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The uses of experimental ecosystems
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Massachusetts 02543, U.S.A.

B

The experiments conducted so far with large experimental ecosystems have
probably taught us more about the general ecological interactions in such systems
than about subtle long-term effects of pollutants. This knowledge is not only valuable
in its own right but may be more useful in an indirect rather than a direct way, in
understanding the robustness of these systems and so evaluating the general effects
of stresses.

INTRODUCGTION

THE ROYAL
SOCIETY

The experimental study of the interactions within communities is a standard part of ecological
method providing a bridge between laboratory work on individual organisms or species, and
field surveys of natural ecosystems. The complexity of the experimental ecosystem can range
from a two species relation up to a set of lakes used as experimental units. The general ideal
should be to combine some degree of natural interaction with advantages of experimental
control. In reality, it is possible that the system might be highly unnatural and relatively
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uncontrolled. Thus great care is needed in the design and, in turn, this requires a fairly explicit
statement of the purposes of the experiment.

We are concerned with the longer-term effects of relatively low levels of pollutants. Es-
pecially, we wish to consider the ways in which such contaminants act by altering population
levels and so changing community structure. These various aspects necessarily imply that the
concern is with relatively large areas of the open sea or long stretches of coastal waters, rather
than with effects in the immediate vicinity of an outfall, or a dumping ground. In turn, this
introduces other complications. For the study of local disposals one usually has a knowledge
of the contaminants likely to have an effect. Further, for existing disposals, neighbouring areas
can be used as a control so that direct comparisons of field data can be used. For the evaluation
of larger-scale effects no such natural control is usually available, nor is it often possible to
isolate one or two potentially dangerous contaminants since the source may be from a variety
of industries in the general area, from advection of water into the area, or via atmospheric
input from distant sources.

B

The problems can arise from two sources; observed changes in chemical concentration or
population levels. Evidence of new or enhanced levels of contaminants in the water or in
organisms may cause concern. Equally, evidence of changes in community structure or popu-
lation levels may raise questions of possible man-made impacts. In some areas or organisms
the higher chemical levels may be of natural origin, and population changes may result from
long-term climatic trends or from other man-induced effects such as commercial fishing. Thus
such problems require general ecological knowledge of various types of stress exerted on
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ecosystems and the way in which these systems respond. Toxic chemicals can be regarded as
providing one set of stresses. We need to know the response of systems to these but also to
[ 185 ]
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584 J. H. STEELE

know how these responses compare qualitatively and quantitatively with naturally occurring
stress. The effect of pollutants at the population and community level must be considered in
the context of the resilience of systems to perturbation in general (Holling 1973).

EXPERIMENTAL DESIGN
Stngle species studies

To estimate the resilience of a system, one can sclect critical stages in the life cycle of or-
ganisms which are ecologically or commercially important. Many such organisms have been
proposed and several used. Eggs and larvae of commercial fish species are a frequent choice
because such fish populations are already less ccologically robust due to fishing stress. For
herring, the rate of egg development and subscquent larval mortality is sensitive to water
quality and to certain pollutants (Steele et al. 1973; Westernhagen ¢l al. 1974). Such experiments
can be carried out under carefully controlled laboratory conditions but any cffects observed,
when considered in relation to open sea conditions, may be dependent on other environmental
stresses. Thus pollutant effects on larvae may be negligible in comparison with the very high
mortality, 5-10 9%, per day, which occurs in the natural environment.

On the other hand, an enclosed environment may be more equable than natural conditions.
No significant effects of an organophosphorous insecticide on fiddler crabs were observed when
the crabs were in cages but there was a significant extra mortality compared with controls
when the treated crabs were exposed to natural predators (Ward ez al. 1976).

Food chain studies

The next stage in complexity is to take some particular link in a {ood chain and examine
effects under relatively natural circumstances. Onc food chain occurring on sandy beaches in
northern Europe involves the predation by juvenile (O-group) plaice on the siphons of the
bivalve Tellina tenuis. A detailed study in one location, L. Ewe, West Scotland, showed that the
plaice population surviving this nursery stage was dependent on the quantity of in-faunal
food of which Tellina was typical and sometimes dominant (Steele & Edwards 1970). Con-
versely, the rate of predation on the siphons, which are renewed by Tellina, is a drain on
energy reserves from the Tellina which otherwise would be used for reproduction (Trevallion
et al. 1970). Thus metabolic effects of a pollutant on plaice or Tellina could be expected to have
consequences for the population level of both. Part of this general ecological study involved
large outdoor tanks 1.8 mx3.7mx 1.2 m deep with a sandy boltom containing different
population densities of Tellina and plaice. By exchanging 30 %, of the water daily with water
from the sandy bay, natural phytoplankton food was provided flor the Tellina. The good
reproducibility of data from such tanks made them ideal for experimental study of the cflects
of pollutants on a commercially significant and ccologically intercsting ncarshore system.

In various experiments with these tanks, copper concentrations were maintained at 3, 10,
30 and 100 pg/l above the natural levels by addition after the daily water exchange (Saward
et al. 1975). Effects on the phytoplankton were noted for all copper additions. In particular, at
3 pg Cu/l, average chlorophyll concentrations and C uptake were two-thirds of the control
and the differences were statistically significant. Also, at 10 pg Cu/l, microscopic examination
indicated a notable lack of healthy diatoms (Stirling 1974). A major feature of the results was
that copper continued to accumulate in the Tellina throughout the 100 days of the experiment.
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At all concentrations, copper had a significant effect on 7ellina as shown by a reduction in
carbohydrate reserves and nitrogen levels. These changes may be in part the result of decreased
food concentrations indicated by lower chlorophyll levels. Also, in the absence of plaice, there
was a reduction in siphon mass and this, as much as a direct effect of copper on the plaice,
could have been responsible for the reduced growth rate of the latter in the presence of copper.
Thus food chain interactions appear to have reinforced the direct deleterious effects of copper
on each component.

Similar experiments were carried out with mercury (Stirling 1974) at concentrations of
0.1, 1.0 and 10 pg Hg/l. Although there were reductions in chlorophyll in mercury-treated
tanks, there was an enhancement in “C uptake at 0.1 and 1.0 pg Hg/l. In these experiments,
accumulations in 7ellina reached a plateau after 40 days. A curious feature was that at all
levels of added mercury there was a decrease in growth rate of the plaice compared with
controls, but these lower growth rates did not differ significantly over the range of added
mercury concentrations (Saward, personal communication). The overall consequence for
Tellina in the presence of plaice was a reduced growth rate at 10 pg/l, increased growth at
0.1 pg/1 and no significant difference between treated and control tanks for the 1.0 pg/I dose
(Stirling 1974).

It appears that for copper the direct adverse effects on Tellina were reinforced by other
factors. For mercury, however, although there was a slight algicidal effect and consequent
reduction in food supply, this was offset by a reduced predation pressure on 7Tellina due to a
direct effect of mercury on the plaice.

These tank experiments illustrate the complexities of plant-herbivore—predator changes
under stress where the observed changes can result both from a direct effect of the pollutant on
each trophic level and from indirect effects through trophic interactions. In these examples,
because we are dealing with a simplified food chain, rather than a full community web, it is
just possible to disentangle the different effects and so describe, albeit circumstantially, the
consequences of their combined actions.

Experimental ecosystems

The disadvantage of such a sclected food chain is that it excludes interactions between species
within the same trophic level. We know that in many natural situations the effects of stress
usually result in a shift in species composition; this aspect should therefore be included in
experimental studies. At this level of complexity it is obvious that many factors will be involved
beyond the actual pollutant effect. The enclosure of a body of water will necessarily impose
artificialities compared with the larger system from which it has been abstracted. These
artificialities will occur both in the physical environment created and in some unavoidable
exclusions such as very large fish or mammals. Thus the system is bound to be stressed and the
effective stress will depend on the degree of scaling down from the natural to the experimental
system. For this reason a study of these ‘natural’ stresses is an essential preliminary to the
consideration of the added effects of chemical pollutants.

Because of the technical problems of experimental work in the open sea, many of the earlier
studies with experimental ecosystems have been done in fresh water, including the largest so
far used (Lund 1972). A major study by Hall et al. (1970) is of special interest since, using 20
ponds, they studied the effects of variable nutrient addition and predator concentration on
both production and community structure. ‘Nutrients generally increased production of the
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zooplankton but had little effect on community composition. Fish predation had profound
effects on the size distribution of the zooplankton but only affected production at lower nutrient
levels.” In particular, the fish predation increased the diversity of the zooplankton in comparison
with ponds where such predation was absent. In the experimental system of Hall et al. there
appeared to be a relatively stable prey selection system based on particle size. In terms of
experimental technique, Hall ef al. point out that the initial stress of changing the baseline
nutrient level upsets the community structure.

(@) (b)

WATER LEVEL S & WATER LEVEL

SAMPLING TUBE-- T™~<SURFACE FLOATS "7T=FLOTATION MODULE

(045mDIA)
ELASTIC” _--~-TOP CAGE
STRAPS
-~~~ SUBSURFACE -~ -SEDIMENT
FLOATS COLLECTION
TUBE
- -= -~ SHROUD
----- NYLON REINFORCED LINE
POLYETHYLENE 16m

TOTAL DEPTH
20.5m

-~~~ DOUBLE PLASTIC
CONTAINER

1~~~ DACRON CONE

)

F¥’ - ¥ -COD-END
BOTTOM RING~] T~ -~-SEDIMENT BUCKET COLLECTING

(PLATFORM) =
o g0

WEIGHTS -~~~

AW

OO0 OO----WEIGHT

Ficure 1. The main features of the enclosures used at (a) L. Ewe and (b) Saanich Inlet.

These freshwater experiments have certain technical similarities to the plaice—Tellina tanks
but display the complexities of containing whole communities including plankton and benthos.
Considering the needs of marine studies for relative simplicity in both logistic and ecological
features, it was decided to contain planktonic ecosystems only. The basic idea of large flexible
enclosures has been used before to study natural phytoplankton populations (McAllister e al.
1961) and the effects of oil on phytoplankton communities (Lacaze 1974). As a result of dis-
cussions between British, American and Canadian marine ecologists, it was decided to try to
‘capture’ communities from at least three trophic levels; plants—herbivores—small carnivores
(see Menzel & Steele (1978) for review). This appeared to require enclosures containing
approximately 100 m® and possibly very much more if, say, young fish were to be included.

Details of the design and first major experiments with copper in Saanich Inlet, Vancouver
Island, Canada, and L. Ewe, Scotland, are given in Bull. mar. Sci. (1977,27 (1)). Slight differences
in design (figure 1) led to different methods of filling. The Saanich Inlet bags were hauled up
like an expanding concertina to capture undisturbed stratified water columns. The L. Ewe
systems required pumping to fill, thus creating an initially mixed and so less natural physical
system.

Two copper experiments were done at Saanich, in spring and autumn 1974, with the copper
added at 10 pg/1 to certain bags a few days after water capture and maintained at this level by
further addition when necessary. One experiment was done at L. Ewe with the use of four
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bags, two with a relatively high rate of nutrient addition and two with a low rate. Nutrients
were added to replace those lost in detrital material which sank to the bottom of the cone and
was removed for measurement. Copper was added at 10 pg/1 about 40 days after the start of
the experiment and no further additions were made so that there was a decrease in copper
concentration with time. (There are certain other detailed differences between the two experi-
ments for which the original papers in Bull. mar. Sci. should be consulted.) A comparison will
be made between the second Saanich experiment and the two containers at L. Ewe with low
nutrient additions.

particulate C/bag volume
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Ficure 2. Total particulate organic carbon in two enclosures, C (o) and D (o), at L. Ewe
(from Gamble et al 1977).
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Ficure 3. Total herbivorous zooplankton expressed as carbon in two enclosures, C (4) and D (0), at L. Ewe
(see Gamble ¢t al. (1977) for details).

COMPARISON OF THE TWO SYSTEMS

At L. Ewe there did not appear to be any immediate stress resulting {from enclosure. Chloro-
phyll and particulate carbon levels (figure 2) were relatively constant. There was, however, a
gradual divergence in the herbivorous zooplankton of the two bags (figure 3) and this has been
explained by differences in the predator populations of the ctenophore Bolinopsis infundibulum
which developed in the bags (figure 4). The possible effects of the divergence in herbivores
was not apparent in the chlorophyll data but differences in phytoplankton species composition
occurred and these differences are illustrated by the changes in the size composition of the
particulate material at 10 m depth (figure 5). These changes occurred before copper was added
to bag D on 14 June.
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Ficure 4. Abundance of Bolinopsis infundibulum in bags C and D at L. Ewe on a relative scale of 04 (because
of difficulties with preservation of B. infundibulum, the earlier results are based only on disintegrated remains
while the later values were confirmed by counts on fresh samples).
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FIGURF 5. Size spectra of particulate matter at 10 m in bags C (left) and D (right) at L. Ewe.

1000

100 Cu added

10

phytoplankton C/(ug/1)

1

1
1 10 20 30
time/days

Ficure 6. Changes in phytoplankton carbon (averaged between 0 and 10 m depth) in control (o) and 10 pg/l
copper (0) enclosure at Saanich Inlet (from Thomas et al. 1977).
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Ficure 7. Proportions of carbon in different phytoplankton groups in (a) control and (5) 10 pg/l copper
enclosures at Saanich Inlet (Thomas & Seibert 1977).

30
© - (a) - (8)
] o r
B F 012k
.2 -
= r N 'y
g 20F ' i
— E \ 0.8r ||
'§ r | . B
g o | \ B \\
.g 10: ‘\ r 04_ \‘\
= N\ i 7N
@ C | \ L £r \i 1
2 n N r N 1
§ - 4 A - 4 L .
s 0“1 | SR R N | 4“F‘r-l-Al ] 0 P SN NS VNN TR SO N PO |
16 24 32 8 16 24
sampling day

Figure 8. (a) Total number of zooplankton excluding ctenophores and medusae, and (4) total numbers of cteno-
phores and medusae, in control (¢) and 10 pg/l (a) copper enclosures at Saanich Inlet. Vertical bars
represent +s.d. Copper was added at day 8 (arrow).

At Saanich the copper was added 8 days after the capture of the water columns but the
control enclosure shows that there was a dramatic decrease in carbon over the first three days,
followed by some recovery (figure 6). These fluctuations were associated with marked changes
in species composition during the period that copper was added and corresponded to a fallout
of centric diatoms from the system (figure 7). Sampling of the zooplankton at the start of the
experiment revealed rapidly declining populations and so plankton collections from outside
the bags were added in an attempt to increase the density in the enclosures (G. D. Grice,
personal communication). Sampling after these additions (figure 8a) shows a continuing
marked decline both in the control and the treated enclosures. In these enclosures, as at L. Ewe,

[ 191 ]
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Bolinopsis spp. were dominant predators but no data are available on their densities. However,
other predators showed a decline (figure 85).

Events before addition of copper, or in controls without copper, are very different for the
two locations. Some of these differences may be related to the different physical conditions in
the two environments. Vertical mixing rates are considered to be lower in the enclosures than
outside but this is accentuated at Saanich Inlet where rates measured in short-term dye
experiments were one-third of those at L. Ewe (Steele et al. 1977). This is due in part to
greater density gradients occurring naturally at Saanich Inlet but the difference was enhanced
by the methods used for filling which, at L. Ewe, resulted in an initial complete mixing of
the enclosed waters. Also, the rate of production at Saanich Inlet is generally higher than at
L. Ewe and this, combined with low mixing at Saanich Inlet, can explain the rapid fallout
of the larger diatoms (Eppley et al. 1978).

We can regard the Saanich Inlet ecosystem as controlled predominantly by physical pro-
cesses and one main ecological parameter, phytoplankton sinking rate. In the outside water,
grazing may become a significant factor later in the summer. In the bags the rapid drop in
herbivore numbers can decrease this effect. The reasons for the drop in copepod numbers is
not clear. There are three possibilities: (i) vertical migration of the copepods to the bottom of
the bags occurs in L. Ewe and Saanich Inlet, at Saanich Inlet there are, on occasions, ex-
tremely high phytoplankton densities in the bottom cone and these might be a very unsuitable
environment for the copepods; (ii) the change in size structure of the phytoplankton could
provide the herbivores with a less suitable food, but this seems unlikely to account for the
rapid mortality of the copepods; (iii) the numbers of carnivores, or their ability to catch the
copepods, may be enhanced within an enclosure. The first and third seem likely explanations
but the end result is that the phytoplankton—copepod interactions are probably less significant
for the overall system than they are in L. Ewe. A probable conclusion is that the design of the
Saanich bags and of the experiments emphasizes rather than alters the major features of the
external environment.

Whereas at Saanich phytoplankton populations are determined by mixing and sinking,
in L. Ewe the major factor is probably grazing which will play a dominant réle in determining
not only total phytoplankton carbon but also the size composition of the phytoplankton. From
experiments at L. Ewe in 1973 (Davies et al. 1975) and 1974 (Gamble et al. 1977) it is possible
that the method of filling may exclude (or damage) some predators thus tending to increase
the grazers. Also, the near surface constriction of the bag decreases the plant production rate
per unit surface area. In consequence, the limitation of phytoplankton by grazing may be
greater than outside. Thus again the bag design and experimental technique may emphasize
certain features of the interactions in the natural environment.

Combining these deductions, one has the conclusion that there are significant differences
between the natural system in L. Ewe and Saanich Inlet and these differences are exaggerated
in the respective enclosures.

There is, however, one common feature that has been observed and commented on in both
experiments. The effects of stress resulting from enclosure are seen not so much in total bio-
mass changes as in alterations in the size structure of the populations, especially the phyto-
plankton. This effect occurs rapidly at Saanich Inlet and more slowly at L. Ewe because of
the different mechanisms, but it provides the major common conclusion from the joint work
and gives a basis for the development of conceptual models as well as further environmental
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work. Additional stresses due to pollutants can be viewed in terms of these aspects of size
structure but must be put in the context of the very different control mechanisms operating
in the two areas.

The general picture of the effects of copper addition in 1974 at 10 pg/l is of (a) marked
effects on the phytoplankton in Saanich and probable effects on the zooplankton; and (b)
negligible observable effects on the phytoplankton in L. Ewe with possible effects on the
zooplankton. The reasons for these differences need to be considered in the context of the
factors controlling the populations.

One divergence between the experimental designs in the two areas should be noted. In
Saanich, copper was added to recently filled bags after an interval of 8 days. In L. Ewe the
copper was added 35 days after the bags were filled. The timing of the additions in Saanich
meant that copper was added during, or towards the end of, the period of rapid decline in the
phytoplankton and copepods. If we regard these declines as the consequence of stress, then the
copper will have a synergistic effect. Laboratory experimental data suggest that larger diatom
cells may be more sensitive to metal pollutants, partly through a decrease in growth rate, but
particularly by an increase in sinking rate. The latter effect appears to have occurred in the
September Saanich experiment, as shown by a comparison of sedimented material from
control and 10 pg Cu/l enclosures (J. M. Davies & W. G. Harrison, personal communication).

For the zooplankton in Saanich, Gibson & Grice (1977) have pointed out the difficulty of
determining any effect because of the large rates of decrease of the copepods in the controls.
They suggest that this is mainly due to predation. Further, there is a decrease in predator
numbers in the treated bags relative to the controls (which may be attributed to copper).
Combining these two factors implies that the more rapid decrease in the copper-treated bags
may be attributed to the effects of copper.

With the use of the control to correct for the mortality rate in the copper-treated bag, there
is still a relative reduction over 4 days to 40 9, of the initial numbers. Laboratory 96 h l.c.y,
experiments show a remarkable similarity between the populations at .. Ewe and Saanich
Inlet and give a copper concentration of 50 pg/l, which is five times the dose in the enclosures.
Thus there would appear to be a very large synergistic effect between the enclosure and the
copper stress. This is confirmed by a short experiment in 1976 (Eppley et al. 1978) when 15 pg/l
copper was added to an enclosure at Saanich which had been in place for 25 days. Be-
cause the phytoplankton species structure had already adapted to the enclosed environment,
there were no significant alterations. Also, in turn, the zooplankton showed only minor and
very short term response to a copper level considerably higher than that which produced
marked alteration in the earlier experiments. This experiment was closer in design to those
carried out at L. Ewe.

In L. Ewe there was no overall decrease in herbivore numbers after the copper addition
but otherwise the same features were observed: (a) a relative decrease in predators (Bolinopsis)
in the polluted bags, and (4) a relative decrease also in numbers of copepods in the polluted
bags. From these relative changes in L. Ewe the same tentative conclusions have been drawn
(Gamble et al. 1977) about a possible effect of copper at the herbivore-predator level. The
correspondence between the patterns in the two very different environments enhances this
conclusion.

For the phytoplankton in the L. Ewe bags in 1974 there is no correspondence with the
marked changes at Saanich in 1974. There are various explanations for this divergence but the
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most likely is based on the evidence of differences in the ecosystem structure. In the simplest
terms, differences in phytoplankton in L. Ewe do not get an opportunity to appear because of
grazing pressure. The evidence of Reeve et al. (1977) that grazing rates can be affected by 10
pg Cu/l will complicate the situation more at L. Ewe than at Saanich. This complication is
increased by the size selective nature of zooplankton grazing on phytoplankton. These factors
might tend to obscure observable effects of copper on phytoplankton at L. Ewe.

DiscussionN

In experimental ecosystems, we are concerned with two categories of effect of a pollutant:
that arising from a direct impact on a species or a trophic level, and that from the interaction
between species either within or across trophic levels. Laboratory studies with single species
indicate that many of the common pollutants such as copper and mercury will have effects on
organisms in all the main trophic levels although the degree of this effect can vary, for example
with species of phytoplankton or size of herbivore (Thomas & Seibert 1977; Reeve et al. 1977).
The invertebrate predators appear to be particularly sensitive to metals such as copper and
mercury. Thus we can expect such pollutants to exert a broad but variable spectrum of stresses
on ecosystems, natural or experimental.

On the other hand, certain ‘natural’ stresses may be much narrower in their impact. Thus
rates of nutrient addition should affect only the phytoplankton. Deliberate or inadvertent
variations in certain predators will alter only the herbivore populations. From the detailed
experiments of Hall ez al. (1970) and from the first 30 days of the L. Ewe 1974 studies, it appears
that an increase in nutrients (as expected) increases the productivity and can increase her-
bivores and predators (in the experiments of Hall ef al.) without significant alterations in the
species composition. On the other hand, changes in predator numbers may have only slight
effects on the general productivity but can produce very marked changes in species com-
position, not only in herbivores but possibly in phytoplankton. The nature and extent of such
changes, in both directions, depends on the degree of coupling between different trophic levels.

General hypotheses about these interactions can help in the interpretation of experiments
with added pollutants and, especially, in relation to results obtained with different experi-
mental ecosystems. One tentative conclusion is that, where most of the energy produced by
phytoplankton passes up the food chain, the grazing process may ameliorate any effect of
pollution on the phytoplankton. This contrasts with a situation where much of the energy may
go downwards, physically, to deeper anaerobic layers. Theoretical work (Steele & Frost
1977) would support this hypothesis. Because of these differences in response, generalizations
about the effect of a particular pollutant are not acceptable. Recent results from mercury-
treated bags (Mar. Sci. Commun. 1977, 3 (4)) showed that relatively high mercury levels (5 ug/1)
produced a decline in zooplankton combined with an increase in cell size of the phytoplankton.
These results indicate that we are not likely to be able to present simple generalizations about
pollutant stress within an ecosystem.

It would appear that the pelagic ecosystem is itself a critical variable and the response to
enclosure is very different in different areas. As a consequence of the natural differences which
can be enhanced by enclosure, the response to pollutants can be very different. The Saanich
results illustrate the marked synergistic effects of physical stress and pollutant addition. The
L. Ewe data show that, at the population level, there is great qualitative similarity between
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the effects of natural ecological changes and pollutant additions. These results lead to the
assumption that, at the population level, the observable consequences of copper (and of other
pollutants) are similar to the natural stresses imposed on these communities. Stresses can be
synergistic, as at Saanich, or they may alleviate each other, as in the mercury tanks at L. Ewe.

This similarity in response and possible synergism of combined effects also imposes problems
in the analysis of such experiments. Because of the similarity, it becomes very difficult to separate
the sublethal effects due to the pollutant. For this reason, only the relatively catastrophic
changes may be apparent to the experimenter. These problems raise questions about the
relative value for pollution studies of (i) captured ecosystems which are as natural as possible
in the sense that the ecosystem survives with minimal management, and (ii) food chains
composed of selected organisms where there is also significant continuing control.

TABLE 1. A SUMMARY OF THE ADVANTAGES AND DRAWBACKS OF DIFFERENT TYPES
OF EXPERIMENTS

laboratory outdoors

—r —
number of species 1 2 3 many
advantages increasing container size

increasing exposure duration
increasing sensitivity to stress

problems decreasing cheapness
decreasing replication
decreasing operator control
decreasing isolation of cause and effect

The plaice-Tellina food chain in shore-based tanks is an example of type (ii) where only
selected species of herbivore and predator are used and where there is a controlled, and large,
rate of water exchange. Such techniques provide more information on the effect of a pollutant
on the dynamics of a particular prey-predator interaction but less idea of how this will affect
the larger system of which this is a part. Comparison of the tank and bag experiments at L. Ewe
indicated that the tanks provided a more sensitive index of effect because of the relative
simplicity of the tank ecosystem.

It is necessary to consider the use of each system for pollution studies in the context of other
experimental approaches. Table 1 shows the consequences of going from one-species laboratory
studies to large-scale experimental ecosystems. Increasing container size should be more
natural and should permit longer-term experiments which are generally considered to give
more sensitive responses to pollutant stress. On the other hand, such very large systems can be
extremely expensive, making the normal scientific requirement for adequate replication diffi-
cult to achieve. Further, the apparent advantage of having a semi-natural system which re-
quires minimal interference of the experimenter also implies that, without this control, one will
have much less understanding of the nature of interactions within the system. Cumulatively,
these difficulties mean that, as Menzel (1977) has indicated, subtle differences are very difficult
to detect and to explain. In consequence, although the system may be inherently very sensitive
to stress, only large, almost catastrophic, differences between two enclosures can be explained
with any assurance. The systems are, however, useful in observing transfers of pollutants,
physically through vertical downward movement, through changes in chemical speciation,
and through the existence, or non-existence, of transfers into organisms.
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The experiments conducted so far with large experimental ecosystems have probably taught
us more about the general ecological interactions in such systems than about subtle long-term
effects of pollutants. This knowledge is not only valuable in its own right but may be more
useful in an indirect rather than a direct way. Our understanding of the factors determining
the robustness of these systems is essential before we can interpret the consequences of a pol-
lutant. Thus an extension and elaboration of these studies as part of general marine ecosystem
research may be most desirable.

Similarly, the plaice-7ellina experiments were originally started as part of an ecological
program but have proved of value in assessing environmental quality standards for a range of
pollutants and in providing data to link pollutant load with specific effects. It is possible that
simple food chains of this type derived from a more general and complex ecosystem may be the
best combination of naturalness and experimental control for certain types of pollution study.

Lastly, it is essential to emphasize that both need to be supported by laboratory experiments
on one or two species so that, for example, the work with herring larvae mentioned earlier
can be extended to large-scale studies of both the ecological problems of growth and mortality
and to studies of the effects of pollutants under more natural conditions.
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Discussion

R. J. Morris (C.U.E.P., Department of the Environment, London, U.K.).

First, surely it is difficult to compare the Saanich Bay and L. Ewe experiments without
adequate data on changes in the chemical speciation of the metals (Cu, Hg) during the course
of each of the experiments? Will the fate and behaviour of Cu and Hg not be controlled by
the separate water chemistries of the two locations?

Secondly, can Dr Steele properly compare the results of the L. Ewe bag Cu experiment
with those from Dr Stebbing’s Cu experiments? The L. Ewe experiment was based on the
addition of a single pulse of Cu?*, whereas the I.M.E.R. experiment was based on a daily
addition of fresh Cu?+.

J. H. STEELE.

1. I agree that more information is needed from both areas on long-term changes in water
chemistry. However, small-scale experiments in the different waters with plankton from each
area gave similar short-term effects suggesting that some of the differences were ecological
rather than chemical.

2. The proper comparison is between Dr Stebbing’s results and the tank experiments with
copper and small flat fish at L. Ewe where there was daily addition of fresh copper (Saward

et al. 1975).

M. WaLpicuuxk (Pactfic Environment Institute, West Vancouver, B.C., Canada). From what has been
said in the two papers on enclosed ecosystems, I should presume that there are two problems
of comparability of data acquired in enclosures with those from natural marine situations:
(1) lack of lateral exchange by advection and diffusion as occurs in nature; and (2) wall
effects. It would seem that there is no known way of overcoming (1), but it may be possible to
minimize (2) by increasing the size of the enclosure. Increasing the size, of course, leads to
greater cost. In Saanich Inlet, the full-scale bags were used as well as units one-quarter the
size. Does Dr Steele now have an idea of the optimum size of enclosure, bearing in mind the
minimization of wall effects, logistics of transportation and installation of units and costs?

J. H. Steere. The appropriate size of the container depends on the experiment, particularly
the length of time involved. Thus quarter-scale enclosures are still useful for certain experiments
on phytoplankton and on chemical speciation while the full scale model is necessary for work
with young fish. In L. Ewe, Scotland, approximately half-scale containers, holding 350 m?, are
being used for study of fish larval growth and mortality.
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