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ABSTRACT

Although it is widely assumed that temperature affects pollutant toxicity,

few studies have actually investigated this relationship. Moreover, such research

as has been done has involved constant temperatures; circumstances which

are rarely, if ever, actually experienced by north temperate, littoral zone cyprinid

species. To investigate the effects of temperature regime on nickel toxicity in

goldfish (Carassius auratus L.), 96- and 240-h LCSO values for the heavy metal

pollutant, nickel (NiCI2.6H20), were initially determined at 2DoC (22.8 mg/L and

14.7 mg/L in artificially softened water). Constant temperature bioassays at

10°C, 20°C and 30°C were conducted at each of 0, 240-h and 96-h LCSO

nickel concentrations for 240 hours.

In order to determine the effects of temperature variation during nickel

exposure it was imperative that the effects of a single temperature change be

investigated before addressing more complex regimes. Single temperature

changes of + 10°C or -10°C were imposed at rates of 2°C/h following

exposures of between 24 hand 216 h. The effects of a single temperature

change on mortality, and duration of toxicant exposure at high and low

temperatures were evaluated.

The effects of fluctuating temperatures during exposure were investigated

through two regimes. The first set of bioassays imposed a sinewave diurnal

cycle temperature (20.±.1DOC) throughout the 10 day exposure to 240-h LeSO

Ni. The second set of investigations approximated cyprinid movement through

the littoral zone by imposing directionally random temperature changes (±2°C



at 2-h intervals), between extremes of 10° and 30°C, at 240-h LC50 Ni. Body

size (i.e., total length, fork length, and weight) and exposure time were recorded

for all fish mortalities.

Cumulative mortality curves under constant temperature regimes

indicated significantly higher mortality as temperature and nickel concentration

were increased. At 1DOC no significant differences in mortality curves were

evident in relation to low and high nickel test concentrations (Le., 16 mg/L and

20 mg/L). However at 20°C and 30°C significantly higher mortality was

experienced in animals exposed to 20 mg/L Ni. Mortality at constant 10°C was

significantly lower than at 30°C with 16 mg/L and was significantly loWer than

each of 2DoC and 39°C tanks at 20 mg/L Ni exposure.

A single temperature shift from 20°C to 1DoC resulted in a significant

decrease in mortality rate and conversely, a single temperature shift from 20°C

to 30°C resulted in a significant increase in mortality rate. Rates of mortality

recorded during these single temperature shift assays were significantly different

from mortality rates obtained under constant temperature assay conditions.

Increased Ni exposure duration at higher temperatures resulted in highest

mortality.

Diurnally cycling temperature bioassays produced cumulative mortality

curves approximating constant 20°C curves, with increased mortality evident

after peaks in the temperature cycle. Randomly fluctuating temperature regime

mortality curves also resembled constant 20°C tanks with mortalities after high

temperature exposures (25°C - 30°C).



Some test animals survived in all assays with the exception of the 30°C

assays, with highest survival associated with low temperature and low Ni

concentration. Post-exposure mortality occurred most frequently in individuals

which had experienced high Ni concentrations and high temperatures during

assays. Additional temperature stress imposed 2 - 12 weeks post exposure

resulted in a single death out of 116 individuals suggesting that survivors are

capable of surviving subsequent temperature stresses.

These investigations suggest that temperature significantly and markedly

affects acute nickel toxicity under both constant and fluctuating temperature

regimes and plays a role in post exposure mortality and subsequent stress

response.
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INTRODUCTION

Fish generally occupy peak or near-peak positions in the trophic

structure of aquatic communities. As a result of their linkages to both higher

and lower organisms in the food chain, much of the nutrient flow through the

community will appear in fish. Fish in this sense serve as integrators of habitat

quality. Thus measurt?ment of variables associated with stress in fish may

provide indicators of environmental conditions.

Concerns about heavy metal pollution have prompted researchers to

investigate the effects of metals on both individual organisms and on aquatic

community structure. Aquatic organisms are particularly susceptible to metal

pollutants. In terms of volume, fish ventilate twenty times more of their

respiratory medium than do terrestrial organisms per unit 02 consumed (Heath

1987). A major entry site for pollutants is through the respiratory exchange

surfaces. Therefore, under similar ambient toxicant concentrations, fish gill

tissues are exposed toa greater amount of pollutant per unit time than would

be the case with the lungs of terrestrial organisms.

The Canadian Environmental Protection Act (CEPA), provides the federal

basis for regulating substances which have or may have detrimental effects on

ecosystems or human health in Canada. The CEPA Priority Substance List

identifies a number of heavy metals of concern including Nickel (Ni).

Metal toxicity was given a human perspective in the early sixties through

correlation of Minamata and Itai-itai diseases with specific heavy metal

pollutants. This was followed by a wave of concern which focused on selected

~ 8--t '



metals notably Hg and Cd. Other metals such as Ni have received relatively little

attention despite their addition to aquatic systems from mining and smelting

operations and their known toxic effects. Unlike Hg, Ni is not methylated or

otherwise biotransformed. As a result, the number of toxic metal species is

simplified, as is their detection within living and non-living material. Despite this,

relatively little is known about nickel effects.

It is widely accepted that temperature, dissolved oxygen, water hardness

and pH affect the toxicity of pollutants. H"owever, few studies have actually

investigated these relationships. For example, temperature, perhaps one of the

most common environmental variables, is normally held constant during

bioassay. In fact, constant temperatures rarely occur in aquatic systems.

Temperatures may change rapidly as a function of depth, insolation and

radiation and other factors affecting heat flow. More gradual changes also occur

diurnally and seasonally. Clearly, constant temperatures within their mid

tolerance range are not what temperate zone fish species most commonly "

experience.

In poikilotherms, temperature affects respiratory, gastrointestinal and

other metabolic activities. Although it is generally believed that met~bolic rate

will effect metal toxicity this has not, in fact, been investigated. Emphasis in

recent studies has been given to the establishment and maintenance of

constant bioassay conditions such as temperature, pH, p02' etc. As a result,

attention has not been given to the consequences of fluctuation in these



factors, as occurs under natural conditions. Important areas of toxicology have

therefore been neglected.

Furthermore, many investigations of metal effects have not gone beyond

LC50 and EC50 determinations. For example, mortality which occurs after

bioassay in the surviving population has not yet been addressed. This may, in

fact, have led to an under-estimation of the lethality of particular toxicants.

In addition, the question of the ability of bioassay survivors to cope with

future stresses has not been investigated. For example, in the case of point

source contamination or accidental spills, not all of the members of a population

may perish. Given this, are the survivors capable of sufficient recovery to

withstand further stress?

The present investigations addressed these issues through an

examination of 1) the effect of various temperature regimes on acute nickel

toxicity; 2) post assay survivorship at constant temperature, and 3) ability of

survivors to tolerate a subsequent temperature stress. This report does not

comment on CEPA assessment procedures for priority substances. It does

however address an environmental factor, temperature, which may play an

important role in assessing the toxicity of substances.

20



In brief, the protocol for this study involved the investigation of mortality

at·96-h LCSO's (extended in some instances to 240-h) under the following

regimes:

A) 1) constant 10°C, 20°C and 30°C

2) diurnal sinewave cycle (20° ± 10°C)

3) irregular temperature fluctuation (limits of 10°C and 30°C, a

change of 2°C at 2 hour intervals)

4) abrupt temperature changes; 20° .... 10°C, 20° .... 30°C

at a rate of (2-3°Cjhr)

B) Survivors of the assays were then placed in pollutant-free water at

temperatures corresponding to mid-temperature bioassay conditions Le.,

20°C for temperature change bioassays, and survivorship recorded for

up to 12 weeks.

C) A subsequent temperat~re stress C±1DOC) was imposed on assay

survivors after a minimum of 2 weeks post-exposure. Temperature

stresses imposed on assay survivors after post exposure periods of 2 to

8 weeks are listed below.

1) constant 10° and 20°C assays (8-12 weeks) +10°C

2) sinewave diurnal cycle 20°C (6 weeks) +10°C

3) directionally random 20°C (6 weeks) + 10°C

4) abrupt temperature changes:

20° .... 100 e (2 weeks) +1DoC

20° .... 300 e (2 weeks) -10°C

2 1
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LITERATURE REVIEW

EARLY DEVELOPMENTS IN AQUATIC TOXICITY TESTING

Experimental methods for studying the effects of pollutants on fish have

taken many years to develop. Long after harmful results of pollution had

become apparent, scientific study of effects on fish remained negligible (Jones

1964).

Some of the first laboratory experiments on the action of chemical

substances were made by Penny and Adams in 1867 (Jones 1964), who'

examined the River Leven, a tributary of the Clyde, which was then polluted by

both organics and metallics from surrounding dye-works. Penny and Adams

selected two species, the minnow and the goldfish, and exposed them to water

from the river and to laboratory-prepared solutions of acids, salts and other

contaminants known to be present in the effluent. In all, 71 chemicals were

tested in 428 experiments.

Investigations in the United States apparently did not begih until 1912,

and by 1917 chemists and biologists had merged their efforts in designing

bioassays. During this time there was a increasing interest in experimental work

·on the effects of sewage and other oxygen depleting materials in aquatic

systems (Jones 1964). Shortly thereafter work began on 02 consumption and

low 02 tolerance in fish. Powers (1917) published his well-known paper

discussing the goldfish as a test animal in the study of toxicity. Carpenter

began extensive investigations of various fish species in the rivers of west Wales

in 1919, where mining of lead and zinc were causing significant pollutant effects.



She (Carpenter, 1925) also began laboratory investigations using cages and

prepared solutions of lead salts, and reported symptoms of acute respiratory

stress in fish. In addition, she noted- that their bodies, operculum and gills were

covered with a veil-like film of coagulated mucus. Lead particles were observed

embedded in the mucus.

Belding (1927) provided a critical analysis of bioassay procedures and

the conditions required for successful experimentation. He suggested that sex,

age, size, general physical condition, size of the solution container, 02

concentration and temperature all influenced results. This was apparently the

first report that attempted to integrate known physiological functions and

pollutant effects; concepts which are still being addressed today.

A classic paper by Ellis (1937) emphasized the importance of

environmental conditions, and the effects of 02' water hardness, etc; and also

reviewed proposed causes of fish mortality during pollutant exposure. Ellis

examined copper sulphate toxicity, and suggested that precipitate filled the

spaces between gill filaments in such a way as to prevent water from reaching

filament cells; that the blood circulation was affected, reducing blood flow

through the gills; and, thirdly, that the reduced blood flow resulted in decreased

cardiac output (bradycardia). However, Ellis' test concentrations (1000, 100, 10

and 1 ppm) were too wide for calculations of threshold concentrations. Survival

time was recorded on occasion as infinite without further explanation.



Canadian Environmental Protection Act

Today, several organic compounds and metals have high priority as

environmental hazards (N. Bunce pers. comm. 1993). Metals enter waterways

from industrial effluents and old mines, and leach from soBs with acid rain

(Barrie 1981). In Canada, The Canadian Environmental Protection Act requires

the federal Minister of the Environment and Minister of National Health and

Welfare to prepare and publish a Priority Substances List that identifies

substances including chemicals in effluents and wastes which may be harmful

to the environment or constitute a danger to human health (CEPA 1988), and

which may require regulation. Substances placed on this list must meet at least

one of the following criteria:

They must be persistent.
They must have low LC or LD50's (Le. high acute toxicity).
They must accumulate in the food chain.
They must be substances which are used in large quantities.
They must be substances which are already present and

causing problems in environment.

The first Priority Substance List (PSL1) included Cadmium (Cd), Chromium and

Nickel (Ni). A second list (PSL2) currently under development, may include Zinc

(Zn), Copper (Cu) and certain other metals.

The Act requires both Ministers to assess these substances and

determine whether they are 'toxic' as defined under Section 11 of the Act which

states that a substance is toxic if it is entering or may enter the environment in a

quantity or concentration or under conditions

a) having or that may have an immediate or long-term

harmful effect on the environment;



b) constituting or that may constitute a danger to the

environment on which human life depends; or

c) constituting or that may constitute a danger in Canada to human

life or health (CEPA 1988).

Substances which are assessed to be 'toxic' according to this Section may be

placed on Schedule I of the Act and considered for possible develop'ment of

regulations and guidelines.

Toxic effects of heavy metals in aquatic systems resulting from mining

and smelting effluents have occurred since the turn of the century (Jones 1964).

Nickel in particular continues to pose a threat to ecosystems as a result of its

continued use in, and disposal from, industry, mining, smelting and planting

operations (Stokes 1981; Barrie 1981; Hutchinson et at., 1981; NRCC 1981;

CEPA .1994). Nickel has been placed on the CEPA Priority Substance list and

is 'toxic' as defined under Section 11 of the Act. A recent review concluded that

dissolved and soluble forms of inorganic Ni enter the environment in

concentrations and under conditions that are having, or may have, a harmful

effect on the environment (CEPA 1994). Nickel, however, has received

considerably less attention than Hg, Cd, and Pb. There is a paucity of

information on the aquatic toxicity of nickel under varying environmental

conditions.
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Chemical Properties of Nickel

Nickel (Ni) is the 24th most abundant element in the Earth's crust and

occurs at an average concentration of about 75 ug/L. The most common

valence state in the environment is Ni2 + (Cotton and Wilkinson 1988; Nieboer et

al. 1988). Metallic Ni has high electrical and thermal conductivity and it can be

drawn, rolled and polished. It is resistant to attack by air or water at ambient

temperatures (-200
- 30°C) and is therefore often electroplated as a protective

coating (Cotton and Wilkinson 1988). Ni c~mmonly forms stable complexes with

ligands containing oxygen, sulphur, phosphorous, or arsenic as donor atoms

(NRCC 1981). The water soluble compounds are nickel chloride hexahydrate,

nickel sulphate hexahydrate, nickel sulphate heptahydrate and nickel nitrate

hexahydrate (CEPA 1994).

Canadian Nickel Production

Canada was ranked the 2nd largest producer of Ni in the world in 1990

with Ontario (Sudbury) and Manitoba (Thompson) producing 65% and .35% of

the Canadian Ni respectively (MAC 1991). The average annual production of Ni

in Canada from 1988 to 1990 was 197,000 tonnes and is expected to increase

in the next several years. Total exports and imports of Ni in 1990 were 187,000

and 29,000 tonnes respectively (ISTC 1992).
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Uses of Nickel

Metallic Ni is sold in the form of cathodes, pellets, powders, briquettes,

rondelles and coinage. Nickel is used in approximately 3,000 alloys that have

more than 250,000 applications (MAC 1991; CEPA 1994). Nickel-containing

stainless steel is used in the chemical and food processing industries and in the

medical profession. Iron-nickel alloys are important materials for the electrical

industry. Nickel-copper alloys are useful for shipbuilding and nickel-chromium

alloys are used for jet engine components, nuclear reactors and turbine blades.

Other uses include electronic equipment, motor vehicles and oil and gas

pipelines (IPCS 1991). Nickel carbonate hydroxide is used for plating as a

catalyst for the hardening of fats and in colours and glazes for ceramics.

Anhydrous nickel chloride is used as an adsorbent for ammonia in gas masks

and in nickel plating. Nickel oxide is primarily used in metallurigal operations as

raw material for smelting, alloy producing processes, catalysts and glass

colours. Nickel sulphate is used in catalysts, electrolyte solution and jewelry.

Nickel nitrate is used in nickel plating and is found in Ni-Cd batteries.



SOURCES OF ENVIRONMENTAL NICKEL

NATURAL SOURCES OF NICKEL

Natural background concentrations of nickel in soils range from 1 to 67

mg/kg (McKeague et al. 1979). Concentrations of nickel in surface waters and

sediemtns ·range from 1 ug/L to 10 ug/L (CEPA 1994). Localized concentration

peaks are usually correlated with silicate minerals of ultrabasic rocks

(MacGregor 1962; Kruckeberg 1969;.Allan et. aI., 1972). Geological weathering

and erosion processes account for the mobilization of an estimated 300 x 103

tonnes of nickel per year, as compared to 358 x 103 tonnes of nickel per year

by anthropogenic activity (Ketchum 1972). Soil dust, sea salt, volcanoes, forest

fires and vegetation all contain nickel oxide in trace amounts (Davies 1974).

Nickel from natural sources is commonly associated with larger non-respirable

particulates (Barrie 1981). By contrast it is estimated that the relative impact on

human health of anthropogenic sources of nickel is five times greater than

natural particles, as they are smaller, ionically reactive, and respirable.

Nickel in Canadian Soils

The ionic radius and electronegativity of Ni are similar to those of Fe, Co,

and Mg and Ni may substitute for these elements in a number of minerals

(Boyle 1981). The average concentration of nickel in the earth's crust is

estimated at 60-90 mg/kg. Nickel is particularly rich in basic and ultrabasic

rocks such as serpentine and is much lower in acidic rocks such as granite

(Boyle 1981).
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In soils nickel may exist as inorganic crystalline minerals, precipitates, or

in a water soluble form (Hutchinson et. al. 1981). Nickel, as is the case with

many other metals, may adsorb onto organic and inorganic surfaces such as

detritus, fecal material and clay.

The water soluble fraction of nickel is of primary concern as this is the

most biologically active form. Competitive ion concentration, soil pH, and

number of adsorption sites all affect bio-availability of nickel and other metals in

soils (Mortvedt et al. 1972; Russel 1973; Nicholas and Egan 1974; Proctor and

Woodell 1975; NRCC 1981; CEPA 1994).

Natural sources of nickel in various minerals results in pockets of soil

which contain significantly higher concentrations. Agricultural soils containing 19

mg Ni/kg produce crops containing less than 10 mg Ni/kg (Hutchinson et aI.,

1981). Soils derived from ultramafic minerals (with high concentrations of Ni,

Cr, Co and low amounts of Ca, K, P and N) found in the Eastern Townships

and Gaspe Peninsula of Quebec, eastern Newfoundland (MacGregor 1962) and

southern British Columbia (Kruckeberg 1969) are toxic to vegetation

Soils from serpentine minerals have nickel concentrations over 1000 mg

Ni/kg some of which is available for uptake by plants (Proctor and Woodell

1975). Generally 600-10,000 mg/kg is found in ash from plants grown on these

soils.
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ANTHROPOGENIC SOURCES OF NICKEL

Primary smelters, metal refineries and the disposal of contaminated

sewage sludge are the primary sources of nickel contamination (Barrie 1981;

Stokes 1981; Hutchinson et al. 1981). Fertilizers, automobiles and electric

power facilities are also important sources, although they exhibit lower emission

rates (Barrie 1981; Hutchinson et al. 1981). Atmospheric nickel exists as fine

respirable particulates 50% of which are less than 2 - 3 um in diameter and are

therefore capable of penetrating the alveoli of vertebrate lungs (Barrie 1981). In

1975 approximately 3000 tonnes of particulate nickel were released into the air

in Canada; 77% of this originating from metallurgical operations, and the

balance from fossil fuel combustion (Barrie 1981). During this period natural

sources were estimated to contribute 600 "- 11,000 tonnes of nickel to the air.

The latter particles, however, were much larger than those resulting from man

made activities, and were not capable of exerting toxic effects on alveoli.

Atmospheric nickel concentrations were reported to be 0.0001 - 0.003 ug Ni/m3

in remote areas, 0.003 - 0.03 ug Ni/m3 in urban areas having no metallurgical

industry, and 0.07 - 0.77 ug/m3 in metal processing centres (Barrie 1981).

MacLatchy (1992) in the only recent review of Ni states that in 1988, mining,

smelting and refining of metals were estimated to have released 1,100 tonnes of

Ni as air emissions, and 64 tonnes as effluents. An additional 1,800 tonnes of Ni

were disposed of on land as sludges and solids and 8,700 tonnes as slags.
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Smelting of Base Metals

Refinement of nickel sulphide ores, in Ontario, Manitoba and Quebec

results in significant releases of nickel into the atmosphere (CEPA 1994).

Ontario is the largest emitter of atmospheric nickel particulates. Most emissions

occur during the roasting and smelting stages of are refinement which release

nickel sulphide, nickel subsulphide and nickel oxide (Barrie 1981). Mining

operations produce ore for milling but also generate waste rock which is

dumped near mining sites. Milling operations produce a slurry of solids which

settle in tailings ponds. Ni is leached from both waste rock and tailings and can

contaminate local groundwater, vegetation and other biota (Hawley 1980).

Nickel emissions from metallurgical smelters have contaminated a number of

sites across Canada; perhaps the best known being Sudbury, Ontario.

Smelter activity began in 1885 in Sudbury when are was roasted in open

beds of sulphide ore fuelled by locally cut timber (Hutchinson et al. 1981).

These large beds were ignited and maintained for months, following which

nickel and copper were removed for further smelting and refining. This process

produced choking phytotoxic ground level plumes of sulphur dioxide, sulphuric

acids mists af"1d heavy metal particulates which devastated surrounding plant

communities. Loss of vegetation, in turn lead to severe erosion exposing shield

bedrock. During this time 2.7 x 105 metric tonnes of sulphur dioxide were

emitted at ground level per year in addition to large quantities of heavy metal

particulates (Holloway 1917).
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The open pit technique used in ore preparation was gradually replaced

by more efficient smelter facilities which vented pollutants through tall smoke

stacks. In 1928, the use of roast beds was forbidden by Ontario legislature,

and roasting operations were transferred to smelters located at Copper Cliff,

Coniston and Falconbridge in the surrounding SUdbury area. Smelting activity

at Copper Cliff emits pollutants through a 380 meter IIsuper stackll

commissioned in 1972. In 1977 the IIsuper stackll emitted 1.2 x 106 metric

tonnes of sulphur dioxide (approximating 20% of all Canadian emissions)' and

from 1.0 and 104 metric tonnes of particulates (Hutchinson et aI., 1981). Nickel

particulates, less than 8 microns, are not caught by the Cottrell precipitators

used at Copper Cliff, and emission rates of 0.7 metric tonnes per day (Fe 3.3

and Cu 0.9 metric tonnesjday) were reported by Ferguson and Gormley (1978).

Primary base metal production and fossil fuel combustion continue to be

the most important anthropogenic sources of Ni released into Canadian air

(Jaques 1987). In 1988, approximately 700 tonnes of Ni were released from Ni

Cu smelting and refining operations in the Sudbury area (Ontario); 320 tonnes

released from similar operations at Thompson (Manitoba) (MacLatchy 1992).

These estimates are similar or slightly higher than earlier estimates of

atmospheric emissions from 1973-1981 (Bolger and Buchanan 1979; Chan and

Lusis 1986). Nickel released into the air from smelting processes is in the form

of nickel sulphate, subsulphide, and nickel oxide (Gilman and Ruckerbauer

1962). Cox and Hutchinson (1980) upon analysis of stack dust from one of the
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Ni-Cu smelters in the Sudbury area suggested that 77% of particulate Ni were in

water-soluble forms.

Continuing particulate emissions· in addition to accumulation from

historical sources, has lead to widespread metal-contamination of soils and

vegetation in many smelter areas including Sudbury. Investigations estimated

that 104 km2 surrounding the smelters were "severely barrenll as a result of

vegetation loss and soil erosion (NRCC 1981). Beyond this area, an additional

353 km2 of IIdisturbed terrainll supported minimal vegetation.

Nickel concentrations in lake sediments deposited prior to the

commencement of mining and smelting in Sudbury are relatively low (20-50

mg/kg). Sediments representing the past 50-60 years are significantly higher

(500 mg/Ni/kg) (Allan 1975). Present-day concentrations in surface waters (0.1

ug Ni/L in Lake Superior to 1.5 mg Ni/L in Alice Lake Sudbury, Ontario) are

affected primarily by airborne emission rates and low pH which releases nickel

from the sediments into solution (Rossman and Barnes 1988; Hutchinson and

Havas 1986).

A study by Shiomi and Kuntz (1973) measured bulk precipitation at

seven Canadian sites on Lake Ontario. Nickel precipitate averaged 0.004 mg/L

and lead to an estimated whole basin deposition rate of 0.17 mg/m2/month.

The highest concentration was noted in Toronto (0.006 mg/L) and the lowest in

Ancaster (0.003 mg/L).

Nickel, in dissolved or particulate form, is removed from the atmosphere

by precipitation, and dry deposition, and enters both aquatic and terrestrial



systems (Barrie 1981; Stokes 1981). An extensive study of total deposition in

England was conducted by Cawse (1977), who estimated that 50-75% of nickel

deposited within semi-rural sites was water-s~luble and biologically active. Of

the total amount, 2-4% was incorporated into vegetation; the remainder entering

soils and ground water.

Metal Refineries

A metal refinery located in Port Colborne, Ontario, went into production

in 1922 and until 1928 was the site of a primary smelter and nickel refinery

(Hutchinson et aI., 1981). The facility produced many small sources of

atmospheric contamination as smelting emissions were not exhausted through

a single stack. Ground level piles of materials and open railway cars around

the refinery also released dust particles into the air and resulted in increased

concentrations of metals in the soil (over 5000 mg Ni/kg d.w. within 2 km of the

refinery) (Hutchinson et aI., 1981).

In the iron and steel industry, the use of Ni in stainless steel results in

significant amounts of Ni in some effluents (CEPA 1994). Steel mills in Ontario

emitted approximately 28 kg Ni/day introducing 87 tonnes of Ni to the aquatic

environment in 1990 (Boyd 1991).



metals of low volatility such as nickel become concentrated in products of low

volatility (fuel oil) and depleted from highly volatile distillates (gasoline).

Sewage Sludge Disposal

Agriculture soils are contaminated with heavy met~ls when sewage

sludges are used as fertilizers since many of these sludges, particularly those

derived from industrial sewage, contain significant quantities of heavy metals

(Page 1974; Vanloon 1974; Hutchinson et aI., 1981). Of these Zn, Ni and Cu

are most likely to lead to toxicity problems (Webber, 1972). Sewage sludge

deposition totalled 19.5 x 106 L per day in Ontario in 1974. Of this 41% was

disposed of by application to agricultural lands (Black and Schmidtke 1974).

Page (1974) cited heavy metal levels from over 300 sewage treatment plants in

United States, Canada, Sweden, England and Wales and found that solid

sewage contained 10-53,000 mg Ni/kg. On average liquid sewage contained

32.5 mg Nijkg. Whitby et aI., (1977) concluded that nickel loading in six

southwestern Ontario water sheds was largely attributable to fertilizer and

introduced 0.42 - 3.13 g Ni/ha per year.

Other Sources of Nickel

The incineration of municipal garbage and sewage sludge releases small

amounts of Ni primarily in soluble 'sulphidic' and 'oxidic' forms (CEPA 1994).

Scrap metal, soft drink cans and old nickel-cadmium batteries in addition to

cigarette smoke and asbestos, all contain 'quantities of nickel (Barrie 1981). Ni-



Figure 1. Speciation of Nickel as a function of pH (NRCC 1981)
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Mining and Combustion of Fossil Fuels

In the mid seventies, the Alberta oil sands were investigated as a

possible source of fossil fuels (Stokes 1981). Their development created

concerns regarding the potential for nickel and other contaminant releases.

The extraction and processing of the oil sands produced effluents (which were

discharged into the Athabasca River) containing as much as 0.41 mg/L of

nickel together with vanadium M and a variety of organic compounds (Strosker

and Peake, 1976). Monitoring of nickel and V levels continued during the"

development of the oil sands resources. Small point source Ni emissions occur

wherever coal or other fossil fuels are burned without adequate emission

control (Stokes 1981). Of the 689 tonnes of airborne Ni estimated to have been

produced by fossil fuel combustion in Canada in 1975, 532 tonnes were from

the combustion of petroleum and 157 tonnes from the combustion of coal and

coke (NRCC 1981). Total particulates from five companies were estimated to be

32,594 tonnes/year containing 10,000 mg Ni/kg and 25,000 mg V/kg (Allan

and Jackson, 1978). Available data suggest that Ni released into the air in

Canada as a result of fuel combustion is primarily in water-soluble forms Le.

nickel suphate, nickel oxide (IPCS 1991).

The nickel content of fuels depends on their origin and type of

refinement. Coal and crude oil may contain from 1-80 mg Ni/L (Sittig 1975;

PACE Report 1977). In Canada, petroleum hydrocarbons from domestic

sources contain less nickel than those imported from Venezuela by Quebec and

the Maritime provinces (Barrie 1981). During the distillation of petroleum,



Cd batteries are no longer being manufactured in Canada, however, discarded

batteries in landfills may contaminate soils and groundwater (CEPA 1994).

Nickel Concentrations in Water

Table I lists nickel concentrations reported in various surface waters.

Unpolluted waters generally have low nickel concentrations « 10 ug/L) (Stokes

1981; CEPA 1994). However, concentrations are much higher in the Sudbury

region· ranging from 16 to 1000 ug/L (MOE 1978; CEPA 1994). In the Great

Lakes region, mean offshore concentrations were reported to be 0.8 - 5.4

ug/Ni/L (International Joint Commission 1976). However, over half of the water

samples obtained from Lake Erie contained nickel ranging from 3-86 ug/L

(Kopp and Kroner 1967). An extensive investigation in Canadian rivers during

1972-1977 reported 0.001 - 0.3 mg/Ni/L (Taylor et al. 1979). Rossman and

Barnes (1988) reported that less than 10% of Ni in Great Lakes water samples

obtained between 1980 and 1985 was in particulate form. Nriagu et aI., (1982)

published similar results suggesting that more than 95% of Ni in water sampl.es

from lakes within a 20 km radius of Sudbury, Ontario was in a water soluble

form.

Drinking water across Canada was estimated to contain 2.9 - 7.2 ug Ni/L

(Neri 1976; Jenkins 1992). In surveys of drinking water supplies conducted

between 1985 and 1988 in northern Alberta and the Atlantic provinces, the

mean concentration of Ni ranged from 2.1 - 2.3 ug Ni/L (CEP~ 1994). In

contrast Ni levels in drinking water in the Sudbury area sampled between 1972
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Table I. Nickel concentrations in surface waters of Canada (CEPA 1994).



Ni concentrations in "uncontaminated" Fresh Waters

Smoking Hills, N.W.T. 4.0 ug/L Havas and Hutchinson
1983

Lake Superior 1.0 ug/L Rossmann and Barnes 1988

Lake Huron 0.5 ug/L Rossmann and Barnes 1988

Various lakes in 1.5 ug/L Leger 1991
Atlantic Canada

Ni Concentrations Near Smelters, Refineries, or
Urban Areas

Alice Lake, Sudbury,
ontario

Swan Lake, ontario

Don River, Toronto

1500 ug/L Hutchinson and Havas
1986

200 ug/L Keller et ale 1992

50 ug/L Bodo 1989



and 1992 were markedly higher with mean concentrations ranging from 26 

300 ug Ni/L (Flora and Nieboer 1980; CEPA 1994).
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Sediment-Water Interactions of Nickel

The exchange of metal ions between aqueous and sediment phases

favours sedimentation over dissolution (Stokes 1981). Nickel adsorbs onto

clay, sediment, and suspended particles. The increase in surface sites per

gram (dry weight) in fine-grained sediment increases nickel binding. At low pH

(3.0) nickel is readily eluted from soils and sediment (Stokes 1981). Stokes and

Szokalo (1977) demonstrated that under experimental conditions of high oxygen

and biological activity in sediments, pH at the sediment-water interface

decreased, allowing a short burst of nickel to be released. A lower pH at the

sediment-water interface was also noted in lakes that had been limed for several

years (Scheider and Dillon 1976). Adsorption of metals to fine-grained sediment

and organic material results in accumulation of nickel in benthic inhabitants,

allowing nickel to enter the food chain (Hutchinson et al. 1975).

High concentrations of organic particulates, and low water alkalinity,

result in the precipitation of metals in aquatic systems (Stokes 1981; Sorensen

1991). However, precipitation itself does not necessarily prevent metal uptake

by biota, as particulates may be ingested with detritus in benthic species and

can settle on delicate gill tissue during ventilation.



Accumulation of Nickel in the Food Chain

In a French River study by Hutchinson et aI., (1975) tissue

concentrations of nickel were reported to be highest in vegetation and

invertebrates and lowest in fish. Table II lists the estimated concentration

factors at various trophic levels.

Nickel in biota was correlated with ambient concentrations and was

inversely proportional to trophic level. This data would suggest that

biomagnification does not occur. Nevertheless, animals exhibited selective

uptake and secretion of nickel, in contrast to plants whose nickel concentrations

reflected those in water and sediment. Aquatic plants tend to release their body

burden of metals only through decomposition; unlike animals their secretion

mechanisms are limited. In freshwater fish, excretion through the voluminous

urine allows for continual release. In addition, Robbins (1976) investigated the

effect of feeding contaminated chironimid larvae to largemouth bass and found

no accumulation of nickel, but reported 641-720 ug/g nickel released through

feces. Such data suggest that while fish may continuously be exposed to nickel

via the gills, digestive tract and/or other sites, excretion processes prevent

tissue accumulation. Although the problem of possible nickel effects during

. passage through the system cannot be disregarded, it follows from the

foregoing that the primary toxic effects of nickel probably occur at the gill or

other organism-environment boundaries.



Table II. Bioconcentration factors of Nickel in various aquatic plants and
animals (CEPA 1994).



Plant/Animal Group

Submerged Lichens

SUbmerged Mosses

Daphnia

Clams / zooplankton

Fish

BCF

120-550

770-1500

2000-4500

200-1000

230-330



EFFECTS OF NICKEL ON VARIOUS BIOTA LEVELS

Flora

Chronic exposure to nickel results in decreased growth rates in plants,

and can occur without readily visible symptomology (Stokes 1981). At moderate

to acute exposure levels, chlorosis and tissue necrosis occur which may lead to

plant death.

Aquatic macrophytes, which constitute a substanial percentage of

biomass in many aquatic systems are often used to monitor metals because

they are sessile and accumulate metals over time. Of particular interest is their

role in removing and recycling metals. The water hyacinth, Eichornia crassipes,

is capable of effiently removing nickel and other metals and/or organic

compounds from waste water (Wolverton, 1975). Most aquatic macrophytes are

perennial, with part of the vegetative body surviving for several years. However,

decay provides a continuous source of metal release back into water or

. sediments. Phytoplankton are also efficient at concentrating nickel, often to the

point of inhibiting growth and general metabolism (Hutchinson 1973; Stokes

1975).

Nickel-tolerant strains of various algae display concentration factors of

104 or more (Hut9hinson et aI., 1975). In the unicellular green algae

ScenedesmL/s acunatus, under conditions of low Ca 2+, Ni uptake was

immediate. In this instance, Ni apparently bound at the cell surface and did not

actually enter the cell. Merhle (1981), investiging Scenedesmus acutiformis,

confirmed that while Ni was bound only to the cell wall, Cu actually entered the
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cells of the algae. As a result, higher concentrations of Ni than Cu were

required to produce toxic responses.

Nickel in Aquatic Jnvertebrates

Like plants, invertebrates are capable of accumulating nickel from the

aquatic environment (Stokes 1981). There are several communities of aquatic

invertebrates, two of which are planktonic and benthic. The planktonic

invertebrates are exposed to metals and other contaminants from both water

and food. In contrast, benthic organisms filter large amounts of suspended

particles from the sediment-water interface taking in even higher concentrations

of nickel than are present in solution. Consistent with this concentration factors

for crayfish and clams were reported to be 900 and 260 respectively by

Hutchinson et aI., (1975). Mean Ni concentrations in zooplankton, and crayfish

gut were reported to be <25 ug/g and 921 ug/g (d.w)(CEPA 1994).

Nickel in Fish

Even in high nickel exposure areas such as Sudbury, nickel in fish

tissues can be low (CEPA 1994; Bradley 1977). In 6 of 9 lakes surveyed with

nickel levels of less than 450 ug Ni/g in sediments, fewer than 1% of gill tissues

sampled had detectable nickel levels « 2.0 ug/g). In contrast Hutchinson et a!.

(1975) found levels of Ni ranging from 12.6 to 51.6 ug Nijg (wet weight) in

various tissues.
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Muscle, liver, gill and kidney are the major tissues which have

accumulation potential. However, the fact that tissues do not display increased

levels of metals does not necessarily mean that pollutant effects are absent. in

the case of Ni, toxicity and death can occur without significant bioaccumulation.

WHY INVESTIGATE TEMPERATURE EFFECTS ON TOXICITY?

Aquatic bioassays have primarily investigated toxic effects of pollutants at

constant temperatures in the mid-tolerance range for the species employed

(Sprague 1973; Stokes 1981). These conditions, which have become standard

procedures for all bioassay testing, are clearly not what temperate zone fish

experience. Thus, the results of numerous constant temperature bioassays

indicate pollutant effects alone, without reference to the influence of other

important stressors (like temperature changes) which might be present in the

environment.

THERMAL EXPERIENCE OF NORTH TEMPERATE ZONE FISH

Fish populations are found at temperatures ranging from below zero in

the fjords around Alaska and the two poles, to waters at 50°C or more in the

equatorial zone (Love 1970). Within a range of temperatures most species will

either select those near the middle of their physiological tolerance or avoid

extremes. However, beh~viours such as feeding and reproduction may lead

fish into waters which are close to their tolerance limits. The test species used



for my studies, the common goldfish, is among the most eurythermal of

temperate zone cyprinids with an upper incipient lethal limit of 40-41°C (Love,

1970).

North temperate zone lakes normally exhibit a distinctive seasonal cycle

Houston (1982). With the melting of the ice cover in the spring, the entire lake

temperature is typically close to the freezing point. Insolation leads to increased

density of surface waters, instability, and mixing until water has been warmed to

the temperature of maximum density (approximately 3.9°C). Further surface

heating reduces density, while wind generates currents leading to upper layer

mixing. Thermal stratification then occurs (Fig. 2), dividing the lake vertically into

an upper warm, well oxygenated circulating epilimnion, a metalimnion in which

the temperature drops rapidly and a deep cold, relatively hypoxic undisturbed

hypolimnion. The plane of maximum rate of change in temperature with

distance constitutes the thermocline. With reduction of day length during the fall,

and decreased angle of incident radiation and reduced air temperature, surface

heat loss exceeds heat uptake and cooling takes place. This is commonly

associated with the deepening of the epilimnion and modest warming of the

hypolimnion. Ultimately, thermal uniformity is attained. With winter freezing the

lake may stratify again with water below the ice reaching DoC, and the rest of

the lake circulating at a uniform temperature (approximately 4°C).

This stratification pattern, developed by Hutchinson and Loffler (1956)

and Hutchinson (1957), described as direct stratification in summer, inverse

stratification in winter and complete circulation in spring and fall, is termed



Figure 2. Thermal stratification of north temperate lakes (Houston 1982).
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dimictic. This pattern is commonly encountered in the colder portions of the

temperate zone. Such patterns result in dynamic annual water temperature

fll)ctuations ranging from summer .shallows of 26° to 28°C to winter lows of

less than 4°C. These seasonal changes are generally slow, occurring over

periods of weeks. However, diurnal temperature fluctuations reflecting air

temperature and water movement may exceed 10°C in a 24 hour period.

Shadows and depth alone may produce decreases of SoC or more. Thus,

species inhabiting the epilimnion are subject to significant and sudden changes

in temperature.

Heat Incrementation

Localized heat incrementations of North American inland and coastal

waters have increased over the past two decades, primarily as a consequence

of their increased use in industrial cooling operations (Houston 1982). The

development of power generating stations to meet rising energy needs is

directly associated with these events. Heat generated by nuclear and fossil fuel

systems is often dissipated by direct injection through open-cycle systems into

receiving waters. Although such systems represent a dependable and relatively

inexpensive means of cooling, thermal pollution necessarily follows.

Unfortunately, waters suitable for cooling are in general often those

providing optimal biological conditions for a variety of biota (Mansfield 1978).

Much of the aquatic vertebrate and invertebrate fauna occupies shoreline

habitats, if not continuously, then at least during some portion of their life cycle

5 ~)
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(Houston 1982). Even mobile pelagic species normally found offshore may

utilize the warmer, littoral zone for feeding and spawning. Such areas are in

addition, commonly the preferred habitat of their larval and juvenile stages.

Early recognition of heat discharge effects on littoral zone temperatures

lead to predictions of massive faunal die-offs. However, few occurred, and in

the absence of large mortalities it was concluded that thermal effluents did not

constitute an acute problem (O'Sullivan and Collinson 1976). This conclusion

failed to appreciate that organisms within such areas possess sensory,

locomotory and behavioral capabilities permitting them to avoid potentially lethal

thermal circumstances. The absence of the fauna itself where it once thrived

should have provided sufficient evidence for consideration. Locally, thermal

effluents alter temperature regime, reduce 02 availability, and disturb silt and

sediment (Houston 1982). As a result, species diversity and abundance are

often reduc~d. To complicate these matters, industries which intermittiently

dump waste water,' provide heat and cold shock regimes which have resulted in

large fish kills (Alabaster 1969; Wagenheim 1974; Houston 1982).

Temperature Sensing Systems

The ability of fishes to detect and behaviourally respond to changes in

deep body and peripheral temperature changes has been documented over the

years (Bull, 1936; Dijkgraaf 1940; Bardach and Bjorklund 1957; Houston 1982).

Response thresholds from a 0.03 - 0.1°C change in temperature were reported.
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Lesioning studies by Sullivan (1954) suggested that a CNS

thermosensory system might be present in the forebrain of trout. Greer and

Gardner (1970, 1974) were able to locate temperature-responsive units diffusely

distributed within a small midline area centering on the dorsal thalamus

including the anterior midbrain region.

Neurological involvements in heat exchange have also received attention

in terms of temperature related variations in circulatory and ventilatory systems.

Central thermosensitive receptor systems influence cardiac activity in goldfish

(Carassius auratus) and carp (Cyprinus carpio) (Iriki et aI., 1976)..Cooling and

heating of the spinal column through implanted thermodes produced changes

in heart rate which were not related to heart temperature. A central contribution

of temperature-sensitive cells to the regulation of ventilatory activity has also

been demonstrated (Crawshaw et aI., 1973). Changes in inspired water

temperature producing changes in ventilatory rate led to the hypothesis of

peripheral thermoreceptors. The extreme thermoreceptors first affected by

environmental changes in temperature proved to be rate sensitive (Le., able to

detect rate of change in temperatures). In constrast, CNS thermoreceptors

appeared to be rate-insensitive. Crawshaw et aI., (1973) hypothesized that the

neural inputs from central and peripheral temperature sensing systems are

integrated in the anterior brain stem and supply input to medullary respiratory

centers. He proposed that this system might operate, as do proprioceptor

effects in anticipation of the temperature-induced increase in 02 demand. Thus,
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blood oxygen tensions may well be maintained with changing temperatures in

the same manner as they are with exercise.

Physiological Adaptation to Environmental Change

Alterations in the thermal environment impose complex stresses on

aquatic organisms. A primary challenge to both vertebrate and invertebrate

ectotherms is that of satisfying oxygen demand (Houston 1980,1982). The

routine oxygen requirements of fish may be approximated in relation to

temperature by means of the Belehradelk or Krogh metabolism-temperature

equations (Houston 1982). Abrupt temperature changes frequently produce

exaggerated changes in oxygen demand. In addition, the effect of temperature

upon oxygen solubility is such that the animal challenged by increases in

environmental temperature must satisfy enhanced oxygen requirements under

conditions of reduced oxygen availability.

Fish exposed to activity or temperature-induced increases in oxygen

demand or decreased oxygen availability resort to either or both of two general

response modalities involving (1) branchial exchange complex and (2) the blood

gas transfer system (Houston, 1980). Increased ventilatory flow is an obvious

mechanism for amplifying oxygen uptake. However, it entails high metabolic

costs. Increased branchial perfusion through increased cardiac output provides

a lesser metabolic load than does increased ventilation. Teleosts are also

capable of altering the gas exchange surface area by altering the number of

lamellae perfused with b109d.



Temperature Relationships to Fish Function

The consequences of an increased environmental temperature, and of

temperature-mediated increases in metabolic rate, are manifested in a variety of

ways. Among these are alterations in growth rates. Higher metabolic rates of

fish living in warm environments have been suggested as a probable cause for

their shorter life spans compared with cold water species (Houston 1982).

Gastric secretions increase with increased temperature. For example,

digestion of food is 3 times faster in summer than in winter (Heath 1987): Red

dye additions to the intestine have also demonstrated increased peristaltic

movement and absorption of nutrients. Increases in metabolic rate and

circulation result in lower lactic acid concentrations in the blood. Temperature

tolerance in goldfish may be extended by adding cholesterol and phospholipid

to their diet (Houston 1982). Acclimation to high temperature occurs quickly,

whereas adjustment to low temperature may take much longer. Thus once high

temperature tolerance is achieved, it is persistant.

HEAVY METALS • TOXIC MODE OF ACTION

Metals are capable of affecting a variety of physiological functions at

several levels of integration. There are various levels of integration which may

be investigated in toxicological studies. Each level offers unique problems and

insights and finds its explanation in the levels below and the significance in the

levels above (Bartholomew 1964).



Figure 3. Levels of integration in toxicological investigations
(Bartholomew 1964).
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The specific physiological basis of death due to acute metal intoxication

is frequently difficult to determine. In fish, inorganic and organic chemical

pollutants often cause massive gill cell death. This leads to internal hypoxia,

electrolyte imbalance and loss of osmoregulation (Sorensen, 1991). Which of

these is the actual cause of death, is uncertain. In all probability death often

does not arise from a single cause, but represents a summation of individually

tolerable changes.

In addition to external gill damage, metal exposure alters a variety of

internal mechanisms. Physiological responses frequently include changes in

heart rate, urine production or oxygen consumption. In addition, physiological

responses also include changes in serum electrolytes or glucose

concentrations. Before addressing internal physiological responses to metals in

particular, it is important to review whole body effects of stress on organisms in

order to decipher these from metal specific responses.

Stress

Seyle pioneered research on stress, developing the concept of a

generalized stress response (Seyle 1956). This manifests itself through

progressive stages, beginning with stress detection, and followed by an

elevation of IIstress hormone" (adrenalin, noradrenaline and cortisol)

concentrations in the blood. Increased adrenalin and noradrenalin then mobilize

muscle glycogen to elevate blood 'sugar, providing energy for the IIfight or flight"

response. With continuing stress the adrenal cortex is activated, stimulating the



release of cortisol to sustain the changes initiated by adrenalin. Cortisol also

mobilizes body protein to elevate plasma amino acid levels. In short, hormonal

changes are the primary effectors of stress responses; other physiological

alterations were secondary effects. With prolonged stress, the hormonal

response becomes exhausted. This is called the General Adaptation Syndrome

(GAS) a response initially investigated in mammals, but later reported in fish

(Donaldson 1981; Mazeaud and Mazeaud 1981)

Effects of Metals On Whole Body Metabolism

The most comprehensive investigations on whole body metabolic

changes due to metal exposure in fish have focussed on Cu, although these

processes reflect responses to other metals too (Heath 1987). Initially, an

increase in O2 consumption was noted, and attributed to irritation to, the gills.

With prolonged exposure, overall metabolic rate dropped, and food

consumption slowed and often stopped completely, further reducing metabolic

rate. The suppression of appetite is commonly observed in fish exposed to

metals, and although the mechanisms involved are not clear, the stress

response may be involved in appetite loss (Heath 1987). Fish under stress

exhibit the increases in plasma cortisol and adrenalin levels similar to those

seen in mammals. These may cause inhibition of appetite as a result of

increased blood glucose (elevated blood glucose is known to suppress

appetite).
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RESPIRATORY AND CARDIOVASCULAR RESPONSES:

Normal Respiratory Physiology

The respiratory system provides the most extensive interface between

the fish and its environment, and is the first system to be affected by water

borne pollutants. Respiratory gases pass by diffusion alone creating the need

for the gill tissues to be very delicate in comparison to the rest of the externally

exposed surfaces of fish. The principal structures exposed to water in teleosts

.are the buccal and opercular cavities and the gills between them (Hughes

1982). Ventilation of the gills is provided by the co-ordinated expansion and

contraction of the buccal and opercular cavities as a double pump system

which provides an almost constant flow of water over the gills. The gills

themselves consist of horizontal primary filaments extending from the brachial

arches and supported by the water stream. The primary filaments project

secondary lamella. These range in number along the filament from 10 to

40/mm. Since the secondary lamellae are the primary exchange sites, highly

active species contain a greater number of lamella than quiescent species.

The gills are multi-purpose organs which are involved in respiratory gas

exchange, osmoregulation, acid-base balance and nitrogenous waste excretion

(Hughes 1980). Their structure provides a large surface area for movement of

solutes associated with these functions. The majority of fluxes take place across

the lamellar epithelia. In a cross-sectional structure of the lamella, it can be seen

that the blood is separated from the outside water by layers of epithelial cells, a

basement membrane and flanges of the pilar cells. The total thickness of these
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layers ranges from 1 - 10 um depending on the species of fish (Heath 1987).

Viewing by scanning electron microscope, the outer layer of epithelial cells can

be seen to have microridges and mircovillae which anchor mucus and increase

surface area for exchange. The counter-current arrangement of water and blood

flow results in an efficient method of removing oxygen from the water and CO2

from. the blood.

Histopathology of Gill Lamella Exposed to Pollutants

Under acute exposure conditions, most metal toxicants produce

histopathological gill damage. This response is not diagnostic of any particular

pollutant and even non-chemical stress including temperature, may result in

hypoxic stress through gill damage (Sorensen 1991).. Lesions occuring with

chronic exposure may be more useful as pollutant diagnostic tools.

A characteristic chronology of acute gill damage has been defined by

Heath (1987). Damage is initiated by a lifting of the outer layer of lamellar

epithelia, in the chloride cell area. Edematous spaces form between epithelial

layers, and often become filled with leukocyctes. Eventually, the entire epithelial

layer is sloughed off, and the interlamellar spaces collapse.

Acute pollutant exposure has been associated with destruction of gill

lamellae within a few hours with internal hypoxia producing death. Sublethal

exposure produces epithelial swelling, increasing diffusion pathlength and

reduces gas exchange efficiency. Lamellar ends often become clubbed and



have the tendency to stick together. Increased mucus production and

destruction of the microridges and villae further reduces diffusion of respiratory

gases.

A variety of substances produce the foregoing histopathologies including

acids, ammonia, arsenic, chlorine and metals such as Cu, Cd, Fe, Hg, Zn and

Ni (Jones 1964; Gardner and Yevich 1970; Olson and Fromm 1973; Morgan

and Kuhn 1974; Wobeser 1975; Sorensen 1991). Historically, in the 1920's and

30's, Zn exposure was thought to suffocate fish by direct damage to, or

clogging of the gills (Carpenter 1925; Ellis 1937). By the late seventies, Hughes

et aI., (1979) had found that nickel adversely affected the secondary gill lamellae

of rainbow trout by decreasing the relative gas diffusing capacity due to

thickening of the epithelial layers. In addition, he found that diffusing capacity

returned to control levels 19 days after cessation of exposure.

In addition to histopathology, exposure to heavy metal leads to increased

mucous secretion noted by Carpenter (1925). More recently, increased mucous

production with exposure to various metals was reviewed by National Academy

of Sciences (1972), Heath (1987) and Sorensen (1991). Mucus is produced in

the epidermal cells as globules or long threads which form a clear lubricating

slime when mixed with water. Mucus traps particulate matter on the gills and is

sloughed off removing debris from the delicate tissues. In addition, mucous is

also believed to control permeability of salts and other substances through the

gills. Finally, because gas diffusion rate is low in mucous, a form of diffusional

hypoxemia may be induced.



Ventilatory Changes Associated with Exposure to Pollutants

Ventilation may be defined as the movement of water over the gills.

Ventilatory rate may be measured directly through records of opercular beats.

Coughs commonly occur in pollutant exposed fish and may be found

throughout the respiratory cycle (Hughes 1975). During coughs, rapid

expansion and contraction of buccal and opercular cavities produce 2 - 5 fold

increases in the reversal phase of the pressure gradient across the gills. The

interval between the coughs may be regular in chemical irritation exposure.

Gill morphology, including lamellar number and distribution and epithelial

status, is used to detect sublethal effects of pollutants. It was noted that fish

with extensive gill damage exhibit an increase in IIram-jef l ventilation compared

with controls (Heath 1987). In addition, impaired gas exchange in lamellae can

cause hyperventilation which is the most common reason for increased

ventilation in metal pollutant exposure studies. Reduced oxygen in the blood

leads to anaerobic· metabolism and increased levels of lactic acid in the blood.

In fish gills damaged by zinc, accumulation of lactic acid and CO2 in the blood

produced metabolic and respiratory acidosis resulting in a drop in blood pH,

similar to the effects of exhaustive swimming. Internal hypoxia was thought to

be the cause of death in Zn exposed fish, as first proposed by Carpenter

(1925). Hypoxemia is undoubtedly a major contributing factor in acute metal

exposure mortalities.

There is little information on pollutant exposure survivors and their

potential recovery. The recovery of gill function following exposure to pollutants
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may range from days to weeks (Scheir and Cairns 1966). Gas exchange at the

gill surface reduced by exposure to 3.2 mg/L of Ni returned to normal transfer

rates after 19 days in pollutant-free water (Hughes et aI., 1979). These results

would suggest that some recovery of gill tissue may be possible. The question

remains however, as to the significance of long term exposure to stress on the

ability to survive subsequent stresses such as low 02 concentrations or

temperature fluctuations.

Circulatory System

The teleost heart has four chambers in series, namely the sinus

venosus, atrium, venticle, and bulbus asteriosis. The ventricle provides arterial

pressure while the bulbus dampens the rise and fall of blood pressure

protecting the delicate gill tissue (Johansen 1971). The pace-maker tissue is

more diffuse than that of mammals. Because fish are poikilothermic, their

intrinsic beat is temperature dependent. Blood flow from the ventral aorta to the

efferent arteries to the dorsal aorta. The blood can bypass the lamellae by

going through the basal channel. At rest only a portion of the lamellae are

perfused; under stress the rise in adrenalin and noradrenalin induces

vasodilation, increases lamellar perfusion which increases 02 exchange (Booth

1978).



Cardiac Response to Pollutants

Any environmental factor that alters 02 uptake will usually affect

circulatory function. In general, chemicals which cause internal hypoxia will

result in bradycardia. At first glance this may appear maladaptive; the opposite

response, tachycardia, would perfuse more tissue and· circulate available 02 in

terrestrial organisms. In fact, bradycardia in aquatic organisms is a common

response to hypoxia, and is found in many diving vertebrates as well (Andersen

1966; Elsner 1969; Woekes and Butler 1986; Butler 1982). In aquatic systems,

02 in the surrounding water passes through gill epithelium by simple diffusion.

Under normal circulatory function, the blood remains in the lamellae for

approximately one second during which it becomes oxygenated. If the gills

exhibited a reduction in transfer factor, (decreased 02 transfered from the gills

to the blood), significantly reduced amounts of 02 will diffuse during the one

second interval. This will evenually lead to hypoxemia. When bradycardia

. occurs, the overal flow of blood is reduced, which increases the time interval in

which the blood remains in the lamellae to be oxygenated.
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UPTAKE, ACCUMULATION, BIOTRANSFORMATION AND

EXCRETION OF POLLUTANTS

Even with allowances for lower 02 consumption in water dwelling

poikilotherms, the gill tissues of fish are exposed to greater amounts of

pollutants than lungs of terrestrial air breathing animals (Heath 1987). There are

two main routes of entry for pollutants in aquatic systems namely the gills

(respiratory system) and the mouth (gastrointestinal systems).

Metal uptake through the gills is believed to occur through simple'

diffusion, but may also involve transport systems for calcium (Bryan 1979).

During water-borne pollutant exposures, the gill tissue itself accumulates metals

first. The first two gill arches accumulate 1.5 - 3 fold more Cd, Pb, Cr than those

on the last two arches indicating that contact has a role in accumulation

(Freeman 1980).

Rate of metal uptake in gill tissue correlates with the weight and specific

metabolic rate of the fish (Freeman 1980). Smaller and younger fish accumulate

more metals more rapidly as a result of their higher overall metabolic rates. A

high metabolic rate is associated with a high ventilatory rate and therefore more

water will pass over the gills of the younger smaller fish leading to increased

uptake. Among environmental factors producing the same effect are hypoxia

and increased temperature. Each leads to increased ventilation and gill

perfusion and thus increased pollutant exposure and uptake. Temperature

fluctuations alter metabolic processes resulting in subsequent increases and
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decreases in respiration and circulation. This in turn alters water flow over the

gills and thus metal exposure.

Physiological investigations of gill morphology in fishes have found that

oxygen uptake may not be directly related to gill surface area (Niimi 1983).

Resting oxygen consumption is estimated at 210 - 300 mL/hr1m2 of gill area

with 58 - 70 % lamEf3l1ar perfusion. Under stress fish are able to alter gill

perfusion to accomodate oxygen requirements. In addition, the uptake of

various metals by fish differs depending on the size, charge and permability of

the ionic form. Toxicity of a given metal then directly relates to uptake capability.

Alkalinity and water hardness are major factors influencing the toxicity of

metals in fresh water systems. Increasing lethality is noted with decreased water

hardness in the case of Cu, Cd, Pb, Cr, and Ni (Heath 1987; Sorensen 1991).

Increased water hardness in addition to altering the state of metals increases

overall ion content in the water and can cause decreases in gill permeability.

Calcium ions, which are a major component of water hardness, exert a positive

electrical charge on the outside the gills which may repel other positive

molecules such as Ni and Cd. An overall drop in pH generally results in

increased solubility of metal and allow adsorbed metal particulates to go into

solution, increasing the overall metal content in solution. The combination of the

toxic potential of lower pH itself and the increased metal concentration results in

overall increase in toxicity.

A second mode of pollutant entry is through food intake and the transfer

in the gastrointestinal tract. As noted invertebrates accumulate higher levels of



metals than fish under similar ambient conditions and, therefore, fish as

predators of invertebrates can acquire considerable loads. However, as fish in

fresh water drink relatively little water, and generally take in water only with

food, relatively little toxicant loading occurs by way of this potential route.

Indeed as osmotic conditions promote water uptake which must be overcome

by excretion of large urine volumes, potential for toxicant elimination via urine

may occur (Eddy 1981).

Although trans-epidermal metal uptake has been proposed,

investigations of this phenonmenan have been limited and probably does not

result in appreciable body uptake. Responsive increases in surface mucus

production during exposure is known to trap metal ions, and will minimize entry

via this route (Heath 1987).

Transport of Metals

Once metal ions enter the body through the respiratory or

gastrointestinal routes, they are distributed by the blood, usually bound to

plasma proteins (Heath 1987). In recent years it has been· suggested that

metallothionein (MT) is responsible for sequestering, transporting, storage and

elimination of many metals in biological systems (Kito et al. 1982; Klaverkamp et

al. 1984; Olsson et al. 1988; Hamilton and Mehrle 1989; Sarkar 1989; Czupryn

et al. 1992). The metallothionein isoforms are low molecular weight proteins

responsible for binding to essential trace elements through cysteine rich sulfide

bonds and are ubiquitous in living systems (Hamilton and Merhle 1986).



Metallothioneins are generally found in liver, kidney, gills and small

intestine with limited amounts present in the blood (Dixon and Sprague 1981;

Buckley et al 1982; Benson and Birge 1985; Hogstrand and Haux 1989).

Although MTs are normally found in trace amounts in these tissues, exposure to

heavy metals such as Cd, Zn, and Cu tends to increase MT concentrations. As

a major Cu-Zn binding protein, MTs can modulate processes which involve Zn

requiring enzymes. Among these are DNA replication, transcription, protein

synthesis and degradation, and energy metabolism (Karin 1985).

Although metallothioneins occur as various isoforms, the metal-binding

active core of 20 cysteine residues remains consistent (Furey et al. 1986). The

molecule may be cleaved into two domains; the first, beta domain containing 9

cysteines, and the second, alpha domain containing 11 such residues (Kagi and

Hunziker 1989). These cysteine residues participate in tetrahedral co-ordination

to produce seven metal-binding sites, four and three in the (beta) and

(alpha) domains respectively. MT binding sites are not metal specific,

accomodating ions with widely differing ionic radii. Lack of specificity allows

mammalian MTs to bind ions as different as Zn, Cd, and Cu (Hamilton and

Mehrle, 1986). Variation in MT metal composition appears in all isoforms. The

proportion of metal ions that bind to MT may be the result of metal

concentrations and their relative binding affinities (Zn < Cd < Cu < Hg ),

rather than structural differences in MT proteins (Hamilton and Mehrle 1986).

The pattern of heavy metal binding to MT does not neccesarily reflect

environmental metal concentrations.
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Metallothionein formation is inducible at the transcriptional level by

various heavy metal ions (Benson and Birge 1985; Hogstrand and Haux 1989;

Eriksen et al. 1990; Czupryn et al. 1992). For example exposure of fish to Zn,

Hg, Cu, and Cd induces MT synthesis in hepatic, renal and gill tissues. Metal

ions apparently interact with a DNA binding protein which then binds to an

upstream regulatory site and induces transcription (Czupryn et al 1992). The

resulting increase in MT concentration is then able to sequester additional metal

ions preventing them from further interaction with biological components.

Metallothioneins thus serve a protective function during heavy metal exposure.

Not surprisingly then, it has been shown in several species of fish that

induction of MT synthesis by treatment with low doses of metals increases

tolerance during subsequent exposures. Accordingly it has been widely

accepted that the toxic actions of heavy metals are manifested when

metallothionein capacity to sequester ions is exceeded, and binding to other

proteins takes place (Winge et al. 1975).

The effects of heavy metal sequestering may not be entirely beneficial. It

should also be emphasized that MTs do not bind exclusively to single metal

species; rather they form complexes based on relative abundances. Thus

replacement of essential ions such as Cu and Zn by highly toxic metals such as

Cd and Hg occurs· because of their higher binding affinities. This may eventually

lead to reduced availablity of these essential ions (Hamilton and Mehrle 1986).

Furthermore, pathological effects may be noted before MT is saturated with

heavy metals.



The time required for MT induction and their increase in liver and kidney

following exposure is generally longer in fish, (24 to 96 hours) (George et al.

1989; Chan et al. 1989) than in mammals (12 - 18 hours) (Summer et al. 1989).

Time course estimates have generally been conducted in vivo following metal

injection. Accordingly, they m~y underestimate the time required for metal ions

to bind to proteins in the cytoplasm and induce MT synthesis. Clearly, however,

the temperatures at which time courses are determined will influence results. It

is anticipated that mammalian systems may exhibit a shorter induction time than

poikilotherms. Evidence to date is consistent with this (Hogstrand and Haux,

1989; Chan et aI., 1989; George et aI., 1989). High MT concentrations in the

liver and kidney, decrease as metal concentrations decrease in the body

through excretion (Overnell et al. 1988; Olsson et al. 1988).

Acclimation to Metals

One of the main concepts of metallothionein research is that the

detoxification of metals provides a means for a kind of acclimation to metal

exposure (Mc Carter and Roch 1983; Buckley et al. 1982; Kito et al. 1982;

Dixon and Sprague 1981). It is expected that exposure to sublethal doses of

toxicant over a period of time will ultimately lead to increased tolerance for

higher doses. Acclimation may occur if heavy metal ions in an initial metal

exposure induce the formation of MT above basal levels, compensating for the

increased load. Provided that the increased MT levels are maintained following

initial exposure, and additional metal binding sites are available for additional



metal binding, acclimation to increasing loads may be possible. Thus, toxicity of

certain metals may be related, and an increase in MT provides, through

sequestration of metal cations, time for elimination of toxicant before attainment

of a toxic threshold.

Accumulation of Metals

Metal concentration in a given tissue changes with time as metals are

absorbed and excreted (Overnell et al. 1988; Hogstrand and Haux 1989). Some

metals do not appear to accumulate above basal concentrations as a result of

the rapid turnover and excretion, whereas others may achieve high tissue

concentrations.

There are species-specific differences in metal accumulation potential

and storage sites in fish. Generally metal concentrations are highest in the gill,

liver, kidney and spleen. Over time the peak concentration moves from the gill

to the liver and then kidney reflecting the dynamic movement of the metals

within the organism. Researchers continue to trace metals through biological

systems to determine residence times for various tissues, biological half-lives of

the metals and to determine the metals' MT-binding characteristics (Hamilton

and Mehrle 1986).

The liver is the primary organ for biotransformation, storage and

excretion of numerous chemical toxicants. Metals tend to accumulate in the

liver, partly as a result of the high concentration of blood; double the amount

found in most other organs and tissues. The cells in the liver are exposed to a



dose that is several orders of magnitude higher than is present in the

environment or in other organs. In addition, slower clearance of chemicals

occurs in the liver ,as a result of the relatively slow movement of blood through

this organ. Lesions, enlarged Iysosomes, focal necrosis, ischemia (blockage of

capillary function) fatty degeneration and loss of glycogen are all noted in the

liver with toxic exposure to metals (Heath 1987).

Locomotion

Irritation of the skin and gills and increased mucus production results in

greater spontaneous locomotor activity in fish exposed to pollutants (Heath

1987). The extent to which locomotor activity increases, correlates with metal

toxicity. Since locomotor activity itself is a driver of metabolic rate, increase in

activity directly raises metabolism.

There are three categories of swimming performance (Heat~ 1987).

"Sustained activity" is often associated with activities which can be maintained in

excess of 200 minutes, such as cruising. "Prolonged activity" involves swimming

at critical speeds resulting in exhaustion (under 200 minutes of activity). The

third category of swimming performance is IIburst activity" which is the highest

speed that a fish can attain, maintained for less than a minute and primarily

powered by anaerobic metabolic processes. Reducing the amount of 02

transfered across the gills, as occurs with metal exposure, results in decreased

aerobic swimming and a drop in critical swimming speed (Heath 1987). It is

hypothesized (Heath 1987) that metals produce an increase in energy demand



through increased ventilation which is necessary for maintaining internal 02

concentrations under conditions of reduced 02 transfer through the gills.

Possible effects of metal exposure on neuromuscluar co-ordination would also

contribute to less efficient swimming and result in increased energy demand at

any speed. Acute exposure would limit respiratory gas exchange reducing

aerobic scope and result in reduced· swimming activity. Under chronic pollutant

exposure conditions, altered neural and muscular co-ordination would result in

swimming impairment. Bursts of swimming activity would utilize carbohyrate

energy stores very quickly and exhaustion would take place when they were

expended.

Diverse 'behavioural responses occur with metal exposure and may be

described by various terms including excitable, lethargic, moribund, jerky

irregular swimming, chafing against objects and finflicking (Heath 1987;

Sorensen 1991). Many of these changes in locomotor activity may reflect an

attempt to avoid the irritant. This implies that fish are able to detect changes in

water quality. In fact, several species of fish detect and avoid Zn and Ni well

below levels which would result in reproductive impariment.' However, lethal

levels of Cd are required for fish avoidance. Hg and high levels of Cu actually

appear to attract fish (Henry and Atchinson 1979).

Receptor organs around the eyes and gills are important in the detection

of metals. In addition to touch, sight, and temperature sensors, fish also have

chemical receptors.' Chemical exposure in the olfactory bulbs activates a burst

in nerve impulses which may initiate an avoidance response. High doses of
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metals produce lesions in the olfactory bulbs and generally inhibit

chemoreceptors which may explain the apparent attraction of fish to toxic levels

of metals (Heath 1987).

High concentrations of Pb and Zn cause histological damage to the

lateral line organs responsible for detecting water movements and pressure

changes. In addition to metal exposure, impulse frequencies in neurogenic

activity of the lateral line are directly proportional to temperature (Peters and

Weber 1975).

The visual systems in fish are also sensitive to heavy metals. Acute

exposure to pollutants may affect vision through irritation and increased mucus

secretion over eyes which often traps particulates. Blindness is suspected to

reflect eNS impairment rather than direct pollutant exposure to the eyes (Heath

1987).

Excretion

Elimination rates of substances with short half-lives (several hours)

correlate with physiological processes such as metabolic rate. Elimination rates

of more persistent substances, (half-lives of months or years) generally are not

associated with physiological processes (Heath 1987).

There are four routes of exit for pollutants; gills, feces, urine, and the skin

(Heath 1987). Fish can excrete a portion of their body burden of Cu, Cr, Cd,

Hg, Se, Ar, Pb, Ni, and Zn daily. Under continuous pollutant exposure,

excretory processes may take several hours or days to become activated. This



results in initial rises in body loads which may drop when excretory processes

begin. Excretion of metal into bile does not necessarily rid the body of the

pollutant through the feces. Bile flows from the gall bladder to the anterior end

of the intestine and mixes with food stuff. In mammals, there is often an uptake

of bile constituents including chemicals. These processes have not been

studied in fish. Excretion of metal via the urine has not been explored in detail in

fish although it is assumed that the kidney plays a role in excretion. In fresh

water the copious amounts of dilute urine (5 mLjkgjhr) produced by most fish,

could provide an effective way of removing metal ions from the body (Heath

1987). Metals may be held in the kidney for a month after exposure (Olsson et

al. 1988), but eventual decreases in concentration indicate that metals are lost

through urine.



INTRODUCTION TO TOXIC POLLUTANT TERMINOLOGY

Finally, before outlining the protocol employed in this research, basic

toxicological concepts and terminology should be considered. Toxicology is

the study of poisons; their identification, chemistry, degree of toxicity and,

physiological actions in biological systems (Heath 1987). Many toxicological

terms arose from the various disciplines of biology and chemistry.

Toxic effects are divided into two main categories (Sprague 1973; Mason

1981). Acute toxicity is the adverse effect of administration of large doses of

pollutant over short periods of time often resulting in death. Chr,onic toxicity is

the adverse effect of administration of low doses of a pollutant over long

periods of time. A lethal concentration of a substance is the amount required

to cause death by direct action. The term sublethal, therefore, is any amount of

pollutant below that which causes death. In all toxicological investigations both

the administered dose and exposure duration are important. For most fish

species, acute bioassays often involve pollutant exposure for hours or days,

during one developmental stage. Chronic bioassays investigate pollutant

exposure for months and years, including several developmental stages and

generations.

Bioassays are tests in which the effects of a quantity of a substance is

determined by the reaction of living organisms to it (Sprague 1973). Assays

may determine lethal or sublethal concentrations of pollutants. Lethal

Concentration (LC) values are established when death is the end point of the

investigation (Mason 1981). Results of bioassays are expressed as the



percentage of animals killed after a set exposure time. For example, 240 h Le50

is the concentration of a toxin at which 50 % of the population dies after 240

hours of exposure.

Effective Concentration (EC) is the term used to describe bioassays

which investigate effects other than death, including respiratory stress,

developmental abnornmalities or behavioural changes (Mason 1981). Results of

EC studies are expressed in the same manner as LC values.

The IIsafe concentrationll
, or NOAEL (No Observable Adverse Effect

Level) is the highest concentration of a substance which when present within

the ecosystem has no observable effect on species after long-term exposures

(Mason 1981). This term is often abreviated MATC Le., Maximum Acceptable

Toxicant Concentration. Many toxicology studies may be directed toward the

establishment of MATC's for priority substances.

AQUATIC TOXICOLOGY - TERMS AND MECHANISMS

Organisms act as measuring devices in bioassays as they are able to

integrate environmental conditions, such as temperature, into toxicity

determinations.

Bioassays are experimental procedures used to test substances for toxic

effects (Sprague, 1973). In addition, bioassays are used to compare effects of

various substances on different species or populations. Overall species diversity

and population 'status often provide indications of pollutant exposure. Acute and
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chronic assays, under static or continuous flow conditions, are tools used in the

establishment of water quality criteria.

Static bioassays place a number of individuals of the chosen test species

(Le. fish) in standing testwater. Continuous flow or flow-through assays provide

renewed test solution in water which is changed continuously (Sprague 1973).

Continuous-flow assays have a distinct advantage over static investigations in

that unstable toxicants can be maintained through small tank volume and high

. turnover rate. In addition, fish (or other test organisms) are not disturbed by

routine tank cleaning. Despite the benefits of this system, high cost of

equipment and large volume of waste water produced are significant concerns.

Continuous-flow assays are not necessarily superior to well executed and

maintained .static investigations (Sprague 1973). Static assays often provide

answers more readily and at lower cost when setup time and equipment cost

are considered. When investigating changes in environmental factors such as

temperature, the additional cost and problems associated with maintaining

fluctuating temperature regimes are reduced with the use of static bioassays.

In 1969, researchers suggested that fish were poor indicators of water

quality changes as a result of their mobility throughout aquatic systems and

pollutant avoidance abilities (Fitchko, 1986). In addition, fish also exhibit variable

growth and survival rates and flexible food habits. In fact, fish were often

reported to change their diet in the presence of contaminated food sources.

Despite these points, fish occupy peak or near-peak positions in the aquatic

food chain and thus provide an indication of the overall health of the systems



and its inhabitants. Lake trout, often used in toxicity investigations, is a terminal

predator integrating much of the cold water community. Fathead minnows and

goldfish are often used as warm water indicator species in pollutant analysis

(Sprague 1973). Goldfish were chosen as the test animals in the present

investigations, as a result of the greater range in body size available which is

believed to influence toxicant effects, and the wide temperature tolerance of this

species.

Physiological parameters in fish have been explored in relation to

pollutant effects during acute and chronic exposures. Survival, growth rate,

changes in morphology and locomotor activity, feeding and reproductive

success are functional processes which may be monitored to detect the

presence of toxins.



OBJECTIVES OF THIS STUDY:

1. Investigate the effects of various temperature regimes on the acute toxicity of

nickel during assay.

2. Investigate post exposure mortality in Ni-asay survivors.

3. Investigate the effects of subsequent temperature stress on previously

Ni-exposed populations.
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MATERIALS AND METHODS:

Origin and maintenance of goldfish.

Goldfish (Carassius auratus L.) (0.06 - 38.4 g weight; 3.5 - 12.5 cm fork

length) were obtained from Grassy Forks Fisheries Co. Inc., Martinsville,

Indiana. Upon arrival, the fish were placed in 600 L tanks supplied with

dechlorinated local city water from Lake Ontario. CulliganR activated charcoal

dechlorinating columns provided 2 to 3 complete water renewals daily.

Supplementary aeration maintained 02 levels at, or in excess of 80% saturation

over the study period. Temperature and conductivity were monitored daily; pH

every third day. Light-tight photoperiod hoods provided light intensities ranging

from 90 - 120 Ix at the water surface on a 12L:12D regime initiated at 0800 h.

Animals were fed daily to satiation on a commercial flake diet, the

contents of which are recorded in Appendix A. Excess food and fecal material

were removed regularly. The fish were monitored daily for signs of illness to

ensure their health prior to the initiation of experimental procedures. Signs of

lethargy, irregular swimming behaviour, loss of appetite, clouded eyes, or

collapsed dorsal fins, lead to the removal of the animal. Any individuals of

questionable condition were removed. Fish were held for a minimum of 3 weeks

prior to initiation of experimental procedures.
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Water Quality

Twenty-three elemental concentrations were obtained from a

dechlorinated water sample taken from the laboratory in 1991. Composition was

determined by means of a SCIEX ELAN 500 inductively coupled ICP Mass

Spectrometer (Ontario Ministry of Environment, courtesy of Mr. D. Boomer,

Manager of Inorganic Trace Contamination Section 1991) and is presented in

Table I. All heavy metal levels were well below threshold toxicities for most

freshwater species (IJC 1975).

Water pH (7.4 -8.0) and hardness (135-150 mgjL, as CaC03) were such

that added metal salts rapidly precipitated as carbonates, hydroxides and other

insoluble compounds (Sorensen, 1991). Significant changes in alkalinity and

other indices occur as well after metal salts are added (McCarty et al. 1978). To

avoid the inherent complications in time-variable conditions, all aspects of the

investigation were conducted with artificially softened water, prepared by 1:5

dilution of aged and dechlorinated citY water with glass-distilled water.

Estimation of 96-h LC50

The first step in this investigation was to define acute nickel toxicity under

the water conditions to be employed. Static bioassays were conducted at 22

24°C, in 90 L test tanks under 12L:12D photoperiod. Fish were undisturbed for

a minimum of 48 h after transfer.

Analytical grade NiCI2.6H20 was used to prepare 1000 ppm stock solutions

from which appropriate nickel concentrations in solution were added to



Table III. Elemental concentrations present in the laboratory water supply.



Element Concentration Element Concentration

86

Be
B
Al
Ti
V
Cr
Mn
Fe
Ni
Co
eu
Zn

N.D.
24.3
120
0.44
0.37
1.61
1.75
21.0
1.04
0.04
2.56
5.94

As
Se
Sr
Mo
Ag
Cd
Sb
Ba
Tl
Pb
U

0.41
0.48
169.1
1.02
1.01
0.09
0.22
20.3
N.D.
0.97
0.21

N.D. - Not detected.
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experimental tanks. Water lost through evaporation was replaced daily with

distilled water, and that which was removed through cleaning was replaced with

a corresponding volume at the appropriate concentration. Nickel concentrations

during bioassays were determined by atomic absorption spectrophotometry

(AAS analysis, SpectraAA provided by U. Brand, Geochemistry, Brock

University).

Two broad range nickel trials were conducted each comprising 10

animals and covering 3 orders of magnitude (0.7 - 70 mg/L, N = 20 for each

concentration) with mortality recorded at 1,.2, 4, and 8 hours and thereafter at 8

hour intervals for 96 hours. Based on these observations, final tests were

conducted at 10, 20, 25, 30, 40, and 50 mg/L. These were replicated with

groups of 10 animals to yield N values of 50 for each exposure group. Mortality

curves were log-probit transformed and best-fit by weighted simple regression.

The 96. h Le50 was estimated to be 22.8.±. 2.57 mg/L (mean..±.. 95%

confidence interval), a level of precision well within acceptable limits for acute

toxicity assays (Sprague 1973; CCME 1991). As would be anticipated estimated

LC50 values fell with exposure time, Le., 29.4.±. 4.40, 16.2..±.. 4.92 and 14.7.±.

3.54 mg/L at 72, 168 and 240 hours respectively.

All subsequent studies were based on the use of these estimates of 96 (22.8

mgjL) and 240 hour (14.7 mg/L) Le50 concentrations.



Monitoring Bioassays

Fish were fed twice daily during exposure to ensure that hunger did not

compou,nd exposure stress. Excess food and fecal matter was removed in

order to avoid decreases in metal concentration through adsorption. Obvious

signs of distress in individuals lead to close monitoring in order to estimate time

of death based on cessation of respiratory activity. Changes in feeding activity,

morphology, behaviour and locomotion were also recorded during all

bioassays.

Twenty mL water samples from control and nickel exposure tanks were

taken daily for analysis. The procedure for atomic absorption

spectrophotometric analysis is found in Appendix B Temperature, oxygen

concentration, conductivity and pH were recorded.

Upon completion of bioassays, contaminated water was treated by

precipitation and filtering according to the procedure outlined in Appendix D to

reduce waste volume. All decanted water from bioassays tanks was tested for

nickel con'centration before disposal.

Constant Temperature Protocol

Following acclimation to 10°, 20° or 30°C, fish were transferred without

air exposure to non-circulating 30 L tanks containing 20 L of artificially softened

water. These were placed in 600 L tanks which were used as constant

temperature water baths (Fig. 4) and held at the desired temperatures (10°,

20° and 30°C) by Frigid Unit HT 700 cooling units and heating coils. Little



Figure 4. Schematic representation of constant
temperature regime apparatus.

1. Frigid Unit
2. Heating Coils
3. Thermometer
4. Water Bath
5. 16 ppm Ni, assay tank
6. Control (No Ni), assay tank
7.20 ppm Ni, assay tank
8. Control (No Ni), assay tank
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temperature fluctuation was observed in the test tanks during bioassays.

Fish were· undisturbed for a minimum of 48 hours after transfer. Analytical

grade NiCI2.6H20 from 1000 ppm stock solutions (Appendix C) was added to

bring water concentrations to 14.7 mg/L and 22.8 mg/L, the 240 and 96 h

LCSO values previously determined. In four replicated trials, 10 specimens were

exposed to Ni-free conditions and to 240 hand 96 h LCSO nickel concentrations

at 10°, 20° and 30°C for 240 hours. Sample sizes in each instance was 40.

Mortality was recorded at 1, 2, 4, 6, 8, and 12 hours and subsequently in

at least 12 hour intervals. Time of death, body weight and total and fork lengths

were recorded for each individual. Specimens surviving 240 hour exposures

were moved into Ni-free water at the appropriate trial temperature for

determination of post-exposure mortality and tolerance of subsequent

temperature stress.

Day versus Night Mortality In Constant Temperature Assays

The number of individuals which died in each of the day (0800 - 2000

hrs) and night (2000-0800 hrs) photoperiods were grouped between the four

trials (N =40), at each of 10°C, 20°C and 30°C, and a percent derived. The .

percent of specimens which died during the day cycle were then compared to

those dying at night (x -±. SEM).
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Body Size and Mortality - Fork Length and Weight

There were three separate analyses for each of weight and fork-length

data sets. Initially, each separate bioassay was plotted to determine regression

analysis, and equation of the curve, and then compared to all other bioassays.

Through this investigation, the separate effects of temperature and Ni

concentration could be determined. Once the individual effects were reported,

the two Ni concentration bioassays at each temperature were grouped in order

to test for general trends in the effect of temperature on lethal Ni concentration

exposure. Finally, the bioassays were grouped into two large data sets

reflecting the two Ni concentrations used to test for general differences in the

increased Ni concentration regardless of temperature.

Abrupt Temperature Change Protocol

As in constant temperature trials, fish were transferred from 20°C

acclimation tanks to 30 L non-circulating glass tanks placed within a larger 600

L water bath to investigate the effects of abrupt temperature change (20°-10°C

or 20°-30°C) during pollutant exposure. It was anticipated that duration of

nickel exposure before and after temperature change as well as duration of

exposure to the temperatures experienced might affect mortality. Exposure

tanks were located in a single water bath to ensure compatibility of temperature

experience in all tests. Additions of nickel were staggered to provide exposure

times at 20°C ranging from 24 hours to 216 hours before temperature increase

or decrease. Each test tank was run for 240 hours, to allow for investigation of
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both the effects of abrupt temperature change and the duration of nickel

exposure at each temperature.

Accordingly, five exposure tanks were established together with four

control tanks (Table IV; Fig. 5.). Fish were undisturbed for a minimum of 48

hours prior to commencement of each trial. Nickel was added to five tanks each

containing 10 individuals to raise nickel concentrations to the previously

determined 240 and 96 hour LCSO values following the schedule outlined in

Table IV. Two-hundred and sixteen hours after the initiation of the experiment,

temperatures were decreased from 20°C to 10°C at a rate of 2°Cjhour. Test

animals were exposed to nickel for a total of 240 hours by staggering assay

completion times. Assays were twice duplicated to provide samples of 20

individuals under each test condition. As before mortalities were recorded as

they occurred, and survivors moved to Ni-free holding tanks at 10°C or 30°C

following assay termination for further investigation.

Identical assays were carried out to test the effect of abrupt temperature

increase from 20° to 30°C during nickel exposure (Table IV). Again trials were

duplicated to provide samples of 20 individuals under each regime.

Diurnally Cycling Temperature Protocol

Fish acclimated to 20°C were transferred to a 40 L glass non-circulating

tank equipped with heating and cooling coils. A computer program designed by

Technical Services Brock University was used to generate a diurnal sinewave

20°.±.10°C temperature cycle (Fig. 6.). Continuous temperature records were



Table IV. Abrupt temperature change regime assay protocol.



DAY TANK I E)(POSUAE TINE IN HOURS
1 1 0
2 24
3 2 48 0
4 72 24
5 3 $ 48 0
6 120 n 24
7 4 144 fa) 48 0
8 168 120 n 24
9 5 192 144 $ 48 0

10 ~L 216 168 120 n 24-11 1end 240 192 144 $ 48
12 216 168 120 72
13 2end 240 192 144 $
14 216 168 120
15 3 end 240 192 144
16 216 168
17 4end 240 192
18 216
19 Sent 240



Figure 5. Plate drawing representation of abrupt temperature change regime
(20 0 -10°C and 20°-30°C) apparatus. For more complete profile view
of the apparatus see Fig. 4.

1. Frigid Unit
2. Heating Coils
3. Thermometer
4. Water Bath, temperature change 20°C.±. 10°C
5. Tank # 1, Ni-216 h before temperature change
6. Tank #2, Ni-168 h before temperature change
7. Tank #3, Ni-120 h before temperature change
8. Tank #4, Ni- 72 h before temperature change
9. Tank #5, Ni- 24 h before temperature change
10. "'Vater bath, Control Tanks, No NI during temperature change
11. 20 °C, Ni exposure constant temperature, 240 h
12. 20°C, Ni exposure. No NI exposure, constant temperature, 240 h
13. 10 0/30 °C, Ni exposure, constant temperature, 240 h
14. 10 °C/30 0 C, No Ni exposure, constant temperature, 240 h
15.200-10 0 /30°C, No Ni exposure, temperature change, 240 h
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Figure 6. Tank temperature chart record of diurnally cycling
temperature regime (x = 20°).
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made during both control and bioassay exposures. Control records were initially _

obtained for two week periods, during which 15 individuals were exposed to the

cycling temperature regime. Following this, analytical grade nickel was added to

bring the tank concentration up to 22.8 mg/L (96 h LC50). Trials were

duplicated (N =30) and tanks were monitored as described previously. Survivors

were transferred, as before, into Ni-free holding tanks at 20°C.

Directionally Random Temperature Fluctuations

In three trials (N =30), fish acclimated to 20°C were transferred to a 40 L

glass, non-circulating, insulated tank. This tank was equipped with heating and

cooling coils, and a thermostat driven by a programmed controller which

imposed directionally-random 2°C temperature changes every 2 hours between

predetermined limits of 10° and 30°C (Fig. 7). Continuous temperature records

were again made during assays. As in trials with diurnally-cycling conditions

specimens were first exposed under ·Ni-free conditions for two weeks to this

temperature regime. Following this, analytical grade nickel was added to bring

the tank concentration to 22.8 mg/L (96 h LC50). Survivors were moved to

20°C Ni-free water for further investigation.

Survivor Protocol

As noted all survivors were transferred to Ni-free conditions in tanks

maintained at temperatures corresponding to those they had experienced

during the assay procedure. Constant temperature trial survivors were observed



Figure 7. Tank temperature chart record of directionally random
temperature regime (x = 20°C).
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Figure 8. Schematic representation of dirurnally cycling and directionally
random temperature regime apparatus.

1. Assay tank, Control and Ni exposure
2. Heating coils
3. Cooling coils
4. Thermometer probe
5. Chart recording temperature probe
6. Paper temperature chart recording
7. Computer
8. Airstone
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for 8 - 12 weeks. Following this, temperature was raised 10°C from the

previous temperature at 2°C/hour. Thus 10°C survivors were exposed to

20°C, and 20° to 30°C. There were no survivors of the 30°C trials.

Survivors from the abrupt temperature change trials were held for 2-3

weeks at 10° or 30°C as appropriate. 2°C/hour changes were then initiated to

raise those at 10°C to 20°C and drop those at 30°C to 20°C.

Survivors of trials under randomly fluctuating and diurnally cycling

conditions were first brought to constant 20°C for 6 weeks. They were then

exposed to 10°C increase in temperature at a rate of 2°C/hour.

. Table V summarizes the foregoing trials.

Mortalities subsequent to assays were recorded, as were those

associated with subsequent temperature tests as previously described for nickel

assays.



Table V. Post Nickel assay exposure protocol for survivors with respective
additional temperature stress regimes.



~ 0" '-ntli ' I

Temperature Regime Post Exposure Additional
Mortality Records Temperature stress

Constant 10°C 8 - 12 weeks (lOOe) Up to 20°C

Constant 20°C 8 - 12 weeks (20°C) Up to 30°C

Constant 30°C no survivors

Abrupt Temperature 2 - 3 weeks (10°C) Up to 20°C
Decrease (20°-10°C)

Abrupt Temperature 2 - 3 weeks (30°C) Down to 20°C
Increase (20°-30°C)

~iurnally Cycling 6 weeks (20°C) Up to 30°C
x=20oC

Directionally 6 weeks (20°C) Up to 30°C
Random x=20oe --
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DATA ANALYSIS:

The analysis of each temperature regime incorporated each the following

steps:

1. Lack-of-Fit-Tests

Because there were several replicates of each assay, it was important to

test for differences between trials before data could be grouped for further

analysis. Exposure times were divided into 24 hours periods with cumulative

percent mortality recorded within each interval. In 46 trials only one such

difference was identified. Lack of fit tests

(F-stat = 0.05; SREG-06.BAS, J.J. Hubert, 1993) indicated a significant

difference in the 20°C constant temperature 96-h LC50 trials. Given the size

effects subsequently identified, this may have been the result of an unusually

wide variation in specimen size in one replicate leading to large variances in

overall mortality.

2. Raw data plots:

Bioassay mortality data is normally expressed as cumulative percent

mortality with time of the initial population. Accordingly, for each temperature

regime, a plot of cumulative mortality was made. Using the SLOPES program

(GW BASIC IBM, J.J.Hubert 1993), y-intercepts (initial mortality), slopes (rate of

mortality) and variances around regression lines were estimated. Slopes and

variances were then compared for significant differences (F-stat= 0.05). If



slopes did not differ significantly, differences in elevation based on tests of y-

intercept data were determined.

3. Probit data plot:

Toxicity investigations incorporating various doses frequently produce

sigmoid cumulative mortality curves. Probit transformations of the Y axis are

often used to approximate a linear regression wihtin the mid range of mortality

curves, in order that Le50's and median resistance times may be estimated.

The relationship between percent and probit values is non-linear" at very high

and low percentages. Therefore values below 10% and above 90% are

commonly omitted in slope and median resistance time analyses denoted by

the arrows in Fig. 9. Estimates of significant differences in mortality rate (slope)

and initial mortality (elevation) were based on the SLOPES program previously

noted (Hubert, 1993).

ADDITIONAL TEMPERATURE STRESS:

Protocol

Ni exposure assay survivors were maintained at constant temperatures

reflecting those experienced at the end of the assays for a period of 2 to 12

weeks. Table V outlines the protocol followed for constant temperature duration

and additional temperature stress imposed. In all but one group, the

temperature stress imposed was a temperature increase as that is commonly

known as the more physiologically demanding with increased metabolic rate



Figure 9. Probit percent curve. Arrows indicate 10 and 90 %. probit.
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and oxygen requirements with decreased oxygen availability (Houston, 1982).

The temperature was dropped in the abrupt temperature increase assay

survivors as the final temperature was 30°C and raising it to 40°C approached

the lethal limit for this species and thus a drop of 10°C was employed as a

temperature stress for this group.

As a result of· limited tank space and temperature regulators, and small

sample sizes, temperature stress was imposed at different post exposure times

for each temperature regime group. Ideally, with larger sample sizes each

temperature regime survivor group should have been exposed to an additional

stress at varying post exposure times. The times used were chosen in an

attempt to assess a single temperature stress in a Ni assay survival population

regardless of regime experienced.



RESULTS:

EXPOSURE CONDITIONS:

Water Analysis:

Tables VI, VII, and VIII summarize final Ni concentrations under the

various experimental conditions. Ni concentrations in 240-h and 96-h LC50

groups remain~d significantly different in all trials (x.±SD). In general, no

appreciable trends in nickel concentration were noted over time in assays.

Increases of less than 1 ppm Ni were observed in two of the four 30°C trials.

Higher temperatures produce greater evaporation rates and therefore a larger

volume of replaced water over the test period often producing fluctuations in

metal concentration.

Actual Ni concentrations determined for the 240-h LC50 (14.7 mg/L)

assays was generally higher at 16.27 mg/L under constant temperature

conditions and ranged from 13.71 to 15.89 mg/L under abrupt temperature

increase assays. The reverse was true for the 96-h LC50 (22.8 mg/L) with Ni

levels of 20.09 mg/L under constant temperature conditions and ranging from

19.04 to 20.16 mg/L under abrupt temperature decrease assays. With

conflicting AAS results Le. low Ni concentration being high, and high Ni

concentration being low, there is no obvious explanation.



Table VI. AAS determined Ni concentrations in constant temperature
regime assays.



IExp. Tanks I 10°C I 20°C I 30°C I x ± SE . I
Control 0.113 + 0.086 + 0.058 + 0.081 +

0.036 ppm 0.026 ppm 0.012 ppm 0.013 ppm

240-h LC50 16.45 ± 15.65 ± 17.59 ± 16.27 +
0.17 ppm' 0.07 ppm 0.28 ppm 0.145 ppm

96-h LC50 20.34 + 20.01 ± 20.38 + 20.09 +
0.17 ppm 0.09 ppm 0.17 ppm 0.091 ppm



Table VII. AAS determined Ni concentrations in
abrupt temperature change regimes assays.

a - approximate 96-h LC50 tanks
b - approximate 240-h LC50 tanks



Exp. No Ni Ni 20 0 e No Ni Ni 10 0 e No Ni
Tanks a 20 0 e 10 0 e 20°-10°C

19.04 + 0.138 + 20.16 ± 0.336 + 19.38 + N/A
0.17 ppm 0.022 ppm 0.16 ppm 0.066 0.112

Exp. No Ni Ni 20 0 e No Ni Ni 30 0 e No Ni
Tanksb 20 0 e 30 0 e 20°-30°C

13.71 ± 0.403 + 14.654 + 0.089 + 15.89 + 0.158 +
0.23 ppm 0.274 ppm 0.161 ppm 0.012 ppm 0.397 ppm 0.043ppm



Table VIII. AAS determined Ni concentrations in diurnally cycling and
directionally random temperature change regime assays.



Experimental Tanks Ni Concentration x + SEM

Diurnally Cycling 15.13 + 0.33'4 ppm

Directionally Random 18.38 ± 0.430 ppm
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Temperature/Oxygen/Conductivity:

Changes in 02 and conductivity with temperature were observed.

However 02 levels were above 80% saturation, well above the 20% level at

which hypoxic stress limits metabolism. Data are summarized in Tables IX, X,

and XI. The conductivity was higher in the 20 ppm tanks, as a result of added

cr through the metal addition in the form of a salt. Alkalinity remained relatively

constant over the test periods at approximately 6.0. Ten, 20° and 30°C trials

maintained significant differences in temperatures under both constant and

abrupt temperature change regimes (x.±.SD).

I. CONSTANT TEMPERATURE BIOASSAYS:

As previously noted, two nickel concentrations were investigated under

three constant temperature regimes in constant temperature bioassays. Linear

equations and regression analysis for constant temperature bioassay data are

summarized in Tables XII and XIII.

Figs. 10, 11 and 12 indicate the effects of two Ni concentrations at each

of three temperatures, 10°, 20° and 30°C. Cumulative percent mortality plots

for these investigations are found in a, and probit transformed plots are found in

b.



Table IX. Exposure conditions, temperature, pH, oxygen, and conductivity
during constant temperature assays (x ± 1 S.E.M.).
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I
Curve I~~mperature IpH IOxygen

I
Cond.

I
10°C 10.14 ± 5.94 ± 0.02 10.21 ± 94 ± 2
Control 0.09 0.11

10°C 240-h 9.83 + 0.08 5.91 + 0.04 9.62 + 0.88 148 + 2
LC50

10°C 96-h 10.00 + 5.93 + 0.06 10.54 + 167 ± 4
LC50 0.10 0.08

20°C 19.86 + 6.02 + 0.04 7.65 + 0.13 61 ± 4
Control 0.50

20°C 240-h 19.96 + 5.96 + 0.04 7.49 ± 0.09 131 + 7
LC50 0.55

20°C 96-h 19.97 + 5.97 + 0.04 7.78 + 0.14 168 + 6
LC50 0.60

30°C 29.07 + 6.43 + 0.02 5.9 + 0.16 152 + 9
Control 0.41

30°C 240-h 29.25 + 6.64 ± 0.06 5.7 ± 0.28 232 + 10
LC50 0.35

30°C 96-h 29.19 + 6.56 + 0.06 5.65 ± 0.21 207 + 3
LC50 0.36



Table X. Exposure conditions, temperature, pH, oxygen and conductivity during
abrupt 20° - 10°C temperature change regime assays (x.± 1 S.E.M.).



1 2: 4

ICurve I:~mperature IOxygen ICondo IpH
I

1-5 Before 20.14 ± 7.27 + 0.08 292.81 + 6.02 +
Temp. Dec. 0.09 11.76 0.03

1-5 After 10.80 + 10.13 + 363.33 + 6.40 +
Temp. Dec. 0.17 0.36 14.97 0.06

20 o -10 o e 19.84 ± 7.14 + 0.09 296.43 + 5.4
No Ni Bef. 0.24 112.04

20 o -10 o e 13.09 + 10.2 + 0.8 375 ± 5 N/A
No Ni Aft. 0.72

20 0 e Ni 19.83 ± 6.65 + 0.23 354.5 ± 6.15 +
0.23 23.13 0.24

20 0 e No Ni 19.86 + 7.33 + 0.29 170 + 29.44 4.8
.0.36

10 0 e Ni 10.25 + 9.16 + 0.23 243.63 + N/A
0.09 27.48

10 0 e No Ni 10.98 ± 8.9 + 0.21 175 ± 8.05 N/A
0.40



Table XI. Exposure conditions, temperature, pH,oxygen, and conductivity
during abrupt 20° - 30°C temperature change regime assays
(x..±. 1 S.E.M.).



II Curve ITemperature IOxygen ICondo

126

II
°c

1-5 Before 19.74 + 6.14 ± 0.09 200.68 + 5.9 + 0.08
Temp. Inc. 0.19 12.83

1-5 After 29.13 + 4.87 ± 0.1 329.33 + 5.8 + 0.14
Temp. Inc. 0.16 13.37

20°-30°C N/A N/A N/A N/A
No Ni

20°C Ni 22.03 .±. 6.08 + 0.13 258.00 + 5.6 ± 0.08

1
200C

0.38

1
6000

43.39

1
5095No Ni 122063 + ± 0.42 1165000 + ± I0.41 38.89 0.04

30°C Ni 29.41 + 4.97 ±. 0.12 345.00 ± N/A
0.26 11.00

30°C No N1 29.44 ± 4.82 + 0.08 269.67 + 6.3
0.33 14. S7



Table XII. Regression analysis for mortality curves in constant temperature
regime assays.



1 2 8

Curve N Slope Y-Int. Var. Cor. t-test MRT
Coef.

10°C 3 1.25 x 1.25 2.67 x 0.999 22.79* 315
96-h 10-2 10-4

20°C ·5 8.85 x 2.41 6.18 x 0.983 9.21* 322
240-h 10-3 10-3

20°C 13 1.74 x 2.58 1.82 x 0.987 20.38* 132
96-h 10-2 10-2

30°C 11 1.64 x 3.17 3.29 x 0.996 33.78* 103
240-h 10-2 10-3

30°C 10 1.62 x 3.53 1.91 x 0.962 9.95* 86
96-h 10-2 10-2



Table XIII. Significant differences in slope and elevation of mortality .
curves during constant temperature assays
(* means significant difference, F= 0.05).
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Comparison F-slope F-critical F-elevation F-critical

20/240 vs 24.95* 4.6 - -
20/96

30/240 vs 1. 9 X 10-2 4.45 47.26* 4.41
30/96

20/240 vs 64.59* 4.75 - -
30/240

10/96 vs 1.26 4.75 504.16* 4.67
20/96

10/96 vs 0.645 5.12 173.82* 4.96
30/96

20/96 vs 0.45 4.38 123.25* 4.35
30/96

10/96 vs 2.23 7.71 37.27* 6.61
20/240

10/96 vs 4.31 4.96 1453.65* 4.84
30/240

20/96 vs 0.81 4.35 100.17* 4.32
30/240

20/240 vs 12.08* 4.84
30/96



Figure 10. Cumulative mortality after 240 h nickel exposure in 16 and 20
ppm Ni populations at constant 1aoc.

a) non-transformed data curve
b) probit transformed data curve



(a)
1 j 2

25
~

~
e.." 20
~
co
t 150
:E
Q)
> 10
~
co-::J
E 5:::J
()

0

0 50 100 150 200 250 300

Exposure Time (hr)

o 4.3 (b)
~......,
:c 4.2

20 ppm Ni0
l.-

S 4.1
~
~

co 4
t
0

3.9:E
Q)

.> 3.8......,
co
::J 3.7E
::J
() 3.6

190 200 210 220 230 240 250

Exposure Time (hr)



Figure 11. Cumulative mortality after 240 h nickel exposure in 16
and 20 ppm Ni populations at constant 20°C.

a) non-transformed data curve
b) probit transformed data curve



1 A\ 4.
(a)

Iv

100

~

'*- '80
'-'"

20 ppm Ni
~
co 60
~
0
:E 40
(I)
>:;:;
co 20
::::s
E 16 ppm Ni
::::s 0U

o 50 100 150 200 250 300

Exposure Time (hr)

D

(b)

20 ppm Ni

~7
~o
~
.0
o
0. 6
'-'"

~
co
~ 5o
:E
Q)

.>
CO 4
::s D
E
::s
U 3 -+-----r-----ro-----.--....------.~-...--

60 90 120 150 180 210 240

Exposure Time (hr)



Figure 12. Cumulative mortality after 240 h nickel exposure in 16
and 20 ppm Ni populations at constant 30°C.

a) non-transformed data curve
b) probit transformed data curve
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Effect of Ni concentration

At low temperature, increases in nickel concentration did not significantly

increase mortality rate. At both 20° and 30°C, however, increase in nickel

concentration produced a significant change in mortality rate. At 20°C, 20 ppm

bioassays exhibited a significantly greater slope than the 16 ppm tests. In

contrast, at 30°C, a greater non-transformed slope was reported in the 20 ppm

when compared to the 16 ppm groups, however upon transformation of the

data, the slope was found to be significantly lower in the 20 ppm bioassays. A

general increase in slope is reported with increased temperature and increased

Ni concentration in the non-transformed and transformed data.

Effect of Temperature

In Figs. 13 and 14 accumulative mortality is plotted as a function of Ni

concentration in order to compare all three temperatures on a single plot. With

the higher nickel concentration (20 ppm) an increase in temperature from 20°

to 30°C resulted in a significant increase in non-transformed slope Le., mortality

rate. Significantly higher mortality rates were also noted with low temperature

and high nickel concentration (20°C, 20 ppm) when compared to the higher

temperature with low nickel concentrations (30°C, 16 ppm).

Significant differences in elevation, Le. initial mortality, were found

between 10°C, 20 ppm and all other regimes. Lower V-intercept infers that the

curve is located closer to the x axis than its counterpart. In terms of mortality,

this means that the curve with the lower elevation produced a lower overall



Figure 13. Cumulative mortality ~fter 240 h nickel exposure in 16 ppm Ni
populations at constant 10°, 20° and 30°C.

a) non-transformed data curve
b) probit transformed data curve



(a) 139
120

~

~ 1000
~

~
80:!:::

co
~
0 60
~
Q)

40>
~
co
:J 20
E
:J
U 0

o 30 60 90 120150180210240

Exposure Time (hr)

(b)

co _
~
o
:E
.~ 4 200C

. ....,
co
:J

E
:J

U3-+--....----.---......--..-.---..----.-

60 90 120 150 180 210 240

Exposure Time (hr)



Figure 14. Cumulative mortality after 240 h nickel exposure in 20 ppm Ni
populations at constant 10°, 20° and 30°C.

a) non-transformed data curve
b) probit transformed data curve
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number of dead individuals Le. a fewer number of individuals died at the onset

of mortality for the group although the rate of death remained the same. Each

of 30°C,- 16 and 20 ppm groups reported significantly greater elevation or

greater initial mortality (actual number of dead individuals) than the 20°C, 16

ppm bioassays.

Mortality did not exceed 10% in 10°C, 16 ppm trials; a transformed

regression line was therefore not calculated.

Calculations for Median Resistance Time (MRT), the time at which 50% of

the population had died are located in Table XII for constant temperature

regime bioassays. In each of the transformed and non-transformed data, the

MRT values decrease with increasing temperature and Ni concentration.

BODY SIZE AND MORTALITY - FORK-LENGTH AND WEIGHT

Weight

Regression equation information and results of F statistic analysis are

located in Tables XIV and xv. Comparing the effect of Ni concentration at a

given temperature was investigated (lines 1-3 of Table XV).

At 30°C, the increase in nickel concentration from 16 ppm to 20 ppm

resulted in a significant increase in slope of the curve suggesting increased

body weight in dead individuals at the higher concentration.

The effect of temperature was found through comparisons of 16 and 20

ppm investigations separately at each of the three temperatures (lines 4-9 of

Table XV). At 16 ppm Ni concentration, the increase in temperature from 10°



Table XIV. Regression analysis results from weight versus survival time curves
obtained during constant temperature assays.
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Curve N Slope Y-int. Var. Cor. t-test
Coef.

10°C 4 -0.0007 2.625 0.0987 -0.220 -0.319
240-h

10°C 8 0.0756 -6.993 106.515 0.412 1.107
96-h

20°C 14 0.0811 -3.774 47.839 0.637* 2.861
240-h

20°C 35 0.147 -7.067 99.567 0.551* 3.798
96-h

30°C 37 0.0892 2.568 66.754 0.462* 3.080
240-h

30°C 40 0.1759 -1.427 54.232 0.732* 6.614
96-h



Table xv. Significant differences in specimen weight versus survival time
curves for constant temperature assays
(* means significantly different, F=O.05).



Comparison F-slope F-critical F-elevation F-critical

10/240 vs 0.729 5.32 0.160 5.12
10/96

20/240 vs 1.586 4 0.114 4.868
20/96

30/240 vs 5.775* 3.92
30/96

10/240 vs 2.233 4.6 1.906 4.54
20/240

10/240 VS 1.860 4.08 7.438* 4.08
30/240

20/240 VB 0.0362 4.0 7.077* 4.0
30/240

10/96 VB 0.892 4.08 8.159* 4.08
20/96

10/96 VB 3.309 4.0 33.933* 4.0
30/96

20/96 VB 0.806 3.92 19.462* 3.92
30/96

~O vs 3.257 4.08 3.593 4.08
20/96

10/240 vs 8.724* 4.08
30/96

10/96 vs- 0.0744 4.41 1.434 4.38
20/240

10/96 vs 0.0455 4.08 9.722* 4.08
30/240

20/240 vs 6.765* 4.0
30/96

I

20/96 vs 1.398 3.92 1.673 3.92
30/240
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and 20° to 30°C produced no significant difference in slope but a significant

difference in elevation. Elevation differences in these curves suggest that at a

given exposure time, the actual weight of individuals dying differs. Increase in

temperature from 10° to 20°C did not produce a significant change in slope or

elevation.

No significant differences between slopes and elevations found when

investigating the effect of Ni concentration in part one of the weight analysis

lead to the grouping of the two Ni concentration assays. Regression and F

statistic analysis results are found in Tables XVI and XVII. No significant

differences were found between slopes at each 10°, 20° and 30°C, however a

significant increase in elevation was reported with each temperature rise.

In a final set of analyses, all three temperature assays were grouped for

each of the Ni conce.ntrations used in order to investigate the effects of Ni

concentration at any temperature. Regression and F statistic results are found

in Tables XVIII and XIX. No significant differences were found in either slope or

elevation when all 16 ppm assays were compared with 20 ppm assays.

Fork-length

A comparison of fork-length versus mortality at each of the three

temperatures and under two Ni concentrations was executed with results

reported in Tables XX and XXI.



Table XVI. Regression analysis of specimen weight versus survival time during
constant temperature assays. Effect of temperature with grouped 16
and 20 ppm Nickel assays.



Curve N Slope Y-int. Var. Cor. t-test
Coef.

10°C 12 0.0492 -2.718 70.994 0.375 1.281
240/96

20°C 49 0.0912 -1.588 85.885 0.489* 3.842
240/96

30°C 89 0.1076 2.612 78.027 0.492* 4.265
240/96



Table XVII. The effects of temperature on specimen" weight versus survival
time curves for grouped Nickel concentrations
(* means significantly different, F=O.05).



Comparison F-slope F-critical F-elevation F-critical

10° vs 20° 0.775 4.0 7.274* 4.0

10° vs 30° 2.131 4.0 21.329* 4.0

20° vs 30° 0.201 4.0 10.411* 4.0



Table XVIII. Regression analysis of specimen weight versus survival time during
constant temperature assays. Effect of different nickel
concentrations.



ICurve IN ISlope IY-int. IVar I
Cor. It-test

ICoef.

240-h 55 0.0520 4.,645 70.768 0.360* 2.812
10°/20°
/30°

96-h 55 0.0696 3.884 118.693 0.349* 2.713
10°/20°
/30°



Table XIX. Significant differences in specimen weight versus survival time
during constant temperature assays for grouped temperatures
(* means significantly different, F=O.05).
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Table xx. Regression analysis results from fork-length versus
survival time curves obtained during constant temperature assays.
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Curve N Slope Y-int. Var. Cor. t-test
Coef.

10°C 4 0.0069 4.274 0.0363 0.933 3.663
240-h

10°C 8 0.0187 3.062 6.364 0.416 1.119
96-h

20°C 14 0.0247 3.536 4.840 0.620* 2.734
240-h

20°C 35 0.0335 3.465 5.577 0.537* 3.656
96-h

30°C 37 0.0261 5.603 4.567 0.504* 3.448
240-h

30°C 40 0.0501 4.277 3.425 0.763* 7.268
96-h



Table XXI. Significant differences. in specimen fork-length versus survival time
curves for constant temperature assays
(* means significantly different, F=O.05).



1 ~ a• v ..J

Comparison F-slope F-critical F-elevation F-critical

10/240 vs 0.288 5.32 0.201 5.12
10/96

20/240 vs 0.675 4.08 3.067 4.08
20/96

30/240 vs 5.463* 3.92
30/96

10/240 vs 1.032 4.6 2.276 4.54
20/240

10/240 vs 1.414 4.08 12.19* 4.08
30/240

20/240 vs 0.0159 4.08 8.633 4.08
30/240

10/96 vs 0.616 4.08 8.130* 4.08
20/96

10/96 vs 4.473* 4.08
30/96

20/96 vs 2.148 3.92 24.185* 3.92
30/96

10/240 vs 1.878 4.08 4.959* 4.08
20/96

10/240 vs 7.525* 4.08
30/96

10/96 vs 0.0862 4.41 2.401 4.38
20/240

10/96 vs 0.220 4.08 14.951* 4.08
30/240

20/240 vs 5.598* 4.0
30/96

20/96 vs 0.389 4.0 5.188* 4.0
30/240



Table XXII. Regression analysis of specimen fork-length versus survival time
during constant temperature assays. Effect of temperature with
grouped 16 and 20 ppm Nickel assays.



Curve N Slope Y-int. Var. Cor. t-test
Coef.

10 0 e 12 0.0154 3.497 4.058 0.469 1.678
240/96

20 0 e 49 0.0245 4.352 5.582 0.507* 4.032
240/96

30 0 e 47 0.0362 4.993 4.262 0.628* 5.419
240/96



A significant increase in slope was found at 30°C when comparing the

effect of increased Ni concentration at each temperature

(lines 1-3 of Table XXI).

Investigating the effects of temperature at each of the Ni concentrations

separately resulted in a significant increase in slope from 10°C to 30° at 20

ppm. Significantly increased elevation was found between 10° and 30° at 16

ppm, 10° and 20°, 20 ppm and 20° and 30°C, 20 ppm.

Grouping the Ni concentrations together allowed for the comparison

between the three temperatures under all Ni exposure. Results of these

analyses are found in Tables XXII and XXIII. As with weight, no significant

differences in slope were reported; however, increased temperature produced

increased elevation of the curves and therefore long.er lengths of dead

individuals at higher temperatures.

Grouping the temperatures together, and comparing 16 ppm assays with

20 ppm assays resulted in no significant difference in slope or elevation (Tables

XXIV and XXV).

Generally, at low Ni concentrations and low temperatures there was little

evidence of any effect of body size on survivorship. Higher Ni concentrations

resulted in death of larger specimens at shorter exposure times. Temperature

increases produced similar effects.



Table XXIII. The effects of temperature on specimen fork-length versus survival
time curves for grouped Nickel concentrations.
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Comparison F-slope F-critical F-elevation F-critical
II

10° vs 20° 0.568 4.08 9.779* 4.08

10° vs 30° 3.266 4.08 32.284* 4.08

20° vs 30° 1.546 4.0 15.557* 4.0



Table XXIV. Regression analysis of specimen fork-length versus survival time
during con~tant temperature assays. Effect of different nickel
concentrations·.
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ICurve IN ISlope IY-int. IVar. I
Cor. It-test ICoef.

240-h 55 6.158 0.0155 5.690 0.374* 2.931
10°/20°
/30°

96-h 53 6.021 0.0172 6.540 0.375* 2.892
10°/20°
/30°



Table xxv. Significant differences in specimen fork-length versus survival time
during constant temperature assays for grouped temperatures (*
means significantly different, F = 0.05).
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LAG TIME FOR ONSET OF MORTALITY

Lag time is described as the time elapsed prior to the first mortality. This

measure of acute lethality was investigated at three nickel concentrations

approximating 16, 20 and 26 ppm values (Fig. 15). A single trial at 26 ppm did

not permit calculation of a measure of central tendency.

Ni concentration effects

At 10° and 30°C, an increase in Ni concentration from 16 ppm to 20

ppm did not result in a significant change in lagtime (x.±.SD), however, at 20°C

increased Ni, resulted in a significant drop in lagtime (Table XXVI). At all

temperatures, 26 ppm Ni produced a significant drop in lagtime when compared

to 16 and 20 ppm assays with the exception of 20°C, 20 ppm which was not

significantly different than 20°C, 26 ppm Ni.

Temperature effects

Under low Ni concentration (~6 ppm) conditions, 10° and 20°C each

exhibited a significantly greater lagtime than 30°C. Under higher Ni

concentration (20 ppm) conditions, 10°C reported the greatest lagtime which

differed significantly from each of 20° and 30°C (Table XXVII).

Generally, at low Ni concentrations 05.20 ppm) and low temperatures

.05.20°C), there is no change in lagtime under Ni exposure conditions. At high

Ni concentrations C2:.20°C), increased temperature produces a significant

decrease in lagtime.



Figure 15. Lagtime (hours) to onset of mortality in 16,
20 and 26 ppm Ni populations at 10°, 20°, and 30°C.
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Table XXVI. Significant differences in lagtime (hours) between two nickel
concentration exposures during constant temperature regime
assays (* means significantly different, F=0.05).
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I Lag Time/ Concentration Effect I I
IComparison ISignificant Difference I

10° 240-h vs 10° 96-h no

10° 240-h vs 10° 80-h yes

10° 96-h vs 10° 80-h yes

20° 240-h vs 20° 96-h yes

20° 240-h vs 20° 80-h yes

20° 96-h vs 20° 80-h no

30° 240-h vs 30° 96-h no

30° 240-h vs 30~ 80-h yes

30° 96-h vs 30° 80-h yes



Table XXVII. Significant differences in lagtime (hours) between 10°, 20° and
30°C constant temperature regime assays at the ·same nickel
concentration (* means significantly different, F=O.05).
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I Lagtime Temperature Effect I I
IComparison ISignificant Difference I

10° 24:0-h vs 20° 240-h no

10° 240-h vs 30° 240-h yes

20° 240-h vs 30° 240-h yes

10° 96-h vs 20° 96-h yes

10° 96-h vs 30° 96-h yes

20° 96-h vs 30° 96-h no
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Day/Night Mortality

Under all temperatures, and Ni concentrations dark cycle mortality (2000

and 0800 hrs) representing night-time, exceeded the day-time mortality (Fig.

16).

An important note should be made regarding the addition of Ni to test

tanks and subsequent mortality. Ni was added to experimental tanks at the

initiation of the light cycle (0800 - 0900 hrs) in all temperature regime assays. In

order to investigate the effects of photoperiod alone, the addition of the toxicant

should be staggered throughout the photoperiod. The above mortality notes

were made as general observations with the given protocol.

II. ABRUPT TEMPERATURE CHANGE ASSAYS

1. Effects of Temperature Decrease (20°-10°C)

Regression analysis for the abrupt temperature decrease assays are

summarized in Tables XXVIII and XXIX. Actual Ni concentration determined by

AAS analysis was found to be approximately 19.53 ppm and ranged from 19.04

to 20.16 ppm in exposure tanks which were comparable to 96-h LC50 constant

temperature regimes. Mortality curves obtained from separate tanks before the

temperature decrease did not differ significantly. Similarly results obtained from

mortality curves following the temperature drop did not differ and therefore all

data points before and after the abrupt temperature change were grouped

separately.

The slope before the temperature drop at 20°C was significantly greater



Figure 16. Percentage of total mortality occurring during light (day)
and dark (night) cycles in constant temperature regime assays.
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Table XXVIII. Regression analysis of mortality curves obtained during abrupt
temperature change 20°-10°C regime assays.
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Curve N Slope Y-Int. Var. Cor. t-test
Coef.

cons. 13 2.58 1.74 x 1.82 x 0.987* 20.38
20°C 10-2 10-2

24-h at 3 3.10 4.93 x 9.32 x 0.975* 4.36
20°C 10-3 10-3

72-h at 7 2.95 9.71 x 3.1 x 0.952* 6.98
20°C 10-3 10-2

120-h 5 2.94 1.51 x 8.58 x 0~932* 4.47
at 20°C 10-2 10-2



/ Table XXIX. Significa.nt differences in mortality curves obtained during abrupt
temperature change 20°-10°C assays
(* significant difference,F=O.05).
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Curves F-stat F-critical F-stat F-critical
slope elevation

constant 26.21* 4.49 - -
20°C vs
72-h at
20°C

constant 0.999 4.61 0.281 4.54
20°C vs
120-h at
20°C·

constant 49.64* 4.75 - -
20°C vs
24-h at
20°C



18 3

than the slope at 10°C after the temperature change . The slopes a! 20°C

(0.254) and 10°C (0.189) derived from this investigation differed significantly

from those slopes obtained under constant 20°C (0.541) and 10°C (0.102)

temperature regimes.

The three dashed lines in· Fig. 17 represent 3 of the 5 populations which

experienced a temperature change during assay. Mortality rates did "not differ

from constant 20°C (solid line) in populations exposed to 20°C for 120 hours

or longer prior to temperature drop. Mortality rate was significantly reduced in

populations exposed to 20°C for 72 anq 24 hours at 20°C, prior to the

temperature drop.

The number of survivors after the 240 hour Ni assay differed between the

5 exposure tanks. Highest survival rate was recorded in tanks exposed to the

lower temperature for the longest period of time. Fig. 18 indicates that as the

duration of exposure time to 20°C increased the number of survivors

decreased.

2. Effects of Temperature Increase (20°-30°C)

Regression analysis results obtained in the abrupt temperature increase

bioassays are shown in Tables XXX and XXXI. Actual Ni concentrations

determined by AAS an.alysis was found to be approximately 14.75 ppm ranging

from 13.71 to 15.89 ppm in exposure tanks which were comparable to 240-h

LC50 constant temperature regimes. Slopes of the mortality curves obtained

before the temperature change did not differ significantly and therefore data



Figure 17. Mortality in abrupt temperature decrease (20°-10°C)
assays. (Solid line is constant 20°C for 240 h).
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Figure 18. Number of survivors of 20°-10°C abrupt temperature change
assay versus Nickel exposure time at 20°C.
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Table xxx. Regression analysis of mortality curves obtained during abrupt
temperature change 20°-30°C regime assays.
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Curve N Slope Y-Int. Var. Cor. t-test
Coef.

cons. 13 2.58 1.74 x 1.82 x 0.987* 20.38
20.o C 10-2 10-2

168-h 10 0.013 2.38 6.52 x 0.934* 7.40
at 20°C 10-2

120-h 10 0.0243 1.26 3.17 x 0.971* 11.40
at 20°C 10-2

24-h at 7 0.0248 2.67 9.84 x 0.987* 13.67
20°C 10-3



Table XXXI. Significant differences in mortality curves obtained during abrupt
temperature change 20°-30°C assays
(* means significantly different, F=O.05).



Curves F-stat F-critical F-stat F-critical
slope elevation·

Cons 20°C 1.896 4.84 37.74* 4.75
vs 168-h
at 20°C

Cons 20°C 33.07* 4.84 - -
vs 120-h
at 20°C

Cons 20°C 62.05* 5.32 - -
vs 24-h at
20°C
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points were grouped. Similarly, curves obtained after the temperature increase

did not differ significantly.

The slope before temperature increase (20°C) was not significantly lower

than the slope after the temperature change (30°C). As in the abrupt

temperature decrease assays, slopes calculated at 20° and 30°C in these

assays differed significantly from those observed under constant 20° and 30°C

temperature regimes.

The three dashed lines in Fig. 19 represent 3 of the 5 populations which

experienced a temperature change during assay. Mortality rates did not differ

from constant 20°C (solid line) in populations exposed to 20°C from 168-h or

longer prior to temperature rise. Mortality rate was significantly increased in

·populations exposed to 20°C for 24 and 120 hours prior to the temperature

rise.

Survivorship between the tanks in this assay differed with respect to their

temperature regime experience. Fig. 20 indicates that increased exposure time

to 20°C, the lower temperature in the assay, produced the greatest number of

survivors.

III. CONTINUAL TEMPERATURE CHANGE ASSAYS

1. Effects of Diurnal Sinewave Temperature

Tables XXXII and XXXIII summarize regression analysis and F statistics

for comparison between the cycling temperature regime assays and the

constant temperature 20°C, 16 and 20 ppm assays. Regression analysis for the



Figure 19. Mortality in abrupt temperature increase assays (20°-30°C).
(Solid line is constant 20°C for 240 h).
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Figure 20. Number of survivors of 20°-30°C abrupt temperature change assay
versus Nickel exposure time at 20°C.
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Table XXXII. Regression analysis of mortality curves obtained from diurnally
cycling temperature regime and constant 20°C assays.
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Curve N Slope Y-Int. Var. Cor. t-test
Coef.

Cons 5 8.85 x 2.41 6.18 x 0.983* 9.21
20°C 10-3 10-3

16 ppm

Cons 13 1.74 x 2.58 1.82 x 0.987* 20.38
20°C 10-2 10-2

20 ppm

Cycling 13 1.28 x 2.90 2.68 x 0.97* 15.32
10-2 10-2



Table XXXIII. Significant differences in mortality curves obtained during diurnally
cycling temperature regime and constant temperature 20°C
regime assays (* means significantly different F=O.05.
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Curves F-slope F-critical F-elevation F-critical

cycle vs 3.94 4.6 193.39* 4.54
20°C,
16 ppm

cycle vs 14.54* 4.30 - -
20°C,
20 ppm

cycle vs 0.06 4.38 4.61* 4.35
random
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constant 20°C groups can be found in Table XXXII for comparison. Average

exposure temperature over the 240 hours of the cycling regime was

approximately 20°C. Ni exposure mortality accounted for 90% of specimens

after 240 hours -(Fig. 21).

Atomic absorption spectra analysis found that Ni concentration in the

diurnally cycling temperature regime groups was lower than the anticipated 96-h

LC50 value, i.e., 15.13.± 0.334 ppm thus, mortality curves were compared with

both 16 and 20 ppm assays at constant 20°C. No significant difference in slope

or elevation was found between the cycling and 20°C, 16 ppm assays,

however, a significantly higher slope was reported in the 20°C, 20 ppm assays

when compared to the cycling groups. In addition, the diurnally cycling

temperature regime assay mortality was compared to that recorded under

directionally random temperature regimes. The cycling temperature regime

mortality curve was significantly elevated over the directionally random curve.

Individuals that died over the 240 hour exposure period were plotted

against net temperature change at the point of death. Fig. 22. suggests that

most individuals died following an increase in temperature. Interestingly,

mortality occurred within the same period of the temperature cycle as the

temperature began to rise following the trough (Fig. 23). Mortality predominantly

occurred during the dark cycle i.e., 74% and 26%, dark and light cycles

respectively.



Figure 21. Cumulative mortality after 240 h 15 ppm Ni exposure during
diurnally cycling temperature regime.
(Solid line is constant 20°C for 240 h).
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Figure 22. Number of moribund specimens versus net temperature change
during diurnally cycling temperature assays.
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Figure 23. Period of the diurnally cycling temperature regime at
which most mortality occurred.
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2. Directionally-Random Temperature Change Bioassays

Tables XXXIV and XXXV summarize regression analysis and F statistics

for comparison between directionally random temperature change assays and

constant temperature 20°C, 16 and 20 ppm groups. Regression analysis for

20°C, 16 and 20 ppm assays can be found in Table XXXIV for comp~rison. The

average exposure temperature was approximately 20°C. Despite differences in

the actual temperature regimes between replicates, mortality curves did not

significantly differ (Fig. 24). Ni exposure mortality accounted for 70% of the test

population after 240 hours.

Atomic absorption analysis found that the actual Ni concentration was

18.38 .± 0.430 ppm which was less than the anticipated 20 ppm values thus,

the directionally random assays were compared with both 16 and 20 ppm

constant 20°C temperature regime mortality curves. Constant 20°C, 16 ppm

was significantly elevated over the directionally random tem.perature curve,

however no significant differences in slope or elevation were found when

random temperature curves were compared to 20°C, 20 ppm assays. As

previously stated, the diurnally cycling mortality curve was significantly elevated

over the directionally random regime curve.

The number of dead individuals was plotted against net temperature

change over the 240-h exposure period (Fig. 25). In contrast to results obtained

from diurnal cycle assays, these data do not suggest a correlation between

mortality and net temperature change. It was found that mortality occurred at

high temperature i.e., generally above 25°C. Mortality occurred predominantly



Table XXXIV. Regression analysis of mortality curves obtained during
directionally random temperature regime and constant temperature
20°C regi"me assays.
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Curve N Slope Y-Int. Var. Cor. t-test
Coef.

Cons. 5 8.85 x 2.41 6.18 x 0.983* 9.21
20°C 16 10-2 10-3

ppm

Cons 13 1.74 x 2.58 1.82 x O. 987'* 20.38
20°C 20 10-2 10-2

ppm

Random 10 1.16 x 2.93 5.73 x 0.934* 7.37
10-2 10-2



Table XXXV. Significant differences in mortality curves for directionally random,
diurnally cycling and constant 20°C temperature regime assays
(* means significantly different, F=O.05).



2 1 2

Curves F-slope F-critical F-elevation F-critical

Random vs 0.886 4.84 72.98* 4.75
20°C 16
ppm

Random vs 13.24* 4.38 - -
20°C 20
ppm



Figure 24. Cumulative mortality after 240 h 18 ppm Ni exposure during
directionally random temperature regime.
(Solid line is constant 20°C for 240 h).
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Figure 25. Number of moribund specimens versus net temperature
change during directionally random temperature regime assays.
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during the dark cycle i.e., 95% of moribund specimens.

Behaviourial and Morphological Observations in Nickel Exposed Fish

Changes in the behaviour and morphology were observed in fish

exposed to nickel within six hours.

Initially, individual fish isolated themselves from others, and ceased

eating. As assays progressed this resulted in emaciation.

After six hours of exposure at 20° and 30°C, Saprolegniasis, (body

fungus), was evident in many individuals.

Increase in mucus production was noted in all Ni assay trials. This

coated the body and gills. In the case of the latter, the opercular remained

open, and did not appear to be able to close. Decreased mucus production

was evident after 48 hours in 10°C trials, and was associated with increase in

mucus floating in the water or on the bottom of the tank.

After 12 hours fungus was noted in 10°C, although the number of

individuals infected was substantially less (2%) than was the case at 20° and

30°C (60-70%).

Fish lice parasites (Argulus sp.), were also observed on individuals at

10°C-240 h LC50 after 30 hours and in the 30°C-96 h LC50 after only 6 hours.

Erratic swimming behaviour occurred in all trials; its onset occurring

more quickly at higher temperature.

Dorsal fins collapsed, with lordosis and scoliosis appearing after 48-72

hours of exposure in all tanks.



Shivering and jerky irregular swimming movements were noted in 30°C

tanks.

Blood was observed in the fins and the anal area in all exposures.

Loss of equilibrium and tipping or rolling was apparent. Eventually fish lay

on their sides ventilating spasmodically.

Dead individuals often exhibited yellow green colouration in the gut

region.

In general, the onset of behaviourial and locomotory alterations was

more rapid at higher temperatures. At low temperature, emaciation and

reduction in activity was most pronounced, as were heavy fungal infections and

spasmodic ventilation. Loss of locomotory activity and response to touch were

evident in many individuals for several days prior to death. In contrast, fish at

higher temperatures exhibited a more rapid onset of toxic symptoms, which

frequently resulted in death within 24 hours.

Ni ASSAY SURVIVORSHIP AND POST EXPOSURE MORTALITY:

1. Constant Temperature Assays

Ni Assay Survivorship

Table XXXVI includes data on individuals surviving 16 and 20 ppm

constant temperature bioassays. Only one control specimen out of

approximately 400 individuals died during Ni assay procedures. This individual

was considerably smaller than its counterparts in the tank and was under

considerable stress from the others; the result of which may have been a factor

'I

!



Table XXXVI. Number of survivors and percent of starting population of
constant temperature assays.



220

INi Ilooc
1

200C

I
30°C

IConcentration

Control 40 (100) 39 (97.S) 40 (100)

240-h LCSO 36 (90) 26 (6S) 0 (0)

96-h LCSO 32 ( 80) S (12.S) 0 (0)



in its death. Low temperature, 10°C, resulted in survivorship at or in excess of

80% of the original population in each of the 16 and 20 ppm assays. The

largest variation in survivorship between Ni concentrations was reported at

20°C with 65% at 16 ppm and only approximately 13% in the 20 ppm groups.

There were no survivors at 30°C in each of the 16 and 20 ppm assays.

Post Exposure Mortality

Accumulative mortality expressed as a percentage of each assay"s

surviving population is indicated in Fig. 26; Table XXXVII. Post Ni exposure

mortality prior to subsequent temperature stress was highest in 10°C', 20 ppm

at 25% and lowest in 10°C, 16 ppm with 13%. Exposure to the lower Ni

concentration, 16 ppm, resulted in fewer mortalities at low temperature (10°C),

however, similar mortality was reported at 20°C at 16 and 20 ppm groups

(Tables XXXVIII, Table XXXIX).

Slopes were not found to be significantly different, however, significant

increased elevations were reported between each of 10°C 16 ppm, 20°C, 16

ppm, and 10°C, 20 ppm groups.

2. Abrupt Temperature Decrease Assays 20°C - 10°C

Ni Assay Survivorship

Table XL summarizes the number in individuals surviving temperature

decrease (20°-10°C) assays. Recall that the experimental protocol was

designed such that Ni exposure time at 20°C .decreased from tank #1 to tank



Figure 26. Post Ni assay mortality in 10° and 2QoC constant temperature
regime survivors.

I
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Table XXXVII. Post-exposure mortality in constant temperature assays survivors
expressed as a percent of the total number of survivors.



Temperature Regime Post Exposure Mortality I
10° 240-h Leso 13 % I
10° 96-h Leso 25 %

..
20° 240-h Leso 19 %

20° 96-h Leso 20 %



Table XXXVIII. Regression analysis of post Ni-exposure mortality curves in
constant te.mperature assay survivors.
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Curve N Slope Y-Int. Var. Cor. t-test
Coef.

10°C 5 0.31 3.12 1.86 0.963* 6.24
16 ppm

10°C 6 0.72 10.08 17.84 0.829* 2.96
20 ppm

20°C 16 5 0.40 4.75 3.18 0.967* 6.59
ppm



Table XXXIX. Significant differences in post Ni-exposure mortality curves in
constant temperature assay survivors
(* means significantly different, F=O.05).



Comparison F-"slope F-critical F-elevation F-critical

10 0 240 vs 3.23 5.59 22.7* 5.32
10 0 96

10 0 240 vs 1.32 5.99 9.54* 5.59
20 0 240

10 0 96 vs 1.91 5.59 14.57* 5.32
20 0 240



Table XL. Number of survivors and percent of starting population in each of the
differential time exposure tanks from abrupt temperature change
regime as~ays.



Exposure Time 20°-10°C Assay 20°-30°C Assay

216-h at 20°C 4 (2 0) 4 (20)

168-h at 20°C a (0) 4 ( 20)

120-h at 20°C 4 (2 0) a (0)

72-h at 20°C 7 (35 ) 1 (5)

24-h at 20°C 10 (50) a (0)



#5. The number of survivors increased from tank #1 to tank #5, Le.with longer

Ni exposure duration to the lower temperature 1DoC.

Post Exposure Mortality

Fig. 27 indicates mortality at constant 1DoC temperature before further

temperature stress. Highest mortality occurred in the control 20°C Ni exposure

tank held at 20°C for 240 hours. Highest mortality « 50%) was reported in

experimental tank #1 and control 20°C which corresponded to longest Ni

exposure duration at 20°C. Morality of less than 30% of the population

occurred in tanks with the shorter exposure duration at 20°C.

The slope (non-transformed data) of the control 20°C Ni exposure tank

was significantly greater than the slopes of each experimental tanks 4 and 5

(Tables XLI and XLII).

3. Abrupt Temperature Increase 20° • 30°C

Ni Assay Survivorship

Table XL summarizes the number of Ni assay surviving individuals. Ni

exposure time at 20°C is greatest in tank 1 and decreases to tank 5. Highest

survival rates were reported in tanks held at lower temperatures and longest

exposure duration Le. tanks 1 and 2.



Figure 27. Post Ni assay mortality in abrupt 20°-10°C temperature
regime survivors.
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Table XLI. Regression analysis for post Ni-exposure mortality curves in
20°-10°C abrupt temperature change regime survivors.
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Curve N Slope Y-Int. Var. Cor. t-test
Coef .-

216-h 3 5.26 9.21 197.37 0.918 2.31
at 20°C

72-h at 3 2.08 -0.92 52.77 0.933 2.60
20°C

24-h at 3 1.32 -0.53 2.63 0.993 8.66
20°C

Cons. 4 6.82 3.41 28.41 0.991 10.39
20°C



Table XLII. Significant differences in post Ni-exposure mortality curves in 20°_
1aoc abrupt temperature assay survivors
(* means significantly different, F=O.05).



Comparison F-slope F-critical F-elevation F-critical
:1

1 vs 4 2.11 18.5 4.099 10.71

1 vs 5 4.44 18.5 3.939 10.1

1 vs 20° 0.688 10.1 0 7.71

4 vs 5 0.999 18.5 1.568 10.1

4 vs 20° 22.59* 10.1

5 vs 20° 63.863* 10.1



Post Exposure Mortality

Fig. 28 indicates post-exposure mortality in the survivor population at

30°C constant temperature. Only tank 2 experienced post exposure mortality

accounting for 50% of that population after 2 days.

4. Diurnal Sinewave Cycling Temperature

Three individuals survived the cycling temperature regime Le., 10% of

initial assay population. No post-exposure mortality occurred (Table XLIIi).

5. Directionally Random Temperature

Nine individuals survived the directionally random temperature assays

Le., 30% of initial assay population. No post-exposure mortality occurred (Table

XLIV).

ADDITIONAL TEMPERATURE STRESS:

Observations in Survivors

All survivors appeared emaciated and many were not eating at the end of

the assay period. Several individuals were infected with body fungus and

exhibited locomotory impairments with jerky, darting swimming. Conditions

described for individuals during Ni exposure remained evident for up to a week.

Twirling was evident in one individual for two weeks after assay. All survivors

began to eat in the first week following assay and after two weeks emaciation

was notably r~duced. Coughing, jerky swimming behaviour and other



Figure 28. Post Ni assay mortality in abrupt 20°-30°C temperature
regime survivors.
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Table XLIII. Number of survivors and percent of the starting populations of
diurnally cycling and directionally random temperature regime
assays.



:f) 3L 4 \.,

ITemperature Regime INo. of Survivors I
Diurnally Cycling 3 (10)

Directionally Random 9 (30)
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observations as described above for Ni exposure individuals were also reduc~d.

General appearance of individuals 4 weeks post exposure did not differ from

control individuals which had not been exposed to Ni. At the onset of additional

temperature stress, most individuals appeared healthy.

Mortality

One individual from the 20°-10°C, abrupt temperature decrease regime

died 10 days following temperature rise to 20°C. Fungal infection, emaciation

and curved spine were apparent in this individual throughout post-exposure

duration. Generally individuals surviving two weeks post exposure survived

additional temperature stresses and exhibited increased swimming activity and

feeding under increased temperatures. Survivors, grouped after 12 weeks,

appeared healthy 6 months after subsequent temperature stress.



DISCUSSION:

Belding (1927) in an analysis of early bioassay procedures reported that

specimen size, and temperature would affect mortality. Despite the early

emergence of these ideas in toxicological investigations, the effects of

environmental temperature change on heavy metal toxicity has not yet been

explored in any depth. Accordingly, the effects of temperature regime on acute

nickel toxicity during bioassay were explored, using a moderately toxic metal

and tolerant fish species. Highly toxic metals and sensitive test species lead to

rapid onset of mortality and high mortality rates may not have eluded to subtle

temperature effects.

Nickel concentrations (LC50s) in this investigation exceeded levels

associated with contaminated surface waters in· Canada. However, for this

study, LC50 Ni concentrations were chosen in order to readily compare

mortality rates under various temperature regimes. It was believed that if a

relationship existed between temperature and Ni, it would be most evident at

the LC50 concentrations. Further investigations at lower Ni concentrations may

elude to physiological manifestations of Ni toxicity.

Constant Temperature

It is well known that temperature affects a variety of physiological

parameters in poikilothermic organisms. Elevated temperatures impose

numerous stresses on fish, the most crucial of which is perhaps the

combination of increased 02 demand coupled with decreased 02 availability



(Houston 1982). Fish respond by increasing ventilation, cardiac output, and gill

perfusion. It follows then that under higher temperature conditions fish are

required to respire greater volumes of water per unit of 02 consumed.

In aquatic systems, the primary site of pollutant uptake and toxic effects

is the gills (Heath 1987). It has been suggested that higher temperatures will

result in increased toxicity of heavy metals such as nickel as a result of

increased metal contact with, and uptake through the gills. Metals, including

nickel cause gill damage in fish. Increased mucus production, and gill epithelial

damage evident under acute exposure conditions result in decreased gill

transfer factor (02 diffused into blood per volume of water) and hypoxemia

(Heath 1987). Increased temperature is anticipated to exacerbate these effects

resulting in a rapid onset of behavioural and physiological conditions associated

with nickel toxicity.

Results of this investigation support these hypotheses. Increasing

temperatures resulted in higher ventilatory rates, increased mucous production

and incidence of secondary infections (fungus and parasites) and behavioural

abnormalities. Decreased lagtime (time to first mortality), and increased mortality

were evident at higher temperatures (20° and 30°C). Higher mortality rates

occurred at elevated temperatures accounting for 100% of the population after

168 h (30°C, 20 ppm Ni). Increases in Ni concentration from 16 ppm to 20 ppm

resulted in significantly increased mortality rates at 20°C and 30°C.

By contrast, lower temperatures (1 aOC) resulted in longer lagtimes, and

higher survival rate's, in all nickel exposure groups. Behavioural changes (erratic

1
'I

1



swimming, coughing) were evident in fewer individuals. At low temperature and

Ni concentration (10°C and 16 ppm Ni), only 10% mortality had occurred after

240 hours. Increases in Ni concentrations from 16 to 20 ppm, at 1aoc did not

significantly affect mortality rate.

Shorter lagtime to onset of mortality and increased mortality rates were

evident with increased temperatures. The decrease in lagtime, supports

suggestions of increased pathological damage to the gills with increased

profusion under higher temperature conditions (Heath 1987; Houston 1982).

With higher Ni concentrations and ventilatory rates, increased metal contact

would be anticipated to produce increased gill damage and more rapid

deterioration of respiratory function.

Body Size - Weight and Fork-Length

The relationship of body size to mortality was investigated under constant

temperature assay conditions by reference to total length, ~ork length, and body

weight at the time of death. Initial weights and lengths were not recorded .for

each individual and as a result these analyses do not address growth rates or

weight loss due to metal exposure. Positive correlations were found between

increased survivorship and heavier specimens at higher temperatures (20°-

30°C) and nickel concentrations. Significant increases in weight of moribund

specimens were noted with increased temperatures at all concentrations with

the exception of 10° and 20°C, at 16 ppm. The data suggest that at a given Ni

concentration, and under increasing temperatures, heavier specimens



experienced greater survivorship. In addition, at 30°C, an increase in Ni from 16

to 20 pm was associated with significant increases in correlation between body

weights and moribund specimens. At a given exposure time, higher Ni

concentrations resulted in .larger (heavier) moribund specimens. It has been

found that smaller individuals are often more susceptible to pollutants that larger

individuals (Buhl and Hamilton 1991; Dave and Xiu 1991).

Forklength was the second measure used to record body size and was

found to correlate with exposure time. As was evident in the weight analysis,

positive correlations were found between forklength and time inferring that

longer specimens survived greater exposure times than shorter individuals.

Increased Ni concentration from 16 to 20 ppm, at 30°C lead to significant

increases in correlation of body to moribund species. Significant increases in

forklength of moribund species were noted with increased temperature at all

concentrations with the exception of 10° and 20°C, at 16 ppm. These data

suggest that at a given exposure time, increases in temperature result in death

of larger specimens. The same relationship of decreased body size to increased

mortality time was evident for all groups.

Higher relative metabolic rates in smaller fish which would increase the

volume of water ventilated, has also been suggested as the cause for increased

susceptibility (Houston 1982). It is generally understood that smaller individuals

have higher weight-specific metabolic rates than do larger individuals. There is

also higher weight-specific gill surface area in small specimens (Hughes and

Morgan 1973). Under such conditions, the higher ventilatory flows of smaller
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specimens, coupled with higher gill area w·ith respect to body weight would be

expected to result in increased rate of pollutant contact with the gill lamellae and

lead to more rapid onset of cellular damage. In addition, larger individuals may

be able to tolerate greater internal concentrations of pollutants as a result of

larger mass and storage capacity. These results would support the idea that

smaller fish have larger respiratory exchange surfaces per unit of body mass

and thus are more susceptible to water borne pollutants (Heath 1987). Weight

and forklength results in this investigation suggest that body size is also a factor

in the effects of temperature on Ni toxicity.

Light/Dark Mortality

Over 50% of the mortalities in this investigation were observed during the

dark phase of the light/dark cycle. Generally this species is most active during

the day which would infer higher 02 demand and ventilatory flow. This would

lead to increased pollutant exposure during the day and in turn perhaps greater

mortality. In fact that was not the case in this investigation. There are several

factors however, which may contribute to this effect. For example, the lag

between Ni uptake and induction of sufficient damage, although often occurring

within a several hours (Jones 1964, Gardner and Yevich 1970, Heath 1987),

may extend. mortality occurrence into the dark cycle. Decreased metabolic

activity including excretion during the night, may result in increases in

concentration of Ni in the body because renal elimination driven by water influx

of Ni is decreased. In order to address these and other possibilities regarding



day and night phase mortality, the protocol should be modified to stagger Ni

additions throughout the light/dark cycle.

Abrupt Temperature Changes

Temperature changes in aquatic systems commonly lead t~ overshoots

and undershoots in 02 demand (Houston 1980;1982). These temperature

changes are reflected in ventilatory flow, cardiac output, lamellar area, and

ultimately gill exposure and uptake of pollutants. Thus it would be anticipated

that abrupt changes in temperature would produce significant changes in

mortality rates. Changes in mortality rate should also reflect direction of

temperature change and the magnitude of the change experienced.

The observations of this study were consistent with these predictions.

Abrupt temperature changes during Ni exposure, resulted in significant changes

in mortality rates. Increased temperature resulted in significantly higher mortality

rates. Regardless of assay exposure duration at which temperature change

occurred, mortality rates reflected temperature rather than exposure time.

Abrupt temperature decreases lead to significantly decreased mortality. In

abrupt temperature increase assays, mortality rate increased significantly.

Diurnally Cycling Temperature Regime

With fluctuating temperatures, ventilatory rate and related systemic

responses must change continuously with pollutant exposure. These changes in

ventilatory rates therefore continuously alter pollutant load at the gills.
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Diurnal sinewave temperature regime lead to significantly lower mortality

rates than 20°C at 20 ppm constant temperature trials despite similar average

temperatures recorded. However, with low actual Ni concentrations, Le.

concentrations closer to 16 ppm values, when mortality rate was compared to

constant 20°C, 16 ppm, assays no significant difference in mortality rate was

found. Mortality occurred during net temperature increases following the trough

portion of the cycle. As a result, it is suggested that mortality may have

occurred after a lag time in peak pollutant uptake evident at 30°C peaks· in the

cycle. It would be assumed that most gill damage would occur during this

portion of the cycle but that the drop in temperature would reduce 02 demand

and not result in acute respiratory stress. However with increased 02 demand

through a rise in temperature, damage previously incurred may have been

sufficient to reduce gill 02 uptake producing internal hypoxic conditions.

Given the results with constant temperature, light and dark phase

mortality can not be predicted under diurnally changing temperature conditions.

The increase in various activities during the light phase was anticipated to

increase mortality rates under those conditions. Decreases in temperature were

associated with a decreases in mortality. Under diurnally cycling temperature

conditions, mortality was greatest during the dark phase of the photoperiod as

was found under constant temperature conditions. Given this, it is suggested

that the effects of photoperiod, lagtime following the uptake of pollutant, and

decreased excretion during the dark phases may result in increased mortality.
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Directionally Random Temperature Regime

The directionally random temperature regime resulted in mortality rates

which did not significantly differ from those observed in the diurnally cycling and

constant 20°C regimes. Moreover, in constant and diurnally cycling regimes

mortality was not as obviously correlated with changes in temperature.

However, mortality appeared to be related to extremes of the actual

temperature experienced. For example, mortality primarily occurred after peaks

in temperature provided these exceeded 25°C. The importance of the

suggested high temperature threshold is emphasized by the fact that small

changes in temperature employed through this regime in contrast to the

continual temperature changes of the diurnally cycling regime resulted in

reduced initial mortality. It is evident however, that initial mortality was greater in

directionally random temperature regimes when compared to the constant

temperature 20°C at 16 ppm regime.

Ni concentration for the directionally random regime was determined to

be approximately 18 ppm which was between 16 and 20 ppm of the constant

temperature regime values. Comparisons between mortalities of the constant

20°C temperature assays with directionally random regime assays which

experienced an average temperature of 20°C were made. In the absence of a

temperature effect, mortality in the directionally random assay would lie between

constant temperature assays. Although mortality rates did not differ, initial

mortality was significantly greater than 16 ppm but was not less than 20 ppm

groups.



Mortality patterns followed other temperature regimes with 95% of

mortality occurring during the dark phase of the photoperiod. Under conditions

of both constant and changing temperature regimes, mortality predominantly

occurs at night suggesting that the mechanisms of uptake and excretion of the

pollutant and the effects of the photoperiod on other physiological processes

may result in the toxic effect.

SURVIVORS

Post-Exposure Mortality

Constant Temperature Assays

Such post-exposure mortality as did occur was seen within the first two

weeks; population numbers eventually stabilizing after this II restll period of

constant temperature and minimal disturbance. Post-exposure mortality

accounted for up to 25% of the survivors in the constant temperature assays,

with highest mortality in 1aoc, 2a ppm group and lowest among 1aoc, 16 ppm

survivors. This supports other findings suggesting that a greater extent of

damage occurs at higher metal concentrations (Sorensen 1991; Heath 1987).

Abrupt Temperature Assays

Survivors of the abrupt temperature change regimes exhibited mortality

which corresponded with exposure conditions. Thus, highest post-exposure
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mortality was evident in individuals which experienced high temperatures for

longer Ni exposure times.

No post-exposure mortality occured in survivors of diurnally cycling and

directionally random assays. The reasons for which are not immediately evident.

Ni Assay Survivorship

All Ni exposure assays supported survivors, with the exception of the

30°C regimes. Highest number of survivors were seen with low temperature

and Ni concentration (Le. 10°C, 16 ppm). Any increase in either temperature or

duration of exposure at higher temperatures were associated with decreased

survivorship. Under conditions of abrupt temperature change, survivorship

increased with increased exposure to lower exposure temperatures.

Survivors of assay conditions were lethargic, emaciated and often

infected with fungus. Irregular swimming and ventilatory activity were noted for

several days after assay. After 48 hours fish began to exhibit more normal

feeding and swimming behaviours and fugal infections subsided. Twitching, a

clear manifestation of aberrant neurological behaviour was noted in one

individual for two weeks post-exposure; this diminished over time, and was lost

by the third week. After two weeks most individuals appeared healthy in terms

of general appearance, feeding and other behaviours including locomotion. This

suggests that these animals are capable of some recovery from toxicant effects

after two weeks in pollutant-free water which supports Hughes et al. (1979) and



Scheir and Carnes (1966) earlier work will recovery of gill function is post

exposure populations.

Mortality Associated With Additional Temperature Stress

Only one individual from the 20°-10°C abrupt temperature change assay

died following additional temperature stress. Survivors generally appeared

healthy with respect to locomotory and ventilatory functions and h~d resumed

eating. The individual which did not survive subsequent stress exhibited loss of

equilibrium, fungal infection and emaciation throughout the post-exposure

period.

These results would suggest that if survivors are given time to "recoverll

from observable behavioural, locomotory, secondary infections and resume

normal feeding activity, they are able to withstand further temperature stress.

Recovery of gill function to pre-exposure condition, has been reported to occur

within 19 days in rainbow trout (Hughes et al. 1979). Under acute Ni

concentration exposure conditions, the greatest assault of the toxin is on the

gills. If the pollutant is removed, then regardless of the temperature regime

previously experienced, the individuals are capable of survival for months after

exposure. It is important to note that survival itself must not be the only criteria

for determining individual survival success. In this report, further analysis of

reproductive behaviour, additional pollutant stress or immune responses were

not investigated.



SUMMARY:

Through this investigation it has been shown that environmental

temperature regime has a considerable effect on Ni toxicity.

1. Higher constant temperatures resulted in a more rapid onset of mortality,

decreased median resistance time, and significant increases in mortality rate.

2. A single temperature change (±1aOC) during Ni exposure significantly

altered mortality rate to reflect temperatures experienced.

3. Fluctuating temperature regimes during Ni exposure produced similar

morality rates to those experienced under constant temperature but populations

experienced decreased median resistance times.

4. Post Ni exposure occurred in individuals which experienced higher Ni

concentrations and high temperature assay conditions.

5. Subsequent temperature stress imposed two weeks post assay, did not

result in significant mortality in Ni exposure survivors.



Further Experimentation

In light of the forgoing study it is evident that routine assay procedures

need to address temperature as an environmental factor which alters Ni toxicity.

Given this, it is possible that temperature may also affect the toxicity of other

heavy metals as well. Routine toxicological investigations often address lethal

limits. It is clear that body size, temperature regime, post exposure mortality and

previous temperatures experienced need to ·be incorporated into assay

procedures. In recent years, it appears that body size and life stage are being

addressed in at least some assays, however size sho.uld become standard

procedure before lethal limits and effects are determined.

Within temperate zone aquatic systems, inhabitants may experience

drastic changes in temperatures. Clearly these conditions have not been

adequately addressed with standard assay practices. It is apparent that

temperature affects the toxicity of Ni and that environmental limits set using

constant temperature assays and risk seriously underestimating pollutant

effects. Close examination of the aquatic environment in which a pollutant may

be experienced by its inhabitants should investigate potential temperature

regimes and the effects of the pollutant under these conditions. Constant and

changing temperatures should be incorporated into standard assay testing

procedures. The temperature limits and regimes should reflect those which may

be experienced by aquatic inhabitants including constant and changing

temperature regimes. Progressive and rapid changes in temperatures are often



evident in temperate zone aquatic systems and should therefore be

investigated.

In addition to mortality records during pollutant exposure it is evident that

irreparable damage incurred during pollutant exposure may result in mortality

after exposure. Thus, current assays procedures under estimate the toxicity of

pollutants as significant mortality occurs after exposure. In addition, standard

LC50 values, post-exposure mortality should be addressed.

Post-exposure survivors may experience further mortality in response to

changing temperature regimes under conditions of irreparable damage following

pollutant exposure. Additional stresses which may be experienced prior, during

or following exposure to a pollutant must be addressed. It is evident that

environmental factors such as temperature may affect pollutant toxicity. In

addition, other environmental factors such as pH, 02 and water hardness also

have been shown to alter toxicity of various pollutants. Variations in each of

these factors and their effects on the toxicity should be investigated further.

,I
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APPENDIX A

AQUARIAN - Tropical Fish Commercial Flake Diet
Mardel Laboratories, Incorporated.

Various coloured flakes comprise a blend of nutrients.

Orange - carotene, colour enhancer
Yellow - egg and vegetable protein
Tan - fresh liver
Brown -. fresh prime-cut meat
Green - fresh vegetable
Red - fresh fish and cereal
Pink - fresh white and oily fish
Black - vitamins and trace minerals



APPENDIX B

DIRECT AIR-ACETYLENE FLAME METHOD

Method 3111 B, for the determination of Metals (CCME 1991)

Method Applicability:
This method is applicable to the determination of 27 elements in water and wastewater

samples.

Sample Preparation:
Water samples were acidified at collection with HN03 (3 drops per 10 mL sample) and

mixed well. Samples were then taken to Dr. U. Brand's lab (Brock University, Geochemistry
Department) for Atomic Absorption analysis.

Instrumental Analysis:
Atomic absorption spectrophotometer was used which consisted of a light source

limiting the line spectrum of an element, a device for vaporizing the samples (an alr-acetylene
flame), a monochromator or filter and adjustable slit. and a photoelectric detector.

The sample was introduced into an atomic absorption spectrophotometer by aspiration.
The nebulizer was rinsed by aspirating water containing HN03 at the same concentration as the
samples collected. Blanks, standards and samples were then atomized for absorbency
determination.

Quality Control Requirements:
Five standard concentrations of the metal solution to be tested (Ni In artificially softened

assay tank water) were used to bracket the expected metal concentration of the samples. The
blank was aspirated, and the machine zeroed prior to each set of samples run. A calibration
curve for absorbency was plotted using the fIVe standards. After each set of ten rank samples,
the machine was set to run the standard calibration curve again and baseline stability verified.
During aspiration of each tank water sample. five absorption readings were recorded. and the
mean determined.

Comments on the Use of This Method:
The detection limit of the flame absorption spectrophotometry was based on the

standards run and the sensitivity of the machine itself. The SpectraAA is able to detect ppb and
ppt concentrations with the appropriate standards. With the standards use for this investigation,
the detection limits were ..±..O.0005 ppm for no Ni control samples and .±.O.OO5 ppm for tank
samples.



APPENDIX C

STOCK SOLUTION OF NICKEL - NICKEL STANDARD

to make: 1000 ppm solution

source: NiC12.6H20

Ni = 58.74
2 x CI = 70.906

12 x H = 12.0948
6 x 0 = 95.9964

= 237.71

if: 58.74 grams of Ni in 237.71 grams of NiC12.6H20

then: 1 gram of Ni in 4.0468 grams of NiC12.6H20

1 gram of Ni = 1000 mg in 1000 mL of dH20 (Ni standard 1mg/mL Ni)



APPENDIX D

DISPOSAL OF Ni WASTE FOLLOWING EXPERIMENTAL PROCEDURE

1. Leave tank water in experimental tanks to reduce further contamination
through transfer.

2. Add NaOH (pellets) directly to tank contents enough to cover the tank
bottom. Leave tank undisturbed for a minimum of 24 hours. .
A fluffy yellowish-green precipitate is produced after approximately 24 hours
provided that sufficient NaOH was added.

NaOH + [Ni2 +] +2[CI-] --- NiOH2 + NaCI
P

3. Decant water off top portion of the tank. Collect in container for Ni
concentration determination and pH adjustment to 7.

4. Add 50 mL of acid wash to tank and rinse sides and bottom well. Dispose of
this slurry into waste container. Label with Ni concentration (if possible), NaOH,
lab number and supervisor name.

5. Acid wash tank with first rinse added to waste container to collect and final
Ni. Then rinse with tap water.

6. Add more NaOH to the waste container to further precipitate Ni out of
solution to reduce volume and decant again, being careful to check decant for
Ni concentration before disposal and adjust pH.
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