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Repliéation in Controlled Marine
Systems: Presenting the Evidence

Woollcott Smith, Victoria R Gibson,
and J. Frederick Grassle

Introduction

The basic reason for replicating experiments is to answer the question: If a com-
petent experimenter were to reconstruct this experiment with approximately the
same experimental manipulations and environmenta! conditions, what range of
results would he observe? Attempting to answer this question for large-scale
experiments faces us with two problems not encountered in small-scale labora-
tory experiments: (1) Replicate experiments are performed under different envi-
ronmental conditions, and (2) the cost and size of an experiment make large
numbers of replicate experimentsimpractical. This note discusses these two prob-
lems in general and then considers the evidence for replicability in two large-
scale marine experiments: the MERL No. 2 fuel oil experiments at the Marine
Ecosystems Research Laboratory, Narragansett, R.I., US.A., and the CEPEX

" mercury pollution experiments (Controlled Environmental Pollution Experiment,
Saanich Inlet, British Columbia, Canada).

Woollcott Smith and J. Frederick Grassle, Woods Hole Oceanographic Insti-
tution, Woods Hole, Massachusetts 02543, U.S.A.

Victoria R. Gibson, Division of Biomedical Communications, University of
Texas Medical Branch, Galveston, Texas 77550, U.S.A.
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Comparing Treatment Responses in F 1uctuating
Environments

In general, our hypothetical competent experimenter will not work with the
same community or system each time he repeats a large-scale marine experiment.
Although he is working in a similar (e.g., temperate estuarine) environment, its
physical, chemical, and biological properties will vary from experiment to experi-
ment in many important details. Measures of treatment effect must, therefore,
be independent of special characteristics of a particular community or set of envi-
ronmental conditions. To achieve this independence one chooses as the measure
of effect a general property of a marine ecosystem (e.g., primary production or
species composition). The general property is then compared to a control or un-
treated system. In the language of statistics, the measurements in the control are
used as covariates to remove the fluctuations in the experimental systems that
affect both the control and experimental systems. With these variations re-
moved, the effect of the experimental treatment should become more apparent.

In measuring a general property of a system, detailed physical and chemical
measurements and species identification serve two purposes: They can be com-
bined to estimate the selected general property of the system, such as secondary

production, species diversity, or similarity index; and they can be used as covari-

ates to remove variation due to uncontrolled environmental fluctuations. We
have now defined in a general way how one would carry out a single paired
experiment: (1) Our competent experimenter constructs at least two identical
systems, control and experimental. (2) The treatment response is found by com-
paring control and experimental systems using a general quantitative measure of
the difference between the two systems.

Assessing Replicability Using a Small Number
of Experimental Units

We must now face the second major problem: How to predict the variability one
might find if another competent experimenter were to attempt to repeat the
experiment. A direct approach would evaluate the differences among responses
in a number of single experiments performed separately by different experi-
menters. This procedure, widely used in clinical trials for experimental drugs, is
too time consuming and impractical for most scientific work, so less direct evi-
dence is used. One assumes that the conditions and variability within a single
laboratory are equivalent to the variability across laboratories, so that the vari-
ability between replicate experiments conducted by a single experimenter can
be used. '

In many experimental situations (clinical medicine, sociology, or psychology)
a single experimenter is limited to a small number of experimental units, due to
their high cost, the labor-intensive nature of the work, or the unavailability of
suitable units for comparison. For example, in evaluating the effects of govern-
ment regulatory policy on a society (Box and Tiao 1975, Huitema 1979), the

[
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experimental unit is the entire country or governmental subunit. The limited
number of experimental units is also a problem inherent in large-scale marine
experiments. This problem can be partially overcome by careful experimental
design; for example, one could start with controls related very closely to the
experimental units (see the description of the MERL and CEPEX experiments
by Grice and Reeve, Chapter 1).

Another important difference between the ecosystem experiment and simpler
experimental designs is ability to vary the experimental treatment of the eco-
system over time. Such time series experiments have been the subject of consider-
able research to determine the best design and analysis. Glass et al’s (1975)
book introduces time series experiments very well. Using similar techniques,
Mulholland and Gowdy (1977) investigated the design of ecosystem experiments.
Although the technical details can become rather cumbersome, the basic princi-
ples of design and analysis are straightforward and have been employed to some
extent in large marine experiments.

In time series experiments one can conduct a series of experiments within a
single experimental unit. The simplest and, for ecosystem experiments, perhaps
the only practical form is the “ABA” experiment, in which control condition A
is followed by experimental condition B, followed by a control period A. Such
studies of the effects of chemical pollutants in large systems are further compli-
cated: The treatments cannot be turned on and off at will, because the experi-
menter has little control over the processes affecting decay of the pollutants in
the systems. For these systems, the experiment consists of a continuous buildup
and decay of the chemical treatment. The strongest evidence for a causal effect
in an ABA experiment is a response that increases and then decays in the same
manner as the treatment. If the experimental and control systems converge again
after the treatment stops, then there is strong evidence that the observed effect
is not merely due to random divergence of the two systems over time.

Examples: Evidence from MERL and CEPEX

Let us consider how one might address the question of replicability in the MERL
and CEPEX experiments. We will examine the response of the zooplankton com-
munity to the addition of mercury in CEPEX experiments carried out during the
summers of 1976 and 1978 (Grice et al. 1977; Reeve et al., Chapter 28), and
the response of the benthic community to No. 2 fuel oil in the MERL experi-
ments during 1978 (Grassle et al. 1980). Data from these experiments are used
to investigate two questions. First, within a single experimental unit, how well
does the response time series follow the treatment time series? Second, how well
do experiments conducted within different units replicate?

We have chosen dissimilarity in species composition (information overlap;
Horn 1966) between control and experimental systems as the general measure of
experimental effect. This dissimilarity is O if the relative proportion of each taxo-
nomic group in the two systems is identical, and 1 if the two systems have no
species in common. Qur experience (Grassle and Smith, 1976, Smith et al. 1979)
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indicates that species composition as measured by a dissimilarity index is a sensi-

tive indicator of pollutant effects. One might also use other general measures of |
system response, such as primary or secondary production or species diversity.

The MERL Experiment

The MERL experiment was conducted in nine tanks (three experimental and six
control). The unbalanced design was due to the need to reserve three additional
control tanks for experimental treatments in the second year. The benthic com-
munity was sampled monthly beginning in November 1977 (details in Grassle et
al. 1980). Twice weekly doses of oil were added to the experimental tanks
between 6 March 1978 and 6 July 1978; in this period a total of 40.25 grams of
oil was added to each experimental tank (Gearing et al. 1980). Individuals in

samples were identified by species, but for computing dissimilarity indices the -

species were grouped into five major taxa: amphipods, bivalves, gastropods,

polychaetes, and miscellaneous. Because of the highly variable settling rate of
the polychaete larvae, particularly Mediomastus ambiseta, this taxon was removed

from the analysis.

We used the following procedure to compute the dissimilarity between the
experimental and control tanks. For a single sampling period we calculated the
proportion of each taxon per tank. This proportion for the six controls was aver-
aged to form a mean control. Next we calculated the dissimilarity between the
mean control and the three individual experimental tanks (Figure 16-1). This is
the response time series.

We also calculated the variability within the six control systems (Figure 16-1):
The range of the dissimilarity between each control and the mean of the other
five controls is plotted. The treatment time series, total saturated hydrocarbons
in the sediments, is given in Gearing et al. (1980), and is replotted for tank 7 at
the bottom of Figure 16-1. Hydrocarbon time series in the other two experi-
mental tanks were similar.

The data in Figure 16-1 are smoothed according to the three-point median
method (described in McNeil 1977), in which the smoothed dissimilarity esti-
mate is the median of the three adjacent time points. This removes large fluctu-
ations in the dissimilarity index due to isolated larval-settling events. This high
frequency noise due to rapid larval events has been noted by Hall et al. (1970).

Smoothing data over time is one way to deal with this problem. Another solution -

would be composite samples over time (Rhode 1976); the sampling procedure
itself would smooth the result.

Figure 16-1 contains the information needed to assess the effect of the treat-
ment time series on the response series. The treatment approximately follows
the ABA design. The slight dissimilarities in February and March indicate that
the goal of the design—obtaining nearly identical initial conditions in each tank—
was achieved. All three experimental tanks’ responses follow the treatment time
series, with some indication of recovery in the October, November, and Decem-
ber sampling periods. Because of the time series nature of the data, a full statisti-
cal analysis would be complex. However, for each time point from May through

-
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Figure 16-1. Response of benthic community to saturated hydrocarbons in the
1978 MERL experiment (Grassle 1980). Top: Horn’s (1966) measure of dissimi-
larity between tanks 2, 7, and 9 and the mean of the six control tanks. Solid
circle, open circle, and open square denote tanks 2,7, and 9, respectively. Verti-
cal bars give the range of dissimilarity when each ‘control is compared with the
remaining five controls. Bottom: treatment time series saturated hydrocarbons
in tank 7 [after Gearing et al. 1980].

October, the dissimilarities for the experimental tanks differ significantly from
the controls (P <0.01 level, nonparametric Mann-Whitney U test).

The data presented (Figure 16-1) do not indicate whether or not the observed
effect is general or particular to the 1978 experiment. Data from several years
are needed. Similar results reported by Smith et al. (1979) from a 1977 experi-
ment with similar but not identical conditions, indicate that the observed effect
was not unique to the 1978 system.

The CEPEX Experiment'

Experiments on low-level concentrations of mercury were conducted in the
CEPEX enclosures in May 1976 (Grice et al. 1977) and in the late summer of
1978. The community dissimilarity measure described for the MERL experiment
can also measure the effect of the mercury treatment on the zooplankton com-
munity in these enclosures.

In each experiment, a first enclosure was the control, a second enclosure was

“given a low dose of mercury (about 2 ug/liter), and the third enclosure received
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a high dose (about 5 ugfliter). In the earlier experiment, titled Hg-III, the initial
concentrations of mercury decayed as particulate matter sank to the bottom of
the water column. In the 1978 experiment, Hg-V, concentrations were maintained
by adding mercury throughout the duration of the experiment.

We calculated the dissimilarities between zooplankton communities, as in the
MERL experiments, but used all 19 major zooplankton taxa (Figure 16-2). The
Hg-III and Hg-V experiments, conducted 2 years apart and in different seasons,
showed similar quantitative responses to both the high and low mercury concen-
trations (Figure 16-2). Together, these replicated experiments present convincing
evidence of a general response of the zooplankton community to low levels of
mercury pollution.

In the CEPEX experiments, pre- and postexperimental control periods were
less well defined thanin MERL experiments. In addition, because of the unstable
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nature of the enclosed zooplankton communities (see Steele 1979) it was less
likely that dissimilarity would decrease in the postexperimental period, indicat-
ing recovery. There is, however, an indication that recovery did occur in the low-
level experiments.

Discussion

Large enclosed marine ecosystems (MERL and CEPEX) were designed to solve
the problems of measurement and sampling in natural marine systems and also
to overcome some of the problems of scale associated with microcosm experi-
ments in laboratory aquaria. In enclosed marine experiments the problems of
designing statistical sampling can be investigated using classical statistical methods
(Lawson and Grice 1977, Williams et al. 1977). However, the experimental
design and data analysis for these experiments differ in many respects from
rigidly controlled experiments in aquaria. .

A carefully designed and analyzed laboratory experiment is exemplified in a
study of a freshwater system (Brockway et al. 1979), consisting of 30 small
8-liter experimental units in which all important variables (light, temperature,
etc.) were carefully controlled. In this kind of laboratory experiment there is
less need for complex data analysis to remove uncontrolled independent sources
of variation. Thus, the remaining variation can be studied simply by evaluating
the variability among the many independent experimental units.

Field experiments also can have many experimental units; Hall et al. (1970)
describe an experimental freshwater system with 18 ponds in the experiment.
Although classical experimental designs can be used successfully in these experi-
ments, attention must still be paid to additional variation due to uncontrolied
physical variables such as light and temperature.

The experimental-design and data-analysis problems for large enclosed systems
are similar to those encountered in many experimental sciences in going from
rigidly controlled laboratory experiments to field experiments. In this context,
both the MERL and CEPEX experiments discussed here meet the conditions
necessary for replicability in field experiments. That is, after the variation due
to uncontrolled natural fluctuations is removed, the time series responses in all
experimental units are similar.

Summary

The statistical design and analysis of large enclosed marine experiments differs
from small well-controlled laboratory experiments. Although there are usually
only a few large enclosures in an experiment, information on the replicability
of an experiment is contained in the time series response in each enclosure. This
is particularly true when the experimental unit is subject to a control period,
followed by an experimental period and then a return to control conditions.

Zooplankton response to mercury in the CEPEX experiment and the benthic
community’s response to No. 2 fuel oil in the MERL experiment were analyzed.
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Community dissimilarity was used as the measure of difference between the -
experimental and control systems. In both experiments the time series response,
i.e., the dissimilarity between control and experimental communities, followed a °
pattern similar to the concentration of pollutant in the experimental systems. -
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