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Toxicity tests for soils have not been as extensively developed as those for aquatic 
systems (van Straalen and Denneman 1989); yet there is an urgent need to assess 
the biological impact of soils contaminated with unknown or mixed contaminants (van 
Leeuwen 1990). A dilemmais caused by the profound effect that soil properties, 
quite apart from the presence of a contaminant, can have on test organisms. For this 
reason, many protocols call for the use of liquid soil extracts rather than the whole 
soil. Unfortunately, organisms also respond to particle-bound contaminants and can 
play a role in the release of these contaminants. Therefore, there is a need to assess 
toxicity in whole soils. Assays with earthworms have been developed, although many 
of them involve artificially contaminated soils (e.g., Piz11988) and often artificial soils 
as well (e.g., Neuhauser et al. 1986). Some modification is required to use these 
assays for whole soils from contaminated sites where the contaminants may or may 
not be known. 

Several researchers have sought to use the growth and reproduction of earthworms 
in toxicity tests (Lofs-Holmin 1980; van Gestel et al. 1988, 1989). Certain species 
are well suited to laboratory rearing. Others have longer life cycles, so that measures 
of growth and reproduction are time consuming and often impractical (Butt 1991; 
Iglisch and Kriegerowski 1986; Lofs-Holmin 1980). Lu~bric~ species are among 
these; they would otherwise be well suited to toxicity assays because of their broad 
ecological and geographical distributions and importance as decomposers. Large 
numbers of L. terresrris are available as commercialangling bait; 10 g worms worth $50 
million are picked annually in Ontario, Canada (Tomlin and Protz 1990). Although 
these sources may not provide strictly the one species, the uniformity and continuity 
of supply are distinct advantages, and these worms have been used for toxicity 
assessment in Germany (Heimbach 1985) and on Superfund sites in the U.S. 
(Callahan et al. 1991). 

The objective of this paper is to present the results of a study on the optimal 
experimental designs for survival tests using bait worms. We found no reports in the 
literature addressing this subject for earthworms. The most common experimental 
design with earthwormsuses 1 to 10 wormsper container and 3 to 5 replicates (e.g., 
Pizl 1988; Heimbach 1985; Neuhauser et al. 1986). Experience in our laboratory 
indicated this arrangement was not satisfactory (Sheppard et al. 1992), and this 
study was initiated to investigate the alternatives. 

Send reprint request to S.C. Sheppard. 
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MATERIALS AND METHODS 

The objective of Experiment A was to determine the number of replicates per soil 
needed to indicate significant differences in survival across a series of treatments, in 
this case soil types. Eleven soils were chosen to represent a broad range of soil 
properties (Table 1). The soils were partially dried to a workable moisture content, 
sieved to pass a 0.5-cm mesh, and placed in 500-mL plastic containers with soil 
surface areas of 90 cm 2. Sixteen containers of each soil were used. The soils were 
moistened to field capacity, and f ive mature worms (1.. terrestris), selected for 
uniformity of size, wore added. The worms had been freshly obtained from a 
co~ww=~rcial angling-bait supplier in Ontario and were relatively uniform in size and 
apparent maturity. After 54 d at 15~ the remaining live wormswere extracted by 
hand and counted. To assess the optimal number of replicates, the observations 
from Experiment A were randomly sorted six times. Each time an analysis of variance 
(ANOVA) was calculated using subsets with 3, 5, 8, 10 or 16 observations for each 
soil. 

The objective of Experiment B was to compare means of improving the precision of 
survival tests, with the underlying hypothesis being that increased numbers of 
earthworms or experimental units would be useful. Preliminary trials indicated that 
placing earthwormswith soil in plastic bags was expedient, and that packaging worms 
singly in this manner was practical. The bags were made of polyethylene tubing, 
9-cm or 25-cm diameter when flat, heat-sealed to form small bags. The size of the 
bag allowed the soil to be spread to a 2-cm-thick layer. Each bag was punctured with 
about ten holes, using a hypodermic needle, to ensure sufficient air exchange. 

Table 1. Properties of the soils used in Experiment A, ordered by clay content, and 
showing mean (+ standard deviation) bait worm survival (5 worms per container, 
n -- 16) and fraction of units with all worms dead. 

Organic Fraction of 
matter units with 

Clay content Survival d all dead 
Soil" Texture b (%) pH c (%) (%) (%) 

A1 CL 33 6.3 3.1 88 + 34 13 
A2 L 24 7.4 2.2 98 + 5 0 
G fine SL 18 7.1 18.4 50 + 47 * 44 
A3 fine SL 15 7.5 2.6 56 + 51 * 44 
A4 fine SL 13 6.4 5.7 100 + 7 0 
A5 fine SL 12 7.8 4.2 82 + 38 13 
B1 LS 6 5.8 3.5 74 + 44 25 
A6 L fine S 4 6.2 0.8 68 + 48 31 

IB2 fine S 2 5.9 1.0 24 + 43 * 75 
uB2 fine S 2 5.1 0.7 26 • 42 * 69 
0 O < 1 5.4 41.5 34 • 46 * 60 

�9 The symbols refer to agricultural soils (A1-A6), humus enriched garden soil (G), 
boreal forest podzolic sands (B1, IB2-1imed, and uB2-unlimed} and organic (O). 

b Symbols denoting texture are C (clay), L (loam), O (organic) and S (sand). 
= pH measurements shown were taken after the experiment. 
d The overall F ratio from analysis of variance for the effect of soil was significant at 

P ~; 0.0001 when all 16 replicates were included, and means indicated by * 
were significantly below 100%. 
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The treatments (Table 2) included a series at a constant density of 80 cm 3 of soil per 
worm, with 1, 5, 10 and 50 worms per container. Replication of these units was 
100, 20, 10 and 2, respectively. The 4000 cm3/50 worm treatment was held in 
plastic pails, rather than bags, to reduce handling injuries to the worms. Another 
series of a decreased soil-to-wormratio using the same volumes of soil and numbers 
of replicates, ranging from 40- to 20-cm s of soil per worm. A commercialpotting soil 
moistened to field capacity was used. Earthworms were obtained and selected for 
use as before. For the treatments that involved one or two wormsper container, the 
worms were weighed as they were placed into the soil, and again after they were 
removed. After the wormswere added to the soil, the containers were incubated at 
15~ for 28-30 d. Moist absorbent paper was placed over the bags to reduce 
moisture loss through the aeration holes. After 14 d, counts of live wormsin the 
bags were done by observing them through the plastic. At the end of the incubation, 
live worms in all containers were counted. 

An ANOVA was done on the full Experiment B to determine the significance of the 
treatments on survival.  The data for each treatment had dif ferent expected 
frequency distributions. The data were transformed to compute non-parametric tests 
by calculating the surviving fraction for each treatment, then assigning median 
scores, where survival fractions above the experiment median were assigned the 
score 1, and fractions below the median were assigned the score 0. The scores were 
used to compute the ANOVA, and treatments were compared by single degree of 
freedom contrasts. 

To investigate the optimal number of replicates, different numbers of observations for 
each treatment in Experiment B were randomly selected, the means calculated, and 
the results compared to the overall treatment means. This was repeated in six 
independent cases for each level of replication, and the optimal number of replicates 
was estimated as the number where all six cases had means within five percentage 
points of the overall treatment mean. 

Simulated data, based on the frequency distributions observed in Experiment B, were 
used to compare the statistical power of various experimental design options. The 
options considered were experimental units that contained one worm, where the data 
are binary survival scores, and experimental units that contained ten worms, where 
the data may approximate a normal or bimodal frequency distribution. It was 
anticipated that these approaches would require markedly different numbers of units 
and wormsto achieve the same level of statistical precision. The issue of parametric 
versus non-parametric statistical methods also arises. We used non-parametric 
methods based on median scores, unless otherwise specified. 

Simulated control data were compared with simulated treatment data that had half the 
number of survivors of the controls, equivalent to the concentration lethal to half the 
sample (LCso) frequently sought in toxicity trials. Two control survival regimes were 
used. One used the survival rate observed in Experiment B with one-worm units 
(88%). This was simulated by randomly assigning values of 0 or 1 to a set of 1000 
observations, with the target of 120 observations set to 0 (dead) and 880 set to 1 
(live). The corresponding simulated LCso observations had a target of 44% survival. 
The other control survival regime simulated the mean survival and survival count 
frequency distribution observed in Experiment B with ten-wormunits. Here the mean 
survival was 75%, with 20% of the units with no survivors, 10% with 5 survivors, 
and 70% with 10 survivors. The corresponding simulated LC6o observations had a 
target of 37 .5% survival .  The f requency d is t r ibut ion of the simulated LC6o 
observations was designed to mimic that of the controls, and therefore was bimodal. 
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Figure 1. Probability (P) for an effect on earthwormsurvival of soil type, among 11 
soils in Experiment A, as influenced by the number of replicates considered. Error 
bars are -1- one standard deviation for six random selections of replicates from the full 
16 replicates of the experiment. P was based on one-way ANOVAs, and the 
corresponding number of error degrees of freedom (edf) are indicated. 

Each simulation case was reproduced five times, each with independent, randomized 
generation of observations. Conclusions were based on the calculated probability 
levels for a difference between the control and LC6o treatments, based on ANOVA. 
The analysis of binary data by ANOVA is equivalent to non-parametric analysis of 
median scores. The bimodal data from the ten-worm units was analysed both as 
parametric and as non-parametric using median scores. 

RESULTS AND DISCUSSION 

Survival was significantly different among the soils in Experiment A (Table 1), with 
the poorest survival in acidic sandy soils. Neutral sands and slightly acidic heavier 
textured soils did not markedly reduce survival. Soils that had poor survival would 
be diff icult to use in toxicity tests, because the impact of the contaminant is 
assessed on the numbers of live worms in uncontaminated controls. 

Perhaps the most important observation in this experiment is the occurrence of 
cascade deaths. The data were clearly bimodal, with most containers having either all 
dead or all living worms. This is reflected in the fractions of units with all dead 
(Table 1), which almost fully account for the survival data. Evidently, when worms 
are stressed by soil conditions, soil-borne disease or toxicants, it is likely that all the 
wormsin the container will suffer and, if one wormdies, it is likely to precipitate the 
deaths of others. For this reason, individual packaging has apparent advantages. 
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Figure 2. Probability (P) for a significant difference between controls and a treatment 
where half the earthwormsdied (equivalent to an LCso treatment), plotted versus the 
number of experimental units (a) and versus the number of worms (b), Shown are the 
results for the one-wormunits, which had 88% control survival, ten-wormunits with 
an 88% control survival, and ten-wormunits with a 75% control survival. Error bars 
are + one standard deviation for five sets of simulated data, as described in the text. 

There was a four-fold range in survival among soils in Experiment A (Table 1). The 
number of replicates required to consistently show significant differences among the 
soils was 5 to 8 (Figure 1). About 10 replicates gave as much consistency among 
the means and as much statistical precision in ANOVA as the full 16 replicates. 
These ANOVA involved 11 soils, so that there were 44 error degrees of freedom 
(edf, Figure 1) when 5 replicates were considered. For a test between only two 
treatments, it would require 23 replicates to obtain the same number of error degrees 
of freedon~ These numbers of replicates and implied numbers of wormsare well 
above those commonlyused, and may present a logistic constraint in laboratory use. 
Because of this, we sought more efficient experimental designs. 
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There were marked effects of grouping worms and decreasing the soil-to-worm ratio in 
Experiment B (Table 2). Survival was optimal in containers that held one or two 
worms. The proportion of cascade deaths increased as more worms were used per 
container. Evidently, using multiple worms per container decreased survival enough 
to jeopardize the estimation of effects such as LC6o. These data strongly support the 
use of containers with only one or two worms. However, the implications for 
statistical power are not clear, and this led to our simulation investigations. 

We also used the data from Experiment B to determine the optimal number of 
replicates to obtain consistent results for each treatment (Table 2). For the one- and 
two-wormtreatments, about 50 to 56 replicates gave consistency comparable to 100 
replicates. After 30 replicates, the improvements in consistency were small. In 
contrast, about 9 replicates were optimal for treatments with 10 to 30 worms per 
unit, implying the need for 90 to 270 worms. 

The worms lost about 13% of their original live weight in the one- and two-worm 
treatments of this experiment. In a preliminary experiment, also using one wormper 
bag, they gained about 20%. The weight gains and losses within each trial were 
fairly consistent, with standard deviations of about 7% and 16% of the means. 
However, a method is needed to allow correction for the weight of soil in the gut. 
We did preliminary investigations contacting worms with varying concentrations of 
phenolphthalein (a common purgative for mammals),ethanol and methanol, but were 
unable to accelerate depuration of soil. 

Using the simulated data, we investigated the number of replicates required to be 
able to assign statistical significance to the simulated LCso treatment. In simulations 
with an 88% control survival, LCso was significant at the 0.01 probability level when 
there were 5 replicates with 10 worms per unit, or when there were 27 replicates with 
1 wormper unit (Figure 2). The former is efficient to minimizenumbers of units, the 
latter to minimizenumbers of worms. However, our experimental results indicate that 
control survival decreases when 10 wormsare grouped together (Table 2), and when 
the observed control survival for 10 worms per unit was simulated, the number of 
replicates to obtain the 0.01 probability level rose to 29 (33 if analysed as parametric 
data). This is inefficient both for numbers of units and numbers of worms when 
compared to the one wormper unit case. We conclude that to assign significance to 
LCso effects, the one worm per unit design is superior. 

Survival tests in soil using L. terr~tris have been reported in the literature, but many 
of the reports involve few replicates, and we found no reports that investigated the 
optimal experimental design. Optimal designs should maximize the statistical power of 
comparisons and minimizethe numbers of wormsand experimental units required, and 
the costs. Our first experiment involved experimental units with five worms each, and 
we observed that 5 to 10 replicates were required to give reasonable precision. It 
was also apparent that cascade deaths were a problem, so that most units had either 
all alive or all dead. An obvious solution to the problem of cascade deaths is to use 
units with one wormeaoh. The method we developed was convenient and low-cost, 
it allowed us to weigh individuals before and after exposure to the soil, and it allowed 
survival scoring at various times without disturbance. To obtain good statistical 
precision, it required 30 to 50 replicates. In contrast, experiments with units that 
contain 5 to 10 wormsneeded somewhatfewer replicates, but markedly more worms. 
Through our experiments and using simulated data to compare statistical power, we 
conclude that the optimal design involves large numbers of replicates of units with 
one worm each. 
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