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Abstract

The present paper illustrates the need for greater
pond replication in pond experiments. It
demonstrates that increasing the number of fish
sampled in each pond will not reduce the number of
ponds needed when treatment effects are estimated.
Sampling bias, skew distributions and heterogeneous
fish populations are discussed in relation to fish
sample sizes. When it is impossible to increase
the number of replicate ponds, several methods of
accounting for the pond variability are suggested.

Introduction

Experiments on fish ponds are often used to compare
treatments; however, the ability to detect treatment
differences is often restricted by the number of ponds
used. As few as three replicate ponds per treatment
may be used in a typical experiment to investigate
the effects of treatments on the growth of fish. Fish
weight and length are measured at the start and
end of the experiment, with further measurements
possibly being taken during the experiment. The
large variability between ponds combined with the
fish variability result in imprecise estimates of
treatment effects when so few replicates are used.
Thus, only very large treatment differences are
detected in such circumstances. The present paper
considers how the precision of estimates is affected
by the number of fish sampled per pond and the
number of replicate ponds per treatment. The first
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of these can usually be determined by the researcher,
but the availability of ponds is often limited. It is
assumed that the primary objective of an experiment
is to estimate treatment effects. The effect of skewness
in the distribution of the fish on sample size is
considered, and there is a brief discussion of sampling
bias and the problems associated with sampling
during the experiment.

Data from several pond aquaculture experiments
completed at the Asian Institute of Technology
(AIT), Thailand, and at the Institute of Aquaculture,
Stirling, UK, are examined to show how fish sample
size and pond replication can affect the precision of
estimates and the sensitivity of tests for treatment
differences (Table 1).

Method

For all of the experiments, the mean fish weights of
each pond were calculated and the variance was
estimated from their analysis of variance (ANOVA).
These data were used to estimate the minimum
relative treatment differences which would be
detectable for different numbers of pond replicates.
The variability at each level, between fish within
ponds, between ponds with the same treatment
and between ponds with different treatments, was
investigated in more depth. These variabilities were
estimated using residual maximum likelihood
(REML) (Patterson & Thompson 1971), which
provides estimates of the variance at each level,
even if the number of fish sampled in each pond is
not the same.
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Table 1 A summary of the experimental design and the fish measurements of the experiments (standard errors are given
in parentheses)

Experiment Number of Number of pond Mean number of Mean weight (g) Mean length (mm)
treatments replicates fish sampled per

pond

1 6 3 47 121 (6.8) 188 (3.1)
2 5 3 503 56 (4.4) 142 (3.1)
3 5 3 418 65 (3.8) 152 (2.8)
4 5 3 388 88 (9.2) 166 (5.8)
5 5 3 409 101 (12.6) 174 (6.7)
6 1 4 29 178 (22.9) 198 (10.5)
7 2 2 66 581 (40.6) 250 (3.0)

A simulation was also used to consider the extreme
case, where the distribution of fish within a pond
was both heterogeneous and skew. The extreme
values estimated from the experiments were
combined in the simulation.

Results and discussion

Number of replicate ponds

Many pond aquaculture experiments have only a
few replicates of treatment ponds, i.e. rarely more
than three. With so few replicate ponds, only very
large treatment differences will be detectable. When
a t-test is used, the detectable difference is

2s2

detectable difference 5 t(df,0.05) √ (1)
n

where t(df,0.05) is the t-value at the 5% level for df
degrees of freedom, n is the number of pond replicates
for each treatment and s2 is the pond mean variance
estimated from an ANOVA.

Different sized fish were used in each experiment,
so a relative detectable difference was calculated to
enable comparisons to be made between experi-
ments. This was calculated as a percentage of the
mean fish weight across all ponds in the experiment.

relative detectable difference 5

2s2 100
t(df,0.05) √ 3 (2)

n mean

where mean is the mean fish weight across all ponds.
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The minimum relative differences that would be
detectable for different numbers of pond replicates
are given in Table 2. In a typical experiment with
three replicates, the minimum relative detectable
differences observed range from 37% to 80%. Thus,
such experiments will be able to detect only very
large treatment differences. Even with 10 replicate
ponds the minimum detectable differences are still
very large.

Number of fish sampled per pond

In general, if more fish are sampled per pond, this
will not lead to much improvement in the precision
of estimates of treatment differences. With an
increase in the number of sampled fish, a very
precise estimate for any particular pond may be
obtained, but this does not necessarily give more
precise information about treatment effects. The
treatments are applied to individual ponds, and thus,
treatment comparisons should be made at a pond
level and not at a fish level. Therefore, the precision
of any treatment effects is determined by both
pond and fish variability. Yates & Zacopanay (1935)
discussed how to combine such variance
components. The estimate of the variance used to
estimate treatment differences is given by:

vf
vt 5 vp 1 (3)

n

where vt is the estimated variance used in any
treatment comparisons, vp is the between-pond
variance, vf is the variance between fish within the
same pond and n is the number of fish sampled per
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Table 2 Detectable difference as a percentage of the mean fish weight (g) for five experiments with different means and
variances, and different numbers of replicate ponds1

Number of replicate ponds

Experiment Mean Variance 2 3 4 5 6 10

1 121 830 48 39 34 30 27 21
2 56 290 61 50 43 38 35 27
3 65 220 46 37 32 29 26 20
4 88 1270 81 66 57 51 48 36
5 100 2380 98 80 69 62 56 44

1The estimates are conservative because a t-value of 2 was used, but the degrees of freedom from which the variance is
estimated are often small and a larger t-value is needed. Thus, an experiment with 12 ponds and four treatments each
replicated three times has eight residual degrees of freedom if the treatments are allocated at random. With eight degrees
of freedom, t(8,0.05) 5 2.31, and the relative detectable difference would increase by a factor of 2.31/2 5 1.16.

pond. If the same number of fish are sampled in
each pond, then vt 5 s2.

When each treatment is replicated in r ponds, the
standard error of a treatment effect (i.e. the estimated
mean response under the treatment) is given by:

vp vf
set 5 √ 1 (4)

r rn

It can be seen that, as n becomes larger, set becomes
smaller, but set will never be smaller than √(vp/r).
Therefore, the major influence on set is replication
number and not the number of fish sampled. Hence,
it is essential either to increase the number of ponds
available or to find methods of reducing the between
pond variability.

The effects of increased sample size and increased
numbers of replicate ponds are shown in Fig. 1.
From this, it can be seen clearly that a sample of
more than 10 fish has little effect on the precision
of the treatment estimates, but an increase in the
number of replications has a very large effect.

Is this always true or is it specific to the example
used? What happens if the pond and fish variabilities
are very different? Equation 4 can be split into two
parts: (a) a scaling factor dependent on the number
of replicates and the variability between ponds, and
(b) a term purely dependent on the ratio of fish
variability to pond variability, k 5 vf / vp:

vp k
set 5 √ 3 √ 1 1 (5)

r n
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Figure 1 Relative standard error as a percentage of the
mean fish weight for different sampling strategies showing
how increasing the number of fish sampled and the number
of replicate ponds affect the precision of the estimates. The
variances used were those estimated from experiment 2.

Table 3 shows the estimated values of vf, vp and
k for various datasets. The ratio of vf and vp ranges
from about 1, when fish within a pond are very
similar, to a value of the order 10, when a non-
uniform stock of fish was used (experiments 6 and
7). Figure 2 shows how this affects the standard
error for increased fish samples for k in the range
observed in the experiment. Unless the pond
variability can be reduced, there is no need to sample
more than 10 fish per pond. The fish should be
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Table 3 Estimates of fish variability, vf, pond variability, vp, and the ratio, k, for various pond aquaculture experiments

Experiment Measurement vf vp k

1 Weight (g) 690 810 0.9
Length (mm) 200 170 1.2

2 Weight (g) 290 290 1.0
Length (mm) 270 150 1.8

3 Weight (g) 240 210 1.2
Length (mm) 130 120 1.1

4 Weight (g) 530 1270 0.4
Length (mm) 220 510 0.4

5 Weight (g) 530 2380 0.2
Length (mm) 170 670 0.3

6 Weight (g) 10 836 1686 6.4
Length (mm) 1839 368 5.0

7 Weight (g) 57 400 5700 10.1
Length (mm) 1050 19 55.4*

*In this experiment, the fish were very different at the start of the experiment, but were distributed such that there was
a similar distribution in each pond. By the end of the experiment, the between-pond variability was still small in
comparison with the between-fish variability.

Figure 2 Relative standard error for different fish:pond
variance ratios and different numbers of fish sampled
per pond.

stocked at whatever density is appropriate for the
experiment, but only 10 fish need to be sampled per
pond. The fish variability to pond variability ratio
remains of the order of between 1 and 10 throughout
the experiment. Therefore, provided that the
objective is to estimate treatment effects, this
sampling strategy would be appropriate whenever
sampling is necessary.

376 © 1998 Blackwell Science Ltd, Aquaculture Research, 29, 373–379

Skewed distributions

These examples have relied on Eqns 4 and 5,
which are based on the assumption that the fish
measurements come from underlying normal
distributions. Additional work by one of the authors
on the distribution of fish measurements within and
between ponds has shown that fish weights within
a pond are often skewed by either a few very
large fish, or if breeding has occurred during the
experiment, a few very small fish. Even if the
distribution of measurements is skewed, the
distribution of the sample mean for each pond tends
towards a normal distribution. Therefore, a slightly
larger fish sample size per pond than that previously
stated may be required, but with the levels of
skewness observed (Table 4), even with a sample
size of 10, much of the skewness is removed. For
example, the skewness of the distribution of the
mean weight when 10 fish are sampled from the
most extreme pond in experiment 7 is reduced from
1.47 to 0.40. For any distribution, the sample mean
tends to a normal distribution as the sample size
increases (for an example, see Mead, Curnow &
Hasted 1993; for a proof, see Hogg & Tanis 1993).
The large negatives values of skewness in length in
a few ponds were caused by the inclusion of the
offspring produced during the experiment. If these
are removed from the analysis, then the skewness
is reduced considerably. For the pond with a
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Table 4 Skewness at harvest of fish weight (g) and length (mm) for individual ponds. The mean skewness and the
maximum in absolute value are given

Weight Length

Experiment Mean Maximum Mean Maximum

1 0.19 0.75 –0.46 –2.85
2 –0.23 –1.07 –1.02 –2.82
3 –0.03 1.35 –0.39 –0.88
4 0.10 0.87 –0.46 –1.04
5 –0.13 0.89 –0.63 –1.2
6 1.02 1.56 0.29 0.99
7 1.02 1.47 0.35 0.49

Figure 3 Relative standard error as a percentage of the
mean fish weight for the simulation of the extreme case,
where skewness 53 and vf / vp 510, with different numbers
of fish sampled and replicate ponds.

skewness of –2.82, if fish less than 8 cm are removed,
then the skewness becomes –0.702.

If it is suspected that the distribution is very
skewed or that the fish were heterogeneous at the
start of the experiment, then the sample size should
be increased. The present authors simulated the
extreme situation of the maximum observed
skewness, 3, and a vf : vp ratio of 10, and a sample
size of 20 fish per pond seemed appropriate here
(Fig. 3). This is an extreme case, and is unlikely to
arise if similar fish are used at the start of the
experiment. In experiments 6 and 7, where the
vf : vp ratios were large, fish of different ages were

© 1998 Blackwell Science Ltd, Aquaculture Research, 29, 373–379 377

used with initial weights ranging from 107 to 913
g. Even in such an extreme case, there is no need
to measure as many as 50 or 100 fish per pond
when estimating treatment effects between ponds.

Sampling bias

One reason for sampling a large number of fish per
pond is to reduce the effect of sampling bias. Most
sampling techniques introduce bias because fish
cannot easily be selected at random; for example,
in an experiment where the first 160 out of 300
fish removed from holding nets were tagged. On
average, the tagged fish were larger than those not
tagged; the mean difference in weight at the start
was 53 g (SE 16 g on 298 d.f.). This difference
became greater as the fish grew, and at the end of
the experiment, the mean difference was 95 g (SE
29.7 g on 266 d.f.). Various sampling techniques
are possible, but those which introduce less bias,
such as draining the ponds, are likely to be more
stressful to the fish, and hence, less representative
of what happens in ponds on farms. A compromise
is needed. If the same sampling technique is used
for each pond, then the positive bias should be
similar for each pond. This will only affect treatment
estimates and not estimates of treatment differences.

Other improvements

There are some improvements which can be made
in the design and analysis of pond experiments even
if the number of replicate ponds cannot be increased.
These include: blocking (Cochran & Cox 1957); use
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of covariates; regression analysis; non-parametric
tests (Siegel & Castellan 1988), where an analysis
of variance is inappropriate; and REML (Robinson
1987; Payne, Lane, Digby, Harding, Leech, Morgan,
Todd, Thompson, Tunnicliffe Wilson, Welham &
White 1993). Simple linear regression, multiple
regression and analysis of covariance are discussed
in most statistical texts; for example, Snedecor &
Cochran (1989) and Mead et al. (1993). Under
certain circumstances, all of these methods can
improve the precision with which estimates are
made or the sensitivity of the tests applied. However,
their improvement is limited in comparison to the
use of an increased number of ponds. Any known
differences between ponds prior to the experiment
should be incorporated into the design. This
naturally leads to blocking of designs, where similar
ponds are grouped together in blocks. Treatment
comparisons can then be made between similar
ponds within blocks, removing some of the between-
block variability.

Sampling during the experiment

If fish are sampled during the experiment, the effect
of the sampling process on the fish is important.
When fish are caught and measured, the animals
become very stressed and may refrain from eating,
sometimes with fatal consequences. In an
experiment, it is important that the fish behaviour
is representative of fish in farmers’ ponds. If the fish
stop feeding, then this will affect their growth.
Hence, any treatment effects on the growth of the
fish may be affected by the sampling procedure used.
Therefore, the number of times the fish are sampled
and the number sampled should be kept to a
minimum. If the primary objective of the experiment
is to estimate treatment effects on the weight or
length of the fish at the end of the experiment, little
extra information can be gained from sampling
during the experiment. However, if the experiment
is investigating changes over time, such as growth
curves, then sampling during the experiment is
necessary, but the effect on the fish must be
considered.

Sample size and statistical power

The present paper has concentrated on the effects
of sample size on detectable difference. It is also
important to consider the power of the studies to

378 © 1998 Blackwell Science Ltd, Aquaculture Research, 29, 373–379

detect differences when they exist. In order to
increase the power (i.e. reduce the type II error, the
probability of no difference being detected when
there is a real difference), the sample sizes need to
increase further. Again, this will require greater
pond replication, rather than an increase in the
number of fish sampled per pond. A true difference
equal to the detectable difference will be detected
50% of the time, since the estimated difference will
be less then the true difference in 50% of experiments
(assuming a symmetrical distribution). To increase
this rate to being 80% sure of detecting the same
difference, the number of replicate ponds should be
about double those needed when only considering
the detectable difference with reference to a type I
error (the probability of identifying a difference when
no difference exists). Searcybernal (1994) gives a
more detailed discussion on the power of tests and
their interpretation in aquaculture experiments.

Conclusion

The major influence on the sensitivity of pond
experiments is the number of ponds, and not the
number of fish sampled within each pond. This is
still true, even with the levels of heterogeneity and
skewness observed, and with some limited positive
bias in all sampling. Some improvements on the
efficiency of the experiment are possible when the
number of ponds cannot be increased, but these
are very limited. By far the most effective way of
increasing the efficiency of the experiment is to
increase the number of pond replicates. With as few
as three replicates, it may only be possible to detect
differences in treatment effects relative to the overall
mean of 40% or more.
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