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I. Introduction 

Soi l pollution hy lwaYy li!Ptal~ i~ oftrn ~tudied by anal~·zing heavy llll'tal~ present in 
so il organ i"ns. The lll!'tal eontent~ of e.g. earthworms in t hP polluted biotopt' arc then 
eompaml IYi t. h tho~e in areas with relativrl_,. little or no pollution ( IRELAND 1\.175; CzAR­

· NOII'~ K .\ & .f oPKIE\\.I CZ 1978; .\ s 11 & LEE UJ80; WI:H;IIT & Snu:-~GER 1\.180). However, the 
uptake <111d aet· nmulation of heavy metals may not depend on the extent of ~o il contami­
nation ai~> HI' hut also on a number of so il and worm-rrlatl'd Yariable~. Spceic~ differenees 
in lliPtal a<T nmulation haYl' IH• t• n reported (IRELAXD HJ79; AsH & LEE 1\.180) in addition to 
sca>o nal influrnec~ ( IRICLAXO & WooTTO.'Il 1!17G; AxoEHSEX 1.979). Thl'n• is , lrowrv<'f, no 
inforination aYailab lt' on the influcnec of ~oi l fartor~ on bio-aeeumulation of heav~· llll'tals 
in earthwonus. 

Thr pnrpo") of the prP~cnt stud:v wa~ to inn~tigate the rolr of ~ome physieo-ehcmit·al 
so il propPrtit·,; in affrrting the availability of hcav~· metals to ea r thworm ~ and to study the 
toleranrl' ot thP~e or~ani ~ m ~ to the toxic aetion of some of thrse llll'tal~. Thi~ wa~ dnnP by 
ex:po~in~ parthwonn~ to eontaminatcd ~n il under lahomtor~· condition~ and h~- ~tud~·ing 
cartlt1\·llr111,; in different t~·lll'" of agrieultural so il s which had br\'11 trratPti with n1uniripal 
wa~te ro ntp~> ;t. 

2. Materials and methods 

For the bboratory experiments a sandy loam soil was used with 17 ~~ clay, 8% organic matter, 
pH (KCI) of 1.3 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,UUU mg kg- 1 dry soil. During the experiments the soil moisture content was maintained 
at 3j- .,W '; ~ . (~uantities of 5 litres of treated soil were kept in fine-meshed nylon netbags, embedded 

1 ) Contribution to the DAHWIX Centenary Sy mposi um on Earthworm Ecology (Gra nge-o Yer­
S<J.nus, Hltil). 

Resc<trch subsidized by the illinistry of Health and EnYironmeutal 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 1o ± 1 °C 
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 agricultural soils, which had been an­
nually treated with municipal waste compost over the past decade (DE H.u:-< 1981 ). Each 
soi l type was divided by concrete slabs into sub-plots of 1 x 1 x 1 m, with the original profile 
of each soi l type present to a depth of one metre. Treatment was by mixing the compost into 
the top 20 em at rates of 0, 20, and 40 t ha-1 )-1 ; each treatment was represented in four 
replicates. At the time of sampling the plots were sown with perennial ryegrass . 

The six so il types comprised three loamy soils and three sandy soils. These consisted of 
a marine clay loam with 30 % clay ("sui! A"), a sandy loam with 10 % clay ("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 rerlaimed sandy podzolized so il with about 7% humus in the top 
layer ("soil E"), and a Plaggen so il with about 3 ~o humus ("soil F"). Soil samples were co l­
lected from the top 20 em, air-dried and passed through a 2 mm sieve before analysis. 
Catil-l n exchange capacity was measured according to ·e n,v?~L\·N (1965), organic matter was ·· 
determined from loss-on ignition at GOO °C, and pH was meawred in 1 N 1\.Cl. Results of 
these measurements are shown in Table l. 

Cu, Fe, Zn, Cr and Mn in so il wPre determinPd by dcstn1<·tion in- nitric. aeidfsulphurie 
acid and Cd, Pb, and Ni by cxtraetion with <·onr. HCI. Earthworm samplPs consisting of 

five to seven speeimens with guts Yoid<~tl were dry-ashed in a low-temperature plasma­
-ashing console (II' C) . and the ash di ssolved in <·on<· . HCI. The dry weights of adult Allo­
lobophora caliginosa (guts \"Oided) varied between G0-130 mg and of sub-adults between 
:)0-100 mg; L-umbricus rubellus adults had a dry wright of about 100 mg. Metal contents 
in soil and worm extracts were measured by atomic absorption spectrophotometry. Cd, 
Pb and Ni were measured with deuterium are baek-ground !'orrer.tion. Extracts used for 
the estimation of M.n rontainr<l lanthanulll at 2,000mg kg-1. Cr was measured in the pre­
sence of 0.4 ~ ~ E:CI. 

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

Table 2 presents data on tlH' pen·rntage mortality ob~l·rvrd among adult Lumbricus 
rnbellu.s after exposure for (j and 12 W!'eks to sandy loarn soil <·ontaminated with either Cd, 
Pn, Pb or Ni. An estimate of the relatin• toxicity of the various rnrtals was obtained by 
co mparison of the LC-50, the to neentrati on that causes 50 •; ;, mortality of tlte test aninuds. 

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

Loamy soils Sandy soils 

Soil CEC Olii pH Soil CEC O.M p H 

A1 2G.3 5.8 7.1 D1 :!0.5 12.4 4.7 
2 24.5 G.7 7.0 2 19.~ lU 5 .) 
3 2o.1 8.4 G.9 3 18.3 13.G 5.8 

B1 9.4 :?.8 6.G E1 13.o 6.4 0.4 
2 10.5 4.0 7.0 2 12.7 7.4 0.4 
3 12.3 4.9 7.0 3 23.2 8.1 5.7 

C1 26.4 G.9 0.3 F1 0.3 2.8 4.8 
2 28.7 9.2 5.8 2 G.1 3.7 5.0 
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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T<tble :2. Toxicity of Cd, Cu, Pb and Ni in a sandy loam soil to adult Lumbricus rubellus (N = 25-30) 

Dosage ~ o ~Iortality 
(mg kg-1 dry wt soil) Cadmium Copper Lead :"·Hekel 

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

Control1) 4 12 4 12 3 13 3 13 
20 u 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 uncontaminu.ted 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. Clmnges in weight of adult L. rubfllus 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 Xickel 

week week j week week week week week week 
(j 12 (j 12 6 12 6 12 

Control +25 +16 +25 +16 +21 +12 +16 +21 
20 +11 + G +1[) +10 +17 +16 +15 +10 

150 +20 +23 +"'"' -- +14 +20 +16 + 3 + 5 
1,000 3"' -- +17 +14 -5 -22 
3,000 -7 -29 -9 

The G week LC-i)O of Cd-!·onta.Jttinatl'u soil was between 150 and 1,000 mg kg-1 and that 
of Cu-contaminatl'd soil was .1.000 mg · kg-1. Soil contaminated with Ni showed a G week 
LC-50 of 2.000-2,500 mg kg-1 and of morP than 3,000 mg kg-1 when contaminated with 
Pb. Aeeoruing to their G week LC-50, the metals thus followed the order of increasing toxi­
city as follows: Ph < Xi < Cn < Ccl. This order remaim•d valid when the duration of ex­
posure was extenued to a 12 wreks period. 

The W!Jrms WPrt' PspPeially tolerant to I'b. whidt rnn at con!'Pntrations in soil as high 
as 3,000 mg kg-1 did not indmc an_,. mortality during G weeks exposun• . .. :\t 12 wrrks of 
exposure, a slight incn•ase in mortal it~· was observf'd (Table 2) in addition to a reduced body 
weight (Table 3). The prr~ener of empty gnt eontents indicatrd an inhibited food intake 
activity among the t1•st animals. In soil ('ontaminatl'd with Pb and Ni, the inerease in mor­
talit_'i' ratr after G WPeks exposure was pret·eded hy a reduetion in body weight (Tables 2 
and 3). 

Fig. 1 shows that the <H'!'U!lltdated amount of metal in the worn1s increased with increas­
ing extent of soil eontaminatiun areurding to dose-response relationships characteristic for 
each metal. The ratio of the concentration of a spr!'ific metal element in the worm to that 
in the soil ("concentration factor") was not a constant but varied considerably with the 
level of soil contamination. Generally, thr concentration factor tended to decline with in­
creasing levels of soil contamination. It only remained constant with Pb and Ni at soil 
concentrations in a range between about 100 and 1,000 mg kg-1, and for Pb tended to in­
crease at soil roneentrations greater than about 1,000 mg kg-1. According to the dose­
-response relationships shown in Fig. 1, the various metals were accumulated in the fol­
lowing order of increasing efficieney: Ni < Pb ;£ Cu < Cd. The roncentration of cadmium 
was consistently greater in worms than in soil at all soil concentrations investigated. 
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Fig.l. )leta! concentration in udult L. rube/Ius after 12 weeks(---) or 6 weeks(------) exposure 
to sandy loam soil with added metal. The straight broken line indicates a hypothetical 1: 1 rela­
tionship. 

Table 4. Average total number per m2 of earthworms in six soil types and three compost levels; 
with :1nalysis of variance 

Compost level 
(t ha-1 y-1) 

() 

:!U 
40 

~oun·e of \"ariation 
Soil type 
Compost 
~oi\ t~"JH' X ("(11\\j>OSt 
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Total 

*** l' < U.Uili"J. 
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A B C 

;)().:·~ i):!.8 ~:).5 
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1(1 
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71 
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:!1.8 :!0.3 12.8 
17.0 :!:!.0 14.:! 
:!:?.5 10.3 :!0.0 

)!S F 
:>7() 4.76"'** 
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7:!.7 O.liO 
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Table 5. Distribution of Cilrthworm species as pereentage of total numbers per soil type and com-
post level 

Soil type Compost len! Ea.rth worm speeies ( 0 n) 
(t ha-1 y-1 ) (1) (:!) r; J (4) (5) (li) (I) 

A 0 H:! (I 
., (I 2 4 0 " :!0 8G ii 4 () 1 3 0 

40 j"(j 4 11 (I 1 9 0 
D 0 -., 

j;) (I ·) 0 0 27 0 
:?U j;) () (I 0 1 24 1 
40 ;j8 1 1 ll 1 il8 1 

c (I ;;-
'I (I 0 () 1 1:! 0 

:!0 80 (I " 1 1 14 0 
-±0 ~}(I ll 0 u 0 9 1 

D 0 70 1 1 (I •) 10 15 
20 87 (I 3 (I 0 4 G 
40 1-t 1 0 () 2 9 13 

E 0 u;, 1 0 0 1 B 0 
:?0 98 (I 0 () () 1 1 
40 flo 0 0 u ·) :2 0 

F 0 !'!'' () 0 0 :2 (j 0 
:?0 98 0 0 () 0 :2 0 
.w 70 14 0 (j 4 (} 0 

Note: (1) .Alloloboplwra caligi~tosa.: (:!)A. chlorotica: W) .L. Tasca:(-±) A. longa; (5) Lumbricus tcrrcstris; 
(li) L. rubcllus; (7) Dcudrobacna 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 numbrr of earthworms sampled from four replicate 
plots. In sandy soils (soil D-F) the numbers tended to br lower than in loamy soils (soil 
A-C). Two-way analysis of variance showed that annual treatment with municipal waste 
eompost did not exert a significant positive or negative influence on earthworm numbers, 
but that soil type appeared to be a significant determining factor. c\s 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 
tlw field plot with different soil types treated with municipal waste compost. Among a total 
of :;eypn 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 

Thr pn•srnce of IH•avy rurtals was studied in A. caliginosa, whieh. for ehernical analysis, 
wa;; present in sufficirnt numbers in all soils. Worm samples were distinguished in rlitellated 
adults and in sub-adults whi(·h are eharal'trrizrd by thr poss(•ssion of tubercula pubertatis 
but whieh have tht• elitellum still undeVl'lop('(l. Fig. 2 ~how~ that the subadult worms genr­
rally had lower bod~· t·oueentmtiom of l'd, Zn and l'b than the adult worms sampled from 
tht• ~<tllH' ~oil. \rh(•n eonsidered ovt•r all ~oil~, thP average metal eontent of sub-adults was 
21 °,~ lowPr for Cd, 18 ° ,, for Zn and 25% for l'h. These differen(·ps were significant (P < 0.001) 
when tested by two-tailed Will'oxon's signPd-ranks test. No significant differrnees between 
adult and sub-adult worms were found with rrgard to the body eonrentration of either Cu, 
Ni, Fe, Jln or Cr. For thPse met;1ls, thP data on body <·onecntration in adults and sub­
-adults WPTP poolPd. 

3.3.3. Soil factors affecting metal accumulation in worms 

fig. 2 <1 and b show that the body hurdPn of Cd and Zn tendl'd to be grrater in A. cali­
ginosa in sandy soil~ in loamr soils than, although the soil concentration of Cd and Zn 
was higlH'r in the latter. c\l~o Ph was t·lrarly better ae<·umulated by worms in sandy than 
in loam~· ,;oils. In addition to soil type, the ratl' of eompost application also had <1 signifi­
cant influeJH't' on thP hod~· mt'tal t·ontl'llt of A. caligino~ll. In general the body metal eon­
tent intTPased with inen•asing rates of t·ompo,;t a pplieation, but in some cases the reverse 
was trnt•. In the PlaggPn soil (soil F), for iw;tant'P, thP Cd eontent of the worms tended to 
dPcn•ao;p rather than int·rpase with inl'n•ao;ing rat(•s of eompost application. ~\nnual treat­
ment \\·ith nlllnieipal waste t'OillJH•~t rausPd an innl'ase in organic matter and cation ex­
changt· l'apaeit~·. and also raisPd th(• pH of thP ,;oil, although the Yariation in these soil 
paraniPtt•r;; rrmaiJH•tl 'lnaller within than het,rPt•n >oil t~·pes (Taillt• 1). 

As a t·oli'<'fJll<'llt'P of thl• t·onlbinl'd inflm•JH'e of ,;oil t~·]H' and l'ompost application the 
concentration factor of thP various metal PlrHH'llts slrowrd a tomidPrahlr ,·ariability(Table 6). 
The conl'Pntration fa(·tor generally tended to br larger in sandy than in loamy soils and 
to decline with inereasing rate of compost application. The difference betwPen sandy and 
loamy soil;; was greatest for Cd and Zn, but also (·.onsidemble for Pb, Ni, Fe and Cu. Only 
Cr behavt•d similarly in all wils, but this metal elrment was hardly aceumulated at all by 
the worms .• -\mung the various metal eleniPnts, Cd and Zn werr the only two metals con­
sistently ,howing an enrichment in the worms. Both metals had coll(:entration factors 
which were senral times greater than unity in all soils. The concentration factor of Ni, Fe, 
Mn and Cr neYCr exePeded unity. These metals were accumulated more weakly than Cu or 
Pb. In order of increasing eoneentrntion factor the general sequence in all soils was as fol­
lows: Cr < :Yin ~Fe < ~i < Pb ~ Cu < Zn < Cd. 
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Fig. 2. "jietal concentration in A. caliginosa (0) and in different soils (e) treated with municipal 
waste 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. 

The concentration factor of certain metal elements were significantly rPlated to soil 
characteristics such as organie matter content, pH and cation exdmnge capaeity (CEC) 
of the soil. CEC equals the total amount of cations exchangeably adsorbed by the exchange 
complex. Simple correlation coefficients determined for the linear regression between con­
centration factor and soil characteristics are shown in Table 7. Significant negative corre­
lations were found between the coneentration factor and the 11H of the soil for the metals 
Cd, Zn and l'b. For ~i the eorrelation coeffieient was almost significant (O.OC> < l' < 0.1). 
The c·oneentration factor of all metal elements, excrpt Cr, showrd a signifieant uPgative 
eorrelation with the cation exchange capacity of the soil, while for Cu an additional nega­
tive eorrclation was found with soil organie matter. 
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Thl' rPlatiou~hip hd\\"PPn the IIIPtal eontent in worms and soil was investigatrd for all 
soils through strpwi~P lllttltiplr liJH'aT rrgression analysis with CEC and soil pH as second 
and third indrpPmlrnt variables. Table 8 shows the proportion of the total varian<·P in body 
nwtal eontrnt a<Tonntrd for when one or more variables were included into the regression 
model. Tht• ratr of Cd or Zn addition aecount<'d for little of the varianre of worm Cd or 
worm Zn. Pn>n when ineluding CEC into the rrgression rquation. Soil pH had the most 
significant influrnee on the eoncPntration of Cd or Zn in the worms. The best-fit rquatjon 
for worm Zn (mg kg-1) was found to be as follows: worm Zn = 4,918 + 2. 74 soil Zn -
40 2 CEC - 536 pH, whirl! aeeounted for 72 ~" of thr variance in worm Zn. The best-fit 
equation for worm Ph was: worm l'b = 165 + 0.54 soil l'b - 2.64 CEC - 17.9 pH, which 
aecounted for 68 ~-;, of the variancr in worm Pb concentration. These equations indicated 
that at a ginn soil eoncentration of Zn or Pb the concentration of these metals in the worms 
is elevated as soil pH and CEC deercase. 
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Table 6. Concentration factors (ratio of worm metal concentration in mg kg-1 to soil metal con-
centration 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 2\ln Ni Pb(a) Pb(s) Zn(a) Zn(s) 

Al 12.3 13.9 .01 1.15 .05 .0-! .05 .00 .22 4.0 7.1 
2 10.7 8.0 .03 .57 .05 .0-! .11 .16 .11 -!.4 3.8 
3 11.3 8.5 .07 .3-! .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 .lU .94 .27 .23 .38 1.20 .61 8.8 5.9 
3 17.5 11.7 .15 .66 .:23 .21 .:29 .60 .28 4.4 3.6 

Cl 15.3 12.3 .03 .56 .03 .0:2 .07 .21 .16 6.0 3.5 
2 13.6 6.8 .02 Al .06 .U5 .08 .3-! .10 3.4 2.1 
3 15.9 8.9 .07 .-!8 .14 .11 .12 .51 .34 3.8 2.8 

Dl 112.2 120.0 .08 .90 .:22 ·)'.2 ·-"' .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 .60 .22 .19 .31 .67 .33 SA 5.9 

El 79.6 77.0 .09 1.10 .32 .15 .:21 2.62 2.72 43.8 40.2 
3 4:2.G 41.8 .03 .62 .:iO .15 .29 .93 .85 16.5 15.8 
3 30.7 :27.7 .13 .G9 •)•) •)•) AO .83 .85 8.9 10.2 

F1 140.0 156.4 .00 2.-!5 ,;)li ,:-)~ 1.86 2.63 2.45 81.9 74.9 
2 ')9.4 4') q u.u .11 c ~;;]'(-.~ ~9·= .5"5"· 1.24 .85 :?3.8 18.3 
3 40.5 :29.7 .1:1 l.ll8 .3G 'l,) ,;)_ .as .88 .73 l'l <'I 0.0 8.6 

:'\otc: 1 = untreated rontru l; 2 20 t h<l-1 y-1 ; 3 = 4U t ha-1 y-1 • .1. caliginosa, adults (a) and 
sub-adults (s). 

Table 7. Simple correlation l'ocffirients for the linear r~1'rc~sion between the l'oncentration factor 
of a metal and either soil organic matter (0:\1), eation exchange eapaeity (CEC) or soil pH 

:\!!'tal clement ();\[ CEC }Ill 

Cd(a) -.Ul -Jll" -.7B*** 
Cd(s) -.0-l -.H -.70"" 
Cr -.13 -.:~!) -+-')o) 

' ·--
Cu -,;,t• -.li!i*" -.32 
Fe -.:30 -.SG"*" -.40 
2\ln -.:w -.82"** -.0-! 
~i -.35 -.5\J* -.44 
Pb(a) -.14 -.~l7* -.Gl** 
l'b(s) -.02 -.39 -.63** 
Zn(a) -.28 -.55* -.GO** 
Zn(s) -.:27 -.50" -.58** 

:'\ ntc: (a) adult; (s) sub-adult; other da t" were pooled for adult and sub-adults. * P < .05; ** P < 0.01, 
*** I' < .001. 

Table 8. l'roportion {': 11 ) of Yariancc in metal !'On!'entr;ttion in ..1. caliginosa aecounted for by va­
riation in soil ml'tal l'ont!'nt and soil properties in 18 different soils 

2\Ietal Soil metal Soil metal Soil metal 
<"ontent -'- CEC + CEC +pH 

Cd 46 
Cr 18 :10 ;m 
Cn ;,5 79 78 
Fe BO 34 35 
2\In i\4 BO 41 
~i 29 41 43 
PIJ 35 56 GS 
Zn 7 i2 
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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 ~,7~2 -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 -!0.9 -0.079 -0.70** 

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

The CEC yariable also exertrd a negative effect on the leYel of worm Cu, but a negative 
pH effret eould not be ohsernd. Soil pH apparently did not contribute to the relationship 
between the !eYe! of worm Cu and soil Cu. Substitution of CEC for organic matter did not 
alter the ]wr<·t>ntage Yarianee in worm Cu accounted for. The eonrentration of soil Cu re­
mained a mnjor single so urn~ of thP Yariance in worm Cu, aceounting for 55% of the va­
riancr in worm Cu. In this uspt•t·t Cn differed from all other metals. Inrlusion of CEC into 
the rPgression model imn·a~Pd the proportion of the Yariant·r a('('Ountrd for to 7!1 ~ ;, cor­
responding with a hPst-fit Ptptation for worm Cu as follows: worm Cn = :n.7 + 0.44 soil 
Cu - 0.\l\1 CEC. The n·grrssion data of all hPst-fit equations ohtainrd wrre statistieally 
signifi('ant ( t -tPst). 

4. Discussion 

ThP hody t·ont·Pntrat ion of a !liP tal PIPmPnt in earthworms is dPtrnuinPd by the soil 
roneentmtiou prPsPnt. t hP iutriusit· rat!' of hio-<H't'lllllUlation. and thl' toleran1·e of the or­
ganisms to that t•IPlllt'IIL lt abo tlt'IH'IIds on the influPIH't' of soil fa('tors dt>termining the 
antilahilit:· of thP lll!'t.<il for 11ptah hy th!' parthworms. \Yhm takiug all abiotic ('onditions 
romtant, 1'111'11 of thP ,·ariow• JndaiPIPiliP!Its ~hows its eharadrristie dosr-rrspomP relation­
ship (Fig. I). ThPsP rPiatitmships illnstratP the faet that tlH· t'OIH'Pntration factor nw~· vary 
considerahl~- with thP PXtPJit of >oil t·ontamination (spp also Table 6). Sueh Yariabilit~· should 
be considPrPd whPn t'olnparing data on t·ont·Pntration faetors for heaYy lliPtals (e.g. WRIGHT 
& STRI:'\GElt Hl~O). 

As judged from o\'l'rt toxit·it:· pffpds with n•gard to growth and snrviYal, tht• adult 
worms of L. rubcllu.s were most tolerant to Ph, allowing the body concentration of l'b to 
inrrrm•r to leHls of about ,·100 111g kg-1. :\fueh highPr ll'nls. howPnr. of 3,GOO 111g kg-1 
han hl't'll rPportPd to ot·t·ur in],, ruhl'llus from a h·ad 111ini11g sitP i11 lralt>s (IREL.\Xll I\J7fl). 
Thr po,.ihilit~· that in surh liigfll:· pollutPd PIIYironniPI!ts thP Parthworms haYl' dPnlopPd 
an iurn•asl'd tnll'rant'l' to !Patl t·annot wholl_,. IH' I'XI'indPd. It sl'PIIIS likl'J~· from thP pn•spnt 
rrsults that thP ill't'llmulation of nr:· l1igh hot!:· IPnls of Ph is f<H'ilitatPd hy an ;wid t·on­
dition of thP ptdhttl'd soil and h~· the fad thilt thP t'OIH'PIItration faetor of Pb tPIIds to he 
grratPr in l1ighl~· pollutrd than in IPss polhttPd sitPs (Fig. 1: TiihiPs i and 8). 

Tin• fiPid study has indi('att•d that soil ]'II is a prime factor for prt>dietiug the uptake and 
aet·unmlation of {'d. Zn as well as Pb. Lowl'ring of pH !Pads to innrasl'd dt>sorption of 
metal t·atious dul' to t·ompPtition with H+ ions. Soil }'H is thr most important single fae­
tor tlt't!'rmining the soiHhilit:· of zine in the soil solution (Snnux Hl80). The gl'twml im­
portant·e of the availabilitY of Jll!•tal elemt>nts rather than their total eoneentmtion in soil 
ll.]so appears from the nPg<;tivP corrPlation bl'twt>rn the <·onePntration factor and thP (':ttion 
exehange t·apa('ity of the soil. This was signifi('ant for all metal elPIIIPilts rx<·Ppt Cr. whieh 
was almost not taken up (TahiP G). Thr CEC provides an rstimate of the eapaeit.:· uf the 
soil to at.lsorb hPav~· mPtals and. a~ shown by the presl'nt rPsnlts. gin's a measun• of the 
ability of soils to retain thPsP metals against nptakr by rarthworms. 
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In sandy ;;oib thl' rffPd of CEC maY hP Iargl'ly derived from soil organic matter. Soil 
organie matter was found to be an important fa(·tor spP('ifically in the relationship brtween 
the len! of Cu in wornn; and ;;oil (Tables 7 and 8). This may be explained from the fact 
that soil organic mattf'r hinds Cu2+ more strong-ly than other trace elemf'nt cations (TnoR~­
TOK HJ79). It may be l'nYisaged that Cu2+ ions are rendered unavailable to earthworms by 
ion exchange and comp!Pxation to soil organic matter. The uptake and accumulation of Cu 
remained, howenr, uninfluen(·ed by soil pH (Tables 7 and 8). The body content of Cu was 
largely determined by thl' (·omentration of Cu in soil and less by other soil factors (Table 8). 
For metals other than Zn, Cu and Pb only a relatinly low proportion of variance in body 
nlf•tal content could be at"eounted for (Table 8), suggesting the involvement of other faetors 
not measnrPd here. It is also possible that a greater effect of the measured soil variables 
would have been obscrnd if the range in soil nwtal eoneentrations had been greater. 

The laboratory and field observations showed that the various metal elements are ac­
t'Umulated by the worms in the following order of imreasing efficienry: Cr < Mn ;£ Fe 
< :\i < l'b ;£ Cu < Zn < Cd. This order may rl'flect the relative availability of the me­

tal Plrments in soil to uptake h~' rarthworms. In t!(tr/loam.foils the specific adsorption of 
111dal eations has bern reported to follow tltr affinity order l'b > Cu > Zn > Cd (FARRAH 
& I'ICKERixn 1!177; lhR~lSEX 1!177). whieh i;; the rrnr~r of thr ordrr at whieh these metals 
an· itl'('l!IIIHlated by rarthworm~. 

('tlalld Zn are tin• on!~' two mdal Plenlt'nb whi(·h arP Pnridwd in the worms, showing a 
c·oJH'l'lltration fat·tor grPatPr than unit~' at all CEC and l'H h•vels and at all levels of soil 
mdal t"ontamination (Fig. J; Table ti). ThP ehemi(·al similarit~· of l'd and Zn is refir<"tl'd by 
thPir strong!~· C'orrelated ('ont·t•ntration fat·tors, with r = 0.!12 and 0.03 for adult and sub­
-adult worm;; rP~pPrtinl~' (Tah!l' ti). On :wPragP, t'cl wa;; tlm•p times morP strongly accumu­
bttPcl than Zn. 

For l'h it t·an hl' esti11mted from thP r(•lation;;hips shown in Tah!l'!) that tin• l'OJH'l'Htra­
tion fal'tor inc·n·asl's to vaJup~ gn·atl'r than unity whl'n thP 1dJ ([p(·rcasps to a ]pvc! hPiow 
ahout i>. 0YPr a pli rangP dec·reasing fro111 tiJ1 to -!J1 thl' t·ont·l•ntration fa(·tor for both Cd, 
l'h and Zn would inerPase ahout fin-fold. it abo iJu·n•ast•s ('.ollsidl•mhl~' when the CEC of 
tiH' soil is lowPr. ThP O('('Urn·m·(• of higher Jpyp];; of Cd in "1natun• adults" than in "imma­
ture· aclults'' of L. ru/Jrl/us has IH'PII rrportl'd h~· C.\HTEH rl rtl. (1 !180). Thr presrnt study 
l1as ,;hown that also adults worms of .1. caliqinosn :H·c·nmulatl' morr Cd, hut also Zn and 
l'h. pt>r mass unit than snh-adult (Fig. 2a; TahiP ti). It is l'il'ar that ;;neh Yariables, in ad­
([ition to othPr hiotit· and abioti(· illfluPn(·es. ;;houlcllw taken into a('('cmnt wht•n hod~· metal 
c·o11tents in earthworms arp taken m; an indPx of soil pollntion. 
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Synopsis: Original scientific paper 
MA, \\'Er-Cnl'x, 1982. The influence of soil properties :<nd worm-related faetors on the eoneentra­

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

ratory conditions and in <L field plot with six agrindtural soil types treated with municipal waste 
compost .. \dnlt Lumbricus rubcllus used in the !a boratory study showed increased body metal ron­
centra tions with inl'reasing soil levels of added metal aeeording to relationships chararteristit for 
each metal. The rate at which metals were al'l'Umnlated by L. rubellus and, in the field study, by 
Allolobophora caliginosa followed the order Cr < )1n;;;; Fe < ~i < Pb ;;;; Cu < Zn < Cd, with 
adult worms accumubting more Cd, Zn and l'b per mass unit than sub-udults. The potential levels 
that can be attained are determined by the metal's toxicity, whil'h, aceording to the 6 week LC-50, 
followed the order Pb < Ni < Cu < Cd. Thus, the observution that Pb <'an attain mueh higher 
body lc\'Cls in earthworms tlmn Cu eould be asnibed to intrinsie differences in toxicity rather than 
to difft·renees in mte of uptake and a<·<·umulation. 

:\lrmiripal waste <·ompost treatment signifil'antly altered soilprope rties and soil metal l('vels 
but di1l not adversely affc<·t the speti!'s <·orupositiun or densities of earthworm populations. soil 
type rl'maining the most important determining faetor. The ratio of the metal conl'entration in 
worms to that in soil (<·onl'entration faetor) <·orrelated negutively with the ration exdwnge eapa­
city 1 (' EU) of the soil for both Cd, Cn, Fe, ~ln, ::-li, Pb and Zn, but not for Cr which was only poorly 
taken up. This together with the obserwd selective order of uptake, indicated that the body metal 
content is at least partly a measure of the availability of metals in soil. TIJ.is was further substan­
tiated by a negative pH effect on the uptake of Cd. Zn and Pb. l\lultiple comparisons between va­
riables rrnalcd that soil pH was more important than CEC in affecting body contents of Cd or 
Zn, ,,.hl'reas pli and t'EC werr rqnally important in affel'tin~ the body ('Ontent of Pb. ThP houy 
content nf Cn was affrl'ted by CEC but not by ]'H. Soil Cn 1·ontent remained the most important 
factor affel'ting the level of Cn in thr worms. 
Key words: Heavy metals, toxieity, availability, bio-<Le<·nmulation, eon('entration factor, pH, l'ation 

e:.:ehali!!P l'apacit~·. organie mattN, Cd, Zn, Pb, Cn, ~i. :\In, Fe. Cr. 


