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EXECUTIVE SUMMARY

Phytoremediation, the use of plants and their associated microorganisms for thein situ
treatment of contaminated soils, is a steadily emerging technology with potential for the
effective and inexpensive cleanup of abroad range of organic and inorganic wastes. Based on
areview of the relevant literature, we provide examples of the phytoremediation of petroleum
hydrocarbons and discuss the key mechanisms as well as the special considerationsinvolved
in petrochemical phytoremediation. The benefits, limitations, and costs of phytoremediation
compared to alternative approaches — including natural attenuation, engineering and
bioremediation — aso are discussed.

Initial indications are that phytoremediation is effective at degrading and containing petroleum
hydrocarbonsin soil aswell as transferring these compounds from soil to the atmosphere.

The literature suggests that the degradation of petroleum hydrocarbons by microorganismsin
the rhizosphere of plantsis the primary loss mechanism for these compounds. Based on
available information, it appears that phytoremediation of petroleum hydrocarbons is quicker
but more expensive than natural attenuation and, conversely, slower but less expensive than
most engineering techniques and traditional bioremediation methods.

Preliminary screenings indicate that there are native and introduced plants that could be used
in phytoremediation effortsin the Prairie and Boreal Plains Ecozones. Little published
information exists, however, on the application of phytoremediation to oil-contaminated sites
in Canada. Likewise, only ahandful of studies examine in detail the specific mechanisms of
petrochemical phytoremediation.
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1 INTRODUCTION

Petroleum hydrocarbons are naturally occurring chemicals used by humans for a variety of
activities, including the fueling of vehicles and heating of homes (Committee on In Stu
Bioremediation et al., 1993). Natural gas, crude ail, tars and asphalts are types of petroleum
hydrocarbons ultimately composed of various proportions of alkanes (e.g., methane, ethane,
propane), aromatics (e.g. benzene, toluene, ethylbenzene, and xylene, collectively known as
BTEX), and polycyclic aromatic hydrocarbons (PAHSs; e.g., naphthalene, phenanthrene,
anthracene, benzo[a]pyrene) (Lyons, 1996; Committee on In Stu Bioremediation et al., 1993;
Mackay, 1991).

During the past century, industrialization has resulted in an ever-increasing reliance on
petrochemicals. This, in turn, has resulted in the contamination of a significant number of
sites with petroleum and petroleum-byproducts (Bauman, 1991). Indeed, it is estimated that
in Saskatchewan alone there are several hundred sites contaminated with petroleum
hydrocarbons (Carlson, 1998). Intoday’s era of heightened environmental awareness and
government regulation, efforts to cleanup these sites represent both a commitment to
responsible stewardship of our limited natural resources and good business. Today,
environmental managers can choose from a variety of approaches to remediate petroleum-
contaminated soil and groundwater. These approaches range from intensive engineering
techniques to natural attenuation, a*“hands-off” approach relying entirely on natural processes
to remediate sites with no human intervention.

Phytoremediation is the in situ use of plants and their associated microorganisms to degrade,
contain or render harmless contaminants in soil or groundwater (Cunningham et al., 1996)
(Figure 1.1). In essence, phytoremediation employs human initiative to enhance the natural
attenuation of contaminated sites and, as such, is a process that is intermediate between
engineering and natural attenuation. Because phytoremediation depends on natural,
synergistic relationships among plants, microorganisms and the environment, it does not
reguire intensive engineering techniques or excavation. Human intervention may, however,
be required to establish an appropriate plant-microbe community at the site or apply
agronomic techniques (such astillage and fertilizer application) to enhance natural
degradation or containment processes.

Phytoremediation has been used effectively to remediate inorganic and organic contaminants
in soil and groundwater. Various plants, including canola (Brassica napus L.), oat (Avena
sativa), and barley (Hordeum vulgare), tolerate and accumulate metals such as selenium,
copper, cadmium and zinc (Banuelos et al., 1997; Ebbs et al., 1997; Brown et al., 1994).
Alamo switchgrass (Panicum virginatum) accumul ates the radionuclides Cesium-137 (**'Cs)
and Strontium-90 (*°Sr), compounds present in nuclear fallout from weapons testing and
reactor accidents (Entry and Watrud, 1998). Hybrid poplar trees (e.g., Populus deltoides x
nigra) reduce the concentration of nitrate (a plant nutrient and water contaminant) in surficial
groundwater (Schnoor et al., 1995; Gatliff, 1994) and degrade the herbicide atrazine from



contaminated soils (Burken and Schnoor, 1997). Forage grasses inoculated with bacteria
degrade individual chlorinated benzoic acids as well as mixtures of these compounds
(Siciliano and Germida, 1998a); chlorinated benzoic acids arise out of the degradation of
polychlorinated biphenyls (PCBs) and chlorinated herbicides. Of particular interest hereisthe
fact that various plants, together with their associated microorganisms, have been found to
increase the removal of petroleum hydrocarbons from contaminated soil (Aprill and Sims,
1990; Qiu et al., 1997; Gunther et al., 1996; Reilley et al., 1996; Reynolds and Wolf, 1999;
Schwab et al., 1995; Pradhan et al., 1998; refer to Section 2 for more details).

Evapotranspiration transfersvolatile
hydr ocarbons out of the soil and into
the air via plants

Petroleum hydrocarbons can
be degraded or accumulated
within plants

Plant roots may absorb ﬁ
petroleum hydrocarbonsto

their surface Petroleum hydrocar bons can be

contained in theroot zone dueto
the uptake of water by plant roots

Figure1l.l. Phytoremediation mechanisms. degradation, containment, or
transfer of petroleum hydrocarbonsin soil via interactions
with plants and microor ganisms.

The objective of thisreport is to evaluate the effectiveness of phytoremediation as atool for
cleaning up soils and groundwaters contaminated with petroleum hydrocarbons — particularly
those associated with well site spills, pipeline ruptures and flare pits. This objective was
achieved by reviewing the relevant literature on phytoremediation, as well as the literature



concerning alternatives to phytoremediation. Information was collected and summarized
regarding the role of both plants and microbes in the phytoremediation of petroleum
hydrocarbons. Grasses, herbs, shrubs, as well as deciduous and coniferous trees were the
genera types of plants considered. Bacteria, protozoa, and fungi were the microorganisms
considered. Literature was reviewed regarding organisms in terrestrial and wetland
ecosystems together with those that influence groundwater (e.g., deciduous trees and
microbes). Special attention was given to plant species that may be useful in reclaiming oil-
contaminated sitesin the Prairie and Boreal Plain Ecozones of Western Canada.

Although the report focuses on petroleum hydrocarbons, due consideration has been given to
metals, pesticides, and salts, which can aso be found in combination with petroleum
hydrocarbons at contaminated sites. Organic chemicals, such as polychlorinated compounds
and pesticides, are used occasionally as examples to illustrate processes or mechanisms that
may be important in the phytoremediation of petroleum hydrocarbons. Changes over timein
the interactions among contaminants, plants and microorganisms also are considered.

The basic outline of thisreport isas follows. Section 2 provides examples of the
phytoremediation of petroleum hydrocarbons. Mechanisms for phytoremediation of
petroleum hydrocarbons are presented in Section 3. Section 4 discusses environmental
factors that influence phytoremediation. Section 5 explores special considerations relating to
phytoremediation, which include the establishment of appropriate plant and microbial
communities; effects of various contaminant concentrations; biotransformation,
bioaccumulation, and the disposal of contaminated biomass; mixtures of contaminants; and
techniques used to enhance phytoremediation. Section 6 briefly describes alternativesto
phytoremediation and, in Section 7, phytoremediation is compared to these alternatives.
Section 8 concludes this report by summarizing the situations where phytoremediation is most
effective. The references cited in thisreport are listed in Section 9.

As you read through this report, you will notice that some words have beenitalicized. With
the exception of scientific names of plants and microbes, italics are used to indicate a word
that has been defined in the glossary which can be found at the end of this report (Section 10).

The application and effectiveness of phytoremediation depend, to a certain extent, on the
nature of the compounds to be remediated. Asaresult, Appendix A has been included to
provide information on the types and behavior of petroleum hydrocarbons from well site
spills, pipeline ruptures and flare pits.

A database (PhytoPet) has been produced as a companion to this report. The purpose of the
PhytoPet database is to serve as an inventory of plant species that tolerate or phytoremediate
petroleum hydrocarbons in terrestrial, wetland, and aquatic environments. The type of
information found in the database is summarized in Table 1.1. Information in the database
was used to conduct a preliminary assessment of the potential application of phytoremediation
to the Prairie and Boreal Plain Ecozones of Western Canada. This preliminary assessment can
be found in Appendix B.



Finally, Appendix C isalisting of information relating to the phytoremediation of petroleum
hydrocarbons that can be found on the Internet.

Table1.1.

toler ate petroleum hydrocarbons

Information in PhytoPet - a database of plantsthat phytoremediate or

General Information

Experimental I nformation

Plant Infor mation

Common name of plant

Scientific name of plant

Cultivar, strain, or code,
(including transgenic variants)

Hydrocarbon of concern

Interaction of plant and
hydrocarbon: phytoremediate
or tolerate

Mechanism involved in
phytoremediation
(degradation, rhizosphere
effect, containment, transfer,
unknown)

Types of microorganisms
associated with the plant

Laboratory or field experiment

Initial contaminant
concentration

Length of Experiment

Post-experiment contaminant
concentrations and/or plant
condition

Soil characteristics

Age of plant at 1% exposure
(seed, post-germination,
mature)

Requirements for
phytoremediation (specific
nutrients, addition of oxygen)

Contaminant storage sites in the
plant (root, shoot, leaf, no
storage)

Family of plant aswell as
synonyms of common and
scientific names

Growth form
(fern, grass, herb, shrub, tree)

Morphology
(type of root or shoot system,
nitrogen fixation)
Growth duration
(annual, biennial, perennial)

Primary habitat
(terrestrial, aquatic, wetland)

Habitat description (including
soil texture and topography)

Salinity tolerance

Western Canadian occurrence

North American occurrence
World range
Cultural information
Natural history notes

Other species of significance
in the genus




2. PHYTOREMEDIATION OF PETROLEUM HYDROCARBONS

Various plants have been identified for their potential to facilitate the phytoremediation of
sites contaminated with petroleum hydrocarbons (Table 2.1). In the majority of studies,
grasses and legumes have been singled out for their potentia in thisregard (Aprill and Sims,
1990; Qiu et al., 1997; Gunther et al., 1996; Reilley et al., 1996). Prairie grasses are thought
to make superior vehicles for phytoremediation because they have extensive, fibrous root
systems. Grass root systems have the maximum root surface area (per m® of soil) of any plant
type and may penetrate the soil to a depth of up to 3 m (Aprill and Sims, 1990). They aso
exhibit an inherent genetic diversity, which may give them a competitive advantage in
becoming established under unfavorable soil conditions (Aprill and Sims, 1990). Legumes
are thought to have an advantage over non-leguminous plants in phytoremediation because of
their ability to fix nitrogen; i.e., legumes do not have to compete with microorganisms and
other plants for limited supplies of available soil nitrogen at oil-contaminated sites (Gudin and
Syratt, 1975). Thefollowingisabrief summary of several studies on the use of plantsin the
phytoremediation of petroleum hydrocarbons. (Refer to Table 2.1 for Latin names of the
plantsif not otherwise stated.)

Aprill and Sims (1990) established amix of eight prairie grassesin sandy |loam soilsto
determine whether the degradation of four PAHs (benzo[a] pyrene, benzo[a] anthracene,
dibenzo[ a,h]anthracene, and chrysene) was stimulated by plant growth. The eight grasses
included big bluestem, little bluestem, Indiangrass, switchgrass, Canada wild-rye, side oats
grama, blue grama, and western wheatgrass. The extent of PAH disappearance was
consistently greater in planted units compared to unplanted controls, indicating that
phytoremediation enhanced the removal of these compounds from contaminated soil.
Apparent disappearance was greatest for benzo[ a]anthracene followed by chrysene,
benzo[a]pyrene, and finally dibenzo[a,h]anthracene. This ranking correlated with the water
solubility of the PAH compounds; i.e., the more water-soluble the compound the greater its
disappearance from the soil.

In athree-year field-plot study, Qiu et al. (1997) found that prairie buffalograss accelerated
the reduction of naphthalenein a clay soil compared to unplanted clay soil. The authors
conducted a parallel experiment to assess the performance of 12 warm season grass species to
remove various PAHs from contaminated soil. Resultsindicated that prairie buffalograss,
common buffalograss, Meyer zoysiagrass, and Verde kleingrass accel erated the loss of the low
molecular weight PAHs naphthalene, fluorene, and phenanthrene compared to an unplanted
control. However, only the Verde kleingrass accelerated the loss of high molecular weight
PAHS, such as pyrene, benzo[a] anthracene, and benzo[a] pyrene compared to the unplanted
control.



Table2.1. Plantswith a demonstrated potential to phytoremediate petroleum

hydrocar bons*

western wheatgrass (Agropyron smithii)?
side oats grama (Boutel oua curtipendula)?

common buffalograss (Buchloe dactyl oides)

bell rhodesgrass (Chloris gayana)
carrot (Daucus carota)*
tall fescue (Festuca arundinacea Schreb.)
soybean (Glycine max)
annual ryegrass (Lolium multiflorum)

afafa(Medicago sativa L.)

switchgrass (Panicum virgatum)?
Poplar trees (Populus deltoides x nigra)®
little bluestem (Schizachyrium scoparius)®

sorghum (Sorghum bicolor) or

sudangrass (Sorghumvulgare L.)

big bluestem (Andropogon gerardi)?
blue grama (Bouteloua gracilis)?

prairie buffalograss
(Buchloe dactyloides var. Prairie)

Bermuda grass (Cynodon dactylon L.)
Canada wild-rye (Elymus canadensis)®
Arctared red fescue (Festuca rubra var. Arctared)
duckweed (Lemna gibba)
ryegrass or perennial ryegrass (Lolium perenneL.)

Verde kleingrass

(Panicum coloratumvar. Verde)
bush bean (Phaseolus vulgarisL.)
winter rye (Secale cerealeL.)
Indiangrass (Sorghastrum nutans)®

Meyer zoysiagrass (Zoysia japonica var. Meyer)

! Sources: Aprill and Sims (1990); Biederbeck et al. (1993); Bailey and McGill (1999); Carr (1919); Chaineau
et al. (1997); Duxbury et al. (1997); Edwards et al. (1982); Edwards (1988); Epuri and Sorensen (1997);
Ferro et al. (1997); Ferro et al. (1994); Gudin and Syratt (1975); Gunther et al. (1996); Jordahl et al. (1997);
Lin and Mendelssohn (1998); Longpre et al. (1999); McLean et al. (1999); Moore et al. (1999); Nichols et
al. (1997); Pradhan et al. (1998); Qiu et al. (1997); Radwan et al. (1995); Reilley et al. (1996); Reynolds
and Wolf (1999); Reynolds et al. (1999a); Rogers et al. (1996); Schwab et al. (1995); Schwab et al. (1998);
Schwab and Banks (1994); Walker et al. (1978); Watkins et al. (1994); Wild and Jones (1992); Wiltse et al.

(1998); Xu and Johnson (1995).

Aprill and Sims (1990) evaluated the phytoremediation potential of these plants for the group as a whole,

not asindividual species. Switchgrass, however, also was investigated as an independent species by Reilley
et al. (1996). Likewise, switchgrass and little bluestem were investigated as independent species by

Pradhan et al. (1998).

Jordahl et al. (1997) reported that hybrid poplar trees (Populus deltoides x nigra) had 5 times more BTX

degraders in rhizosphere compared to bulk soil, indicating the potential for phytoremediation by these
species. The ability to phytoremediate petrochemicals was not specifically investigated in the 1997 study.

Wild and Jones (1992) found that carrots accumulated PAHSs in their peels to a maximum value of 200 ug

total PAHs per kg dry weight in alaboratory setting. Aswith many other plants listed here, since the
evaluation was conducted in the laboratory, small-scale field validation of the results should be conducted

prior to application to larger scale remediation efforts.



Table 2.2. Plantswith a demonstrated potential to tolerate petroleum hydrocarbons'

crested wheatgrass (Agropyron desertorum) tilesy sage (Artemisia tilesii)
oat (Avena sativa) canola (Brassica rapa)*
water sedge (Carex aquatilis) round sedge (Carex rotundata)
rock sedge (Carex rupestris) carrot (Daucus carota)
bering hairgrass (Deschampsia beringensis) guackgrass (Elytrigia repens or Agropyron repens)
tall cotton-grass (Eriophorum angustifolium) soybean (Glycine max)
sunflower (Helianthus annuus) barley (Hordeum vulgare)
birdsfoot trefoil (Lotus corniculatus) black medick (Medicago lupulina)
alfalfa (Medicago sativa L.) Melilotus altissima
reed canary grass (Phalaris arundinacea) reed grass (Phragmites australis)
Jack pine (Pinus banksiana) field pea (Pisum arvense)
alpine bluegrass (Poa alpina) Psoralea bituminosa
Robinia pseudacacia Arctic willow (Salix arctica)
Snow willow (Salix reticulata) three-square bulrush (Scirpus pungens)
Senecio glaucus Spartina alterniflora
Spartina patens alsike clover (Trifolium hybridum)
red clover (Trifolium pratense) white clover (Trifolium repens)
wheat (Triticum aestivum)* cattails (Typha latifolia)
fababean (Vicia faba) Vicia tetrasperma

maize (ZeamaysL.)

! Tolerance is defined here as the ability of a plant to grow in hydrocarbon contaminated soil; it does not
necessarily mean the plant is healthy. For example, although canola and wheat tolerated exposure to ail-
and creosote-contaminated soil, they exhibited poor growth (Bailey and McGill 1999). Biederbeck et al.
(1993) found similar results for wheat exposed to oily waste sludge.

2 Sources: Aprill and Sims (1990); Biederbeck et al. (1993); Bailey and McGill (1999); Carr (1919); Chaineau
et al. (1997); Duxbury et al. (1997); Edwards et al. (1982); Edwards (1988); Epuri and Sorensen (1997);
Ferro et al. (1997); Ferro et al. (1994); Gudin and Syratt (1975); Gunther et al. (1996); Jordahl et al.
(1997); Lin and Mendelssohn (1998); Longpre et al. (1999); McLean et al. (1999); Maoore et al. (1999);
Nichols et al. (1997); Pradhan et al. (1998); Qiu et al. (1997); Radwan et al. (1995); Reilley et al. (1996);
Reynolds and Wolf (1999); Reynolds et al. (1999a); Rogers et al. (1996); Schwab et al. (1995); Schwab et
al. (1998); Schwab and Banks (1994); Walker et al. (1978); Watkins et al. (1994); Wild and Jones (1992);
Wiltse et al. (1998); Xu and Johnson (1995).



Gunther et al. (1996) found that soil planted with ryegrass lost a greater amount of a mixture
of hydrocarbons than soil that was unplanted. The hydrocarbon mixture included n-alkanes
(C1o, C14t0 Cyg, Cxp, Co4), aswell as pristane, hexadecane, phenanthrene, anthracene,
fluoranthene, and pyrene. After 22 weeks, theinitial extractable hydrocarbon concentration of
4330 mg total hydrocarbon per kg soil decreased to less than 120 mg per kg soil (97%
reduction) in planted soils, but to only 790 mg per kg soil (82% reduction) in unplanted soil.
Larger microbial numbers and activity in the planted versus unplanted soil led the authors to
conclude that plant roots enhanced biodegradation of the hydrocarbons by stimulating the soil
microbes.

Results of an investigation by Relilley et al. (1996) indicate that grasses and legumes enhance
the removal of PAHs from contaminated soils. The plants (investigated independently)
included the legume alfalfa and three grasses: tall fescue, sudangrass, and switchgrass. Pyrene
and anthracene were used as PAH contaminants. Planted soils had significantly lower
concentrations of the PAHSs than the unplanted soils, with 30 to 40% more degradation in the
planted soils. Enhanced biological degradation in the rhizosphere soil appeared to be the
primary mechanism of dissipation, while leaching, plant uptake, abiotic degradation,
mineralization, and irreversible sorption were shown to be insignificant.

Reynolds and Wolf (1999) examined the phytoremediation potential of two cold-hardy plants,
Arctared red fescue and annual ryegrass, planted together in soil contaminated with either
crudeoil or diesel. Results of the experiment indicated that contaminated soils planted with
the two species had significantly lower concentrations of total petroleum hydrocarbon (TPH)
compared to unplanted controls. Theinitia crude oil concentration for planted treatments and
unplanted controls was approximately 6200 mg TPH per kg soil, while theinitial diesel
concentration was approximately 8350 mg TPH per kg. After 640 days, crude oil-
contaminated soil planted with both species had 1400 mg TPH per kg soil (77% reduction),
while the unplanted control contained 2500 mg TPH per kg soil (60% reduction). Likewise,
diesel-contaminated soil planted with both species had 700 mg TPH per kg soil (92%
reduction) after 640 days compared to 2200 mg TPH per kg soil (74% reduction) for the
unplanted control.

In a 6-month laboratory study, Pradhan et al. (1998) identified that alfalfa, switchgrass, and
little bluestem were each capable of reducing the concentration of total PAHs in soil
contaminated at a manufactured gas plant. Theinitial soil concentration of total PAHs for the
three plant treatments and an unplanted control was 184.5 + 14.0 mg total PAHs per kg of
soil. After 6 months, the concentration in the unplanted control soil was 135.9 + 25.5 mg kg™,
while the concentrations in planted treatments were much lower (switchgrass = 79.5 + 3.7 mg
kg'; alfalfa= 80.2 + 8.9 mg kg; little bluestem = 97.1 + 18.7 mg kg'}).

Schwab et al. (1995) reported on the mineralization of phenanthrene from soil planted to
sorghum, bermuda grass, or alfalfa. Results of the 14-day study indicated significantly higher
mineralization of [**C]phenanthrene by the two warm-season grasses — sorghum (0.46% of



recovered 1*C) and bermuda grass (0.31%) — compared to a sterile, unplanted control (0.11%).
There was no significant difference between mineralization of phenanthrene in soil planted to
afafa (0.09%) and the control.

Finally, in asurvey of 15 oil-contaminated sites in Western Europe, Gudin and Syratt (1975)
found several types of legumes growing abundantly in oil-contaminated areas. These plants

included alfalfa, white clover, birdsfoot trefoil, black medick as well as Psoralea bituminosa,
Robinia pseudacacia, Melilotus altissima, and Vicia tetrasper ma.



3. MECHANISMSFOR THE PHYTOREMEDIATION OF PETROLEUM
HYDROCARBONS

There are three primary mechanisms by which plants and microorganisms remediate
petroleum-contaminated soil and groundwater. These mechanisms (see Figure 1.1) include
degradation and containment, as well astransfer of the hydrocarbons from the soil to the
atmosphere (Cunningham et al., 1996; Siciliano and Germida, 1998b; Sims and Overcash,
1983). The following section provides a detailed discussion of these mechanisms.

3.1 Degradation

Plants and microorganisms are involved, both directly and indirectly, in the degradation of
petroleum hydrocarbons into products (e.g., acohols, acids, carbon dioxide, and water) that
are generally less toxic and less persistent in the environment than the parent compounds
(Eweiset al., 1998). Though plants and microorganisms can degrade petroleum hydrocarbons
independently of one another (refer to Sections 3.1.2 and 3.1.3), the literature suggests that it
is the interaction between plants and microorganisms (i.e., the rhizosphere effect) which isthe
primary mechanism responsible for petrochemical degradation in phytoremediation efforts.

3.1.1 The Rhizosphere Effect

The rhizosphere is the region of soil closest to the roots of plants and is, therefore, under the
direct influence of the root system. Plants provide root exudates of carbon, energy, nutrients,
enzymes and sometimes oxygen to microbial populations in the rhizosphere (Cunningham et
al., 1996; Campbell, 1985; Vance, 1996). Root exudates of sugars, alcohols, and acids can
amount to 10 to 20% of plant photosynthesis annually (Schnoor et al., 1995) and provide
sufficient carbon and energy to support large numbers of microbes (e.g., approximately 10° —
10° vegetative microbes per gram of soil in the rhizosphere; Erickson et al., 1995). Dueto
these exudates, microbial populations and activities are 5 to 100 times greater in the
rhizosphere than in bulk soil (i.e., soil not in contact with plant roots) (Figure 3.1) (Atlas and
Bartha, 1998; Gunther et al., 1996; Anderson et al., 1993; Paul and Clark, 1989). This plant-
induced enhancement of the microbial population isreferred to as the rhizosphere effect (Atlas
and Bartha, 1998) and is believed to result in enhanced degradation of organic contaminants
in the rhizosphere.

Several studies serve as examples of the rhizosphere effect in the phytoremediation of
petroleum hydrocarbons. Gunther et al. (1996) found higher microbial numbers and activity
coupled with increased degradation in hydrocarbon-contaminated soil planted to ryegrass
compared to unplanted soil. The authors suggested that plant roots stimulated the microbes,
which enhanced the degradation of the hydrocarbon mixture. Epuri and Sorensen (1997)
reported marginally higher mineralization of [**C]benzo[a]pyrene, aswell as higher microbial
numbers, in soil planted to tall fescue compared to unplanted soil.
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Jordahl et al. (1997) reported that populations of microorganisms capable of degrading
benzene, toluene, and xylene were five times more abundant in the rhizosphere of poplar trees
(Populus deltoides x nigra DN-34, Imperial Carolina) than in bulk soil. Nicholset al. (1997)
found greater numbers of organic chemical degraders in rhizosphere compared to bulk soil
and in contaminated soils compared to uncontaminated soils. Plants creating the rhizosphere
in this experiment included afalfa and a pine bluegrass, while the contaminants included
hexadecane, (2,2-dimethylpropyl)benzene, benzoic acid, pyrene, cis-decahydronaphthalene,
and phenanthrene. Likewise, Radwan et al. (1998) identified that the roots of several plants
from the Kuwaiti desert (Senecio glaucus, Cyperus conglomer atus, Launaea mucronata,
Picris babylonica and Salsola imbricata) and crop plants (Vicia faba and Lupinus albus) were
densely associated with hydrocarbon-utilizing bacteria (Cellulomonas flavigena, Rhodococcus
erythropolis and Arthrobacter species). The rhizosphere soils of all plants contained greater
numbers of these hydrocarbon-utilizing bacteria than bulk soils and this rhizosphere effect
was more pronounced for plants growing in oil-contaminated soil compared to clean soil. As
aresult, the authors suggested that phytoremediation may be a feasible approach for cleaning
oil-polluted sails.

It should also be noted, however, that a few experiments suggest that the degradation of
petroleum hydrocarbons from soil may not be enhanced by the rhizosphere effect. Ferro et al.
(1994) reported that crested wheatgrass [ Agropyron desertorum (Fisher ex Link) Schultes]
had no effect on either the rate or extent of mineralization of [**C]phenanthrene when planted
and unplanted systems were compared. For this experiment, the authors specul ated that rapid
mineralization of the [**C]phenanthrene by microbes prior to the establishment of the plant
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root systems — and, therefore, prior to the presence of arhizosphere effect in the soil — may
have resulted in the lack of significant difference between mineralization in planted and
unplanted systems. More recently, Ferro et al. (1997) reported that alfalfa (Medicago sativa
Mesa, var. Cimarron VR) planted in artificial loamy sands had no effect on either the rate or
extent of mineralization of [**C]benzene compared to unplanted soils. It should be noted,
however, that in this experiment there was minimal replication (i.e., n < 3 for each of three
trials) and the amount of [**C]benzene applied to the soilswas small (i.e., 40 or 662 pg
benzene per kg soil).

3.1.2 A Closer Look at the Role of Plantsin Degradation
Direct Degradation

Evidence regarding the direct degradation of petroleum hydrocarbons by plants is somewhat
dated and limited in quantity. Durmishidze (1977) summarized various studies, primarily
from the USSR, on degradation pathways of hydrocarbonsin plants. Corn seedlings, tea, and
poplar shoots were reported to metabolize methane into various acids. The assimilation of
radiolabelled methane, ethane, propane, butane, and pentane was recorded for bean and corn
seedlings, as well astea, grape, walnut and quince. The ability to assimilate n-alkanes and
liberate *CO, was identified in leaves and roots of both whole and cut plants. The general
pathway of conversion for alkanes in plants was generalized as:

n-alkane - primary alcohols - fatty acids - acetyl-CoA - various compounds

Durmishidze (1977) also reported that benzene, toluene, and xylene were metabolized by
cereal grassesin only two to three days; within the green mass of cornin four to five days; and
by root cropsin five to six days. Phenol was reported as the primary conversion product of
benzene in plant tissues, with the subsequent production of various acids. The primary
cleavage products of toluene were given as glycol, aswell as glyoxalic, fumaric, succinic, and
malic acid. Benzo[a]pyrene was reportedly metabolized by 14-day-old corn and bean plants,
afalfa, ryegrass, chick pea, cucumbers, squash, orchard grass, and vetch, with the amount of
degradation ranging from 2 to 18% of the benzo[a] pyrene taken up by the plant and varying
with plant type.

The results of several other more recent studies also indicate that PAHs can be degraded
directly by plants. Edwards (1988) documented the metabolism of [**C]anthracene and
[**C]benz[a] anthracene in bush bean grown in a nutrient solution containing the two PAHS.
Within the plant, parent compounds were transformed into both polar and non-polar
metabolites. Interestingly, substantial quantities of the polar metabolites moved into the
nutrient solution as root exudates. By maintaining sterile conditions the author ruled out
microbia transformation as the pathway for the production of these metabolites. Edwards et
al. (1982) also reported that soybean was capable of degrading **C-anthracene. Evidence of
the degradation was given by measuring the **CO, given off from plants placed in **C-
anthracene-contaminated soil. It was also measured by analyzing extracts from plants that had
their roots placed in a solution containing **C-anthracene. Dorr (1970; as cited in Edwards,
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1983) reported that after 20 days of increasing concentration of benzo[a]pyrene within rye
plants, concentrations began to declined — possibly due to the transformation or degradation of
the benzo[ a] pyrene within the plants.

Indirect Degradation

Thereis a considerable body of information available regarding the indirect roles played by
plants in the degradation of petroleum hydrocarbons. These include: (i) the supply of root
exudates that cause the rhizosphere effect and enhance cometabolic degradation, (ii) the
release of root-associated enzymes capable of transforming organic pollutants, and (iii) the
physical and chemical effects of plants and their root systems on soil conditions (Gunther et
al. 1996).

Root Exudates

As described above, root exudates are the link between plants and microbes that |eads to the
rhizosphere effect. The type and amount of root exudate are depend on plant species and the
stage of plant development. For example, Hegde and Fletcher (1996) found that the release of
total phenolics by the roots of red mulberry (Morus rubra L.) increased continuously over the
life of the plant with a massive release at the end of the season accompanying leaf senescence.
The type of root exudate is aso likely to be site and time specific (Siciliano and Germida,
1998hb). Site and time factors include variables such as soil type, nutrient levels, pH, water
availability, temperature, oxygen status, light intensity, and atmospheric carbon dioxide
concentration — al of which significantly affect the type and quantity of root exudates
(Siciliano and Germida, 1998b).

The type of root exudate can influence the type of interaction between plants and soil
microorganisms. For instance, interactions can be “ specific” or “non-specific” depending on
the exudate. Specific interactions occur when the plant exudes a specific compound (or
compounds) in response to the presence of a contaminant (Siciliano and Germida, 1998b).
Non-specific interactions occur when typical or “normal” plant exudates are chemically
similar to the organic contaminant, resulting in increased microbia activity and increased
degradation of the contaminants (Siciliano and Germida, 1998b). For example, the roots of
red mulberry typically exude rhizosphere phenolics that help create a suitable environment for
the biodegradation of PCBs, and perhaps PAHS, by selectively promoting the growth of
certain microbes, such as the PCB-degrading bacteria Alcaligenes eutrophus H850,
Corynebacterium sp. MB1, and/or Pseudomonas putida LB400 (Hegde and Fletcher, 1996;
Donnelly et al., 1994).

Results of experiments using rhizosphere soil collected from afalfa roots and non-rhizosphere
(bulk) soil suggest that the continued presence of plant roots and their exudates may be
required for degradation of PAHs in soil (Wetzel et al., 1997). Investigations on the
bioenergetics of microbial degradation of toluene, phenol, 1,1,1-trichl oroethane and
trichloroethylene in sandy soil planted to afalfa also suggest that thisis the case (Erickson et
al., 1995). Conversely, reduced mineralization of naphthalene was found in soils planted with
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bell rhodesgrass (Chloris gayana) versus unplanted soils, possibly because root exudates may
have placed naphthal ene-degrading microorganisms at a competitive disadvantage (Watkins et
al., 1994).

Cometabolism

Cometabolismis the process by which a compound that cannot support microbial growth on
its own can be modified or degraded when another growth-supporting substrate is present
(Cunningham and Berti, 1993). Organic molecules, including plant exudates, can provide
energy to support populations of microbes that co-metabolize petroleum hydrocarbons. For
example, Ferro et al. (1997) hypothesized that plant exudates may have served as co-
metabolites during the biodegradation of [**C]pyrene in the rhizosphere of crested wheatgrass.

Petroleum hydrocarbons can also serve as cometabolites, particularly for the larger, more
persistent (i.e., recalcitrant) hydrocarbons such as PAHs with four or more benzene rings.
Indeed, the presence of oil and grease co-substrates significantly enhanced the degradation of
fluoranthene, pyrene, indo[ 1,2,3-c,d] pyrene, benz[a]anthracene, benzo[k]fluoranthene,
chrysene, and benzo[g,h,i] perylene, al of which have four or five benzene rings (Keck et al.,
(1989). Benzo[a]pyreneis another large (five-ring) PAH that istypically recalcitrant in soil,
yet it was amost completely degraded (95% degradation) by soil microbes when suitable co-
substrates were present in a crude oil mixture (Kanaly et al., 1997). The recalcitrant nature of
PAHs with four or more benzene rings is thought to be due to the inability of microorganisms
to use these compounds directly for energy and growth, which emphasi zes the importance of
cometabolism in their degradation (Kanaly et al., 1997; Keck et al., 1989; Sims and Overcash,
1983).

Plant Enzymes I nvolved in Phytoremediation

Another indirect role that plants play in the degradation of petroleum hydrocarbons involves
the release of enzymes from roots. These enzymes are capable of transforming organic
contaminants by catalyzing chemical reactionsin soil. Schnoor et al. (1995) identified plant
enzymes as the causative agents in the transformation of contaminants mixed with sediment
and soil. Isolated enzyme systems included dehal ogenase, nitroreductase, peroxidase, laccase,
and nitrilase. These findings suggest that plant enzymes may have significant spatial effects
extending beyond the plant itself and temporal effects continuing after the plant has died
(Cunningham et al., 1996).

Effect of Plants on Physical/Chemical Soil Condition

Plants and their roots can indirectly influence degradation by altering the physical and
chemical condition of the soil. Soil exploration by roots helps bring plants, microbes,
nutrients and contaminants into contact with each other (Cunningham et al., 1996). Plants
also provide organic matter to the soil, either after they die or as living plants through the loss
of root cap cells and the excretion of mucigel, a gelatinous substance that is a lubricant for
root penetration through the soil (Cunningham et al., 1996). Organic matter can reduce the
bioavailability (i.e., the extent to which a contaminant is available to interact with living
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organisms) of some petroleum hydrocarbons, particularly those that are lipophilic (soluble in
lipids) and bind to organic matter. The influence of soil organic matter on phytoremediation
effortsis discussed in more detail in Section 4.1.

3.1.3 A Closer Look at the Role of Microorganismsin Degradation

Currently, microorganisms are used to destroy or immobilize organic contaminants in the
absence of plantsin aprocess referred to as bioremediation (see Section 6.3 for further
details). In this section, we focus on issues concerning the role of microorganismsin the
degradation of petroleum hydrocarbons in the presence of plants — a mechanism of
phytoremediation. These issues include the types of microorganismsinvolved in
phytoremediation, reasons for microbial degradation, differences in degradation by various
microorganisms, characteristics of microbial communities involved in degradation, and the
role microorganisms play in reducing phytotoxicity to plants.

Types of Microor ganisms

A variety of microorganisms are reportedly involved in the degradation of petroleum
hydrocarbons (Table 3.1). In general, the bacteria Pseudomonas, Arthrobacter, Alcaligenes,
Corynebacterium, Flavobacterium, Achromobacter, Micrococcus, Mycobacterium, and
Nocardia are reported as the most active bacterial speciesin the degradation of hydrocarbons
in soil (Bossert and Bartha, 1984). Pseudomonas, Arthrobacter, and Achromobacter often
occur in greater numbers within rhizosphere soil than bulk soil (Walton et al., 1994b). Soil
fungi also play arolein the degradation of petroleum hydrocarbons. For example, Sutherland
(1992) reported that adiversity of fungi, including Aspergillus ochraceus, Cunninghamella
elegans, Phanerochaete chrysosporium, Saccharomyces cerevisiae, and Syncephalastrum
racemosum, can oxidize various PAHSs (e.g., anthracene, benz[a]anthracene, benzo[a] pyrene,
fluoranthene, fluorene, naphthal ene, phenanthrene, pyrene) as well as methyl-, nitro-, and
fluoro-substituted PAHS.

Radwan et al. (1995) investigated the microorganisms associated with various plants grown in
soil polluted with 10% crude oil by weight. The plants used in the investigation included
various Kuwaiti desert plants together with corn, tomato and termis. Rhizosphere samples of
al plantswererich in oil-utilizing microorganisms. Filamentous actinomycetes (possibly
Sreptomyces) were present in all samples and the predominant bacterial genus (>95%) in the
rhizosphere of al plants was Arthrobacter. On the other hand, Rhodococcus, Pseudomonas,
and Bacillus predominated in the contaminated bulk soil —with Arthrobacter making up less
than 5% of the total culturable bacteria. The predominant fungi in the rhizosphere samples
belonged to Penicillium and Fusarium; in the contaminated bulk soil, however, Trichoderma
predominated. Eight strains of Arthrobacter, two of Penicillium, and two of Fusarium,
isolated from the rhizosphere of various plants growing in the oil-contaminated soil, also grew
well in cultures when avariety of individual odd- and even-chain n-alkanes (Cyo to Cyp),
benzene, naphthalene, and phenanthrene were supplied as the sole sources of carbon and
energy. It was further demonstrated that the four predominant Arthrobacter strains could
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quickly consume the n-alkanes dodecane (Cy,), hexadecane (Cse), and decosane (Cy2) as well
as naphthalene and phenanthrene from their growth medium.

Table3.1. Genera of hydrocar bon-degrading microor ganismsisolated from soil™*.
Bacteria Fungi
Acidovorax Alcaligenes Cunninghamella Fusarium
(phenanthrene, (phenanthrene, (benzo[a] pyrene) (n-alkanes (Cyg to Cy),
anthracene) fluorene, fluoranthene) benzene, naphthalene,
phenanthrene)
Arthrobacter Mycobacterium Penicillium Phanerochaete

(n-alkanes (Cyg to Cyp),
benzene, naphthalene,

(2-methylnaphthal ene,
phenanthrene, pyrene,

(n-alkanes (Cyg to Cyp),
benzene, naphthalene,

(benzo[a] pyrene)

phenanthrene) benzo[a]pyrene, phenanthrene)
carbazole)
Pseudomonas Rhodococcus
(phenanthrene, (pyrene and
fluoranthene, fluorene, benzo[a]pyrene)
benzo[a]pyrene)
Fphingomonas Xanthomonas
(phenanthrene, (carbazole)
fluoranthene, anthracene)
Achromaobacter Micrococcus Acremonium Monilia
Acinetobacter Norcardia Aspergillus Mortierella
Bacillus Proteus Aureobasidium Paecilomyces
Brevibacterium Sarcina Beauveria Phoma
Chromobacterium Serratia Botrytis Rhodotorula
Corynebacterium Soirillum Candida Saccharamyces
Cytophaga Sreptomyces Chrysosporium Scolecobasidium
Erwinia Vibrio Cladosporium Sporobolomyces
Flavobacterium Cochliobolus Sorotrichum
Cylindrocarpon Spicaria
Debaryomyces Syncephalastrum
Geotrichum Tolypocladium
Gliocladium Torulopsis
Graphium Trichoderma
Humicola Verticillum

! Specific information onthe type of hydrocarbon degraded is provided when available.

2Sources: Barnsley (1975); Bossert and Bartha (1984); Bumpus et al. (1985); Cerniglia and Gibson (1979);
Grosser et al. (1995); Heitkamp and Cerniglia (1989); Radwan et al. (1995); Shuttleworth and Cerniglia

(1990); Sutherland (1992).
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Microbial Degradation of Organic Contaminants

Microbia degradation of organic contaminants normally occurs as aresult of microorganisms
using the contaminant for their own growth and reproduction (Committee on In Stu
Bioremediation et al., 1993). Organic contaminants not only provide the microorganisms
with a source of carbon, they aso provide electrons that the organisms use to obtain energy
(Committee on In Stu Bioremediation et al., 1993). Basic microbial metabolism of
contaminants involves aerobic respiration (respiration in the presence of oxygen). Variations
in metabolism include anaerobic respiration, cometabolism, fermentation, reductive

dehal ogenation, and the use of inorganic compounds as el ectron donors (Committee on In Stu
Bioremediation et al., 1993). Interestingly, bacteria are capable of quickly distributing genetic
information to each other, thus allowing them to adapt quickly to environmental changes, such
as exposure to new contaminants (Bollag et al., 1994).

In general, the metabolic processes of microorganisms act on awider range of compounds,
carry out more difficult degradation reactions, and transform contaminants into more ssimple
molecules than those of plants (Cunningham and Berti, 1993). However, not all
microorganisms degrade organic contaminants in the same manner. The pathway of aerobic
degradation of PAHs by prokaryotic microorganisms, such as bacteria, involvesa
dioxygenase enzyme, the incorporation of two atoms of molecular oxygen into the
contaminant, and the production of less toxic compounds such as acids, acohols, carbon
dioxide and water (Gibson and Subramanian, 1984; Eweis et al., 1998; Pothuluri and
Cerniglia, 1994). In contrast, degradation by eukaryotic fungi initially involves the
incorporation of only one atom of oxygen into the PAH, which is similar to the degradation
mechanism found in mammals (Sutherland, 1992; Cernigliaet al., 1986; Cernigliaand
Gibson, 1979; Pothuluri and Cerniglia, 1994). Although most fungal transformations result in
compounds that are less toxic than the parent PAHS, some of the minor metabolites produced
during fungal degradation of PAHS result in compounds that are more toxic than the parent
compounds (Sutherland, 1992).

There are severa points of interest regarding microbial communities involved in the
phytoremediation of organic contaminants. For example, the composition and size of the
microbial community in the rhizosphere depends on plant species, plant age, and soil type
(Campbell, 1985; Atlas and Bartha, 1998; Bossert and Bartha, 1984). The microbial
community also may vary with exposure history; i.e., soil microbia communities may
experience selective enrichment of contaminant-tolerant species when exposed to a
contaminant for a prolonged period of time (Anderson et al., 1993). On the other hand, some
species of bacteria can degrade awide variety of rarely-occurring compounds without having
to first adapt to contaminated conditions (Siciliano and Germida, 1998b). Catabolic pathways
in pseudomonads, for example, allow these bacteriato degrade a variety of aromatic
contaminants (e.g., toluene, m-xylene, and naphthalene) without having to synthesize alarge
number of different enzymes (Houghton and Shanley, 1994).
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Evidence suggests that the degradation of certain contaminants may take place only if a
specific consortium of microbes occurs at the contaminated site (Anderson et al., 1993).
Lappin et al. (1985) isolated five species of bacteria from the rhizosphere of wheat that could
grow on and degrade the herbicide mecoprop [ 2-(2-methyl 4-chlorophenoxy)propionic acid],
but only aslong as two or more species occurred together. Individually, none of the species
could degrade mecoprop. The requirement of amicrobia consortium is not a characteristic
exclusive to contaminant degradation, as the degradation of many naturally-occurring organic
molecules often involves different microorganisms working in concert or succession to break
down the parent molecule and its metabolites (Bollag et al., 1994).

Finally, White and Alexander (1996) found a consortium of microbes that could utilize
phenanthrene sorbed to soil without first desorbing it. This hasimportant implications for
bioavailability, since it appears that some bacteria may not require certain contaminants to be
in the aqueous phase before degradation can occur.

Role of Microorganismsin Reducing Phytotoxicity to Plants

Another role played by microbes involves their ability to reduce the phytotoxicity of
contaminants to the point where plants can grow in adverse soil conditions, thereby
stimulating the degradation of other, non-phytotoxic contaminants (Siciliano and Germida,
1998b). Infact, Walton et al. (1994a) have hypothesized that the defenses of plants to
contaminants may be supplemented through the external degradation of contaminants by
microorganismsin the rhizosphere. That isto say, plants and microbes have co-evolved a
mutually-beneficial strategy for dealing with phytotoxicity, where microorganisms benefit
from the plant exudates while the plants benefit from the ability of microorganisms to break
down toxic chemicals.

Evidence in support of this hypothesis can be found in several studies. Rasolomanana and
Balandreau (1987) found improved growth of ricein soil to which oil residues had been
applied. The authors hypothesized that the increased growth resulted from the removal of the
oil residues by various bacterial species of the genus Bacillus, which used plant exudates to
cometabolize the oil residuesin the rhizosphere. Radwan et al. (1995) found the plant
Senecio glaucus growing along the polluted border of an oil lake in the Kuwaiti desert. The
plant roots and adhering sand particles were white and clean, while the surface of the
transitional zone between the root and shoot was black and polluted. The authors suggested
that microbes detoxified contaminants in the rhizosphere, which allowed the plantsto survive
in the oil-contaminated soils.

3.2 Containment

Containment involves using plants to reduce or eliminate the bioavailability of contaminants
to other biota. Contaminants are not necessarily degraded when they are contained. Direct
mechanisms of containment by plants include the accumulation of petroleum hydrocarbons
within the plants and adsor ption of the contaminants on the root surface (Figure 1.1). Another
direct mechanism involves the use of plants as organic pumps to isolate the contaminant
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within the root zone, thus preventing the contaminant from spreading. These direct
mechanisms of containment are discussed in greater detail in Sections 3.2.1 and 3.2.2,
respectively.

Plants act indirectly to contain contaminants by supplying enzymes that bind contaminants
into soil organic matter (or humus) in a process called humification and by increasing soil
organic matter content, which alows for humification (Cunningham et al., 1996). For
example, preliminary studies by Walton et al. (1994a) suggest that **C originating from
radiolabeled fluoranthene, phenanthrene and naphthal ene may be incorporated by sweet clover
(Méelilotus alba) and its associated microorganisms into humic and fulvic acids found in the
rhizosphere.

3.2.1 Accumulation of Petroleum Hydrocarbons by Plants

Various studies have documented the accumulation of petroleum hydrocarbons in plants as
well as the adsorption of these compounds onto the surface of plant roots. Researchers have
identified that the lipid content of the plant may influence the degree of accumulation of
petroleum hydrocarbons. Attempts have been made to model the uptake and accumulation of
petroleum hydrocarbons in plants based on the chemical characteristics of the various
hydrocarbons, particularly the compound’ s affinity for lipids. These issues are addressed in
greater detail below.

Examples of Accumulation

Several studiesillustrate that plants take up petroleum hydrocarbons viatheir roots and may
accumulate them to a small degree in their roots and shoots. Durmishidze (1977) reported
that rice seedlings take up [**C]methane through their roots and that bean and corn seedlings
take up radiolabelled methane, ethane, propane, butane, and pentane through their roots and
leaves. It also was reported by Durmishidze that benzene, toluene, and xylene entered plants
with irrigation water, becoming incorporated into the metabolic processes of the plant. In
experiments involving the fate of [**C]benzene in soils planted with alfalfa, Ferro et al. (1997)
found that 2% to 8% of the **C was recovered in the root fraction, which included small
portions of rhizosphere soil attached to unwashed roots, and that less than 2% of the recovered
4C occurred in the shoots of plants.

Edwards et al. (1982) documented the uptake of [**C]anthracene in soybean via roots exposed
to [**C]anthracene-contaminated soil or solution culture and via leaves exposed to
[**Clanthracene in the air surrounding the plant. Once the anthracene was taken up by the
plant, either through its leaves or roots, it was translocated to other parts of the plant.

Edwards (1988) also investigated the uptake and translocation of [**C]anthracene and
[**C]benz[a]anthracene in bush bean, using plants grown in a nutrient solution to which PAHs
were added individually. Results indicated that 54% of the total **C dose was taken up into
the roots of anthracene-treated plants after 30 days, while 60% was taken up into the roots of
benz[a]anthracene-treated plants. For both PAHSs, **C was present in much smaller amounts
in the stems (3.4% for anthracene-treated plants; 0.4% for benzo[a]anthracene-treated plants)
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and leaves (3.1% for anthracene-treated plants; 0.4% for benzo[a]anthracene-treated plants).
The amount of *C recovered in the stems and |eaves of anthracene-treated plants was greater
than the amount recovered in the benz[a] anthracene-treated plants. Thisindicates that
anthracene (the smaller, more water-soluble of the two PAHS), together with its metabolites,
ismore readily translocated from the roots and assimilated within the plant.

Duxbury et al. (1997) identified the uptake of intact and photomodified [**C]anthracene,
phenanthrene and benzo[a] pyrene by the agquatic plant duckweed (Lemna gibba) under light
(i.e., smulated solar radiation) and dark conditions. Uptake was generally lower for both the
intact and photomodified forms of the chemicals under simulated solar radiation compared to
dark conditions.

Wild and Jones (1992) determined that when carrots were grown in sewage sludge
contaminated with PAHSs, the total PAH content of the carrot root peels plateaued at 200 ug
kg™ dry weight given total soil PAH levels =500 ug kg™. They also found that the lower
molecular weight PAH compounds — such as naphthal ene, acenaphthene, and fluorene — were
relatively enriched in the peel, most likely due to their greater water solubility and
bioavailability. Transfer from the root peel to the core of the root appeared to be minimal.

In contrast, the results of several other studies suggest that not all plants take up petroleum
hydrocarbons from contaminated soil. For example, Goodin and Webber (1995) found no
evidence for the uptake of intact [**C]anthracene or [**C]benzo[a] pyrene by soybean, ryegrass
(Lolium multiflorum Lam.) or cabbage (Brassica oleracea var. capitataL.) from municipal
sludge-treated soil to which the radio-labelled contaminants were added. Similarly,
Biederbeck et al. (1993) found no uptake by oat or wheat of petroleum hydrocarbons from soil
contaminated with an oily waste sludge. Chaineau et al. (1997) did not identify any
hydrocarbon components in the tissues of maize exposed to fuel oil in soil. Results of a study
by Qui et al. (1997) showed no accumulation of PAHs in the shoots or roots of common
buffalograss, prairie buffalograss, zoysiagrass, or kleingrass exposed to contaminated soil.
Rogers et al. (1996) found no contaminants in the tissues of plants exposed to a mixture of
organic chemicals (MOC). The MOC contained equal molar amounts of benzoic acid,
hexadecane, phenanthrene, pyrene, 2,2-dimethyl 4,npropyl-benzene, and either cycloheptane
or cis-decahydronaphthalene (cis-decalin). The plants used were red clover, white clover,
afafa, birdsfoot trefail, tilesy sage, alpine bluegrass, bering hairgrass, reed canarygrass, and
quackgrass.

Influence of Lipid Content

Research has indicated that the lipid content of the plant influences the degree of PAH-
accumulation. For example, Edwards (1983) reported higher concentrations of PAHs and,
specifically, benzo[a]pyrene in oil extracted from plants than from plant tissues in general.
Schwab et al. (1998) found that the roots of afalfa adsorbed naphthalene to a greater degree
than fescue (Festuca arundinacea Schreber), i.e., alfalfaroots had approximately twice the
affinity for naphthalene than did the roots of fescue. Thisdifference in affinity was related to
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the greater lipid content of alfalfa (10 g lipid kg™ dry root) compared to fescue (4.5 g lipid kg™
dry root). Simonich and Hites (1994a & b) reported that white pine (Pinus strobus) and sugar
maple (Acer saccarum) accumulated PAHs in their above ground tissues. They also found
that plant tissue types with higher lipid contents (e.g., the needles of white pine) generally
contained higher concentrations of PAHs than tissue types with lower lipid contents (e.g., the
leaves and seeds of sugar maples).

Modelling Accumulation

Models using the octanol-water partition coefficient have been devel oped and tested to
varying degrees for the uptake of organic chemicals by plants (see Paterson et al., 1994; Trapp
et al., 1990; Ryan et al., 1988; and Briggs et al., 1982). The octanol-water partition
coefficient (Ko, Often expressed aslog Koy) isameasure of achemical’s affinity for water
versus lipids or fats (Mackay, 1991). In general, chemicalsthat are highly water soluble (i.e.,
hydrophilic compounds with alog K < 0.5) are not sufficiently sorbed to roots or actively
transported through plant membranes (Schnoor et al., 1995). Hydrophobic chemicals (log Kow
> 3.0) are not easily transported within the plant because they are strongly bound to and may
not pass beyond the root’ s surface due to the high proportion of lipids present at the surface
(Siciliano and Germida, 1998b). Two exceptions are the uptake of polychlorinated dibenzo-p-
dioxins and dibenzofurans (log Ko > 6) by the roots of zucchini (Curburbita pepo L. convar.
gircomontiina) and pumpkin (Curcurbita pepo L. cv. Gelber Zentner) (Hulster et al., 1994).
Moderately hydrophobic organic chemicals (log Koy = 0.5 to 3.0) are effectively taken up by
plants; these chemicals include most BTEX, chlorinated solvents, and short-chain aliphatic
chemicals (Schnoor et al., 1995; Siciliano and Germida, 1998b).

In addition to the octanol-water partition coefficient, the size and molecular weight of an
organic contaminant may play arolein the ability of a plant to take up the contaminant.
Anderson et al. (1993) reported that plant root uptake usually favors small, low molecular
weight polar compounds, whereas large, high molecular weight compounds tend to be
excluded from theroot. Environmental conditions and plant characteristics also may affect
uptake by roots (Anderson et al., 1993).

3.2.2 Plantsas Organic Pumps

Plants transpire considerable amounts of water and, thus, can reverse the downward migration
of water-soluble chemicals (Schnoor et al., 1995). When Aprill and Sims (1990) were
evaluating the use of prairie grasses for treatment of PAH-contaminated soil, they found that
the cumulative volume of |eachate collected after 219 days was significantly higher from
unplanted than planted microcosms. In fact, there was no leachate from the vegetated systems
once the grasses had established sufficient root and shoot mass. In this manner, the plants act
as organic pumps, preventing both parent compounds and degradation intermediates dissolved
in water from spreading or leaching beyond the rooting zone. This upward pumping action
can be expected to be most prevalent in semi-arid to arid regions where evapotranspiration
exceeds precipitation (Davis et al., 1994).
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3.3 Transfer of Petroleum Hydrocarbonsto the Atmosphere

Soil may be phytoremediated by using plants to transfer volatile petroleum hydrocarbons from
the soil to the atmosphere (see Figure 1.1). In the phytoremediation literature, this processis
also known as phytovolatilization (Flathman and Lanza, 1998). Wiltse et al. (1998) observed
leaf burnin afalfa plants growing in crude oil-contaminated soil. The authors suggested that
an unidentified compound from the contaminated soil was being translocated through the
plant and then transpired. The leaf burn gradually disappeared as the experiment progressed,
indicating that the contaminants responsible for this effect had dissipated. Watkins et al.
(1994) found that the volatilization of [**C]naphthalene was enhanced in sandy |oam soil
planted to Bell rhodesgrass compared to unplanted soil. The results of the study suggest that
naphthal ene was taken up by the roots of the grass, translocated within the plant, and
transpired through the stems and leaves. The authors noted that this mechanism of removal
would reduce the amount of naphthalene available in soil, but may have implications
regarding subsequent contamination of the atmosphere and, consequently, regulatory
compliance with air quality guidelines.
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4. INFLUENCE OF ENVIRONMENTAL FACTORSON PHYTOREMEDIATION

A variety of environmental factors affect or ater the mechanisms of phytoremediation. Soil
type and organic matter content can limit the bioavailability of petroleum contaminants.
Water content in soil and wetlands affects plant/microbia growth and the availability of
oxygen required for aerobic respiration. Temperature affects the rates at which various
processes take place. Nutrient availability can influence the rate and extent of degradationin
oil-contaminated soil. Finally, sunlight can transform parent compounds into other
compounds, which may have different toxicities and bioavailability than the original
compounds. These various environmental factors cause weathering — the loss of certain
fractions of the contaminant mixture — with the end result being that only the more resistant
compounds remain in the soil.

4.1 Soil Structure, Texture, and Organic Matter Content

Sail typeis defined according to various characteristics including structure, texture, and
organic matter content. In terms of the influence of soil structure, Alexander et al. (1997)
identified that phenanthrene may be trapped within and sorbed to the surfaces of nanopores
(soil pores with diameters < 100 nm) that are inaccessible to organisms (i.e., not bioavailable).

Soil texture can also affect phytoremediation efforts by influencing the bioavailability of the
contaminant. For example, clay is capable of binding molecules more readily than silt or sand
(Brady and Weil, 1996). Asaresult, the bioavailability of contaminants may be lower in soils
with high clay contents. In support of this concept, Carmichael and Pfaender (1997) found
that soilswith larger particles (e.g., sand) typically had greater mineralization of PAHSs than
soilswith smaller particles (e.g., silt and clay), possibly due to the greater bicavailability of
the contaminants in the sandy soils. Similarly, Edwards et al. (1982) found that the amount of
14C-anthracene taken up by soybean in soil was considerably lower than the amount taken up
by plantsin nutrient solution. The authors stated that they had anticipated this result since
PAHSs are known to adsorb to soil constituents and, in doing so, are no longer available for
uptake from the soail.

Soil organic matter binds lipophilic compounds, thereby reducing their bioavailability
(Cunningham et al., 1996). A high organic carbon content (>5%) in soil usually leadsto
strong adsorption and, therefore, low availability, while a moderate organic carbon content (1
to 5%) may lead to limited availability (Otten et al., 1997).

Sail type may influence the quality or quantity of root exudates, which may influence
phytoremediation efforts. More specifically, research by Bachmann and Kinzel (1992)
indicates an interrelationship between soil type and levels of amino acids, sugars, and certain
enzyme activities in the rhizosphere. On the other hand, Siciliano and Germida (1997) found
that the effectiveness of phytoremediation to reduce concentrations of 2-chlorobenzoic acid in
three soils from Saskatchewan was not influenced by soil type.
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4.2 Water and Oxygen Availability

Water and oxygen are important to the general health of plants and microbes (Eweiset al.,
1998). Water isnot only a major component of living organisms, it also serves as a transport
medium to carry nutrients to biota and carry wastes away. If the moisture content of the soil is
low, there will be aloss of microbia activity and dehydration of plants. Too much moisture
resultsin limited gas exchange and the creation of anoxic zones where degradation is
dominated by anaerobic microorganisms.

Interestingly, oxygen may be provided to the rhizosphere as a plant exudate. The extent of
oxygen-transfer from the root depends on the type of plant (Vance 1996). Herbaceous
wetland plants typically have a high capacity to transport oxygen from their leaves to their
roots and then into the rhizosphere. Conversely, non-wetland and woody plants have a poor
capacity for the downward transport of oxygen. Downward oxygen transport in wetland
plants alows the plants to survive in saturated conditions under which most terrestrial plants
would die. It also allows wetland plants to support an enhanced bacterial population in the
rhizosphere, which may help degrade organic contaminants.

4.3 Temperature

Temperature affects the rates at which the various mechanisms of phytoremediation take
place. In general, the rate of microbia degradation or transformation doubles for every 10 °C
increase in temperature (Eweis et al., 1998; Wright et al., 1997). In an experiment involving
oil bioremediation in salt marsh mesocosms, degradation of applied hydrocarbons averaged
72% during summer compared to 56% during winter, even though the winter exposure was 42
dayslonger (Wright et al., 1997). The seasona difference was thought to be the result of a
10 °C difference in temperature between the warm summer and cool winter periods.
Likewise, the biodegradation of kerosene in a contaminated sandy loam soil reached its
maximum rate during the months of July and August —when the temperature was > 20 °C
(Dibble and Bartha, 1979). Simonich and Hites (1994a & b) reported that concentrations of
PAHs in plants were higher during spring and autumn when ambient temperatures were
relatively low compared to summer. Conversely, during the summer, when ambient
temperatures were higher, lower concentrations of PAHs were found in the plants.

4.4 Nutrients

Adequate soil nutrients are required to support the growth of plants and their associated
microorganisms. This may be especialy true during phytoremediation efforts, when the
plant/microbe community is aready under stress from the contaminant. Xu and Johnson
(1997) have shown that petroleum hydrocarbons can significantly reduce the availability of
plant nutrients in soil. Low nutrient availability results from the fact that petroleum
hydrocarbons have high carbon contents, but are poor suppliers of nitrogen and phosphorus.
As soil microorganisms degrade the hydrocarbons, they use up or immobilize available
nutrients (i.e., nitrogen and phosphorus) creating nutrient deficiencies in contaminated soil.
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Biederbeck et al. (1993) found that, following initial applications of an oily waste sludge to
sandy soil, the soil had very low nitrate levels due to immobilization of nitrogen by rapidly
growing populations of oil degrading bacteria as well as suppression of nitrogen-fixing
bacteria. Two yearsfollowing oil application, however, sludge treated plots contained more
nitrate than untreated controls, presumably due to the gradual remineralization of the
previously immobilized nitrogen. The trend was similar for phosphorus, which was initially
low following incorporation due to immobilization by an expanding microbial biomass, but
became more available one year | ater.

Petroleum hydrocarbons also may limit the accessibility of nutrients to plants and
microorganisms by reducing the availability of water in which the nutrients are dissolved
(Schwendinger, 1968). Nutrient deficienciesin soil caused by petroleum hydrocarbons may
be offset by the application of fertilizer or green manure to the soil (see Section 5.5).

45 Solar Radiation

Photomodifications of PAHs by ultraviolet light can occur in contaminated water or on the
surface of soil —increasing the polarity, water solubility, and toxicity of the compounds prior
to uptake by the plant (McConkey et al., 1997; Ren et al., 1994; Huang et al., 1993). PAHSs
that can be modified in this manner include anthracene, phenanthrene, benzo[a]pyrene,
fluoranthene, pyrene, and naphthalene. Enhanced toxic effects (such as reduced growth) also
can result from penetration of ultraviolet radiation into plant tissue, followed by
photomodifications and photosensitizations of PAHs accumulated within these tissues
(Duxbury et al., 1997).

4.6 Weathering

Weathering processes include volatilization, evapotranspiration, photomodification,
hydrolysis, leaching and biotransformation of the contaminant. These processes selectively
reduce the concentration of easily-degradable contaminants, with the more recalcitrant
compounds remaining in the soil. The contaminants left behind are typically non-volatile or
semi-volatile compounds that preferentially partition to soil organic matter or clay particles,
which limits their bioavailability and the degree to which they can be degraded (Bossert and
Bartha, 1984; Cunningham and Ow, 1996; Bollag, 1992; Cunningham et al., 1996).
Carmichael and Pfaender (1997) noted that contaminant bioavailability was a major factor
limiting the degradation of weathered (>60 years) PAHSs.
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5. SPECIAL CONSIDERATIONSASSOCIATED WITH PHYTOREMEDIATION

Special considerations associated with the phytoremediation of petroleum hydrocarbons
include establishment of appropriate plant and microbial communities on the contaminated
site; effects of various hydrocarbon concentrations on plants and microbes; biotransformation
and bioaccumulation of the contaminants together with disposal of contaminated biomass,
implications regarding mixtures of inorganic and organic compounds at contaminated sites;
and technigues to enhance phytoremediation. The following section provides information on
these various considerations.

5.1 Establishment of Appropriate Plantsand Microor ganisms

Successful phytoremediation of petroleum hydrocarbons will require the establishment of
appropriate plants and microorganisms at the contaminated site. Factors to consider include
(i) the influence of contaminants on germination of plants or survival of transplanted
vegetation, (ii) the effectiveness of inoculating contaminated soils with microorganisms and
(iii) the use of native versus non-native plants and microorganisms to phytoremediate the site.

5.1.1 Seed Germination and Transplanting

An important factor in establishing plantsin an oil-contaminated site involves getting seeds to
germinate. Seed germination is enhanced when soil is moist (but not too wet), the
temperature is appropriate, and the soil is not toxic to the seeds (Cunningham et al., 1996). A
good way of knowing whether the plant(s) being considered for phytoremediation will
germinate successfully isto carry out germination tests in the contaminated soil prior to
planting (Cunningham et al., 1996). For example, Epuri and Sorensen (1997) tested the
germination of four grasses [tall fescue, perennia rye grass, reliant hard fescue (Festuca
longifolia Thuill.) and nassau Kentucky bluegrass (Poa pratensif L.)] exposed to
approximately 220 mg of PAHs and 26 mg of PCBs per kilogram of soil (0.022% w/w PAHs
and 0.0026% w/w PCBs). Of the four species, tall fescue had the highest germination rate
(individual rates not reported).

According to the results of germination tests by Dibble and Bartha (1979), germination of
wheat and soybean in kerosene-contaminated soil (0.34% w/w) was delayed compared to
germination in uncontaminated soil. However, the overall percentage of germination after 10
days was similar in both the contaminated and uncontaminated soil. The authors suggested
that the slower rate of germination in the soil contaminated with kerosene may have been a
result of decreased oxygen availability and, consequently, increased competition for oxygen
between the germinating seeds and microorganisms.

Wiltse et al. (1998) found that alfalfa seed germinates in soils contaminated with up to 50 g
crude oil per kg (5% w/w). Udo and Fayemi (1975) determined that at levels of 10.6% crude
oil, maize did not germinate and that ungerminated kernels removed from the soil were
swollen and shiny indicating oil absorption. Schwendinger (1968) reported that germination
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of oatsin aloamy sand decreased from 90% to 25% as the volume of crude oil applied to 410
g of soil increased from 0 to 25 ml. Chaineau et al. (1997) identified the concentration of fuel
oil that prohibited 50% of seeds from germinating (i.e., lethal concentration or LCsp)
following 8 days of exposure; the LCs, values varied from 0.3 to 4% (oil/soil, w/w) for lettuce
(Lactuca sativa L.), barley, clover (TrifoliumrepensL.), and maize (ZeamaysL.) and from 4
to 9% for bean (Phaseolus vulgaris L.), wheat, and sunflower.

Rogers et al. (1996) conducted germination tests on nine species of legumes and grasses using
amixture of organic chemicals (MOC) and test temperatures of 10 °C and 25 °C (Table 5.1).
The MOC contained equal molar amounts of benzoic acid, hexadecane, phenanthrene, pyrene,
2,2-dimethyl 4,npropyl-benzene, and either cis-decahydronaphthalene (cis-decalin) (at 25 °C
only) or cycloheptane (at 10 °C only) and was applied to the soil at rates ranging from 0 to
8000 mg per kg (0 to 0.8% w/w). Germination rates generally exceeded 50% when the MOC
concentration was less than or equal to 2000 mg per kg soil and were less than 50% when the
MOC concentration was greater than 2000 mg per kg soil. Germination rates at 10 °C were
greater than those at 25 °C, particularly at higher MOC concentrations. Red clover, alfafa,
and alpine bluegrass generally exhibited higher germination rates for most MOC
concentrations at both temperatures.

Although more labor-intensive than planting seeds, transplanting of seedlings or mature plants
also may be used to establish plantson asite. Lin and Mendelssohn (1998) were able to
transplant mature Spartina patens into marsh soil with a crude oil content as high as 100 mg
crude oil per gram of soil (0.01% w/w) and S. alterniflora into soils contaminated with oil
concentrations as high as 250 mg crude oil per g soil (0.025% w/w). Likewise, Longpreet al.,
(1999) found that transplants of the wetland plant Scirpus pungens (three-square bulrush) can
survive, grow, and produce new shoots in sediments contaminated with oil concentrations as
high as 72.9 g oil per kg soil (7.29% w/w). It should be noted, however, that the biomass of S,
pungens was significantly lessin heavily contaminated compared to lightly or moderately
contaminated sediments.

5.1.2 Inoculation of Microorganisms

There are conflicting reports on the effectiveness of inoculating contaminated sites with
microorganisms. Cunningham et al. (1996) state that it is a common experience for soil and
plant inoculants to be out-competed by native microflora. They go on to say that thisis even
true in some symbiotic relationships (e.g. soybean and their Bradyrhizobia symbiont).
Heitkamp and Cerniglia (1989) found that competition with indigenous microorganisms did
not adversely affect the degradation of pyrene by a Mycobacterium species inoculated into
sediments, unless organic nutrients (glucose and peptone) were added, in which case there
was an overgrowth of indigenous bacterial species.

On the other hand, Radwan et al. (1997) found that the population of indigenous, oil-
degrading Arthrobacter species (strain KCC201) in sand treated with weathered crude oil
(20% w/w) decreased dramatically following inoculation with non-indigenous, oil-degrading
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Arthrobacter and Candida species. Decreases in the number of indigenous Arthrobacter were
thought to be due to competition with the inocul ated species and the authors suggested that
seeding with microbial “cocktails” irrespective of their origin may be useless or harmful if
inocul ated species out-competed indigenous, oil-degrading species.

Table5.1. Germination rate (%) of plant species exposed to a mixture of organic
chemicals (MOC)* at 10 and 25 °C

Temp. Plant Species MOC Concentration (mg per kg soil)
(*C) O 1000 2000 4000 8000
10 Red clover (TrifoliumpratenselL.) 75 98 64 64 16

Alfalfa (Medicago sativa L.) 100 96 74 76 39

Alpine bluegrass (Poa alpinal.) 84 96 98 98 81

Birdsfoot trefoil (Lotus corniculatus) 59 77 62 30 17

White clover (TrifoliumrepensL.) 52 92 66 50 32

Tilesy sage (Artemisiatilesii) 23 19 11 18 18

Bering hairgrass 42 97 57 87 42
(Deschampsia beringensis Hulten)

Reed canarygrass 70 45 61 94 63

(Phalarisarundinacea L.)

Quackgrass (ElytrigiarepensL.) nd 87 46 82 34

25 Red clover 100 9 63 36 0

Alfafa 90 69 51 34 0

Alpine bluegrass 95 84 83 12 0

Birdsfoot trefoil 63 51 35 20 0

White clover 36 41 65 56 0

Tilesy sage 9 6 11 7 0

Bering hairgrass 48 41 20 10 0

Reed canarygrass 98 91 85 44 0

Quackgrass 72 78 86 78 0

The MOC was applied to a silt loam soil: pH = 5.4; OM = 3.5%; Texture = 13% sand, 72% silt, 15%
clay; P=53mg kg®; K = 192 mg kg™; Ca= 608 mg kg*; Mg = 47 mg kg™. (Adapted from Rogers et
al., 1996).

Other studies have found that inoculation enhances degradation of organic contaminants.
Madsen and Kristensen (1997) determined that soil inoculation with phenanthrene-degrading
bacteria (a possible Pseudomonas fluorescens, an Arthrobacter species, and an unidentified
species of gram-positive, rod-shaped bacterium) enhanced the degradation of
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[**C] phenanthrene — particularly in soils that had no known history of hydrocarbon
contamination (specifically, coal tar contamination). It should be noted that afairly large
quantity of inoculum (at least 10° cells per gram of soil) was required to establish the
introduced bacteria. Grosser et al. (1995) determined that the isolation, propagation, and
reintroduction of 10’ colony forming units of Mycobacterium species per gram of soil resulted
in enhanced mineralization of phenanthrene, anthracene, and pyrene above that found with
just indigenous soil microbes. Schwendinger (1968) identified drastically reduced adaptation
times and greater total CO, production over a 7-week period after seeding Cellulomonas (a
cellulose-decomposing bacteria) into sandy loam soil with relatively high levels of oil (100
mL kg™ soil). Siciliano and Germida (1997) found that inoculating two pseudomonad
bacterial species onto meadow brome (Bromus biebersteinii) increased degradation of 2-
chlorobenzoic acid (a PCB-degradation compound) in soil.

5.1.3 Using Native Versus Non-Native Plants and Microorganisms

Situations may arise where plants and microorganisms most appropriate for phytoremediation
may not be native to the contaminated site. A decision must then be made as to whether non-
native plants or microorganisms should be introduced. The introduction of non-native biota
into any ecosystem should not be taken lightly. Indeed, research indicates that 4 to 19% of
non-native organisms introduced into natural and agricultural ecosystemsin the United States
have had severe adverse effects on both the environment and economy (OTA, 1993).

Genetically modified (engineered) organisms (GMOs) are considered atype of non-native
organism; consequently, similar issues arise when considering the release of GMOs into the
environment (OTA, 1993). Preliminary studies are already being conducted concerning the
engineering of organisms that could be used in phytoremediation. Kochetkov et al. (1997),
for example, have genetically modified two rhizosphere bacteria (Pseudomonas putida and P.
aureofaciens) by supplying them with naphthalene-degradation plasmids. Unfortunately, it is
difficult to identify beforehand the exact ecological consequences of introducing non-native
and genetically engineered organismsinto the environment.

The ecological risks associated with the use of non-native and genetically modified speciesin
phytoremediation can be avoided by using native species whenever possible. Whatever the
plant chosen for phytoremediation, the species must be well adapted to the soil and climate of
the region — making soil characteristics, length of growing season, average temperature, and
annual rainfall important considerations in phytoremediation planning (Cunningham et al .,
1996; Newman et al., 1998). Another advantage of using native plantsis the fact that they are
pre-adapted to the climatic and soil conditions at the site.

5.2 Concentrations of Petroleum Hydrocarbons

Within certain concentration ranges, plants and microbes can tolerate petroleum
hydrocarbons, thus laying the foundation for the phytoremediation of contaminated sites.
Phytoremediation of petroleum hydrocarbons may be ineffective, however, if concentrations
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of the contaminants are either too high (causing toxicity) or too low (resulting in poor
bioavailability).

5.2.1 Effectsof Low and High Concentrations

Initial low concentrations of contaminants may limit the extent to which phytoremediation can
further reduce contaminant levels. That isto say, if microbial uptake and metabolism of
organic compounds ceases when the contaminant concentration reaches a certain level, the
microorganisms will not be physiologically capable of reducing contaminant concentrations
any further (The Committee on In Stu Bioremediation et al., 1993). Low concentrations may
also cause microbes capable of degrading the contaminant to switch to aternative substrates
or even result in the death of the microbes due to lack of sustenance (Committee on In Stu
Bioremediation et al.,1993; Hrudey and Pollard, 1993). Similarly, readily biodegradable
contaminants in groundwater may remain undegraded, or degrade only very slowly, if their
bioavailability is limited by low concentrations (Committee on In Stu Bioremediation et al .,
1993).

Concentrations of contaminants that are too high, on the other hand, can cause toxic effects
and may even kill exposed microorganisms and plants — again limiting the effectiveness of
phytoremediation. High concentrations of contaminants may prevent or slow the metabolic
activity of microorganisms; this, in turn, would prevent the growth of new microbial biomass
needed to increase or maintain degradation (Hrudey and Pollard, 1993; Committee on In Stu
Bioremediation et al., 1993). Aswell, a study by Baldwin (1992) indicates that the presence
of petroleum hydrocarbons can reduce the number of bacterial speciesin acommunity to only
one or two, even though the total number of individuals of these two sel ected species
increases with increasing amounts of crude oil.

Walker et al. (1978) found little to no recovery of mosses, lichens and most dicotyledonous
plants (i.e., herbs) in the plant communities of Prudhoue Bay, Alaska, one year following
exposure to crude oil (applied at arate of 12 L per m?). Similarly, various plants (red clover,
afalfa, birdsfoot trefoil, white clover, alpine bluegrass, tilesy sage, bering hairgrass, reed
canarygrass, and quackgrass,) did not germinate or were killed shortly after germination given
exposure to concentrations of an organic chemical mixture of 2000 mg per kg soil or more
(Rogers et al. 1996).

5.2.2 Concentrations Tolerated by Plants

Different plants can tolerate different levels of petroleum hydrocarbons. For example,
Schwendinger (1968) found that oat grown in oil-contaminated soils did not exhibited severe
symptoms of damage at contaminant concentrations u