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Our study examined the relationship between H.Ls and
CBRs for pentachlorophenol (PCP), a xenobiotic which un-

couples oxidative phosphorylation [10}, in three species of

carthworms (L. terrestris, E. eugeniae, and E. fetida). These
test species have distinct temperature requirements and en-
compass a 10-fold difference in body size. Tests were also
conducted with E. fetida at one temperature in two soil types.
The general hypothesis examined in these expertments was
that at lethality, body residues or CBRs were similar regardless
ot test species, body size, test temperature, soil type, or soil
PCP concentration.

MATERIALS AND METHODS

Toxicity tests were conducted with E. fetida, L. terrestris,
and L. eugeniae exposed to nominal PCP concentrations rang-
ing from O to 6.75 mmol/kg tor 28 d in artificial soil. A similar
toxicity test was also conducted with E. fetida in a natural
clay soil. Tests with L. ferida were conducted at 15 and 24°C,
while those with L. rerrestris and E. eugeniae were conducted
at 15 and 24°C, respectively. Comparisons of toxicity were
made using [LLs derived trom nonlinear regressions of time-
toxicity data using nominal soil PCP concentrations or with
whole-body PCP concentrations.,

Adult £. ferida (0.3-0.4 g) and E. eugeniae (1.5-2.7 g) were
purchased from a commercial grower (Early Bird Ecology and
Bait Ltd., Smithville, ON, Canada), while adult L. terrestris
(3.3-4.6 g) were purchased from a live bait wholesaler (Ho-
gans Live Bait Ltd., Alma, ON). All earthworms were mon-
itored in the laboratory for mortality and general health for a
minimum of 2 weeks before use. Eisenia fetida and E. eu-
gentae were maintained at 22 % 0.5°C, while L. rerresiris
were refrigerated (4°C).

Artificial soil (clay, ~20%; organic matter [OM], ~10%;
sand, 69 CaC Oy, 1%; pH, ~7.5) [3] was prepared in 10-kg
batches and allowed to equilibrate for at least 3 d prior to the
addition of PCP. Brookston clay (OM, ~13%: pH, ~6.1) was
obtained trom the Agriculture Canada Research Station (Har-
row, ON), sieved through a 2-mm stainless-stee!l mesh until it
appeared uniform in color and texture, and stored at 4 + 0.5°C
nending use. The coflection site had a known land-use history
d was considered to be free of pesticide and other contam-
nation.

Testing was conducted in environmental chambers (Model
E.7. Conviron. Winnipeg, MB, Canada) with controlled hu-
midity. photoperiod. and temperature. Eudrilus eugeniae were
tested at 24 = O.5°Cy Lo orerrestris, at 15 £ 0.5°C: and E.
fetida, at both temperatures. Earthworms and test soils were
acclimated to test conditions in the environmental chambers
tor a minimum of 24 h prior to testing. Test soils (£, fetida
and £, eugeniue, 300 g dry weight; L. rerrestris, 400 g) were
weighed and placed into clear glass jars which had been
washed according to Greene et al. [11]. A stock solution was
orepared by dissolving PCP (Aldrich Chemical Co., St. Louis,
MO, USA) in a sodium hydroxide (NaOH) solution. Appro-
priate volumes of stock solution were added to the soil aliquot
and mixed manually until the soil appeared uniform in color,
texture, and motsture content. Each test used a logarithmic
series of 10 PCP concentrations covering the range of 0.038
to 6,75 mmol/kg plus a distilled water control and a solvent
control contaiming the maximum amount of NaOH solution
used in dispensing PCP o the soil. Soil PCP concentrations
are reported as nominal values throughout. The tests were
conducted in triphicate with 10 worms per jar and lasted 28 d,
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with mortality observations at 1.2, 40 80 and 16 hy and on
days [, 2, 4,5, 7, 14, 21, and 28. Some additional mortality
observations were also made during ndividual broassays.
Worms were presumed dead when no contractife response was
observed upon light prodding with a blunt probe. Alb mortal-
ities were frozen at —=80°C tor PCP residue analysis,

Whole-body PCP concentrations were determined tor £, fe-
tide at 24°C in both soil types tor all exposure concentrations
Residues tor E. fetida exposed to PCP at 157C and for other
carthworm species were determined for worms from the dis-
tilled water control, from soil PCP concentrations associated
with the estimated ILLs, and from one other concentration
(2.10 mmol PCP/kg). Pentachlorophenol concentrutions were
measured by gas chromatography (GCy following cryoexurac-
tion of the earthworms. The complete method tor residue and
lipid analysis is described elsewhere [12]. Earthworms were
freeze-dried, then digested in hot sulphuric acid 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 twice
more. The final hexane volume was adjusted to 10 ml by either
evaporation or topping up. A [-ml aliquot of the sample was
spiked with an internal standard (dibromobenzene) and deri-
vatized with diazomethane [13] in preparation for GC analysis.
Pentachlorophenol was quantified with a Vartan 3400 gas chro-
matograph equipped with an electron capture detector using
nitrogen as the make-up gas. Recovery ot PCP from the tissue
samples was calculated to be >>90%, and reported values were
not corrected for recovery. Lipid determination foltowed the
vanilline method of Meyer and Walther [14], using oleic acid
for constructing the standard curve.

Inittal nominal PCP concentrations in soils were used to
determine LC50s trom mortality data by trimmed Spearniin-
Karber analysis [15] for each time where >50% mortality
occurred in at least one concentration. Incipient lethai levels
were estimated by fitting a TCFOK model to the LCS0O tme
data using nonlinear regression analysis and calculating the
asymptotic value of the curve. Residue and ILLL data were
analyzed by analysis of vartance, and means were compared
using Tukey's Honestly Signiticant Difference test (o = 0.05)
for E. fetida at 24°C in both soil types. Data normality and
homogeneity of variance were determined by analysis of re-
siduals [16]. If these assumptions were violated, log,, trans-
formations were applied to the data to satisty those assump-
tions prior to statistical analysis.

RESULTS

A signiticant (p <0 0.0001) weatment effect on [LLs and
toxicity halt-lives (7, ume required to reach half the time-
independent threshold for lethality, i.c., the [LL) was evident
(Table 1). Incipient lethal levels for L. terrestris and B en-
genige were similar and significantly higher than those for all
E. fetida treatments. The ILLs for E. fetida exposed o PCP
in artificial soil at 15 and 24°C were similar, while the TLL
for E. fetida exposed to PCP in Brookston clay wuas signih-
cantly higher. A sevenfold difference was observed between
the highest and lowest [LLs. The halt-lives tor all £, fetidu
treatments were similar, as were half-lives tor the two larger
species of worms, L. terrestris and . eugeniae. However, o,
values for the larger species were signiticantly fower than those
for E. fetida.

Critical body residues at lethality for E. fetida tested in
artificial soil at 24°C ranged trom 0.33 to 2.65 mmol PCP/kg
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Table 1. Toxicological end points for carthworms exposed o PCP from 0.51 to 1.59 mmol PCP/kg (wet weight)y over the same
in different experimental regimes range of soil PCP concentrations and were not signiticantly
Tem- ditferent (Table 2). Critical body residues tor £, ferida (15°C),
per- ILL+ L. terrestris, and E. eugeniae tested in artificial sotl ar PCP
Sizer ature  (mmol 1,0 concentrations near their respective by and 210 mmol
‘»Sl"'i’f” (8 Soiltype  (°C) - PCP/g)  (h) PCP/kg ranged from 0.47 to 2,18 mmol PCP/Kg twet weight)
‘,;7(,”;;@ 0.23 Natural 29 027A  TIA The ranges for lipAid content in the carthworms were as follows:
(0.03) (0.08)  (21.5) E. fetida tested in Brookston clay wias 3.6 to 6.8% and m
0.36 Artificial 24 0.14B  [38A artificial soil was 3.2 to 7.2% L. terrestris was 1.7 1o 3.5%,

(0.06) (0.001)  (31) and E. eugeniae was 2.7 to 7.0%.
0.36 Artificial 15 0.10B  129A No mortality of E. ferida occurred at either 15 or 24°C in
(0.06) (0.002) (5.7 either soil type for treatment groups exposed to 0.038 or 0.068
E. eugeniae 225 Artiticial 24 0.63C 23B mmol PCP/kg or in the artificial soil controls. Additionally,
(0.35) 0.12) 5.7) no mortalities occurred in E. ferida exposed to 0.12 mmol
L ierresiris 3181 Artificial 15 0.72C 17B PCP/kg in Brookston clay. For all other £ ferida treatments,
(0.30) (0.12) (6.4) as well as for all tests with E. eugeniae and L. terresiris, all

_ i exposure concentrations showed some mortality over the 28-d
* Average measurement (n = 3 with 8D in parcnthc§cslt?elow, i duration of the tests. In tests with £ eugeniae and L. terrestriy,
" Values in columns with a common letter are not significantly dif- L. :
ferent (p - 0.05) no mortalities were observed at exposure concentrations below
0.12 mmol PCP/kg or in controls groups over the tirst {4 d
of the test. However, mortalities consistently occurred after 14
{wet wuml) over the entire range of soil PCP exposure con- iOt expolsur:,:y which ;mk ”“['“IS \&:rciclcu\ly cs]t;ihllul'\cd.
-2tiozs, from 0.12 o0 6.75 mmol PCP/kg (dry weight) (Ta- s t ¥ l‘ o '7‘(0”‘1 ‘é‘“'{,‘”‘ y the ‘[‘;“L‘ ”q,;" o were
S > : stimate e eguation
hlc 7) Only CBRs in worms exposed to 6.75 mmol PCP/kg used to model toxicity and estimatc an neequ tons
estimated by nonlinear curve fitting of the 1CFOK model 10
were significantly higher than those measured at other PCP L . : .
. 5 - D - the toxicity data provided a good fit to the observed data for
concentrations (Table 2). Residues of PCP in surviving worms ) - .
e o . all species, temperatures, and soil types at which ests were
were either similar to or lower than those in dead worms (Table

. . . conducted (Figs. 1 and 2).
2). Body residues of worms from the two control treatments (Fig ‘ )

did not differ from one another and were significantly lower DISCUSSION
than residues in all PCP-exposed worms (Table 2). Mean CBRs The results of this study generally ~upport the hypothesis
for £. fetida exposed to PCP at 24°C in Brookston clay ranged that regardless of earthworm spectes. test temperature. ov soil

Table 2. Body residues of carthworms exposed to PCP in different experimental regimes

Body residue*” (mmol PCP/kg)

Brookston clay Artificial soil
Sotl conen. E. fetida
E. eugeniae L. terrestriys
(mg/kg)  (mmol/kg) (24°C) (24°C) (15°C) (24°C) (15°(N
1,800 6.75 1.39A 2.65A
(0.384) (1.89)
1,000 3,75 1.19A 0.74BC
(0.277) 0.70)
560 2.10 1.35A 0.62BC 0.80 0.41 .47
(0.395) (0.53) (0.26) (0.10) (0.18)
320 1.20 1.16A 0.56BC
(0.882) 0.22)
180 0.68 1.58A 0.59BC 0.61 2,18
(0.531) (0.026) (0.18) (1.07)
100 (.38 0.5TA 0.80BC
(0.235) (0.028)
56 0.214 0.84A 0.33DE
(0.306) (0.064)
32 0.12 1.16A" 0.79BC .29
(0.387) (0.055) (0.15)
18 0.068 1.29A¢ (.44CD-
0911 (0.12)
10 0.038 0.21E*
(0.057)
NaOH 0.0 0.04B 0.006F
(0.015) (0.003)
H,O 0.0 0.02B 0.005F 0.006 0.002 0.002
(0.006) (0.002) (0.001) (0.001) (0.0003)

+ Average measurements with standard deviation in parentheses below.
" Values with a common letter in columns are not significantly different (p > 0.05).
< Body residues measured 1in live worms exposed to PCP.
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e1g. 1. Toxicity curves for three species of carthworm exposed to
PCP in artiticial soil tor 14 d (336 h). (A) Eisenia fetida at 15°C ()
and 24°C (0. (B) Fudrilus eugeniae at 24°C.(C) Lumbricus terrestris
at 15°C. Each value is the mean of three replicates: the curve is the
1CFOK model line of best fit

type, CBRs of PCP for lethality were similar. This phenomenon
also occurred over a range of soil-based PCP concentrations
spanning more than two orders of magmtude. This suggests
that despite the various abiotic and biotic modifying factors
present in the different toxicity tests, the internal dose of chem-
1cal in the ecarthworm that results in lethality is the same.
Larthworms in this study were exposed to soil concentrations
of PCP which ranged more than two orders of magnitude,
0.038 to 6.75 mmol PCP/kg. However, when body residues
were measured at all exposure concentrations (E. fetida, 24°C
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Brookston clay or artificial soil: Table 2), CBRs varied less
than threetold. excluding CBRs ol earthworms exposed to 6.75
mmol/kg 1n artificial soil. Critical body residues in these
worms were significantly elevated, tikely due to the continued
diffusion of PCP into earthworms after death due to the high
concentration gradient present between the sotl and the worni.
A reduced concentration gradient may also account tor the
lack of elevated CBRs at lower exposure concentrations. Since
mortalities were first monitored at 1 h, it is not known at
exactly what time after the commencement of exposure these
worms died and how much additional time was availabic tor
continued diffusion. A similar increase in PCP body burdens
was not observed in worms exposed to the same concentrations
of PCP in Brookston clay. This may have been due to the
differences in uptake kinetics due to variations in pH, particle
size, and organic matter content between the different soils.
A similar range of CBRs was observed in other species of
worms, but the comparison is tenuous due to the incomplete
sets of CBR values.

The test organisms used in this study represent not only
three distinct taxonomic genera from two separate families
(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 [17}. Smaller organisms are usually thought to be more
sensitive to contaminants. Eisenia fetida were observed to be
about five to seven times as sensitive to PCP in artificial soil
compared to the larger test species based on soil PCP con-
centrations. However, when CBRs are compared at a single
exposure concentration higher than {LLs for all speaies. the
difference in PCP residues is less than twofold (Table 1, 2,10
mmol/kg exposure). In other words, the difterences in sensi-
tivity to PCP observed when comparing [1.Ls are simply an
artifact of expressing toxicity as soil concentrations rather than
the actual dose in the organism. Other studies have also com-
pared the toxicity of vartous chemicals to different species of
earthworms. Neuhauser et al. [ 18] observed that the four earth-
worm species tested (E. fetida, E. eugeniae, A. tuberculata,
and P. excavatus) varied two- to 10-fold in thewr sensitivity
to a given contaminant based on soil concentrations of the
chemicals expressed as time-dependent LCS0s. However, the

TLCB0 (kg/mmol}

Time (h)

Fig. 2. Toxicity curves for Eisenia fetida exposed 1o PCP in artificial soil (9) or Brookston clay (%) for 28 d (672 hy at 24°C. Each value is the

mean ol three replicates; the curve s the TCFOK model line of best fit.

L
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correlitions among the LCS0s of the carthworm species for
the 10 chenneals tested in artificial soil was high, with cor-
relation coetficients ranging from 0.974 1o 0998, Similarly,
vian Gestel and Ma [8] found up to a 10-fold difference in the
toxicity ot various chlorophenols between two species of earth-
worms (E. ferida andrei and L. rubellus). Two different sizes
(1.3 1.8 and 0.54-0.70 g} of L. rubellus were also exposed
to 24 5-trichlorophenol to investigate the effect of body size
on toxicity. No differences were observed. likely due to the
siall (two- to threefold) difference in body size.

Since different species of worms exhibited similar CBRs in
artificial soil, it follows that the same worm species should
have similar CBRs if exposed in different sotls. The ILL for
E. Jetida exposed to PCP in Brookston clay at 24°C (0.27
mmol PCP/kg) was approximately twofold higher than the ILL
for those exposed at the same temperature in artificial soil
(0. 14 mmol PCP/kg, Table 1). A difference in ILLs would be
expected since toxicity 1s expressed as a function of soil PCP
concentration and the two test soils differed in physical and
chemical properties. The pH of the clay ranged between 5.7
and 0.5, while the pH of the artificial soil ranged between 6.9
and K1, The amount of organic matter and its composition,
as well as the particle size distribution, also varied between
the two soil types. The toxicity of PCP to E. ferida andrei has
been reported to be influenced by soil pH and organic matter
content [19]. The 14-d LCS0 for worms exposed in a natural
soil (Gilze: pHL 410 OM, 1L7%) was 0.20 mmol/kg, about
twotold hagher than the LCSQ of 0.11 mmol/ke observed in
wortiis exposed in an artificial soil (pH, 7.0; OM, 7.7%). It is
apparent that the interplay between moditying factors will de-
termine the bivavailability and hence the uptake kinetics of
PCP trom the sotls, resulting in statistically different ILLs or
LCS50O values. Although differences in ILLs were observed in
the current study. comparisons of CBRs at the ILLs for E.
fetida exposed i Brookston clay and in artficial soil did not
appear to provide any additional resolution of relative toxicity
i these two soils (Table 2). Additionally, a valid statistical
comparison of individual CBRs between studies is difficult to
make duce to the effects of latent variables since tests were
conducted by separate rescarchers using different batches of
carthworms at different ttmes. By contrast, end points like an
HLL or ¢ are based on summary data derived from bioassays
conducted over 14 or 28 d that allow for statistical comparisons
that minimize the variability assoctated with latent variables
as they have reached time-independent thresholds.

Another modifying factor which can influence toxicity is
test temperature. As ambient temperature increases, the tox-
icity of chemicals to ectothermic organisms often increases
due to increased activity, both metabolic and behavioral, as
well as to enhanced diffusion across epithelial surfaces. The
results o our study showed no differences in the toxicity of
PCP to k. fetida at 24°C compared to 15°C based on ILLs
(Table 1), and CBRs supported this observation (Table 2).
Either temperature is not a major moditying factor of toxicity
in E. fetida or the temperature differential in this experiment
was too small to act as a significant moditying factor of tox-
ey,

If no differences in CBRs exist between specices, why do
HoLs differ between species exposed in the same test medium?
Since modilying factors associated with the test matrix (arti-
tictal soit) and the test chemical (PCP) were held constant,
observed ditferences in ILLs may have been due to modifying
factors associated with the test organisms. Differences in the
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physiology. body size. or behaviour of the test species miy
lead to altered toxicant uptake kineties and hience difterent
ILLs. Body size bhas been observed to alter toxicant Kinetics
in poikilotherms {201, and in this study. the £ was significantly
shorter in the larger worms (L. terrestris and . eugeniue).
indicating that they reached an 1LL with respect (o soil CP
concentrations about four to five times faster than the snwaldler
warm species (£ fetiday (Table | and fip. D, Conversely, van
Gestel and Ma [8] found no statistical differences in the tox
icity of 2.4.5-trichforophenol to 7. rubellus despite o threefold
difference in body weight of test worms, During the toxeny
tests reported here, E. fetida were often tound clumped to-
gether near the bottom of the test chamber during mortality
checks. The two larger species were usually found throughout
the test chamber, perhaps indicating greater activity. Although
the nature of the testing medium and concentrations of PCP
were held constant, the soil mass/worm bromass ritios differed
(E. fetida, 83; E. eugeniae, 13: L. terrestris, 10). Addinonally,
the larger worms may have found the organic matter in the
test soil (Sphagnum peat moss) more suitable for consumption
and thus had an increased rate of dietary uptake. The impor-
tance of the dietary route of uptake in toxicity ts unknown in
worms, but van Gestel and Ma {8] inferred the cutancous route
of uptake to be dominant when they found that differences in
the toxicity of chlorophenols in different natural soils, ex-
pressed on a milligram per Kilogram soil basis. disappearced
once exposure was expressed as milligrams per liter of pore
water using sorption coefficients. However, ditferences i sorp-
tion would not be encountered in the current study. since the
test soil was similar for all three species. [t is possible tha
physiological differences exist between species in therr abibty
to regulate contaminant uptake through mechanisms such as
mucous production. During this study £ engeniae produced
more yellowish mucus on contact with elevated levels of PCP
than did £. fetida, while L. terresiris prodaced the leastmugas
which was qualitatively difterent 1o that 1t was black in colot
Belfrowd et al. (21} exposed L. fetida to different concentrations
of chlorobenzenes via different routes ol exposure: water. soll.
contaminated food, and filter paper. Except tor the contact filler
paper toxicity test, body residues at lethatity were similu ror
a given chemical. The authors suggested that the differences
in lethal body burdens for worms exposed on filter paper may
have been related to survival time and/or 1o the metabolism
or biotransformation of the test chemical, Species ditferences
in PCP metabolism may also have contributed to the differ
ences in ILLs observed in this study. Earthworms appear to
have the ability to bind xenobiotics or their metabolites in
unextractable forms [22]. Specifically, Haque and Ebing {23
documented the formation of unextractable compounds
worms exposed to "C-PCP Differences between species in the
abitity to bind PCP may have contributed to the observed
differences in ILLs yet similar body residues.

Whole-body PCP residues of E. fetida surviving the 28-d
exposure in ceither artiticial sotl or Brookston clay were simlar
to those of worms that perished during the 1est Tabie 2
Similar results were observed by Belfrowd et all [21] with £

Sfetida exposed to chlorobenzenes in artificral soil. Since these

worms are cxposed to lower soil PCP concentrations ti¢
below the [LL). the amount of PCP aviuluble for uptake iy
be low enough that the animals have established some phve
ivlogical equilibrium between uptake. metabolism. and dep
uration that would allow nonlethal adaptation to residues sim-
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dar (o those found in worms exposed 1o higher concentrations
of PCP.

Suntlar CBRy for £ ferida exposed at PCP concentrations
ranging over more than two orders of magnitude in two dif-
ferent soil types and between three species of carthworms
differing in body size demonstrate that body residues can act
to more effectively integrate the relationship between test or-
ganisms, exposure, and mortality than soil toxicant concen-
trartons alone. The CBR approach quantities the amount ot
toxteant partittoning into the organism and provides an esti-
mate of dose which is less dependent on external moditying
factors thun measures such as ILLs. Since body residues ex-
plicitly account for the bioavailability of a chemical, this ex-
pression of the internal dose of contaminant received by an
organism has distinet advantages over the traditional expres-
sion of duse as a concentration of contaminant in the test
medinm. Expression of toxicity in this manner accommodates
the classic problem of modifying factors in toxicity testing and
provides 4 route for comparing toxicity between difterent me-
dia {241
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