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The need for sublethal studies

By E.J. PERKINS
University of Strathclyde, Department of Biology, Marine Laboratory,
The Fort, Kilcreggan, Dunbartonshire, G84 0JR, U.K.

In problems of waste management, the preoccupation of the would-be manager is the
means whereby waste may be released to the environment withoutimpairing the health
of the biota inhabiting the receiving waters. In such a situation, measurements based
upon acute poisoning are unhelpful since they tell nothing of the impact that the much
lower concentrations found at some distance from the waste source have upon the
ability of the affected organisms to undertake the responses necessary to ensure
survival and more particularly to reproduce successfully. Such responses can only be
investigated with organisms not at the point of death, i.e. in truly sublethal studies.
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INTRODUCTION

It seems to be worth noting, at the outset, the essential reasons why we undertake toxicology
and, when we do, the fundamental criteria which must be fulfilled if it is to have practical
value. While we may talk in general terms of maintaining the environment as a whole in a
healthy condition, despite the conflict of interests which is particularly evident in coastal
waters, we are primarily concerned with the wellbeing of man and thus of the fish and shellfish
of economic importance. Consequently, we should be examining not the mere survival of these
important organisms, but the maintenance of truly viable populations. The primary criterion
therefore must always be the effectiveness of reproduction in the population or populations
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exposed to the waste introductions. While all else is secondary to this consideration, successful
reproduction does not of necessity imply the acceptable level of productivity in the fishery, which
is vital to successful fishery management. By definition, then, studies which are preoccupied
with the short-term alternatives of death or survival, i.e. lethal studies as in the case of median
tolerance limit determinations, must of necessity be excluded from further consideration here.
This exclusion is not arbitrary, for as Warner (1964) said ‘ Death is, by definition, the cessation
of biological activities. Hence it is asymptomatic; no information relative to sublethal effects
can be obtained from the response.” Clearly, in the short term this view is unarguable; in the
longer term, however, this criterion may be acceptable, for as Perkins (1976) noted, the response
is unambiguous, and when placed in a different framework may have a greater value than has
perhaps been realized hitherto. Nevertheless, truly sublethal studies, not related to mortality,
are required if the essential objectives of fishery management are to be fulfilled, but, from an

B

examination of the literature, what is apparently much less clear is the nature of the sublethal
studies required.

Although the aim is to prevent significant losses of production from our aquatic resources,
it is reasonable to expect that the sums contributed for their preservation will be limited. This
limitation will influence methodology to the extent that scope for very large, complex experi-
ments outside the laboratory will be restricted; indeed it would be pointless to develop a
protection ‘industry’ which would rival in scale that which it seeks to protect. Thus laboratory

[27]

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
o

T [
o] R
The Royal Society is collaborating with JSTOR to digitize, preserve, and extend access to (’F }j?-ﬁ

Philosophical Transactions of the Royal Society of London. Series B, Biological Sciences. STOR IS
www.jstor.org


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

426 E.J. PERKINS

studies must be meaningful and effective; possibly the evident difficulty in relating laboratory
results to events in the field is an indication of the extent to which our techniques must be
improved.

DEFINITIONS EMPLOYED

There are three areas of research discussed below in relation to which it is essential to define
the terms used.

The first relates to the terms ‘sublethal’, ‘sublethal dose’ of a toxicant and ‘long-term
sublethal study’, each of which is the subject of much confusion in the literature. These terms
are interrelated, though the third is controlled by the test organism chosen rather than the
toxicant under examination. Alderdice (1967) defined sublethal effects of pollutants as debili-
tating and thus only bringing about death indirectly, but, as it stands, that definition while clear
in meaning leaves too much scope for ill-conceived and badly executed experimentation. It is
considered that a sublethal dose of a toxicant is one in which the direct mortality of the organisms
exposed to the toxicant exceeds that in the controls by no more than 109, p.a., where the life
span exceeds 1 year, or, when the life span is less than 1 year, does not exceed that in the controls
by 109, at the median of the known life span. By accepting some direct excess death in the
treated animals, this definition is apparently somewhat looser than that of Alderdice (1967).
However, at this level of mortality, it would be difficult to distinguish between the direct and
indirect effects of intoxication, and such a small difference would, by any criterion, represent
a high degree of replication between tanks. Experiments which do not reach this standard
should not be considered as sublethal but as chronic subacute, and whatever other parameter
may be under investigation the terminal mortality should be recorded. The validity of this
approach can be appreciated by reference to table 1, where each experiment lasted for only
a minor proportion of the life span of this crab (see table 2), and thus could in no sense be
described as sublethal, although in the natural environment so active an animal would remove
itself rapidly from distasteful conditions.

It follows from the preceding paragraph that the description ‘long-term study’ would be
inappropriate here, as it is in so much of the literature which includes experiment durations
ranging from 240 h to ca. 1 year. Clearly, 240 h can be described as long-term if it relates to
some organism which either divides every few hours or has a life span of not more than 2 weeks.
Neither 240 h nor 1 year can be considered as long term when applied to some of the species
recorded in table 2. It is considered that a long-term study is one defined as having a duration
which is either at least as long as the whole life span in those organisms which live for up to
one year, and in the case of the short-lived (i.e. life span not more than 20 days), pass through
several generations, or in those organisms whose length of life exceeds one year, for at least as
long as the time from birth or metamorphosis to first egg production. Experiments having
a shorter duration should be defined in terms of the known life span (S§;). Thus experiments
which have been conducted for 0.1, 0.5, 2 or 4 times a life span should be categorized as 0.1,
0.5, 2 and 4 S, respectively. By using a prefixed §, confusion with any kind of lethal dosage is
avoided and an unambiguous expression of the duration and relative value of the experiment is
given (see column 4 of table 1); equally a notional title of a paper could read ‘The effects of
sublethal exposure (0.5 5)) of the crab, 4.5., to effluent constituents’. This approach permits a
graphical expression of mortality against proportion of life span passed and this may be com-
pared with expected mortality in untreated stocks; an approach which is both more explicit

[ 28]


http://rstb.royalsocietypublishing.org/

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

B

THE ROYAL
SOCIETY

PHILOSOPHICAL
TRANSACTIONS
OF

Downloaded from rstb.royalsocietypublishing.org

THE NEED FOR SUBLETHAL STUDIES 427

and informative than either the short period dose response curves of median tolerance limit
(t.l.,) against time or the use of l.t.;y in experiments of a greater duration. As O. J. Abbott,
a coworker of mine, realized, it may enable actuarial techniques to be used to forecast the
expected mortality and losses of production in a fishery, arising from waste disposal practices.
This methodology would, however, require a very different scale of experimentation from that
rightly considered to be asymptomatic by Warner (1964) : because it is concerned with survival/
mortality, it is excluded from further discussion.

TaBLE 1. MORTALITY OF THE SHORE CRAB, CARCINUS MAENAS, EXPOSED TO SIDDICK
PAPER BOARD MILL EFFLUENT AND ITS CONSTITUENTS

experiment duration
A

r MY
proportion of life spant toxicant concentration (%)
r A N I A -
proposed 1.0 10.0 30.0
toxicant days % notation terminal mortality (%)
whole effluent 87 7 0.07 8 50 38 —
AL(SO,)s 33 3 0.03 5, 20 0 —
wood fibre 186 15 0.15 S, — — 33
1 Taken to be 3.5 years.
TABLE 2. LIFE SPANS OF SOME SELECTED MARINE ANIMALS
species life span/year authority
Arenicola marina 2+ Newell (1948)
Crangon crangon 3-5 Tiews (1967)
Homarus spp. ca. 10 Iversen (1968)
Carcinus maenas 3-4 Schmitt (1973)
Cancer pagurus ca. 12 Schmitt (1973)
Littorina littorea > 6 personal observation
Pecten maximus 18-22 Segerstrale (1960)
Mercenaria mercenaria 17, 40 Segerstrale (1960)
Tellina tenuis 7+ Segerstrale (1960)
Asterias rubens 5-6 Bull (1934)
Gadus morhua 6+ Wheeler (1969)
Pomatoschistus minutus ca. 1 Wheeler (1969)
Pleuronectes platessa & ca. 10-12 Wheeler (1969)
2 20

See also Buchanan (1964), Chesher (1969), Dales (1950, 1951), Fretter & Graham (1962), Hancock &
Urquhart (1965), Lagler, Bardach & Miller (1962), Lewis (1971), Tattersall & Tattersall (1951) and Zaika (1973).

Two further areas of definition need consideration and these are concerned with usage of the
terms ‘diversity’ and ‘fecundity’. In the following discussion accepted usage, i.e. both by
biologists and in the Oxford Dictionary, is followed. Thus diversity refers to being diverse,
unlikeness, different kind, variety, but diversity indices refer only to ‘information content’,
a feature which is apparently not generally recognized. Thus Pielou (1966) noted that *diversity
in this connection means the degree of uncertainty attached to the specific identity of any
randomly selected individual. The greater the number of species and the more nearly equal
their proportions, the greater the uncertainty and hence the diversity’. Clearly the two
definitions are different and the considerable potential for confusion is increased by the chaotic
use of formulae: thus the popular Shannon & Weaver formula, indiscriminately referred to as
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the Shannon diversity index, the Shannon and Weaver formula and the Shannon-Weiner
function, is variously quoted in at least nine different forms depending upon logarithmic base
and use of notation; some are mathematically incorrect and some have no properly defined
terms. Only two papers other than that of Pielou (1966) state that the calculation refers to
uncertainty (Cameron 1972) or to information theory diversity (Watling 1975). In such a
situation it is difficult either to accept the validity of such data or envisage their use in the
solution of practical problems. Some of the confusion might be removed if it could be agreed
that the two types of diversity do not mean the same thing and that the second should always
be referred to as information theory diversity; even as d (diversity) and i.t.d. (information
theory diversity) if that should be considered necessary; agreement regarding the logarithm
base would be equally helpful. Given such improvements, this technique might be useful in
ecological studies of sublethal effects.

Fecundity has always been taken to refer to egg production per female and this meaning is
employed below. I respectfully suggest that the term fecundity as used by D. H. Cushing in
this symposium conflicts with the normal usage though it would be perfectly satisfactory if it
were only qualified in the manner proposed in relation to diversity.

RESPONSES AT THE SUBLETHAL LEVEL

The responses likely at the sublethal level may be considered under two broad categories.

1. Effects upon reproductive potential

Generally these might be considered to apply only to fecundity and successful fertilization
of the egg. To many species, however, metamorphosis and settlement represents such a major
transition that this would seem a more appropriate, if arbitrary, point of distinction.

Studies could be reasonably treated under four subheadings:

(a) direct effects upon fecundity and the successful fertilization of the egg;

(6) effects upon the fertilized egg and larvae to the point of metamorphosis;

(¢) modifications in behaviour induced by the toxicant which may affect the settlement of
planktonic larvae at the time of metamorphosis;

(d) studies of effects of a toxicant upon the course of the life history and successive generations.

2. Effects upon the productivity of a fishery

These may be influenced or examined by one or more of the following parameters:

(@) inhibition or enhancement of growth;

(b) interference in community structure and in particular in predator-prey relations through
the agency of selective toxicity;

(¢) modification in behaviour induced by the toxicant, including the avoidance of particular
situations, and the motor functions related to swimming;

(d) effects upon biochemical and physiological mechanisms especially as they relate to
respiration, osmoregulation, ionic regulation, the composition of the body fluids, effects upon
enzyme systems, bioaccumulation and the development of tolerance;

(e) predisposition to disease, parasites and histo-pathological change.

This list of possibilities represents an ascending order of difficulty in obtaining and trans-
lating the information gained in the laboratory into some practical expression in terms of

[ 30]
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environmental management. Nevertheless, by preparing a list in this way one can, by using
also table 2, perhaps see more clearly the manner in which particular aspects should be examined
and the animals that can give the most effective results both in terms of laboratory resources
and avoidance of intrinsically futile experiment. The acquisition of such information in the
laboratory rather than in the field is emphasized here on grounds of cost and the need in a
decision-making process for results within a relatively short time. Clearly, field studies cannot
be excluded in some form from consideration since they represent the only means of verification
of decisions made by extrapolating results from the relatively simple laboratory experiments
to the complex environment of the sea.

F1ELD sTUDIES

If we ignore cost, field studies of those situations which are inhabited by a given species or
community in the presence of a waste or pollutant, by definition, offer the possibility of in-
vestigating tolerance, sensitivity, reproductive capacity and productivity under patently sub-
lethal conditions. However, interpretation of the data obtained is difficult, not least with
respect to establishing baselines where some form of succession is occurring (Lewis 1971). The
theoretical expression of the relation between growth and production of a living system and
the input of growth factors or pollutants by means of an oligodynamic dose response curve may
be useful in environmental management (Perkins 1974), but it suffers from an inherent in-
adequacy, an examination of which gives a simple expression to the difficulties of relating
laboratory and field data.

Essentially, the oligodynamic response curve as it refers to some population parameter
(figure 1) must be considered as the line which envelopes the maximum response possible at
any given concentration of pollutant. Moreover, in the laboratory, and particularly where the
elements of competition are removed, this maximal response is normally evoked. In terms of
natural reproduction, productivity and growth, however, there is no reason to suppose that the
response is always maximal in either a temporal or a spatial sense. There is likewise no reason
to believe that any given community necessarily includes all the species potentially capable of
inhabiting that situation. Thus in a particular situation, apparently colonized fully, there may
remain ‘spaces’ which, given the right opportunity, can be occupied by other species absent
at the time of investigation. These ‘spaces’ may be filled only at times when thereisa particularly
successful larval survival which is not related directly to the conditions prevailing at the
particular situation under review, but may well have a fundamental effect subsequently. This
contention may be supported by the following observations:

(a) haphazard and intermittent recruitment of benthic invertebrates (see for example,
MclIntyre 1970; Moore 1978) ;

(6) the widely recorded temporal fluctuations in populations which attain possible maxima
infrequently;

(¢) brown algae, and associated epibionts, removed by human and other agency, may not
recolonize rocky substrata readily, so that productivity and diversity are much reduced thereby
(Fralick, Turgeon & Mathieson 1974; Lang & Mann 1976; Perkins 1976) ;

(d) Perkins (1977) noted the following succession mediated by biological interaction:
Halichondria (1970/71) — Balanus crenatus (1973) — Halichondria/Sabellaria (1975 onwards) when
Halichondria and Sabellaria colonized approximately equally but in different areas. Since 1975,

[ 31]
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the Sabellaria has received further recruitment and grown well; other sessile species, e.g.
Halichondria, B. crenatus and the algae Gigartina and Chondrus, have been overwhelmed and elim-
inated to a distance far beyond the original area under scrutiny; vagile species, e.g. gammarid
amphipods, Carcinus and Pholis, have been excluded by the loss of shelter. Since the Sabellaria
colonies are far from mature the productivity and diversity of this shore is much reduced.
A comparable overgrowth of Crassostrea gigas, in Hiroshima Bay, by the serpulid worm Hydroides
caused production and other losses worth 3 x 10° yen (¢ca. £7 M) (Arakawa 1971).

A7 N A

0
o
5]
g zone
3 £
= o
2 tolerance
Q" '
4 B B
S
2
5 | |
g deficiency excess
g | |
2
) l |

| |

C, G,

concentration —

Ficure 1. The oligodynamic dose relation between population parameters and concentration of
metabolite or pollutant.

Two corollaries follow concerning the relation between concentration and population: thus
if we take line BB’ (figure 1), populations on this intercept only correspond to concentrations
C,, C, if it is known that this is the maximum possible population production. If it is not, then
the line B corresponds with all those concentrations which range between C; and C,;itis therefore
only possible to relate these two parameters with certainty if the field measurements are so
comprehensive that the relation between the mean value of C and population is unequivocal.
Further, one can be certain that the zone of tolerance has been established only when the
population parameter has exceeded the intercepts A,A’, which is not easy when the response
is truncated.

Even in conditions which are apparently conducive to high productivity and diversity one
cannot necessarily assume that this can be confirmed by a brief study. Thus, even when the
problems related to the definition and usage of diversity indices are overcome, the foregoing
considerations imply an inherent imprecision in application and relation to environmental
problems, especially where the absence of experimental data permits no judgement of the
maximum that might be expected. Possibly one might determine theoretical maxima for a
given situation and relate observed changes to it rather than determine some statistical function
for any given time and attempt to make projections from that. But are existing statistical
techniques sufficiently sensitive to handle these problems? D. M. Reid, of this laboratory, has
tried to relate the normal statistical expressions of soil grade to the changes of soil quality
known to have occurred in a 10 year period at Siddick, Cumbria, and found them to be
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hopelessly inadequate, particularly where coarse or silt/clay [ractions not more than 109
have had pronounced mechanical effects. Here the need for a subjective element in the study is
consistent with the view expressed by Norton & Rolfe (1978).

To summarize, field studies of population and production performed in the presence of waste
discharges theoretically offer the possibility of effective studies of sublethal effects, but the
inherent tendency for living populations to produce at levels below the theoretical maximum,
coupled with the relative insensitivity of some of the existing statistical treatments, suggest
that until the methods used to study normal unpolluted populations are refined, it will remain
difficult to equate results obtained in the laboratory with those in the field. Equally, it suggests
that because studies in the laboratory are conducted at the level of maximal response, they
will reflect more clearly the likely outcome of a given waste introduction than the time-con-
suming, very costly short-term field study. Certainly where time is of the essence, judgement
cannot wait upon field populations reaching the maximum value attainable. Furthermore,
it is mandatory that those engaged in environmental management cannot permit a new waste
release and observe its effect before setting working limits: for a new material these must
depend totally upon a laboratory study confirmed by a subsequent field study, a view which
does not differ from that expressed by Cole (1970).

Nevertheless, Cole (1970) noted that field studies of growth rate, behaviour and maturation
of the gonads may be carried out where gradients of pollution are well defined, and it is inter-
esting to note that it was by use of such a field situation combined with laboratory measurement
that the polychaete worm, Nereis diversicolor, has been shown to develop a tolerance to heavy
metal pollution (Bryan 1974).

‘Bic-BAGS’ AND LARGE TANKS

Of course, one of the principal arguments against the use of laboratory measurement is the
essentially simplistic nature of such experiments and the difficulty in applying such data to the
environment. An attempt to overcome at one move the essentially unmanageable nature of
field studies and the simplistic nature of the laboratory study has been the development of the
‘big-bag’ introduced by McAllister, Parsons, Stephens & Strickland (1961) and very large
tank experiments. In the former, the nylon-reinforced PVC and tough polyethylene bags of
100 m3® upwards (Davies, Gamble & Steele 1975) used in recent developments do begin to
approximate more nearly to the real environment than systems used hitherto. However, the
very high cost of initiation, operation and evaluation of the substantial body of data obtained
places such an approach beyond the reach of the smaller laboratories and probably also of
many sponsors. Despite the increase in scale, interpretation may not be easy, for no one who
has worked with small marine tanks, or even large freshwater tanks, can fail to have been
impressed with the potential of each for the development of an individual and characteristic
biota. Just as there is a disproportionate amount of surface present in the laboratory tank, this
too must be a problem with the ‘big-bag’, and the contributions of Davies & Gamble and
Steele, in this symposium, are clearly of great interest. One further point arises in connection
with the ‘big-bag’, large tanks and the laboratory approach, namely the essentially static
nature of the experiment which contrasts so much with the marked variations in pollutant
concentration arising spasmodically from the interactions of wind and tide. Obviously, this
particular problem could be overcome to some degree by use of analogue systems operating
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upon large tanks, but the capital outlay, working and interpretation costs would be of a
formidable order, and at this level one must consider carefully whether (a) the gain in under-
standing is commensurate with the cost and effort expended, and (4) results of the same order
could be obtained by careful, well constructed experimentation at a much lower level of organ-
ization.

CHEMICAL PROBLEMS ASSOCIATED WITH SUBLETHAL EFFECTS

By the manner of their initiation, studies of ‘big-bags’ have necessarily involved chemists.
However, the general absence of chemists, or rather toxicologist and chemist associations,
represents one of the largest, and possibly most worrying, deficiencies of contemporary toxi-
cology. Thus the importance of chemical form or composition in the manner of uptake has
long been appreciated with regard to radioactive nuclides (see, for example, Jones 1960) and
in studies of excretion (see, for example, Kecke§, Fowler & Small 1972; Fowler, La Rosa,
Heyraud & Renfro 1976). In the practice of toxicology, however, a particular compound or
effluent is merely added to sea water and the test organism immersed. While the original
compound/mixture is known we may have no evidence either that it remains in this form or
of what, in fact, takes place (or indeed any but the crudest knowledge of effluent chemistry).
Thus there may be a knowledge of reactions in fresh water, but none which is applicable to
the sea, as for example in the hydrolysis of tripolyphosphate (Blanchar & Reigo 1976). Similarly,
the behaviour of chlorine in fresh water has long been understood, but remains virtually
unknown with respect to sea water despite its widespread use to control the fouling of power
station culverts. Again the organic material present in natural waters and sediments is known to
control the availability of trace metals to the calanoid copepod Fuchaeta japonica (Whitfield &
Lewis 1976) and organic compounds are involved in the precipitation of gypsum from near-
surface sea water in the tropics (Barcelona, Tosteson & Atwood 1976).

Viewed in another way, it is now well established that many multicellular marine organisms
derive nutritive substances, namely carbohydrates, lipids, amino acids and vitamins, directly
from the sea water and may, indeed, satisfy a substantial proportion of their requirements by
these means: thus, for example, sea anemones (Anemonia sulcata) obtain L-amino acids and
p-glucose (Schlichter 1975) and (Calliactis parasitica) lipids (Saliot 1976) ; brachiopods ( Terebratalia
transversa) glucose (McCammon & Reynolds 1976) ; crustaceans ( 7Tigriopus and Calanus) mono-
saccharides and polysaccharides (Khailov & Erokhin 1971); molluscs (Osirea) lipids (Saliot
1976), (Crassostrea) glucose (Swift, Conger, Exler & Lakshmanan 1976) and (Mya arenaria) amino
acids (Stewart & Bamford 1975, 1976) ; echinoderms (Paracentrotus lividus) glucose and amino
acids (West & Jeal 1973; Pavillon 1976; De Burgh, West & Jeal 1977; De Burgh 1978) and
(Arbacia lixula) amino acids (Pavillon 1976); and algae (Porphyra tenera) amino acids (Imada
& Saito 1971). Equally it is perhaps not irrelevant to note that the concentration of magnesium
ions in sea water may influence the fertilization of sea urchin eggs (Sano & Mobhri 1976).

By considering these two sets of observations two possibilities become evident:

(a) that the organic material present in sea water may modify the impact of a particular
waste, or

(6) that a particular waste could, by combining with the organic matter present in sea water,
influence the nutrition of its inhabitants.

Both possibilities may be subject to spatial and temporal variation (see, for example, Ohwada
1972; Ohwada & Taga 1972; North 1975). There is little evidence for either in the literature,
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although the following is suggestive. The Water Pollution Research Laboratory devised a
method whereby the foam head which develops upon a standard detergent solution shaken
under prescribed conditions can be related to the concentration. This relation seemed to hold
with sea water, but, in the field, samples may yield significant foam heads when detergent is
absent or no foam head when significant concentrations are present; apparently sea water
contains substances which behave in one of three ways, i.e. as surfactants, foam suppressors or
foam enhancers (Perkins 1978).

Although the present outlook is not promising, toxicologists and chemists must clearly work
much more closely in the future. It is just no use stating that we toxicologists have added so
much of material X to a sea water test solution, it is imperative that the chemical form of X
as it is released (in an effluent, say) and which it assumes in sea water be known. Furthermore,
the nature of its interaction with the other materials present in the medium, and how much of
it is really available to the treated organisms, must also be known. Failure to understand this
aspect of the problem and the associated transformations by the living organisms themselves,
with the obvious implications which relate to the mode of action of the toxin, presents a funda-
mental obstacle to the translation of laboratory studies into practical measures of efluent
control, the understanding of the means of bioaccumulation and of the manner in which
pollutants in general influence the physiological and biochemical processes of the organisms
we seek to protect, including man.

MAINTENANCE OF EXPERIMENTAL STOCKS

Evidently, any improvements made to further the degree of understanding of the chemical
processes which occur in water must be matched by improvements in the technique of test
organism handling and maintenance. In some respects little has changed since the carly years
of this decade when the means whereby the collection and use of field stocks might be improved
(Perkins 19724, b) or use of relatively limited laboratory stocks (Reish 1973) were discussed. In
others, however, dramatic changes, occasioned to an overwhelming degree by the desire to
farm marine organisms, have occurred. Thus May (1971) reviewed 68 attempts to rear the
larvae of marine fish in the laboratory, and of these only 5 reported maintenance for not less
than 100 days with a survival of not less than 50 9,. Although some invertebrates were bred
successfully in the laboratory before 1970 (e.g. crustaceans (Reeve 1969 ; Meixner 1969 ; Corkett
1967, 1970; Marshall 1973) and bivalve molluscs (Walne 1956, 1966; Loosanoff & Davies 1963)),
this decade has been characterized by the marked and increasing ability to breed and rear
marine animals under laboratory and farm conditions (see asterisked references which are not
an exhaustive list). So that in contrast to the rather gloomy outcome of the review by May
(1971), it is now apparent that, given the financial resources, large-scale recovery experiments
and the prolonged exposure of a wide range of organisms of commercial importance to pol-
lutants in large tank experiments is now perfectly possible, whatever the difficulties of inter-
tank replication and extrapolation to field conditions. Such an approach is of particular value
in studies of the rate at which pollutants are transferred to fish, e.g. in a phytoplankton—
zooplankton—Tellina tenuis—~O-group plaice (Platessa) food chain (Trevallion, Johnston, Finlay-
son & Nicoll 1973; Johnston 1973; Saward, Stirling & Topping 1972).

The wide range of organisms available in terms of size and systematic affinity ensures that
responses can be studied effectively and according to the criteria stipulated above, but before
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examining these possibilities, it is apposite to consider first some critical problems of technique.
The first of these relates to tank stocking density, for although breeding and raising of marine
organisms can be conducted on a large scale, the requirements of toxicology on this scale may
be different; moreover, work with small tanks will be predominant in the foreseeable future.
Consequently, the effects of laboratory stress must be allowed for and the minimum require-
ments of each organism for healthy maintenance must be established. Thus Bayne (1976)
reviews the impact of laboratory life upon the body condition of mussels, AMytilus edulis, while
Bayne, Gabbott & Widdows (1975) and Helm, Holland & Stephenson (1973) demonstrated
that parental stress adversely affected the survival of the larvae of Mytilus edulis and Ostrea
edulis. The loss of intestinal parasites by Gadus morhua, Zoarces viviparus, Myoxocephalus scorpius
and Platichthys flesus (Moller 1976) and the requirement of the individual sand goby, Pomato-
schistus minutus, for 100 cm? of tank bottom, irrespective of tank size, for continued health and
survival (Ross 1974) are indicative of the problems which await solution. Green (1977) showed
that the alga Acetabularia grew well in artificial sea water, but natural sea water, especially that
of neritic origin, supported faster growth and stimulated cap formation; it was concluded that
the main advantage of the synthetic marine medium was its reproducibility and thus the
removal of seasonal variations in quality. Such advantages may be real on a very small scale,
but on a large scale cost is likely to be prohibitive; furthermore by excluding the important
trace organics (see above) the laboratory becomes further removed from the real environment
with all the interpretational problems that this implies.

METHODS OF TREATMENT

Because aquatic organisms obtain their essentials from and excrete to the same support
medium, perhaps the greatest difficulty facing the toxicologist is that of relating effect and the
nature of the dose or exposure received (Perkins 1976): thus the problem is normally discussed
in terms of environmental concentration only (e.g. l.c.5). Here one is uncertain not only with
respect to the relation between uptake, retention and excretion of a given material, but whether
indeed this material is truly the effective agent of intoxication; indeed it is conceivable in both
static and continuous flow experiments that the symptoms observed are due to some bacterial
toxin the production of which has been stimulated by a substance itself innocuous to the test
organism. Now, however, possibilities exist whereby some part, at least, of this problem may
be overcome. Thus Chang, MacIntosh & Mason (1966) showed how microcapsules with a
nylon—protein wall could be made to enclose an internal aqueous phase; Jones & Gabbott
(1976) used such microcapsules (40 and 80 pm diameter) to study the dietary requirements of
aquatic particulate feeders, namely Artemia salina, Astacus astacus and Palaemon serratus, and
concluded that they could be used either for dietary purposes or to convey medicinal com-
pounds for release in the digestive tract, rather than by the present inefficient and costly
addition to the sea water. These conclusions indicate the means whereby direct dose-response
relations may be investigated and for the first time the ¢ffective dose could be defined; further-
more the mode of uptake, the relative importance of the possible routes of uptake and the
importance of chemical form, both in terms of intoxication and bioaccumulation, may be
examined effectively. Moreover, the ability of bivalve molluscs to close their valves and exclude
a distasteful external medium no longer seems an obstacle to investigation.

The lamellibranch molluscs offer yet other problems which arise from the enclosure of the
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body within two valves. Unfortunately, fenestration or removal of a valve to study the physiology
or intermediary metabolism of the animal provokes healing responses and inevitably injures
the animal more or less severely. Clearly, such events induce stress as defined by Bayne (1975):
‘a measurable alteration of a physiological (or behavioural, biochemical or cytological)
steady-state which is induced by an environmental change which renders the individual more
vulnerable to further environmental change’ and it is unreasonable to expect that animals so
stressed can give results which have much meaning in terms of environmental management.
However, this difficulty has been substantially overcome by the introduction of windows into
the shells of oysters which remained healthy and attempted no repair of the shell during the
two month period of the experiment (Veitch 1974). Evidently, this technique offers possibilities
not only of metabolic studies and direct visual internal observations upon unstressed animals,
and, since direct unstressed access to the mantle cavity may be so obtained, it becomes possible
to perfuse the cavity with solutions for a known time without the problems raised by shell
closure (see, for example, Davenport 1977). Moreover, a combination of this method with the
use of microencapsulated food and food + toxin offers further possibilities in studies of mode
of uptake, and comparison of internal action with that at the body surface.

CHOICE OF EXPERIMENTAL ORGANISM

The choice and use of a test organism is dependent upon the intended use of the information
obtained. In terms of direct fishery interest, i.e. production and the consequences of changes in
the balance of predatory effect, the larger, more abundant components must clearly form the
principal objective of the study, but having a longer life span these organisms yield information
relating to reproduction and the development of tolerance only very slowly. That both have an
important bearing upon the application of laboratory data to real problems is illustrated by
the instance of Cristigera spp. and Capitella capitata reviewed in the South African Journal of
Science (Anon. 1976), where it was noted that a species may live in, i.e. be tolerant of, con-
ditions that laboratory tests indicate to be inimical or may be absent from those situations where
it might be expected simply because other conditions, e.g. unstable substratum, render the
habitat unsuitable.

In the matter of reproduction, two questions must be answered, namely:

(a) Does a given toxin inhibit reproduction?

(b) Ifreproduction is inhibited to some degree, is tolerance to the pollutant developed during
successive generations?

Clearly, if a suitable situation is available then the problem may be approached by a com-
bination of field and laboratory studies like those performed upon Nereis diversicolor by Bryan
(1974). However, in most field situations the input of waste, being derived from many sources,
is normally complex and the results are usually ambiguous. Because so many animals can now
be maintained wholly in the laboratory both problems are soluble. Thus the short-lived
protozoans, e.g. Cristigera, polychaetes, e.g. Ophriotrocha, and copepods, e.g. Tisbe and Pseudo-
calanus, have been maintained in the laboratory for many generations. Their small size and
short generation time means that the investigation of reproductive and tolerance effects requires
relatively small facilities and confers the possibility that some meaningful answers can be
obtained within a reasonable time and at acceptable cost, particularly by further work with
the methods developed by Hoppenheit (19754, b, 1976, 1977) and Hoppenheit & Sperling (1977)
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in relation to cadmium toxicity. Similarly, diatom community development could be studied
readily by an appropriate adaptation of the methods developed in fresh water by Evans &
Marcan (1976). Nevertheless, the problem of scale remains both in terms of size of experimental
organism and the relatively large proportion of surface to solute in each experiment. Thus such
experiments can probably never be taken on their own, but must serve as an early warning
of effects which must be sought and confirmed elsewhere, a fate likely to be shared also by
attempts to examine the effects of intoxication by using tissue culture techniques (see, for examplc,
Li & Traxler 1972) ; nevertheless these methods have an obvious importance in relation to the
study of carcinogenesis.

It would seem reasonable to advocate that animals likely to reach maturity in 1-2 years,
e.g. the lugworm, Arenicola cristata, prawns and shrimps, and the shore fish, Pomatoschistus
minutus, should be exposed to a toxicant either for the whole period from metamorphosis to
maturity or for a substantial portion of this period and that the reproductive ability should be
measured in terms of fecundity, successful fertilization of eggs and the ability of the larvae to
develop normally. Most molluscs and fish of commercial importance are characterized by a
greater longevity and a longer time to first maturity; nevertheless reproductive performance in
the face of a protracted exposure is possible in many cases. Even though some information will
be derived from reproductive studies, these longeval species must assume a much greater
importance in relation to studies of production, especially efficiency of food conversion, con-
dition and growth. Though it may not be easy to correct for tank-to-tank and individual ageing
effects, useful information could be provided within a reasonable time by parallel experimen-
tation upon fish of different ages in large tanks for periods of one year. This approach may have
least value with respect to bioaccumulation since this may be a function of life span as much as
of diet (Hamilton 1973; Boyden 1977; Bryan & Hummerstone 1978). It is therefore essential to
consider the influence of chemical form in relation to the amount of toxin absorbed and the
proportion accumulated as a body burden (i.e. tissue residues), and the effect of both upon the
bodily functions in the laboratory. These may not be easy to relate, as workers in the radioactive
field have found (e.g. Hill 1965, 1966; Fowler e/ al. 1976); moreover, the time scales involved
suggest that the field will remain by far the most important source of information regarding
the tissue residues accumulated by normal populations. Indeed, the time scale, i.e. in relation
to life span, possibly renders these studies among the most difficult in aquatic toxicology.
Nevertheless a 90 day study of fluoride uptake by the blue crab, Callinectes sapidus showed that
20 pg/g T decreased growth by 4.5 %, per moult and that a 52 %, reduction in the final average
size could be expected; fluoride accumulation was significant from concentrations of not less
than 8 pg/g, but the tissue content remained unchanged in a concentration of 2 pg/g and fell
in 0.5 pg/g. The accumulated F was lost once the animal had been removed from the higher
concentrations (Moore 1971). Such studies are informative, unequivocal and relate to com-
mercially important species, as indeed do the physiological measurements made on field
populations of Mya arenaria exposed to a severe oil spill (Gilfillan ef al. 1976). Moreover, the
physiological stress index proposed by Widdows (1978) may prove valuable in the future. Less
certain, however, is the extent and manner to which biochemical functions, e.g. the induction
of enzymes (Gruger, Wekell, Numoto & Craddock 1977), and physiological functions, namely
respiration, osmoregulation, ionic regulation and the composition of body fluids, can be
utilized in environmental management. Clearly they must be unequivocally linked to a stress
index (Widdows 1978) or stress profile (Eisler 1970), itself directly related to actual or expected
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field conditions; otherwise they must remain as interesting information, but essentially unhclp-
ful to the environmental manager.

INDUCTION OF DISEASE

Polluting sources, cspecially sewage, have often been blamed for inducing diseasc, a con-
nection which is entirely logical. The few laboratory studies which have been carried out do
demonstrate carcinogenesis (Ishio, Yano & Nakagama 1971; Korotkova & Tokin 1968 ; Fries &
Tripp 1976), structural changes (Couch & Nimmo 1974; Maharty & Fineran 1¢76), induction
of virus disease (Friend & Trainer 1970) and potentiation of epidermal ulcers (Pippy & Hare
1969; Radsaether ef al. 1975). In the field, however, the situation is confused: thus Schlotfeldt
(1972) reported an association between detergent concentration and black necrosis in North
Sea shrimps. Here, however, the maximum incidence of 8.9 9, was only slightly greater than
the 89, minimum (maximum 50 %,) reported in the unpolluted Solway Firth (Abbott &
Perkins 1977). Indeed, Abbott (1978) considered that an association between pollution and
black necrosis might be particularly difficult to demonstrate in practice, and that far from
indicating pollution, black necrosis may in fact indicate a high water quality where intense
fishing and a greater consequent exposure to mechanical damage is likely. He further contends
that we have no knowledge of the possible antibiotic effect of heavy metals or of the selective
action of predators in removing sickly animals before a disease becomes overt. Sprague (1971)
regarded evidence on this topic as equivocal and this seems to be a very fair view. Given the
conclusions of Abbott (1978), it seems very clear that only effective laboratory studies can resolve
this problem, but that once so resolved the environmental syndrome and its mechanism may
be interpreted correctly. This seems to be a very good example of the principle enunciated by
Cole (1970), namely, ‘a different approach may be preferable by which the effects of a poten-
tially toxic pollutant on the processes of growth,"physiology, behaviour and breeding are estab-
lished in controlled laboratory experiments and then looked for in the field’.

CONCLUSION

The demands of environmental management, particularly that of fisheries, are such that it is
essential to produce unambiguous information regarding the effects of introduced wastes. This
information must be produced in a reasonable time and at a reasonable cost. Short-term studies
of mortality /survival, which employ imperfectly known chemical systems, are of limited use to
individuals whose concern is the maintenance of a viable, productive fishery. Although field
studies would appear to be direct in their application, the problems of information collection
and interpretation at present are such that the norm is uncertain. It therefore follows that
sublethal studies carried on at concentrations which are debilitating, but not directly lethal,
must be developed in the laboratory with the use of entities whose chemistry in sea water is
fully understood. Perhaps the clearest example of the need for such sublethal studies relates to
pollution and the induction of disease, where the field situation is so complex that the issue can
only be resolved satisfactorily by careful work in the laboratory.
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the ‘weeds’ of the sea. However, it is generally agreed that pollution effects are most serious
in estuaries and immediate coastal waters, rather than in the open sea. Estuaries are sometimes
described as containing ‘sensitive’ ecosystems but to my mind estuaries are inhabited by tough
and adaptable organisms capable of surviving substantial and often rapid fluctuations in
environmental conditions. If they were not able to do so they would not maintain their hold
on the estuary, and therefore we are back again, if we use common estuarine organisms in
bioassays, to something very like Professor Gray’s weeds. The result is, as Dr Perkins notes,
that most people simply rely upon what is available.

J- 5. Gray (Unwersity of Oslo). Many of the organisms used in bioassays are in fact classical
‘r’ selected opportunists which by definition are robust and often highly tolerant. Furthermore
in the normal unpolluted environment such species are rare and unimportant. I feel that there
is a need to concentrate more on the rarer ‘K’ selected species since they may be more
sensitive and are ecologically important.

E.J. Perkins. I fully agree that the inhabitants of estuaries are tough, adaptable organisms
which are capable of withstanding environmental conditions unlikely to be tolerable to sensitive
ecosystems. Given that pollution effects are likely to be most serious in these situations, there
seems to be little point in worrying about whether we have or have not secured the most
sensitive species for bioassay. Equally, there seems to be little point in suggesting that the
species which live abundantly in estuaries can be regarded as ‘weeds’; moreover as every
informed gardener knows the presence of a given species of ‘weed’ can often affect positively
the production of a desired crop. Since we do not have the resources to examine more than
a fairly narrow range of species, it seems reasonable to me to concentrate upon those species
which are of commercial importance either directly in a fishery or indirectly as the prey or
predators of these species. The first two are likely to be very abundant, the last rather less so,
but none could be defined as ecologically unimportant, and work with all three does at least
have the merit of answering directly questions which relate to management of the fisheries.
By assuming this approach, I cannot believe, indeed the literature indicates the lack of reason
for the belief, that an insufficient range of sensitivity to toxins is available in this group. More-
over, it embraces a considerable variation of life span and so many can now be maintained
experimentally throughout their life cycle.

It seems to me that this direct approach has merit in that it avoids both the polemics relating
to whether we have or have not secured the most sensitive organism possible and the equally
wasteful, futile tests based on fresh water animals stressed by acclimation to low salinity, for
example rainbow trout in 25 9, sea water, and which in both chemical and biological terms
cannot be considered to yield information applicable to the major productive areas of estuaries.

A.V. HorpeN (D.A.F.S., Pitlochry, U.K.). Are all sublethal effects to be considered as undesir-
able? It would seem possible to have some effects which would, for example, increase produc-
tivity, or increase the proportion of a commercially desirable species. We should be careful
not to assume that every detectable effect is necessarily unacceptable, or that every increase in
residue concentration must imply some consequent effect on the species concerned.

E.J. Perkins. This has emphasized the point which I have tried to make repeatedly since

1972, by noting the importance of the oligodynamic dose-response curve. Clearly, not all sub-

lethal effects are undesirable, and if we consider trace metals and vitamins as examples then
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such sublethal doses may be entirely necessary to the well being of both plant and animal,
however poisonous they may be when taken in excess. What we do not know, is difficult to
approach, and yet must be defined for each type of waste eventually, is the point at which sub-
lethal effects cease to be beneficial or harmless and begin to act adversely either directly or
(perhaps) by potentiation of disease. It is my belief that we would do well to stop thinking in
terms of pollutants, but rather of wastes for disposal, since well managed waste disposal does
not necessarily lead to pollution; in many cases, for example animal excrement, waste must be
returned to the environment for the maintenance of a healthy biosphere.

P. A. Driver (Lancashire and Western Sea Fisheries Joint Commuttee, University of Lancaster, U.K.).
Surely, a problem in using the reduction of life span as a measure of the sublethal effect of
a pollutant is the fact that within any species life span is very variable. I would also have
thought that the natural variation in life span would be far greater than the variation due to
the presence of a low concentration of pollutant.

E. J. Perxins. Of course, marine organisms show a great variation in life span, but so too do
human beings. The latter difficulty seems not to worry actuaries too much, and, since the
methodology exists, it would seem to be worthwhile considering its use in relation to the sublethal
effects of pollutants. If nothing else, studies related to life span would have the effect of im-
proving experimental technique. If, in addition, production losses could be related to changes
in effective life span, that is of productive rather than senile individuals, the effects of pollution
could be discussed on a precise quantified basis rather than by description.

D.J. Crisp, F.R.S. (Marine Science Laboratories, Menai Bridge, Anglesey, U.K.). Dr Perkins’s
suggestion that in order to safeguard a species one should investigate the influence of ambient
concentrations of toxicants on longevity is an interesting and valuable one. However, one
caveat needs entering, namely that the ultimate safeguard should take account of ‘fitness’ rather
than longevity alone. Sometimes greater longevity operates against fitness — for instance the
removal of reproductively effete individuals in a resource limiting situation is actually beneficial.
Conversely, any toxicant which delays the onset of reproduction will reduce fitness though not
necessarily affecting longevity.

E.J. Perkins. I would not quarrel with the statement that reproduction and fitness are of
overriding importance, indeed I made this point at the beginning of my paper. Equally, no
one who is conscious of the effects of under-fishing would suggest that there is any point in
concerning themselves with senile individuals. However, stunted individuals who can and do
reproduce are not likely to be of great interest to managers who wish to maximize the return
from a fishery. The further point which was being made here was that the appelation long-
term is much abused and this abuse could be overcome by relating the duration of the experi-
ment to a function of the organism’s life rather than the patience or skill of the experimenter.
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