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Abstract. The growth and development of F1 Lumbricus rubellus bred from reference and one
Ž .metal-exposed smelter populations were assessed in soils from both sites. In the clean soil, faster growth

Ž .as reflected by mean weight and maturation were found at selected time intervals for the smelter
worms. This result is in agreement with predictions from life-cycle models, which indicate that polluted-site
populations will be adapted for faster growth, earlier maturation and increased reproductive effort.
Life-history adaptation is not however the only explanation for the differences in maturation rates found.
During the exposures, mortality of smelter worms was higher than for the reference strain. This resulted
in a reduction in the density of the smelter strain. In earthworms, both growth rate and maturation time
are known to be density dependent. Thus it is probable that density-mediated responses of growth and
development, rather than adaptation, are primarily responsible for the observed life-history.

Exposure of the two strains to the smelter site soil was carried out to quantify differences in
performance indicative of physiological resistance in the smelter worms. In fact, no consistent differences
in growth or maturation were found. Thus it is unlikely that growth and development responses of
Lumbricus rubellus are adapted to the metals present in soils at the smelter site.
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Introduction

Ž .Spurgeon and Hopkin 1995, 1996a found effects
on survival probability, length of juvenile period
and adult reproduction rate for worms main-
tained in cadmium, copper, lead and zinc contam-
inated field soils, indicating that metals affect
earthworm life-cycles and hence may impact indi-
vidual fitness. Despite the effects found on fit-
ness, earthworm populations persist at the field
sites from which the metal-contaminated soils

Žwere collected Spurgeon and Hopkin, 1996b,
.1999 . The presence of earthworms in soils at
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which concentrations of one or more metals ex-
ceed NOEC concentrations determined in labora-
tory tests, suggest that populations are subject to
metal-related selection pressures at these sites.
Furthermore, the long-term nature of the con-

Žtamination the field sites are polluted by emis-
sions from a smelting works that has been in

.operation for 70 years means that selection may
have led to the evolution of a metal adapted
population.

Despite the circumstantial evidence suggesting
the presence of adapted earthworm populations
at metal-contaminated sites, studies designed to
demonstrate physiological tolerance have so far
failed to find clear effects. Spurgeon and Hopkin
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Ž .in press compared zinc sensitivity in a refer-
Žence and two contaminated sites Avonmouth

.smelter and Shipham leadrzinc mine popula-
tions of Lumbricus rubellus. No significant inter-
population differences in sensitivity for effects
on survival or weight change were found. For
reproduction, marginal increases in tolerance
were found in polluted-site populations. However
these were unlikely to be of major ecological
significance in determining population fitness.
Further studies by Bengtsson and Rundgren
Ž . Ž .1992 , Corp and Morgan 1991 and Marino and

Ž .Morgan in press have also failed to find signifi-
cant inter-population differences in sensitivity for
the effects of metals on uptake, protein elution
patterns or survival time.

Physiological resistance is not the only means
by which animals inhabiting contaminated loca-

Žtions adapt to pollutants Posthuma and Van
.Straalen, 1993 . Selection of life-history charac-

teristics can also occur when populations are ex-
Ž .posed to factors such as a pollutant that reduce

Žsurvival and lower reproductive effort Charles-
.worth, 1980 . Specifically, animals are selected for

early maturation and increased reproductive ef-
Ž .fort Posthuma et al., 1993 . Divergence of life-

history patterns as a result of selection by pollu-
tants occurs most frequently when populations
are exposed to non-degradable chemicals such as
metals. Under these conditions, selection can oc-
cur over a number of generations.

Materials and methods

Origin of selected populations

Adaptation in life-histories of populations inhab-
iting metal-contaminated sites has been found for

Ža number of soil invertebrate groups Posthuma
.and Van Straalen, 1993 . However, to date earth-

worms are not included. To determine if exposure
of earthworms to persistent pollutants results in
selection of life-history traits, the development of

ŽF1 animals from a reference and a single origi-
.nally two were intended polluted site strains of

Ž .the epigeic litter dwelling earthworm L. rubellus
was assessed in a clean and a polluted soil. Com-
parisons in clean soil were used to determine if
there was any evidence of population divergences
in life-history traits, while comparisons in the

polluted soils were used to determine if there was
any evidence for physiological adaptation in the
polluted-site strain.

Parent reference strain L. rubellus were col-
lected in early spring 1995 from the campus of

Žthe University of Reading Ordnance Survey Grid
.Reference SU 737714 . Previous work at this site

has indicated that metal levels are within the
Žrange found in uncontaminated soils Spurgeon

.and Hopkin, 1995, 1996b . Smelter strain parent
Žworms were collected from a location Hallen

. ŽHill Ordnance Survey Grid Reference ST
.554802 approximately three kilometers from a

cadmiumrleadrzinc smelter located at Avon-
mouth in south-west England. Soils at this site
have been subject to aerial deposition of metals
for the past 70 years and contain cadmium, cop-
per, lead and zinc levels at least an order of

Žmagnitude higher than clean soil values Martin
and Bullock, 1994; Vale and Harrison, 1994;

.Spurgeon and Hopkin, 1996b . At each sites, 60
adult L. rubellus were collected by digging and
handsorting. Worms were returned to the labora-
tory on own site soil where they were used for
production of the F1 juveniles.

Prior to the start of the experiment it was
intended to measure life-history patterns in a
second polluted-site population obtained from
soils around an ancient leadrzinc mine located at

ŽShipham in south-west England Ordnance Sur-
.vey Grid Reference ST 451573 . However, due to

high mortality and low reproduction of worms
Žfrom this population both in culture and during

.trial exposures this strain had to be excluded
from the study. The absence of life-history mea-
surements for a second polluted-site population is
a major factor restricting the interpretation of
data from the study, since any differences be-
tween the two measured strains may be due to
genetic variations between populations or factors
other than metal exposure. That said, the extent
of the metal contamination in the smelter soil
means that metal levels are likely to be an impor-
tant selection pressure for worms at the smelter
site.

Culturing of F1 animals

To breed sufficient F1 juvenile L. rubellus for the
exposure phase of the study, adults were cultured
in a medium consisting of a commercially avail-
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able loam topsoil mixed with 20% by weight of
ground Sphagnum peat. This topsoilrpeat mix
has been found to be suitable for the long-term
maintenance of L. rubellus. For each culture,
eight worms were incubated in 2 kg of moistened
soil at 15"28C in constant light. An excess of

Žsuitable food finely ground fresh horse manure,
.dried and rewetted to 75% water content was

supplied. After six weeks, soil cultures were sieved
and the cocoons present collected and transferred
to moist filter paper maintained in darkness at
15"28C for hatching. The cocoons were exam-
ined twice weekly and the newly emerged F1
juveniles removed and transferred to a moist soil
kept at 38C. Incubation at this low temperature
prevented the development of worms prior to
introduction to the test soils.

Collection and preparation of exposure phase soils

Exposure phase soils were collected from the
same sites from which the parent earthworms
were collected. Soils were taken from the top 2cm

Žlayer after removal of surface vegetation and
.litter . On return to the laboratory, soils were

dried in a fan oven at 408C, passed through a
2mm mesh and one kilogram placed into each of

Žfour replicate containers plastic boxes with di-
.mensions 175 mm=120 mm=60 mm for each

Ž .soilrworm combination total of 16 containers .
Distilled water was added, to give moisture con-
tent of approximately 65% of field capacity and
the soils left to stabilise for one week. Finally,
eight juvenile L. rubellus were weighed and placed
into each container.

Physiochemical analysis of site soils

To determine metal levels, a sub-sample of soil
was collected for the determination of cadmium,

copper, lead and zinc concentrations by flame
atomic absorption spectrometry of nitric acid di-

Ž .gests see Hopkin, 1989 . For the analysis, approx-
imately 1 g dry weight of soil was placed into a
conical flask with 10 ml of concentrated nitric
acid. Flasks were heated until all organic matter
had been digested and the digests were diluted to
100 ml with double distilled water. Solutions were
analysed by flame atomic absorption spectrome-

Ž .try Varian Spectra 30 AAS . During soil analysis,
Žstandard reference materials tomato leaf and

bovine liver from the National Bureau of Stan-
dards, Washington, lobster hepatopancreas from
the National Research Council, Canada, and cal-
careous loam soil from the Community Bureau of

.Reference, Brussels were used as recommended
Ž .by Hopkin 1989 . In all cases measured concen-

trations were within ten percent of certified val-
Žues. Percentage loss on ignition organic matter

. Ž .content and soil H O pH were also measured.2
Results of all soil analysis are given in Table 1.

Measurement of life-history characteristics

To measure life-histories characteristics, the F1s
were first examined 28 days after the start of the
exposure phase. At this time, all worms were
sorted from the soil and survival, individual
weights and sexual development recorded. Sexual
development was assessed according to the

Ž .scheme of Van Gestel et al. 1991 . Worms with a
full clitellum were recorded as adult, those with a
full tubercle pubertatis but no clitellum as sub-
adult, and individuals without either of these re-
productive structures as juveniles. After sampling,
the worms were returned to the same test soil. All
measurements were repeated a further 15 times
at 28 day intervals throughout the study giving a
total duration for exposures of 448 days.

Ž .Table 1. Soil pH, percentage loss on ignition % LOI and metal concentrations in soils sampled from sites from which adult
Ž .Lumbricus rubellus were collected. All values are expressed on a dry weight basis and are means "SE of six replicates.

pH Cadmium Copper Lead Zinc
y1 y1 y1 y1Ž .median % LOI mgCdg mgCug mgPbg mgZng

Clean 6.02 21.6 0.1 17.5 8.3 58.3
Ž .Campus "2.7 "0.02 "1.02 "1.82 "2.28

Smelter 7.25 22.7 13.2 74.8 449 710
Ž .Hallen Hill "1.9 "0.85 "7.05 "52.2 "116
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To ensure growth and maturation during the
experiment, uncontaminated horse manure dried
and rewetted to 80% water holding capacity and
mixed with an equal volume of the relevant soil

Žwas added as a source of food Holmstrup et al.,
.1991 . Due to the small size of the worms, food

supply was limited at the beginning of the experi-
ment to ensure there was not an excess of un-
eaten material into which the worms could es-

Ž .cape. Thus at day 0, 4 g dry weight of manure
was supplied per container, at day 28 and day 56,
8 g were supplied, while at all subsequent sample
intervals, 10g of food was added. In all cases, the
soil food mix was spread on the soil surface. Any
excess was removed during the next sampling and
a new quantity of food mix added. This amount
was calculated from the number of worms alive in
the container to ensure an equal supply of food
throughout the experiment.

Data analysis

Data for weights of exposed worms in the refer-
ence and smelter soils were analysed by ANOVA

and post-hoc comparisons for separate time inter-
vals. To determine if the proportion of adults is
independent of population, the percentage of
adults present at each time interval was compared
using a G test.

Results

Mortality

Different patterns of mortality were found de-
pending on the soil to which the two populations
were exposed. For worms exposed to the uncon-
taminated soil, low levels of mortality were found
in both the reference and smelter-site strains
Ž .Fig. 1 . Thus in the reference strain, survival was
at 100% until day 392 and remained at 96% for
the rest of the study, while for the smelter worms,
survival was 97% after 196 days, reducing to 84%
by the end of the experiment. For worms exposed
to the smelter soil, survival was lower than in the
clean soil. Thus for the reference population,

Ž . Ž .Figure 1. Mortality patterns for first generation Lumbricus rubellus from a reference squares and a polluted circles site. Solid
symbols and lines indicate mortality patterns for animals maintained in reference site soil. Open symbols and dashed lines indicate
patterns for animals maintained in soil from the polluted site.
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survival was 71% after 196 days, reducing to 65%
at day 448, while for the smelter strain, survival
was 34% after 196 days and 25% at the end of the
experiment. Comparisons of the number of earth-
worms alive after 448 days by t-test indicated that
survival of the smelter strain was significantly

Ž .lower than the reference population P-0.03 in
both the reference and smelter soils. Compar-

isons of the survival of the smelter strain when
maintained in the two different soils indicated

Ž .significantly lower P - 0.05 survival in the
smelter soil. No significant differences were found
between soils in the survival of the reference
worms.

Large variations in growth rates were found
Ž .between individual worms Fig. 2 . Thus at the

Ž . Ž .Figure 2. Four weekly fresh unstarved weight measurement mg for reference strain Lumbricus rubellus F1 juvenile worms
Ž . Ž . Ž .exposed to a control and c smelter contaminated soil and smelter strain Lumbricus rubellus F1 juveniles exposed to b control

Ž .and d smelter contaminated soil.
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end of the experiment, the weight of the fastest
growing individual exceeded that for the slowest
growing by factors of 17.8 and 19.9 for the refer-
ence and smelter strains in the control soil and
8.9 and 7.7 for the reference and smelter strains
in the smelter soil. Subtle differences in growth
patterns were found for the two strains main-
tained in the reference soil. In the early phase of
the experiment, reference worms initially grew
faster than the smelter population. Indeed com-
parisons of individual weights of the two strains
using ANOVA indicated a higher mean weight
for worms from the reference population at day
28 and 56. However subsequently, to this time,
worms from the smelter strain ‘caught up’ and
‘overtook’ the reference population so that by day
140 mean weights of smelter juveniles were signif-
icantly higher than for the reference population
Ž .Fig. 3a . Mean weight of the smelter population
then remained above that for the reference strain
for the remainder of the exposure, although dif-
ferences were not significant due primarily to the
high variability of individual weights.

Growth patterns for the two strains incubated
in the smelter soil were similar to those found in
the reference medium. Thus the reference popu-

lation initially grew faster than the smelter strain,
but was overtaken at day 196 and mean weight
remained below the polluted-site worms for the

Ž .remainder of the experiment Fig. 3b . Compar-
isons of mean individual weights by ANOVA indi-
cated that the mean weight of reference strain
worms was significantly higher than for the
smelter strain at day 56, 84 and 112, while at day
252 and all subsequent sample dates, the mean
weight of the smelter strain worms was signifi-
cantly higher than for the reference population.

In addition to determining mortality and
growth patterns for the four soilrworm combina-
tions, sexual development of the exposed worms
was also assessed. For worms maintained in the
control soil, comparisons of the relative propor-
tion of adults present indicated earlier matura-
tion for the smelter strain. A significantly higher
fraction of adults was found in the smelter popu-
lation at 224 and 252 days when compared to the

Ž .reference population G-test, P-0.05 . For the
worms incubated in the smelter soils, no signifi-
cant differences in the proportion of adults was
found for any time interval indicating similar rates
of maturation in the two populations.

Ž . Ž . Ž .Figure 3. Mean weights "SE of first generation Lumbricus rubellus from a reference solid line and a smelter dashed line
Ž . Ž .population maintained in a reference and b smelter contaminated soil. Asterisks indicate sample dates for which the mean

Ž .weights of populations are significantly different ANOVA: P-0.05 .
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Discussion

Comparisons of survival patterns in the two tested
populations maintained in clean soil indicated
significantly higher mortality after 448 days for
the smelter strain. This suggests a possible cost of
tolerance for this population. Cost of tolerance,
where polluted-site animals are outperformed by
clean-site individuals when both are maintained
in uncontaminated soil, has been demonstrated in

Žisopods captured near a zinc smelter Van
.Capelleveen, 1987 . In this study, smelter individ-

uals did badly when maintained on a reference
diet, but performance of the isopods improved
when the food was supplemented with cadmium
and zinc. This suggests that the smelter isopods
were adapted to the high metal concentrations
present in the polluted soil. For the work detailed
in this paper, physiological deficiency of micro-
nutrients is unlikely to be the primary cause of
the lower survival of smelter worms in clean soil,
since survival of this strain in the polluted soil
was even lower than for the uncontaminated
medium. Instead other factors, such as an in-
crease in energy demand to maintain genetically
evolved tolerance mechanisms may account for
the observed differences.

Survival of the two strains after 448 days in the
polluted soil was lower than in the reference soil,
although these differences were significant only
for the smelter population. A comparison of the
survival of the two strains in the smelter soil
indicated that the number of worms alive at day
448 was significantly higher in the reference strain.
This did not fit with our expectations. Prior to the
experiment it was anticipated that lower mortality
would occur in the smelter worms. That this was
not the case suggests that physiological adapta-
tion, as it effects juvenile mortality patterns, is
unlikely to be of major importance in determin-
ing survival probabilities for populations in con-
taminated regions, although further studies with
polluted-site strains are required to confirm this
conclusion.

Comparisons of growth and development in
the control soils were intended to quantify differ-
ences in life-history patterns. A number of studies
have found variations in the life-cycles and popu-
lation structure for soil invertebrates inhabiting

Ž .polluted sites. Jones and Hopkin 1998 , in a
study with Porcellio scaber from eight sites at
different distances from the Avonmouth factory,
found that the maximum size of individuals de-
clined significantly from the least to the most

Ž .polluted site. Donker et al. 1993 found higher
growth rates and earlier maturation in metal-
exposed populations of the isopod Porcellio scaber.

Ž .Tranvik et al. 1993 found increased juvenile
growth, reduction of the juvenile period and in-
creased reproductive effort in a population of the
springtail Onychiurus armatus from a contami-

Žnated site. In addition, Posthuma et al. 1992,
.1993 found evolutionary changes including higher

juvenile growth, lower age at first reproduction
and increased numbers of clutches per female in
an exposed population of the collembolan Orch-
esella cincta.

The studies outlined above indicate that
changes in life-history patterns can occur for
species exposed to metals. Specifically, polluted-
site populations are selected for faster growth,
earlier maturation and increased reproductive ef-

Ž .fort Charlesworth, 1980; Sibly and Calow, 1989 .
An initial examination of the data from the cur-
rent study also suggests adaptation to life-history
patterns for the polluted-site population. For
growth as indicated by mean weight, significant
and time-dependent inter-population differences
were found. Thus in both soils, although refer-
ence worms initially grew fastest, highest mean
weight at the end of the experiment was found for

Ž .the smelter strain Fig. 3a, b . For sexual develop-
ment, a significantly increased proportion of
adults at selected time intervals was found in the
smelter strain worms when incubated in the con-
trol soil. This suggests that smelter-site worms
maturate faster, due possibly to selection result-
ing from the high metal levels present at this site.
However, a more detailed scrutiny of the data
indicates there may be another explanation for
the variations in growth and maturation found in
the two strains. Namely, differences could result
from density-dependent effects.

In this study, eight worms were maintained in
1 kg of experimental soil. This number is much
higher than found for L. rubellus in the field.
Density is known to be an important factor limit-
ing earthworm growth and development and any
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changes during an experiment would be expected
to have marked effects. For example, a reduction
in the number of worms present in culture has
been found to favour increased growth, rapid

Žmaturation and higher reproduction Dominguez
and Edwards, 1997; Kaushal et al., 1995; Rei-

.necke and Viljoen, 1990 . As detailed earlier,
higher mortality was found for the smelter worms
when the two strains were maintained in clean
soil. This increased mortality resulted in a reduc-
tion in the mean numbers of worms in the smelter
strain. Thus it is likely that a reduction in earth-
worm density rather than adaptation of life-
history characteristics, particularly in the latter
stages of the exposures when weight increases
were highest, is responsible for the accelerated
growth and maturation found for the smelter
worms. The problems resulting from changes
in density during experiments can be avoided if
tests are conducted with only one worm in each
container.

Measurements of growth and maturation in
the polluted soil were used to investigate the
presence of physiological tolerance in the smelter
worms. The smelter population has been exposed
to elevated concentrations of metals for the 70
years over which the factory has been opera-
tional. Furthermore comparisons of survival in
the clean and polluted soils, as well as previous

work studying cocoon production rate and length
of the juvenile period, have indicated a selection

Žpressure for worms inhabiting this site Spurgeon
.and Hopkin, 1995, 1996b . Despite the presence

of a clear selection pressure in the smelter-site
soil over many tens of generations, no clear evi-
dence for the presence of physiological tolerance
was found. For example, comparison of the per-
formance of the two strains in the smelter soil
indicated highest survival for the control-site ani-

Ž .mals Fig. 1 and no significant differences in the
Ž .proportion of adults on any sample date Fig. 4 .

Higher mean weights in the latter phase of the
experiment were found for the smelter strain
worms. However, these can be attributed to the
lower survival and hence density of this strain at
the end of the experiment.

An absence of clearly developed tolerance
traits has also been found in studies of adult
survival, weight change and cocoon production in

Žtwo polluted-site populations of L. rubellus Spur-
.geon and Hopkin, in press . In this work, direct

toxic effects of zinc on polluted-site populations
were compared to those for a reference strain.
Prior to exposure, it was anticipated that worms
from the contaminated sites would show greater
tolerance to zinc. This was not the case for all
measured parameters. Indeed, no differences in
survival or weight change were found, while for

Ž . Ž .Figure 4. Proportion of adults of first generation Lumbricus rubellus from a reference solid line and a smelter dashed line
Ž . Ž .population maintained in a reference and b smelter contaminated soil. Asterisks indicates significant difference in fraction of
Ž .adults between populations G-test: P-0.05 .
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cocoon production, smelter and mine-site worms
were marginally more tolerant than the reference
population. Thus it appears that physiological tol-
erance, which limits the effects of zinc on impor-
tant life-cycle traits, is unlikely to be a major
factor influencing the distribution of L. rubellus
in contaminated regions.
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