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Seasonal variation in the abundance\ biomass and

biodiversity of earthworms in soils contaminated with

metal emissions from a primary smelting works
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Summary

0[ Earthworms "Annelida] Oligochaeta# were sampled on four occasions "spring\
summer\ autumn and winter# at 03 sites along two transects from a primary lead:
zinc:cadmium smelting works at Avonmouth\ UK[
1[ Total abundance and biomass of earthworms decreased with proximity to the
smelter[ No worms were collected from the two sites closest to the factory "³9=5 km#
and catches were signi_cantly lower than controls at a further _ve sites "³2 km#[
2[ Seasonal composition of sampled communities di}ered only for summer with lower
numbers of individuals and species collected at all sites[ Reduced catches in the
summer sample is a response to drought[
3[ Species richness was lowest at sites close to the factory[ For example\ worms such
as Aporrectodea caliginosa "Savigny# and Allolobophora chlorotica "Savigny# that were
dominant at relatively clean sites further from the smelter are absent from the most
contaminated soils[
4[ Reduced species richness resulted in lower ShannonÐWeiner diversity and higher
BergerÐParker dominance[ Multivariate cluster analysis for spring\ summer and win!
ter indicated that sites could be split into three groups based upon relative species
composition[ In autumn\ two clusters were identi_ed[
5[ The absence of sensitive species from sites close to the smelting works supports the
inclusion of earthworms as a key group in a terrestrial prediction and classi_cation
scheme for quantifying the e}ects of pollutants on soil biodiversity[ However\ sam!
pling should be carried out in spring or autumn to obtain an accurate picture of
community structure[

Key!words] community monitoring\ metal pollution\ size classes\ species richness\
zinc[
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Introduction

Recent developments that have lead to an increased
understanding of the structure and function of soil
ecosystems have raised the possibility of using com!
munity parameters to measure the impact of pollu!
tants[ Of the groups available for monitoring\ par!
ticular attention has been paid to the macro!
invertebrates\ because these communities frequently
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consist of a large number of species that di}er in
their niche preferences\ life!histories and sensitivity to
pollutants "Siepel 0883#[ Additionally\ soil macro!
invertebrates are present over a range of diverse habi!
tats\ are relatively easy to sample\ can be simple to
identify "when good keys are available# and frequently
have low mobility\ which means they are rep!
resentative of the habitat being sampled "Van Straalen
0886#[

The suitability of macroinvertebrates for moni!
toring has resulted in the development of procedures
for assessing the impact of environmental stresses
from changes in community structure[ The most sim!
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ple form of monitoring is to use abundance data for
single species[ Such data can be used as an input for
diversity indices\ or can be used in more complex
analysis using multivariate statistics "Van Straalen
0886#[ A further method that has proved useful in
freshwater is a probabilistic approach\ comparing
actual fauna to the theoretical community predicted
for the site[ The predicted community structure is
determined by comparing previous data on the dis!
tribution\ abundance and ecophysiological pref!
erences of species to the location and environmental
characteristics of the site to determine the probability
that a given species will occur[ In the UK\ the River
Invertebrate Prediction and Classi_cation System
"RIVPACS# developed by Wright\ Armitage + Furse
"0878# has been adopted as a standard monitoring
technique by regulatory authorities[ Spurgeon\ San!
difer + Hopkin "0885# have suggested that a Soil
Invertebrate Prediction and Classi_cation Scheme
"SOILPACS# would represent a signi_cant advance in
the identi_cation\ quanti_cation and monitoring of
contaminated land[

Any system developed to monitor pollutants from
their impact on community structure must account
for temporal variations in abundance[ Clearly\ large
changes in population size would be anticipated for
semelparous and iteroparous groups that show strong
seasonal trends in fecundity[ However\ variations may
also occur for species with a more continuous pattern
of reproduction[ Thus\ in the current paper\ the e}ects
of pollutants on the community composition of a non!
seasonal iteroparous invertebrate group have been
measured over four seasons at sites along a gradient
of contamination from a smelting works[ The group
selected for this work were the earthworms\ because
a preliminary study of their distribution has shown
that communities are in~uenced by high soil metal
concentrations "Spurgeon + Hopkin 0885a#[ For the
present study\ the impact of metals was assessed using
a number of potential monitoring techniques includ!
ing measurement of mean abundance\ biomass\ popu!
lation and age structure\ species richness\ diversity
and multivariate statistics[

Materials and methods

ASSESSING THE ABUNDANCE\ DIVERSITY AND

BIOMASS OF EARTHWORM COMMUNITIES

To assess the e}ects of metals on earthworm com!
munities\ 03 sites were surveyed[ Of these\ 02 were
situated along two transects to the north!east "direc!
tion of prevailing wind# of a smelting works situated
at Avonmouth in south!west England[ A {control| site
was situated on the University of Reading campus\
099 km from the factory[ Due to limited access to land
in the Avonmouth area\ samples were taken from
unmanaged grassland adjacent to minor roads[ Sites
were always at least 1 m from the kerb[

Each site was visited on four occasions over a 0!
year period] spring "11Ð29 April 0885#\ summer "18
JulyÐ5 August 0885#\ autumn "10Ð15 October 0885#
and winter "06Ð15 February 0886#[ For each site on
each sample occasion\ six 14 × 14!cm "�9=9514 m1#
quadrats were marked on the soil surface[ The number
of samples taken at each site was a compromise
between statistical considerations for the correct pre!
diction of earthworm population size and practical
considerations of time and manpower[ Daniel et al[
"0881# studied the impact of sample number on the
accuracy of earthworm population size predictions[
From this work it was concluded that at a density of
19 individuals per 9=14 m1\ which is below the values
found at the least contaminated sites in this survey\ a
sample size of six is su.cient to allow good prediction
reliability[ Thus\ the number of replicates used in the
current study should be su.cient to allow com!
parisons of earthworm populations\ particularly as
the contamination gradient in the Avonmouth region
is relatively clear[

At each site\ soil was dug from each quadrat to a
depth of 39 cm\ hand sorted on site and all earthworms
present removed to the laboratory for identi_cation[
The sampling technique used was considered an
e.cient way to sample epigeic "litter!dwelling# and
endogeic "soil!dwelling# worms in favourable soil con!
ditions[ However\ it was possible that some anecic
species "deep!burrowing# "and epigeic and endogeic
species during unfavourable conditions# may have
been missed[ Such worms could be collected by for!
malin extraction techniques[ However\ it was not
possible to use these techniques in the current study\
due to the inaccessibility of some of the sites selected
and the unwillingness of landowners to allow formalin
application to soil[

Adult worms were identi_ed from the UK fauna
key of Sims + Gerard "0874# whilst for juveniles\
characteristics such as behaviour\ pigmentation\ pro!
stomium form\ setae pattern and size were used[ Some
juveniles could not be classi_ed due to similarities
between worms\ e[g[ Lumbricus terrestris "L[#\ Lum!
bricus rubellus "Ho}meister#\ Lumbricus castaneus
"Hofmeister# and Aporrectodea caliginosa\ Apor!
rectodea rosea "Savigny#[ Thus\ these individuals were
recorded as Lumbricus sp[ and Aporrectodea sp[\
respectively[ Any animals damaged during sampling
were recorded as {unidenti_ed|[ After separation to
species\ worms were recorded as adults or juveniles
based on the presence or absence of a fully developed
clitellum\ and weighed[ All weights were measured for
fresh unstarved animals[

The key of Sims + Gerard "0874# recognizes a num!
ber of species as complexes of at least two distinct
morphs[ For example\ Aporrectodea caliginosa is rep!
resented by four principal forms] the small endogeic
morph Aporrectodea caliginosa caliginosa^ two med!
ium!sized endogeic morphs Aporrectodea caliginosa
tuberculata and Aporrectodea caliginosa trapazoides
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and a large anecic morph Aporrectodea caliginosa noc!
turna\ while the epigeic species Allolobophora chlor!
otica has a green form Allolobophora chlorotica chlor!
otica and a red form Allolobophora chlorotica
virescens[ Although in the current study these di}erent
phenotypes have been considered as single species and
not separated as proposed by Bouche� "0866# and Lee
"0874#\ the distribution of the di}erent morphs was
recorded and will be discussed as appropriate for
explaining distribution patterns[

CHEMICAL ANALYSIS OF SOILS

In addition to examining earthworm communities at
each site\ soil samples were also collected[ Samples
were taken from the top 1 cm of the soil pro_le "below
the litter horizon#[ This layer contains the highest
metal concentrations to which earthworms are
exposed due to the depth strati_cation of metals found
in soils surrounding the smelter "Martin + Bullock
0883^ Sandifer 0886#[ After sampling\ using a clean
trowel\ collected soils were returned to our laboratory
for analysis of water content\ pH"H1O#\ percentage
loss!on!ignition ")LOI# and cadmium\ copper\ lead
and zinc concentrations[ Soil pH\ )LOI and metal
contents were all measured for the autumn sample
only\ while water content was measured in all four
seasons to allow changes in moisture levels to be moni!
tored throughout the year[

To measure soil water content\ collected soils were
sieved through a 3!mm mesh[ Samples were dried to
constant weight and the moisture content calculated[
The soil )LOI was determined after heating dried
soil for 01 h at 499 >C[ For the measurement of pH\
09 g of dried soil was weighed into a container with
14 mL of deionized water[ Suspensions were shaken
for 1 min and acidity measured after a further 4 min[
To analyse soil metal levels\ ¼0 g was placed into a
conical ~ask with 09 mL of concentrated nitric acid[
Flasks were heated until all organic matter was
digested and then diluted with distilled water to
099 mL[ Solutions were analysed for cadmium\
copper\ lead and zinc content by ~ame atomic absorp!
tion spectrometry[ During soil analysis\ standard ref!
erence materials "tomato leaf and bovine liver from
the National Bureau of Standards\ Washington^ lob!
ster hepatopancreas from the National Research
Council\ Canada^ and calcareous loam soil from the
Community Bureau of Reference\ Brussels# were used
as recommended by Hopkin "0878#[ In all cases mea!
sured values were within 09) of certi_ed values[

Results

CHEMICAL ANALYSIS OF SOILS

No relationship was found between the moisture levels
of collected soils and distance from the smelter[ How!
ever\ a clear seasonal trend was found[ Levels in sum!

mer were lower than for the autumn\ spring and
winter\ which were comparable "Table 0#[ Median soil
pHs were within a narrow range[ No relationship was
found between soil acidity and distance from the
factory[ Measurement of )LOI indicated a high
organic matter content\ with values greater than 8=3)
in all cases[ No relationship was found between )LOI
and distance from the factory[ Highest metal con!
centrations were found at Site 0\ while lowest values
were found for the control soil[ For each metal\ a
linear relationship was found between log soil con!
centration and distance from the smelter[ This pattern
of metal distribution indicates an exponential decline
with distance from the factory[

EARTHWORM COMMUNITY COMPOSITION AT

THE SAMPLED SITES

Abundance

Large di}erences in the number of earthworms were
found in the di}erent seasons "Fig[ 0aÐd#[ Highest cat!
ches were in spring and winter\ with lower numbers in
autumn and a large reduction in summer[ Com!
parisons of mean earthworm catches at each site in
the four seasons\ using Tukey|s test for the multiple
comparison of means\ indicated reduced numbers at
seven sites in spring and autumn\ 00 in winter and 01
in summer[ Mean catches were lower than controls at
Sites 0Ð6 in all four seasons[ No worms were collected
from the two most heavily contaminated sites[

To assess the relationship between earthworm
abundance and soil metal levels\ linear regression par!
ameters were determined for the comparison of cube
root mean earthworm numbers and log soil con!
centration for each season sample[ Cube root trans!
formation were used for abundance data\ since Boag
et al[ "0883# found this transformation to be most
appropriate for use prior to analysis of earthworm
population data[ Regression calculations indicated a
signi_cant negative association between abundance
and soil metal concentrations in each season\ with the
exception of zinc in the summer sample[ Relationships
with the highest correlation coe.cients for each metal
"R1 − 9=50# were for the spring sample\ whilst the
weakest values were in summer "R1 − 9=24#[ Similar
comparisons of cube root mean earthworm abun!
dance and soil median pH and mean )LOI indicated
no signi_cant associations[

Biomass\ size class distribution and age structure

Analysis of the mean earthworm biomass using
Tukey|s test indicated a signi_cant reduction com!
pared to controls at 4 sites in spring\ 01 in summer\ 7
in autumn and 09 in winter[ Biomass was closely
linked to mean earthworm catch^ thus\ as for abun!
dance\ mean biomass was lower at Sites 0Ð6 in all
seasons\ with the exception of Sites 3 and 6 in spring[
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Table 0[ Ordnance Survey Grid Reference "OSGR# of the sites in the vicinity of the Avonmouth smelter and the ) water content\ pH\ percentage loss on ignition ") LOI# and concentration of metals in soils
"top 1 cm# collected from each site[ Values for water content are for each season sample\ values for pH\ ) LOI and metal concentrations are for the autumn sample only "all values are mean "median for pH#
of six replicates 2 SE#

Site location Soil characteristics

Distance Water Water Water Water
to smelter content content content content pH Cadmium Copper Lead Zinc

Site No[ OSGR "km# "spring# "summer# "autumn# "winter# "median# ) LOI "mg Cd g−0# "mg Cu g−0# "mg Pb g−0# "mg Zn g−0#

03 626603 009 12=5 2 9=5 02=8 2 0=4 19=7 2 5=6 07=6 2 9=5 4=71 19=0 2 2=3 ³9=1 Ð 01=3 2 9=6 06=1 2 3=0 36=2 2 1=2
02 451770 8=6 14=1 2 9=1 08=5 2 9=5 08=0 2 9=4 29=4 2 1=1 6=22 01=3 2 9=4 9=2 2 9=0 07=4 2 9=3 07=4 2 9=3 056 2 2
01 483715 6=6 13=5 2 9=6 04=3 2 9=3 13=4 2 9=4 13=3 2 0=1 4=68 04=1 2 9=3 0=9 2 9=0 14=6 2 9=3 035 2 2 388 2 00
00 442743 5=4 16=1 2 9=4 06=1 2 0=4 15=2 2 9=8 17=7 2 1=6 6=03 01=8 2 0=1 9=2 2 9=0 12=0 2 9=2 003 2 1 171 2 7
09 469711 4=3 16=5 2 9=2 06=2 2 1 20=6 2 9=2 20=6 2 9=4 5=32 08=3 2 9=2 2=0 2 9=1 29=0 2 0=4 032 2 1 307 2 09
8 443724 4=0 17=4 2 9=4 08=5 2 0=5 20=6 2 9=8 23=4 2 0=4 6=1 14=1 2 4=2 2=4 2 9=1 27=7 2 1=3 042 2 2 408 2 7
7 439705 2=1 18=2 2 9=7 01=5 2 0=7 12 2 0=1 16=5 2 1 5=46 02=6 2 0=2 5=0 2 9=2 44 2 9=5 213 2 00 703 2 42
6 441799 1=7 29=6 2 0=4 05=5 2 9=4 14=4 2 0=1 22=7 2 9=8 6=96 11=6 2 3=5 02=7 2 9=3 037 2 0 635 2 01 0189 2 68
5 438796 1=3 15=4 2 9=8 10 2 9=5 16=5 2 0=02 15=8 2 9=6 6=25 19=6 2 1=5 07 2 9=1 79=4 2 1=0 300 2 05 0429 2 18
4 432791 0=8 16=2 2 0=1 08 2 0=3 29=6 2 0=3 23=0 2 0=2 4=31 12=7 2 1=4 20=5 2 9=7 002 2 2 0029 2 28 1009 2 32
3 439682 0=3 29=4 2 0=7 07=1 2 0=1 29=5 2 0=5 25=6 2 1=8 5=57 12=3 2 0=8 55=5 2 0=0 215 2 09 1679 2 84 3889 2 000
2 418795 0=2 14=0 2 0=0 05=7 2 9=7 21=2 2 4=6 25 2 2=2 5=57 29=3 2 0 40=5 2 1 058 2 8 0899 2 054 1649 2 61
1 421680 9=5 12=3 2 0=1 03=7 2 9=5 29=1 2 0=7 15=2 2 9=8 5=72 16=7 2 1=7 066 2 00 164 2 51 4851 2 388 00399 2 744
0 417684 9=4 15=4 2 0 05=5 2 9=7 23=1 2 0=8 29 2 0=3 6=98 02=1 2 0=2 164 2 50 1209 2 036 19699 2 2109 26299 2 3419
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Fig[ 0[ Mean abundance of worms collected from six 14 × 14!cm quadrats taken at 02 sites in the Avonmouth area and a control "Site 03# 099 km from
the factory "error bars indicate SE values# in "a# spring\ "b# summer\ "c# autumn\ and "d# winter[ Sites sharing the same letter indicate no signi_cant
di}erences at P × 9=94 as given by Tukey|s test for the multiple comparison of means[

In addition to measuring the impact of metals on mean
collected biomass\ e}ects on the relative abundance of
di}erent earthworm size classes were also studied[
Only data for Allolobophora chlorotica were used for
these comparisons\ due to similarities in the appear!
ance of newly emerged juvenile Lumbricus sp[ and
Aporrectodea sp[

For size analysis\ the number of Allolobophora
chlorotica in six classes "³9=94\ 9=94Ð9=0\ 9=0Ð9=04\
9=04Ð9=1\ 9=1Ð9=14\ ×9=14 g fresh weight# caught at
Sites 7\ 8\ 02 and 03 were counted[ These sites were
selected because they represent the range of dis!
tribution for this species at Avonmouth[ Site 7 is the
closest location to the factory at which substantial
numbers of Allolobophora chlorotica were collected
"eight worms were found at Site 5 in the summer
sample#[ Highest abundance was usually in the 9=4Ð
9=0 and 9=0Ð9=04 g classes\ with lower numbers of small
individuals and relatively few larger worms[ No clear
di}erences in the abundance of di}erent size classes
were found at the selected sites\ due in part to the low
catches of Allolobophora chlorotica in some samples^
however\ seasonal di}erences were found[ Few ³9=94g
worms were found in summer and autumn\ compared

to winter and spring\ suggesting that Allolobophora
chlorotica hatch during winter and spring and grow to
adulthood over the summer and autumn months[

In addition to assessing the impact of metals on the
size structure of Allolobophora chlorotica populations\
e}ects on the relative abundance of di}erent age
classes were also studied[ For these comparisons\
numbers of adults and juveniles present at the four
sites used for the size class analysis were calculated
as a ratio "Table 1#[ At Site 03\ juveniles were more
numerous than adults in spring and summer[
However\ subsequent to this\ adult numbers increased
and ratios fell to below one in the autumn and winter
samples[ A similar pattern of juvenile]adult ratios was
also found at Site 8[ For Site 02\ the proportion of
adults collected increased throughout the year[ Thus\
highest juvenile]adult ratios were found in spring\ with
lowest values in the winter sample[ Ratios for Site 7
did not follow the trends found at any of the three less
contaminated sites[ In this soil\ numbers of juveniles
exceeded adults in spring "although only six worms
were collected#\ whilst in the remaining seasons in
which su.cient worms were collected the abundance
of the two life stages was approximately equal[
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Table 1[ Ratios of immature ] adult Allolobophora chlorotica collected from four sites in the Avonmouth region for four seasonal
samples taken over a 0!year period[ Ratios for each season sample are calculated for all worms collected from six 14 × 14!cm
quadrats

Site No[ Spring Summer Autumn Winter

03 0=32 ] 0 "06# 0=7 ] 0 "8# 9=3 ] 0 "03# 9=4 ] 0 "10#
02 1=91 ] 0 "038# 2 ] 0 "3# 0=03 ] 0 "64# 9=61 ] 0 "08#
8 0=94 ] 0 "33# 0=35 ] 0 "13# 9=48 ] 0 "16# 9=41 ] 0 "23#
7 9=1 ] 0 "5# 1 ] 0 "2# 0=32 ] 0 "06# 0 ] 0 "23#

Species richness and community composition

Ten species were collected during the survey\ with a
maximum of nine on a single sample occasion "spring
sample\ Site 7#[ Of the worms collected\ Eiseniella
tetraedra and Murchieona minuscula were found in
only one sample\ while Octolasion cyaneum was found
in three samples[ The remaining species Lumbricus
terrestris\ Lumbricus rubellus\ Lumbricus castaneus\
Allolobophora chlorotica\ Aporrectodea caliginosa\
Aporrectodea rosea and Aporrectodea longa "Ude#\
were collected in su.cient numbers to be considered
characteristic of the normal earthworm fauna of the
region "Table 2#[ A comparison of the number of spec!
ies collected in each season indicated increased rich!
ness at sites furthest from the factory[ Thus\ _ve or
more species were found at Sites 7Ð03 in spring\ aut!
umn and winter\ although lower numbers were col!
lected at Sites 09 and 01 in summer[ These com!
munities were dominated by Allolobophora chlorotica
and Aporrectodea caliginosa\ with the remaining
worms present at low densities[ Fewer species were
collected from the sites closest to the factory\ with
only 0Ð2 species found at Sites 2Ð6 in spring\ autumn
and winter[ Comparisons of catches indicated that
Lumbricus rubellus\ Lumbricus castaneus and Lum!
bricus terrestris were dominant\ with Allolobophora
chlorotica and Aporrectodea caliginosa reduced[ No
worms were collected from Sites 0 and 1[

Biodiversity

Di}erences in earthworm species richness in~uenced
the diversity and dominance of sampled communities
as estimated using the ShannonÐWeiner index and
BergerÐParker statistic[ ShannonÐWeiner values indi!
cated three diversity levels "Table 3#[ The highest
diversity was found at Sites 7Ð03 with values greater
than one in all cases\ except Sites 09 and 01 in summer
when total catches were low "Fig[ 0c#[ Diversity at
Sites 2Ð6 was lower than at sites further from the
factory\ with values below one in all cases except Site
5 in summer and spring[ Comparisons of ShannonÐ
Weiner estimates for the four seasons generally gave
highest values for spring and winter\ with lower values
in autumn and a large reduction in summer[

BergerÐParker values\ which indicate the propor!

tion of the total catch due to the dominant species\
were generally higher at sites closest to the factory[
Thus\ values at Sites 2Ð6 were frequently in excess of
9=4\ while those for Sites 7Ð03 rarely exceeded this
value[ No clear seasonal trends were observed
"Table 3#[

Multivariate analysis of community composition

The e}ects of smelter emissions on earthworm com!
munities were also analysed using a multivariate clus!
ter technique[ Analysis was performed using Eucli!
dean distance\ Pearson|s product moment and Ward|s
minimum variance amalgamation method[ Clustering
for the spring sample indicated that sites could be split
into three groups "Fig[ 1a#[ For the summer sample\
sites were again divided into three groups "Fig[ 1b#[ In
the autumn sample two groups were identi_ed\ while
in the winter sample\ sites could be divided into three
clusters "Fig[ 1c\d#[

Discussion

POPULATION AND COMMUNITY RESPONSES TO

METAL CONTAMINATION

A signi_cant negative linear relationship was found
between log soil metal concentrations and distance
from the smelter[ This pattern of metal distribution\
which indicates an exponential decline with distance
from the factory\ is in agreement with the results of
previous studies on the spatial distribution of metals
at Avonmouth "Hopkin\ Hardisty + Martin 0875^
Martin + Bullock 0883^ Spurgeon + Hopkin 0884^
0885a\b#[ Previous analysis of depth pro_les for
cadmium\ copper\ lead and zinc at Avonmouth have
generally found lower metal concentration in the
deeper soil layers compared to surface soils "Martin
+ Bullock 0883#[ For example\ Sandifer "0886# found
that metal concentrations in surface soil exceeded
those at 29 cm depth by a factor of between three and
49[ The same study also indicated that levels in litter
generally exceed those in surface soils[ The presence of
depth pro_les in smelter!contaminated soils suggests
that epigeic earthworms\ which usually inhabit upper
soil and litter layers\ may be more exposed than endo!
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Table 2[ Mean number and species of worms collected from 14 × 14!cm quadrats "six replicates# taken at 03 sites in the Avonmouth area in spring\ summer\ autumn and winter[ {Others| includes Eiseniella
tetraedra\ Murchieona minuscula and Octolasion cyaneum and all worms that could not be identi_ed due to similarities of the newly hatched individuals of some species[ Values should be multiplied by 05 to
obtain earthworm density m−1

Spring Summer

Site L[ L[ L[ A[ A[ A[ A[ L[ L[ L[ A[ A[ A[ A[
No[ terrestris rubellus castaneus chlorotica rosea caliginosa longa Others terrestris rubellus castaneus chlorotica rosea caliginosa longa Others

03 3=6 3=7 4=4 1=7 5=6 1=4 0 9=2 1 0=1 9=1 0=4 1=6 7=4 1 0=1
02 9=1 9=2 9=4 12=6 2=7 2=4 2=4 0=2 9 0 9=2 9=6 0=2 9 1 9
01 0=4 3 0=4 3=1 9=7 7=4 9=6 9=6 9 9 9 9 9 9 9=6 9
00 0=6 9=6 9=4 5 0=2 3 9 0 9 9=6 9 2=1 9=2 0=1 9=6 9
09 9=7 1=4 0 7=6 9=7 2=4 9=1 0 9 9 9 9=7 9=1 9 0=1 9
8 0=2 9=6 0=7 6=2 0=7 6=7 4 0=7 9=1 9=7 9 3=4 9=2 1=1 2=7 9=7
7 9=4 9=7 1=2 0 0=2 3 0=7 1=4 9 9=1 9 9=4 0=7 9=7 1 9
6 9=1 3=2 9 9 9 9=1 9 0=1 9 9 9 9 9 9 9 9
5 9=2 9=7 9=4 9 9 9 9 9=2 9 9=2 9 0=2 9 9 9 9
4 9=1 0=6 9=6 9 9 9 9 9=1 9 9 9 9 9 9 9 9
3 1=1 1=7 9 9 9 9=2 9 9 9 9 9=1 9 9 9 9 9
2 9 9=2 9=6 9 9 9 9 9=4 9 9 9 9 9 9 9 9
1 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9
0 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9

Autumn Winter

L[ L[ L[ A[ A[ A[ A[ L[ L[ L[ A[ A[ A[ A[
terrestris rubellus castaneus chlorotica rosea caliginosa longa Others terrestris rubellus castaneus chlorotica rosea caliginosa longa Others

03 0=4 0=1 9=2 1=2 9=1 09=2 2=1 3=7 0=1 9=4 6 2=4 9=6 01=1 2=4 2=7
02 9=4 0 9 01=4 0=2 2 0=7 7=6 9=4 9=4 0=2 2=1 0=1 1=2 1=6 4=1
01 9 0=2 9 2=1 9=1 2=2 0=7 1 9=1 1 1=7 4=2 9=7 1=2 0=7 3
00 0=4 9=6 0 6 0=1 4=1 9=7 7=4 1=4 9=4 1 5=7 0=2 1=6 0=1 0=2
09 9=1 9=1 9 5 9=6 3 9=4 3 9=4 9=1 0=4 4=2 9=4 2=4 9=7 4
8 9=6 9=1 9 3=4 0=2 5=1 1=1 1=2 0=7 9=4 0=2 5=7 1 01 1=6 6=7
7 0 9=1 9 1=7 4 4 9=7 6 0=2 9=2 0=2 4=6 1=1 8=4 9=7 8
6 9=2 9=4 9 9 9 9 9 9=4 9=4 0=6 1=6 9 9 9 9 2
5 1=1 0=6 9=1 9 9 9 9 9=7 1=2 9=1 9 9 9 9 9 0=4
4 9 0=4 9 9 9 9 9 9 9=1 0=4 0=1 9 9 9 9 3=1
3 0=1 9=7 9 9 9 9 9 0 0=6 0 9 9 9 9=1 9 1=1
2 9 9=7 9 9 9 9 9 0 9 9=2 9=6 9 9 9 9 9
1 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9
0 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9
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Table 3[ ShannonÐWeiner diversity and BergerÐParker dominance statistics for earthworm communities sampled from sites
along two transects from a primary smelting works[ All values are calculated from the total number of worms collected from
six 9=14 × 9=14!cm quadrats[ Only worms identi_ed to species have been included for biodiversity and dominance calculations[
Note the lower diversity and higher dominance values for Sites 2Ð6 in all seasons[ No worms were collected from Sites 0 and
1

ShannonÐWeiner diversity BergerÐParker dominance
Site
No[ Spring Summer Autumn Winter Spring Summer Autumn Winter

03 0=72 0=44 0=26 0=45 9=13 9=36 9=43 9=31
02 0=0 0=35 0=11 0=65 9=56 9=27 9=51 9=16
01 0=54 9 0=27 0=58 9=39 0 9=23 9=24
00 0=35 0=2 0=45 0=57 9=31 9=42 9=39 9=39
09 0=34 9=8 0=02 0=45 9=49 9=43 9=41 9=31
8 0=55 0=28 0=30 0=42 9=29 9=27 9=30 9=33
7 0=84 0=25 0=33 0=38 9=18 9=27 9=23 9=34
6 9=20 9 9=56 9=82 9=82 Ð 9=59 9=44
5 0=92 0 9=72 9=13 9=49 9=62 9=43 8=82
4 9=79 9 9 9=76 9=56 Ð 0 9=42
3 9=77 9 9=57 9=74 9=42 Ð 9=47 9=48
2 9=53 9 9 9=53 9=56 Ð 0 9=56

Fig[ 1[ Dendrogram of earthworms communities sampled from 03 sites at Avonmouth ordered by cluster analysis using Euclidean distance and Ward|s
minimum variance method in "a# spring\ "b# summer\ "c# autumn\ and "d# winter[

geic and anecic species that live primarily in subsurface
soil[

Earthworm abundance was reduced at the sites clos!
est to the factory "Fig[ 0aÐd#[ Linear comparisons of
mean earthworm catch with soil metal concentrations
after appropriate transformations indicated a negative
correlation for all metals[ No relationships were found

between soil pH or )LOI and mean catch[ Thus\ it is
almost certain that the high concentration of metals
in soils close to the factory results in a reduction in
earthworm numbers at these sites\ with zinc likely to
be the most important toxic metal "Spurgeon + Hop!
kin 0884#[ Previous studies of earthworm distributions
in smelter!contaminated soils also found lower earth!
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worm numbers in heavily contaminated soils[ Spur!
geon + Hopkin "0885a# found a signi_cant reduction
in earthworm abundance at sites within 1 km of the
Avonmouth smelter\ while Bengtsson\ Nordstr{m +
Rundgren "0872# found lower total numbers and
biomass in soils around a brass mill[ Bisessar "0871#
and Hunter\ Johnson + Thompson "0876# found
decreased abundance of worms in soils near a lead
smelter and copper re_nery\ respectively[

High cadmium\ copper\ lead and zinc con!
centrations have been found to a}ect the growth and
sexual development of earthworms in laboratory tests
"Bengtsson\ Gunnarsson + Rundgren 0875^ Van
Gestel\ Dirven!Van Breemen + Baerselman 0882^
Spurgeon + Hopkin 0885c^ Khalil et al[ 0886^ Svend!
sen + Weeks 0886#[ If e}ects on these life!history
traits also occur under _eld conditions\ it would be
anticipated that the size class and age structure of
populations at contaminated sites would be altered
"Baveco + DeRoos 0885^ Klok + DeRoos 0885#[ Such
e}ects have been observed for isopod and carabid
beetle populations at Avonmouth "Read\ Wheater +
Martin 0876^ Jones + Hopkin 0883\ 0885\ 0887#[
Comparisons of Allolobophora chlorotica populations
at sites along the contamination gradient did not indi!
cate any di}erences in size class structure[ However\
relative abundance of life stages did di}er between
sites[ In the less!contaminated soils\ the proportion of
adults was lowest in spring and highest in winter[ This
was not the case at the most contaminated site where
worms persist\ although due to the low number col!
lected in some samples\ it is not clear if these di}er!
ences represent signi_cant variations between popu!
lations[

In addition to variations in the density of earth!
worms along transects from the factory\ temporal
changes were also found[ Catches were lower in sum!
mer than in spring\ autumn and winter\ for which
values were similar "Fig[ 0aÐd#[ The lower mean cat!
ches in summer can be attributed to a response to
drought by some species\ together with the sampling
technique used[ For sampling\ soil within quadrats
was dug to 39 cm and hand sorted[ This technique is
suitable for collection of most worms in spring\ aut!
umn and winter\ except some larger anecic species
inhabiting deep burrows[ However\ in summer\ when
the water content of surface layers is low "Table 0#\
some species such as Lumbricus terrestris\ Lumbricus
rubellus and Lumbricus castaneus retreat to deeper soil
and will not be captured by the sampling technique
used "Morgan + Morgan 0882#[ In contrast\ species
such as Aporrectodea longa\ Aporrectodea caliginosa
and Aporrectodea chlorotica escape drought by aes!
tivating in surface soils and will still be encountered
during summer sampling "Lee 0874^ Garnsey 0883^
Edwards + Bohlen 0885#[ As a result of summer
drought conditions\ earthworm sampling for moni!
toring purposes should not be conducted during this
season[ Similarly\ winter sampling should also be avo!

ided\ since frost may limit both ease of sampling and
the capture of some species "Ro�zen 0871#[

TECHNIQUES\ EFFECT PARAMETERS AND

COMMUNITY MONITORING

E}ects of metals on the earthworm communities were
analysed using a range of monitoring parameters[ A
number of these techniques proved useful for the
identi_cation of contaminated sites\ while other were
clearly unsuitable for this purpose[ Changes in mean
abundance and biomass are the most simple measure!
ments of the e}ects of metals on earthworm com!
munities\ because taxonomic expertise is not required
to determine a value for each site[ Comparisons of the
mean abundance and biomass at Avonmouth with
control values\ indicated signi_cant reductions in the
seven soils closest to the factory in all seasons[
However\ signi_cant reductions in abundance and
biomass were also found in summer and winter at less!
contaminated sites for which no e}ects were found
using any other measurement parameter "Fig[ 0b\d#[
Although these di}erences may re~ect the spatial
heterogeneity of earthworm populations and may be
removed by the use of additional sample replicates
"Daniel et al[ 0881#\ it is known that earthworm den!
sities can vary by local factors even in related soils
"Boag et al[ 0883^ Ponge + Delhaye 0884#[ This varia!
bility will hamper the use of simple measurements of
abundance and biomass for pollution monitoring[

Species richness\ species dominance\ biodiversity
and dominance data all indicated that the selected
sites can be allocated to three contamination levels[
The _rst level contains Sites 7Ð03\ at which soil metal
concentrations were relatively low[ At least _ve species
were always collected from these sites in spring\ aut!
umn and winter\ with Aporrectodea caliginosa or Allo!
lobophora chlorotica the dominant species[ ShannonÐ
Weiner values were greater than 0\ with BergerÐParker
dominance usually below 9=4[ The second level con!
tained Sites 2Ð6[ Metal concentrations at these sites
exceed those for sites further from the factory[ At these
sites\ only 0Ð2 species were present\ with Lumbricus
rubellus and Lumbricus castaneus dominant and Apor!
rectodea caliginosa and Aporrectodea rosea usually
absent[ ShannonÐWeiner diversities were less than 0\
with dominances greater than 9=4[ The third level con!
sisted of Sites 0 and 1 at which all worms were absent[

Multivariate cluster analysis for the four season
samples showed close relationships for Sites 0Ð6\ indi!
cating a higher level of similarity for the communities
in these soils "Fig[ 1aÐd#[ The close clustering of these
sites\ at which sensitive earthworm species were fre!
quently absent\ demonstrates that multivariate tech!
niques can be used to identify communities a}ected
by high soil metal concentrations[ For the sites further
from the factory\ a high similarity in community com!
position was frequently found[ Furthermore\ com!
munities at these sites were closely related to those
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at the control site in most cases\ although Site 02
frequently showed lower similarity\ probably because
this site is subject to additional stress resulting from
exposure to seawater spray during high spring tides[
The relatively close clustering of communities at Sites
7Ð02 to controls\ suggests no e}ects on assemblages
in these soils due to the metal concentrations present[

Results from this study demonstrate that it is poss!
ible to relate reductions in earthworm abundance and
diversity directly to metal contamination[ Of the
monitoring techniques\ species richness\ diversity and
cluster analysis all highlighted the detrimental e}ect
of metals on communities at Sites 0Ð6 "within 2 km
from the factory# and could be used to classify selected
sites to one of three contamination levels[ From these
results\ it is clear that earthworms have a role to play in
a terrestrial monitoring systems[ However\ experience
gained during the development of RIVPACS indicates
that is di.cult to identify disturbed ecosystems by
considering e}ects on individual groups in isolation[
Instead\ impact across a range of faunal groups should
be used[ Indeed\ studies at Avonmouth\ which have
found changes in springtail\ carabid beetle\ isopod\
ant and spider communities\ have indicated that a
SOILPACS system would have the capability to ident!
ify metal!contaminated sites "Spurgeon\ Sandifer +
Hopkin 0885^ Sandifer 0886#[

If earthworms are to form a key group within a
SOILPACS system "as their usefulness in monitoring
studies\ key role in ecosystems and importance as a
food source demands# a number of practical questions
need to be addressed[ These include the selection of a
suitable measurement parameter\ how to deal with
between!year variations\ and the choice of a sampling
protocol[ The parameter used in a potential SOIL!
PACS method is governed by the design of prediction
and classi_cation systems[ In RIVPACS\ pollution
e}ects are quanti_ed by predicting which species
should be present at a site based on ecological surveys
of uncontaminated areas and then surveying the con!
taminated region to see which species are absent[ Such
assessments are only as good as the data upon which
they are based[ Thus\ SOILPACS development would
require quantitative soil invertebrate surveys to be
undertaken at many di}erent types of clean habitat[
Such detailed studies would allow between!year and
habitat variations to be quanti_ed\ allowing these to
be rationalized at potentially impacted sites[

The choice of sampling technique for earthworm
population studies is the focus of a considerable
debate that is outside the scope of this paper "see
Edwards + Bohlen 0885 for references#[ However\
when selecting a sampling technique for a potential
SOILPACS system\ consideration such as statistical
robustness\ replicability\ equipment portability\ time
and manpower requirement are all important con!
siderations[ The sampling technique used in the cur!
rent study was speci_cally designed to suit the require!
ment of the Avonmouth region[ The use of on!site

digging and hand!sorting "and not formalin extrac!
tion\ which requires large volumes of liquid to be
transported in the _eld# meant that relatively inac!
cessible sites could be included in the survey[ The
techniques gave good results in spring\ autumn and
winter\ although catches were low in summer when
some earthworm species withdraw to the lower soil
layers[ Despite these problems\ it is our opinion that
digging and hand!sorting are appropriate techniques
for obtaining the presence:absence and abundance
data required for a SOILPACS system[

Acknowledgements

This work was supported by a research grant from
the Leverhulme Trust[ D[J[S[ is currently supported
by a NERC Advanced Fellowship[

References

Baveco\ J[M[ + DeRoos\ A[M[ "0885# Assessing the impact
of pesticides on lumbricid populations] an individual!
based modelling approach[ Journal of Applied Ecology\ 22\
0340Ð0357[

Bengtsson\ G[\ Gunnarsson\ T[ + Rundgren\ S[ "0875# E}ects
of metal pollution on the earthworm Dendrobaena rubida
"Sav[# in acidi_ed soils[ Water\ Air and Soil Pollution\ 17\
250Ð272[

Bengtsson\ G[\ Nordstro�m\ S[ + Rundgren\ S[ "0872# Popu!
lation density and tissue metal concentration of lumbricids
in forest soils near a brass mill[ Environmental Pollution
"Series A#\ 29\ 76Ð097[

Bisessar\ S[ "0871# E}ect of heavy metals on the micro!
organisms in soils near a secondary lead smelter[ Water\
Air and Soil Pollution\ 06\ 294Ð297[

Boag\ B[\ Legg\ R[K[\ Neilson\ R[\ Palmer\ L[F[ + Hacker\
C[A[ "0883# The use of Taylor|s Power Law to describe
the aggregated distribution of earthworms in permanent
pasture and arable soil in Scotland[ Pedobiologia\ 27\ 292Ð
295[

Bouche�\ M[B[ "0866# Strate�gies lombriciennes[ Soil Organ!
isms as Components of Ecosystems "eds U[ Lohm + T[
Persson#[ Ecological Bulletin "Stockholm#\ 14\ 011Ð021[

Daniel\ O[\ Jager\ P[\ Cuendet\ G[ + Biere\ M[ "0881# Sam!
pling of Lumbricus terrestris "Oligochaeta] Lumbricidae#[
Pedobiologia\ 25\ 102Ð119[

Edwards\ C[A[ + Bohlen\ P[J[ "0885# The Biology and Ecol!
ogy of Earthworms\ 2rd edn[ Chapman + Hall\ London[

Garnsey\ R[B[ "0883# Seasonal activity and estivation of
lumbricid earthworms in the midlands of Tasmania[ Aus!
tralian Journal of Soil Research\ 21\ 0244Ð0256[

Hopkin\ S[P[ "0878# Ecophysiology of Metals in Terrestrial
Invertebrates[ Elsevier Applied Science\ London[

Hopkin\ S[P[\ Hardisty\ G[N[ + Martin\ M[H[ "0875# The
woodlouse Porcellio scaber as a {biological indicator| of
zinc\ cadmium\ lead and copper pollution[ Environmental
Pollution\ 00B\ 160Ð189[

Hunter\ B[A[\ Johnson\ M[S[ + Thompson\ D[J[ "0876# Eco!
toxicology of copper and cadmium in a contaminated
grassland ecosystem[ 1[ Invertebrates[ Journal of Applied
Ecology\ 13\ 476Ð488[

Jones\ D[T[ + Hopkin\ S[P[ "0883# E}ects of metals on the
size of terrestrial isopods in an industrially polluted area[
Environmental Toxicology in South East Asia "eds B[ Wid!
ianarko\ K[ Vink + N[M[ Van Straalen#\ pp[ 080Ð086[ VU
University Press\ Amsterdam\ The Netherlands[



072

D[J[ Spurgeon +
S[P[ Hopkin

Þ 0888 British
Ecological Society\
Journal of Applied
Ecology\ 25\
062Ð072

Jones\ D[T[ + Hopkin\ S[P[ "0885# Reproductive allocation
in the terrestrial isopods Porcellio scaber and Oniscus asel!
lus in a metal!polluted environment[ Functional Ecology\
09\ 630Ð649[

Jones\ D[T[ + Hopkin\ S[P[ "0887# Reduced survival and
body size in the terrestrial isopod Porcellio scaber from a
metal polluted environment[ Environmental Pollution\ 88\
104Ð112[

Khalil\ M[A[\ Abdel!Lateif\ H[M[\ Bayoumi\ B[M[ + Van
Straalen\ N[M[ "0886# Analysis of separate and combined
e}ects of heavy metals on the growth of Aporrectodea
caliginosa "Oligochaeta] annelida#\ using the toxic unit
approach[ Applied Soil Ecology\ 3\ 102Ð108[

Klok\ C[ + DeRoos\ A[M[ "0885# Population!level conse!
quences of toxicological in~uences on individual growth
and reproduction in Lumbricus rubellus "Lumbricidae\ Oli!
gochaeta#[ Ecotoxicology and Environmental Safety\ 22\
007Ð016[

Lee\ K[E[ "0874# Earthworms[ Their Ecology and Relationship
with Soil and Land Use[ Academic Press\ London[

Martin\ M[H[ + Bullock\ R[J[ "0883# The impact and fate of
heavy metals in an oak woodland ecosystem[ Toxic Metals
in SoilÐPlant Systems "ed[ S[M[ Ross#\ pp[ 216Ð254[ John
Wiley\ Chichester[

Morgan\ J[E[ + Morgan\ A[J[ "0882# Seasonal changes in
the tissueÐmetal "Cd\ Zn and Pb# concentrations in two
ecophysiologically dissimilar earthworm species] Pol!
lution!monitoring implications[ Environmental Pollution\
71\ 0Ð6[

Ponge\ J[F[ + Delhaye\ L[ "0884# The heterogeneity of humus
pro_les and earthworm communities in a virgin beech
forest[ Biology and Fertility of Soils\ 19\ 13Ð21[

Read\ H[J[\ Wheater\ C[P[ + Martin\ M[H[ "0876# Aspects
of the ecology of Carabidae "Coleoptera# from woodlands
polluted by heavy metals[ Environmental Pollution\ 37\ 50Ð
65[

Ro�zen\ A[ "0871# The annual cycle in populations of earth!
worms "Lumbricidae\ Oligochaeta# in three types of oak!
hornbeam of the Niepolomicka Forest[ I[ Species com!
position\ dominance\ frequency and associations[ Pedo!
biologia\ 12\ 088Ð197[

Sandifer\ R[D[ "0886# The e}ects of cadmium\ copper\ lead
and zinc contamination on arthropod communities in the
vicinity of a primary smelting works[ PhD Thesis\ Uni!
versity of Reading\ Reading[

Siepel\ H[ "0883# Structure and function of soil micro!
arthropod communities[ PhD Thesis\ Agricultural Uni!
versity\ Wageningen[

Sims\ R[W[ + Gerard\ B[M[ "0874# Earthworms[ Synopsis of
the British Fauna "New Series# "eds D[M[ Kermack +
R[S[K[Barnes#\ pp[ 060[ Linnean Society\ London[

Spurgeon\ D[J[ + Hopkin\ S[P[ "0884# Extrapolation of the
laboratory!based OECD earthworm test to metal!con!
taminated _eld sites[ Ecotoxicology\ 3\ 089Ð194[

Spurgeon\ D[J[ + Hopkin\ S[P[ "0885a# The e}ects of metal
contamination on earthworm populations around a smelt!
ing works Ð quantifying species e}ects[ Applied Soil Ecol!
ogy\ 3\ 036Ð059[

Spurgeon\ D[J[ + Hopkin\ S[P[ "0885b# Risk assessment of
the threat of secondary poisoning by metals of predators
of earthworms in the vicinity of a primary smelting works[
Science of the Total Environment\ 076\ 056Ð072[

Spurgeon\ D[J[ + Hopkin\ S[P[ "0885c# E}ects of metal!
contaminated soils on the growth\ sexual development and
early cocoon production of Eisenia fetida\ with particular
reference to zinc[ Ecotoxicology and Environmental Safety\
24\ 75Ð84[

Spurgeon\ D[J[\ Sandifer\ R[D[ + Hopkin\ S[P[ "0885# The
use of macro!invertebrates for population and community
monitoring of metal contamination Ð indicator taxa\ e}ect
parameters and the need for a soil invertebrate prediction
and classi_cation scheme "SOILPACS#[ Bioindicator Sys!
tems for Soil Pollution "eds N[M[ Van Straalen +
D[A[Krivolutsky#\ pp[ 84Ð009[ Kluwer Academic\ Dor!
drecht[

Svendsen\ C[ + Weeks\ J[M[ "0886# Relevance and appli!
cability of a simple earthworm biomarker of copper
exposure[ Links to ecological e}ects in a laboratory study
with Eisenia andrei[ Ecotoxicology and Environmental
Safety\ 25\ 61Ð68[

Van Gestel\ C[A[M[\ Dirven!Van Breemen\ E[M[ + Baer!
selman\ R[ "0882# Accumulation and elimination of
cadmium\ copper\ chromium and zinc and e}ects on
growth and reproduction in Eisenia andrei "Oligochaeta\
Annelida#[ Science of the Total Environment "Suppl[ Part
0#\ 474Ð486[

Van Straalen\ N[M[ "0886# Community structure of soil
arthropods as a bioindicator of soil health[ Biological Indi!
cators of Soil Health and Sustainable Productivity "eds C[
Pankhurst\ B[ Doube + V[ Gupta#\ pp[ 124Ð153[ CAB
International\ Wallingford[

Wright\ J[F[\ Armitage\ P[D[ + Furse\ M[T[ "0878# Pre!
diction of invertebrate communities using stream measure!
ments[ Regulated Rivers Research and Management\ 3\
036Ð044[

Received 18 October 0886^ received 6 January 0888


