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Abstract- Th is study examin.:d the tmucukinetic relat ionship between cri tical body residues <CBR' l of pcntachlnrophenol rPCP) 
at lc.:thality. soil PCP concentrations, and modifying factors of toxici ty such as body size. species. tt:tnperature , and soil type during 
'HL.f hi 0assays with earthworms. Eisenia feridu (0.2-0.4 g) were exposed to PCP at 15 and 24°C in artificial soil and at 24"C 111 
Brookslon day. L11mbricus rerrestris (3 .3-4.6 g) and Eudrilu.1· eugeniue ( 1.5-2.7 g) were exposed in artificial soil at 15 and 24°C, 
rt: spt!ctivc ly. Soil PCP concentrations ranged from 0 to fi.75 rnmol PCP/kg soil (dry weight) . and hody rcsidut:s were measured by 
gas chromatography following cryoextraciion of freeze -dried earthworms. Comparisons of toxicity wer.: made using inc1pient lethal 
levcb (!U .s) and CB Rs at le thality. The equations t:stimated by nonlinear curve fitting of a one -compartment. li r" order kineti CS 
model provided a good lit to the observed datu for all species. temperatures, and soil types at which tt!Sts were conducted . lncip1ent 
lethal le vels for L. tt'rrestris (0.72 mmol/kg soil) and £. eugeniue (0.63 mmol/kg soi l) were similar and significantly h1 gher than 
those for all E. feuda treatments . Incipient lethal levels for£. fetida .:xposed to PCP in artificial so d at 15 and 2~ "C were ,,imil ar 
and lower than the ILL for £. fetida exposed to PCP in Brookston clay . The toxicity half-li ves were ' irnil ar for all E .feuda 
trea tment s hut were higher than for the larger worms, L. terre.\'lris and E. euxemue , which were similar. Mean CBRs at le thalit y 
for E. fet ida tested in artificial soil at 2..)°C ranged from 0.33 to 0.74 mmol/kg (wet weight ) over the range uf 'od PCP ex posu re 
concentrations from 0.1 2 to 3.75 rnmol PCP/kg . Mean CBRs for £ . feridu exposed to PCP at 24"C in Brookston cla y ranged from 
0.5 I to 1.59 rnmol PCP/kg (we t weight) over the same range of soi l PCP concentrations and were not significantly different. Cntical 
body restducs for£. fetida ( I5°C). L. rerresrri;·, and E. eu11eniae tested in artificial soil at 2. 10 mmol PCP/kg rang.:d bctwe.:n <U4 
and O.HO rnmol PCP/kg. Residues in surviving worms were ei ther similar to or lower than those in dead worms. Sim ila r CBRs in 
thr.:t: ' pec ies of earthworms d iffering 10-fold in body size, and for £. fe rida exposed to PCP concentrations ran ging over more 
than tW<) orders of magnituc..le in two different soil types, demonstrate that body residues can act to more l!l'fective ly integrale the 
rt!lationstup ht:twcen test organ ism , t:x posure, and mortality than soi l toxicant concentrations alone . 
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INTROD UCTION 

A has ic te net of toxicology is that the dose mak es the pt>ison . 

A number of toxicity te s ts have been proposed to examine the 
potential impacts of the toxic dose of co ntaminants on soil 

organisms , particularly earthworms [ 1- 3 1. One of the principal 
,~;n; , .,Jt;,... •v!!h in terpret ing and a ppl ying the results of these 

tests has been the variab ility in co ntam inan t bioavailability 

arising from differences in soi l type and tes t organisms . Two 
main strateg ies have been employed to account for bi oavai l
abilit y of toxicants in soils. First, artificial soil formu lations 

ha ve been w.eJ to standardize the test matrix with respect to 
particle s i;:c , organic matter con tent, pH. and chemical con
stilllents with species-specific tests [ 41 . While this approach 

is useful for compari ng the dose response of chemicals for a 
\ in g le te s t ~ pccies . it is compromised when comparing resu lts 

to natural so i Is that differ in c hemical and physical charac

teristi c ~ from artificial soil and support biologically diverse 
communiue~ . The second approach has involved investigations 

of the ph ysical and chemical heterogeneity of natural soils and 
to what exte nt these factors modify toxicity. The basic premise 
with this approach assumes that if the relationships between 

soil constituents and toxicity can be understood , then models 
relatin g the to x ic ity of c hemicals to soil allributes can be de

vel o ped . Un fortunately , the relationships arc complex and in-

~ To whom correspondence ;,l10uld he addressed . The present ad
dress o l Roman P. Lanna is Departm<:nl of Zoology, Oklahoma Stale 
Uni vc rstt y, Stillwater, OK 7407H. USA. 
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teractive . and it is difficult to incorporate the ~patial and tem 
poral heterogeneity of the soil medium. as wdl as the behavior 

and physiology of soil org anism;,, into a mode l. 

Several soil bioas say pro toco ls in the las t decade have iden 
ti fied Eisenia fetida (Sav .) as the preferred te st species . al 

though Lumbricus terrest ris ( L.) has also been ;, uggcsted as 

a suitabl e species [3-51 . Numerous other spec ie ~ have al sn 

been used in toxicity tests (Perionyx excavatus, Aporrecrodea 
ca liginosa, Eudrilu .1· eugeniae, Lumbricus rube/Ius , and Al
/olobophora rubercu/ara) , and compari sons of tuxtcity ha ve 

always been based on soil co ncentrations of toxi cants , o ften 
for soi ls of varying compositi o n [5- H 1. The u;, e o f cr iti cal body 
residues (CBRs) [9] m ay reduce so me of the variabtlt ty 111 

re lat ing bioassay end po ints to meas ures of c hem 1ca l ex poo,u re 
for test results obtained with different w orm speci e ;, in va ri ous 

soi l types. This toxicokineti c approach a~sumes that the tox
icant concentration at the site(s) o f toxi c action in an urgani s tn 

is relatively constant for an overt bi o logical response suc h as 

mortality and that uptake follows Pick 's Law o f Diffus ion [91 . 

In o rder for the approach to be applied, measure~ of toxici ty 
(e .g., LC50s) a re linked with pharmacokine tic models o f tox 

icant uptake, such as a one -compartment , lirst-o rder kine tic ;, 

( I CFOK ) model. It is essentia l that to x icit y compari sons a re 

made at steady s tate, when bo th mortality and tissue residues 

have reached th reshold values . In practic al te rms , bioa ssays 

must be continued for a period of time s ufticie nt for the con

centration causi ng 50% mortalit y (LC50) to hav e reached a 
time-independent LCSO or incipi e nt lethal le vel ( lLL ). 

llllllllllllllllllllllllllllll 
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Our study examined the relationship between ILLs and 
~· 'H Rs for pentachlorophenol I PCPl, a xenobiotic which un

couples <JxidatJve phosphorylation 1101. in three species of 
earthworms I'-· terrcstris, /:'. eugeniae. and E. f'etida). These 

te~t ,pc,·ies have distinct temperature requirements and en

eompas-; a lll-filld ditlnenee in hody si1.e. Tests were also 

c<lltducted with /:'. ji·urla at one temperature in two soil types. 

The gennal hyputhe"s examined in these experime·nts was 
tilat at il'thality. body residues or CBRs we~re similar regardless 
ut test speTJes. hody -;ite, test temperature. soil type, or soil 

PCP concentration. 

MATERIALS AND METHODS 

To'\iclly tt~sts were conducted with E fi•tida. L terrestris. 
ctnd /:. eugeniae exposed to nominal PCP concentrations rang

iqg from 0 to 6.75 mmol/kg for 2X din artiticial soil. A similar 

toxicity test was also conducted with E. fetida in a natural 
clay ~;oil Tests wtth E. /(•tida were cnnducted at 15 and 24°C, 
while those with L terrestris and 1:.·. eugeniae were conducted 

at 15 and 24°C, respectively. Comparisons of toxicity were 
made using ILLs derived from nonlinear regressions of time
toxicity data using non11nal soil PCP concentrations or with 
whole-hody PCP concentrations. 

Adult 1:'. fetida (0.3 ·-0.4 gJ and E. eugeniae ( 1.5-2.7 gJ were 
purchased from a commercial grower (Early Bird Ecology and 
Bait Ltd .. Smithville. ON. Canada), while adult L. tarestris 
U.J---1.6 g) were~ purchased from a live bait wholesaler (Ho .. 
);ans Live~ Bait l.td., Alma, ON). All earthworms were mon .. 
itored in the laboratory for mortality and general health for a 
minimum <>f 2 weeb before use. Eisenia fetida and E eu
t;<'ni,u· were maintatned at 22 + 0.5"C. while L. rerrestris 
wen· refrigerated 1-I''C 1. 

Artdic:Jal -;oil (clav. · 20'.'~; organic matter IOM I. .... I O'Yr; 

'iand. 6'iC(>: CaC0 1, I''{•; pH. · 7.5) [31 was prepared in IIJ-kg 

hatches and allowed to .:quilibrate for at least 3 d prior to the 
additiun uf PCP Bmobton clay (OM, .. 1.1%; pH, .. 6.1 l was 

obtained from the Agriculture Canada Research Station ( Har

row. 0!\ I, sieved through a 2-rnm •;tainless-steel mesh until it 

appeared wuform in L·nlnr and texture, and stored at -1 ·-+:: OS'C 
;wndmg 11se. The colkction site had a known land-use history 

·•d was considered to he free of pesticide and other contam

ination. 
Testing was conducted in environmental chambers (Model 

E 7. Conviron. Winnipeg, MB, Canada) with controlled hu

midity. photoperiod. and temperature. Eudri/us eugeniae were 
tested at 2·+ ~ OS'C; L. terrestris, at 15 :+.: 0.5°C; and E. 
ji·llda, at hoth temperatures. Earthworms and test soils were 

acclimated to test condttlons in the environmental chambers 
for a minimum of 2-1 h prior to testing. Test soils (£. fetida 
and E. eugeniue, 300 g dry weight; L. terrestris, 400 g) were 
weighed and placed into clear glass jars which had heen 

washed according to Greene et al. II lj. A stock -;oluuon was 
orepared by di-;~olving I'CP (Aldrich Chemical Co., St. Louis, 

MO. USA! in a -,odium hydroxide (NaO~fl solution. Appro
priate volumes of 'itllc·k solution were added !0 the soil aliquot 

and rntxed manually until the soil appeared uniform in color, 
tl'xture. and moi-;ture CtJntent. Each test used a logarithmic 
series of I 0 PCP cmtcelllrations covering the range of 0.03>1 
til 6.75 mmol/kg plu-; a distilled water control and a solvent 

c<Hltrul cmilatntng the maximum amount of NaOH solution 

u.,cd in d!.spen-;tng f'CP to the soil. Soil PCP concentratiOns 

are re,porlt:d as nonunal values throughout. The tests were 
conduckd in triplicate With 10 worms per jar and lasted 2H d, 

ll.< i. Fti/W'Ltid <.'I .tl 

with mortality observations at I . .'.. -1. H. and I h h. and <lit 
days I. 2. -1. 5, 7, 1-1. 21. and .'.H. Some additional tllt>rtality 

observations were also made during tndtvidual htt>.hsays 

Worms were presumed dead when no C<>ntractlic rnp<>nsc wa' 

ohserved upon light prodding with a blunt probe. i\11 mortal 

ities were frozen at -HO"C for PCP re.sidue analySts. 

Whole-body PCP concentrations were determined I'm/:'. /<' 
tida at 24°C in both -;oil types for all c:xposure conccntrati<>ll\ 
Residues for E. ji,tida exposed to PCP at 15''C ;tnd for other 
earthworm species were determined for worm.s frmn the di~

tilled water control. from soil PCP concentrations ;tS\I>ciatcd 

with the estimated ILLs. and from unc: other concentratiun 

(2. I 0 mmol PCP/kg). Pentachlorophenol concentrations wne 

measured by gas chromatography (GC! following cryoextrac

tion of the earthworms. The complete: method for residue: and 

lipid analysis is described elsewhere 1121 Earthworm-., were 

freeze-dried, then digested in hot sulphuric ac1d with a hexane 

overlay. This digest was mixed, centrifuged, and then cooled 
on dry, ice. Once the lower aqueous layer had solidified, the 

hexane was decanted. and the procedure was repeated tWil'l' 
more. The final hexane vulume was adjusted to 10 ml hy either 
evaporation or topping up. A 1-ml aliquot of the sample wa-; 

spiked with an internal standard (dibrmnobenlt.'IW) and deri

vatized with diazomethane 113] in preparation for (i(' an"ilysh. 
Pentachlorophenol was quanti tied with a Varian .1400 gas c:luo
matograph equipped with an electron capture dett:etor usin).! 

nitrogen as the make-up gas. Recovny t~f PCP Jmm th,· tis'"'' 
samples was calculated to be >lJ()';( .. and n~ported v;dllc's wnc 
not corrected for recovery. Lipid dL'ternunatJon follo'Aed the 

vanilline method of Meyer and Walther 11-11. ll'>tng nk1c actd 
for constructing the standard curve. 

Initial nominal PCP concentrations 111 soils were' Lhed It> 

determine LC50s from mortality data hy trimmed Spearman

Karher analysis 1151 for each rime where >50'k mortality 
occurred in at least one concentration. Incipient lethal levt·h 
were estimated by fitting a JCFOK model to the LC)O ltme 
data using nonlinear regression analysis and calculallng the 

asymptotic value of the curve. Residue and ll .L data were 

analyzed by analysis of variance. and mean~ were compared 

using Tukey's Honestly Significant Dif ferencc· test In = IJ.I I)) 

for E. ferida at 24"C in both soil type-.,. Data normality and 

homogeneity of variance were determined by analy'" ol re 
siduals l l 6]. If these assumptions were violated. log'" traiLs
formations were applied to the data to satisfy those assump

tions prior to statistical analysis. 

RESCLTS 

A significant (p < 0.0001 I treatment etlecr '"' IL.J., and 
toxicity half-lives (!,,, time required to reach half the time 
independent threshold for lethality. i c., the ILL! was c·vident 

(Table I). Incipient lethal levels for !.. trrrl'.lln\ and /; r·u

geniae were similar and -;igniticantly 111glll'r than those f,,, all 

E. j{'tida treatments. The ILLs for L. fetidu expo.'>t:d w PCP 
in artificial soil at 15 and 24°C were -;imilar, whtlc the ILL 

for E. fetida exposed to PCP in Broobton clay \~ "' '>tgnilt 
cantly higher. A sevenfold differenn· was ohsnved lwtw •. ·,~n 
the highest and lowest ILLs. The halt-live~ for all L ji·titfu 
treatments were similar. as were half-live~ for the two larger 
species of worms. !.. terrestris and /:'. eugeniue However. I, 

values for the larger species were significantly Jown than those 

for f:. fetida. 

Critical body residues at lethality for !:'. .fetida ll:.sted in 
artificial soil at 24°C ranged from o .. n ro 2.65 mmlll l'CP/kl! 
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LII>Ic I l'<>XI<'ologtcal end points for earthworms exposed to PCP 
III different experimental regimes 

Tem-
per- ILL'" 

SiLt:'' arure (mmol fy,·L.h 

(g) Soli type ("C) PCP/kg) (h) 

F. Ji·tid" 0.2:\ Natural 24 0.27A 72A 
(01)3) (()OR) (21.5) 

0.36 Artificial 24 () 148 138A 
({).{)()) tO 001) (31) 
0.36 Atttli~:ial 15 0.108 129A 

(0.06) (0 002) (5.7) 

2.25 Artiticial 24 OAK 23B 
((U~l (0.12) (5.7) 

L lt'!Tt"slris J.H 1 Artificial 15 0.72C l7B 
(()l()) (0. 12) (6.4) 

·' Avera~e measurement (II 3) with SD in parcntheM:s below. 
"V ;dues in columns with a common letter are not significantly dif

lnent If' · 0.05 ). 

(wet weigh!J over the entire range of soil PCP exposure con
.:::::·.:::~::-::;, from 0.12 to 6.75 mmol PCP/kg (dry weight) (Ta
ble 2). Only CBRs in worms exposed to 6.75 mmol PCP/kg 
were significantly higher than those measured at other PCP 
concentrations (Table 2). Residues of PCP in surviving worms 
were either similar to or lowt:r than thost: in dead worms (Table 
2). Body residues of worms from the two control treatments 
did not diller from one another and were significantly lower 
th<lll n:stdues in ,til PCP-exposed worms (Table 2). Mean CBRs 
for/:'. j("tidu exposed to PCP at 24"C in Brookston clay ranged 

,,-,,.,,.r/11. To nco/. Cht'/11. I), I<J'l() 2301 

from 0.51 to 1.5() rnmol PCP/kg (wet "-'<'Il!ht) ovn the sante 
range of soil PCP concentrations and wen· not signiticuHiy 
different (Table 2). Criti-=al body res1due-; tor L. fetida ( I 5"('), 
L. terrestris. and E. eugeniae tested in arti!icial -,oil a1 PCP 
concentrations near their respect i Yl' I LI.:-. :md 2. I 0 Illllh>l 

PCP/kg ranged from 0.47 to 2. I~ mmol !'<'!'/kg 1 wet wc:t~·ht l 
The ranges for lipid content in the earthworm:-. were a., follm' ': 
E. fetida tested in Brookston clay wa:-. .\.h !il h.X'.'·( and 111 

artificial soil was 3.2 to 7.2'7r; L. terrl'stris wa-, I .7 to 'i y;, 
and E. eugeniae was 2.7 to 7.6?,. 

No mort<IIity of£. ji•tu/(J occurred at etther 15 or 2.f' C 111 

either soil type for treatment groups expo-,ed to 0.0.1~ or t').(JM\ 

mmol PCP/kg or in the artificial soil controls. Additionally. 
no mortalities occurred in E. jt•tiJa exposed to 0.12 mnwl 
PCP/kg in Brookston clay. For all other /:·. fi•tida treatments. 
as well as for all tests with E. eugeniae and L terrestris, all 
exposure concentrations showed some mortality over the 2X-d 
duration of the tests. In tests with E. eugeniae and L. terre.1tns. 
no mortalities were observed at exposure conL·entrations he! ow 
0. 12 mmol PCP/kg or in controls group' over the first 14 d 
of the test. However, mortalities consistently occurred after l.f 
d of exposure, by which time ILLs were clearly established. 
As a result of these mortalities. only the data up to 14 d were 
used to model toxicity and estimate an ILL The equatwm 
estimated by nonlinear curve titling of the I CFOK model ro 

the toxicity data provided a good fit to the Db-,erved dau for 
all species, temperatures, and soil 1ypes ~It which IC'>h wc:r~ 

conducted (Figs. I and 2). 

DIS< 'lJSSION 

The results of this study gt:nnally '•llf'fl"n tht~ hyp"til<'\1', 
that regardless of earthworm species. tesl tl'lilperatun:. 01 ""' 

Table 2. Body residues of earthwonm exposed to PCP in diffen:nt experimental rcg11nes 

Body residue·'' (mmol PCP/kgJ 
---------------------------------------------------------
Brookston clay 

Soil concn. 

(mg/kg) (mmol/kgl (24"C) 

I ,HOO 6 75 1.19A 
(0 384) 

1,000 3.75 l.l9A 
(0.2771 

560 2.10 l35A 
(0.395) 

320 1.20 l.l6A 
(0.882) 

180 0.68 l.5HA 
(0 531) 

100 (I.JH 0.51A 
(() 235J 

56 0.21 O.H4A 
(() 306) 

12 0.12 1.16A' 
(0.387) 

IH 0.068 l.29A• 
(0 <JII I 

10 O.IUX 

NaOH ()() 0.048 
(0 01)) 

H,<> 0.0 0.02B 
(0 006) 

E. fetida 

!24"Cl 

2.65A 
( 1.89) 
0.74BC 

(0.70) 
0.62BC 

(0.53) 
0.56BC 

(0.22) 
0.59BC 

t0.026) 
0.80BC 

(0 02Hl 
0.33DE 

((J.064) 
0.79BC 

(0 055) 
0.44CD' 

(0.12) 
0.21 E' 

(0.057) 
fi.006F 

(0 003) 
0.005F 

(0.002) 

Artitictal .,oil 

0.80 
(0.26) 

1.2'! 
(0. 15) 

0.006 
(().00 I) 

1::. eugenwe 
(24"C) 

0.41 
(0 10) 

0.61 
tO. IX) 

0.002 
1000 I) 

' A vcragc measurements with standard deviation in parentheses below. 
1' Values with a common letter in columns are not significantly differcm (p > 0.05). 
' Body resJducs measured m live worms exposed to PCP. 

L. tern'.\lrt.\ 
( I 'i''(' I 

0.47 
((). 18) 

2.1 X 
I I .07) 

1!.002 
(0 000.1) 
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,.,g. , . Toxicity curve' for three specie' of earthworm exposed to 
PCP in artilictal 'oil l<>r 14 d 13:16 h). (A) Eisl'llia}i'llda at l'i°C (D) 

.:~nd 24"C ('~I. (Ill !:'win/us eugeniae at 24°C. (C) Lwnhricus tern'stris 
at I ~-·c. Fach value i' the mean of three replicates: the curve i'i the 
ICH>K model line nf beq lit. 

type.l'BRs of PCP tor lethality were similar. This phenomenon 
also occurred over a range of soil-based PCP concentrations 
spanning more than two orders of magnitude. This suggests 
that despite the various abiotic and biotic modifying factors 
present in the different toxicity tests, the internal dose of chem
tcal in the earthworm that results in lethality is the same. 
Earthworms in thi., study were exposed to soil concentrations 
of PCP whtch ranged more than two orders of magmtude, 
O.O~:'l to fJ.7'i mmol PCP/kg. However, when body residues 
were mcasur('d at all exposure concentrations (E. .fetida, 24"C 
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Brookston clay nr artificial .'ioil: Table 2). CBRs vaned Jes, 
than threefold. excluding CBRs of earthworms exposed to 6. 75 
mmol/kg in artilkial sotl. Critical body restdues 111 tht:se 
worms were significantly elevated. likely due to the continued 
diffusion of PCP into earthworms after death due to the htgh 
concentration gradient present between tlll' soil and the wom1. 
A reduced concentration gradient may also account l·or the 
lack of elevated CBRs at lower exposure concentrations StncL: 
mortalittes were first monitored ,tl I h. it is not h.n"wn at 
exactly what time after the comrnerKemenl of ~XJl"Stm: th,:sc 
worms died and how much addittonal time wa.'> avatlahk ftH 

continued diffusion. A similar increase in PCP body burden' 
was not observed in worms exposed to the same conccntratiuns 
of PCP in Brookston clay. This may have bec:n du,· t.> the 
differences in uptake kinetics due to vanations in pH. particle 
size, and organic matter content between the different sotls. 
A similar range of CBRs was observed in other spcctcs of 
worms. but the comparison is tenuous due to the tncomplctc 
sets of CBR values. 

The test organisms used in this study represent not only 
three distinct taxonomic genera from two separate fanulies 
(Lumbricidae and Eudrilidae) but also three separate size class
es which range 10-fold in weight (Table 1 ). Body size has long 
been known to affect metabolic processes and to alter toxicant 
kinetics [171. Smaller organisms are usually thought to be more 
sensitive to contaminants. Eisenia fetida were observed to be 
about live to seven times as sensitivc to PCP in artificial sot! 
compared to the larger test species based on soil PCP ctln

centrations. However, when CBRs arc compan~d at a stngk 
exposure concentration higher than ILLs for all '>pe,:IL:s. the 
difference in PCP residues is Jess than twofold !Table 1. 2.10 

mmollkg exposure). In other words. the differences in -;enst
tivity to PCP observed when companng ILL' an: \ltnpl) an 
artifact of expressing toxicity as >otl conccntratwns t·atltet than 
the actual dose in the organism. Other studi,~s have al'" Ctltll

pared the toxicity of various chernicah to different sp,~cie-; ,,f 
earthworms. Neuhauser et al. II X) observed that the four earth
worm species tested (£. }£'tida, E. t'lt!jf'lliilf', A. tulwrudatrl. 

and P. excavatus) vaned two- to J(J-fold tn thetr . .,ensttivity 
to a given contaminant based on sot! concentrations ol the 
chemicals expressed as time-dependent LC50s. However. the 

0 0 0 
o a o 

" 

0 -----.........___.,-------~. ----,---·---,----~---~----.,------------1 
o 100 :~oo 300 400 500 600 700 

Time (h) 

Fig. 2 roxic·ity curves for /:'i.\·en/!1 /i'tida exposed to PCP 111 anilicial 'oil (U) or Brookston clay (IJ) for 2H Ll th72 hi at .'4'C. Each value t.' the 
mean ol three rt.'plil.ltt:s; the curve I\ the ICFOK model line uf best tit. 
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corn·Lltinns <llllllllg the LC50s of the canhworm species for 
the 10 chenucals tL~sted in anilicial soli w;h high. with cor

rclatwn coclticicnts ranging from O.'J74 tn O.'NX. Similarly. 
van < ;,~stel and Ma [X 1 found up to a I 0-fold ditlerencc in the 

tllxtctty of various chloropherwls between two species of earth
WllfllL'> (F.'. ferida am/rei and L. rube/Ius). Two different sizes 

I l .. l l.X and 0.54--0.70 g) uf /.. ruhellus were also exposed 

tll ~ -L~-trichlnrophenol to investigate the effect of body size 
•ln tnxtcity No diffcrcm:e . ., were observed. likely due to the 
small 1 tWll· to threefold) difference in hody si/.e. 

Sinn~ different spectes nf worms exhibited similar CBRs in 

artllictal soil. it follows that the same worm species should 

hav'~ sinular CBRs if exposed in different soils. The ILL for 
/:'. ;i·tidu exposed to PCP 111 Brookston clay at 24oC (0.27 

mmol PCI'fkgl was approximately twofold higher than the ILL 
tor th<l·><: exposed at the same temperature in artificial soil 
(0.1-l tllmol PCP/kg. Table I). A difference in ILLs would be 

expected since toxicity is expressed as a function of soil PCP 
C:<lnc·cntratton and the two test soils differed in physical and 
chemical pn>pcrttes. The pH of the clay ranged hetwecn 5.7 

ami (J.'i. \vhik the pH of the artificial soil ranged between 6.<) 

and H. I. The amount of organic matter and its composition, 

;ts ~ell as the particle si1.e distribution, also varied between 
th<~ two -;oil types. The toxicity of PCP to E. fetida andrei has 

hccn reported to he intlucnced by soil pH and organic matter 

content 11'>1. The 14-d LC50 for worms exposed in a natural 
soli iCtl;.e; pH. 4.1; OM. 1.7"/o) was 0.20 mmolfkg, about 
I wolold illgh<~r than the LC50 of 0.11 mmol/kg observed in 
w<>rllls exposed in an artificial soli (pH. 7.(); OM, 7.7'Yc). It is 

apparent that the interplay hetwc.:n modifying factors will de
tcrminL' the bioavailahility and hence the uptake kinetics of 

PCP !'rom the soils. resulting in 'ilatistically different ILLs or 

l.C.'iO values. Although di ffcrcnc.~s in ILLs were observed in 
thl' current study. compar1.,ons of CBRs at the ILLs for /:'. 

fetidu '~xposcd tn Brookston clay and in artificial soil did not 
app,·ar to provick any addittonal resolution of relattve toxicity 
111 lhc<,c two soils (Table 2). Additionally. a valid statistical 

<ompan"m of Individual CBRs between studies is difficult to 

make due to the .:fleets of latent variables since tests were 
C<Htductcd hy separate re<,carchcrs using different hatches of 
earthw.,rms at dill,~rent tunes. By contrast. end points like an 

ILl. •>r /, an: basL'O on summary data derived from bioassays 

conducted over 14 or 2X d that allow for statistical comparisons 

that mmtrniJ.e the variability associated with latent variables 

as the\ have reached time-independent thr.:sholds. 

Another modifywg factor which can intluence toxicity is 

tesl tc~mperaturc:. As ambtcnt temperature increases. the tox

tclly t>l dJemicai.., to ectothcrmic organisms often increases 
due to incrcas.:d activity. both metabolic and behavioral, as 

well a.-; to enhanc:.:d dtiTusion across epithelial surfaces. The 

re,ults ot our study showed no differences m the toxicity of 
PCP to L. j(•tida at 24''C compared to 15.'C based on ILLs 

~Table I). and CBRs supported this ob,crvation (Table 2). 

Either temperature is not a major modifying factor of toxicity 

111 !·.'. fetitfil or the temperature ddTerential m thts experiment 

wa' too small to act as a stgnilicant modifying factor of tO\
ictty. 

If no differences in CBRs cxtst hctwccn species. why do 
ILL-; differ between species exposed in the same test medium'' 
S 1 nc·e modi fytng factors associated with the test matrix (art i
lic:tal soil 1 and the test chemical (PCP) were held constant. 

observed dillcrences in ILLs may have been due to modifying 
lactllrs assouated with the test organisms. DilTcrenccs in the 
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physiology. body stze. or behaviour ol tlw test 'Jll',.J,~·. llLlv 

lead to altered loxicant uptake kinetics and lwnn· dil kt,·nt 

ILLs. Body size has hcen observed ltl altn ltntcant kincttn 

in poikilotherms 1201. and inthts studv. the 1. was >~gnllicmtlv 

shorter in the larger worms (/ .. rern•sflis and /~·. <'llt;<'lll<it'\. 

indicating that they reached an II .L wtth n·spl'CI lo s•nl I'< T 

concentrations about four to live ltniL'S Lt<,~cr tha11 till' 'ilLlllcr 

worm species (E. .f£•tidal tTabk I .111d hg. II. C<lll\'ersc·lv. '.m 
Gcstcl and Ma [X I found no _,tattstlcal chlkrcnc.:s in tlw t .. \ 

icity of 2.4.5-trichlorophenoi to/ .. mlwllus lksp1te a thn:c-l"ld 

difference in hndy wetght uf test Wt>rtlls. Dtt\111~ th,· tn\lt.IIV 

tests reported her.:, E. ji·tidu were olten t'•ntnd c·htmp.:d tn 

gcthcr ncar the bottom of the te'>t chamber dunng morLliil\ 

checks. The two larger species were Ltsually l·oun.I thrt>ut'h•>llt 

the test chamber. perhaps indicattng gr.:ater activttv. Altht'll[!h 

the nature of the testing mt:dtum and concentrations ot P< 'I' 

were held constant, the soil mass/worm bwmas.s t·atim dille red 

(E.fetida. K3; E. eugeniae. I J~ L. terrestris. 10). AddittmLdly. 
the larger worms may have found the <lrgantc matter 111 rhc 

test soil (Sphagnum peat moss) more suttable for L·omumpttlln 

and thus had an increaseJ rate of diet;ny uptake. The intptlr· 

lance of the dietary route of uptake m toxicity 1s unknown in 

worms. but van Gestel and Ma I X lmfcrrcd the cutaneous route 

of uptake to be dominant when they found !hat dittcrcnn·s 111 

the toxicity of chlorophenols 111 dillcrent natural sods. ex 

pr.:ssed on a milligram per kilogram •;oil has1.s. disappc;m~d 
once exposure was expressed as milligrams per iltL'r ,,,. p<>tc 

water using sorption coefficient.'>. llowcvn. dtllcrt:llcl:s 111 sm p 

tion would not be encountered 111 !he current sll1dy. stllC<' the 
test soil was similar for all three spcctes It IS pt>ssthk that 

physiological differences extst between spn·te', 111 thea <~hilll\ 

to regulate contaminaut uptake through nwchantsms •,u.._iJ ·" 
mucous production. During thts studv r: t'llg<'lll<ll' pr<lduced 

more yellowish mucus un cllntact with ekvatcd !nels •ll l'fT 

than did Efetida. whik /. .. tcrrrsrri.1 prt1dcH t•d the ''""t llllll.·.t·; 
which was yualitativcly diiTcn~m in that 11 w;1.s hl.id 111 , . .,,, q 

Bel froid ct al. [21 J exposed E j(•tuia ttl dil krent c:onn•nt rat 1 "11' 

of chlorohen;,encs via different routes <lf •:Xpo-;urc. watn. '''II. 

contaminated food, and filter paper. Exc:c~pl lor the c:ontacr ltltn 

paper toxtcity test. body residues at kthalitv Wt:ll' st!liiLll l<>r 

a given chemicaL The authors 'iUggestcd that tht.: dtfkn.'IJCC\ 

in lethal body burdens for worms .:xposcd on !titer paper may 

have been related to .o;urvtval tllnt: and/or to !he melaholisnl 

or biotransformation of the test chcmtcal. ')pcctes ditlerence\ 

in PCP metabolism may also have contributed t" the ditln 
enccs in ILLs observed in this study. Eartlrv.orms appear to 

have the ability to bind xcnohiotics or theu· mctab<llite·, Ill 

uncxtractahle forms 1221. Specifically. Haque and Fbinl! 12'1 
documented the formation uf unextractable compound\ 1n 

worms exposed to ''C-PCI'. Ddlercnn~s between <ipccles 111 till' 

ability to hind PCP may have contributed to the l)h,cr1ed 

differences in ILLs yet similar body residues. 

Whole-body PCP rest dues of E. /t•tida surv1 vtng the 2S d 

exposure in either artiltctal soil or Brookstun ..:Jay were Sl!lld:u 

to those of worms that perished duntt,l' tlw tc•,t 1Tahk .' 1 
Similar results were oh'>crved by fkltn,d .:t al. [211 w11t1 r 
fetida exposed to chiorobcn;.enes Ill ;utrlict.d sod. S!IILT lhnt' 
worms arc exposed to lowc:r soil P( ·p ,·,lnct:ntratton-, 11 ,. 

below the ILL). the anllllllll ot PCP avad.tlllc lot upt.JJ..l' rruy 

be low enough that the ammals have c.stcibli ,bed "Jmc phv '· 

iological equilibrium hetwc~cn uptake. lllL'!abolt.'>Ill. and <kp 
uration that would allow nonlethal adapLttwn to 1·csidues \IITl· 
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rlar lo tlw.'>e found in worms ~xposcd to higher concer!lrations 

of P<'P 

Srtntlar CBRs tor E. j(•ttda exposed at PCP concentrations 

ranging over more than two orders of magnitude in two dif

fen·nt soil tyres and between three species of earthworms 

differing in body si1.e d~:monstrate that body resiJues can act 

to more effectively integrate the relationship between test or

ganisms, exposure, and mortality than soil toxicant cuncen

tration" alune. The CBR approach quantities the amount ut 

tu.xicant rartltl<lning intu the nr!!anism and provides an esti

mat~: nt dose whiCh i.-, less dependent on external modifying 

factors than measttre.s such as ILLs. Since body residues ex

plicitly accnunt for the bioavailahility of a chemical. this ex

pression <>f the internal dose of contaminant received hy an 
organism has distinct advantages over the traditional expres

sion of dose as a concentration of contaminant in the test 

medium. Expression of toxicity in this manner accommodates 

tlte clas:-ic problem of modifying factors in toxicity testing and 

provrdes a route for comparing toxicity between different me

dto.t 12-+ I 
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