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Juvenile Eisenia fetida (Savigny) were exposed for 20 weeks to
an uncontaminated soil and to soils contaminated with cadmium,
copper, lead, and zinc collected from seven sites at different dis-
tances from a smelting works at Avonmouth, southwest England.
The survival, growth (= weight after 5 weeks exposure), time to
sexual maturation (= percentages of adults present after 8 weeks),
and reproduction (= number of cocoons produced by the worms)
were compared with soil metal concentrations. Of the parameters
measured, growth and sexual maturation time had the lowest ECs,
values. The effects of metal-contaminated soils could be attributed
both to the direct toxicity of the metals and to changes in the
“scope for growth” of the exposed worms. A comparison of the
results with those of an earlier toxicity test conducted with adult
worms indicated that juveniles are more sensitive to metals than
adults. Significant toxic effects on the growth and sexual matura-
tion times of juveniles were detected in soils from sites for which
no significant effects on the cocoon production of adults could be
detected. The greater sensitivity of juvenile worms indicates the
importance of considering effects on a variety of life history stages
when conducting a risk assessment of the effects of pollutants
in soils. Although E. fetida does not occur naturally in soils at
Avonmouth, the present study provides evidence to support the
suggestion that pollution from the smelter is responsible for the
absence of worms within 2 km of the factory. Results presented
in this paper, and from previous studies, suggest the observed
absence is due to the effects of zinc on the growth and maturation
of juveniles and the cocoon production rate of adult worms.
© 1996 Academic Press, Inc.

INTRODUCTION

Earthworms are more susceptible to metal pollution than
many other groups of soil invertebrates (Bengtsson et al.,
1992). High concentrations of cadmium, copper, lead, and
zinc in soils can affect the density, viability, cocoon produc-
tion, growth, and sexual development of worms (Bengtsson
and Tranvik, 1989; Bengtsson et al., 1983; Morgan et al.,
1993; Spurgeon et al., 1994; Spurgeon and Hopkin, 1995;
Tyler et al., 1989; Van Gestel et al., 1989, 1991, 1993). As
aresult of the relative sensitivity of the worms, particularly
for metals such as zinc and copper (Spurgeon et al., 1994;
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Van Straalen et al., 1994), toxicity data from earthworms
will be important in determining ‘‘safe levels’ for metals
in soil.

Juvenile earthworms may be more sensitive to pollutants
than adults. For example, Van Gestel et al. (1991) found a
lower sexual development NOEC for copper in juvenile
Eisenia fetida (56 ug Cu g*) than for cocoon production in
adult worms (60—120 ng Cu g™ %). Consequently, the use of
toxicity data from adults to estimate ecotoxicological risk,
as proposed by Van Straalen and Denneman (1989) and
Wagner and Lgkke (1991), may underestimate the effects
of pollutants on soil invertebrate populations. In this paper,
the survival, growth, sexual maturation time, and reproduc-
tion of juvenile E. fetida were examined in smelter-contami-
nated field soils for which effects on adults have been re-
corded in a previous experiment (Spurgeon and Hopkin,
1995). This has allowed the relative sensitivities of adult
and juvenile worms to be compared.

Monitoring the growth and development of juvenile E.
fetida in contaminated soils alows the potential effects of
metals on the energy budget of exposed worms to be as-
sessed (Basset, 1993). In a polluted environment, changes
to individual energy budgets will occur, as the organism
expends energy resisting the contaminant by avoidance, ex-
clusion, removal, or complexing (Donker, 1992; Sibly and
Calow, 1989; Widdows and Donkin, 1989). This additional
energy requirement will decrease the ‘‘scope for growth’
of the exposed animals (Maltby and Naylor, 1990; Maltby
et al., 1990; Widdows and Donkin, 1991), reducing not only
growth but also differentiation, cocoon production, and ulti-
mately a number of important life history characteristics
such as time to sexual maturity and generation time (Donker
et al., 1993a,b).

E. fetida does not occur naturally in soils in the Avon-
mouth region (Read, 1987); however, it is the opinion of the
authors that this earthworm can be considered a suitable
model species for predicting the effects of metals on earth-
worm populations at Avonmouth. Interspecies differences
for the toxicity of metalsto earthworms have been foundin a
number of studies. However, these differences almost always
result in toxicity values (LCsyS, ECs0s, NOECS) that are well
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FIG. 1. Location of the sites from which soils were collected and to
which juvenile worms were exposed. All sites were situated to the northeast
of the Avonmouth smelter. Axes give Ordnance Survey grid reference
vaues in km. Shading indicates the extent of the urban area of Bristol.

within the same order of magnitude (Bengtsson et al., 1986;
Ma, 1988). The limited differences in sensitivity to metals
between earthworm species and the ease with which E. fetida
can bereared and handled in the laboratory make this species

ideal for predicting the effects of metals on earthworms in
the field (Edwards and Coulson, 1992).

MATERIALS AND METHODS

Contaminated soils were collected on the same day from
seven sitesin the vicinity of the Avonmouth smelting works
(Fig. 1). All sites were located on permanent grassland, situ-
ated next to minor roads at least 2 m from the curb. About
4 kg of soil was collected from the top 2-cm layer at each site
after removal of surface vegetation and litter. A ‘‘control’’
sample of soil was collected from an uncontaminated site
on the Reading University campus. Metal levels at this site
were within the range typical for an ‘‘uncontaminated’’ soil
(Hopkin, 1989).

Soil aggregates were crushed while still damp and placed
in a fan oven at 60°C for 2 days to dry. A subsample of
each soil was collected for the determination of cadmium,
copper, lead, and zinc concentrations in the soils by flame
atomic absorption spectrometry of nitric acid digests (see
Hopkin, 1989) and measurement of percentage 10ss on igni-
tion (organic matter content) and soil (H,O) pH. Results of
the chemical analysis of soils are given in Table 1. All
remaining soil was passed through a 2-mm mesh and 500 g
was placed into each of four replicate containers (plastic
boxeswith dimensions 175 X 120 x 60 mm). Distilled water
was added to give a moisture content of approximately 65%
of field capacity and the soils left to stabilize for 72 hr prior
to the addition of the worms.

To obtain juvenile E. fetida, cocoons from laboratory cul-

TABLE 1

Location of the Sites in the Vicinity of the Avonmouth Smelter and the pH, Organic Matter Content, and Concentration of Metals
in the Soils Collected (Mean + SD; n = 6 for Metals, n = 3 for Percentage of Organic Matter)

O.S. Distance %
Grid from smelter Organic Cadmium Copper Lead Zinc
Site Ref. (km) pH matter (ng Cdg™) (ngCug™) (LgPbg™) (19 Zng™)
1 529794 05 6.55 17.2 312.2 2610.0 16,000 32,900
(=2.8) (=813 (=230) (=2550) (+4860)
2 533790 05 6.26 22 129.9 780.0 6,720 7,950
(=0.4) (x22.0 (=169) (=1360) (=1360)
3 535786 0.8 6.35 17.8 324 159.0 842 1,990
(=0.6) (x10.2) (=46.3) (=246) (x246)
4 532803 18 6.65 271 335 164.0 1,250 2,790
(=0.8) (x127) (=69.3) (=447) (x447)
5 537817 3 7.37 185 14.3 108.0 930 1,850
(=9.8) (x15) (=10.5) (=260) (x260)
6 552853 5.8 7.36 12.9 0.9 36.2 245 657
(£15) (x0.5) (x14.6) (=93) (=93)
7 578816 7 6.92 19.7 2.7 42.3 290 925
(=2.6) (x0.5) (=6.5) (=48) (=48)
8 (Control) 737714 110 554 9.4 0.1 30.9 30 38
(=0.1) (x0.2) (=6.4) (=9 (x12)

Note. O. S. Grid Ref., British Ordnance Survey Grid Reference.
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FIG. 2. (a—h) Body growth patterns of juvenile E. fetida (mean g fresh wt with SE bars) exposed to soils collected from metal-contaminated sites
around Avonmouth Site 1 (a), Site 2 (b), Site 3 (c), Site 4 (d), Site 5 (e), Site 6 (f), Site 7 (g), and a control soil collected from Reading University

campus Site 8 (h).

ture were reared in OECD artificial soil for 5 weeks (see placed into each test replicate. All containerswere covered to
method of Van Gestel et al., 1988). Newly emerged worms  prevent water loss and maintained at 20°C under constant
were sieved from the soil. Ten individualswereweighed and  light for 20 weeks. Throughout the experiment, changes in
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TABLE 2
Estimated Growth Parameters for Earthworms Exposed to Contaminated Soils Collected from 8 Sites in the Avonmouth Area

Length of linear Mean final
growth phase Growth rate (b) Growth rate (b) fresh weight
Site (weeks) [g week™ (g day™)] [g week™ (g day™)] 9
1 c 20 0.0099 0.0013 0.180
2 = 16 0.0166 0.0022 0.309
3 g 14 0.0237 0.0032 0.35
4 § 12 0.0283 0.0038 0.351
5 T 12 0.0280 0.0040 0.320
6 E 12 0.0304 0.0043 0.322
7 3 10 0.0286 0.0041 0.316
8 (contral) 10 0.0341 0.0049 0.339

Note. Mean growth rate is determined as the slope of the regression for weight over the initia linear stage of weight increase. Final fresh weights are
given from the mean weight of surviving worms at the end of the linear phase of growth.

soil moisture content were monitored by weighing the con-
tainers. Additional water was added if required.

To ensure growth, maturation, and cocoon production dur-
ing the experiment, worms were supplied with uncontami-
nated horse manure as a source of food (see Van Gestel et
al., 1992a). Due to the small size of the worms, the supply
of food was limited at the beginning of the experiment to
prevent a buildup of uneaten material in the test soils. For
the first 3 weeks, 1 g (dry wt) of manure was supplied per
container, in Weeks 4 to 6, 1.5 g was supplied, and from
then until the end of the experiment 2 g were added each
week. Cluzeau and Fayolle (1989) concluded that 50 mg/g
worm per day of suitable food would be sufficient to alow
unrestricted growth, maturation, and cocoon production in
E. andrei. This corresponds to approximately 1.3 g of food
per week supplied to 10 worms of average weight 400 mg.
Thus the amount of food used in this test is sufficient to
allow unrestricted growth and development.

At intervals after exposure, worms were sorted from the
test soil and their survival, weight, and stages of develop-
ment recorded. Sexual maturation was assessed according
to the scheme of Van Gestel et al. (1991). Worms with afull
clitellum were recorded as adult, those with a full tubercle
pubertatis but no clitellum as subadult, and individuals with
neither of these reproductive structures as juveniles. Worms
were first sampled after 5 weeks. Before this time, they are
very difficult to find in the most contaminated soils. Sam-
pling was repeated after 8, 10, 12, 14, 16, 18, and 20 weeks.

Any cocoons produced during the experiment were col-
lected. Weights of individual cocoons were recorded and
cocoon production rates calculated for each test replicate.
Cocoon viability and the number of juveniles emerging per
cocoon were not measured, since no effects due to cadmium,
copper, lead, and zinc have been found for these parameters
in earlier toxicity tests (Spurgeon and Hopkin, 1995;
Spurgeon et al., 1994; Van Gestel et al., 1989, 1992b).

ECs, values for metals in soil were determined using the

linear interpolation technique developed by the U.S. EPA
(Norberg-King, 1993). Results from previous work with
adult worms indicate that of the metals present at Avon-
mouth, zinc is most likely to be limiting the abundance of
earthworms close to the smelter (Spurgeon and Hopkin,
1995; Spurgeon et al., 1994). While cadmium is 10 to 30
times more toxic than zinc to E. fetida (Malecki et al., 1982;
Spurgeon and Hopkin, 1995; Spurgeon et al., 1994; Van
Gestel et al., 1993), soil zinc concentrations always exceed
those for cadmium by afactor of at least 30 (over 100 times
in most cases) (Hopkin and Hames, 1994). Consequently,
results from this experiment have been related primarily to
the levels of zinc in the field soils.

RESULTS

After 5 weeks, the mortality of worms exposed to soils
from Sites 1 and 2 was significantly increased compared to
controls. Highest juvenile mortality was recorded in soils
collected from Site 2, despite the fact that this soil contained
only 7950 g Zn g, while Site 1 soil contained 32,900 ng
Zn g *. However, analysis of the water-soluble zinc fraction
in these soils, conducted as part of another experiment (see
Spurgeon, 1996; Spurgeon and Hopkin, 1996), demonstrated
that Site 2 soil contained a higher concentration of water-
extractable zinc than soil from Site 1 (297 ug g * vs 57.5
ug g, respectively). The increased availability of metals
at Site 2 amost certainly explained the higher mortality of
worms exposed to this soail.

Of the worms that died, most did so during the first 5
weeks of the experiment. This pattern of death could indicate
that the juveniles were particularly sensitive during the first
weeks of development. However, asimilar pattern of mortal-
ity, found for adult worms in an earlier toxicity test, was
attributed to rapid exposure of the animals due to the uptake
of metals across the body wall, rather than from diet
(Spurgeon et al., 1994). It is aso possible that the metal
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(a—d) Influence of seven soils collected from the Avonmouth area and an uncontaminated control soil on the sexual development of E. fetida

after 5 weeks (a), 8 weeks (b), 10 weeks (c), and 12 weeks (d). Light shading indicates juveniles, stippled shading subadults, and dark shading adults.
For bars marked with an asterisk, the number of sexual mature worms is significantly lower (P < 0.05) than in the Site 8 (control) soil.

availability decreases with time throughout the experiment,
asthe metals become more firmly bound to soil particles. The
patterns of mortality for both juvenile and adult earthworms
exposed to soils from Avonmouth indicate that mortality
of earthworms in metal contaminated soils is not strongly
influenced by the duration of exposure.

The worms exhibited a sigmoidal pattern of growth, al-
though the base of the curve was absent due to the lack of
sampling intervalsin the early stage of the experiment (Figs.
2a—2h). Thus, during the initial phase of the experiment,
there was a strong linear phase of growth that continued
until maximum weight was reached. At this point, which
corresponded to the onset of sexual maturity and the begin-
ning of cocoon production, growth rate reduced and the
worms maintained, or even lost, weight as reproductive ef-
fort increased (Figs. 2a—2h, also Table 3). The growth curves
for worms exposed to the most contaminated soils was much
flatter than for control soil-exposed worms, indicating that
they spent longer in the linear phase of growth. For example,
worms exposed to soils collected from Sites 7 and 8 reveaed
linear growth for 10 weeks, Sites 4—6 for 12 weeks, Site 3
for 14 weeks, and Site 2 for 16 weeks, while wormsin Site 1
soil did not reach maximum weight by end of the experiment
(Figs. 2a—2h).

Because earthworm growth had a strong linear phase, the
simplest way to determine growth rate is to use a linear

regression with no intercept constant for data over the period
when weight was increasing. Modeling growth in this way
would allow the use of the slope parameter (b) asaprediction
of growth rate (g week * or g day *). Calculation of growth
in this way indicated a reduction in rates for worms in the
most polluted soils, with lowest growth in the most heavily
contaminated soils (Table 2).

Changes in growth rates ultimately result in higher fresh
weights for worms in the least contaminated soils (Figs. 3a—
3d). At 5 and 8 weeks, mean weight was reduced in al
Avonmouth soils compared to control values (Figs. 3a and
3b). However, as the experiment progressed, worms in soils
from Sites 3, 4, 5, 6, and 7 caught up with the controls, so
that after 10 and 12 weeks, only worms in soils from Site
1 and 2 weighed less than controls (Figs. 3c and 3d) and
after 16 weeks only animals in Site 1 soil were smaller.
Calculations of zinc ECss for the effects of zinc on average
worm weights indicated that the lowest value (with 95%
confidence intervals) of 3120 (1920—-4830) ug Zn g * was
for the 5-week sample interval.

Control worms reached sexual maturity earlier than those
exposed to the most contaminated soils (Figs. 4a—4d). At 8
weeks, the number of adults was significantly reduced in
soils from al Avonmouth sites (Fig. 4b), at 10 weeks, adult
number was reduced in soils from Sites 1, 2, 3, and 4 (Fig.
4c), while subsequent to this only the two most contaminated
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TABLE 3

Cocoon Production Rates (Cocoon/Worm/Week) and Total Number of Cocoons Produced for Eisenia fetida Exposed to Soils
Collected from Seven Metal-Contaminated Sites Close to the Avonmouth Smelter and an Uncontaminated Control (See Fig. 1 for

Location of Sites)

Total
8 10 12 14 16 18 20 No.
Site weeks weeks weeks weeks weeks weeks weeks Cocoons

1 5 0 0 0 0.188** 0 0.290** 0.220** 19
2 ® 0 0 0 0.222** 0.400** 0.090** 0.147** 24
3 § 0 0.077* 0.207** 0.722 1.382 1.316 1.303* 370
4 S 0.048 0.313* 0.264** 0.595 1.220 1.620 1.840 430
5 3 0.278 0.500 0.672** 0.824 1.840 2.050 1.960 563
6 E 0.095 0.365 0.389** 0.579 1.410 1.680 1.920 484
7 3 0.048 0.196 0.667** 0.838 1.510 1.750 1.940 488
8 (control) 0.083 0.75 1.092 1.038 1.688 1.900 2.050 659

Note. Rates significantly different from controls at *P < 0.05 and **P < 0.01.

soils had significantly fewer adult worms than the controls
(Fig. 4d). All worms, except those exposed to soils from
Site 1 and 2, were adult after 16 weeks. For Site 1 and 2
soils, therate of sexual devel opment was slowed to the extent
that by the end of the test, only 62 and 94% of worms had
reached maturity respectively (Table 5). The zinc ECy, val-
ues for the percentage of adults present were lowest after 8
weeks and were 1860 (480—4190) ng Zn g~

Mean time to sexual maturity (MTSM) of the exposed
juvenile worms was calculated from the number of adults
in each test soil at every sample interval. For Sites 1 and 2,
the calculation was based on the assumption that the worms
that were not mature after 20 weeks would have matured at
22 weeks. The time taken to reach sexua maturity in E.
fetida was increased at the most contaminated sites (Table
5). Analysis of data for MTSM using a one way ANOVA
indicated that the soil to which the worms were exposed had
a significant effect on MTSM (P < 0.001). Maturation was
particularly slowed in worms exposed to soils from Sites 1
and 2. These animals took on average 5 and 8 weeks longer,
respectively, to reach maturity than controls. However, cal-
culation of median maturation time for all sites indicated a
lengthening of maturation time of worms exposed to soils
from Sites 3 and 4 (Table 5).

The quicker sexual maturation of worms in the control
and less contaminated soils resulted in an earlier production
of cocoons than for animals exposed to soils collected from
the most heavily contaminated sites located close to the
smelter. Wormsin soils from Sites 4, 5, 6, 7, and 8 produced
cocoons after 8 weeks of exposure, worms in Site 3 after
10 weeks, while for Sites 1 and 2, cocoons were not collected
until 14 weeks after the start of the test (Table 3). Rates of
cocoon production were also reduced in worms exposed to
soils collected from sites close to the smelting works. The
reduction in cocoon production was particularly pronounced
in soils from Sites 1 and 2. For these sites, a total of only

19 and 24 cocoons, respectively, were produced in the four
test replicates throughout the 20-week duration of the test.
In contrast, worms exposed to soil from Site 8 produced a
total of 659 cocoons (Table 3).

Cocoon production at 12 weeks was significantly reduced
in all soils collected from Avonmouth (Table 3) and the zinc
ECs, vaue (with 95% confidence intervals) was 637 (497—
1933) ug Zn g * for this sample interval. In contrast after
20 weeks, only worms in the three most contaminated soils
produced fewer cocoons, and a zinc ECs, value of 4950 ug
Zng * could be calculated. A reduction in cocoon production
at the most contaminated Avonmouth sites is in agreement
with the results of an earlier toxicity test conducted with
adult worms (Spurgeon and Hopkin, 1995).

Mean cocoon weight showed a dight increase as the metal
concentration of the soil increased (Table 4). The largest co-
coons were collected from the most contaminated sites and

TABLE 4
Mean Weight of Cocoons Collected in Weeks 12—20 from Juve-
nile Eisenia fetida Exposed to Soils Collected from Seven Sites
in the Avonmouth Area and a Control Site Situated at Reading
University Campus

Total No. of Mean cocoon
Site cocoons weighed weight (g) + SE
1 c 575 0.01049 + 0.00014
2 % 430 0.01009 + 0.00016
3 5 484 0.01047 + 0.00016
4 S 563 0.01157 + 0.00014
5 = 430 0.01112 + 0.00015
6 E 370 0.01086 + 0.00012
7 3 24 0.01197 + 0.00057
8 (control) 19 0.01129 + 0.00077

Note. Only cocoons from which it was certain that no juveniles had
emerged were weighed.
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TABLE 5
Percentage of adults Reaching Sexual Maturity after 20 Weeks
and Mean (+=SE) and Median Sexual Development Times for Eise-
nia fetida Exposed to Soils Collected from Seven Sites in the Avon-
mouth Area and a Control Site Situated on the University of
Reading Campus

Percentage of Mean time to Median sexual
worms reaching  sexual maturity development time
Site maturity (weeks) (weeks)
1 s 62 18.207 = 0.285 20
2 b 94 15.111 + 0.324 15
3 ’5 100 11.842 = 0.297 12
4 S 100 10.947 = 0.305 12
5 T 100 10.811 = 0.299 10
6 E 100 10.589 + 0.296 10
7 3 100 10.333 = 0.690 10
8 (control) 100 10.125 + 0.743 10

Note. Mean timesto sexual maturity for Sites 1 and 2 have been calcul ated
assuming that worms that were not mature after 20 weeks would have
reached maturity at 22 weeks.

the smallest from Site 2. Analysis of variance indicated that
a significant relationship (P < 0.01) existed between mean
cocoon weight and the soil in which the cocoons were laid.

DISCUSSION

In an earlier test in which adults were exposed to soils
from the same sites, no significant mortality was found
(Spurgeon and Hopkin, 1995). The results of the present
work indicate that the survival of juvenile E. fetida is more
sensitive to metal-contaminated soils than that of mature
worms, as significantly increased mortality was found in
the most heavily contaminated soils. Despite the increased
sensitivity of juveniles, it isunlikely that direct mortality has
amagor effect on earthworm distribution in the Avonmouth
region. However, the increased mortality of worms in Site
2 soil indicates that soil conditions that alter metal bioavail-
ability can increase toxicity causing direct mortality at some
locations.

Significantly lower average weights after 5 weeks were
found for worms exposed to all Avonmouth soilsin compari-
son to mean control weights (Fig. 3a). A number of studies
on soil invertebrates have recorded a reduction in growth in
animals exposure to metal-contaminated diets. However,
such effects can frequently be attributed to a reduction in
consumption due to avoidance of the contaminated food
(Drabne and Hopkin, 1995; Laskowski and Hopkin, 1996).
For the current study, uncontaminated food was added to
al test containers to avoid complication of results due to
differences in metal availability between the test soils and
food. The use of uncontaminated food means that the effects
on growth observed in this experiment are amost certainly

due to the direct effects of metal on the physiology of the
exposed earthworms.

High levels of a given pollutant can alter growth by both
direct and indirect effects. Growth can be impaired by direct
toxic effects on the physiology of exposed worms, or by
changes in the energy budget as an individual attempts to
prevent accumulation in sensitive tissues. In earthworms,
cadmium, lead, and some zinc are detoxified by binding in
granules (chloragocytes) or metallothionein-like proteins in
the chloragogenous tissue (Morgan and Morgan, 1988; Mor-
gan et al., 1989). In contrast, copper and the remaining zinc
are eliminated by an excretion mechanism (Morgan and
Morgan, 1990, 1991). The mechanisms of metal sequestra-
tion and elimination have metabolic costs, both in the devel-
opment of the system and for maintenance and repair. This
increased requirement for maintenance energy will ulti-
mately result in a reduction in the energy available for
growth and development (Donker et al., 1993a).

Disruption to the energy budget in the worms exposed to
contaminated soils could also underlie differences in sexual
maturation and cocoon production. Energy is required for
maintenance, growth, and two reproductive processes, dif-
ferentiation to reach maturity and egg production (Kooijman,
1986). If there is an increased energy demand for metal
sequestration and elimination, this will decrease the energy
available for sexual maturation and ultimately slow matura-
tion in animas exposed to the most contaminated soils.
However, it should also be noted that the direct toxicological
impact of metals could also cause the observed delay.

Cocoon production rateswere particularly sensitive during
the early period of reproduction, with a significant decrease
found in al Avonmouth soils. However, at 20 weeks, effects
on cocoon production rates were similar to those found in
an earlier toxicity experiment conducted with adult worms
by Spurgeon and Hopkin (1995). In the toxicity test with
adults, cocoon production was significantly reduced in
worms exposed to the four most contaminated soils, whilein
the current experiment, cocoon production was significantly
lower than in the controls for worms exposed to soils from
Sites 1, 2, and 3 (Table 3). The apparent sensitivity of cocoon
production in early adulthood is closely linked to the delayed
maturation of worms in the most contaminated soils, since
cocoon production increases markedly in the first weeks of
adulthood (Table 3).

Average cocoon size increased slightly with exposure to
metal-contaminated soil. It is not clear if this relationship is
a response of earthworms to the presence of high meta
levels, or if cocoons are larger due to the decrease in cocoon
production rates in the heavily contaminated soils. An in-
creased reproductive output in individual broods has been
found in the aguatic isopod Asellus aquaticus (Maltby, 1991)
and in Collembola collected from sites around a smelting
works (Bengtsson and Rundgren, 1988). This indicates that
organisms exposed to toxic stress may undertake fewer re-
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productive events, but with a greater amount of energy allo-
cated to each. Since it is not known if increased cocoon size
isaresult of phenotypic plasticity in cocoon production rate,
or due to greater energy availability for each cocoon due to
areduction in reproductive rate caused by disruption of the
cocoon formation process, it is unclear whether E. fetida
adopts such a strategy when exposed to metals.

M etal-contaminated soils have a profound effect on many
parameters governing the development of juvenile earth-
worms. Thus, it must be supposed that there is considerable
disruption to the life history of worms present at metal-
contaminated sites in the field. Effects are primarily gov-
erned by the direct effects of metal intoxication and/or a
reduction in energy available for growth. Changesin the life
history characteristics of individual earthworms could affect
field populations in a variety of ways. For example, the
increase in the MTSM at polluted sites could result in a
reduction in the available time for reproduction. This may
be particularly important as it may result in a loss in the
seasonal synchrony of a species (Posthuma et al., 1993).
Such an effect has aready been observed for carabid beetle
populations at Avonmouth (Read et al., 1987).

CONCLUSION

The results of this study indicate that juvenile E. fetida
are more sensitive to zinc-contaminated soils than adults.
For adults, the ECy, for the most sensitive parameter (cocoon
production) was 3600 ug Zn g *, while for juveniles, the
ECs, for the most sensitive parameter, (sexual development)
was 1860 ug Zn g *. The increased sensitivity of develop-
ment in juvenile earthworms compared to cocoon production
in adults supports the findings of earlier toxicity tests con-
ducted by Van Gestel et al. (1991).

The lower toxicity values determined in juveniles suggest
that it may be important to consider effects on juveniles
when proposing safe levels for metals in soils. Juvenile
growth rate and sexual development are important life his-
tory parameters for earthworms, since they may modify the
dynamics of earthworm populations in the field. Data from
juvenile development experiments should therefore also be
considered when proposing a safe environmental concentra-
tion for a pollutant.

ACKNOWLEDGMENTS

Thanks are due to Mrs. Viv Rimmer for technical assistance and for
comments on the manuscript. This work was supported by a research grant
from the Leverhulme Trust.

REFERENCES

Basset, A. (1993). Resource-mediated effects of stream pollution on food
absorption of Asellus aquaticus (L.) populations. Oecologia 93, 315—
321.

Bengtsson, G., and Rundgren, S. (1988). The Gusum case: A brass mill
and the distribution of soil Collembola. Can. J. Zool. 66, 1518—-1526.

Bengtsson, G., and Tranvik, L. (1989). Critical metal concentrations for
forest soil invertebrates. Water Air Soil Pollut. 47, 381-417.

Bengtsson, G., Nordstrom, S., and Rundgren, S. (1983). Population density
and tissue metal concentration of Lumbricids in forest soils near a brass
mill. Environ. Pollut. (Ser. A.) 30, 87—-108.

Bengtsson, G., Gunnarsson, T., and Rundgren, S. (1986). Effects of metal
pollution on the earthworm Dendrobaena rubida (Sav) in acidified soils.
Water Air Soil Pollut. 28, 361-383.

Bengtsson, G., Ek, H., and Rundgren, S. (1992). Evolutionary response of
earthworms to long term metal exposure. Oikos 63, 289—297.

Cluzeau, D., and Fayoalle, L. (1989). Croissance et fécondité comparees de
Dendrobaena rubida tenuis (Eisen, 1874), Eisenia andrei (Bouchg, 1972)
et Lumbricus rubellus (Hoffmeister, 1843) (Oligochaeta, Lumbricidae)
en élevage controlé. Rev. Ecol. Biol. Sol 26, 111-121.

Donker, M. H. (1992). Energy reserves and distribution of metalsin popula-
tions of the isopod Porcellio scaber from metal contaminated sites. Funct.
Ecol. 6, 445-454.

Donker, M. H., Zonneveld, C., and Van Straalen, N. M. (1993q). Early
reproduction and reproductive allocation in metal adapted populations of
the terrestrial isopod Porcellio scaber. Oecologia 96, 316—323.

Donker, M. H., Van Capelleveen, H. E., and Van Straalen, N. M. (1993b).
Metal contamination affects size—structure and life history dynamics in
isopod field populations. In Ecotoxicology of Metals in Invertebrates
(R. Ddlinger and P. S. Rainbow, Eds.), pp. 383—399. Lewis Pub., Chel-
sea, MI.

Drobne, D., and Hopkin, S. P. (1995). The toxicity of zinc to terrestria
Isopods in a ‘‘standard’’ laboratory test. Ecotoxicol. Environ. Saf. 31,
1-6.

Edwards, P. J., and Coulson, J. M. (1992). Choice of earthworm species
for laboratory tests. In Ecotoxicology of Earthworms (H. Becker, et al.,
Eds.), pp. 36—43. Intercept, Hants, UK.

Hopkin, S. P. (1989). Ecophysiology of Metalsin Terrestrial Invertebrates.
Elsevier, London.

Hopkin, S. P., and Hames, C. A. C. (1994). Zinc, among a ‘‘ cocktail’’ of
metal pollutants, is responsible for the absence of the terrestrial isopod
Porcellio scaber from the vicinity of a primary smelting works. Ecotoxi-
cology 2, 68—78.

Kooijman, S. A. L. M. (1986). Energy budget models can explain body
size relations. J. Theor. Biol. 121, 268—282.

Kooijman, S. A. L. M. (1988). The Von Bertaanffy growth rate as a
function of physiological parameters: A comparative analysis. In Mathe-
matical Ecology (T. G. Hallam, L. J. Gross, and S. A. Levin, Eds.), pp.
3-45. World Scientific, Singapore.

Laskowski, R., and Hopkin, S. P. (1996). Effects of Zn, Cu, Pb and Cd on
fitness in snails (Helix aspersa). Ecotoxicol. Environ. Saf. 34, 59-69.
Ma, W. C. (1988). Toxicity of copper to Lumbricid earthworms in sandy
agricultural soils amended with Cu-enriched organic waste materials.

Ecol. Bull. (Copenhagen). 39, 53-56.

Malecki, M. R., Neuhauser, E. F., and Loehr, R. C. (1982). The effects of
metals on the growth and reproduction of Eisenia foetida (Oligochaete,
Lumbricidae). Pedobiologia 24, 129-137.

Maltby, L. (1991). Pallution as a probe of life-history adaptation in Asellus
aquaticus (Isopoda). Oikos 61, 11-18.

Maltby, L., and Naylor, C. (1990). Preliminary observations of the ecologi-
cal relevance of the Gammarus ‘* scope for growth’’ assay: Effect of zinc
on reproduction. Funct. Ecol. 4, 393—-397.

Maltby, L., Naylor, C., and Calow, P. (1990). Field deployment of a scope
for growth assay involving Gammarus pulex, a freshwater benthic detri-
vore. Ecatoxicol. Environ. Saf. 19, 292—300.



EFFECTS OF METALS ON Eisenia fetida DEVELOPMENT 95

Morgan, A. J, Morgan, J. E., Turner, M., Winters, C., and Yarwood, A.
(1993). Meta relationships of earthworms. In Ecotoxicology of Metals
in Invertebrates (R. Dallinger and P. S. Rainbow, Eds.), pp. 333—358.
Lewis Pub., Chelsea, MI.

Morgan, J. E., and Morgan, A. J. (1988). Calcium-lead interactions involv-
ing earthworms. Part 2. The effects of accumulated lead on endogenous
calcium in Lumbricus rubellus. Environ. Pollut. 55, 41-54.

Morgan, J. E., and Morgan, A. J. (1990). The distribution of cadmium,
copper, lead, zinc and calcium in the tissue of the earthworm Lumbricus
rubellus sampled from one uncontaminated and four polluted soils. Oeco-
logia 84, 559—-566.

Morgan, J. E., and Morgan, A. J. (1991). Differences in the accumulated
metal concentrations in two epigeic earthworm species (L. rubellus and
D. rubidus) living in contaminated soils. Bull. Environ. Contam. Toxicol.
47, 296—-301.

Morgan, J. E., Norey, C. G., Morgan, A. J., and Kay, J. (1989). A compari-
son of the cadmium-binding proteins isolated from the posterior alimen-
tary canal of the earthworm Dendrodrilus rubidus and Lumbricus rubel-
lus. Comp. Biochem. Physiol. 92, 15-21.

Norberg-King, T. J. (1993). A linear interpolation method for sublethal
toxicity: The inhibition concentration (ICp) approach. EPA Technical
Report No. 600/4-89-001 and 001A.

Posthuma, L., Hogervorst, R. F., Joosse, E. N. G., and Van Straalen, N. M.
(1993). Genetic variation and covariation for characteristics associated
with cadmium tolerance in natural populations of the springtail Orche-
sella cincta (L.). Evolution 47, 619—-631.

Read, H. J. (1987). The Effects of Heavy Metal Pollution on Woodland
Leaf Litter Faunal Communities. Ph.D. thesis, University of Bristol.

Read, H. J, Wheater, C. P., and Martin, M. H. (1987). Aspects of the
ecology of Carabidae (Coleoptera) from woodlands polluted by heavy
metals. Environ. Pollut. 48, 61-76.

Sibly, R. M., and Calow, P. (1989). A life-cycle theory of responses to
stress. Biol. J. Linn. Soc. 37, 101-116.

Spurgeon, D. J. (1996). Extrapolation of laboratory toxicity results to the
field—A case study using the OECD artificial soil earthworm toxicity
test. In Ecological Principles for Risk Assessment of Contaminants in
Soil (N. M. Van Straalen and H. Lakke, Eds.). Chapman & Hall, London/
New York, in press.

Spurgeon, D. J., and Hopkin, S. P. (1995). Extrapolation of the |aboratory-
based OECD earthworm test to metal-contaminated field sites. Ecotoxi-
cology 4, 190—205.

Spurgeon, D. J., and Hopkin, S. P. (1996). Effects of variations in the
organic matter content and pH of soils on the availability and toxicity
of zinc to the earthworm Eisenia fetida. Pedobiologia, 40, 80—96.

Spurgeon, D. J., Hopkin, S. P., and Jones, D. T. (1994). Effects of cadmium,

copper, lead and zinc on growth, reproduction and survival of the earth-
worm Eisenia fetida (Savigny): Assessing the environmental impact of
point-source metal contamination in terrestrial ecosystems. Environ. Pol-
lut. (Ser. A) 84, 123-130.

Tyler, G., Balsberg Pahlsson, A. M., Bengtsson, G., Baath, E., and Tranvik,
L. (1989). Heavy-metal ecology of terrestrial plants, micro-organisms
and invertebrates. A review. Water Air Soil Pollut. 47, 189-215.

Van Gestel, C. A. M., Van Dis, W. A., Van Breemen, E. M., and Sparen-
burg, P. M. (1988). Comparison of two methods for determining the
viahility of cocoons produced in earthworm toxicity experiments. Pedobi-
ologia, 32, 367—371.

Van Gestel, C. A. M., Van Dis, W. A., Van Breemen, E. M., and Sparen-
burg, P. M. (1989). Development of a standardized reproduction toxicity
test with the earthworm species Eisenia andrei using copper, pentachloro-
phenol and 2,4-dichloroaniline. Ecotoxicol. Environ. Saf. 18, 305-312.

Van Gestel, C. A. M., Van Dis, W. A., Dirven-Van Breemen, E. M.,
Sparenburg, P. M., and Baerselman, R. (1991). Influence of cadmium,
copper and pentachlorophenol on growth and sexual development of
Eisenia andrei (Oligochaeta: Annelida). Biol. Fertil. Soils 12, 117—-121.

Van Gestel, C. A. M., Dirven-Van Breemen, E. M., and Baerselman, R.
(1992a). Influence of environmental conditions on the growth and repro-
duction of the earthworm Eisenia andrel in an artificial soil substrate.
Pedobiologia 36, 109—120.

Van Gestel, C. A. M., Dirven-Van Breemen, E. M., Baerselman, R., Emans,
H. J. B, Janssen, J. A. M., Postuma, R., and Van Vliet, P. J. M. (1992b).
Comparison of sublethal and lethal criteria for nine different chemicals
in standardized toxicity tests using the earthworm Eisenia andrei. Ecotox-
icol. Environ. Saf. 23, 206—220.

Van Gestel, C. A. M., Dirven-Van Breemen, E. M., and Baerselman, R.
(1993). Accumulation and elimination of cadmium, copper, chromium
and zinc and effects on growth and reproduction in Eisenia andrei (Oligo-
chaeta, Annelida). Sci. Total. Environ. Suppl. (Part 1), 585-597.

Van Straalen, N. M., and Denneman, C. A. J. (1989). Ecotoxicological
evaluation of soil quality criteria. Ecotoxicol. Environ. Saf. 18, 241-251.

Van Straalen, N. M., Leeuwangh, P., and Stortelder, P. B. M. (1994).
Progressing limits for soil ecotoxicological risk assessment. In Ecotoxi-
cology of Soil Organisms (M. H. Donker, H. Eijsackers, and F. Heimbach,
Eds.), pp. 397—-409. Lewis, London and Tokyo.

Wagner, C., and Lgkke, H. (1991). Estimation of ecotoxicological protec-
tion levels from NOEC toxicity data. Water Res. 25, 1177-1186.

Widdows, J., and Donkin, P. (1989). The application of combined tissue
residue chemistry and physiological measurements of mussels (Mytilus
edulis) for the assessment of environmental pollution. Hydrobiologia 188/
189, 455—461.

Widdows, J., and Donkin, P. (1991). Role of physiological energetics in
ecotoxicology. Comp. Biochem. Physiol. 100C, 69—75.



