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The adverse effects of toxic pollutants on organisms have most often been
identified with their lethal impact. As an endpoint, mortality is easily recognized
and can be quantified under both field and laboratory conditions. The value of
recognizing what concentrations of a toxic substance can cause a lethal response
in the population is obvious, since such an effect can have great impact on the
community and ecosystem. Dramatic organism kills associated with the
introduction of toxic materials are definitive evidence of environmental
conditions unsatisfactory for the support oflife. As mortality is the cessation of
all biological activity, leaving us nothing further to examine, there is a great deal
of interest in establishing which sublethal responses occur at lower pollutant
concentrations.

Recently, the description and quantification of sublethal responses to
pollutants in individuals and populations in contaminated ecosystems have
constituted a major thrust of field research in ecotoxicology. Interest in
monitoring pollutant effects has stimulated a number of general reviews of
material relevant to the topic of species response to toxic stress (see Butler, 1978;
NAS, 1981). Vernberg (1978) presented an approach to understanding the
org~ni~m~'~bility to ~uryiYein ~multi~tre~~,~lthough not nece~~~rilychemically
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polluted, environment. Warren's text on biology and water pollution examined
such stresses as pH changes, cation concentrations, and sewage, and their effects
on individuals and populations, as wellas communities, in freshwater ecosystems
(Warren, 1971). Lockwood (1976) presented a further survey of the biochemical
and physiological effects of pollutants on aquatic species. Impacts with specific
reference to marine organisms have been the subject of considerable study (for
example Anderson et al., 1974; Vernberg and Vernberg, 1974; Cole, 1979;
McIntyre and Pearce, 1980; Vernberg et al., 1979, 1981). Terrestrial animal
studies have been primarily concerned with pesticide effects (Brown, 1978;
Moriarty, 1978).Air pollutant effectson plants and plant-soil relationships have
recently been the subject of a number of reviews (Mudd and Kozlowski, 1975;
Mansfield, 1976; Drablf'>sand Tollan, 1980; Hutchinson and Havas, 1980).

Because of the existence of such an extensive literature base on the topic of
organism response to pollutants, a comprehensive general review is not required
here; rather the purpose of this chapter is to examine how pollution responses of
individual populations can be related to their ultimate impact on the dynamics of
the polluted ecosystem.

4.1 TYPES OF RESPONSE

4.1.1 Introduction

Response to a toxic substance can be categorized according to the dose rate, and
according the severity of damage:

1. Acute toxicity causing mortality.
2. Chronically accumulating damage ultimately causing death.
3. Sublethal impairment of various aspects of physiology and morphology.
4. Sublethal behavioural effects.
5. Measureable biochemical changes.

Of particular interest is the progression through which injury to individuals may
affect the success of the population which in turn may cause impacts at
community and ecosystem levels.

The general concentration-response model (Figure 4.1) for pollutant effects
on organisms describes a curve crossing the three zones of response: non-
measureable, measurable sublethal and lethal, as concentration of the toxic
substance increases. Defining the threshold for a particular response is difficult;
with some of these substances or mixtures there may be a real but exceedingly low
threshold, one that is beyond our ability to detect. Just as the concentration-
response model is the cornerstone of laboratory toxicity testing, it is also the
concept which relates population response to the environmental level of the
pollutant. Evaluating the effect of single species toxicity in terms of its impact on
the polluted ecosystem, requires an understanding of the thresholds of acute-
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lethal and critical chronic effects, and the relationships through which these
responses affect the propagation and survival of the population and influence the
success of other species, through ecological interactions.

The quantification of acute pollution effects on exposed populations can be
estimated either from direct counts of dead organisms or from life table statistics
on individual populations, provided baseline data is available. Laboratory
bioassays with sensitive species, representative of the contaminated community,
can be used to confirm that the suspected toxic substances are indeed lethal at
environmental concentrations. However, such acute and gross destruction oflife
rarely provides much insight into the processes responsible for ecosystem
breakdown.

A less dramatic but perhaps more important example of pollution-induced
population decline results from continuous, gradual pollution input, leading to
accumulation of individual injury and general deterioration of the environment.
Evidence tying population declines to pollutant toxicity in these cases is not
always obvious due to the extended time frame over which adverse changes have
occurred. An example of chronic environmental deterioration is the influence of
acid precipitation and runoff into some unbuffered lakes in eastern Europe,
Scandinaviaand North America, during the pastseveral decades, whichhas
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reduced populations, particularly of fishes, and dramatically changed the
structure and possibly the functioning of the aquatic systems (Drabl~s and
Tollan, 1980; NRCC, 1981a).

It is perhaps more important to the 'well-being' of the ecosystem to detect
chronic stress quickly and accurately than it is to assess the lethal endpoint. Early
detection allows corrective action to be applied before irreparable damage has
occurred.

The recognition of chronic pollutant effects at various levels of biological
organization, from molecular, through whole organism, to the ecosystem, is
partly dependent upon the time since exposure. In general, the period before
which induced changes become observable is longer for each increasing level of
biological complexity. A conceptual chronology of induced effects following a
population's exposure to toxic pollutants, developed as part of the present work,
is depicted in Figure 4.2.

The bioaccumulation of pollutants can occur from water, air (gases and small
particulates), and through the food chain. The rate at which accumulation oc;curs
depends upon the availability of the pollutant, environmental conditions, and
the organism's ability to assimilate it (see general reviews by Edwards, 1973;
Livingston, 1977; Bryan, 1979).The ultimate level of accumulation depends on
the internal processes of excretion, detoxification and storage (see Anderson et
aI., 1974; Moriarty, 1978). Certain organisms have been shown to have some
ability to regulate accumulation of specific pollutants. For example, fish can
regulate levels of copper and zinc in muscle (Saward et al., 1975), but
methylmercury is not regulated (McKim et al. 1976). There is little evidence for
metal regulation by seaweeds (Byran, 1979), and external factors appear to
control accumulation in terrestrial plants (Hughes et aI., 1980b). Bivalve
molluscs do not metabolize aromatic hydrocarbons as readily as do fish and
crustaceans and therefore their tissue levels of these compounds are more
dependent on the lipid-water partition coefficient and the amount oflipid in the
organisms (Bryan, 1979).This relationship appears to hold for organic pesticide
accumulation in members of the aquatic food chain (Ellgehausen et aI., 1980).

This rather limited capacity to regulate accumulation of most toxic pollutants
has suggested that significant changes in the level ofbioaccumulation be used as
an 'early warning' signal of increased pollution stress. Aquatic insects have been
found to accumulate metals rapidly and to levelswellcorrelated with those of the
water (Nehring, 1976; Nehring et al., 1979), and similar results have been
reported for organic contaminants (for example, Kaiser, 1977).

Bioaccumulation of toxic substances can occur to a certain extent before
chronic-effects thresholds are reached. The binding of metals to metallothionein-
like protein is an example of a protective 'storage function' which keeps the level
of metals at the site of action (the enzyme system) below threshold. Pathological
changes become apparent if heavy-metal loading exceeds the rate of
metallothionein-like protein production (Brown et aI., 1977).
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Increasing tissue concentrations of pollutants through bioaccumulation,
particularly organic pollutants such as DDT and PCBs, have led to increased
toxic stress (for example, Lincer, 1975; Stickel, 1975; Martin et al., 1976;
Roberts et aI., 1978). Although there is sometimes little direct association
between whole organism or muscle tissue levels of pollutants and the severity of
stress response, specific organ concentrations in the brain, liver and kidney have
been correlated with stress effects (for example, Hutton, 1980, 1981; Busby et aI.,
1981).Therefore, abnormally high tissue levels of toxic substances, particularly
in critical organs, in wild species should be considered to be indicative of
individual contamination and a situation warranting further evaluation of the
severity of pollutant stress on exposed populations and ecological interactions.

Chronic effects can be defined as those responses to environmental change
whether behavioural, biochemical, morphological, or physiological, that may be
induced in one stage of development but expressed at a later time, in a later stage
of development, or at a different level of biological organization (Rosenthal and
Alderdice, 1976). In assessment of pollution effects, the explanation of
mechanism is often at the organizational level below that of the response and its
significance, at the level above (Sprague, 1971). Biochemical interactions, for
example, should be considered as occurring at a basic level, and are related to the
functionality of a tissue or an organ. At higher biological levels, the questions
then are whether such effects change the performance of the organisms and, in
turn, whether this altered performance can affect the success of assemblages in
the ecosystem. The suggested flow of adverse responses induced by pollutant
exposure through higher levels of biological organization (Figure 4.2) is
conceptually consistent with Holdgate (1979). He described pollutant effects as
cascading from one biological level to the next, as repair, detoxification, or other
recovery mechanisms are overwhelmed.

The relatively short time between exposure and initial response in an organism
can aid in detection of adverse effects in their incipient stages. However, the
interpretation of changes at this level, in relation to their impact on the
ecosystem, is not always straightforward. As noted by Miller (Chapter 3),
distinguishing pollutant-induced changes from those caused by natural
environmental changes requires extensive baseline data. Individual organism
response may also be influenced by a number of endogenous factors including
sex, age, developmental stage, surface area, reproductive condition, nutritional
status and biological rhythms. These factors are reviewed in detail in many
animal physiology texts and their importance to the monitoring of pollution
stress has been emphasized (Uthe et al., 1980; Sastry and Miller, 1981).

Another significant problem in interpreting chronic effects is the organism's
ability to compensate for or physiologically acclimate to worsening
environmental quality over a short time-course of exposure. Several
compensating mechanisms, particularly those involving enzyme rate-function,
have been suggested as important to an organism's ability to acclimate to
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pollution stress (Sastry and Miller, 1981).Therefore, extrapolation of organism
response, in an attempt to estimate population success and subsequent
community interactions, must depend on an understanding of the organism's
physiology and behaviour as wellas the ecology of the system. Certainly, indices
related to survival, growth, development, reproduction, and recruitment are
indicative of potential adverse impacts impinging through population
interactions on higher levels of biological organization. However, the
interpretation of effects on populations is difficult, as discussed by Moriarty
(1978). The complexity of the community within which populations exist does
not easily permit a strictly experimental approach, therefore researchers, in
forming many of their conclusions, have usually relied heavily on experience and
judgement.

4.1.2 Behavioural

Exposure to pollutants, even in exceedingly low concentrations, can elicit
behavioural responses (see reviews, Eisler, 1979; Olla et al. 1980). However,
behaviour is difficult to assess quantitatively due to variability over time and
subject. The proper use of behavioural responses in assessing pollution-induced
alterations in fieldpopulations is dependent upon quantitatively defining normal
behaviour patterns so that either a quantal or .gradual change can be
demonstrated.

Perception and avoidance of pollutants is the most immediate and perhaps the
most important behavioural response for a species exposed to ecosystem
contamination (Geckler et al. 1976).Avoidance behaviour has been observed in a
number of taxa. Certain fish species have been shown to avoid water polluted
with copper at 2.4,ug 1- 1 or zinc at 54,ug1- 1 (Sprague et al., 1965). Similar
behaviour has been noted in fish exposed to 1-10 per cent concentrations of pulp
mill effluent (Kelso, 1977; Wildish et aI., 1977; Lewis and Livingston, 1977)and
to several organochlorines (Kynard, 1974). Midge larvae were found to avoid
sediments containing more than 400mgl-l Cd or 9000mgl-l Zn (Wentsel et aI.,
1977).Marine bivalves avoided sediments contaminated by several heavy metals
including Pb (74 mg 1-1) and Cu (150 mg 1-1) but not sediments contaminated at
roughly half these levels (McGreer, 1979).The common mussel (Mytilus edu/is)
closed its shell valves temporarily (5 days) to avoid the detrimental consequences
of 0.5mg1-1 copperin seawater(Davenport, 1977).Similiarly,the marinesnail,
Monodontaarticulata,retracted into its shell at 0.8mg1-1Hg2 + (Saliba and
Vella, 1977).The avoidance of a contaminated environment during reproduction
or recruitment would selectively protect a species. This selective behaviour has
been documented for postlarval crabs preferentially settling in less oil
contaminated sediments (Krebs and Bums, 1977). Although avoidance
behaviour would seem beneficial, its environmental significance under specific

circumstanceshasbeenquestioned.It hasbeensuggestedthat avoidancecould
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be detrimental to a population, should it be unable to reach a spawning or
breeding ground, as demonstrated for spawning Atlantic salmon in the copper
polluted Northwest Miramichi River (Sprague et al. 1965).

Pollutant interference with sensory perception and capacity is of particular
ecological significance when correlated with such functions as feeding, mating
and escaping from predators. Inhibition of chemoreceptors by oil, interfering
with food location and feeding response, has been documented (FAO, 1977).
Number 2 fuel oils at levels of 0.08-0.15 mg 1- 1 interfered with the ability of the
lobster (Homarus americanus) to perceive food (Atema, 1977; Atema et al.,
1979). Oil also provoked abnormal mouth opening (feeding) responses in
exposed corals (Reimer, 1975; Loya and Rinkevich, 1980).Even certain bacteria
have been shown to cease feeding when exposed to low concentrations of oils,
although their ability to feed was apparently unhampered (Mitchell et al., 1972).
The obvious diversity of receptor mechanisms used by this quite wide variety of
species indicates that oil interference with chemical feeding cues may be of
general significance in spill areas.

Locomotor impairments, as well as sensory perception, are of importance in
shelter seeking and construction and prey escape behaviour. The burrowing
activity of soft-bottom estuarine invertebrates is essential to their abilities to
escape from predators and to create shelter. Chronic levels of toxic metals and
phenol increased the time for bivalves to successfully complete burrowing
(Stirling, 1975; McGreer, 1979). Fuel oil was reported to produce locomotor
impairment in the marsh crab (Uca pugnax) as evidenced by its abnormal
burrow construction (Krebs and Burns, 1977).The shallow burrows are thought
to have contributed to increased over-winter mortality in crab populations.

An effect on locomotor behaviour often contributes to more severe and

immediate impacts as in the case where it reduces the species' ability to escape
from predators. Controlled field experiments with the marsh crab have
demonstrated that the organophosphorous insecticide, temefos, reduced
population survival by inhibiting an effective escape response to natural bird
predation (Ward and Busch, 1976; Ward et al., 1976).

Abnormal behaviour interfering with reproductive success can have a severe
impact on affected species. Avian toxicologists have reported DDE-induced
reduction in courtship activity of ringed turtle doves (Haegele and Hudson,
1977) and abnormal nesting behaviour in Ontario herring gull populations,
probably attributable to organochlorine-induced dysfunctions (Fox et al., 1978).
The gull populations feeding on contaminated fish were less attentive and did not
defend their nests in a normal manner, accounting for a high incidence of egg
loss.

Among the many identified behavioural responses to pollutant stress, those
relating to reproduction, migration, shelter construction, and prey vulnerability
have been most easily quantified in contaminated ecosystems and can be related
to a populations's functional success.
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4.1.3 Biochemical

Detection of biochemical response to pollutants has provided much insight into
the mechanisms of toxic action and has received considerable attention in the
assessment of stress effects in contaminated ecosystems (see reviews, Lee et al.,
1980; Sastry and Miller, 1981).

The correlation of chlorinesterase (ChE) inhibition with brain levelsof various
organophosphorous pesticides has been demonstrated in fish and birds (Verma
et aI., 1981; Busby et aI., 1981). For birds, it has been suggested that brain ChE
inhibition exceeding 20 per cent indicated stress, and inhibition greater than 51
per cent caused death attributable to the insecticide (Ludke et al., 1975).

The depression of £5-aminolevulinicacid dehydratase (ALA-D) activity in the
blood, kidney and liver of exposed organisms appears to be of value in the
assessment of lead intoxication. ALA-D inhibition has been associated with
elevated lead accumulation in fish (lackim, 1973), rats (Mouw et al., 1975), and
birds (Hutton, 1980). The marked inhibition of ALA-D in species from lead-
contaminated environments may result in significant reductions in haem
synthesis, and in neurological consequences. However, some uncertainty exists
as to the significance of the ALA-D index to the overall 'fitness' of the exposed
populations (Hutton, 1980). .

There may also be biochemical warning systems that can, for specific heavy
metals, roughly predict the level at which adverse effects on the species may
occur. It has been suggested that the pathological effectsof heavy metals coincide
with the saturation of binding sites on metallothionein-like proteins and the
consequent 'spillover' to binding the high molecular weight enzyme fraction
(Brown et al., 1977; Brown and Parsons, 1978). The spillover effect in exposed
fish and zooplankton was correlated with an environmental mercury
concentration around 1mg 1- 1.

Mixed function oxygenase (MFO) reactions may indicate stress from
accumulation of certain organic compounds such as oils and some halogenated
biphenyls (see Stegeman, 1980). This enzyme 'system' is responsible for the
biotransformation of xenobiotics in vertebrates and the active site of catalytic
function is associated with the cytochrome P-450 protein (Stegeman, 1977).
Results from laboratory studies imply that MFO response to PCB deposition
could be used to detect the presence of elevated PCB contamination (Addison
et al., 1981).Stegeman (1978) found elevated levels of hepatic cytochrome P-450
and several MFO indicators in fish populations from Wild Harbor. These
observations suggested that contaminants from an oil spill 8 years previous were
still stressful. This conclusion should be compared to the findings of Teal et al.
(1978), namely that sediment concentrations of selected arbmatics had decreased
to about 1ppm dry weight by 1976, a level thought to be non-toxic. However,
some caution must be taken in interpreting MFO results as activity can be related
tootherformsofchronicstress.Sockeyesalmon(Oncorhynchusnerka)exposed
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to low levels of copper showed a rapid concentration-related corticosteroid
response (Donaldson and Dye, 1975).Similar corticosteroid responses by fish
have been reported for zinc (Watson and McKeown, 1976) and kraft pulp mill
effluent (Dye and Donaldson, 1974), and by birds which have ingested oil
(Peakall et aI., 1981). It was suggested that the disruption of endocrine balance
(elevated corticosteroids) is one underlying cause of depressed growth in oil-
dosed birds. It has been noted, however, that the corticosteroid response is
complex and is affected by acclimation time.

The stability of the lysosomal membrane is important in preventing free
hydro1asesfrom causing autolytic cell damage. Lysosomal stability, measured in
terms of the latency of activation and release of lysosomal enzymes in the
digestive cells of Mytilus, was reduced by chronic exposure to crude oil and oil
derivatives (reviewed by M. N. Moore, 1980).Lysosomes in the endodermal cells
of the hydroid Companulariaflexuosa were destabilized by exposure thresholds
of 1.2-1.9 Jig1- 1 Cu, 40-70 Jig 1- 1 Cd and 0.2 Jig1- 1Hg (Moore and Stebbing,
1976). The assessment of lysosomal stability as a measure of biochemical stress
would appear to provide a viable index. It has been shown in the laboratory and
in the field to have a statistically significant positive linear relationship with the
scope-for-growth index (see altered performance section) for the stressed
organism. The basic biological processes underlying this connection are
understood (Bayne et al., 1976, 1979).

Certain pollutants can lead to heritable change as a result of chromosomal
damage or direct changes in DNA. It is generally accepted that most mutations
lessen the capability of a population to cope with its environment.
Unfortunately, there is very little information on pollutant-induced genetic
changes in wild populations. Davavin et al. (1975) found that several species bf
algae suffered adverse effects on nucleic acids from oil at levels higher than
100mg 1- 1 . Longwell (1977) examined the effects of oil-induced chromosome
abnormalities on egg development and progeny survival in fish (cod and
pollock), finding noticable effectsat No.2 fuel oil concentrations of the order of
250 Jig1- 1 in the water column. Longwell has also examined chromosomal
mutagenesis in developing mackerel eggs, sampled from the pollutant-
contaminated New York Bight (Longwell, 1976; Longwell and Hughes, 1980).

In summary, biochemical responses appear to be sensitive to short-term
pollutant stress and are often easily associated with the toxic mechanism.
Extrapolation to the longer-term 'well-being' of organisms in polluted
ecosystems is, in general, poorly defined.

4.1.4 Morphological

Of the various categories of response to pollutants, morphological
abnormalities, because of their visibility, can readily serve as definitive evidence
of adverse impact. Cell and tissue changes and incidence of gross deformities are
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particularly suitable for the monitoring of stress effects. Certain tumours and
pollutant-potentiated diseases may also be useful indicators (Sindermann, 1979,
1980).

Skeletal anomalies, particularly those of the spinal column of fish and
amphibia, have been correlated with pollutant stress and related to reduced indi-
vidual performance. Long-term lead exposure (120 ,ug1-1) of three generations
of brook trout (SIavelinusfontinalis) results in a greater than 20 per cent increase
in skeletal deformities in the second and third generations (Holcombe et aI.,
1976). Various deformities in tadpoles' anatomy have been described and
correlated with chronic pesticide exposure (Cooke, 1972, 1981; Brooks, 1981).
Cooke (1981) noted that deformed tadpoles suffered higher juvenile mortality,
but survivors showed some recovery from their deformed state at later
developmental stages.

Recently reviewed reports of the increased presence of skeletal deformities in
fish populations from California, New York, Japan and West Germany indicate
that the anomalies are related to heavy metal or chlorinated hydrocarbon
pollution (Sindermann et al., 1980). Possible effects of spinal damage such as
impaired swimming, feeding and escape ability have been reviewed by Bengtsson
(1979). He suggests that with more baseline information on normal incidence of
skeletal deformities in fish species, this index may have widespread value in
quantifying pollutant stress.

The incidence of shell abnormalities in marine bivalves may have some utility
as a similar stress index for intertidal and benthic molluscs. The abnormal
thickness and chamber development in the shell of Japanese oysters have been
associated with reduced water quality off the French Coast although not directly
correlated with levels of any specific toxic pollutant (Heral et al., 1981).

Increased incidence of teratogenic effects found in fish and amphibian larvae
from chemical-exposed embryos and spawning adults in laboratory experiments
suggests that monitoring the number of abnormal larvae from eggs taken from
contaminated aquatic ecosystems may provide an estimate of the severity of
environmental stress (Birge et al., 1977, 1978, 1980; Cooke, 1981).

Cell and tissue pathology have often been used to demonstrate incidence and
seriousness of pollutant-caused anomalies. In extensive laboratory studies,
Gardner (1975) demonstrated that tissues of the sensory organ systems of some
marine fisheswere damaged by exposure to copper, mercury, silver, the pesticide
methoxychlor, crude oil and pulp mill effluent. He concluded that such
neurotoxic effectswere significant even if they did not cause permanent damage,
for even temporary sensory disability can be disastrous in the natural system. Gill
histology has also received attention as a means of describing pollutant stress on
aquatic species (for example, Bubel, 1976).

The importance of the liver and kidney in metabolizing and eliminating
chemical contaminants makes their pathology of particular interest in assessing
the stress of ex!'osed vertebrates. Urban!,igeonsin Londonhavingleadlevelsin
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the kidney of approximately 720 flg g- 1(Hutton, 1981) and wild urban rats with

an average of 22.7 flg g -1 kidney Pb (Mouw et al., 1975) had pathologIcal
symptoms including intranuclear inclusion bodies in cells of the proximal tubules
and mitochondrial abnormalities. Liver pathology, increased fat deposition in
hepatic cells, and hepatomas have been identified in flounder populations from
heavily polluted areas of the Puget Sound (Wellings et aI., 1976; McCain et aI.,
1977) and are not common in populations from uncontaminated regions of the
Sound. Liver pathology in fishes has also been related to chronic exposure to
crude-oil-contaminated sediments (McCain et al., 1978).

The feasibility of using tumour incidence as an indication of the presence of
carcinogens in the sea has been examined (Stich et al., 1976; Bang, 1980; Brown,
1980).The complex aetiology of various tumours and the lack of data on normal
incidence confounds the interpretation of such an index. However, certain
tumours, for example, liver and epidermal, are prevalent in organisms from
polluted waters and are often associated with the bottom-dwelling or feeding
habits of the species which place them in contact with the highest local
concentrations of these potentially carcinogenic compounds (Sindermann et al.,
1980).

The well-understood pathology of the mammalian liver and kidney and the
visibility of gross abnormalities provide a strong base for the further study and
use of certain morphological indices in assessing pollutant stress in wild
populations.

4.1.5 Physiological

Toxic effect on physiological processes provides an important group of
endpoiilts for examination, above the biochemical and sensory levels. The broad
categories of physiological response of greatest interest include feeding activity,
metabolism, osmotic-ionic balance and photosynthetic activity in plants.

Recognition of an abnormal feeding response provides an initial indication of
physiological stress that may lead to eventual growth retardation. Reeve et al.
(1977a, b) found that copepods exposed to 10flg 1-1 copper demonstrated
reduced filtration and ingestion of phytoplankton. Moraitou-Apostolopoulou
and Verriopoulos (1979) confirmed that feeding rates of a marine copepod were
progressively decreased with increasing copper levels from 1 to 10flg 1- 1.
Feeding response was reduced in pollution-adapted individuals only at copper
concentrations of 5 flg 1- 1 or greater. For yearling brook trout, Drummond
et at. (1973) described feeding activity as markedly less aggressive at copper
concentrations of 6 flg 1-1, and permanently affected at 9 flg 1-1 and above.
Gonzalez et at. (1979) reported that oils reduced the filtration rate of the blue
mussel. Exposure to oils has also been demonstrated to inhibit D-glucoseuptake
and mineralization by bacterial populations (Hodson et al., 1977).

Metabolic processes have been shown to be quite responsive to pollutant
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stress. Respiratory rate is often used to indicate a stressful environment and can
now be accurately measured in the field as well as under laboratory conditions.
However, the organism response may be one of either increased or decreased
rate, depending upon species, pollutant type and concentration (Bayne, 1980).
Stainken (1978) observed that 10mg 1- 1oil in water caused the respiratory rate
of the soft shell crab to double, while 100mg 1-1 caused a significant depression
of the rate. Moraitou-Apostolopoulou and Verriopoulos (1979) reported that
copper concentrations from 1 to 10 f.lg1- 1 produced a continuous increase
in oxygen consumption by a marine copepod over a 20-hour period. However,
Reeve et ai. (1977a, b) did not find a good correlation between zooplankton
respiration and copper level in the range of 1 to 10f.lg1- 1.

PCBs at 1mg 1- 1 decreased oxygen uptake in fish to 20 per cent of that
measured prior to exposure, whereas shrimp exposed to 100f.lg1- 1 increased
oxygen uptake by a factor of 3.6 (Anderson et aI., 1974). This group also
reported species- and age-specific respiratory response of crustaceans to
petroleum hydrocarbons.. Mussels, taken in samples along a gradient of
pollution defined by levelsof heavy metals and toxic organics, were found to have
increased oxygen consumption rates corresponding to the more polluted sites
(Phelps et ai., 1981).Gill respiration-rate effectswere corroborated by long-term
reductions in growth.

The oxygen-nitrogen ratio (0 :N) has also been used as an index of substrate
utilization for energy production. The ratio of 0 to N varies naturally with the
stage of development and diet and is influenced by the degree of stress. This ratio
was reduced in all stages of larval lobsters exposed to 0.25 mg 1-1 crude oil
(Capuzzo and Lancaster, 1981).

Stoner and Livingston (1978) demonstrated that fish exposed to 0.1 and 1.00
per cent bleached kraft mill effluent had elevated ventilation rates and reduced
food conversion, suggesting that the pollutant is causing an elevated
maintenance metabolism.

With relatively short-term studies, such as those quoted above, there is the
danger of misinterpreting a response as permanently damaging when in fact the
species may become acclimated. However, increased metabolic demand and
reduced food conversion efficiency, even over the short term, may weaken the
organism, leaving it susceptible to any additional stresses (Stoner and
Livingston, 1978).

The efficient functioning of osmoregulatory processes is essential to aquatic
organisms. Preventing the loss of salts in a dilute environment is a life-preserving
requirement for a freshwater species. Just as important to the estuarine species is
the ability to regulate water-salt balance over a range of salinities, allowing
adaptation to a fluctuating salt environment.

Various metals (Cu, Zn, Hg) and chlorinated hydrocarbons (DDT and PCBs)
at sublethal concentrations have been found to affect osmoregulatory functions
in a variety of estuarinespecies(Thurberg 2t aI., ]973; Anderson et aI., ]974;
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Jones,1975).Theeffectsofmercuryon O5ffioregulatorymechanisms in fish were
examinedby Renfro et at. (1974).

Presently, a gap remains between laboratory results indicating disrupted
osmotic balance and application of this information in assessing the fitness of
organismsin contaminatedestuarine environments(Bayneet aI., 1980).

Water balance and ionic regulation in terrestrial plants is also of great
importance to their physiological 'well-being'. Heath (1975) described water loss
and ionic alterations caused by ozone exposure of various plant species.

The unique photosynthetic ability of green plants provides an important
physiological measure which can be used to assess pollution stress. Adverse
pollutant effects on photosynthesis can be estimated for both aquatic and
terrestrial species in the laboratory and under natural conditions (Bennett and
Hill, 1974; Jensen, 1980).Since the photosynthetic rate is directly related to plant
growth, a significant depression or inhibition of photosynthesis will ultimately
translate into reduced primary productivity. The important relationship to be
established is the degree to which chronic pollutant exposures can repress
photosynthetic rates causing a significant retardation in plant growth (Bennett
and Hill, 1974).

4.1.6 Altered Performance.
Those indices which best reflect individual performance and are most easily
related to population fitness are growth and reproductive success.

Growth is the net result of many essential processes such as consumption,
excretion and respiration. As a summation of many factors, it is a useful
integrated index of physiological status, applicable to multicellular organisms
that have not yet reached their maximum biomass. Cell division rate in
unicellular species is a useful measure of both growth and reproductive success.

Long-term experimental studies have indicated growth to be quite sensitive to
pollutant stress. McKim and Benoit (1971) describe drastic growth-rate
reduction in juvenile brook trout exposed to 17-32/lg 1-1 copper over a 14-
month period, whereas adult fish were unaffected. The rate of growth as
compared to control fish was inversely correlated with copper concentration in
the range 9- 32/lg 1-1. They reported that juveniles from unexposed and copper-
exposed parents responded identically. The apparent absence of an adaptive
process suggests that long-term growth rate may be an effective measure of
chronic stress.

Bayne (1975) used the scope-for-growth index to measure the effect of
environmental stress on Mytilus edu/is. This index is an experimentally derived
estimate of instantaneous growth rate representing the energy difference between
food consumed and loss by excretion and respiration. If scope-for-growth values
are positive, the animal has energy for growth and reproduction; when estimates
are negative the animal is losing energy. A chronological series of estimates of
",,-,
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scope-for-growth allows the estimation of relative growth rate correlated with
pollutant concentrations. However, sources of stress other than the pollution
must be recognized as affecting this index (Gilfillan, 1980). Investigation of soft
shelled clams (Mya arenaria), heavily oil contaminated, showed that they
gained carbon at 50per cent the rate of unexposed reference individuals (Gilfillan
and Hanson, 1975). The scope-for-growth index was not correlated with body
burden of petroleum (Gilfillan et al., 1976) but was related to the fraction of
aromatic hydrocarbons (Gilfillan et aI., 1977).

A reduction of growth rate appears to be a universal response to chronic
exposure to toxic chemicals. Several recent studies have reported reduced growth
rates in macroinvertebrates at high but sublethal pollution levels (Percy, 1978,
and Gilfillan and Vandermeulen, 1978, for petroleum derivatives; Wu and
Levings, 1980, for pulp mill effiuent; and Borgmann et al., 1980, for metals).
Terrestrial plants are similarly affected by metals and gaseous air pollutants such
as sulphur dioxide and ozone (Miller et aI., 1977; Constantinidou and
Kozlowski, 1979a, b). Cell division and growth rates il! mixed microbial
populations and algae have been greatly reduced by metals, oils and toxic organic
compounds (Hutter and Oldiges, 1980; Gaur and Kumar, 1981; Jensen, 1983;
Slater, 1983).

For invertebrates, stress-related decreases in adult body weight have been
positively correlated with a reduction in the number of eggs per female, an
indicator of reduced reproductive success (Buikema et aI., 1980). A
mathematical relationship between growth and mortality developed by
Borgmann et at. (I980) showed that, in general, toxicity was accurately indicated
by a drop in growth rate.

Reproduction is the single most important function in the life cycle of an
organism. Successful reproduction is essential to the continuation of the species.
Therefore, the real test oflong-term impact of sublethal pollutant concentrations
on an exposed population is whether the population is capable of reproducing
successfully. As a means of insuring perpetuation, certain species have even
adopted the strategy of shunting a larger than normal proportion of available
energy into reproduction under stressful environmental conditions (Bayne,
1975).

The importance of reproductive damage to species survival has stimulated
much current research. An evaluation of methods to assess the effects of
chemicals on the reproductive function of a number of wild mammalian and
nonmammalian taxa was recently prepared (Vouk and Sheehan, 1983) and
should be of value in improving the assessment of reproductive damage.

Reproductive failure can occur during a number of processes: courtship,
development of gametes, fertilization, embryo development, hatching and early
growth. Pollutant effects on these processes are outlined in Table 4.1. Since the
reproductive process encompasses all life stages, its successful completion is the
basicindividualgoal.The inabilityof an organismto successfullycompleteany
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Table 4.1 Some effects of pollutants on reproduction

Critical effects of pollutantsVital process

Development of gametes

Fertilization

Embryo development

Hatching

Sexual maturation

Courting and mating

Incomplete or abnormal development of ova or
spermatozoa; gene damage
Interference with homing of spermatozoa to the
ova; impairment of the ability of spermatozoa to
ente: the micropyle and successfully fertilize the ova
Cytological and cytogenetic abnormalities including
chromosome bridging, breakage and translocation;
interference with hardening of the egg; interference with
gas and water exchanges; cessation of development

Failure to hatch; high mortality of newly hatched
larvae; teratogenic abnormalities
Histopathological effects on gonads; changes in
production and metabolism of gonadotropins

Destruction of spawning and mating grounds;
inappropriate courting or mating behaviour leading to
reduced mating success

one stage would indicate a reduced reproductive fitness of the population.
The toxicology of reproductive behaviour is more highly developed for bird

species. Behavioural abnormalities, including improper mating responses,
reduced nest attentiveness and protection and the chicks unresponsiveness to
their mother's call, have been recorded for birds chronically exposed to toxic
chemicals (Heinz, 1976, 1979; Fox et aI., 1978; Custer and Heinz, 1980).
Abnormal reproductive behaviour is often sufficient to cause increased
embryonic mortality and has in some cases been correlated with levels of specific
pollutants in tissues.

The effects of chemicals on maturation and gamete development have been
recently discussed for fish (Donaldson and Scherer, 1983),amphibians (Martin,
1983) and various invertebrate taxa (Dixon, 1983; Davey et al., 1983; Landa
et al., 1983). Field evidence indicates that populations exposed to grossly
contaminated environments, such as occur after oil spills, are often sexually
sterile the next reproductive season (Blumer et aI., 1971; Loya, 1975).

For those aquatic species that release gametes directly into the water there is
much evidence substantiating the sensitivity of the fertilization phase to
pollutant toxicity. Nicol et al. (I 977) have shown that extracts of No.2 fuel oil
depress sperm mobility and interfere with fertilization in the sand dollar. The
pesticide Lindane, at 25J1.g1- 1,and sub1etha11evelsof several metals (Hg, Fe, Cy
and Cr) have also been shown to be toxic to gametes and to lower the rate of
successful fertilization of fish eggs (Billard, 1978).

Recently, Koster and Van den Biggelaar (1980) reported that the development



EFFECTS ON INDIVIDUALS AND POPULATIONS 39

of Denta/ium (tusk shell) eggs from females collected before an oil spill was
significantly better than the development of eggs from contaminated animals,
although in early embryonic stages no difference was noted. At time of collection
of females, sediment hydrocarbon concentration was about 30mgkg-1 dry
weight.

Staveland (1979) noted that one year after an accidental crude oil spill there
was no detectable effect in fertilization of Littorina eggs; however, hatching
success was significantly reduced in 'polluted' populations. Reduced hatch
success is perhaps the most common index reported for stressed organisms (e.g.,
Birge et ai., 1979; Peakall, 1983), although egg production (e.g., Reeve et al.,
1977b; Wu and Levings, 1980)and the size of brood per female are frequently
examined (e.g. Hatakeyama and Yasuno, 1981a). In the special case of bird eggs,
shell thickness has been well studied in relation to pollutant stress (review by
Cooke, 1973; Stickel, 1973).

The larval stage has also been shown to be quite susceptible to pollutant stress
(Birge et aI., 1979, 1980). Livingston (1977) reported effects of organochlorine
accumulation in fish eggs,noting that the pesticides caused increased embryo and
larval mortality. Birge et al. (1980) suggest that 10per cent or greater increase in
mortality at the embryonic and larval stage would significantly affect population
dynamics in natural communities. Long-term oil stress reduced juvenile
settlement in the salt marsh crab at concentrations 5 to 10 times lower than
those affecting adults, indicating that the effectneed not be increased mortality at
the larval phase to adversely affect local recruitment (Krebs and Burns, 1977).

There are relatively few field studies quantifying the impact of pollutants on
the reproductive success of wild mammalian populations.

The female ringed seal (Pusa hispida) has exhibited pathological changes in
the uterus, and an apparently lower reproductive rate associated with high tissue
levels of DDT and PCBs (Helle et al., 1976a, b). Pregnant females averaged
75 mgkg-1 of DDT in blubber, while non-pregnant females averaged
130mg kg -1. High premature-birth rates observed in the California sea lion
(Zelophus californianus) also have been linked to elevated PCBs and DDT levels
although an imbalance between mercury-selenium and bromine was also
implicated in the etiology (Martin et al., 1976).In an extensive review of residue
effects on harbour seals, Reijnders (1980) concluded that the decreases in
reproductive success of Dutch seal populations correlates most strongly with
high concentrations of PCBs in the tissues.

In his survey of field studies, Schofield (1976) observed a reduction in
reproductive success of freshwater fish sampled in low pH lakes. Beamish and
Harvey (1972) observed a decrease in pH from 6.8 to 4.4 in a Canadian lake over
a period of 10years, corresponding to a total disappearance of trout, herring and
other fish. Pough (1976) has reported similar acidification effects on
reproduction in amphibians.

Theseexamplesveryclearlyindicatethat chronicpollutant stress,leading to
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Table 4.2 Some of the sublethal effects of pollutants on life stages of various animals
(modified from Waldichuk, 1979)

Life stage Critical effects of pollutantsVital life process

Egg

Larva

Juvenile

Adult

Meiotic division of cells;
fertilization; cleavage mitoses of
fertilized egg; hatching; respiration

Metamorphosis; morphological
development; feeding; growth;
avoidance of predators, parasites
and disease

Feeding; growth; development of
immune systems, endocrine glands;
avoidance of predators, parasites
and disease

Feeding; growth; sexual
maturation

Gene damage; chromosome
abnormalities; damage to egg's
membrane; direct toxicity to
embryo from pollutant; impaired
respiration; reduced hatch
Toxicity from bioaccumulated
poisons in yolk sac during early
feeding; biochemical changes;
physiological damage; deformities;
behavioural alterations

Direct toxicity; reduced feeding
and growth; altered predator-prey
relations; impaired chemo-
reception; reduced resistance to
parasites and disease

Direct toxicity; adverse alteration
of environmental conditions, e.g.
dissolved oxygen; physiological
and biochemical changes;
behavioural alterations

reduced reproductive success, can eventually result in the extinction of one or
more populations in the exposed ecosystem. Because of the importance of the.
reproductive process, its investigation in single-species studies of responses to
stress is an essential step in determining any long-term pollutant impact.

The effects of exposure to pollutants on the various life stages of organisms
have been illustrated. An effect at any stage can reduce the probability of an
individual successfully completing its life cycle. A summary of critical
behavioural, biochemical, morphological, physiological and integrated effects of
pollutants is presented in Table 4.2. The assessment of effects at the various life
stages is essential to a complete understanding of a population's susceptibility to
toxic stress.

4.2 INTERACTION WITH OTHER ENVIRONMENTAL STRESSES

Each species lives in an environment which exhibits a multitude of physical,
chemical and biological constraints. Thus the organism is continually exposed to
many factors acting independently or in concert with others. Species are adapted
to survive within certain ranges of these factors. All factors together make up
Hutchinson's niche concept (Hutchinson, 1944). In general, this means each
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species exists in an environmental compromise, not always living in the optimal
range for all essential functions. Any pollutant stress limits the range of
functional response available to the organism prior to its reaching the threshold
of damage. Other adverse environmental conditions aggravate the already
stressed species. Therefore, combinations of stress can be expected to cause
adverse response at lower pollutant concentrations. Multifactor interactions,
including pollutant toxicity and the stress response of exposed species, were
recently reviewed by Livingston (1979) for a contaminated coastal system and by
Babich and Stotzky (1980) for microbial communities.

Examples of pollutant-environment interactions on species response can be
found where.temperature was examined as the fluctuating environmental factor.
The interpretations of the results from interactive stress experiments are
complex. Low winter temperatures apparently reduced the toxicity of mining
effiuent to stream macroinvertebrates (discussed by J. W. Moore, 1980);
however, the susceptibility of seabirds to oils is higher at cold temperatures
(Levy, 1980).The victims of oil death were found to have only extremely minute
oiling of their feathers, below that concentration necessary to inflict mortality
under less severe environmental conditions. Atlantic salmon (Salmo salar)
chronically exposed to 40-60 f.1g1-1 DDT also showed a reduced tolerance to
low temperature (Anderson, 1971).Blue crab (Callinectes sapidus)mortality in a
north Florida estuary contaminated with DDT was seasonally influenced by
temperature variation, with the major mortality associated with rapid
temperature decreases accompanying cold fronts (Koenig et al., 1976). Survival
from hatch to first adult stage of mud crab (Rhithropanopeus larrisii) larvae
exposed to combinations of 50 or 150f.1g1- 1Cd and 10, 20 or 30 %0 (parts per
thousand) salinity was significantly reduced at the 20 and 35 QCtemperature
extremes (Rosenberg and Costlow, 1976). Although the highest temperature
(35°C) caused the greatest decrease in survival, the lower temperature regimes
(20, 25°C) increased development time. Interestingly, results indicated that
cycling temperature (20 to 25 °C, 25 to 30°C) may have a stimulating effect on
survival of the larvae compared to constant temperature, both in the presence
and the absence of chronic cadmium exposure.

Cadmium at 150f.1g1- 1in combination with 10per cent salinity was fatal to the
development of the mud crab even within its optimum temperature range
(Rosenberg and Costlow, 1976). This response to the combined stresses may be
explained by the fact that the exposed mud crab is already under physiological
stress, attempting to regulate its body fluid to a hyper-osmotic state. A reverse
problem of salinity adjustment must be faced by anadromous juvenile salmonids.
Long-term copper exposure at 20-30 f.1g1-1 reduced the tolerance of yearling
coho salmon (Oncorhynchus kisutch) to increased salinity. Some recovery in
ability to survive in seawater was apparent approaching the paar-smolt
transformation during the spring migratory period (Lorz and McPherson, 1976).
It is suggestedthat the reducedtoleranceto increasingsalinity in exposedcoho,
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together with copper-induced behavioural abnormalities, would seriously reduce
the chances of successful migration to the ocean and adaptation to seawater.

The pH of the environment into which a pollutant is deposited may influence
the chemical form, the solubility, and its toxicity to exposed biota. This is
particularly obvious with. toxic metals. A decrease in pH of I unit from any
reference (pH 6-10) resulted in an increase of lead by a factor of 2.1 in the blood
of exposed rainbow trout (Hodson et aI., 1978). Inhibition of ALA-D followed
the same time scale as the change in lead levels in blood, indicating that toxicity
increases as pH decreases. Hultberg (1977) reported that there were pronounced
declines in sea trout and minnow survival, and reproductive success, associated
with the rapid pH drops accompanying the solution of air pollutants in spring
snow melt. Most of the mortality was attributable to the short transition period.

An environmental factor of great importance in mediating the stress response
of terrestrial species exposed to pollutants is drought. The dry weight yield of two
native plant species (Andropogon scoparius and Monarda fistulosa) was
significantly decreased by application of drought stress and 20j1gCd/gsoil (Miles
and Parker, 1980). The effects of the stresses on weight were determined to be
independent and additive.

Most effiuents are not composed of a single toxic substance. Therefore, the
potential interactions of pollutants in either a synergistic or an antagnostic
manner must be considered in evaluating the response of the population to its
environment (discussed by Anderson and D'Apollonia, 1978). Recently this
aspect of pollution studies has received increased attention among researchers, as
ambient levels of pollutants in both urban and rural areas have risen. Separately,
injury threshold levels from air pollutants NOz and SOz were 2 and 0.5 ppm,
respectively, whereas together, NOz and SOz ratios of between 0.1/0.1 and
0.15/0.10ppm produced maximum injury (Tingey et al., 1971). With some
°3/S0Z combinations (0.05/0.50, 0.1/0.1, 0.1/0.25, 1.0/0.5ppm), degrees of
injuries were different among various species including radish (more than
additive), cabbage (additive) and tomato (lessthan additive) (Tingey et al. 1973).
Often, beneficial interactions may occur; for example, the increased levels of
systemic fungicides sprayed on tobacco foliage (benomyl at 1.8g 1-1, diodine at
2.4 g1-1, or maneb at 3.6g 1-1) decreased injury levels by 24 per cent to 60 per
cent when combined with continuous ambient °3 levelsabove 0.05 ppm (Reinert
and Spurr, 1972).

Heavy metals such as Cd, Zn or Ni in the soil from industrial fallout, fertilizers
or sewage sludge sources are accumulated differentially by plants and predispose
the plants to greater sensitivity and injury at lower °3 levels (Czuba and
Ormrod, 1974; Ormrod, 1977). The Cd-03 interaction involved the uptake of
cadmium (10-100 j1gml-l in the soil), its redistribution into younger leaves after
03 exposure (0.05-0.35 ppm for 6 h), and irreversible changes in water content,
which resulted in a more than additive injury in plants (Czuba and Ormrod,
1981).

The environment indirectly influences organisms by affecting the availability
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and nutritional value offoods. Starvation and nutritional deficienciesoften cause
marked changes in the sensitivity of an animal to toxic chemicals. While it is
generally true that starvation enhances toxicity, there are some exceptions. For
example, a reduction in caloric intake inhibits the chemically induced tendency
for animals to develop tumours (discussed by Uthe et ai., 1980).In addition, the
nutritional value of the food has been shown to influence the stress response to
toxic pollutants. The cladoceran, Daphnia magna, fed vitamin-enriched algae,
were less sensitive to chronic copper stress than animals fed a trout-granule diet.
Sensitivity was based on survival, mean brood size, and r, the instantaneous rate
of population increase (Winner et al., 1977).It is of interest to note that there was
no significant difference in acute response (72 h LC50) attributable to diet. This
situation suggests that the ratio of chronic to acute toxicity would not be
constant under varying environmental conditions influencing nutritional state.

4.3 LIFE HISTORY

A thorough knowledge of the lifehistory of a speciesiscritical to the assessment of
population responses to chronic pollution stress and to the understanding of
altered interaction within the community. It has often been noted that there are
life-stage differences in sensitivity to pollutants. The initial fertilization stage in
fish reproduction is particularly sensitive to pollutant stress as the sperm and eggs
are released directly into the contaminated water (Rosenthal and Alderdice,
1976).McKim (1977), in a review of partial and complete life cycle toxicity tests,
found the embryo-larval and early juvenile stages offish to be the most sensitive
to a wide variety of toxic chemicals. Juvenile fiddler crabs are sensitive to oil
levels 5 times lower than are adults (Krebs and Bums, 1977),and similar results
have been found for gastropods (Staveland, 1979). In addition, Rosenthal and
Alderdice (1976) have aptly noted that the response to pollutant stress from
exposure at one developmental stage may not be expressed until a later,
susceptible stage.

The moulting cycle in arthropods has been shown to be particularly sensitive
to pollutant disruption. Metals such as copper and zinc interfered with ecdysis in
the shrimp, Crangoncrangon(Price and Uglow, 1979).Premature mortality in the
post -moulting stage was attributed to the large uptake of water containing metals
during moulting. A significant increase in the duration of the intermoultingperiod
has been shown to occur with exposure of the marine isopod (Mesidotea entomon)
to 1mgl- 1crude oil. The increased time between moults was a reflection of the
reduced growth rate of exposed animals. As many arthropod speciesmust attain a
certain sizeto reach maturity, pollutant interference with moulting may have both
short-term and long-term effectson the exposed populations. In general, pollutant
interference at an early life stage can halt development at that point, or can delay
maturation. Either effectcould mean long-term inhibition of recruitment and loss
of sensitivespecieswhen the environmentalconditions becomeharsh.

A population is generally well-adapted to its environment. Its fine-tuned
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response to normal diurnal or seasonal cycles is essential to its well-being and is
predictable. Thus, we see that young are born when environmental conditions
are suitable, food is available and preoators and competitors are of minimal
influence. Any interference with the fine-tuning of the organism with respect to
its environment can cause severe impacts. An induced prolongation of normal
life history through delays in development or metamorphosis would alter
population fitness. For example, it has been shown that chronic exposure offrog
tadpoles to DDT and organophosphorous pesticides extends the time of larval
development to metamorphosis (Cooke, 1970; Mohanty-Hejmadi and Dutta,
1981). A prolongation of the larval phase increases the tadpoles' exposure to
both predation and desiccation pressures, leading to a reduced number of
survivors reaching a mature adult stage (Dutta and Mohanty-Hejmadi, 1978).
Such a series of responses has obvious implications on the population's ability to
survive in pesticide-contaminated breeding ponds, common to agricultural
regIOns.

Pollutants can also stimulate behavioural responses uncoordinated with
seasonal cycles. Krebs and Burns (1977) described oil-contaminated marsh
crabs (Ucapugnax) displaying mating colours at a time of year inappropriate for
this behaviour. Because of the many other chronic effects these oiled crabs
demonstrated, such as larval avoidance of oiled sediments, the impact of the
abnormal mating behaviour could not be evaluated in terms of the drastically
reduced recruitment noted for the two years following the spill. It is suggested,
however, that any induced change in reproductive behaviour which would put
mating, egg laying or hatching out of synchrony with normal environmental cues
would have a damaging impact on reproductive success. It can be imagined that
this would be particularly detrimental to species with a short-lived adult
reproductive stage, such as mayflies (Ephemeroptera). These aquatic insects
often have less than 24 hours from emergence to mate and oviposit before dying.
An uncoordinated male and female emergence or emergence into adverse
environmental conditions could drastically reduce local recruitment for the next
generation. The issuing forth of larval trout from relatively high pH ground
water to the sharply declining pH of streamwater, associated with 'acid' snow
melt, is another example of members of a species emerging into environmental
conditions detrimental to survival (Schofield, 1976).

4.4 POPULATION INTERACTIONS

It is important to understand how population interactions, as influenced by the
effects of sublethal chemical stress, will affect the success of populations and the
dynamics of the co~munity as a whole. Toxic pollutants at a sublethal level can
impair a species, ability to function normally within the community. Inter-
actions within and among trophic levels can be altered, thereby affecting the
structure and function of the ecosystem.
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The effects of toxic substances on predator-prey interactions have received
considerable attention in the last decade (Cooke, 1971; Kania and O'Hara, 1974;
Ward and Busch, 1976; Tagatz, 1976). Sublethal levels of pesticides have been
reported to interfere with prey escape and other anti predator behaviour. Ward et
al. (1976) found that in in situ tests, the pesticide Temefos reduced the density of
marsh crabs (Uca pugnax) in the open test plot by 25 per cent but did not
significantly affect the density in the caged plot. Mortality was due to bird
predation on the exposed crab population. Farr (1978) demonstrated that
killifish (Fundulusgrandis), when given a choice of prey, selectively captured the
grass shrimp (Palaemonetes pugio) which had been weakened by methyl-
parathion contamination of less than 0.5 ,ugl-l. This change in food preference
appeared to be effected by a decrease in the grass shrimp's ability to escape
predation while impaired by the pesticide. Increased prey vulnerability was also
demonstrated for fathead minnows (Pimephales promelas) undergoing acute
(0.05-0.5 mgl-l) and chronic (0.013-0.025 mgl-l) cadmium exposure (Sullivan
et al., 1978). Schneider et al. (1980) reported increased prey vulnerability of
fingerling rainbow trout (Salmo gairdnen) exposed to 7.0 mg 1-1 phenol but
indicated that since this level of exposure was near the lethal concentration,
predator-prey interactions did not constitute a sensitive indicator of chronic
stress. However, it has been suggested that increased susceptibility to predation
be used as a laboratory test of stress effects on trophic interaction (Goodyear,
1972).

Pollutant-caused elimination or drastic reduction of predator populations
generally leads to an increased in prey abundance. Hurlbert (1975), in his review
of the secondary effects of pesticides, noted that numerous pesticide-induced
population increases appeared to have resulted from predator removal. After the
application of the fish toxicant, rotenone, to two Canadian lakes to a level of O.75
mgl-l, Anderson (1970) found that the normally benthic-littoral amphipods,
Gammarus lacustris and Hyalella azteca, became abundant in the open water.
These results suggest that reduced predator pressures allow expansion of prey
distribution and abundance.

A reduction in the grazing population can produce a similar response in algae
populations. Phytoplankton blooms followed the reduction of zooplankton
grazing pressure caused by toxic components of oil following the grounding of
the Tsesis in 1977 (Johansson et aI., 1980) and the Amoco Cadiz spill in 1978
(Nounou, 1980). A similar bloom response has been noted with application of
lO,ug1- 1of organophosphorous pesticides (Butcher et aI., 1977; Hughes et al.,
1980a). Again, the zooplankton populations were severally reduced by direct
toxic stress.

If a population is not held in check by other factors, an increase in food supply
resulting from pollution effects may stimulate population growth of the feeding
species. Bacteria and coral normally have a rather symbiotic relationship. The

coral, whenirritated, producesa mucuswhichis eaten by the bacteria, thereby
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cleaning the coral. Apparently, pollution and other stresses increase the mucus-
producing response which, in turn, causes increased bacterial feeding, eventually
killing the coral. This response has been shown to occur when coral heads were
exposed to low concentrations of petroleum hydrocarbons or heavy metals
(Mitchell and Chet, 1975; Ducklow and Mitchell, 1979; Loya and Rinkevich,
1980). Like the bacteria, scavenger populations accrue temporary benefit from
increased food availability following pesticide kills (see Hurlbert, 1975).

It is also evident that the grazing populations which have the ability to recover
rapidly from toxic stress will gain the advantage of utilizing the high algae
densities resulting from the initial decimation of grazers. An increased
abundance of phytoplankton permitted populations of the cladocern Moina
when they recovered several weeks after Dursban treatment, to achieve higher
densities than they ever had in uncontaminated ponds (Hurlbert et al., 1972).
However, the pesticide treatment also killed predators, releasing Moina from
natural predation stress, which could be a factor contributing to the rapid
population increases.

Pollutant-induced reductions in prey abundance and variety may have adverse
affects on predator populations. Observations from Sodergren (1976) attributed
the decline in salmon population to a decrease in prey abundance brought about by
the prey's intolerance to metal pollution, in a river containing cobalt at levels of
30-70 /lg 1- 1. This was particularly evident from the decline in large mayfly
nymphs in the drift during spring, providing lessfood for young salmon during this
critical growth period. Jeffree and Williams (1980)reported that mining pollution
significantly changed the diet of the purple-striped gudgeon, emphasizing that
the effects were more complex than simply the depressing or raising of the
abundance of dietary species. Similar alterations in diet were also reported for fish
exposed to a single treatment (13/lg I - 1) of diflubenzuron in experimental ponds
(Colwell and Schaefer, 1980). Growth rates and condition factors of the fish,
however,were similar to control fish 3 months after exposure. Such results imply
that switching in prey selection may provide short-term compensation for reduced
availability of preferred species.

There is some evidence of food transfer of toxic substances to the predator
causing toxic symptoms to appear later. The shrimp Gammarus pulex, fed Cd
contaminated fungi, showed reduced viability (Duddridge and Wainwright,
1980)and the cladoceran Moina macrocopa, fed Chlorellacontaining 340/lg g - 1

Cd, had reduced reproductive success (Hatakeyama and Yasuno, 1981b). The
widely studied case of methylmercury is an example of food-chain
bioaccumulation leading toxic effectson top predators (in this case, man). Levels
of methylmercury around 0.5 /lg 1- 1 in river sediment lead to levels a
thousandfold higher in fish (Miller et aI., 1977).The much used model of DDT
accumulation in both aquatic and terrestrial systems, which can eventually lead
to a reduction in reproductive successand, therefore, decreases in populations, is
another classic example of trophic interactions with pollutant (Harrison et aI.,
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1970; Edwards, 1973).The effects of DDT, accumulated by fish-eating birds, on
the thickness of egg shells and related egg breakage is one of the best-documented
examples (see Stickel, 1973). Recently, Beyer and Gish (I980) found that
earthworms accumulated organochlorines to tissue levels (32,ugg-l DDT,
8,ugg-l heptachlor and dieldrin) which are potentially hazardous to birds.

Studies have indicated that long-term sublethal toxic stress affects normally
healthy organisms, significantly altering their resistance to disease. Plants under
the stress of chronic air pollution have been shown to differ in incidence of insect
and microbial damage, the incidence either increasing or decreasing in specific
cases, depending on the bala.nce of plant and parasite responses (Heagle,
1973; Smith, 1974; Treshow, 1975, 1978).

Within marine fish populations the incidence of various nonspecific disease
symptoms such as ulcers and fin rot seem to be clearly associated with degraded
estuarine and coastal environments (Sindermann et aI., 1980). Hetrick et al.
(1979) reported increased susceptibility of rainbow trout to infectious hemato-
poietic necrosis virus after exposure to sublethal (less than 0.0l,ugl- 1) levels of
copper. Mortality was twice as great in stressed as in control groups. Although
many of the complexities of the pollutant-disease interaction are not well
understood for wild species, their increased susceptibility to infection or
infestation while under toxic stress is well documented.

Documenting pollutant effects on competitive interactions has been more
difficult than demonstrating feeding interactions. A pollutant-induced reduction
in competitive ability could lead to exclusion of the 'weaker' and rapid increase in
the more tolerant populations. This type of interaction is a well-known
secondary effect of pesticide application (Van den Bosch, 1969). Mosser et al.
(1972) and Fisher et al. (1974) reported that species differences in the toxicity of
PCBs and DDT, in pure and mixed diatom cultures, were magnified by
interspecies competition. Although the roach (Leuciscus ruti/us) has
disappeared from many acidified lakes (pH below 5.5), in lakes where
populations survive, this fish has a considerably higher growth rate and attains a
larger size than normal (Almer et al., 1974). Acid waters have apparently
decreased intraspecific competition for the available food, thereby allowing
survivors to grow faster and larger.

It is becoming increasingly more obvious that population interactions are an
essential factor in defining population success as well as changes in ecosystem
function and structure, and that they must be considered when evaluating the
influence of chemical stress on an ecosystem.

4.5 IMPACT ON POPULATIONS AND ITS
RELEVANCE TO ECOSYSTEM RESPONSE

Chemical injury to individuals resulting in premature death and reduced
reproductivesuccess andrecruitmentareultimatelyreflectedin lowerabundence
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and altered distribution of exposed populations. The description and
quantification of abundance and distribution changes in a population are
particularly appropriate where pollutants are introduced at a point source so that
biological effectsmay be assessed along a gradient from the source. For example,
the abundance and distribution of immature may-flies (Baetis bicaudatus) and
caddis-flies (Hydropsyche sp.) were found to be inversely correlated with soluble
copper concentrations along a pollutant gradient in a small mountain stream,
during the summer months (Sheehan, 1980). Adult emergence and seasonal
increases in heavy metal levels, however, frustrated the use of abundance
measures of any single insect population in assessing the effects of copper stress
continuously throughout the year. In this case, it was suggested that a series of
different species would need to be monitored sequentially throughout the year to
account for seasonal effects.

For those populations that have identifiable year classes or generations, the
impact of pollutant stress can be assessed through studying changes in
population structure. Some animals can be aged rather precisely using such
features as annual growth marks (Jones, 1979),while age class in others must be
estimated from relative size (Waters, 1977).The influences of natural variability
in growth rates, fecundity and recruitment must be considered in any analysis of
pollutant-induced changes in age structure. A clear example of pollutant impact
on population structure was presented by Notini (1978). He reported that the
changes in size distribution of common mussels (Mytilus edulis) for the years
1971-1976 reflected the recovery of the population from the severe stress of an oil
spill (see discussion, section 5.7). During the first two years following the spill,
only a few larger organisms and some newly settled recruits were found. By 1976,
the population structure was composed of a complete size range of mussels with
the greater proportion in the mid-range, reflecting normal recruitment and age
distribution.

A large body of literature exists which indicates that long-term sublethal
pollution stress selects for some measure of tolerance (Brown, 1971, 1978;
Antonovics, 1975; Ernst, 1975; Bradshaw, 1976; Bryan, 1976). Brown (1976)
demonstrated that metal tolerance existed in populations from the polluted
River Gannel and persisted in the second generation of amphipods cultured in
metal-free waters in the laboratory. Wu and Antonovics (1978) demonstrated
that for the grass Agrostis stolonifera tolerance to copper and zinc was genetically
determined and operated at the cellular level. Tolerance is normally pollutant
specificin higher animals, although bacteria (Bacillus sp.) from the contaminated
New York Bight were found to be resistant to both heavy metals and antibiotics
(Timoney et al., 1978). Although tolerance is an expression of change in the
population gene pool, there is relatively little data available on actual changes in
the gene pools of populations exposed to chronic stress (see review, Beardmore
et at., 1980).Genetic structure in a marine snail population was found to exhibit
unusually high year-to-year variation in oil-impacted populations (Cole, 1978).
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Genetic effects of oil pollution have also been demonstrated in natural
populations of Mytilus by means of electrophoretic analysis of genotypic
frequencies (Battaglia et al., 1980). A higher frequency of the more common
allele and a significant drop in average heterozygosities were found in
populations from more polluted areas. Luoma (1977) suggested that under the
stress of pollution, the probability of an opportunist species developing resistant
populations is greater than that of more specialized species. Therefore more
simplified ecosystems may result from chronic pollution stress through the
elimination of species without resistant genotypes.

4.5.1 Relevance of Population Response Extrapolations

As our ability to detect sublethal toxic injury at the organism and population
levels has improved with increased sophistication of scientific methodology and
instrumentation, the ultimate question of meaningfulness of extrapolation of this
data to natural communities must be considered.

Direct observation of environmental impacts on particular individuals and
populations has provided information as to the effects of stress on the endpoints
of growth, reproductive success, survival probability and several other
characteristics. Such observations can confirm that a single species under specific
environmental conditions will be adversely affected by a pollutant, and to take
into account natural ecological interaction which cannot generally be done in
single species toxicity tests under laboratory conditions (Cairns, 1981; NAS,
1981). Studies of individuals and populations have also provided mechanistic
explanations of possible consequences at the community level; for example, the
relative sensitivity of key populations to toxic stress should provide insight into
changing dominance and trophic patterns. Consequently, it is likely, and
desirable, that such studies will remain an integral part of ecotoxicological
assessment. Population studies are particularly relevant for those species which
play critical roles in the community such as 'keystone' predators (Paine, 1969,
1974) or pollinators (NRCC, 1981b). Also of interest are those populations of
economic and aesthetic interest to man.

On the other hand, a population-oriented approach leaves major ecological
issues unaddressed. The ecosystem is a complex biogeochemical entity with
internal regulating mechanisms. Impacts on a single population may have little
effect on the functioning of the ecosystem. If the abundance of preferred prey is
reduced by toxic stress, often the populations of predators can switch their choice
of food without showing adverse effects or without significantly damaging the
food web (Colwell and Schaefer, 1980). Pollutant-sensitive species may be
replaced by competitors without affecting biomass or productivity of the system.
In a controlled ecosystem experiment, concentrations of 5-10 flg1- 1 Cu
eliminated sensitive algae populations but biomass and primary productivity
werenotsignificantlyaffected(ThomasandSiebert, 1977;Thomasetal.,1977).
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Changes in ecosystem processes, such as decomposition of organic materials and

mineral cycling can occur without major effectg on the types of organisms
normally observed in pollution studies (Van Voris et al., 1980).In the final analy-
sis, Heath et al. (1969) pointed out that it was not possible to characterize the
response of a system to perturbations solely from a knowledge of the response of
component parts. In fact, the state of the 'whole' system must be known in order
to understand the collective behaviour of its components (Weiss, 1977).

The limitations of population studies in estimating ecosystem damage from
pollutant perturbations suggest that an assessment approach must integrate
single species studies with analysis of community structure and dynamics and
ecosystem function.
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