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Abstract Bioremediation is increasingly viewed as an
appropriate remediation technology for hydrocarbon-
contaminated polar soils. As for all soils, the successful
application of bioremediation depends on appropriate
biodegradative microbes and environmental conditions
in situ. Laboratory studies have confirmed that hydro-
carbon-degrading bacteria typically assigned to the
genera Rhodococcus, Sphingomonas or Pseudomonas are
present in contaminated polar soils. However, as indi-
cated by the persistence of spilled hydrocarbons, envi-
ronmental conditions in situ are suboptimal for
biodegradation in polar soils. Therefore, it is likely that
ex situ bioremediation will be the method of choice for
ameliorating and controlling the factors limiting micro-
bial activity, i.e. low and fluctuating soil temperatures,
low levels of nutrients, and possible alkalinity and low
moisture. Care must be taken when adding nutrients to
the coarse-textured, low-moisture soils prevalent in
continental Antarctica and the high Arctic because ex-
cess levels can inhibit hydrocarbon biodegradation by
decreasing soil water potentials. Bioremediation experi-
ments conducted on site in the Arctic indicate that land
farming and biopiles may be useful approaches for
bioremediation of polar soils.
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Introduction

Human activities in Polar Regions (continental Ant-
arctica and regions lying north of the tree line in the
Arctic) require petroleum hydrocarbons for power gen-
eration, heating and operation of vehicles, aircraft and
ships. As a result of accidental spills and past disposal
practices, petroleum contamination has occurred, espe-
cially around settlements including scientific bases in the
Antarctic (Aislabie et al. 2004) and military bases and
sites exploiting the northern oil reserves in the Arctic
(Whyte et al. 1999a).

Since Polar Regions are remote, remediation of
contaminated soils on or near the site of contamination
is desirable. For this reason bioremediation is an
attractive option. Investigations of hydrocarbon spills in
Polar Regions indicate that hydrocarbon degraders,
typically bacteria, are widely distributed in polar soils
and their numbers are usually enhanced following
hydrocarbon spillage (Atlas 1986; Aislabie et al. 2004).
Furthermore, biodegradation of many of the compo-
nents of petroleum hydrocarbons by indigenous
cold-adapted microbial populations has been observed
at low temperatures in hydrocarbon-contaminated soils
(Whyte et al. 1999a, 2001; Rike et al. 2003). However,
the persistence of hydrocarbons in cold soils (Atlas 1986;
Aislabie et al. 2004), including light alkanes and aro-
matics in subsurface soils, where they are not subject to
evaporation and photooxidation, indicates that in situ
rates of hydrocarbon degradation are slow. Therefore,
the activity of the indigenous hydrocarbon-degrading
microbes is limited, likely by a combination of unfa-
vourable conditions including low temperature and
moisture, nutrient limitation, alkalinity and potentially
inhibitory hydrocarbons.
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In this review we describe bacteria from polar soils
that degrade hydrocarbons, the factors that may limit
their activity in situ and the potential for bioremediation
in hydrocarbon-contaminated polar soils.

Hydrocarbon-degrading bacteria isolated from polar soils

Hydrocarbon-degrading bacteria have been readily iso-
lated from contaminated polar soils. The bacteria are
commonly psychrotolerant rather than psychrophilic,
growing at low temperatures (<10°C) but having an
optimum growth temperature > 15°C. As in temperate
soils, incursion of hydrocarbons results in the enrich-
ment of heterotrophs including alkane- and aromatic-
degrading bacteria that may persist at elevated levels for
decades after the initial spill (Atlas 1986; Aislabie et al.
2004). This enrichment can decrease diversity in the
contaminated soils compared with pristine soils (Saul
et al. 2005). Although fungi such as Phialophora spp.
and Hormoconis resinae (Kerry 1990; Aislabie et al.
2001) may play a role in hydrocarbon biodegradation,
the cultivation of hydrocarbon-degrading microbes from
cold soils typically results in the isolation of bacteria.

Alkane- and aromatic-degrading bacteria

Hydrocarbons spilled on polar soils are usually refined
petroleum products such as diesel or aviation fuel,
comprising aliphatic and aromatic compounds: hence
the enrichment of alkane- and aromatic-degrading bac-
teria in contaminated polar soils. The alkane degraders
frequently belong to the genera Rhodococcus, Pseudo-
monas or Acinetobacter (Table 1). Rhodococcus spp.
strains 7/1, 5/1 and 5/14 isolated from Antarctic soil
grew on a range of alkanes from hexane (Cg) through at
least eicosane (C,g) and the isoprenoid compound pris-
tane (2,6,10,14-tetramethyl-pentadecane) (Bej et al.
2000). To enhance alkane degradation, some rhodococci
produce cell-associated biosurfactants that assist direct
contact with solid alkanes at low temperatures (Whyte
et al. 1999b). Pseudomonas sp. strains BI7 and BIS iso-
lated from Arctic soil utilized Cs to C;, n-alkanes
(Whyte et al. 1997). In addition to alkanes, many bio-
degradative Pseudomonas isolates from polar soils also
degrade aromatic compounds (Table 1).

Phylogenetic analysis of 16S rRNA genes from
alkane-degrading bacterial isolates indicates that Rho-
dococcus spp. from cold soils group with R. erythropolis
or R. fascians (Fig. 1). Of the gram-negative alkane
degraders, Pseudomonas isolates DhA-91 and Ps8 group
with P. fluorescens and 5B with P. stutzeri (Eckford et al.
2002), although the resolution of the phylogenetic
placing is less well established in this phylogenetic
analysis due to limitations with the sequence quality and
length available for some isolates. Of the alpha proteo-
bacteria, DhA-95 groups with Sphingomonas chloro-
phenolica (Fig. 1).

The genes encoding the alkane hydroxylase system
(typically comprising a particulate, integral-membrane
alkane monooxygenase and soluble rubredoxin and ru-
bredoxin reductase) have homologues in Pseudomonas
putida as well as Acinetobacter and Rhodococcus spp.
Hybridization of DNA extracted from Arctic and Ant-
arctic soils with four alkane monooxygenase genotypes
from P. putida (Pp alkB), Rhodococcus spp. (Rh alkBl
and Rh alkB2) and Acinetobacter calcoaceticus (Ac
alkM ) revealed that Rh alkBl and Rh alkB2 homo-
logues are common in both contaminated and control
soils, whereas Pp alkB homologues are common in
contaminated soil and Ac alkM homologues are rare
(Whyte et al. 2002; Luz et al. 2004). Furthermore, Rh
alk Bl was more prevalent in culturable psychrotolerant
bacteria. Based on these hybridization results, Whyte
et al. (2002) proposed that Rhodococcus is the predom-
inant alkane degrader in both pristine and contaminated
polar soils, whereas Pseudomonas may become enriched
in contaminated soil and Acinetobacter is rare.

Aromatic-degrading bacteria isolated from polar soils
typically belong to the genera Pseudomonas or
Sphingomonas (Table 1). Cold-tolerant hydrocarbon-
degrading Pseudomonas strains, including the Arctic
isolates BI7 and Sag-1 and Antarctic strains Ant 9 and
ST41, cluster together by 16S rRNA gene analysis with
Pseudomonas syringae (Fig. 1), whereas others cluster
with P. fluorescens or P. stutzeri. Sphingomonas isolates
Ant 17, 44/02 and DhA-95 cluster with S. chloropheno-
lica and are related to aromatic-degrading Sphingomonas
spp. from globally distributed sources (Aislabie et al.
2000). Sphingomonas Ant 20 has recently been assigned
to the new species S. aerolata.

Pseudomonas isolates tend to degrade a narrower
range of aromatic substrates than Sphingomonas spp.
For example, Pseudomonas sp. strains PK4 and K319
isolated from PCB-contaminated Arctic soil grew slowly
using pyrene but could not grow on naphthalene, fluo-
rene or phenanthrene (Eriksson et al. 2002), and Pseu-
domonas sp. strains BI7 and BI8, isolated from
petroleum-contaminated Arctic soil, degraded naph-
thalene and toluene but not fluorene (Whyte et al. 1997).
In contrast, Sphingomonas sp. strain Ant 17 isolated
from hydrocarbon-contaminated Antarctic soil de-
graded numerous compounds in the aromatic fraction of
crude oil, jet fuel and diesel fuel (Baraniecki et al. 2002)
and utilized many aromatic compounds for growth
including m-xylene, naphthalene and its methyl deriva-
tives, fluorene and phenanthrene.

In contrast to alkane degradation genes present in the
cold-tolerant bacteria described above, the genes used
for aromatic degradation by psychrotolerant and psy-
chrophilic bacteria do not appear to differ significantly
from those identified in mesophilic isolates. In fact,
Whyte et al. (1996) found that catabolic genes from
several aromatic-degrading psychrotolerant strains had
homology to those described in mesophilic bacteria (al-
though other isolates appeared to have novel genes).
Genes for aromatic catabolism may be chromosomal or
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Table 1 Hydrocarbon-degrading bacteria from polar soils and their hydrocarbon substrates for growth. Most of the bacteria listed have
been identified to genus level by 16S rRNA sequence analysis

Bacterial strains

Hydrocarbon growth substrates

Reference

Alkane degraders
Acinetobacter ADH-1

Arthrobacter protophormiae
MTCC 688
Pseudomonas DhA-91
Pseudomonas Ps 8
Rhodococcus 5/1, 5/14 and 7/1
Sphingomonas DhA-95
Rhodococcus Rhol0
Pseudomonas 5B
Rhodococcus 43/02
Alkane and aromatic degraders
Pseudomonas BI7 and B18
Pseudomonas DhA-91
Pseudomonas PK4
Pseudomonas 30-3

Aromatic degraders

Pseudomonas Cam-1 and Sag-50G
Pseudomonas IpA-92
Pseudomonas IpA-93
Pseudomonas Ant 5

Pseudomonas Ant 7

Pseudomonas 7/22
Sphingomonas Ant 17

Sphingomonas Ant 20
Pseudomonas K319
Pseudomonas 5SA

Crude oil, aromatic gas-oil, hydrogenated gas-oil,
kerosene, dodecane, hexadecane, cyclohexane
Hexadecane

Jet A-1 jet fuel, octane, dodecane

Jet A-1 fuel, hexadecane, pristane

JP8 jet fuel, C¢—Cyo n-alkanes, pristane

Jet A-1 jet fuel, dodecane, pristane

Jet A-1 jet fuel, dodecane

JP8 jet fuel, hexane

JP5 jet fuel, dodecane, hexadecane, pristane

Cs—C,, n-alkanes, toluene, naphthalene

Jet A-1 jet fuel, octane, dodecane

Pyrene, dodecane, hexadecane

JP8 jet fuel, Cg—C,3 n-alkanes, toluene, m- and
p-xylene, 1,2,4-trimethyl benzene

Biphenyl

Toluene

Toluene, benzene

JP8 jet fuel, NAH, 2MNAH

JP8 jet fuel, p-xylene, 1,2,4-trimethyl benzene naphthalene,
1-methyl naphthalene and 2-methyl naphthalene

JP8 jet fuel, toluene, m- and p-xylene, 1,2,4-trimethyl benzene

JP8 jet fuel, m-xylene, 1-methyl naphthalene and 2-methyl
naphthalene, dimethylnaphthalene, 2-ethylnaphthalene,
fluorene, phenanthrene

JP8 jet fuel, 1-methyl naphthalene, phenanthrene

Pyrene

JP-8, benzene, toluene, m-xylene

MacCormack and Fraile (1997)
Pruthi and Cameotra (1997)

Yu et al. (2000)
Thomassin-Lacroix et al. (2001)
Bej et al. (2000)

Yu et al. (2000)
Thomassin-Lacroix et al. (2001)
Eckford et al. (2002)

Saul et al. (2005)

Whyte et al. (1997)
Yu et al. (2000)
Eriksson et al. (2002)
Panicker et al. (2002)

Master and Mohn (1998)
Yu et al. (2000)

Yu et al. (2000)

Aislabie et al. (2000)
Aislabie et al. (2000)

Aislabie et al. (2000)
Baraniecki et al. (2002)

Aislabie et al. (2000)
Eriksson et al. (2002)
Eckford et al. (2002)

Phenanthrene
Phenanthrene

Sphingomonas 43/03
Sphingomonas 44/02

Saul et al. (2005)
Saul et al. (2005)

plasmid-borne; for example, Pseudomonas sp. strain BI7,
described above, carries a NAH plasmid homologue
that encodes enzymes for naphthalene degradation as
well as a plasmid that hybridizes to alkB (Whyte et al.
1997). Interestingly, the expression of NAH genes at low
temperatures depends on the combination of host bac-
terium and plasmid (Grishchenkov et al. 2003).

Factors limiting biodegradation of hydrocarbons
in polar soils

Hydrocarbon degradation is influenced by environ-
mental conditions. In polar soils the conditions most
likely to limit hydrocarbon degradation include cold
and fluctuating temperatures, low nutrient levels, low
moisture contents and, in some Antarctic soils, alkaline
pH.

Cold and fluctuating temperatures

The climate of Polar Regions is characterized by short,
cold summers, with the active layer above the perma-

frost typically thawing for 1-2 months every year, and
extremely cold winters (Tarnocai and Campbell 2002).
Mean daily air temperatures above 0°C occur only
during the warmest part of the summer, and the tem-
peratures fluctuate. In summer the surface temperatures
of snow-free soils may range from below 0 to +20°C
during a single day, and the temperature of soils dark-
ened by hydrocarbon contamination may be up to 12°C
warmer than adjacent control soils (Balks et al. 2002).
Temperature influences the rate of microbial hydrocar-
bon degradation in part by affecting the physical nature
of spilled oil. At low temperatures the oil viscosity is
increased and the volatilization of toxic low-molecular
weight compounds is reduced, thus delaying the onset of
biodegradation (Margesin and Schinner 1999). Tem-
perature also affects microbial metabolism; conse-
quently, rates of hydrocarbon degradation in polar soils
are slow. Despite these constraints, hydrocarbon deg-
radation does occur in polar soils at low temperatures;
although in situ, it is mainly restricted to the summer
season when soils are thawed and water is available
(Atlas 1986). However, recent reports suggest that
microbial biodegradation activity does not cease at
subzero temperatures (e.g., Thomassin-Lacroix et al.
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Fig. 1 Phylogenetic tree of cold-tolerant hydrocarbon-degrading
Rhodococcus, Pseudomonas and Sphingomonas. Organisms were
chosen for inclusion in the analysis on the basis of the quality and
length of sequences available in GenBank. When several organisms
had the same or very similar sequences (and thereby formed a tight
clade), only one representative was chosen. A starting tree was
constructed using neighbour-joining (NJ) with distances corrected

2002; Rike et al. 2003). Rike et al. (2005) used soil
oxygen depletion to infer the activity of cold-adapted
microbes at a bulk soil temperature of —6°C, and

gol Rhodococcus sp. 5/1 [AF181689]
ﬁ[L Rhodococcus sp. 5/14 [AF181690]
Rhodococcus fascians [Y11196]

by maximum likelihood using the HKY(85) + I' model of
evolution. This tree was then refined under the criterion of
maximum likelihood by branch swapping and using the same
model of evolution. All necessary parameters were estimated from
the starting tree. Bootstrap values were derived by NJ with 2,000
replicates

hydrocarbon-degrading activity at —1 to —3°C at a con-
taminated permafrost site, indicating that biodegrada-
tion can occur in nominally frozen soils.



Laboratory studies have demonstrated that, al-
though hydrocarbon mineralization occurs in soils at
low temperatures, the rate and perhaps the extent of
degradation are higher at elevated temperatures. '*C-
hexadecane was mineralized in Arctic soil at 5°C but
mineralization occurred faster and to a greater extent
at 23°C (Whyte et al. 1999a). In contrast, Mohn and
Stewart (2000) reported that a change in incubation
temperature from 7 to 22°C did not affect the extent of
mineralization of '*C-dodecane, but did increase the
rate of mineralization and decrease the lag time. Low
temperatures may affect the utilization of substrates
comprising a mixture of hydrocarbons (Atlas 1986),
and the combination of low temperature plus hydro-
carbon substrate may affect mineralization. For exam-
ple, Sphingomonas sp. strain Ant 17 had a lower and
less well-defined optimum growth temperature when
growing on jet fuel as sole carbon source than in a
complex medium, and temperature had a smaller effect
on the rate of '“C-phenanthrene mineralization than
was predicted (Baraniecki et al. 2002). These altered
growth responses might result from beneficial changes
to membrane fluidity caused by hydrocarbon parti-
tioning into membranes.

In addition to low temperatures, polar soils are sub-
ject to short-term fluctuating temperatures and freeze—
thaw cycles (Balks et al. 2002). In laboratory studies,
hydrocarbon degradation was stimulated by alternating
24 h periods at 7 and —5°C, indicating that freeze—thaw
cycles may not inhibit hydrocarbon degradation (Eri-
ksson et al. 2001). This may result from changes to the
physical matrix of the soil, making hydrocarbons more
bioavailable (Eriksson et al. 2001), but additional
experiments that more closely mimic in situ conditions
are required to confirm this observation.

Available nutrients

Soils of Polar Regions are generally low in nutrients
(Tarnocai and Campbell 2002) and the introduction of
high concentrations of hydrocarbons into polar soils
can further deplete available nitrogen and phosphorus
when they are assimilated during biodegradation. As
with temperate soils, amendment of polar soils with
nitrogen and/or phosphorus can lead to enhancement
in hydrocarbon mineralization (Braddock et al. 1997
Aislabie et al. 1998; Whyte et al. 1999a; 2001; Mohn
and Stewart 2000). Mineralization of '#C-alkanes
(dodecane or hexadecane) and/or '*C-naphthalene was
enhanced in Antarctic soils following the addition of
nitrogen as nitrate or ammonium (Aislabie et al. 1998)
or by the addition to Arctic soil of commercial prep-
arations such as 20:20:20 fertilizer, a mixture of
ammonium nitrate, urea and potassium phosphate
(Braddock et al. 1997; Whyte et al. 1999a; 2001).
Although nitrogen is considered to be the major lim-
iting nutrient, maximal hydrocarbon degradation oc-
curs with supplementation of both N and P (Braddock
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et al. 1997; Mohn and Stewart 2000). Furthermore, P
addition increased hydrocarbon degradation at 20°C
but not at 10°C; presumably the higher extent
of hydrocarbon degradation at 20°C led to the
requirement for additional P (Walworth and Reynolds
1995).

Care must be taken, however, not to overfertilize the
soils. The addition of 50-100 mg N/kg to gravelly
sandy soils from Barrow, Alaska enhanced the hydro-
carbon degradative activity, numbers of hydrocarbon
degraders and loss of hydrocarbons, but 200 mg N/kg
soil was inhibitory (Braddock et al. 1997). The total
soil water potentials ranged from —200 to —1,500 kPa
with increasing levels of fertilizer, and at the highest
water potential microbial activity was minimal (Brad-
dock et al. 1997). Soil microbial consumption of oxy-
gen was halved when soil water potential reached —
800 kPa due to NH4NO; or NaCl amendment (Wal-
worth et al. 1997). The optimum N level for the
hydrocarbon degradation depends on soil type. Sand
and loamy sand which have lower water-holding
capacities were much more sensitive to overfertilization
with inorganic nitrogen than silt loam (Walworth et al.
1997).

There is no consensus on the optimum C to N ratio
for enhancing biodegradation of hydrocarbons in soil.
Reported optimal C to N ratios range from 200:1 to 9:1
(Morgan and Watkinson 1989). Following an investi-
gation of the relationship between soil water content and
microbial response to soil N in hydrocarbon-contami-
nated soils, Walworth et al. (1997) recommended that
the maximal N application can be calculated as the mass
of N per mass of soil water rather than relative to the
mass of soil or to C contaminant concentrations. Using
this approach, an optimum N level of less than 2,000 mg
N/kg soil water is required for sand and loamy sand
soils. Subsequent investigations with Antarctic soil
confirmed that the extent of '*C-octadecane minerali-
zation in soil from Casey Station incubated at 10°C
peaked between 1,000 and 1,600 mg N/kg soil water
(Ferguson et al. 2003). As polar soils often have low
water-holding capacities, it may be difficult in practice to
maintain optimal nutrient concentrations while pre-
cluding osmotic stress caused by overfertilization with
inorganic fertilizers. Thus, the use of slow release fer-
tilizers, such as cod bone meal, is being tested in cold
soils (Walworth et al. 2003). Heterotrophic nitrogen
fixers may also provide nitrogen for hydrocarbon bio-
degradation in Antarctic contaminated soils (Eckford
et al. 2002).

Oxygen is not likely to be limiting in most coarse-
textured dry polar soils, especially those of the Antarc-
tic, but could be limiting in waterlogged Arctic soils
(Rike et al. 2005). Under such conditions, polyaromatic
hydrocarbons may degrade under nitrate-reducing con-
ditions, as recently reported in laboratory studies with
Arctic soil (Eriksson et al. 2003). The degradation of
alkanes by polar microbes under anoxic conditions has
not yet been investigated.
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Soil moisture

Antarctic soils are typically dry, whereas Arctic soils
generally have higher moisture contents, especially near
the permafrost (Tarnocai and Campbell 2002). In soils,
water contents of between 50 and 80% capacity are
generally optimal for microbial activity (Morgan and
Watkinson 1989). At lower water contents osmotic and
matric forces limit the availability of water and, conse-
quently, microbial growth. Coarse-textured soils, which
are prevalent in Antarctic and the high Arctic, have low
water-holding capacity. Hydrocarbon contamination
can further reduce the water-holding capacity of the soils,
because oil coating the surface of soil particles makes the
soil more hydrophobic (Dibble and Bartha 1979).

Control of moisture levels in polar soils may be dif-
ficult. The total annual precipitation in Polar Regions is
generally low, with most occurring as snow, and may
not be relied upon to ensure that soil moisture is at
optimum levels during in situ treatment. Covering soils
for heating (Filler et al. 2001) to enhance biodegradation
could also cause soils to dry out, so water may have to
be added. It may not, however, always be practical or
desirable to add water for in situ treatment due to the
lack of fresh water in remote sites and the potential to
mobilize contaminants or nutrients following water
addition to uncontained hydrocarbon spills. In contrast,
in some polar soils wet conditions may limit oxygen
availability; hence, aeration may be required to enhance
aerobic hydrocarbon degradation.

Soil pH

The pH of polar soils varies greatly depending on the
chemistry of the parent material (Tarnocai and Camp-
bell 2002). In the Antarctic, soil pH ranges from weakly
acidic (pH 6) in inland soils at high elevation to highly
alkaline (pH 9) in soils of coastal regions (Aislabie et al.
2004). In temperate soils, hydrocarbon biodegradation
in soil has an optimum around pH 6.5-8.0 (Morgan and
Watkinson 1989). Substantial hydrocarbon mineraliza-
tion activity has been reported in polar soils at pH >8.8
(Aislabie et al. 1998; Whyte et al. 1999a), but adjusting
soil pH from 9.4 to pH 7.4 did not enhance the activity
(J. Aislabie, unpublished).

Soil pH may be modified by soil treatment, especially
in mineral soils with little buffering capacity. Fertilizer
may lower pH: for example, the addition of 20:20:20
fertilizer lowered the pH of coarse sand from 7.4 to 6.8
(Braddock et al. 1999). Soil pH may also decline during
biodegradation due to the accumulation of acidic
metabolites such as aliphatic acids produced during al-
kane degradation.

Bioaugmentation

An appropriate inoculum for bioaugmentation (the
addition of appropriate microbes) in polar soils should

contain a mixture of hydrocarbon degraders that attack
the range of hydrocarbon contaminants on site. Greater
success would be expected using indigenous microbes
adapted to in situ polar conditions rather than allo-
chthonous strains. Bacteria that produce emulsifiers or
biosurfactants may have a selective advantage because
they can counter the increased viscosity and decreased
water solubility of the hydrocarbons at lower tempera-
tures. In Antarctic soils indigenous hydrocarbon
degraders are required as the Antarctic Treaty restricts
the introduction of foreign microbes.

To date, the success of seeding contaminated soils
with hydrocarbon-degrading microbes is ambiguous.
Bioaugmentation of contaminated polar soils with mi-
crobes enriched from the same site reduced the accli-
mation period but did not appreciably increase '*C-
hexadecane mineralization or reduce the total petroleum
hydrocarbon (TPH) content compared to fertilizer
treatment alone (Whyte et al. 1999a). These soils prob-
ably contained enough hydrocarbon degraders prior to
bioaugmentation. Likewise, Mohn and Stewart (2000)
observed a decrease in lag period during the minerali-
zation of '*C-dodecane after adding both indigenous
and nonindigenous bacteria, but only with a large
inoculum size (10° colony-forming units [cfu]/g soil).
The addition of a nonindigenous alkane-degrading
Acinetobacter sp. (107 cfu/g soil) to Antarctic soil
microcosms incubated in situ increased hydrocarbon
degradation with or without nutrient addition (Ruberto
et al. 2003). A parallel study using an indigenous alkane-
degrading Rhodococcus strain reported a positive effect
of bioaugmentation on biodegradation of diesel fuel
(Ruberto et al. 2005). Although significant volatilization
occurred during the study, inoculated microcosms
showed enhanced biodegradation compared with unin-
oculated soil and sterilized controls. In general, however,
it is questionable whether bioaugmentation of hydro-
carbon-contaminated polar soils is required when there
are sufficient hydrocarbon degraders in the soil; instead,
amelioration of unfavourable environmental conditions
seems to be more beneficial.

Application of bioremediation techniques

Because of the remoteness of many polar sites, bio-
remediation is often the only feasible clean-up option.
There are two types of bioremediation strategies: (1) in
situ, which is carried out on site without soil removal,;
and (2) ex situ, which involves removal and transpor-
tation of contaminated material to a different location
where it is treated biologically. In situ technologies are
advantageous because there is no need to remove the
contaminated soil and thus costs are reduced; however,
the challenge is to deliver the required amendments. The
advantage of ex situ approaches, including biopiles and
landfarming, is that the process can be better controlled.
On the other hand, ex situ methods can be costly and



disruptive due to soil excavation. Natural attenuation
may not be a satisfactory management option for most
polar soils because the rate of natural degradation is so
slow; hydrocarbons have been detected in surface Ant-
arctic soils more than 50 years after spillage (Aislabie
et al. 2004).

In situ treatments

Bioremediation experiments conducted in situ indicate
that nutrient and/or water addition to polar soil gener-
ally enhances hydrocarbon degradation in surface polar
soils (Kerry 1993; Snape et al. 2003; Delille et al. 2004a);
however, impacts on subsurface soils have not been
evaluated.

A study conducted on two sub-Antarctic soils re-
vealed that the number of hydrocarbon degraders in-
creased by two orders of magnitude during the first
month following application of the slow release fertilizer
Inipol EAP-22 (EIf Atochem). However, the stimulation
was less marked over time, with fertilizer having a
greater effect in a desert soil than a vegetated soil (Delille
et al. 2004a). Hydrocarbon analysis indicated that
straight chain alkanes were degraded faster in treated
plots, whereas fertilizer had little effect on aromatic
degradation (Coulon et al. 2004). Some plots were cov-
ered with black sheet plastic resulting in a 2°C increase
in soil temperature and an increase in alkane degrada-
tion, but not aromatic degradation, in the desert soil
(Delille et al. 2004b). Furthermore, the Microtox® assay
revealed that the toxicity of residual hydrocarbons had
not been reduced (Coulon et al. 2004). The addition of
nutrients (either Inipol EAP-22 or fish compost) to or-
nithogenic soils contaminated with diesel or crude oil
did not increase the numbers of hydrocarbon-degrading
bacteria in ornithogenic soil, unlike the desert soil
(Delille et al. 2003). The addition of controlled-release
nutrients and water did enhance hydrocarbon degrada-
tion in soils at Casey Station, Antarctica; after three
summer seasons hydrocarbons were reduced from
23,000 to 2,500 mg/kg, although much of the loss was
attributed to volatilization (Snape et al. 2003).

Biopiles

A biopile or biocell is an aboveground mound of soil
similar to a compost pile, often constructed on an
impermeable liner and fitted with aeration pipes; it can
be amended with nutrients and/or moisture to stimulate
biodegradation, and may be mixed mechanically. Ex situ
biopiles have been used successfully for the bioremedi-
ation of diesel-contaminated Arctic soils using combi-
nations of biostimulation (heating, nutrients and
aeration) and bioaugmentation. Active (Filler et al.
2001) and passive heating (by covering biopiles with
clear plastic) increased in situ soil temperatures from 1
to 5°C (Mohn et al. 2001) and increased hydrocarbon
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biodegradation rates. Importantly, biodegradation has
also occurred in soil when daily air temperatures were
below 0°C, hence, effectively extending the season of
treatment (Thomassin-Lacroix et al. 2002). Hydrocar-
bon analysis of Arctic soil biopiles constructed with
layers of fertilizer revealed enhanced alkane degradation
(> Cy,) in surface and subsurface soils, whereas vola-
tilization was a major mechanism for the loss of aro-
matic compounds from the surface. The loss of linear
alkanes was more strongly affected by fertilizer addition
than branched alkanes (Braddock et al. 1999).

Bioaugmentation of biopiles with enrichments of
cold-adapted microbes has yielded variable results in the
Arctic (Mohn et al. 2001; Thomassin-Lacroix et al.
2002). Mohn et al. (2001) reported enhanced degrada-
tion in biopiles during the summer after inoculation with
a cold-adapted, mixed microbial culture derived from
soil, whereas Thomassin-Lacroix et al. (2002) saw no
increase in biodegradation after inoculation with an
enrichment culture originating from the site. Nutrient
amendment, however, consistently improved bioreme-
diation (Mohn et al. 2001; Thomassin-Lacroix et al.
2002).

Landfarming

Landfarming or land application is a larger-scale land
treatment method where thin layers of excavated con-
taminated soil are spread on ground that is amended
with nutrients and/or moisture and tilled to achieve
aeration. Landfarming is a simple low cost ex situ bio-
remediation method that has been utilized in Polar Re-
gions (McCarthy et al. 2004). Recently, 3,600 m® of
sandy soil was successfully treated at field scale by
landfarming on site at Barrow, Alaska (McCarthy et al.
2004). Soil was amended with a mixture of fertilizers
(monoammonium phosphate and urea) applied manu-
ally. The site was managed with intensive tilling and
selective fertilization to exploit the short treatment sea-
son, and the soil moisture content (3-6%, near field
capacity) was maintained by light precipitation. Soil
concentrations of diesel range organics reached target
concentrations ahead of schedule, although the pro-
portion of losses due to biodegradation versus evapo-
ration was not determined.

Conclusions

Despite the environmental extremes of polar soils,
spillage of hydrocarbons can stimulate in situ selective
enrichment of hydrocarbon-degrading bacteria in sur-
face soils. The bacteria reported so far are usually psy-
chrotolerant, probably reflecting summer in situ
temperatures that may range from below 0°C to about
20°C. The optimal temperature for hydrocarbon degra-
dation and the influence of freeze—thaw cycles have yet
to be resolved. Clearly, however, nutrient addition is
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required for effective bioremediation. Given the low
temperatures in subsurface soils and the short season
during which soils are thawed (1-2 months) there is a
need to control temperature, nutrient levels and mois-
ture to optimize degradation rates. Hence, ex situ bio-
remediation is likely to be the strategy of choice for
remediation of hydrocarbon-contaminated polar soils.

Acknowledgements This work was supported by funding from the
Foundation for Research, Science and Technology, New Zealand
(C09X0307).

References

Aislabie J, McLeod M, Fraser R (1998) Potential of biodegrada-
tion of hydrocarbons in soil from the Ross Dependency, Ant-
arctica. Appl Microbiol Biotechnol 49:210-214

Aislabie J, Foght J, Saul D (2000) Aromatic-hydrocarbon
degrading bacteria isolated from soil near Scott Base, Antarc-
tica. Polar Biol 23:183-188

Aislabie J, Fraser R, Duncan S, Farrell RL (2001) Effects of oil
spills on microbial heterotrophs in Antarctic soils. Polar Biol
24:308-313

Aislabie JM, Balks MR, Foght JM, Waterhouse EJ (2004)
Hydrocarbon spills on Antarctic soils: effects and management.
Environ Sci Technol 38:1265-1274

Atlas RM (1986) Fate of petroleum pollutants in Arctic ecosys-
tems. Water Sci Technol 18:59-67

Balks MR, Paetzold RF, Kimble JM, Aislabie J, Campbell 1B
(2002) Effects of hydrocarbon spills on the temperature and
moisture regimes of Crysols in the Ross Sea region. Ant Sci
14:319-326

Baraniecki CA, Aislabie J, Foght JM (2002) Characterisation of
Sphingomonas sp. Ant 17, an aromatic hydrocarbon-degrading
bacterium isolated from Antarctic soil. Microb Ecol 43:44-54

Bej AK, Saul DJ, Aislabie J (2000) Cold tolerant alkane-degrading
Rhodococcus species from Antarctica. Polar Biol 23:100-105

Braddock JF, Ruth ML, Catterall PH, Walworth JL, McCarthy
KA (1997) Enhancement and inhibition of microbial activity in
hydrocarbon-contaminated arctic soils: implications for nutri-
ent-amended bioremediation. Environ Sci Technol 31:2078—
2084

Braddock JF, Walworth JL, McCarthy KA (1999) Biodegradation
of aliphatic vs. aromatic hydrocarbons in fertilized Arctic soils.
Biorem J 3:105-116

Coulon F, Pelletier E, St Louis R, Gourhant L, Delille D (2004)
Degradation of petroleum hydrocarbons in two sub-Antarctic
soils: influence of an oleophilic fertilizer. Environ Toxicol Chem
23:1893-1901

Delille D, Pelletier E, Delille B, Coulon F (2003) Effects of nutrient
enrichments on the bacterial assemblage of Antarctic soils
contaminated by diesel or crude oil. Polar Rec 39:1-10

Delille D, Coulon F, Pelletier E (2004a) Biostimulation of natural
microbial assemblages in oil-amended vegetated and desert sub-
Antarctic soils. Microb Ecol 47:407—415

Delille D, Coulon F, Pelletier E (2004b) Effects of temperature
warming during a bioremediation study of natural and nutrient-
amended hydrocarbon-contaminated sub-Antarctic soils. Cold
Reg Sci Technol 40:61-70

Dibble JT Bartha R (1979) Effect of environmental parameters on
the biodegradation of oil sludge. Appl Environ Microbiol
37:729-739

Eckford R, Cook FD, Saul D, Aislabie J, Foght J (2002) Free-
living nitrogen-fixing bacteria from fuel-contaminated Antarc-
tic soils. Appl Environ Microbiol 68:5181-5185

Eriksson M, Ka J-O, Mohn WW (2001) Effects of low temperature
and freeze-thaw cycles on hydrocarbon biodegradation in
Arctic tundra soil. Appl Environ Microbiol 67:5107-5112

Eriksson M, Dalhammar G, Mohn WW (2002) Bacterial growth
and biofilm production on pyrene. FEMS Microbiol Ecol
40:21-27

Eriksson M, Sodersten E, Yu Z, Dalhammer G, Mohn WW (2003)
Degradation of polycyclic aromatic hydrocarbons at low tem-
perature under aerobic and nitrate-reducing conditions in
enrichment cultures from Northern soils. Appl Environ
Microbiol 69:275-284

Ferguson SH, Franzmann PD, Revill AT, Snape I, Rayner JL
(2003) The effects of nitrogen and water on mineralisation of
hydrocarbons in diesel-contaminated terrestrial Antarctic soils.
Cold Reg Sci Technol 37:197-212

Filler DM, Lindstrom JE, Braddock JF, Johnson RA, Nickalaski
R (2001) Integral biopile components for successful bioreme-
diation in the Arctic. Cold Reg Sci Technol 32:143-156

Grishchenkov VG, Shishmakov DA, Kosheleva IA, Boronin AM
(2003) Growth of bacteria degrading naphthalene and salic-
ylate at low temperatures. Appl Biochem Microbiol 39:282—
288

Kerry E (1990) Microorganisms colonizing plants and soil sub-
jected to different degrees of human activity, including petro-
leum contamination, in the Vestfold Hills and MacRobertson
Land, Antarctica. Polar Biol 10:423-430

Kerry E (1993) Bioremediation of experimental petroleum spills on
mineral soils in the Vestfold Hills, Antarctica. Polar Biol
13:163-170

Luz AP, Pellizari VH, Whyte LG, Greer CW (2004) A survey of
indigenous microbial hydrocarbon degradation genes in soils
from Antarctica and Brazil. Can J Microbiol 50:323-333

MacCormack WP, Fraile ER (1997) Characterization of a hydro-
carbon-degrading psychrotrophic Antarctic bacterium. Ant Sci
9:150-155

Margesin R, Schinner F (1999) Biological decontamination of oil
spils in cold environments. J Chem Technol Biotechnol 74:381—
389

Master ER, Mohn WW (1998) Psychrotolerant bacteria isolated
from Arctic soil that degrade polychlorinated biphenyls at low
temperatures. Appl Environ Microbiol 64:4823-4829

McCarthy K, Walker L, Vigoren L, Bartel J (2004) Remediation of
spilled hydrocarbons by in situ landfarming at an arctic site.
Cold Reg Sci Technol 40:31-39

Mohn WW, Stewart GR (2000) Limiting factors for hydrocarbon
degradation at low temperature in Arctic soils. Soil Biol Bio-
chem 32:1161-1172

Mohn WW, Radziminski CZ, Fortin M-C, Reimer KJ (2001) On
site bioremediation of hydrocarbon-contaminated Arctic tun-
dra soils in inoculated biopiles. Appl Microbiol Biotechnol
57:242-247

Morgan R, Watkinson RJ (1989) Hydrocarbon degradation in soils
and methods for soil treatment. CRC Crit Rev Biotechnol
8:305-333

Panicker G, Aislabie J, Saul D, Bej AK (2002) Cold tolerance of
Pseudomonas sp. 30-3 isolated from oil-contaminated soil,
Antarctica. Polar Biol 25:5-11

Pruthi V, Cameotra SS (1997) Production and properties of a
biosurfactant synthesized by Arthrobacter protophormiae—an
Antarctic strain. World J Microbiol Biotechnol 13:137-139

Rike AG, Haugen KB, Borresen M, Engene B, Kolstad P (2003).
In situ biodegradation of petroleum hydrocarbons in frozen
arctic soils. Cold Reg Sci Technol 37:97-120

Rike AG, Haugen KB, Engene B (2005) In situ biodegradation of
hydrocarbons in arctic soil at sub-zero temperatures—field
monitoring and theoretical simulation of the microbial activa-
tion temperature at a Spitsbergen contaminated site. Cold Reg
Sci Technol 41:189-209

Ruberto LAM, Vazquez SC, MacCormack WP (2003) Effective-
ness of the natural bacterial flora, biostimulation and bioaug-
mentation on the bioremediation of a hydrocarbon
contaminated Antarctic soil. Int Biodeter Biodeg 52:115-125

Ruberto LAM, Vazquez SC, Lobalo A, MacCormack WP (2005)
Psychrotolerant hydrocarbon-degrading Rhodococcus strains
isolated from polluted Antarctic soils. Ant Sci 17:47-56



Saul DJ, Aislabie J, Brown CE, Harris L, Foght JM (2005) Hydro-
carbon contamination changes the bacterial diversity of soil from
around Scott Base, Antarctica. FEMS Microbiol Ecol 53:141-155

Snape I, Ferguson S, Revill A (2003) Constraints on rates of nat-
ural attenuation and in situ bioremediation of petroleum spills
in Antarctica. In: Nahir M, Biggar K, Cotta G (eds) Assessment
and remediation of contaminated sites in Arctic and cold cli-
mates (Proceedings). St. Joseph’s Print Group Inc., Edmonton
AB, pp 257261

Tarnocai C, Campbell IB (2002) Soils of the polar regions. In: Lal
R (ed) Encyclopedia of soil science, Marcel Dekker, New York,
pp 1018-1021

Thomassin-Lacroix EJM, Yu Z, Eriksson M, Reimer KJ, Mohn
WW (2001) DNA-based and culture-based characterization of
hydrocarbon-degrading consortium enriched from Arctic soil.
Can J Microbiol 47:1107-1115

Thomassin-Lacroix EJM, Eriksson M, Reimer KJ, Mohn WW
(2002) Biostimulation and bioaugmentation for on-site treat-
ment of weathered diesel fuel in Arctic soil. Appl Microbiol
Biotechnol 59:551-556

Walworth JL, Reynolds CM (1995) Bioremediation of a petro-
leum-contaminated cryic soil: effects of phosphorus, nitrogen,
and temperature. J Soil Contam 4:299-310

Walworth JL, Woolard CR, Braddock JF, Reynolds CM (1997)
Enhancement and inhibition of soil petroleum biodegradation
through the use of fertilizer nitrogen: an approach to deter-
mining optimum levels. J Soil Contam 6:465-480

Walworth JL, Woolard CR, Harris KC (2003) Nutrient amend-
ments for contaminated peri-glacial soils: use of cod bone meal

179

as a controlled release nutrient source. Cold Reg Sci Technol
37:81-88

Whyte LG, Greer CW, Inniss WE (1996) Assessment of the bio-
degradation potential of psychrotrophic microorganisms. Can J
Microbiol 42:99-106

Whyte LG, Bourbonniere L, Greer CW (1997) Biodegradation of
petroleum hydrocarbons by psychrotrophic Pseudomonas
strains possessing both alkane (alk) and naphthalene (nah)
catabolic pathways. Appl Environ Microbiol 63:3719-3723

Whyte LG, Bourbonniere L, Bellerose C, Greer CW (1999a) Bio-
remediation assessment of hydrocarbon-contaminated soils
from the High Arctic. Biorem J 3:69-79

Whyte LG, Slagman SJ, Pietrantonio F, Bourbonniere L, Koval
SF, Lawrence JR, Inniss WE, Greer CW (1999b) Physiological
adaptations involved in alkane assimilation at low temperatures
by Rhodococcus sp. Strain Q15. Appl Environ Microbiol
65:2961-2968

Whyte LG, Goalen B, Hawari J, Labbe D, Greer CW, Nahir M
(2001) Bioremediation treatability assessment of hydrocarbon-
contaminated soils from Eureka, Nunavut. Cold Reg Sci
Technol 32:121-132

Whyte LG, Schultz A, van Beilen JB, Luz AP, Pellizari V, Labbe
D, Greer CW (2002) Prevalence of alkane monooxygenase
genes in Arctic and Antarctic hydrocarbon-contaminated and
pristine soils. FEMS Microbiol Ecol 41:141-150

Yu Z, Stewart GR, Mohn WW (2000) Apparent contradiction:
Psychrotolerant bacteria from hydrocarbon-contaminated
Arctic tundra soils that degrade diterpenoids synthesized by
trees. Appl Environ Microbiol 66:5148-5154



	Sec1
	Sec2
	Sec3
	Sec4
	Sec5
	Tab1
	Fig1
	Sec6
	Sec7
	Sec8
	Sec9
	Sec10
	Sec11
	Sec12
	Sec13
	Sec14
	Ack
	Bib
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41
	CR42
	CR43
	CR44
	CR45
	CR46
	CR47
	CR48
	CR49
	CR50
	CR51
	CR52
	CR53


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


