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Soil pollution hy hna\·~· mf'tal~ i~ often ~tudied by anal~·zing heavy metal~ present in 
soil organi~ms. The metal ("ontPnt~ of e.g. earthworms in thP polluted biotopP are then 
compan~(l with those in areas with relativPI~· little or no pollution (IRELAND 1\175; CzAR
NOWSK.\ & .• JoPKIEWICZ 1978; :\sn & LEE 1\!80; WnHiHT & STIU:'-IGER J\180). However, the 
uptakP and a(•.enmulation of heavy metals may not depend on the extrnt of soil contami
nation alone hut also on a nnmhcr of ~oil and worm-relatl•d variables. Spceil'~ differenees 
in mPtal ;t(Tillllnlation han• hPPII reported (IRELAJ\D 197D; Asu & LEE 1\!80) in addition to 
seasonal inflnrnees (lRELAl\D &. WooTTON 1!176; AKDERSEX 1979). Thrre is, hm\·Pver, no 
information availablt• on tlw inflneiwe of soil factors on bio-ae<·nmnlation of heavy Imtals 
in earthworms. 

Tlw JlliTJHI~C of the pn·~ent stud~' wa~ to inv<·stigate thr rolr of some physieo-dlCllli('al 
soil propPrti(•,; in affecting th<' availability of heavy metals to earthworms and to study the 
tokran(·p of thPse orga.nisms to the toxic aetion of sonH' of thes<' mrtals. This was done by 
PXJlll>ing Parthworms to <'ontaminated soil nnder lahorator~· eonditions alHl h~· ~tndying 
earthm;nn,; in differPnt t~·pps of agri<·nltural soils whic-h had brPn trratP<l with mnnieipal 
wastr ('ompost. 

2. Materials and methods 

For the laboratory experiments a sandy loam soil was used with 17 ~~ clay, 8% organic matter, 
pH (l~CI) of 7.3 and a CaC03 content of 5.5%- The soil was artificially contaminated by thoroughly 
mixing with the chloride salt of either cadmium, copper, lead or nickel at concentrations between 
150 and 3,000 mg kg-1 dry soil. During the experiments the soil moisture content was maint;tined 
at 33-40%- Quantities of iJ litres of treated soil were kept in fine-meshed nylon net bags, embedded 

1
) Contribution to the DAHWH\ Centenary Symposium on Earthworm Eeology (Grange-over

Sands, Ul81). 
Research subsidized by the l\linistry of Health and EnYironmental Protection. 
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in uncontaminated soil in large containers. Groups of five adult Lumbricus rubellus of a uniform 
live weight of about 700 mg (with gut load voided) were introduced into each bag. Air-dried alder 
leaves were added to the soil surface as food. Each metal concentration was tested in five or six 
replicates. The containers were kept for 6 or 12 weeks in a controlled environment room at 15 ± 1 oc 
and 85-90% relative air humidity. 

In the field study, earthworms were sampled by digging and handsorting of the top 
20 em layer of a field plot with six different types of agrieultural soils, whieh had been an
Jlllally treated with municipal waste t·ompost over the past det·ade (DE HAAX 1981). Each 
soil type was divided by eoncretr ~labs into sub-plots of 1 x 1 x 1 m, with the original profile 
of each soil type presrnt to a depth of onr metre. Treatment was by mixing the rom post into 
the top 20 em at rates of 0, 20, and 40 t ha-1 y-1 ; eal·h treatment was repm;entPd in four 
replicates. At the time of sampling the plots were sown with perennial ryegrass. 

The six soil types eomprised threP loamy soils and three sandy soils. These tonsisted of 
a marine clay loam with 30% elay ("sui! A"), a sandy loam with 10~0 elay ("soil B"), a 
riverine clay loam with 40';;, day ("soil C"), a peaty sand with at least 10<;~ humus in the 
top layer ("soil D"), a reclaimed sandy podzolized soil with about 7% humm in the top 
layer ("soil E"), and a Plaggen soil with about 3 '; 0 humus ("soil F"). Soil samples were col
leetrd from the top 20 em, air-dried and passed through a 2 mm siPve lwfore analysis. 
Cation exrhange eapaeity was measured aeeording to {'IIA'J>MAN (19G5), organie illatte; was 
determined from loss-on ignition at GOO °C, and pH was measured in 1 N E:Cl. Hesults of 
thesr measurPments are shown in Tahir~ l. 

Cu, FP, Zn, Cr and Mn in soil Wt'TP dPtcrminPd b~· dt•strmtion in nitrie al'idjsulphurie 
;wid and Cd, Pb, and Ni b~· extral'iion with c·ont•. HCJ. Earthworm samplt·s t·omisting of 

five to seven spe!'imem with guts Yoided wen• dry-ashl'd in a. low-temperature plasma
-ashing t·omolr (IPC) and the ash disso]YPd in t·onc·. 11 Cl. Tlw dry weights of adult Allo
lobophora cali(/inosa (guts Yoided) Yaried between 00-130 mg and of sub-adults between 
i"J0-100 mg: Lumbricus rubcllus adults had a dr~· wPight of about ] 00 mg. :Metal t·.ontents 
in soil and worm extracts were measmrd b~· atomie absorption SJH'etrophotomctry. Cd, 
Pb and Ni were measured with deuterium an· hac·k-gTnmHl eornwtion. Extrar.ts used for 
the l'stimation of Mn containecl lantlJanuJll at 2,000 mg kg-1. Cr was measurPcl in tin· prr
sPnee of 0.4 ~ :, J\ Cl. 

3. Results 
3.1. Laboratory observations on dose-response relationships 

Tahk 2 presPnts data on thP JH'Tl'l'HtagP mortalit~· ohsc>n'Pd among aclnlt Lumbricus 
rnbcllw: after rxposmc for () and 12 wc~eks to sandy loam wil t'olltaminatt!d with eithrr Cd, 
Pn, Pb or Ni. An estimatr of the rclatin toxieit~· of thP Yarious llJl'tals was obtained by 
l"omparison of tht• LC-50, the c·onc·entratio11 that eause~ 50 •; ,, mortalit~· of the test animals. 

Table 1. Characteristics of six soil types (A-F) treated with municipal waste compost 

Loamy soils Sandy soils 

Soil CEC Ol\1 pH Soil CEC Ol\1 pH 

A1 2G.3 5.8 7.1 D1 20.tl 12.4 4.7 
2 24.5 G.7 7.0 2 19.2 11.2 5 •) 
3 25.1 8.4 G.9 3 18.3 13.G 5.8 

B1 9.4 2.8 6.6 E1 13.5 6.4 5.4 
2 10.5 4.0 7.0 2 12.7 7.4 5.4 
3 12.3 4.9 7.0 3 ()<"1 ') -V·- 8.1 5.7 

C1 2G.4 G.9 5.3 F1 5.3 2.8 4.8 
2 28.7 9.2 5.8 2 G.1 3.7 5.5 
3 28.7 9.7 5.9 3 7.1 4.3 G.O 

Note: 1 = untreated control; 2 = 20 t ha-1 y-1 ; 3 = 40 t ha-1 y-1 • CEC in meq. 100 g-1 ; organic 
matter (OM) in g 100 g-1 • For a description of soil types, see text. 
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Tllble 2. Toxicity of Cd, Cu, Pb and Ni in :1 sandy lo:.m soil to adult Lumbricus rubellus (N = 25-30) 

Dosage %Mortality 
(mg kg-1 dry wt soil) C:.dmium Copper Lead Nickel 

week week week week week week week week 
6 12 6 12 6 12 6 12 

Con troll) 4 12 4 12 3 13 3 13 
20 0 12 0 8 7 30 10 10 

150 3 3 0 8 0 13 7 23 
1,000 100 100 52 100 0 17 13 40 
3,000 100 100 100 100 7 20 73 100 

1) The nncontamini1ted control soil contained 0.5 mg Cd kg-1, 12 mg Cu kg-1, 26 mg Pb kg-1 

and 17 mg Ni kg-1 • 

Table 3. Changes in weight of adult L. rubcllus after 6 and 12 weeks exposure to Cd, Cu, Pb or Ni 
a in sandy loam soil 

Dosage % weight change over 6 or 12 week exposure 
(mg kg-1 dry wt soil) - ----·--··-

Cadmium Copper Lead Nickel 

week week~ week week week week week week 
6 12 6 12 6 12 6 12 

Control +25 +16 +::!5 +16 +21 +12 +16 +21 
::lO +11 + 6 +15 +10 +17 +16 +15 +10 

150 +20 +2R +')•) -- +14 +20 +16 + 3 + 5 
1,000 -3::! +17 +14 -5 -2::! 
3,000 -7 -29 -9 

The G week LC-fJO of Cd-!·ontaminatPtl soil was between 1fJO and 1,000 mg kg-1 and that 
of Cu-contaminated soil was LOOO mg · kg-1. Soil eontaminated with Ni showed a G week 
LC-50 of 2,000-2,500 mg kg-1 and of more than 3,000 mg kg-1 when !'ontaminntrd with 
Pb. Aeeording to their G week LC-50, the metnls thus followed the order of inerensing toxi
city as follows: Ph < Ni < Cu < Cd. Thi~ order remained valid when the durntion of ex
posure wns extended to a 12 weeks period. 

The worms were espeeially tolerant to Ph, which Pvcn at conecntratiom in soil ns high 
as 3,000 mg kg-1 did not indnee an~- mortality during G weeks cxposurr. At ] 2 wPrks of 
exposure, a slight increase in mortality was observed (Tnble 2) in nddition to n redueed body 
weight (Tnble 3). The prrsrnee of l'mpty gut eontents indicnted an inhibitPd food intake 
activity among the test. animnls. ln soil c·ontnminated with Pb and Ni, the imrcase in mor
tality rate after G WPcks exposure was prcecded hy a reduction in body weight (Tnbles 2 
nnd 3). 

Fig. 1 shows that the <tt'!'lllllUlatPcl amount of mctnl in the worms incrcnsed with inercas
ing extent of soil rontnminntion ae!'ording to dose-respome relntionships eharacteristie for 
each metal. The ratio of the concentration of a spccifie metnl element in the worm to that 
in the soil ("eoncentration factor") was not a constant but varied considerably with the 
level of soil contamination. Generally, the concentration faetor tended to dedine with in
creasing levels of soil contamination. lt only remained eonstant with Pb and Ni nt soil 
concentrations in a range between about 100 and 1,000 mg kg-1, nnd for Pb tended to in
crease at soil eoncentrations greater than about 1,000 mg kg-1. According to the dose
-response relationships shown in Fig. J, the various metals were necumulated in the fol
lowing order of increasing efficiency: Ni < Pb :::;;: Cu < Cd. The eoncentration of cadmium 
was consistently greater in worms thnn in soil at all soil coneentrntions investigated. 
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T;~ble 4. Average total number per m2 of e;~rthworms in six soil typPs and three eompost levels; 
with analysis of variant·e 

---------------------------------------
Compost level 
(t ha-1 y-1 ) 

() 

20 
4ll 

Souree of vari;~tion 
Soil type 
Compost 
Soil type x t·ompost 
Error 
Total 

*** l' < li.Ollf>. 

Soil type 

A H c 
:Hi)~ B~.R 2i">.fl 

24.fl 
2f>.8 

:?fdJ ao.f> 
;)4.1-\ 28.8 

df 
f> 
•) 

ss 
2.882 

G3 

li.i">20 
1 ().] !l2 

D E F 

21.8 20.3 12.8 
1 I .0 2:2.0 14.;1 
:22.5 10.3 20.0 

IllS F 
f>lli 4.76*** 
:11.5 0.2fi 
1:2.7 O.liO 
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Table 5. Di~;trilmtion of c;~rthworm spcries as pt•rrentage of total nmnbcrs per soil type and com-
post level 

Soil type Compost level E;~rthworm sprt·ies (0 
,.) 

(t h;~-1 y-1) (1) (2) (il) ( ·tl (5) (li) (I) 

A 0 !l:.? (I :1 (I 
,, 4 0 

20 8G 5 4 (I 1 3 0 

40 /() 4 11 II 1 9 0 

D 0 7:1 (I ·) 0 0 27 0 

:20 75 (I (I 0 1 24 1 

40 [>~ 1 1 () 1 ns 1 

c (I !'I II ll (I 1 1:! (I 

:20 80 II .l 1 1 14 0 

40 !10 (I (I (I 0 9 1 

D 0 /(1 1 1 () •) 10 Hi 

20 81 () 
.. (I 0 4 6 i) 

40 14 1 (I u 
.,, 

9 13 

E (I Vi"> 1 (I () 1 3 0 

2(1 90 (I (l () () 1 1 

40 95 0 (I (I •) 2 0 

F 0 92 0 0 (I 2 (i 0 

20 98 () 0 () (I 2 0 

40 70 14 0 (i 4 (i 0 

Note: (1) Allolubopl10ra cnligiuosn; (2) A. clilurutica: (il) _L. rosco: (4) A. Iongo; (5) Lumbricus tcrrestris; 
(li) L. rubellus; (7) Dcudrolwcua rubida. 
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3.2. Effect of soil type and compost treatment: field observations 
3.2.1. Species composition and worm numbers 

Table 4 shows the average total number of earthworms sampled from four replicate 
plots. In sandy soils (soil D-F) thP numbers tended to bP lower than in loamy soils (soil 
A-C). Two-way analysis of variance showed that annual treatment with municipal waste 
compost did not exert a significant positive or negative influence on earthworm numbers, 
but that soil t:·pe appeared to be a significant determining factor. As shown by the lack 
of an interacting effect, soil type affected earthworm numbers independent of compost 
treatment. 

Table 5 presents the species composition of the earthworm populations sampled from 
thr field plot with different soil types treated with municipal waste compost. Among a total 
of seven species found Allolobophora caliginosa was clearly dominant in all soils. L. rubellus 
was present as a second dominant species notably in the sandy loam soil (soil B). Dendra
haena rubida specifically occurred in the peaty sandy soil (soil D), which agreed with the 
life-habit of this species as a feeder on litter in woodlands. 

3.2.2. Metal concentration in adults and sub-adults 

The pn•srnce of heav:· mrtals was studied in A. caliginosa, whieh, for ehemieal analysis, 
was present in sufficient nHm bers in all soils. Worm samples were distinguished in elitellated 
adults and in sHb-adHlts whieh are (•haracterized by thP possession of tubereula pubertatis 
but whieh have thP e}itl'll11m still undPvelopPd. Fig. 2 shows that the subadnlt worms gene
rally had lower hod:· ('oneentrations of Cd, Zn and PIJ than tlw adult worms sampled from 
thr !<<tlllP ~oil. "'When ('omidered over all soils, thP average metal eontent of sub-adults was 
21% lowPr for Cd,] 8 ''"fur Zn and 25% for l'b. These differrnePs were signifieant (P < 0.001) 
when tel'ted by two-tailed Wileoxon's sigrwd-ranks test. No signifieant differenees between 
adult and sub-adult worms were found with regard to thr body eoneentration of either Cu, 
Ni, Fe, J\ln or Cr. For these metals, tlw data on body ('om·.entration in ad11lts and sub
-adults WPTP pooled. 

3.3.3. Soil factors af{!!cting metal accumulation in worms 

Fig. 2 a and b show that the body burden of Cd and Zn tended to be gn~ater in A. cali
ginosa in sandy soils in loamy soils than, although thr soil eoncentration of Cd and Zn 
was higher in the latter. Also Pb was elearly better at·t·umulated by worms in sandy than 
in loamy ~oils. In addition to soil t:·pe, thr rate of (•ompost applieation also had a signifi
cant inflnen(·.p on thP bud~· JIIPtal ('OJitent of A. caliginosa. In general the body metal con
tent in('n•ascd with irH'rcasing rates of ('ompol't applieation, but in some cases the reversr 
was truP. In the Plaggen soil (soil F), for instarH·r. thP Cd ('ontent of the worms tended to 
decn'asp rather than imreal'e with inereasing ratPs of (·ompost applieation. Annual treat
ment with nnmici]J<tl waste ('ompost ('.ansPd an in('rcase in organic matter and cation ex
changP (':t paeit:·, and also raisPd the pH of thP soil, although the nriation in these soil 
paramPtPr~ rrmainPd smaller within than betWPl'n !'oil t:·pes (Ta.h!P 1). 

As a (·ousP(jliPJI<'P of the ('ombincd inflnen(·e of soil t:·Jw and ('Ompost applieation tlw 
concentratim1 faetor of the various metal elrBJPnts showrd a considera.hlr variability (Table 6). 
The corwpntmtion faetor gcnemlly tended to br largrr in sandy than in loamy soils and 
to dedine with inereasing rate of eompost application. The difference betwPen sandy and 
loamy soils was greatest for Cd and Zn, but also eomiderable for Pb, Ni, Fe and Cu. Only 
Cr behaV<'d similarly in all ~oils, but this metal element was hardly aeeumulated at all by 
the worms. Among the various metal elements, Cd and Zn were the only two metals con
sistently showing an enriehment in the worms. Both metals had coneentration faetors 
Which were several times greater than unity in all soils. The concentration factor of Ni, Fe, 
Mn and Cr never exeeeded unity. These metals were accumulated more weakly than Cu or 
Pb. In order of increasing eoneentration factor the general sequence in all soils was as fol
lows: Cr < Mn ~Fe< Ni < Pb ~ Cu < Zn < Cd. 
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Fig. :?. IIIet:Ll coneentration in A. cal1:ginosa (0) and in different soils (e) treated with municip:1l 
w:1ste compost. Fe in g · 100 g-1 dry wt. Adult(---); sub-adult(------). 1 = untreated soil; 
2 = 20 t ha-1 y-1 ; 3 = 40 t ha-1 y-1 of compost. 

Thr eunccntmtion factor of ecrtain metal elements were signifieantly rt'lated to soil 
ehaml'teristics sueh as organie matter eontent, pH and eation exehange eapacity (CEC) 
of the soil. CEC equals the total amount of cations cxchangeably adsorbed by the exchange 
complex. Simplr eorrelation coefficients determined for the linear regression between con
centration factor and soil characteristics are shown in Table 7. Significant negative corre
lations werr found between the eoneentration faetor a11d the pH of the soil for the metals 
Cd, Zn and l'b. For Ni the eorrrlation eoeffieirnt was almost signifieant (0.08 < l' < 0.1). 
The <·mw.entration faetor of all metal elements, except Cr, showed a significant nPgative 
eorrelation with the cation exchange capacity of the soil, while for Cu an additional nega
tive eorrelation was found with soil organic matter. 
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Tht• rPI:ltion~hip bt'tw!'!'ll tlH' ml'tal !·ontrnt in wonm and soil was inYestigatPd for all 
~oils through strpwisP multiplr linPar n•gn•ssion analysis with CEC and soil pH as seeond 
and third independrnt Yariablrs. Tn hlP 8 shows the proportion of thr total Yarian1·e in body 
metal eontent 11!'!·onnted for whrn onr or morr Yariables wrn• ineludrd into tl](' n·gression 
model. The ratP of C<l or Zn addition ;u·eonnted for little of the Yarianee of worm Cd or 
worm Zn. !'\'Pn whrn in<·luding CEC into thP n•gression equation. Soil pH had the most 
signifi<·ant influcn!·r on the !'OJH'entration of Cd or Zn in the worms. The best-fit Pquation 
for worm Zn (mg kg-1

) was found to be as follows: worm Zn = 4,!H8 + 2. 74 soil Zn -
40 2 CEC - o3(j ]IH, which iH'('.(JilJltPd for 72'~o of thP Yarianep in worm Zn. The best-fit 
equation for worm Pb was: worm l'b = 165 + 0.54 soil Pb - 2.64 CEC - 17.~ pH, which 
aeeounted for 68%, of the Yariance in worm Pb eonrentration. These equations indicated 
that at a gin•n soil <·.oneentmtion of Zn or Pb the eoneentration of these metals in the worms 
is eleYated as soil pH and CEC deercase. 
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Table G. Concentration factors (ratio of worm metal eoncentra tion in mg kg-1 to soil metal con-
eentration in mg kg-1) for heavy metals in six different soil types amended with municipal waste 
compost 

Soil Cd(a) Cd(s) Cr Cu Fe l\In Ni Pb(a) Pb(s) Zn(a) Zn(s) 

A1 12.3 13.9 .01 1.15 .05 .04 .05 .00 .22 4.0 7.1 
2 10.7 8.0 .03 .57 .05 .04 .11 .16 .11 4.4 3.8 
3 11.3 8.5 .07 .34 .11 .10 .12 .30 .45 3.6 2.9 

Bl 26.2 18.6 .11 .96 .17 .19 .20 .73 .21 12.2 8.1 
2 30.4 17.6 .10 .94 ')~ 

·-I .23 .38 1.20 .61 8.8 5.9 
3 17.5 11.7 .15 .66 .23 .21 .29 .GO .28 4.4 3.6 

C1 15.3 12.3 .03 .56 .03 .02 .07 .21 .16 6.0 3.5 
2 13.6 6.8 .02 .41 .06 .05 .08 .34 .10 3.4 2.1 
3 15.9 8.9 .07 .48 .14 .11 .12 .51 .34 3.8 2.8 

Dl 112.2 120.0 .08 .90 .22 ')9 ·-" .34 2.16 2.51 32.0 27.4 
2 60.9 42.1 .03 .64 .21 .22 .36 .77 .57 10.9 9.2 
3 40.5 26.1 .10 .GO .22 .19 .31 .67 .33 8.4 5.9 

E1 79.6 77.0 .09 1.10 .32 .16 .21 2.62 2.72 43.8 40.2 
3 42.G 41.8 .03 .62 .RO .15 .29 .!J3 .85 16.5 15.8 
q 30.7 27.7 .13 .G9 •)·) .~:2 .40 8" .85 8.9 10.2 i) • i) 

F1 140.0 156.4 .00 :!.45 .3(i •")·) 

··'- 1.86 2.63 2.45 SU.J 74.9 
:! ll!J.4 4~:LB .11 - ---i·;;w-·~.-;-,>t'-- -~:-$9-= .f;fr 1.24 .86 ~3.8 18.3 
3 40.6 29.7 .Hl 1.08 .3G 'l.J ,,}_ .BS .88 .73 13.3 8.6 

~otc: 1 nntrcat.Pd eontrul; 2 :!U t ha-l y-1 ; 3 = 4U t ha-1 y-1. A. caligiuosa, ;1tlults (a) and 
sub-adults (s). 

Table 7. Simple correlation .-ocffiricnts for the linear rP~rPssion between the t·oneentration fartor 
of a metal and either soil or~anie matter (OM), ration cxrhan~e !'apa!'ity (CEC) or soil pH 

J\1 !'tal clement Ol\l CEC Jill 

Cd(a) -.0] -.i"ll* - ... ~.*** .I,) 

Cd(s) -.04 -.44 -.70"* 
Cr 1" -. i) -.Bn +.2:! 
Cn -.ii7" -.!iii** ~H) -.v ..... 
FP -.30 -.i:Hi*** -.40 
1\ln -.30 -.8:!**" -.R4 
Ni -.35 -.5U* -.44 
Pb(a) -.14 -.fl7* -.61*" 
J'b( s) -.02 -.39 -.63"" 
Zn(a) -.28 -.55* -.GO** 
Zn(s) -.27 -.f10* -.58"" 

::\ otc: (a) adult; (s) sn b-a rlult; other !lata. were pooled for adult and sub-adults. * P < .05; ** P < 0.01, 
*** p < .001. 

Table 8. Proportion (': .,) of Yariam.e in metal <·onC'entration in A. caligiuosa aeC'ountcd for by va
riation in soil mrtal <·ontrnt <IJHl soil properties in 18 different. soils 

:\leta! Soil metal Soil metal Soil metal 
!'ont.ent. + CEC + CEC +pH 

Cd 46 
Cr 18 30 BR 
Cn 55 79 78 
Fe RO B4 .--.-uD 
l\Jn B4 30 41 
Ni 29 41 43 
Pb 35 56 68 
Zn 7 72 
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Table 9. Data for the partial non-linear regression between concentration factor (y) and either 
soil pH or CEC (x) according to the equation y = a· ebx 

Metal X a b r 

Cadmium pH 2,72:2 -0.752 -0.75*** 
CEC 87.7 -0.059 -0.63** 

Lead pH. 60.3 -0.765 -0.60** 
CEC 2.72 -0.082 -0.66** 

Zinc pH 1,150 -0.796 -0.68** 
CEC 40.9 -0.079 -0.70** 

*** p < .001; ** p < .01. 

The CEC Yariable also exertrd a negative rffect on the level of worm Cu, but a negative 
pH effP!'t. eould not be ohsernd. Soil pH appnrently did not eontribute to the relationship 
between the ]Pvc! of worm Cu and ~oil Cu. Substitution of CEC for organic matter did not 
alter the ]H'n·Pntage Yariant·P in worm Cu accounted for. The eoneentration of soil Cu rr
mained a major single sonrn~ of tht> vari<nH·r in worm Cu, aeeounting for 55% of the va
rianer in worm Cu. In this n•spP!'t Cu differrd from all other metals. Inelmion of CEC into 
the n·grrssion model iJH·n•;u:ptJ tht> proportion of the variant·p at·enunt('(l for to 7\l ': ;" eor
responding with a IH'st-fit P!]Hation for worm Cu as follows: worm Cu = Rl.7 + 0.44 soil 
Cu - O.HH CEC. ThP rPgrPssion data of nll hPst-fit equatiom ohtainrtl WPre statistil'ally 
signifit·ant (1-tt•st). 

4. Discussion 

ThP body t·oJH"Plltrat ion of a 111P1.al PlrmPnt in t~arthworms is dt•1.PnniJwd b~· the soil 
eonl'entratiou pn•st'Jlt. t!JP int.rim;it· mtl' of bio-at·t·Hmnlation. and the toleraJH'l' of the or
ganisms tn that PiPJJJt'll1. 11. also tlPJH'IIUS on till~ iufhll'lll'l' of soil fa1·tors dPtenniuiug thl' 
availahilit~· of till• JJJt't;d for nptn h h~· thP eartlmorms. \\"hPn taking all abiotit· 1·onditiom 
constant, t'<Jl'h of thP Yariom JJJPtal eJtoments ~hows its l'lmral't,Pristil' dosP-rP~pomp n•lation
ship (Fig. I). These relatiomhips illn,tr:1te the faet that the t'OlH'Pntration factor ma~· var~· 
considerably with the Pxtent of 'oil t·ontamination (~ep also Table 6). Snl'l1 variabilit:· 'hould 
be eom:idt•rl'fl wht•n t·onlparing tlat;J on t·ont·t•ntration faeton; for heavy mt>tals (e.g. 1\"muHT 

& STRINGEH Hl80). 
As jndgPd hom oYert toxit·it:· dfet·t~ with rt•gard to growth and SIITYival, thP adult 

worms of L. rubellu.s were most tolPrant to Ph, allowing tlw body conl'cntration of l'b to 
imreasr to lPnls of aho11t ;)00 mg kg-1. 1\'flll·h higher lenls. ho\n>Yrr. of ?,.(iOO 111,g- kg-1 
han hPPII rt•por1t·ll to ol·t·nr in ],. ruhl'/111.< from a lead mining 'itP in \\"alP~ (IREL.\:\ll I D7\l). 
ThP possihilit~· th:1t in 'llt·h !Jighl:· pollntPd environnH•nts the Partlmonm havp dPnlopPd 
an imn•ast•tl toiPraJH'e to IP;ul t·aJJnot wlioll~· he exl'intl.Pd. It st'l'IIJ' likPl~· from tiH• pn•st•nt 
Tl'SH!ts that thP at·t·nnmlation of nr~· high hod~· Jp,·els of l'h i' fat·ilitatPd h:· an al'id t·on
dition of the pollHtPd soil and b~· thP fad that tht• t·oJit'Pntration fnl'tor of Pb tends to hP 
gn•at!'r in high!~· pollutPd than in lt>ss poJJutPtl 'itP~ (Fig. 1: T:dJit's 7 and 8). 

ThP fiPld ~tudy has indit·a1Pd that soil ]'Il is a primP fador for prt>dit'ting the uptak!' nnd 
at·t·umulation of Cd. Zn as well a' Pb. Lowering of pH Jtoads to int·rrast>d dt>sorption of 
metal t·ations du!' to t'OIIllll'tition with ]-]+ iom. Soil pH is thP most important single fal'
tor dPtermining thP solahility of zine in the soil solution (Sm:MM\ 1080). Thr gPnernl im
portaJH·e of the availabilit,y of m!'tal Plements rather than their total t·on<·Pntration in soil 
11lso appears from the Jll'g<~tive t·orrPlation lwtwPrn the <·ont·entration factor and tlw 1·ation 
exehange l'np:wit.y of the soil. This was signifit·ant for all metal elrments rxn~pt. Cr. whit·h 
was almost not taken up (Tahln G). The CEC provides an estimate of tlw enpaeit~· of the 
soil to adsorb lll~avy mntals and, as shown by the prcsnnt results, gins a measun• of the 
ability of soils to retain these metals against nptakP by earthworms. 
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In sandy ~oils tht' effpct of CEC m~y hP largrly derived from ~oil organit' matter. Soil 
organit' matter was found to be an important fa<"tor spet·ifieally in the relationship between 
the ]pvel of Cu in wonm :md soil (Tables 7 and 8). Thi~ may be cxplaiiH~d from the fart 
that soil organie matter hinds Cu2+ morl' strong]~' than other traee elemPnt eations (THORN
TOt\ Hl79). It may be Pnvisagrd that Cu2+ iom arc rendered unavailable to earthworms by 
ion Pxehange and eomplPxation to soil organie matter. The uptake and aeeumulation of Cu 
rpmained, however, uninfluPnt·t•d by soil pH (Tables 7 and 8). The body content of Cu was 
largely detPrmined by thP ront·Pntration of Cu in ~oil and ]pss by other soil faetors (Table 8). 
For metals other than Zn, Cu and Pb only a relative]~· low proportion of varianee in body 
llJPtal eontent eould be a<TOIIUted for (Table 8), sugg<'sting the involvement of other faetors 
not n](>asurl'd lwre. It is also prn;sible that a greater rffcet of the mea~aJTed soil variables 
would han bern obscrvPd if the range in soil mrtal t·on<·entratiom had bren greater. 

The laboratory and firld observations showrd that thr various metal eiPments are ar
r·umulatcd by the worms in thr following order of inneasing Pffieieney: Cr < JYin ~Fe 
< ::\'i < Pb ~ Cu < Zn < Cd. This order may rl'f]pd the relativr availability of the me

tal p]pments in "oil to uptakP by earthworms. In t-l,{Q"!loap;t.J'@~ thr spel'ifie adsorption of 
llldal ratiom has been reported to follow thr affinity ordrr Pb > Cu > Zn > Cd (FARRAH 
& l'ICKEHixf; l\!77: H.\RMSE!'\ J\l77), whit·h i~ tin• rPn>r;;r of thP order at whit'h thpsr mrtals 
arP at'l'lllllldated b)· earthworm~. 

('d <JIId Zn are the onl:· two JJI!'tall'len!Pllb whil'l1 are l'nril'lwd in thl' worms. showing a 
r·o11r·Pntration fal'tor grl'atPr than unit)' at all CEC and pH ]PHis and at all ]pveJs of soil 
Jll!'tal r·ont;nnination (Fig. J; Tabll' (i). Thl' rhl'mi<·al similarit~· of C'd and Zn is refleet<~d by 
tlH·ir strong!~· r·orrelatPd <'.OJH'l'lltratiml far·tors, with r = O.!l2 a1Hl O.!l3 for adult and "ub
·<Hlult wom1s rl'~JH'ctinl:· (Ta.blP G). On anrag:P, C<l wa' thn•p tin1es morP strongly <t<'·<·umu
latPrl tlian Z11. 

For .I'll it ('<Ill ]H· estin~atl'd from thl' rPlationships shown in TahlP n that thl' ('()))('('ntra
tiou l'ador i11nr·asl's to valiiPS gn·atl'r than unit~· w]J('n 1]1(' 1dJ <ll'r·reasPs to a ll'vel h<dow 
;Ji,oJJt ZJ. o,·pr <1 pJl r<lllgP dPrn•asiug l'rom !iJ1 to -!J1 thP t·onr·pntration l'ar·tor for hoth Cd, 
J'h and Zn \\'ould illl'fPa."e about fi\'(•-l'old. it also inr·n•as!'s <·onsidPrahly when the CEC of 
1 hP >oil is ]o\\'l'r. ThP n<·<·urrl'nt·P of higher ]pyp]s of ('d in "1natur<> ad11lts" than in "imma
t.un· arlulb'' of L. rulll'llus has IH'Pil rrportl'd h:· C.\HTEH 1'1 al. (1!l80). ThP presPnt study 
has >hown that also adults wonns of .1. calirtinu.'ll ar·r·Hmnlate IIJOT!' Cd, hnt abo Zn and 
l'h. JH'r mas;; unit than ~nh-adnlt (Fig. 2a; TahlP li). It i;; l'lPar that ~nt'h variables, in ad
rlition to othPr hioti<· and abiotit· inflnl'nr·Ps. shmtld lw tahn into ar·r·o11nt whPII hod:· metal 
r·ontl'nts in Parthworms arP takun as an indl'x of soil pollution. 
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Synopsis: Original scienti(1:c paper 
MA, WEJ-CmTN, 1982. The influence of soil properties -~nd worm-related factors on the ronrentra

tion of heavy metals in earthworms. Pedobiologia 24, 109-119 . 
The uptake and a<,cumulation of heavy metals by earthworms was studied under uniform labo

ratory <·onditions and in a field plot with six agrieultural soil types treated with municipal waste 
compost. Adult Lumbricus rubcllus used in the Ia bora tory study showed inrreased body metal <·on
eentrations with inereasing soil levels of added metal at"l'ordin~ to relationships eharaeteristie for 
each metal. The rate at which metals were arnunnlated by L. rubcllus and, in the field study, by 
Alloloboplwra caligiuo,,a followed the order Cr < Mn ~ Fe < Ni < Pb ~ Cu < Zn < Cd, with 
adult worms accumulating more Cd, Zn and Pb per mass unit than sub-adults. The potential levels 
that ran be attained arc determined by the metal's toxicity, whieh, acrording to the 6 week LC-50, 
followed the order Pb < Ni < Cu < Cd. Thus, the observation that Pb can attain mud1 higher 
body levels in earthworms than Cu eould be asaibed to intrinsir differemes in toxieity rather than 
to differcnre~ in mte of uptake and a.<·t·umula.tion. 

illunit·ipal waste t·ompost. treatment significantly altered soilprope rties and soil metal IPvels 
but did not adversely affcd the species romposition or densities of earthworm populations. soil 
type H'maining the most important dcterminin~ faetor. The ratio of the metal t·.onrentration in 
worms tn that in soil (roneentratinn fa.dor) eorrelated lll'~atively with the cation exdwnge eapa
rity I CEU) of the soil for both Cd, Uu, Fe, Mn, Ni, Pb and Zn, but not for Cr whirh was only poorly 
taken up. This together with the obsen·ed selective order of uptake, indirated that the body metal 
eontent is at least partly a. measure of the availability of metals in soil. This was further substan
tiated by n negative pH cffeet on the uptake of Cd, Zn and Pb. lllultiple comparisons between va
riables revealed tlwt. soil pH was more important than CEC in affecting body t·.ontcnts of Cd or 
Zn, whprcns pH and CEU were equally important in affeet.ing the body eontent of Pb. The hody 
content of Cu was :tffed.ed by CEC but. not by pH. Soil Cn t·ontent remained the most important 
factor affeding the level of Cn in the worms. 
Key words: Heavy metals, toxicity, availa.bility, bio-ae<·.nmulation, eomentration factor, J'H, eation 

exehange eapa.city, organit· matter, Cd, Zn, Pb, Cn, Ni, Mn, Fe, Cr. 
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