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Three soils with a history of creosote contamination (designated NB, TI and AC) were treated in bench-scale micro-
cosms using conditions (nutrient amendment, moisture content and temperature) which had promoted mineraliz-
ation of 14C-pyrene in a preliminary study. Bioremediation was monitored using the solid-phase Microtox test, seed
germination and earthworm survival assays, SOS-chromotest, Toxi-chromotest and a red blood cell (RBC) haemoly-
sis assay. Contaminant concentrations in the AC soil did not change after 150 days. Polycyclic aromatic hydrocarbon
(PAH) concentrations decreased in the NB soil, and toxicity decreased overall according to the earthworm, seed
germination and Microtox tests. Although total petroleum hydrocarbons (TPHs) in the TI soil were reduced following
treatment, results of the earthworm, seed germination, RBC and Microtox tests suggested an initial increase in
toxicity indicating that toxic intermediary metabolites may have formed during biodegradation. Toxicity testing
results did not always correlate with contaminant concentrations, nor were the trends indicated by each test consist-
ent for any one soil. Each test demonstrated a different capacity to detect reductions in soil contamination. Journal
of Industrial Microbiology & Biotechnology (2000) 24, 132–139.
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Introduction

Creosote is a complex mixture of chemical compounds,
primarily polycyclic aromatic hydrocarbons (PAHs), many
of which are toxic and included on the list of US EPA
priority pollutants [18]. Biodegradation can be an effective
and inexpensive approach to remediating soils which con-
tain PAHs and other hydrocarbon compounds, provided a
population of microorganisms is present which can degrade
them and the soil conditions are conducive to biodegrad-
ation of the contaminants. Microorganisms capable of
degrading some PAHs found in creosote have been isolated
[4,12,19,25]. Degradation of chemical contaminants in soil
is affected by environmental factors (moisture, pH, tem-
perature, O2 levels and contaminant bioavailability) or
metabolic constraints such as bacterial nutrient require-
ments and acclimation of the population [25,28]. Some of
these factors may be manipulated during a bioremediation
program to enhance biodegradation rates.

Bioremediation is often monitored by following target
contaminant concentrations, reductions of which are not
always indicative of decreased soil toxicity [20,24,27].
Incomplete degradation and formation of toxic intermediary
metabolites may result in increased soil toxicity during
bioremediation [14,32,33]. A combination of chemical
analysis, for target contaminant levels, and toxicity testing
is recommended for monitoring the progress of bioremedia-
tion.Two tests for measuring soil toxicity are the seed ger-
mination and earthworm survival assays [11]. Other tests
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for water toxicity have been adapted for soil, such as the
solid-phase Microtox test [5,30], SOS-chromotest [8,29]
and Toxi-chromotest [21]. Different toxicity tests are
expected to respond differently to individual toxicants. Fur-
thermore, soil physical, chemical and biological parameters
also affect toxicity to a particular test organism. A battery
of toxicity tests may be useful to provide an overall assess-
ment of the progress of bioremediation in contaminated
soils [17,24].

We investigated the effects of nutrient amendments, tem-
perature and soil moisture content on mineralization
of 14C-pyrene in soils with a history of creosote contami-
nation. Using the optimized amendment and incubation
conditions for each soil, we then studied bioremediation in
larger-scale microcosms and evaluated the ability of six soil
toxicity tests to indicate the success of bioremediation,
based on their correlation with data from chemical analysis
for target compounds. Soil toxicity was measured using the
following tests: the solid-phase Microtox test, seed germi-
nation and earthworm survival assays, the SOS-chromotest,
Toxi-chromotest and a red blood cell (RBC) haemolysis
assay.

Materials and methods

Soil preparation and analysis
Three soils with a history of contamination, from different
wood-treatment facilities in Canada, were provided by
GRACE Bioremediation Technologies (Mississauga, ON,
Canada). These were designated by the initials AC, NB and
TI, so as not to identify the sources. Each soil was passed
through a 4.75-mm sized screen (number 4 mesh, USA
Standard Testing Sieve), mixed thoroughly, and stored in
sealed containers at 4°C in the dark. The moisture content
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and water-holding capacity (WHC) were determined for
each soil by the method of Atlas and Bartha [2]. Soil tex-
ture, pH, and nutrient levels (P, N, K, Mg) were determined
by the Analytical Services Laboratory of the Department
of Land Resource Science, University of Guelph (Guelph,
ON, Canada). The soils were analysed for total petroleum
hydrocarbon (TPH) and polycyclic aromatic hydrocarbon
(PAH) content by the Water Technology International
(WTI) Corporation, Organic Chemistry Section
(Burlington, ON, Canada) using standard methods.

14C-Pyrene mineralization
The effects of nutrient amendments, temperature and moist-
ure content on the ability of indigenous soil microflora to
degrade a freshly-added PAH spike were measured by
monitoring mineralization of14C-pyrene in soil micro-
cosms. Each microcosm consisted of a 250-ml glass Erlen-
meyer flask containing the equivalent of 25 g dry soil. Con-
trols contained air-dried soil and treated soils were hydrated
to 50 or 85% of WHC using distilled water. Nutrient
amendments (N and/or P) were added at concentrations of
1000 ppm each, as previously described [24]. Microcosms
for each treatment were prepared in duplicate. Each micro-
cosm was spiked with 1.3× 105 dpm (4,5,9,10-14C)-pyrene
in 0.25 ml absolute ethanol (specific activity 32.3 mCi
mmol−1; Sigma Chemical Co, St Louis, MO, USA) applied
dropwise via a syringe. The flasks were sealed with rubber
stoppers and incubated at 10°C or 22°C in the dark. Flasks
were aerated by removing the rubber stopper for 10 min,
twice weekly for those at 22°C and once weekly for those
at 10°C (flasks at 22°C were expected to have a higher
metabolic rate and, therefore, to require more O2). Each
microcosm was weighed bi-weekly and distilled water was
added if necessary, to replace lost moisture. Some treat-
ments were also prepared using soil which had been sub-
jected to freezing (−20°C, 1–2 days) and thawing (22°C)
before the addition of nutrient amendments and the tracer.
The amount of evolved14CO2 in each microcosm was mea-
sured as described by Weiret al [34], using caustic (2 N
NaOH) traps and a model LS6500 liquid scintillation coun-
ter (Beckman Instruments Inc, Fullerton, CA, USA) pro-
grammed for a 3-min counting time.

Soil toxicity and chemical analysis
Microcosms were prepared in 4-L glass jars containing the
equivalent of 1500 g dry weight of soil. Four microcosm
jars were prepared per soil. Nutrient amendments (nitrogen
and/or phosphorus) were added to the soil at a concen-
tration of 1000 ppm as previously described [24]. The nutri-
ent amendments and incubation conditions for each soil
were those which enhanced mineralization of14C-pyrene
the most, during the preliminary study: 22°C and 85% of
WHC, with P, N and P+N amendments for the TI, AC and
NB soils, respectively (see Results). Since the highest min-
eralization was observed in NB soil subjected to freezing
and thawing, NB microcosms were frozen at−20°C for
24 h and thawed at 22°C for 24 h, prior to the start of the
study. The microcosms were sealed, incubated in the dark
and aerated weekly for 20 min by removal of the lids. One
microcosm of each soil was removed from incubation per
sampling event and the soil was stored at 4°C in sealed
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plastic bags prior to toxicity testing. Sampling was done on
day zero, at the time corresponding to 10% mineralization
in the previous study, the time corresponding to maximum
mineralization and one sampling time midway between
10% and maximum mineralization. These sampling times
were different for each soil: NB, days 25, 35 and 60; AC,
days 36, 57 and 150; TI, days 60, 68 and 125. Individual
composite samples, consisting of soil taken from three dif-
ferent locations within each microcosm jar were submitted
to the Water Technology International (WTI) Corporation,
Organic Chemistry Section (Burlington, ON, Canada) for
TPH and PAH analysis using standard methods.

The 14-day earthworm survival assay was performed
using Eisenia foetidaobtained from the Salmon River
Worm Farm (Shannonville, ON, Canada) and the method
described by Greeneet al [11]. Briefly, soils with a pH
greater than 8 were adjusted to a value between 5 and 8
(as dictated in the protocol), by dropwise addition of 1 N
HCl. The test soil was mixed with artificial soil to create
a range of test soil concentrations where 50% mortality was
expected to occur. The assay was performed in triplicate,
in standard US quart-size mason jars. Ten worms, 0.3–0.5 g
each, were added to each jar. Mortality was recorded at 7
and 14 days. Earthworm mortality LC50 values and 95%
confidence intervals were determined using the Trimmed
Spearman–Karber method [16].

The seed germination assay, Toxi-chromotest, SOS-chro-
motest, solid-phase Microtox and RBC lysis assays were
performed as described previously [24] and are outlined
briefly below. The lettuce seed germination assay was per-
formed in triplicate usingLatuca sativavar Paris Is. 318 MI
(Stokes Seeds, St Catherines, ON, Canada). After 5 days
incubation, replicates were examined for the total number
of emerged lettuce seedlings (at or above soil surface), ger-
minated seeds (beneath soil surface) and the root lengths
of emerged seedlings. Probit analysis was used to determine
LC50 and EC50 values for germination and emergence,
respectively. Differences in mean root lengths, on each
plate where.25% seedling emergence was measured, were
evaluated for statistical significance (P # 0.05), by Dun-
nett’s analysis using Sigmaplot software (SPSS, Inc,
Chicago, IL, USA).

The Toxi-Chromotest was performed using the Toxi-
Chromopad Analytical Toxicity Test Kit, version 3.1
(Environmental Biodetection Products Inc (EBPI),
Brampton, ON, Canada). Positive controls consisted of ser-
ial dilutions of kanamycin (100mg ml−1) in the reaction
mixture and the negative control was reaction mixture incu-
bated in the absence of contaminants. An EC100 value was
obtained by determining the highest soil concentration that
completely inhibited colour development. To detect muta-
genicity, we employed a modified version of the SOS Chro-
motest as previously described [24]. The highest soil con-
centration tested was 50 mg soil per 0.5 ml bacterial
suspension, prepared using commercially available buffer
and lyophilized cells (EBPI). Genotoxicity and cytotoxicity
values were calculated as in Dutkaet al [8]. A modified
solid-phase Microtox test [21] usedPhotobacterium phos-
phoreumto monitor acute toxicity of soil samples. EC50

data were determined using Microtox Data Capture and
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Reporting Software (version 7.8, Microbics Corp, Carlsbad,
CA, USA).

A previously outlined [24] adaptation of the red blood
cell (RBC) haemolysis assay developed by Negreteet al
[26] was used to measure shifts in RBC lysis curves in the
presence of soil extracts. Cell lysate absorbance at 540 nm
was measured with a BIO-RAD Model 3550-UV
Microplate reader. EC50 values (the concentration of Sim-
mel’s solution at which 50% RBC lysis occurred) and 95%
confidence intervals were determined using Probit analysis.
The shift in EC50 for each soil extract was calculated by
subtracting the control EC50 from that of the sample.

Results and discussion

Soil analysis
Soil pH, texture, organic carbon and mineral contents are
shown in Table 1. NB soil, a gravelly sandy loam, con-
tained the highest total phosphorus (P) at 7 ppm. TI soil,
a loamy sand, contained the highest total nitrogen (N) at
4.34 ppm. The AC and NB soils had organic carbon con-
centrations of 6.92 and 5.31%, respectively, two to three
times higher than in TI soil (2.45% each). Soil pH values
(6.5–8.1) were within a reasonable range for microbial
activity in all three soils.

14C-Pyrene mineralization
We performed preliminary mineralization experiments to
find treatment conditions that enhanced hydrocarbon degra-
dation and which could be applied to the soil toxicity study.
The CO2 recovery curves for the best treatment of each soil
are shown in Figure 1. The rate of14C-pyrene mineraliz-
ation differed for each of the three soils; however, min-
eralization always proceeded more rapidly at 22°C than at
10°C, and at 85% WHC, as opposed to 50%. It was
expected that degradation would increase with increasing
temperature between 10°C and 30°C in soil contaminated
with petroleum hydrocarbons [6]. Both temperature and
moisture content have been inversely related to sorption of
contaminants in soil [28]. Decreased sorption may increase
the bioavailability of contaminants and, therefore, the
degradation rates, as temperature or moisture content
increase. It was not surprising therefore, that the14C-
pyrene was mineralized more quickly at 22°C and 85% of
WHC than at 10°C and 50% of WHC.

The nutrient amendment conditions that enhanced14C-
pyrene mineralization were different for each soil. In the

Table 1 Mineral nutrient levels, soil texture, and pH in the NB, AC, and
TI soils

Soil Soil texture pH N P K Mg organic
(% sand/silt/clay) (ppm)a (ppm) (ppm) (ppm) C (%)

NB gravelly sandy loam 6.5 4.10 7 89.9 64 5.31
(75/16/9)

AC sandy loam 7.5 2.11 6 129.8 335 6.92
(61/24/15)

TI loamy sand 8.1 4.34 4 25.8 47 2.45
(76/21/3)

aTotal N measured as NH4+ and NO3
−.

Figure 1 Mineralization of 14C-pyrene in each of the historically con-
taminated soils, at the following amendment and incubation conditions:
NB soil +P+N freeze/thawed, AC soil+N and TI soil +P, all incubated
at 22°C, 85% of WHC. Each data point represents the average mineraliz-
ation in two microcosms. Error bars representing SD are too small to
detect. Air-dried control soil data are shown for the AC soil.

TI soil, mineralization was observed in only one treatment,
22°C, 85% of WHC with P amendment (Figure 1). Min-
eralization was not observed in the unamended control
microcosm (data not shown); however, mineralization in
microcosms amended with P indicated the presence of
viable PAH-degrading microorganisms.

In the NB soil, mineralization was observed at all tem-
peratures and moisture contents; however, mineralization at
10°C was slow (10% mineralization was not achieved until
after 100 days). At 22°C, amendment with N and P together
enhanced mineralization and the soil that had been pre-
viously frozen performed slightly better than the unfrozen
soil (Figure 1). Amendment with only N inhibited min-
eralization and addition of P, alone, had no effect.

In the AC soil, at 22°C and 85% of WHC, amendment
with N alone or N and P together enhanced mineralization
resulting in 53% and 46% recoveries, respectively, com-
pared to 13% and 18% recoveries for unamended or P treat-
ments, respectively.

The responses of the TI, NB and AC soils to nutrient
amendment were not predictable based on soil mineral
nutrient levels. Furthermore, although amendment with P
generally enhances hydrocarbon degradation in soil and N
amendment typically has no effect or adverse effects
[10,23], we observed exceptions to this pattern, confirming
that the biodegradation of soil contaminants may also be
affected by other, undefined parameters [13].

Between 0–25% of the initial radiolabel was recovered
as 14CO2 after 150 days of incubation in the unamended
control microcosms of each soil. Higher percent recoveries,
over 30% by day 60, were obtained from amended NB and
AC soils. These results are comparable to literature values
[13]. Half-lives of four-ring PAHs in laboratory soil micro-
cosms have been estimated at.200 days [37]. With opti-
mum nutrient amendment and incubation temperatures, we
observed shorter half-lives for the14C-pyrene spike in our
microcosms, yet we did not observe complete mineraliz-
ation of the tracer to14CO2. Mineralization may have
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slowed due to sorption and reduced bioavailability of
remaining 14C-pyrene. Herbes [15] reported that during
mineralization of high molecular weight PAHs in pre-
viously contaminated sediments, bound14C generally
exceeded the amount evolved as14CO2. Alternatively, pro-
ducts of pyrene degradation containing the labelled carbon
atom might have been incorporated into the cellular
biomass instead of being mineralized to14CO2.

Soil toxicity during bioremediation
Soil TPH and PAH concentrations were measured before,
during and after bioremediation in the 4-L microcosm jars
(Figure 2). TPH concentrations in the TI soil decreased at
each consecutive sampling, from 17 400 to 11 800mg g−1

after 125 days, but did not appear to change overall in the
AC and NB soils. PAH concentrations did not change over-
all in the AC or TI soils, but were reduced from 42 to
25 mg g−1 in the NB soil, after 60 days of bioremediation.

Figure 2 (a) Total petroleum hydrocarbon (TPH) and (b) polycyclic aro-
matic hydrocarbon (PAH) concentrations in the NB, AC and TI soils dur-
ing bioremediation in microcosms. Each data point represents the analysis
of a single composite sample.

Journal of Industrial Microbiology & Biotechnology

Increased contaminant levels were measured in some soil
samples, particularly NB and AC soils at the second sam-
pling time. These apparent increases in PAH concentrations
are likely attributable to hot spots (small area of high con-
centration of pollutants) in the soil, and the fact that only
single samples from each microcosm were analysed.

We evaluated the ability of six toxicity tests to detect
changes in soil toxicity due to bioremediation. Toxicity test
data could not always be correlated directly to changes in
PAH or TPH concentrations, and a number of compli-
cations arose from using solid soil as the test matrix. Each
test is discussed below and evaluated for its usefulness in
the context of this study. Results are shown only for tests
where changes in toxicity were observed.

Using the SOS-chromotest, genotoxicity and cytotoxicity
were not detected in the soils relative to clean reference
soils of similar texture (data not shown). Our previous work
suggests that the solid-phase SOS-chromotest is unreliable
for detecting changes in hydrocarbon concentrations
[20,24]. Results from the Toxi-chromotest indicated no
overall change in toxicity in any of the soils as a result of
treatment (data not shown). Variations in EC100 and NOEC
values for the TI soil were observed, but the trends indi-
cated by each type of observation contradicted one another,
and the differences were only one dilution apart. Thus, we
suspect that the variation was due to the subjective nature
of the test (visual determination of colour intensity).

The earthworm survival assay may have been sensitive to
changes in TPH concentrations in the TI soil as the toxicity
decreased. This was demonstrated by an increase in the
LC50 of approximately 6% (Figure 3). An initial increase
in toxicity was detected by this and other tests with the TI
soil (see below) and may have been due to formation of
intermediary metabolites of hydrocarbon degradation more
toxic than parent compounds. Earthworm survival was
100% in the 50% diluted NB soil (50% artificial soil) at

Figure 3 Earthworm survival LC50 values for the AC and TI soils during
bioremediation in microcosms. Error bars represent 95% confidence inter-
vals obtained using the Trimmed Spearman–Karber method (a = 10).
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time zero. Soil moisture content was too high to apply the
test at higher concentrations, since the protocol for the test
specifies soil moisture content be set at 75% of WHC, and
the bioremediation microcosms were hydrated to 85% of
WHC. PAH concentrations in the NB soil were less than
100 ppm and may have been too low to have an acute toxic
effect on the earthworms. Sediment creosote levels below
550 ppm have low toxicity to the speciesEisenia foetida
[1]. Earthworm survival data for the AC soil suggested that
toxicity decreased after 36 days of treatment. This trend
continued up to 150 days but cannot be explained based on
PAH or TPH concentrations.

Seed germination (LC50) and emergence (EC50) data are
presented in Figure 4a and b respectively. LC50 values for
the TI soil indicated increased soil toxicity as a result of
bioremediation. These data corroborate the earthworm data
for early sampling times, and suggest the presence of toxic
metabolites. In the NB soil, LC50 and EC50 values increased
from 13% and 10%, to 20% and 19%, respectively. These
data suggest that lettuce seed and seedling toxicity were
reduced by decreasing PAH concentrations. Although con-
taminant concentrations did not change in the AC soil,
changes in toxicity to lettuce were observed. Variation
between replicates and from one sampling time to the next
may have resulted from the texture of this clay soil. The
soil did not mix well with the seed germination test sand,
likely resulting in hot spots within each petri dish, and
inconsistent results.

Average seedling root lengths for soil concentrations in
which .25% emergence was measured are presented in
Figure 5. Data are not shown for the TI soil due to insuf-
ficient emergence at the concentrations tested. Differences
in mean root lengths were evaluated for statistical signifi-
cance (P # 0.05), by Dunnett’s analysis, using Sigmaplot
software (SPSS Inc). Mean root lengths in the control sand
were significantly different from one day to the next, there-
fore we did not compare root lengths between days at any
soil concentration.

Figure 4 Seed germination LC50 (a) and seedling emergence EC50 (b) values for the NB, AC and TI soils during bioremediation in microcosms. Each
data point represents the value obtained using probit analysis of total seedlings germinated or emerged on triplicate petri dishes. Error bars represent
95% confidence intervals.

In the NB soil, root lengths were significantly longer in
5% soil than in the control sand alone (0% test soil). The
lengths then decreased as soil concentration increased. Root
growth may have been greater as a result of soil nutrients
and/or other factors, introduced when the test soil was
mixed with the control sand. However, as the soil concen-
tration increased, toxic effects from contaminants could be
observed. This trend appeared not to have changed at later
sampling times, indicating no change in toxicity to roots as
a result of PAH degradation.

Significant (P , 0.001) differences in root length were
observed between different concentrations of AC soil at
each sampling event. In this soil, root lengths were higher
(20–27 mm) in the control sand than in the lowest soil con-
centrations tested (2.5%; 2–6 mm). At day zero, root
lengths continued to decrease as soil concentration
increased. At later sampling times, root lengths in 5, 10
and higher percent soil were all longer than in 2.5% soil.
The positive effect of soil nutrients on root growth might
have outweighed the inhibitory effects of contaminants at
lower test soil concentrations. This effect grew stronger
over time, suggesting that soil toxicity may have decreased
over time.

Solid-phase Microtox EC50 values for the three soils are
presented in Figure 6. The data for the NB soil indicated
no change from day 0 to day 60 but a slight increase in
toxicity on days 25 and 35. This trend may be due to the
formation of toxic metabolites of PAH degradation or hot-
spots in the soil where contaminant concentrations were
higher. The latter is probable considering the small amount
of soil (1 g) and serial dilution methodology that are used
in preparing the bioassay tubes. EC50 values for the TI soil
at days zero and 60 were 0.23 and 0.15% soil, respectively
(Figure 6). The apparent increase in toxicity corroborates
earthworm and seed germination data. Toxicity did not
change from days 60 to 125, although there were further
reductions in TPHs in the TI soil. In the AC soil, EC50

values ranged from 0.2% to 0.4% soil, with no obvious
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Figure 5 Mean root lengths (±SD) for the NB (a) and AC (b) soils dur-
ing bioremediation in microcosms. Each data point represents the average
root length measured on triplicate petri plates where greater than 25% of
seedlings emerged.

trend. Again, data fluctuations for this soil might be caused
by the texture of the soil, which was difficult to mix
effectively.

Earthworm survival, Microtox and seed germination tests
are sensitive to changes in soil toxicity during bioremedi-
ation of PAH and petroleum hydrocarbon-contaminated
soils [1,7,20,24]. We found that the NB soil, which was
not toxic in the earthworm test, could also be considered
initially non-toxic according to the solid-phase Microtox
test according to criteria suggested by Kwan and Dutka [21]
who reported that an EC50 value$2 is indicative of a non-
toxic or ‘clean’ soil. The three assays were in agreement
in suggesting that toxicity had initially increased in the TI
soil. We attribute the inconsistencies in the AC soil data to
soil texture.

Journal of Industrial Microbiology & Biotechnology

Figure 6 Solid-phase Microtox EC50 values for the NB, AC and TI soils
during bioremediation in microcosms. Each data point represents the EC50

of a single analysis obtained using Microtox Data Capture and Reporting
software. Error bars represent 95% confidence intervals.

The amount of error in the solid-phase Microtox results
(measured as 95% confidence) increased when EC50 values
rose above 0.4% soil. The precision of the solid-phase
Microtox test is lower at high concentrations of test soil
[5,20,24] and the efficiency of serial dilutions may be affec-
ted by the number, size and variability in soil particles [3].
Cook and Wells [5] found that EC50 values decreased in a
test soil with particle sizes between 20–40mM, high
organic carbon, high N and high bacterial numbers. Bac-
terial cell counts showed a correlation between Microtox
test bacteria in the aqueous suspension and soil silt-clay
concentration. It is believed that bacteria adsorb to the silt
particles and are filtered out of suspension, resulting in
lower luminescence than would correctly represent the level
of soil toxicity [3,30]. Apparent changes in toxicity may
also be caused by other unknown reactions between the test
bacteria and natural soil components [5,17].

The aqueous Microtox test, when applied to soil extracts,
corroborates analytically determined reductions in soil PAH
concentrations [31,33]. However, this test appears to be
sensitive to other factors in the soil [1]. Without compari-
son to an uncontaminated soil of identical texture, it is dif-
ficult to determine the extent to which toxicity in the con-
taminated soil was reduced, using solid-phase Microtox test
results. Users must decide if the benefits of testing solid
soil outweigh the complications presented by interference
of solid particles [31].

The results of the RBC lysis assay are shown in Figure 7.
A negative shift in EC50 indicates that blood cells exposed
to test soils were protected from lysis at lower osmotic
strengths than control cells. EC50 values shifted in the nega-
tive direction in the presence of extracts from all three soils,
but less for AC soil extract than for TI and NB. The nega-
tive shift was interpreted as increased toxicity [20,24]. We
suggest that the increased negative shift may have been
caused by increased bioavailability of contaminants either
due to the surfactant effects of added P amendment, or
higher water solubility of intermediary metabolites of
biodegradation.
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Figure 7 Red blood cell lysis curve EC50 shifts for the NB, AC and TI
soils during bioremediation in microcosms. Each data point represents the
EC50 shift calculated by subtracting the average of triplicate control EC50

values from the average of triplicate sample EC50 values. EC50 values were
obtained by Probit analysis.

The toxicity test data obtained in this study did not indi-
cate that bioremediation had successfully reduced soil tox-
icity, although the treatment conditions were chosen based
on successful mineralization of a14C-pyrene tracer in pre-
vious experiments. Ericksonet al [9] studied PAH degra-
dation in manufactured gas plant soils and observed that
several compounds, including pyrene, naphthalene and
phenanthrene, were not degraded under a number of con-
ditions of temperature, moisture and nutrients even when
inoculated with bacterial cultures known to degrade PAHs.
Freshly added naphthalene and phenanthrene, however,
were quickly degraded. This and other reports suggest that
the bioavailability, degradation and toxicity of soil contami-
nants are all influenced by sorption, which is influenced by
time and the physico-chemical properties of individual soils
[9,22,23,35,36]. A measure of total soil PAHs during the
mineralization study, to determine whether degradation of
the aged contaminants had occurred concurrently with min-
eralization of the added radiolabel, would have given a bet-
ter indication of the effects of different treatments. Further-
more, if the scaled-up toxicity portion of our experiment
had been prolonged to a point where contaminant levels
were even further reduced, we might have seen a more con-
sistent trend of reduced toxicity for each soil.

We have studied this battery of toxicity tests in different
soils contaminated with PAHs, petroleum hydrocarbons
and chlorophenols, undergoing bioremediation treatment in
a number of different environments [20,24,27]. No obvious
trends have emerged from these studies to suggest that one
test is more reliable or sensitive to changes in a particular
contaminant, without interference by other factors such as
soil nutrient levels or composition. Although there are
advantages to testing solid soil, each soil is unique in the
response it induces, and each toxicity test unique in its
ability to detect different contaminant levels in different
soils. Therefore it appears that, although soil toxicity tests
can be used to monitor bioremediation, chemical and tox-
icity data do not always corroborate one another, nor do

the results of each toxicity test in a battery always agree.
This study stresses the importance of using a battery of
toxicity tests, in parallel with chemical analysis, when
assessing the progress of a bioremediation program.
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