; Sheader & Chia 1970; 

Williams 1978). Number of eggs carried by an incubating P. excavatum female 

varies considerably with length. Result shows a linear relationship between numbers 

of eggs per female with overall female length. Cheng (1942) and Berg (1948) noted 

that this is usually experienced in other species of amphipod. A similar linear 

relationship has been recorded in Gammarus duebeni (Steele & Steele 1969), 

Gammarus setosus (Steele & Steele 1970), CheirimedonJemoratus and Tryphosella 

kergueleni (Bregazzi 1972) and Bathyporeia pelagica and Bathyporeia pilosa (Fish 

1975). 
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The average brood number decreased during the incubation period, with a mean 

percentage of brood mortality between developmental stages 1 and mean average of 

developmental stages 2 through to 4 of 19.1 % at Brooklands Lagoon and only 4.84% 

at Kairaki. These value is considered rather low over the similar developmental range 

i.e. initialc1eavage (stage 1) through to hatching, of 37.7% brood mOliality reported 

for Marinogammarus marin us by Vlasblom (1969) and values of approximately 25% 

and 50% in Orchestia platensis and Orchestia gammarella respectively (Dahl 1946). 

Bregazzi (1972) reported that Cheirimedon experienced approximately 22% brood 

mortality while Fish (1975) reported a brood mortality of 27% in Bathyporeia pilosa. 

However low brood mortality in Gammants pulex pulex and Gammarus lacustris was 

experienced throughout their eggs development stages (Hynes 1954, 1955). 

Results show no statistically significant difference in the degree of brood mortality 

recorded in P. excavatum between the earlier and later development stages. This 

finding was similar to those found in Jaera (Jones & Naylor 1971) and TalUrus 

sa ltator (Williams 1978). However, this contrast with the apparently 

disproportionate increases in the brood mortality of the motile stages of isopod 

Tryphosella kergueleni and Cheirimedonfemoratus (Bregazzi 1972). In sllch cases, 

it seems likely that handling and preservation induced some premature losses of 

juveniles from brood pouches. In the present study the laboratory sorting procedure 

has enabled gravid females to be more easily identified and preserved, to preclude any 

possible artificial release of juveniles. 

Ovigerous females of P. excavatum are found in all seasons and in all of the samples 

at both localities and that there is no evidence of a resting stage suggests that breeding 

continue throughout the year in both localities. This was also found in amphipod 

Stegocephalus inflatus Kroyer (Steele 1967). 
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The number of gravid females per month (gravidity index) gave the most reliable 

estimate of the duration of the breeding season of P. excavatum which exhibits a 

simple, bivoltine reproductive cycle with gravid females occurring throu&hout the 

year. This has been reported for some British populations by Hynes (1955). Three 

generations were present in the samples throughout most of the year and during the 

late autumn (March and April). The change in sex ratio suggests that males die 

before females. Although the life span of P. excavatum is still unknown, males and 

females are estimated to live approximately a year. However females are thought to 

live longer than males, a similar feature also noted by Hynes (1955) for female 

Gammarus pulex pulex. 

The sex ratio dominated by females recorded in P. excavatum is uncommon in other 

populations of amphipods (Hynes 1955; Wildish 1971, 1977; Williams 1978; 

Moller & Rosenberg 1982; Fenwick 1983). Wildish (1970) observed an 

approximately 1 : 1 ratio in Orchestia mediterranea, Dexter (1971) reported a 1 : 1.25 

(males: females) ratio in Neohaustorius schmitzi and Tamura & Koseki (1974) 

reported a 1 : 1.43 (males : females) ratio in the euterrestrial Orchestia platensis 

japonica. Jones and Wigham (1993) also reported a higher female sex ratio in 

Orchestia gammarellus, except during breeding season. 

These relationships suggest that male puberty and maturity is carefully timed to 

preceed breeding periods so that mature males are available for mating as required. 

Further, male availability may limit the proportion of females that become gravid and 

ultimately determine the numbers of recruits produced and thus the potential rate of 

population growth. 

In conclusion, the life history of P. excavatum is unusual compared with many other 

amphipods. When temperature increase during September and October, P. 
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excavatum begin to breed heavily and continue to do so until November or a little 

later. The new generation grows during spring and reach maturity in December and 

January. Breeding recommences again in January and steadily increases until March 

(early autumn). When temperature starts to fall steeply in autumn, breeding decreased 

throughout late autumn through to winter, where the popUlation will decrease its 

reproductive activities. 
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4 Chapter Four 

Sediment Toxicity Test 

4.1 INTRODUCTION 

Metals occur naturally in seawater and many, such as Cu, Co, Fe, Mn, Ni, Se, V, and 

Zn, are used for essential purposes by marine organisms (Rainbow 1985). In 

evolving mechanisms for the sequestration, transport, and utilisation of these metals, 

the biota has developed a general capacity for metal tolerance (Rainbow & Furness 

1990). Once the assimilative capacity (threshold) of the system is overloaded, 

however, either by an excess of essential metal, or by the presence of unusually high 

levels of the rarer non essential metals such as Ag, Cd, Hg, and Pb, deleterious effects 

may occur (Furness & Rainbow 1990; Nelson et al. 1988). 

Trace metals are directly toxic to aquatic orgamsms and are also significantly 

accumulated by many marine and estuaries species (Ahsanullah & Williams 1991; 

Ahsanullah et aI. 1981,1984). This give rise to concern both with respect to the 

possible detrimental effects of metals on coastal resources, and in term of the potential 

impacts of metals on human health (Langston 1990). Monitoring programs are, 
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therefore, required to establish both spatial and temporal trends in metal abundance 

and bioavailability in estuaries and other coastal waters (Amriad et ai. 1986; Bat & 

Raffaelli 1998) 

Such monitoring could rely upon the quantification of metals in the waters 

themselves, in the underlying sediments, or in organisms (Phillips 1977; Prosi 1981 ; 

Thompson et ai. 1984). It is now generally held that the analysis of water for metals 

suffers from several disadvantages (Phillips 1977, 1980; Waldichuk 1985). Thus, 

metal concentrations are very low in natural waters and are difficult to quantify while 

avoiding extraneous contamination (Bmland et al 1978a, Bmland et al 1978b). 

Temporal variability is also a problem, rendering mean levels of pollutants difficult to 

determine (Boyden et ai 1979). There is also no definite relationship between metals 

in "soluble" and "particulate" fractions of natural waters and their availabilities to 

organisms (Florence 1982). 

Many pollutants released into the marine environment eventually accumulate in 

sediments. Many of these contaminants are persistent and can exert toxic effects on 

benthic organisms for years after their initial discharges therefore sediments have 

become both sink and a source of contamination to marine ecosystems (DeWitt et ai. 

1992). The monitoring of metals in coastal environments by the analysis of sediments 

offers several advantages over the use of water, particularly in terms of providing 

time-averaged values for pollutant abundance. However, it is difficult to account for 

the effects of particle size and organic carbon content of sediments metal levels 

(Phillips 1977). In addition, no simple method exists to determine the 

bioavailabilities of metals in sediments (Ayling 1974; Luoma & Bryan 1978), 

As a result of these problems, the use of organisms is now the most widely employed, 

method to monitor trace elements in coastal waters (Phillips 1977, Waldichuk 1985; 

Nelson & Donkin 1985). Organisms employed to quantify pollutant abundance or 
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bioavailability by virtue of their tissue concentrations of contaminants have been 

referred to as bio-indicators (employed for species whose presence or absence in 

certain environments is indicative of the impacts of pollution or other factors) and bio

monitors (organisms which accumulates contaminants in their tissues, and may 

therefore be analysed to identify the abundances and bio-availabilities of such 

contaminants in aquatic environments). 

Benthic animals are particularly vulnerable to toxic compounds, given their close 

contact with sediment particles and interstitial water for extended pedods of their life 

cycle (Traunspurger & Drews 1996), Trace metals are generally more concentrated 

in marine organisms than in the surrounding seawater and concentration factors may 

reach many thousand folds (Wright & Zamuda 1987), Marine organisms are obligate 

accumulators of metabolically essential metal like copper, zinc and iron but also 

accumulate non-essential metals such as cadmium and lead, possibly via transport 

pathways common to essential metals (Phillips 1980; Widdows 1993). 

Heavy metals are accumulated by many marine organisms to very high tissue and 

hence body concentrations. These accumulated concentrations are easily measured, 

not liable to contamination, and provide a time-integrated measur.e of metal supply 

over weeks, months, or even years, according to the species analysed (Widdows 

1993). Most significantly, the metal accumulated is time-integrated measure of the 

supply of bioavailable metal, as opposed to total metal. Thus the fraction of metal of 

direct ecotoxicological relevance is measured unambiguously (Eisler 1981). 

One methods of assessing the ecological impacts of contaminated sediment is with 

sediment toxicity bioassay. Single species bioassays have shown indisputably that 

contaminants in sediments can affect the survival of sensitive benthic species (Luoma 

& Carter 1993), Such organisms are biomonitors and are now used widely to 
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establish geographical and temporal vruiations in the bioavailable concentrations of 

heavy metals in coastal and esturulne waters (Bryan et al. 1985, Phillips 1980, 

Phillips & Rainbow 1993). 

The potential of marine organisms, especially invertebrates, to concentrate· trace 

metals has prompted their use as monitors of metal concentrations in estuarine and 

coastal environments (Bryan et al. 1980; Phillips, 1976, 1980), and a large volume of 

data has been accumulated (Eisler 1981). Swartz et al. (1988) concluded that acute 

toxicity tests· with the photocephalid amphipod Rhepoxynius abronius could be used 

to rank marine sediments according to their relative toxicity. Such laboratory 

assessments hence prove useful in estimating potential biological effects of multiple 

contaminants in field collected sediments. Thus, sediment toxicity bioassays ru'e able 

to provide direct quantifiable evidence of the biological consequences of 

contamination (Schlekat et al. 1992). 

With increased awareness of the extent and nature of chemical contamination of 

marine sediments, a great deal of research has been carried out since 1980s to assess 

the effects of contaminations on benthic biota, Sediment toxicity tests have become a 

valuable tool in such assessments (Chapman et al. 1991). Although sediments 

toxicity bioassays are relatively new, with testing guidelines and protocols only 

recently developed (ASTM 1990), amphipod bioassays have proven to be a powerful 

tool in the study of sediment related toxicity (Luoma & Carter 1993). In the United 

States, sediment toxicity bioassays are now becoming a recognised and integrated 

regulatory requirements in assessing the toxicity of aquatic sediments in sediment 

contamination assessment (PSDDA 1989; ASTM 1990; US EPA & US COE 

1991). 
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Aquatic organisms such as mussels (Mytilus), oysters (Ostrea and Crassostrea), 

bivalves (clams; Serobieularia plana and Maeoma balthiea), polychaetes (Nereis 

diversieolor) and cmstaceans (barnacles and amphipods) have been widely used as 

biomonitors of trace metals. Bio-monitoring studies occurring over wide 

geographical areas which include those in Scandinavia (phillips 1978), France 

(Claisse 1989), USA (O'Connor 1992), UK (Bat & Raffaelli 1998), Hong Kong 

(Phillips & Yim 1981), Australia (Klumpp & Burdon-Jones 1982), Thailand 

(Phillips & Muttarasin 1985) and New Zealand (Nipper et ai. 1997). 

Amphipods also exhibit considerable promise as coastal biomonitors of trace metals 

(Roper & Hickey 1992). Orehestia gammarellus has been studies extensively in 

Britain (Rainbow et at. 1989; Moore et al. 1991), and appears to be an efficient bio

monitor for copper and zinc in Blitish coastal waters. Similar results have been 

reported for the amphipods Orehestia temtis and Talorchetia quoyana in New 

Zealand (Rainbow et at. 1993). Laboratory experiments in Hong Kong (Rainbow 

1992) have shown that Platoehestia platensis accumulates copper and zinc and that 

moult cycle does not significantly affect the body concentration of either metals. 

Field surveys in Hong Kong (Rainbow 1992) and in Denmark (Weeks 1992) have 

confinned that P. platensis can be used to identify coastal areas of raised copper and 

zinc bioavailabilities. 

Amphipods are used in three main ways; as a natural indicators (Conradi et al. 1997), 

biomonitors of toxin levels within sediments (Rainbow 1995) and in bioassays test to 

evalllate the toxicity of contaminated sediments (DeWitt et al. 1988). Nipper and 

Roper (1995) assessed the sensitivity of the amphipod Chaetoeorophium cf [ueasi, an 

inhibitant of New Zealand muddy sediments, commonly found in New Zealand 

sandfiats, to sediment particle size distdbution, total organic carbon, total organic 

nitrogen and water content. Recently in New Zealand, amphipod Chaetocorophium 



Four: Sediment Test 

cf lucasi has been employed by Mischewski (1994) and Nipper et al. (1997) for 

sediment toxicity testing. 

This study assessed the sensitivity of the amphipod P. excavatum, an inhibitant of 

Canterbury estuarine mudflats region (Knox & Kilner 1973). P.excavatum were 

used in a 10 day sediment tolerance experiments, to assess the potential acute toxicity 

of field collected contaminated sediments from eight sample sites in the Avon

Heathcote . Estuary, Canterbury and in copper toxicity eXpel1ment to assess P. 

excavatum sensitivity towards copper contaminated sediment. 

4.1.1 Copper - An Overview 

Copper (Cu) is a common contaminant in coastal waters, particularly in industrialised 

bays, fjords and estuaries (Duinker & Nolting 1982; Salomons and Forstner 1984). 

Cu is also used ~n antifouling paints and for impregnation of nets used in fish farming 

(Schmidt 1978). Because of its widespread use, Cu is one of the most common 

envirorunental pollutants (Brown & Rattingan 1979; Sadiq 1992). High eu-Ievels 

(200-2000 mg kg_l dry weight, ppm) in the sediment are known to be toxic to aquatic 

animals including meio- and macrofauna (Zamuda et al. 1985; Austen et al. 1994; 

Morrisey et al. 1996; Austen & Somelfield 1997). Field data from macrobenthic 

investigations has shown that at community level Cu is probably more toxic than e.g. 

cadmium (Cd), zinc (Zn) and lead (Pb) at comparative concentration levels (Rygg 

1985). It is therefore of importance to study possible effects of elevated levels of Cu 

in the marine envirorunent. Copper ions readily form complexes with organic 

materials and also bind to particles of sediment, and much of the copper entering 

coastal envirorunent will therefore become incorporated into the sediments of those 

envirorunents (Bryan & Langston 1992). 
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4.2 MATERIALS AND METHODS 

4.2.1 Animal Collection 

Stocks of P. excavatum used in all the experiments were collected during low tide 

from the sandbank of site 2, close to the Avon River where they occur at high 

densities throughout the year. The sediment at this locality is 43% sand and 57% mud 

and with a mean organic carbon content of 1.6%. Amphipods were extracted from 

the mud by elutriation of the sediment with diluted filtered seawater (20 ± 0.1°/00), 

which was' then gently poured through a 0.5 mm mesh screen retaining amphipods. 

The content of the sieve was noted and any crabs, snails, cockles, worms and large 

debris were removed. Active amphipods were removed from the sieve using a wide

bore 3 m1 disposable plastic pipette. Amphipods used for testing were of uniform size 

(3 to 5 mm total body length), healthy and active with no obvious damage. They were 

then held in pasteudsed seawater in a holding tank for acclimatisation to the test 

temperature and salinity (15 ± 1°C, 20 ± 0.1%
0) for a peliod of seven days before 

being used in any experiments. All test animals were fed twice a week with 0.1 g 

TetraMin mixed with 25 m1 mature Isochrysis culture prior experiments. 

4.2.2 Experimental set 1: 10-day sediment tolerance test. 

4.2.2.1 Test Sediments 
Control sediment was collected from the P. excavatum collection site in A von-

Heathcote Estuary to provide a relatively non-toxic reference sediment. Eight 

sediment samples were collected from the Avon-Heathcote Estuary. One sediment 

sample was collected from each site. Please refer to Chapter 2 for further descriptions 

of each sampling site. 

Samples were collected at low tide near the river channel from the top 1-2 cm of the 

sediment using a clean plastic scoop. Sediment was then passed through a 300 urn 
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mesh screen to remove macrofauna which also served to homogenise samples. They 

were stored at 4 ± 1 DC in the dark temperature control room prior to testing. 

Sediments were collected no more than 3 days before testing. In addition, a sub

samples of each tested sediment were analysed for copper as described in Section 2.3. 

Experimental Procedures 
Exposure periods of 10 days were used in this experiment. The sediment toxicity test 

was conducted in glass jars test chamber (90 mm in diameter, 80 mm deep). A two 

cm layer of test sediment was added to the bottom of each test chamber and covered 

with 250 m1 of pasteurised seawater salinity of 20 ± 0.1 0
100, Test chambers were 

covered with plastic to prevent evaporation and aerial contamination, then allowed to 

equilibrate overnight in a constant temperature room at 15 ± 10C with a 12: 12 

light/dark photoperiod. Aeration was provided to all chambers via micro-aeration 

tubing connected to an oil-free aeration pump. Four replicates of 10 amphipods were 

used for each sediment. Amphipods were not fed nor test waters changed during the 

10 day experimental periods. Experimental parameters (salinity and temperature) 

were monitored for the duration of the experiment. 

At the end of the 10 days experiments, all surviving amphipods were retrieved from 

sediments by gently wet sieving individual replicates using 300 um mesh screen in 20 

± 0.1 0/00 seawater. Amphipods retained on the sieve were rinsed into sorting trays for 

counting. Inactive amphipods were examined by gentle prodding with a pipette to 

elicit movement. Individuals failing to show signs of life were considered dead, as 

were any missing amphipods (ASTM 1993). Numbers of alive and dead amphipods 

from each four replicates were recorded for calculation of mean survival in each 

tested sediment. 
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The ability of P. excavatum to rebury in clean sediment at the termination of 

experiment was used to discriminate such modbund individuals from healthy, active 

ones. At the end of the 10-day period, live P. excavatum were transferred to 

containers containing clean sediment and clean seawater and the number able to 

rebury within 1 h was recorded (Swartz et al. 1985a, b, c). 

4.2.3 Experimental set 2: P. excavatum Bioassay Protocol. 

4.2.3.1 Test Sediments 

Intertidal sediment was collected to a depth of two em from an area known to be clean 

and low in heavy metals (Christchmch Drainage Board Report 1998) and which has 

historically supported a healthy population of P. excavatum. The sediment was 

washed through a 0.5 mm mesh sieve into a acid-washed plastic holding tank in order 

to remove any associated macrofauna and any larger sediment particles, then washed 

again through a mesh of 0.3 mm to ensure a standard particle size of < 0.3 rum for 

metal toxicity experiments. 

Sediments were stirred and rinsed three times with filtered seawater, then allowed to 

stand for 24 homs in seawater salinity of 20 ± 0.10
/00 at 4 ± 1°C in dark temperahlre 

control room. After that time, the overlying water was then pomed off and the 

sediment placed in containers. These sediments were then treated by vigorously 

shaking with solution of copper (prepared from CuS04.5H20). Sediments with 

different concentrations of metals were achieved through serial dilutions of the metal 

stock solutions. Mixing time was limited to 3 - 4 hour period at a temperature close to 

4 ± l°e. Control sediments were treated as above with uncontaminated pasteurised 

seawater (ASTM 1991). After mixing, the sediments were left overnight at 4 ± 1°C 

where after treated and control sediment supernatants were poured off. 
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Experimental Procedure 

This was based on that outlined by the American Society for Testing and Materials 

(ASTM) (1990) and the US Environmental Protection Agency and the US Almy 

Corps of Engineers (EPA/COE) (1991), as developed by Swartz et ai. (1985b). Test 

and control sediments approximately 250 ± 10 g were then placed in the bioassay 

acid-washed Pyrex glass test chambers to which pasteurised seawater salinity (20 ± 

0.1°/00) was added to 0.5 cm from the top to allow sediment and water to equilibrate to 

test conditions and to allow suspended sediment to settle before adding test animals 

(DeWitt et ai. 1989). 

All seawater used for the experiments was collected from the Lyttelton Harbour and 

stored in a large reservoir tank filtered to remove suspended material and organisms. 

All seawater used in this experiments was pasteudsed by heating to 60°C for 1 hour 

and continually aerated in order to maintain the dissolved oxygen levels above 60% of 

the air saturation value (ASTM 1991). Temperature, dissolved oxygen and salinity 

were measured in all experiments and the set-up of the experiments ensured that all 

replicates and treatments were exposed to the same factors. 

All replicate containers were covered by black matedal to exclude direct light, except 

from light directly above. After adding 2 cm depth of test or control sediments and 

pasteudsed seawater was added to bioassay containers and the sediment surface was 

smoothed. Aeration was at a rate of approximately three to five bubbles per second 

achieved through using a Pasteur pipette without disturbing the sediment surface. The 

experimental set-up was maintained under constant aeration for 24 hours prior to any 

P. excavatum were added. 

Twenty P. excavatum were randomly selected from the acid-washed plastic holding 

cultures and placed into each replicate test chamber using a wide mouthed pipette. P. 
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excavatum were exposed to concentrations of nominal 16, 25, 33,40,57 and 101 Ilg 

i 1 Cu and clean sediment (control) for a period of ten days. There were three 

replicates per concentration. The range of copper used was based on previous work 

with amphipod, Corophium volutator by Bat & Raffaelli (1998). One hour after 

introducing P. excavatum into the test chambers, any P. excavatum that was dead or 

showed abnormal behaviour were removed and replaced. Food was not supplied 

during the course of the experiments nor were the test solutions changed. 

The photoperiod was 12 : 12 hour light: dark. All P. excavatum used in this 

experiment were adults (3 5 mm) and its density in the test chamber was much less 

than that from the collection site, so the overcrowding effects was eliminated. During 

the course of the experiment, test chambers were checked every 24 hours for 10 days 

and any dead or emerging P. excavatum was recorded and removed. Experimental 

parameters of salinity and temperature were also monitored daily. 

Three response criteria - survival, emergence from sediment and ability to rebury -

were examined. Each container was examined daily and any dead organisms 

recorded but not replaced. During the course of the bioassays the number of P. 

excavatum that emerged from the sediment, either floating on the water surface or 

lying on the top of the sediment was also recorded daily. The ability of P. excavatum 

to rebury in clean sediment at the termination of each bioassay was used as was 

described earlier in acute sediment toxicity test to discriminate such moribund 

individuals from healthy, active ones. 

At the end of the experimental period, amphipods were retrieved in a five steps 

method described by Ingersoll and Nelson (1990). Approximately 500 ml of 

overlying water was poured through a 350J-lm sieve cup. The remaining water was 

swirled to suspend the upper 1 cm of sediment. This suspension was poured through 
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the sieve cup together with remaining sediment. All contents remaining on the sieves 

was rinsed into sorting pans, where amphipods were recorded as alive or dead. Those 

individuals missing or exhibiting no movement of limbs or antennae after gentle 

prodding with a blunt probe were considered dead. Sediment samples were taken for 

metal (Cu) analysis, the remaining sediment was sieved and all living P. excavatum 

transferred to clean seawater without sediment.· Individuals were then analysed for 

the total copper content of their body tissues as described below. 

4.2.4 Analysis of Metal 

1 Tissue and Sediments Preparation 

At the end of the bioassay test period, surviving P. excavatum were rinsed in double

distilled water. Samples were dried to constant weight at 70°C, weighted and 

completely dissolved in concentrated nitric acid at SOoC. After digestion, the samples 

were diluted with distilled water and filtered through Whatman filter paper for 

analysis on a Varian SpectrAAIO atomic absorption spectrophotometry (AAS) system 

(Cresser 1994). 

A pre-weighed sample of the wet sediment was added to four mI of concentrated 

nitric acid (1 + 1 HN03) and lOmL of concentrated hydrochloric acid (1 + 4 HCI). 

Digestion mixtures were heated and reflux for 30 minutes to dryness on a hot plate set 

at 80°C. After digestion, the beakers were removed from the hot plate and allowed to 

cool, the residue dissolved in concentrated nitric acid (1 mI per 1 g of dry sediment or 

cast), diluted with double-distilled water and made up to 10 mI. Centrifuge the 

sample and allowed to stand overnight to separate insoluble material for analysis. 
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4.3 RESULTS 

4.3.1 Experimental set 1: 10-day Sediment Tolerance Test. 

1.1 Test Sediments 

Details of the physical and chemical characteristics of the sediments used in the 

experiments are summarised in Chapter 2 (Table 2.2). The mean temperature during 

the experimental period in all experiments was 15 ± 0.50C and salinity was 20 ± 

0.2°/00. Sediment collected from all the test sediments were measured at the end of the 

10-day sediment tolerance test. The sediment collected from contaminated sites 

tended to have higher concentrations of copper and ranged from 1.42- 5.41 Ilg g-l Cu 

wet wt fi'om site 7 and 6 respectively (Table 4.1). ill tenn of copper contamination, 

the most contaminated sites were at site 6 where it is close to the Heathcote River and 

site 9, opposite the Oxidation Ponds. 

Table 4.1: Concentrations of copper (gg t 1
) measured in test sediments. 

Site Sediment concentration 
wet wt. 

2 (Control) 2.68 
3 2.11 
4 4.77 
5 3.33 
6 5.41 
7 1.42 
8 2.14 
9 4.31 

10 3.54 

4.3.1.2 Survival 

Overall mean survival in all the site 2 (controls) was 95% (SD = 1.15), demonstrating 

that the holding facilities, water, control sediment and handling techniques were 
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acceptable for conducting the 10-day sediment tolerant test, as required in the 

standard EP AlCOE protocol, where mean survival should be ;::: 90%. 

Survival of P. excavatum was above 70% in all sediments (Table 4.2). Survival of P. 

excavatum was highest in site 3 with a 100% (SD = 0.00) survivors. Test sediments 

from site 7 and 9 (refer Chapter 2 for further site descriptions) were considered to be 

most intolerable to the amphipods, with decreased survival rate of 70% (SD = 0.00) 

and 67.5% (SD = 2.52) respectively in 10-day sediment toxicity test. 

There was no significant difference (p = 0.99) in mean survival between replicates 

(Table 4.2). P. excavatum survival and mortality was not significantly correlated to 

sediment type (p = 0.99,/= 0.06) nor copper content of sediment (p;::: 0.99,/= 0.01). 

Table 4.2: The number of P. excavatum surviving in test and control sediment after lO-days 
exposure. Statistical similarity of survival between replicates was tested by ANOV A: Single 
Factor. NS::::: not 

Site Number of survivors 

Rep. 1 Rep. 2 Rep.3 RepA Survivors SD Significance 

2 20 18 20 18 9S LIS P>O.OS (NS) 

3 20 20 20 20 100 0 P>O.OS (NS) 

4 18 18 18 16 87.5 1 P> O.OS (NS) 

S 18 18 18 16 87.S 1 P> O.OS (NS) 

6 16 16 18 14 80 1.63 P> O.OS (NS) 

7 14 14 14 14 70 0 P>O.OS (NS) 

8 18 20 16 14 8S 2.59 P>O.OS (NS) 

9 14 16 10 14 67.5 2.52 P>O.OS (NS) 

10 18 16 16 16 82.5 1 P>O.OS (NS) 
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4.3. 1 Reburial 

Of the 95% surviving in the control sediment, all were able to rebury. Overall 

reburial of surviving amphipods from test sediments following the 10-day exposure 

period was high with ;;::: 80% reburial in all sediments. However, ability to reburial 

was considerably low of only 33% for those surviving amphipods from test sediment 

site 9. Overall, 604 survivors in the sediment tolerance test 538 (89%) were able to 

rebury at the end of the 10 day period (Fig. 4.1). 

4.3.2 Experimental set 2: Copper Toxicity Test. 

1 Survival 

Overall mean survival in all the control was 92%, demonstrating that the holding 

facilities, seawater, control sediment and handling techniques were acceptable for 

conducting such test, as required in the standard EP AlCOE protocol where mean 

survival should be ;;::: 90%. 

Mortality of amphipods increased with increasing copper sediment concentrations (y 

-0.7764x + 91.83, r = 0.98) (Table 4.3) (Figure 4.2). More than 83% (SD 0,48) of 

the amphipods survived at the end of the exposure to concentrations of 16 Ilg g-l Cu 

compared with only 28.33% (SD = 1.7) survival for the most copper contaminated 

sediment (84.62 Ilg g-l Cu). 

At the start of the expeliment, there were very few mortality among all the tested 

sediment copper concentrations. Mortality exhibited different rate of mortality rate on 

third days of experimental period. Control and other lower copper concentrated 

sediments (15.96, 20.45, 23.92 and 32.02 Ilg t 1
) exhibited low mortality rate 

throughout the experiments. In contrast, the rate was high and increase constantly for 
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the higher copper concentrated sediments (42.99 and 84.62 J.lg go!) during the whole 

experiment (Figure 4.3). 

Table 4.3: Survival and reburial of P. excavatum after 10 days of exposure to copper 
contaminated sediment (each treatment included three replicates of20 amphipods). 

Experiment Nominal Cu Sediment Cu Mean No. of amphipods 
concentration (J.lg got) concentration (J.lg g-l) 

1 
2 
3 
4 
5 
6 

Survival LCso 
95% Confidence limits 

Reburial ECso 
95% Confidence limits 

16 
25 
33 
41 
57 
101 

4.3.2.2 Emergence From Sediment 

15.96 
20.45 
23.95 
32.02 
42.99 
84.62 

52.87 
47.43 - 60.31 

47.89 
54.35 - 41.43 

Survival 

16.67 
15.00 
14.00 
12.67 
10.67 
5.67 

Reburial 

16.32 
13.75 
13.13 
11.33 
8.89 
5.67 

At the start of the experiment all the P. excavatum in the control sediment 

successfully blUTowed within 15 minutes and few emerged from clean (control) 

sediment under 10 days bioassay conditions. In contrast many amphipods emerged 

from contaminated sediment (Fig. 4.4). An overall mean of 0.33 out of 20 

amphipods emerged in 10 days in containers containing control sediment (2.7 J.lg got 

Cu). The emergence from sediment differed greatly between concentrations of20.45 

to 84.62 J.lg got. 

4.3.2.3 Reburial 

Of the 92% surviving in the control sediment, all were able to rebury. Overall, 

279.03 survivors in the bioassay test 262.26 (94%) were able to rebury at the end of 
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the 10 day period (Table 4.3) (Figure 4.5) when reburial was tested using control 

sediment. 

Tissue Copper concentration 

Concentrations of copper in P. excavatum at the end of the experiment are shown in 

Table 4.4. Amphipods accumulated copper in their bodies during the bioassay and 

the concentrations of the metals in P. excavatum tissues increased with increasing 

concentrations of the metals in the sediments (Fig. 4.6). 

Table 4.4: The mean weight of P. excavatum (mg) and concentration of copper in tissue (/lg 
t l) after 10 days eXEosure to cOEEer in sediment (each treatment includes three reElicates). 

Experiment P. excavatum SD P. excavatum Cu SD 

dry weight (mg) in tissue g-l dry wt) 

Control 0.243 0.055 169.364 36.827 

1 0.207 0.077 373.305 77.809 

2 0.209 0.042 328.450 118.174 

3 0.228 0.057 395.198 102.413 

4 0.204 0.057 388.205 100.370 

5 0.196 0.023 384.294 29.810 

6 0.172 0.030 489.730 53.438 
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Figure 4.1: Percentage of P. excavatum alive and rebury at the end of the 10-day period. 
(error bars = S. E.). 
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Figure 4.2: Percentage of P. excavatum alive with increasing copper contaminated sediment. 
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Figure 4.3. Emergence of P. excavatum from control sediment different concentrations 
(lJg g-1 dry wt) of copper) (errors bars::::: S.E.) 
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Figure 4.4: Percentage of cumulative mortality with days of exposure in different 
sediment copper concentration (Ilg g~ 1). 
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Figure 4.5: Percentage of P. excavatum reburial after 10-days exposure to copper contaminated 
(dry weight) sediment. 
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Figure 4.6: Mean concentrations of copper in P. excavatum at the end of the lO-day static 
sediment bioassay. Bach value is based on three replicate tanks (error bars = S.B.) 
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4.4 DISCUSSION 

4.4.1 10-day Sediment Tolerance Test 

Estuarine sediments are often contaminated because of urban development, sewage 

works, mining, industry and eutrophication (Kennish 1992). The concentration of 

metals in coastal and estuarine areas tend to be higher than in open sea, due to 

anthropogenic input from urbanisation, leachates, atmospheric and industrialisation 

(Bryan & Langston 1992). 

Avon-Heathcote Estuary sediments have relatively low levels of copper, zinc and 

cadmium compared with North Island and European, Australia and Asian Estuaries 

(Roper et at. 1995; Wong et al. 1995; Birch & Taylor 1999). In Port Jackson, 

Australia, high concentrations of copper (> 400 Ilg g-l) occur in canals entering the 

embayment of Middle Harbour (Birch & Taylor 1999). In Manukau Harbour, New 

Zealand, high concentrations of copper (63 g m"3) were fOlmd in the intertidal inlet. 

The results of the lO-day sediment tolerance test at salinity 200
/00 and temperature 

l50C, indicate that P. excavatum survived when exposed to sediments where they 

were absent in the field. However relative survival rate was significantly lower at site 

7 and site 9. This suggest that either P. excavatum were relatively sensitive to the 

contaminants in site 7 and 9 and that the other test sediments were not sufficiently 

toxic to elicit acute mortality of P. excavatum within the 10 days exposure period. 

Hence, survival in the laboratory test alone is therefore not a good discriminator of 

sediment quality. 

Overall reburial scores of P. excavatum to all test sediments (8 sites + control) at the 

end of 10-day exposure period to control sediments were high except for site 9. This 

shows that test sediment from site 9 is unsuitable for P. excavatum. Clearly there are 
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some factor or factors involved however, failed to be detected or analysed in this 

experiment which has affected survival and reburial ability of P. excavatum in site 9 

sediment. 

There are several factors that might have contributed to high mortality and low 

reburial rate for test sediment, site 9. These factors are likely to be physical, chemical, 

and biological effects of test sediment. It is now recognised, however, that natural 

sediment features such as organic carbon content and composition, ammonia and 

hydrogen sulphide content can affect the perfonnance of test organisms and 

comfound the interpretation of results (Lamberson et al. 1992; Ankley et al. 1994; 

Nipper & Roper 1995; DeWitt et al. 1988) and causes deviations from a 

concentration-response relationship when contaminated and control sediments 

differed in physical and chemical characteristics, presumably because sediment and 

chemical properties that may influence bioavailability were altered (McGee et al. 

1993). 

Nipper and Roper (1995), DeWitt et al. (1988) and Anldey et al. (1994) all agrees that 

sediment particle size is the main 'supervariable' that would be correlated with the 

actual cause of mortality. However, particle size alone does not account for all 

background mortality in uncontaminated sediments, as evidenced by high survival 

rate of Rhepoxynius abronius in some of the finest grained sediments while, as a 

general rule, the mOltality increased with the increase of percent of finer particles 

(DeWitt et al. 1988). In Nipper and Roper (1995) study, it was concluded that 

amphipod Chaetocorophium cf lucasi survival also seemed to be affected by 

sediment type and not only by grain-size distribution and correlated variables. 

In sediments, metals partition among different types of ligands associated with the 

various components of the particulate material (Luoma 1989). Therefore, sediment 
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characteristics that result in higher total metal concentrations in water at equilibrium 

may disproportionately enhanced metal bioavailability. One sediment characteristic 

that may cause such an effect is reduced sUlface area (which affects the number of 

surface binding sites per unit mass of the particle). Sandy sediments have much 

smaller surface areas per unit mass than do fine-grained sediments. Bivalves and 

polychaetes show greater bio-accumulation when exposed to metal-spiked water 

mixed with sandy sediments than when exposed to water mixed with fine-grained 

sediment (Pesch & Morgan 1978; Marquenie 1985). Swartz et al. (1985a) 

demonstrated that cadmium toxicity to amphipod crustaceans, and cadmium 

concentrations in interstitial water, were reduced when cadmium spiked sandy 

sediment was modified by the addition of fine-grained particulate or sewage sludge. 

As pointed out by Ankley et al. (1994), several physico-chemical characteristics of 

sediments, besides grain-size distribution and organic content can influence the results 

of laboratory sediment tests with benthic invertebrates (Zamuda et al. 1985). Jones 

(1975) and Mischewski (1994) both noted that survival of test animal were highly 

influenced by salinity and temperature. Other factors which may be important include 

the presence of ammonia or other naturally occurring compounds, trace nutrients, 

mineralogical composition, naturally occurring toxic compounds such as ammonia, 

organic carbon content and composition, and grain size (Roper et al. 1995; Ankleyet 

al. 1994). Mineralogical differences in the test sediments, the high content of iron, 

selenium and titanium or any other of the above factors could have been responsible 

for the difference in results observed for P. excavatum. Due to lack of technical 

assistance while this experiment was carried on, neither nutrients, mineralogy nor 

ammonia was measured in this study and therefore their influence cannot be judged. 

It was found by Rainbow (1995) that when zinc and cadmium were present together, 

the rate of zinc uptake by the decapod crustacean Palemon elegans decreased and the 
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rate of cadmium uptake increased. Concluding that cadmium acted antagonistically 

on the uptake of zinc at the concentrations tested. 

The sensitivity of amphipods to natural sediment features in acute tests vanes 

considerably among species, habitats and on their ability to survive under broad range 

of environmental conditions including particle size, organic and nitrogen content, 

salinity and temperature (Nipper & Roper 1995). Bioacummulation by animals may 

vary considerably from one environment to the next, independent of concentration in 

sediment (Luoma & Bryan 1982; Langston 1985; Luoma et al. 1985; Sunda et al. 

1987). It is consistently observed that small changes in copper concentrations in the 

sediments of San Francisco Bay (20-30 flg gol) are magnified in Macoma balthica 

and other benthos to substantial levels of enrichment (e.g. 100-150 flg i 1 dry wt), 

especially compared to other systems (Luoma & Phillips 1988). 

In a sediment tolerance experiments, it is useful to compare the responses of different 

species to the same or similar test sediments (Van den Hurk et al. 1992). Nipper et 

al. (1997) tested juveniles of Chaetocorophium cf Iucasi at 20°C to sediment 

collected from an area close to the Heathcote River. Their results showed that there 

was significant mortality (>40%) in 10-day exposure period. 

The estuarine Leptocheirus plumosus (McGee et al. 1993) and Grandidierella 

japonica (Nipper et al. 1989) tolerates a broad range of sediment types ranging from 

fine sand through to silty mud. Survival of the freshwater amphipod Hyalella azteca 

in non-contaminated, formulated and field-collected sediments was also unaffected by 

a wide range of particle sizes and organic matter content (Suedel & Rodgers 1994). 
I 

The estuarine amphipod Leptocheirus plu)nulosu is known to tolerant broad variety of 

sediment types from fine sand to silty, high TOC mud (DeWitt et al. 1992), In 

contrast, the marine amphipod Rhepoxynius abronius is most strongly affected by 
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sediment particle size, although no sediment property stood out as the best predictor 

of survival (De Witt et al. 1988). Nipper and Roper (1995) also examined the 

survival and growth of Chaetocorophium cf. lucasi in uncontaminated sediments and 

found that amphipod survival was affected by the type of sediment particles. 

4.4.2 Copper ToxicityTest. 

Copper is amongst the most important essential metals affecting amphipod 

crustaceans, as they are required for metabolism however, toxic at higher 

concentrations (Dallinger & Rainbow 1993). Copper is selected as the contaminant 

for consideration as it is an essential trace element in crustaceans, playing a key role in 

growth and the metabolic functioning of haemocyanin, the oxygen-binding 

haemolymph pigment (White & Rainbow 1982; Spaargaren 1983; Rainbow 1985b). 

The present study has shown that P. excavatum is sensitive to metal contaminated 

sediment. Emergence increased with increasing metal concentrations indicating that 

the contaminants had a sublethal effect. The emergence of P. excavatum from 

contaminated sediment will reduce exposure of the animal to metal in the sediment, 

but once emerged, individuals become vulnerable to predation by fish and other 

epibenthic predators and this risk is increased if it is less able to rebury (Swartz et al. 

1985a,c; Bat & Raffaelli 1998). The ability of surviving amphipods to rebury in 

clean sediment after bioassay is therefore an ecologically relevant sublethal test end

point. 

Ninety-four percent of all survivors were able to rebury at the end of the 10-day 

exposure period, indicating that P. excavatum were able to burrow and behave 

normally, and capable of tolerating quite high levels of copper contaminants. Study 

conducted by Bat and Raffaelli (1998) shown that Corophium volutator (LCso = 
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36.851lg g-l) is more sensitive than P. excavatum (LC50 = 52.87 Ilg g-l) when exposed 

to copper contaminated sediment. However, other studies have also shown that C. 

volutator is less sensitive than other amphipods such as Rhepoxynius abronius (Tay et 

al. 1992) and Bathyporeia sarsi (van den Hurk et al. 1992). 

In the experiment, P. excavatum successfully burrowed in the control sediment within 

15 minutes, whereas its survival and burrowing activity decreased with increasing 

sediment metal concentration indicating that P. excavatum could detect the metals in 

the sediment. This has also been observed for the clam Protothaca staminea when 

exposed to copper, there was an adverse affect on burrowing activity, animals 

showing little recovery of burrowing delays in the have been associated with 

porewater copper concentrations as low as 0.21lg ml-1 (Phelps et al. 1985). 

Present study showed that the concentration of copper in P. excavatum tissues 

increased with increasing metal sediment concentrations, indicating that they 

accumulates heavy metals into their body tissues. These results are similar to those of 

Packer et al. (1980) for cadmium, copper, lead, zinc and manganese in Arenicola 

marina at sites around the coast of Wales, IJK. The estuarine amphipod C. voiutator 

accumulates increasing body concentrations of copper with exposure to increasing 

amount of dissolved copper (Caparis 1989; Eriksson & Weeks 1994; Bat et ai. 

1998). Copper accumulation in this species is consistent with observations for other 

amphipods (Rainbow & White 1989; Weeks & Rainbow 1991). 

Bryan (1976a,b) reported that Corophium volutator was one of the most copper

tolerant species, both in laboratory experiments and in contaminated field conditions, 

either because it regulates its uptake or is impermeable (Bryan 1976b), or because 

copper can be excreted directly in an insoluble form (Icely & Nott 1980). 
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Other study carried by Conradi and Depledge (1998) noted that, despite Corophium 

volutator tolerance to high concentrations of copper and although all concentrations 

used in their studies were below those that cause acute lethal effects on C. volutator 

(96-h LCso: 37.6-66 mg Cu rl, or 168-h LCso: 32-50 mg Cu 1-1) (Bryan 1976a; Bat 

et al. 1998), copper did exert negative effects on all the life-cycle parameters studies. 

Some negative effects experienced are that their life span and Corophium volutator 

final densities of the surviving populations were significantly reduced by copper and 

growth was greatly reduced following copper exposure with a decrease in the 

maximum length reached as copper concentration increased (Conradi & Depledge 

1998). The decrease in growth following sublethal copper exposure has been also 

demonstrated in some pericaridean species such as Gammarus pulex (Maund et al. 

1992) and Asellus aquaticus (De Nicola et al. 1988). 

Conradi and Depledge's (1998) study of Corophium volutator population 

responses to copper, they concluded that copper stress significantly reduced the 

average life span of C. volutator and longevity, expressed as the day on which 50% of 

the original population survived (p < 0.001). There was reduced growth rate with 

increasing copper concentration and the length of the mature animals was 

significantly affected by copper (p < 0.05 for both sexes, female and male) together 

with fertility (number of new-born individuals per female). Their study also 

demonstrated a significant increasing reduction in the number of ovigerous females as 

copper concentration increased. Furthermore, copper significantly reduced fertility 

(number of new-born individuals per female). 

In various other amphipods species, stress from heavy metal exposure affects the 

available energy by reducing the amount of assimilated energy (Naylor et al. 1989) 

and disrupting various physiological functions such as osmoregulation (Johnson & 
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Jones 1990), heart rate (Costa 1980), feeding rate (Roddie et al. 1992; Weeks 

1993), and respiration rate (Ahsanullah & Williams 1986). Such disruptions of 

physiology should result in less energy being available for growth and reproduction. 

Furthermore, burrowing behaviour of C. volutator is significantly reduced by copper 

(Bat et al. 1998). This decrease in burrowing success could affect the feeding rate 

since the burrow plays an important role in the feeding of corophioid species (Hart 

1930; Meadows & Reid 1966; Icely & Nott 1985). 

Determination of the significance of particulate trace metal contamination in aquatic 

environments is difficult. Uptake and effects of sediment-associated contaminants are 

largely a function of bioavailability, which is strongly influenced by a suite of 

physical, chemical and biological factors in the sediments. Trace metals can be 

adsorbed at particulate surfaces, carbonate-bound, occluded in iron and lor manganese 

oxyhydroxides, bound to organic matter, sulphide-bound, matrix-bound. or dissolved 

in the interstitial water (Tessier & Campbell 1987). Copper is the most toxic metal to 

marine organisms with the exception of mercury and silver (Bryan 1976b). The 

toxicity of a particular metal depends on its speciation. In many cases, including 

copper, the ionic form appears to be most toxic (Salomons & Forstner 1984; Meador 

1991; Bryan & Langston 1992). 

The most bioavailable and toxic form of Cu is the free cupric ion (Cu2+) in seawater 

or interstitial water (Bryan & Langston 1992; Austen et ai. 1994; Phillips 1995), 

which may be the main explanation for the observed effects even at a level of 140°/00 

Cu in the sandy sediments investigated in this study. In a fine grained, organically 

richer sediment, more of the Cu is likely to be adsorbed to the sediment and thereby 

less biologically available. It has been shown that polychaetes in mud were less 

affected by copper than those in sand (pesch 1979). Similar findings were reported 

in the studies of Tietjen (1980) and Austen et al. (1994), who investigated effects of 
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heavy metals on meiofauna communities in both fine and coarse sediments. Since the 

sediment used in the present study was rather fine grained and had a relatively low 

or-ganic content, the bioavailability of copper is likely to be relatively low. 

The concentration of copper is used here as a general indicator of the quality of the 

sediment. The assumption is that where the copper concentration is high, it is 

indicative of high concentrations of a wide range of other sediment contaminants and 

therefore a high probability of toxic effects occurring (Christchurch Drainage Board 

Report 1988). It is however cautioned that this assumption may be misleading for 

two reasons. 

Contaminants may become more bioavailable and therefore more toxic as salinity 

increases. Other studies have found that cadmium toxicity to estuarine mysids 

increased with increasing salinity due to mortality during moulting (De Lisle & 

Roberts 1994). 

\III Copper is only an indicator of sediment quality. As discussed in introductory, 

there are wide ranges of potential toxicants. Additionally toxicants may arise 

from a point sources. This could produce a situation where levels of the indicator 

metals are low but a point source of an organic toxicants could produce a toxic 

effects greater than that suggested by the indicator metals. 
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5 Chapter Five 

Conclusion and Recommendation 

5.1 CONCLUSSION 

When considering any invertebrate species as a bio-monitor, it is crucial to have a 

good knowledge of its taxonomy, distribution together with its life history 

characteristics. The suitability of the estuarine amphipod, P. excavatum, for use in 

sediment toxicity test was investigated. P. excavatum is widely distributed and found 

in high densities within a wide range of sediment and salinity conditions. At sites 

where it was found, it was the most abundant and dominant macrobenthic organism. 

This included sites in Avon-Heathcote Estuary, Ashley-Saltwater Creek Estuary, 

Brooklands Lagoon and Kairaki (Knox 1983; and personal observation and study). 

Populations of P. excavatum were also available throughout the year. This made 

collection of sufficient numbers for testing P. excavatum very convenient and easily, 

rapidly and inexpensively collected from its intertidal habitat in large numbers. P. 

excavatum is also very amenable .to laboratory culture. Therefore fulfils a numbers of 

the criteria widely used and employed in selecting suitable species to test on marine 

and estuarine sediments. 
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The suitability of P. excavatum for use as a biological indicator in sediment tolerance 

test was demonstrated under a 10-day exposure period utilising (eight + control) 

sediment samples from the in Avon-Heathcote Estuary. P. excavatum showed 

significant mortality in sediment from certain sites while it showed high survival on 

other tested sediment samples. This acute sediment tolerance test suggested that 

certain sediments may contain moderate to high levels of contaminants. 

lO-day sediment tolerance test employing P. excavatum with death as a test endpoint 

may therefore be useful for detecting toxic effects of contaminated sediments 

elsewhere. Sediment tolerance test procedures developed for P. excavatum appeared 

to be significantly appropriate as amphipods display high survival in the control 

sediment. P. excavatum displayed sensitivity to the heavy metal toxicant copper. 

This initial indication of P. excavatum's relative contaminant sensitivity suggested 

that it might be suitable for use in sediment toxicity tests. 

To be suitable as a metal bio-monitor, it was recommended by Phillips & Rainbow 

(1992) that any potential species must accumulate metals within their body tissues. 

The copper toxicity test revealed that the concentration of copper in P. excavatum's 

tissues increased significantly with increasing copper sediment concentrations. This 

indicates that P. excavatum was able to accumulates copper in its tissue in a way so as 

to reflect environmental copper level and the extent to which the organism has been 

exposed to it. 

In conclusion, the amphipod P. excavatum shows great promise for future use in 

estuarine sediment as bio-indicator and bio-monitor as well as a bio-accumulator for 

copper. However, further experiments with other toxicants and pollutants (e.g., 

pesticides) would therefore better characterise its relative sensitivity to other heavy 
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metals contamination and widen its potential use as a bio-indicator and bio-monitor to 

other contaminants. 

5.2 RECOIVIMENDATIONS AND CONSIDERATIONS 

Several issues remain to be resolve concerning the ecotoxicological responses of P. 

excavatum before it can be widely used for laboratory bioassay. These include 

selecting a suitable area for collecting amphipods. Whether they be collected from 

pristine areas where amphipods have not previously been exposed to contaminants or 

collected from contaminated areas where they may have become physiologically 

adapted. It is also relevant to determine the relative sensitivity of P. excavatum to 

other toxicants including organic chemicals. These should be undertaken using pure 

compounds in spiked-sediment exposures and field-collected contaminated sediments 

to better characterise P. excavatum's relative sensitivity. It is however useful to 

employ long-term chronic tests to compare sublethal and acute test endpoints and 

respective P. excavatum's sensitivities to different levels of sediment contaminants. 

In most cases it remains uncertain whether the effects of such components are exerted 

through dissolved metals in the interstitial water or due to the uptake of metals from 

ingested sediment in the gut. More work is needed on the composition of sediment 

interstitial waters in relation to bioavailability and toxicity. In addition, experimental 

work on the possible linle between body metal levels and factors such as pH and 

metal/metals interactions in the digestive tract should be carried out in a range of 

sediment-ingesting species. Work on establishing relationships between their 

concentrations in sediments and in benthic species should be expanded. 

Another consideration is the initial size of the amphipods selected from experiments. 

Some author noted that juveniles are more prone to metal contamination than adults 

and adult female is more sensitive than adult males. More work needs to be done to 
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identify the optimum test conditions for survival and reproduction of P. excavatum. 

Effects of photoperiod, light intensity, temperature, feeding regime and nutrition need 

to be further explored. 

Finally, it should be emphasised that all of the relationships reported here relate to a 

single estuarine species: other species that are important components of estuarine 

ecosystems would merit further investigation. Thus, although the principles regarding 

metal bioavailability in sediments may have broad applications among organisms, 

inter-specific variations in the physiological mechanisms of uptake, storage, 

metabolism and detoxification may significantly modify the bio-accumulation 

potential of metallic contamination, and hence resulting body burden. It is also 

pertinent to note that, since toxicity is usually a function of bio-accumulated metal 

burden, many of the environmental parameters influencing bioavailability also 

influence biological effects. 
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DATA OF POPULATION STRUCTURE (13 months) AT BROOKLANDS 
LAGOON. 
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Date 10-May-98 

0.75 0 

1.13 0 0 0 0 

1.50 0 0 0 0 0 

1.88 0 0 0 3 3 
2.25 2 17 1 6 26 
2.63 4 25 0 0 29 
3.00 4 15 0 20 

3.38 6 8 

3.75 2 1 
4.13 2 1 
4.50 1 0 0 0 

4.88 0 0 0 0 0 
0 0 0 0 0 

5.63 0 0 0 0 0 
Total 6 9 103 

Date 11-Jun-98 

,5Siie-
o;\"~".->.,-_(,-":-, 

0.75 0 0 0 0 

1.13 0 0 0 0 0 

1.50 0 0 0 1 1 

1.88 0 0 0 3 3 

2.25 8 6 0 1 15 

2.63 8 10 0 0 18 

3.00 6 9 3 0 18 

3.38 6 13 9 0 28 

3.75 6 9 5 0 20 

4.13 5 7 2 0 14 

4.50 2 0 0 0 2 

4.88 0 0 0 0 0 

5.25 0 0 0 0 0 

5.63 0 0 0 0 

Total 41 54 19 119 
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13-Jul-98 

}$i*~"\~~Q 
0.38 

0.75 0 0 0 
1.13 0 0 0 0 0 
1.50 0 0 0 0 0 
1.88 0 0 0 2 2 
2.25 5 10 0 0 15 
2.63 4 11 0 0 15 

3.00 4 14 1 0 19 

3.38 9 9 14 0 32 

3.75 5 9 12 0 26 

4.13 5 0 3 0 8 
4.50 2 0 0 0 2 

4.88 1 0 0 0 1 
5.25 0 0 
5.63 0 0 

35 120 

Date 8-Aug-98 
=~~ 

1.13 0 0 0 0 0 

1.50 0 0 0 3 3 

1.88 0 0 0 6 6 

2.25 6 4 0 0 10 

2.63 3 2 0 

3.00 4 7 0 

3.38 2 2 1 

3.75 4 5 11 

4.13 2 3 7 

4.50 0 3 0 

4.88 0 1 0 0 

5.25 0 0 0 

5.63 0 0 0 

Total 19 9 16 
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Date 10-Sep-98 

0.75 0 0 2 
1.13 0 0 0 3 
1.50 0 0 0 0 
1.88 0 0 0 12 12 
2.25 2 1 0 0 3 
2.63 0 1 2 0 3 
3.00 1 6 2 0 9 
3.38 5 5 0 12 
3.75 3 4 13 0 20 
4.13 2 5 7 0 14 
4.50 0 1 2 0 3 
4.88 2 0 1 0 3 
5.25 0 0 0 0 0 
5.63 0 0 0 0 0 
Total 12 17 84 

Date 12-0ct-98 

0.75 0 0 1 
1.13 0 0 0 
1.50 0 0 0 0 
1.88 1 0 7 
2.25 2 8 10 
2.63 2 7 15 
3.00 0 8 18 
3.38 3 8 13 
3.75 2 8 25 
4.13 1 6 8 
4.50 0 3 3 

4.88 1 0 0 0 1 
5.25 1 0 0 0 1 
5.63 0 0 0 0 0 
Total 13 48 34 117 



Date 10-Nov-98 

0.38 0 0 0 0 
0 0 

0 0 0 0 

0 

1.88 0 0 14 
5 25 

2.63 22 

3.00 4 

5 

2 

0 

0 
0 

5.63 

Date 10-Dec-98 

,~~~~} \~M¥~~ 
0 0 

0.75 0 0 0 0 

1.13 0 0 0 1 

1.50 0 0 0 3 

1.88 0 0 0 17 

2.25 2 29 2 0 

2.63 4 20 0 29 

3.00 4 11 0 37 

3.38 1 3 13 0 17 

3.75 4 3 3 0 10 
4.13 0 2 2 0 4 

4.50 1 0 1 0 2 
4.88 0 0 0 0 0 
5.25 0 0 0 0 0 
5.63 0 0 0 0 0 
Total 16 68 48 21 153 
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Date 5-Jan-99 

0.38 0 0 0 0 0 
0.75 0 0 0 0 0 
1.13 0 0 0 1 1 
1.50 0 0 0 0 0 
1.88 0 .0 0 7 7 
2.25 1 1 24 0 26 
2.63 7 14 25 0 46 
3.00 6 10 11 0 27 
3.38 6 5 7 0 18 
3.75 6 0 1 0 7 
4.13 1 0 0 0 1 
4.50 0 0 0 0 0 
4.88 0 0 0 0 0 
5.25 0 0 0 0 0 
5.63 0 0 0 0 0 
Total 30 68 8 133 

Date 2-Dec-98 

0.75 0 0 1 

1.13 0 0 5 5 
1.50 0 0 0 0 0 
1.88 0 0 0 14 14 
2.25 8 31 6 0 45 
2.63 7 7 14 0 28 

3.00 8 7 15 0 30 

3.38 6 5 11 0 22 

3.75 1 0 1 0 2 
4.13 0 0 1 0 1 

4.50 0 0 0 0 0 

4.88 0 0 0 0 0 

5.25 0 0 0 0 0 
Total 30 50 48 20 148 
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Date 18-Mar-99 

1 
3 
5 
1 2 

4.13 0 
4.50 0 

5.25 
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DATA OF POPULATION STRUCTURE (13 months) AT KAIRAKI. 

Date 18-Mar-98 

Date 10-Apr-98 

o 11 23 
3.00 3 21 
3.38 7 
3.75 5 

o o 
o o o o 
o o o o 
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Date 

o o 

o 0 

33 57 

Date 11-Jun-98 
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Date 13-Jul-98 

:Slzerah~ e(m 
'\:" ~':::(>"~'.'~':':':):" 

0.38 

0.75 0 0 0 

1.13 0 0 0 0 0 

1.50 0 0 0 0 0 

1.88 0 0 0 13 13 

2.25 4 14 0 1 19 

2.63 6 11 0 0 17 

3.00 5 10 2 0 17 

3.38 7 15 11 0 33 

3.75 5 3 24 0 32 

4.13 5 4 5 0 14 

4.50 12 0 1 0 13 

4.88 5 0 0 0 5 
5.25 2 0 0 2 

5.63 0 0 0 

Total 51 51 165 

Date 8-Aug-98 

·.~,ii~:ro~~~,~~(roml; 
0.38 

0.75 0 0 0 0 0 

1.13 0 0 0 2 2 

1.50 0 0 0 0 0 

1.88 0 0 0 7 7 

2.25 3 7 0 0 10 

2.63 15 

3.00 10 

3.38 21 

3.75 3 6 21 0 30 

4.13 5 3 14 0 22 

4.50 1 1 7 0 9 

4.88 2 1 0 0 3 

5.25 1 0 0 1 

5.63 0 0 0 0 0 

Total 31 39 51 9 130 
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Date 1 a-Sep-98 

0 0 0 0 0 

2 2 

2.25 

2.63 

4 3 5 0 

5 8 0 

4 0 6 0 10 

5.25 

5.63 

Date 12-0ct-98 

0 0 0 5 

1.13 0 0 0 5 5 

1.50 0 0 0 0 0 

1.88 0 0 0 15 15 

2.25 0 7 0 0 7 

2.63 4 6 0 0 10 

3.00 4 6 6 0 16 

3.38 2 3 12 0 17 

3.75 1 7 7 0 15 

4.13 2 1 10 0 13 

4.50 3 1 2 0 6 

4.88 1 0 2 0 3 

5.25 0 0 0 0 0 

5.63 0 0 0 0 0 

Total 17 31 39 25 112 
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Date 10-Nov-98 

5 5 0 

3.75 2 0 9 

0 

3 0 3 

4.88 0 

0 0 0 

5 51 23 16 111 

Date 10·Dec·98 

0.75 0 0 0 

1.13 0 0 0 2 2 

1.50 0 0 0 2 2 

1.88 0 0 0 11 11 

2.25 4 29 0 0 33 

2.63 7 26 3 0 ,36 

3.00 5 8 11 0 24 

3.38 7 2 9 0 18 

3.75 6 2 8 0 16 

4.13 1 3 5 0 9 

4.50 0 0 0 0 0 

4.88 0 0 1 0 1 
5.25 0 0 0 0 0 

5.63 0 0 0 0 0 

Total 30 70 37 15 152 



Appendix 146 

Date 5-Jan-99 

1.50 0 0 0 6 6 

1.88 0 18 18 

2.25 0 16 

2.63 4 0 32 

3.00 0 28 

3.38 3 0 17 

3.75 10 

4.13 0 3 

4.50 0 0 

4.88 

5.25 

Date 2-Dec-99 
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Dale 18-Mar-99 
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