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Abstract—Current bioremediation techniques for petroleum-contaminated soils are designed to remove contaminants as quickly
and efficiently as possible, but not necessarily with postremediation soil biological quality as a primary objective. To test a simple
postbioremediation technique, we added earthworms {Eisenia fetidd) or wheat (Triticum aestivum) straw to petroleum land-farm
soil and measured biological quality of the soil as responses in plant growth, soil respiration, and oil and grease (O&G) and total
petroleum hydrocarbon (TPH) concentrations. Results indicated that plant growth was greater in earthworm-treated land-farm soil.
Furthermore, addition of wheat straw resulted in greater total respiration in all soils tested (land-farm soil, noncontaminated reference
soil, and a 1:1 mixture of land-farm and reference soils). We observed a 30% increase in soil respiration in straw-amended oily
soil, whereas respiration increased by 246% in straw-amended reference soil. Much of the difference between oily and reference
soils was attributable to higher basal respiration rates of nonamended oily soil compared to nonamended reference soil. Addition
of earthworms resulted in greater total respiration of all soil and straw treatments except two (the land-farm and the 1:1 mixture
soil treatments without straw). Straw and earthworm treatments did not affect O&G or TPH concentrations. Nevertheless, our
findings that earthworm additions improved plant growth and that straw additions enhanced microbial activity in land-farm soil
suggest that these treatments may be compatible with plant-based remediation techniques currently under evaluation in field trials,
and could reduce the time required to restore soil ecosystem function.
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INTRODUCTION

Petroleum land farms are sites where waste petroleum hy-
drocarbons are biotxeated by direct application to the soil sur-
face. The materials are tilled into the soil, along with nutrients,
to encourage biodegradation of the hydrocarbons by soil mi-
crobes. Soil bulking agents (e.g., sawdust, wood chips, and
manure) and gypsum usually are applied as well, to improve
ion balance and physical properties of the soil. One problem
associated with petroleum land farms is that although lower
molecular weight petroleum compounds volatize or are bio-
degraded efficiently, higher molecular weight petroleum com-
pounds tend to biodegrade much more slowly. Thus, a result
of continued application of petroleum hydrocarbons to land-
farm soils is the gradual accumulation of high molecular
weight petroleum compounds. In soils, higher molecular
weight petroleum hydrocarbons (e.g., >C22) tend to be less
toxic or less biologically available than the lower molecular
weight compounds (e.g., benzene, toluene, ethylbenzene, and
xylene) [1,2]. However, at high concentrations, the high mo-
lecular weight constituents of petroleum can increase soil water
repellency, which can in turn affect the growth of plants. As
a result, bioremediated oily soils may be less productive than
desired, and may not support a diverse community of organ-
isms (plants, soil invertebrates, and so on) [3].

Ultimately, with repeated applications, the concentration of

* To whom correspondence may be addressed
(mcallaham@fs.fed.us). The current address of Mac A. Callaham, Jr.
is USDA Forest Service, 233 Lehotsky Hall, Clemson University,
Clemson, SC 29634 USA.

petroleum hydrocarbons approaches an upper-bound permitted
limit. When this occurs, the land farm can no longer be used
for treating additional waste petroleum, and alternative uses
for the land are then desired. Given an ultimate goal of re-
turning a land-farm site to productive use, one of the first steps
toward this goal would be to improve both the appearance and
fertility of the biotreated soil, and to restore native commu-
nities of plants and soil invertebrates.

Previous studies have demonstrated that soil bioremediation
(of the kind used in conventional petroleum land-farm oper-
ations) can substantially improve the biological quality of
soils, when soil quality is measured in terms of earthworm
survival and reproduction [4,5]. This finding is significant be-
cause earthworms are an important component of most healthy
soil ecosystems in temperate climates. Indeed, earthworms
have been referred to as ecosystem engineers because their
burrowing and feeding activities fundamentally alter soil sys-
tems, causing space or food resources to be available to other
groups of soil organisms that would not be able to survive
otherwise [6], Furthermore, it is generally recognized that plant
growth is improved when earthworms are present in soils, and
many experimental demonstrations of this principle have been
done for various ecosystems with various species of earth-
worms [7-9]. The status of earthworms as ecosystem engi-
neers, and the use of earthworm applications in large-scale
land reclamation projects in Europe [10-12] led us to consider
earthworms as a possible treatment for improving the biolog-
ical quality and ecological recovery of soils in the context of
petroleum land farms.

Eisenia fetida is an easily cultured, hardy earthworm spe-
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Table 1. Physical and chemical properties of landfarm soils and .reference soils used in
experimental incubations. Values are from analyses performed on representative subsamples of
sieved and homogenized soils. All analyses were conducted by Colorado Analytical Laboratories

(Brighton, CO, USA)

Parameter Landfarm soil Reference soil

Sand (%)
Silt (%)
Clay (%)
pH (paste)
Electrical conductivity (mmho/cm)
Organic matter (%)
Cation exchange capacity (meq/100 g)
Nitrate N (ppm)
Organic N (%)
NH3 N (ppm)
Available phosphorus (ppm)
Saturated hydraulic conductivity (inches/h)
Water retention (moist at 0 bar, %)
Water retention (moist at 0.3 bar, %)
Bulk density (g/ml)

59
35

6
7.3

12.1
8.0

19.0
11.1
0.40

<0.001
21.4

1.85
59.6
23.2

1.01

28
37
35
8.9
0.7

1.1
19.7
9.2
0.19

<0.001
6.0
0.20

35.0
25.8

1.27

cies with a wide range of tolerances for temperature, moisture,
and soil pH [13]. In part because of these attributes, E. fetida
is widely recognized for its usefulness in ecotoxicological ap-
plications [14] as well as in vermicomposting operations [13].
Additionally, waste material that has been processed by E.
fetida has been shown to be an excellent substrate for plant
growth [15,16]. Interestingly, although the short-term (14-d)
survival rate of E. fetida is reported to be high even in bio-
treated soils that contain fairly high concentrations of petro-
leum hydrocarbons [1,4], the potential for these earthworms
to impart benefits to plants growing in oily soils apparently
has not been tested. Our objective in this study was to use E.
fetida as a treatment variable, rather than a response variable,
to assess the potential for their use in ecological reclamation
of biotreated petroleum-contaminated soils.

MATERIALS AND METHODS

Soil

For these experiments, we used soil that had been collected
from an operating petroleum land farm in northwestern Col-
orado, USA.' The primary use of this land farm is treatment
of petroleum exploration and production wastes. The soil had
not received waste application for several months before use
in our studies. Table 1 shows general chemical and physical
characteristics of the land-farm soil, and a reference soil col-
lected near the land farm.

Plant growth experiment

Sieved and homogenized land-farm soil was weighed
(~250 g wet wt) into plastic cups. Treatments were applied
in a completely randomized factorial design of earthworm and
straw treatments, totaling four treatment combinations (land-
farm soil alone, land-farm soil with wheat [Triticum aestivum]
straw, land-farm soil with earthworms, and land-farm soil with
both earthworms and wheat straw). There were replicates of
each treatment combination. The straw treatment consisted of
thoroughly mixing 4 g of chopped air-dried wheat straw into
the soil within each straw-treated cup. The straw treatments
were allowed to condition for three weeks before initiation of
earthworm treatments. The earthworm treatment consisted of
two levels: earthworms present or earthworms absent. Repli-
cates with earthworms present were prepared by adding two

adult individuals of E. fetida to each cup (average combined
fresh wt of 1.5 g per cup). One week before introduction of
earthworms to the experimental units, all cups were planted
with four seedlings of tall fescue (Festuca arundinacea).
These seedlings were sprouted in vermiculite, and only seed-
lings of similar size and appearance were used in the exper-
imental units. For the duration of the study, experimental units
were wetted to water-holding capacity every 3 d, and were
maintained at 18°C under 24-h light (cool-white fluorescent
tubes) in an environmental chamber (Conviron, Winnipeg,
MB, Canada). After 45 d of incubation with or without earth-
worms, all experimental units were destructively sampled and
plant material was collected. Plant shoots were cut off at the
soil surface and placed into paper bags, dried at 60°C, and
weighed. For each replicate, roots were carefully separated
from soil by hand; root material was placed in a paper bag,
dried at 60°C, and weighed.

Soil respiration experiment

Sieved and homogenized land-farm soil, reference soil
(non-land-farm), and a 1:1 (mass basis) mixture of land-farm
and reference soils were weighed (400 g dry equivalent) into
0.96-L sealable glass jars. For each of the three soil treatments,
four earthworm and straw treatments (no addition, earthworm
only, straw only, and both earthworm and straw) were used,
resulting in 12 different soil-worm-straw combinations. Five
replicate experimental units were used for each treatment com-
bination.

The straw treatment consisted of thoroughly mixing 8 g of
chopped wheat straw into the soil in each jar. The earthworm
treatment consisted of adding three adult individuals of E.
fetida (average combined fresh wt of —-1.65 g/jar) to each
earthworm-treated unit. Gravimetric moisture content of soil
in experimental units was maintained at approximately 20%
throughout the incubation by adding distilled water to the jars
approximately every 3 d for the first 100 d of the incubation,
and every 7 d thereafter.

Total respiration (CO2 evolution) was measured in each jar
every day for the first 3 d, every 3 d for the next 33 d, and
approximately every 7 d for the next 30 d. A final measurement
was made on day 101. To make the respiration measurements,
jars were sealed leak-tight with lids that had been fitted with
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rubber septa, and after 1 h of incubation with sealed lids,
headspace gas samples were taken with a 5-ml syringe. The
CO2 concentrations of these samples were determined with a
continuous-flow infrared gas analyzer (LiCor Instruments, Lin-
coln, NE, USA). After measuring respiration on day 101, the
experiment was continued (with no further gas sampling) until
day 150. Then, the soils were removed from jars, earthworms
(adult and juvenile) were collected and counted, and selected
soils were subsampled and analyzed for oil and grease (O&G)
concentrations and gravimetric total petroleum hydrocarbon
(TPH) concentrations (U.S. Environmental Protection Agency
method 413.1 and method 418.1, respectively). Briefly, O&G
concentrations were determined by extracting 15 g of the soils
for 4 h with methylene chloride in an accelerated Soxhlet
extraction unit followed by gravimetric determination of O&G.
Gravimetric TPH was measured on the same extract, after a
silica gel cleanup step to remove polar materials [17].

Statistical analysis

All data were analyzed with analysis of variance procedures
(ANOVA) [18]. Data from the plant growth experiment were
subjected to two-way ANOVA with wheat straw and earth-
worm status as main effects variables. Results from the res-
piration experiment were subjected to three-way ANOVA with
soil treatment, earthworm, and wheat straw as main effects
variables. Earthworm survival, O&G, and TPH data from the
soils in the respiration experiment were subjected to two-way
ANOVA. Plant growth data and respiration data were log-
transformed to satisfy normality assumptions for ANOVA. We
used a significance level of a = 0.05 for all ANOVA results.

RESULTS AND DISCUSSION

Plant growth

Plant growth, measured as final dry biomass, was signifi-
cantly greater in experimental units that contained earthworms
(Fig. 1). This increased growth in the presence of earthworms
was observed for both shoots and roots. This finding is con-
sistent with other studies where the presence of E. fetida was
associated with improved plant performance [15,16]. Wheat
straw additions had no significant effects on plant growth, but
a trend occurred for decreased shoot growth in units with wheat
straw present (Fig. 1). This trend may be the result of decreased
nutrient availability in straw-treated soils, because nitrogen or
other nutrients can become immobilized in recalcitrant sub-
strates (carbon to nitrogen ratio > 100) such as wheat straw
[19,20]. However, the trend of less growth in wheat straw
treatments was not observed for roots of plants grown with
both wheat straw" and earthworms. Earthworms (albeit with
species other than E. fetida) have been demonstrated to in-
crease the rate of wheat straw decomposition [21], and this
acceleration of straw degradation (i.e., more rapid lowering of
the carbon to nitrogen ratio) may be partly responsible for the
pattern observed in the straw-plus-worm-treated cups. Our
experimental observations suggest that modest nutrient amend-
ments in combination with straw and earthworms might pro-
duce the best results in terms of maximum plant growth in
land-farm soil.

Soil respiration

Soil respiration measurements showed that basal respiration
rates for nonamended (i.e., without wheat straw) land-farm
soil were higher than basal respiration rates of the nonamended
reference soil (Table 2 and Fig. 2). This pattern of higher
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Fig. 1. Tall fescue growth in earthworm—wheat straw factorial ex-
periment. Bars represent mean biomass (n = 5) of tall fescue shoots
(top panel) and roots (bottom panel) grown in petroleum land-farm
soil. Standard error is indicated by error bars. Means with different
letters are significantly different from one another (analysis of vari-
ance, p < 0.05). Note difference in y-axis scales.

respiration in the land-farm soils was almost certainly due to
their increased levels of organic material (both petroleum hy-
drocarbons, as well as soil bulking agents) relative to the ref-
erence soils. Several significant treatment interactions occurred
in the soil respirat ion exper iment (Table 2). These interactions
all involved soil t reatment, and are attributable to differences
in the magni tude of total soil respiration between soil treat-
ments, because the directional pattern of total respiration was
similar for all t reatments within a soil treatment (Fig. 2, with
exceptions noted be low) .

The respiration rates for all three soils increased when
wheat straw was added, but the reference soils exhibited the
greatest amount of increase in respiration rate during the first
30 d of the incubat ion (Table 2 and Fig. 2) . Over the course
of the incubat ion, we observed a 3 0 % increase in cumulative
soil respiration in s t raw-amended oily soil, whereas respiration
was increased by 2 4 6 % in s t raw-amended reference soil- M u c h
of the difference in respirat ion response to the straw and earth-
worm treatments , for the land-farm versus the reference soil,
could be accounted for by the higher basal respiration rate of
the nonamended land-farm soil, as noted above. We speculate
that the smaller response of the land-farm soil respiration to
wheat straw addit ion early in the incubation was the result of
either a pet roleum-induced depression of the metabolic ca-
pacity of microbes in the land-farm soil, or extreme metabolic
specialization of the land-farm soil microbial community for
petroleum-derived carbon sources, which precluded immediate
use of the s t raw-derived carbon. However, by the end of the
150-d exper iment , the cumulat ive CO 2 efflux from the straw-
treated land-farm soil was nearly equivalent to that of reference
soil, al though still with a smaller proportion attributable to
wheat straw addit ion (Fig. 2) . Ear thworm additions increased
respiration rates in all s t raw-amended soils, but oily soils with-
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Table 2. Results from three-way analysis of variance (ANOVA) of log-transformed data for final
cumulative soil respiration data from three soil mixtures experimentally treated with earthworms, wheat
straw, neither, or both. Also shown are results from two-way ANOVA testing effects of wheat straw
and soil mixture on earthworm survival, and two-way ANOVA testing effects of earthworms and wheat

straw on oil and grease and total petroleum hydrocarbon concentrations"

Source of variation

Soil respiration
Soil
Worm
Soil X worm
Straw
Soil X straw
Worm X straw
Soil X worm X straw
Error

Earthworm survival
Soil
Straw
Soil X straw
Error

Oil and grease
Worm
Straw
Worm x straw
Error

Total petroleum hydrocarbons
Worm
Straw
Worm x straw
Error

df

2
1
2
1
2
1
2

48

2
1
2

24

1
1
1
8

1
1
1
8

ss

0.4249
0.0158
0.0163
1.3832
0.3919
0.0002
0.0047
0.0195

1.1531
0.4343
0.0079
0.7585

4.4083
0.6750
5.2083

61.1333

1.4083
0.2083
1.0083

17.8917

F

521.67
38.78
19.99

3396.63
481.14

0.50
5.74

18.24
13.74
0.13

0.58
0.09
0.68

0.74
0.11
0.53

P

<0.000I
<0.0001
<0.0001
<0.0001
<0.0001

NS
0.0058

<0.0001
0.0011
NS

NS
NS
NS

NS
NS
NS

• df = degrees of freedom; ss = sum of squares; F = F value; NS = not significant; p — p value.

out the straw addition did not respond to the earthworm ad-
dition. This result suggests that earthworms stimulated addi-
tional organic C mineralization when the organic amendment
was present. Earthworms have repeatedly been demonstrated
to increase respiration rates in various soils [22-24]; we also
observed this effect in land-farm soils amended with wheat
straw. It is notable that earthworm survival in land-farm soil
without wheat straw was poor (see below), and this could
possibly account for the lack of significant earthworm effects
on total respiration in these soils.

Earthworm survival

In the plant growth experiment, earthworm survival over
the course of the 45-d incubation was approximately 90%, and
all earthworm mortality was accounted for by discovery (inside
the growth chamber) of individuals that had escaped from
experimental units. No statistical.difference was found be-
tween treatments in terms of number of escaped individuals
(results not shown).

In the respiration experiment, wheat straw amendment had
a significant effect on earthworm survival, over the course of
the 150-d incubation. Earthworm survival was significantly
greater in straw-treated experimental units, in all soil treat-
ments (Table 2 and Fig. 3). In particular, earthworm survival
was zero in land-farm soils with no wheat straw, but was 27%
in straw-amended land-farm soil. This result suggests that or-
ganic amendments (such as wheat straw) may be critical to
long-term earthworm survival in land-farm soils.

Oil and grease and TPH analyses

Results from the O&G and TPH analyses on soils from the
long-term incubation were inconclusive (Tables 2 and 3). We

found no statistically significant differences in either O&G or
TPH concentrations associated with the earthworm or wheat
straw treatments. This finding is interesting, because the two
treatments did seem to improve the biological quality of the
land-farm soil (Figs. 2 and 3). Several explanations are pos-
sible for this observation. First, O&G and TPH measurements
for soil have high intrinsic variability, and land farming rapidly
reduces concentrations of petroleum hydrocarbons of lower
molecular weight. Thus, the straw and earthworm treatments
may have specifically reduced the concentrations of one or
more highly toxic petroleum hydrocarbon compounds that ac-
counted for only a small fraction of the TPH mass. In this
case, intrinsic variability in measuring O&G or TPH could
obscure a real but small, toxicologically important change in
actual concentration. Second, the biological improvements in
soil quality might have been due to physical changes due to
earthworm activity (e.g., increased soil porosity, or water-hold-
ing capacity), rather than to the loss of one or more toxic
petroleum hydrocarbon compounds. A third possibility is that
the straw or earthworm treatments increased sequestration of
one or more inhibitory petroleum hydrocarbon fractions in the
soil. In this case, a contaminated soil could be rendered suitable
for biological activity, even though the total quantity of pe-
troleum hydrocarbons extractable by use of a strong solvent
might not decrease. This situation, referred to as sequestration,
has been thoroughly explored elsewhere [2].

CONCLUSIONS

The results of this study provide what we believe to be
preliminary support for the idea that field-scale additions of
earthworms along with selected organic amendments (such as
wheat straw) might be used to hasten the long-term recovery
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Fig. 3. Effect of wheat straw amendments on earthworm survival in
petroleum land-farm soil, non—land-farm reference soil, and a 1:1
mixture of the land-farm and reference soils. Bars represent the mean
(n = 5) number of survivors (of three initially added earthworms)
per jar after 150 d of incubation. Absence of a bar within a category
indicates zero earthworm survival. Error bars indicate standard error.
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Table 3. Mean oil and grease (O&G) and total petroleum hydrocarbon
(TPH) concentrations in petroleum landfarm soils experimentally
treated with earthworms, wheat straw, neither (control), or both.
Standard error (SE) of each mean value is indicated in parentheses.
Also shown are O&G and TPH concentrations for reference soils
similarly incubated with or without wheat straw. For all analyses, n

= 3 and standard errors are shown in parentheses

Soil

Landfarm
Landfarm
Landfarm
Landfarm
Reference
Reference

Treatment

Control
+ Worms
+ Straw
+ Both
Control
+ Straw

O&G (SE)
(g/kg dry soil)

603(1.78)
63.0(2.83)
60.7 (4.26)
55.0(11.1)
0.07 (0.06)
0.22 (0.04)

TPH (SE)
(g/kg dry soil)

32.7(0.41)
33.7(1.47)
32.3 (0.82)
29.7 (5.93)
0.02 (0.002)
0.04(0.01)

of conventionally treated petroleum-contaminated soil. Field-
scale additions of earthworms have been used by other inves-
tigators to improve plant growth and soil quality in various
reclamation projects [7,10,11], and many studies have reported
that the presence of E. fetida is associated with improved plant
performance [15,16]. Finally, good evidence exists that the
roots of certain plant species are associated with soil bacteria
capable of metabolizing petroleum hydrocarbons, and although
not observed directly in this study, that earthworms themselves
may be beneficial in terms of reducing hydrocarbon concen-
trations [25,26]. Our finding that presence of E. fetida im-
proved the growth of tall fescue roots and shoots (Fig. 1)
suggests that appropriate combinations of plant species, earth-
worm, and wheat straw additions might be incorporated into
phytoremediation techniques being developed for lowering the
concentrations of petroleum hydrocarbons in land-farm soils.
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