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accumulate in the tissues of marine test species. In
this environment, dilution, tidal mixing, and evapo-
ration reduced the potential for significant impacts.
In some low-energy environments (e.g., protected
bays), greater impacts might occur. In other environ-
ments, the species present, water depth, and water
temperature are al variables to consider in estimat-
ing potential impact. The effect of any impact of
treatment, however, must be considered in view of
the damage already caused by oil.

Evidence is aso lacking that introduced orga-
nisms might be pathogenic to other life forms. In a
series of experiments with North Slope crude oil, for
example, researchers failed to find any significantly
greater invertebrate mortality with bacterial seeding
(or fertilization) than occurred with crude oil alone.”
However, microorganisms to be considered as
seeding candidates must be screened carefully to
eliminate potential human or animal pathogens,
including opportunistic pathogens such as Pseudo-
monas spp.

The possibility that introduced microbes might
proliferate and upset the ecological balance appears
to be of less concern. If effective at all, such
organisms should die and be preyed on by protozoa
once they have utilized the oil from a spill.” Of
greater concern is that microbes introduced from
other environments will not be able to compete as
well as native species and will die before they can do
their job effectively. EPA’s Office of Pesticides and
Toxic Substances has been developing procedures
for evaluating the toxicity of biotechnology prod-
ucts. In concert with EPA’s Office of Research and
Development, it is establishing tests to eval uate the
potential pathogenicity of nonindigenous microbes.”

Similar but greater concerns attend the introduc-
tion of genetically engineered organisms. Before
such organisms are likely to be introduced to the
marine environment (if they have arole to play at
all), more basic knowledge of their potential impacts
on that environment will be required, and regulatory
officials and the public will have to become more
familiar with biological mitigation techniques.

An additional concern is that although bacteria
may break down the complex hydrocarbons con-
tained in ail, they could leave behind products of
partial biodegradation that are more toxic to marine
life than the original constituents of the oil.*
However, in time, intermediate products of possible
concern, such as quinones and naphthalenes, are
likely to be broken down further and thus unlikely to
accumulate in the environment.”

bioremediation IN RELATION
TO OTHER RESPONSE
TECHNOLOGIES

Whether bioremediation technologies will be
considered for use as primary or secondary response
tools, or will be deemed of no use at al, will depend
on the circumstances of each oil spill. All response
technologies have the common purpose of minimiz-
ing the damage caused by a spill. How well a
technology can accomplish this goal indicates its
effectiveness. The perfect response technology has
not been developed, and numerous uncontrollable
variables may reduce effectiveness far below what it
would be under optimal circumstances. As the size
of a spill increases, for example, the difficulty of
responding to it by any means grows. Adverse sea
and weather conditions may greatly reduce the
effectiveness of any open sea response. Even tech-
nologies that are adequate in some spill situations
will be much less effective if they cannot be
deployed, operated, and maintained easily.

Before bioremediation is likely to be considered
as a response tool, it must be deemed not only
effective for its intended use, but a'so more effective
than traditional technologies. The effectiveness and
safety of bioremediation technologies for respond-
ing to different types of spills have not yet been
established adequately, and on-scene coordinators
and other decisionmakers generally are not familiar
with these technologies. Hence, most decision-
makers are reluctant to try bioremediation if other
techniques could be effective. More traditional
methods are preferred, and experimentation during
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areal spill is not the best strategy. The acceptability
(or nonacceptability) of bioremediation technolo-
gies may take time to establish. The example of
dispersant development may provide a relevant
analogy for bioremediation in the immediate future:
Dispersants have been advocated by many and
considered for more widespread use for years, but
uncertainty about their effectiveness, as well as
continuing environmental concerns and regulatory
limitations, has considerably slowed their accep-
tance in the United States. Probably the most serious
setback was the fact that a few early dispersants were
toxic; however, since the frost attempts to formulate
successful dispersants, toxicity has been addressed
and, in some cases, is no longer a serious factor.

bioremediation technologies have been consid-
ered for use at sea, on beaches, and in especialy
sensitive habitats such as salt marshes. It is unclear
whether bioremediation could be useful on the open
ocean. Most of the scientific community and many
oil spill professionals remain skeptical about the
utility of bioremediation at sea because rigorously
controlled and documented experiments have not
yet been done. Several companies have advocated
using bioremediation for open ocean spills, but they
have not yet produced convincing evidence that their
products work as claimed.

In addition to the previously noted problems
associated with seeding, a potentially significant
problem at sea may be the difficulty of keeping
microbes or nutrients in contact with spilled oil long
enough to stimulate degradation.” Thisis afar more
difficult task than on land or beaches because wind,
waves, and currents create a dynamic, changeable
environment. As with dispersants, efficient applica-
tion could also be difficult because ocean conditions
are often less than ideal, and the oil may be difficult
to locate, may be emulsified or broken into wind-
rows, or in amajor spill, may have spread over many
square miles. These same problems also limit the
effective use of booms and skimmers.

The probability is low that a response with any
type of technology would be mounted for a spill far
out to sea that does not threaten the coast. The initial
goa in responding to spills that do threaten the coast
is to prevent oil from reaching the shore. Thus,

unless seeding, nutrient enrichment, or both can be
shown to act quickly and can be applied efficiently,
spill fighters typically would prefer to get the oil out
of the water as quickly as possible or to disperseit.
If open sea bioremediation can be shown to be
effective over alonger period (i.e., weeks), it might
be useful as a response technology either after a
full-scale mechanical or dispersant effort had been
launched or if such an effort was not possible.
Conceivably, nutrients or a seed culture might also
be applied to the oil and its residues remaining in the
water after the intentional (or unintentional) burning
of oil. bioremediation is less likely to be attempted
following the use of chemica dispersants, however,
there is evidence that some microorganisms may
stimulate bioemulsification and thus cause oil to
disperse upon application. This possibility and the
possible merits and limitations associated with it
have not been investigated thoroughly.

Although bioremediation at sea has not been
convincingly demonstrated to be effective in any
type of spill situation, alternative response technolo-
gies leave much to be desired. bioremediation,
although unproven, appears relatively promising to
some. The State of Texas, for example, has been
particularly enthusiastic about its potential. Texas
has taken the position that there is little to lose by
trying it and, given the limitations of other technolo-
gies, potentially much to gain or, at least, to learn.”
The Texas State Water Commission points out that
those responsible for responding to an emergency
may not be able to wait for a definitive unambiguous
ruling from the scientific community on the effec-
tiveness of bioremediation. The Federa Govern-
ment and other States have been more cautious. The
State of Alaska, for example, has tentatively con-
cluded that bioremediation would not be appropriate
as an emergency response tool for nearshore spills
threatening the coast.”In any case, controlled
testing, difficult to conduct on the open ocean, will
be required to evaluate the potential of bioremedia-
tion at sea. ~~hioremediation shows promise for at
least some types of open water spills, effective
application techniques would still have to be devel-
oped for the promise of the technology to be
fulfilled.
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Somewhat more is known about the potential for
bioremediation of beaches, thanks largely to the
Alaska experiments. The potentia use of bioremedi-
ation methods on at least some beaches looks
promising, but, as previously noted, results from the
Alaska experiments cannot be extrapolated in toto to
other types of beaches or spill situations (especialy
without more precise knowledge of the effect of
environmental and microbiological variables on the
rate and extent of biodegradation).

The greater promise of bioremediation for oiled
beaches is due in part to the fact that bioremediation
is more easily controlled and monitored onshore
than it is at sea. Application of nutrients or seed
culturesis also easier and less subject to disruption
by adverse conditions. Also, once oil reaches a
beach, there is usually more time to consider the
approach to take: certain damage has already
been done, and the emergency response required to
deal with oil seeping from a stricken tanker, for
example, is no longer quite so necessary.

Depending on circumstances, bioremediation of
beaches may be appropriate sometimes as a primary
response tool and sometimes as a secondary tool. An
important consideration is how heavily oiled a beach
is. Heavily oiled beaches may require removal of
gross amounts of oil by mechanical means before
bioremediation can be a practical finishing tool.
Some lightly oiled beaches may not require any
treatment. Moderately oiled beaches are likely the
main candidates for primary bioremediation treat-
ment. After reviewing the Alaska bioremediation
experiments, the Alaska Department of Environ-
mental Conservation concluded that bioremediation
was useful as afinishing or polishing tool, but that
pooled oil, tar balls, mousse, asphalt, and other
heavy concentrations of oil should be picked up with
conventional manual and mechanical techniques.”

The effectiveness of bioremediation on beaches
may aso depend on the coarseness of the beach, but
the relationship between the size of oiled sediments
and the rate of biodegradation has not been evalu-
ated thoroughly. The beaches treated in Alaska with
some success were all very coarse, consisting mostly
of cobbles and coarse sand. It is uncertain how

successful bioremediation of freer grained beaches
will be, especially when oil is trapped below the
surface. In very fine-grained sediments, lack of
oxygen below the surface may limit the rate of
biodegradation.

bioremediation, where effective, may offer a
promising option for beach cleanup because the
existing mechanical technologies can cause addi-
tional damage to beaches and beach biota®This
damage may be unavoidable if the goal is to
“restore” a beach as quickly as possible. Doing
nothing (i.e., letting the beach recover naturally at a
slower rate) may sometimes be preferable to using
mechanical technologies, but this is seldom politi-
cally acceptable. bioremediation offers the possibil-
ities of being faster than simply allowing nature to
take its course unassisted and of avoiding the
negative impacts of mechanical technologies. More-
over, when beaches are inaccessible, the mechanical
equipment that can be brought into use may be
limited, but fertilizers or seed cultures can be
dispensed without the need for massive machinery.
In general, bioremediation is less costly and less
equipment- and labor-intensive than mechanical
cleanup technologies, which suggests a clear advan-
tage for bioremediation where it can be used
effectively instead of other technologies (e.g., mod-
erately oiled beaches). The advantage is aso evident
where it can be used as a secondary technology (i.e.,
as afinishing tool), because it offers the possibility
of a more complete solution, more quickly attained
(however, the total cost of the cleanup may be
greater).

Salt marshes and other sensitive environments,
even more than beaches, may be further damaged by
intrusive mechanical technologies. For these envi-
ronments, bioremediation could be the only feasible
aternative to doing nothing. Little work has been
done in these settings to evaluate the effectiveness or
environmental impacts of using bioremediation.
Biodegradation of oil stranded in salt marshes is
generaly limited by oxygen availability. However,
the results of one recent study of waxy crude oils”
in salt marshes suggest that nutrient enrichment may
be an effective countermeasure, provided that large
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amounts of oil do not penetrate beneath the aerobic
surface layer. Where oil did penetrate the surface
layer, the researchers observed little degradation.”

Even bioremediation activities, if they are not
carefully conducted, have the potential for being
intrusive in salt marshes. The scientific support
coordinator of the National Oceanic and Atmos-
pheric Administration who monitored the applica-
tion of microorganisms to Marrow Marsh in the
Houston Ship Channel noted, for example, that
excessive foot traffic associated with bioremedia-
tion operations caused some unnecessary damage to
marsh grass.™

bioremediation ACTIVITIES IN
THE PUBLIC AND PRIVATE
SECTORS

The Environmental Protection Agency

EPA is the lead Federal agency for oil spill
bioremediation research. Both the Department of
Energy and the Department of Defense are actively
engaged in research on bioremediation of hazardous
waste, but neither these nor other Federal agencies
are engaged in research on bioremediation of marine
oil spills. EPA regards biotechnologies as having
significant potential for the prevention, reduction,
and treatment of pollution, and the Agency has
placed considerable emphasis on the demonstration
and development of these technologies.” This
coincides with an important general EPA goa of
promoting the development of new and innovative
technologies to address environmental problems.
Agency activities in support of bioremediation for
marine oil spills represent a small fraction of its
overall biotechnology activities. Nevertheless, EPA
would like to establish the technical basis for a
national bioremediation response capability for oil
spills.'™

In February 1990, EPA convened a meeting of
interested industry, academic, and government per-

sonnel “to prepare an agenda for action” for
increasing the use of biotechnology. One important
outcome of this meeting was the formation of the
bioremediation Action Committee (BAC). The
objective of the Committee is to facilitate the safe
development and use of biotechnology as a solution
to environmental problems. The BAC has now been
subdivided into six subcommittees: Oil Spill Re-
sponse, Treatability Protocol Development, Re-
search, Education, Data Identification and Collec-
tion, and Pollution Prevention (figure 2). Several of
these subcommittees have, in turn, been further
subdivided. All subcommittees report to the assist-
ant administrator of EPA’s Office of Research and
Development (ORD), who functions as the chair of
the BAC. Many of the same industry, academic, and
governmental representatives who attended the Feb-
ruary meeting are participants on the BAC or its
subcommittees.

The Oil Spill Response Subcommittee is con-
cerned directly with the bioremediation of marine oil
spills. Its magjor goals are: 1) to evaluate scientific
and applied engineering data on the safety and
effectiveness of bioremediation technologies; 2) to
assess the information required for bioremediation
decisionmaking by Federal on-scene coordinators
and State oil spill response officials; 3) to prepare
interim guidelines on when and how to use bioreme-
diation technologies; and 4) to investigate longer-
term issues for incorporating bioremediation into the
National Spill Response Plan.™ An eventual result
of deliberations relating to these goals could be the
design of a national bioremediation oil spill response
plan.””However, further research and development
of more reliable technologies are required before
EPA is likely to undertake the effort required to
develop such a plan. In the meantime, the Subcom-
mittee has prepared interim guidelines to assist
Regional Response Teams in assessing the desirabil-
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ity of bioremediation and in planning for its use.”
Such guidelines will enable decisionmakers to make
quick and defensible decisions about the use of
bioremediation technologies.

The Treatability Protocol Development Subcom-
mittee has focused its attention on providing techni-
cal advice on the development of protocols for
testing the applicability and effectiveness of biore-
mediation technologies in different environmental
settings. Protocols use both chemical analyses and
bioassays to evaluate a bioremediation product’s
ability to degrade a waste product or pollutant and to
ensure that the product is safe to introduce into the
environment. " Performance criteria included in the
protocols can provide a standard for technology
developers against which they can compare their
processes.

The development of oil spill protocols is a
high-priority EPA activity: without them it is not
possible to validate technology or process claims
made by product vendors. This activity is being
carried out largely through the National Environ-
mental Technology Applications Corp. (NETAC)
and EPA’s ORD labs (see below). One laboratory-
based protocol has already been developed and used
to evaluate products intended for use on Alaska's
beaches. Work isin progress on the development of
an open water protocol, as well as on protocols for
sensitive marine environments (e.g., marshes). The
Subcommittee will also be involved in developing
protocols for bioremediation of hazardous wastes.

The Treatability Protocol Development Subcom-
mittee is also addressing several policy issues
related to protocols. For example, bioremediation
companies are concerned about having products
retested that did not do well initially. Another issue
is the recourse available to companies that disagree
with test procedures. A third is the means by which
results will be reported. (Results will probably be
reported as statistically superior to, not statistically
different from, or statistically inferior to a standard,;

products are unlikely to be ranked. Also, products
will be judged on different criteria, including
efficacy, shelf life, toxicity, etc. A product that does
well according to one criterion may not do well on
another.) Finally, there is the question of who pays
for product testing. EPA appears receptive to some
cost sharing with product developers, but onl){ for
those products that have met minimum criteria. 08 A
cost sharing program involving EPA, the petroleum
industry, and product vendors might also be ar-
ranged so that a broad commercial testing program
could be established.”

The main objective of the Research Subcommit-
tee is to identify high priority needs for general
bioremediation research,”not specifically for oil
spill applications, but research advances in priority
areas could directly or indirectly benefit the latter.
The Education Subcommittee will evaluate future
needs for scientists, technicians, and engineers in
bioremediation research and applications, as well as
ways to educate the public about the use of
biotechnologies.

Although considerable bioremediation informa-
tion has been generated by industry, States, and
Federal agencies, thisinformation is not necessarily
easily accessible, nor has it been certified or
standardized for easy use by others. The Data
Identification and Collection Subcommittee will
focus its efforts on identifying data on field applica-
tions and tests of bioremediation technologies (in-
cluding marine spill applications such as those in
Alaska and Texas), on providing guidance for
making data available without compromising client
or proprietary information, and on establishing
routine procedures for submission of data. The
Subcommittee has recommended that EPA’s Alter-
native Treatment Technology Information Center
(ATTIC) database be used as the central database for
all biological treatment technologies. Designed pri-
marily as a retrieval network for information on
innovative technologies for treating hazardous
wastes, ATTIC should have no trouble incorporating

106(J,S, Environmental Protection Agency, Subcommittee on National bioremediation Spill Response, bioremediation Action Committee, ‘ ‘Interim
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data on the applications of bioremediation for
marine oil spills."

The Pollution Prevention Subcommittee is the
newest BAC committee. Its purpose is to provide
advice to EPA on the potential of biotechnologies
for preventing pollution. An example of a pollution
prevention application for biotechnology already in
use is the treatment of oily ballast water from ships
in onshore biological treatment facilities before
releasing it to the ocean. This practice is followed,
for instance, in Prince William Sound.

A number of EPA laboratories have contributed to
the Agency’s bioremediation research effort. Promi-
nent among these are the Environmental Research
Laboratory in Gulf Breeze, Florida; the Risk Reduc-
tion Engineering Laboratory in Cincinnati, Ohio; the
Environmental Research Laboratory in Athens, Geor-
gia; and the Environmental Monitoring Systems
Laboratory in Las Vegas, Nevada. Table 4 indicates
some key bioremediation research needs.

Prior to the Exxon Valdez oil spill, EPA had
virtually no money for oil spill research. Shortly
after the March 1989 spill, EPA and Exxon signed
a cooperative research and development agreement
and initiated the Alaskan Oil Spill bioremediation
Project (described above). During 1989, EPA re-
directed about $1.6 million to the project and Exxon
contributed about $3 million. In 1990, Congress
appropriated $1 million to EPA for oil spill research,
which was applied entirely to the continuing Alas-
kan project. As in 1989, Exxon contributed about
twice as much. To date, about $8 million has been
devoted to the Alaskan project, and 1991 will
probably beits last year.

Congress appropriated $4 million to EPA for oil
spill research activities for fiscal year 1991. EPA
expects to spend roughly $2 million of this, not
including salaries, for bioremediation research. Be-
ginning in 1992, the Qil Pollution Act of 1990
authorizes a maximum of approximately $21 million
annually for oil pollution research and development.
The exact amount must be approved by Congress
each year, and much less could be appropriated. EPA
has asked for $3.5 million of funds available through
OPA for fiscal year 1992, a sizable proportion of

Table 4-Key Research Needs

+ Better understanding of environmental parameters governing
the rate and extent of biodegradation in different environments

+ Improving methods for enhancing the growth and activity of
petroleum degrading bacteria

« Development of better analytical techniques for measuring and
monitoring effectiveness

« Field validation of laboratory work

+ Investigation of what can be done to degrade the more
recalcitrant components of petroleum, e.g., asphaltenes

+ Improving knowledge of the microbiology of communities of
microorganisms involved in biodegradation

« Better understanding of the genetics of regulation of biodegra-
dation

SOURCE: Office of Technology Assessment, 1991.

which will likely be devoted to bioremediation
research.

NETAC and Commercialization of
I nnovative Technologies

EPA has entrusted some of the work of develop-
ing new bioremediation protocols to the National
Environmental Technology Applications Corp. NETAC
is a nonprofit corporation established in 1988
through a cooperative agreement between EPA and
the University of Pittsburgh Trust. It was created to
help commercialize innovative environmental tech-
nologies such as bioremediation.

The Exxon Valdez spill provided the opportunity
for NETAC to become involved in evaluating
bioremediation technologies. After the spill, EPA
and the Coast Guard received a number of proposals
from companies that wanted their bioremediation
products to be tried in Alaska; however, no mecha-
nism existed to enable them to compare competing
technologies.””One of NETAC'S first charges,
therefore, was to recommend criteria by which
bioremediation products for cleaning up the Alaska
spill could be judged, that is, to develop a protocol
for assessing the effectiveness of beach bioremedia-
tion products. NETAC convened a panel of experts
for this task; from this panel’s recommendations,
EPA established an official procedure to judge
products for possible use in Alaska.

To encourage the submission of products that
might qualify for field testing in Alaska in 1990,
EPA published an announcement in the Commerce

111y.s. Environmental Protection Agency, Office of Environmental Engineeringand Technology Demonstration, “ Alter nativeT reatment Technology
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Bioremediation for Marine Oil Spills . 27

Business Daily." Thirty-nine proposals were sub-
mitted. The NETAC panel evaluated these and
recommended that 11 undergo laboratory testing
specified by the protocol. Effectiveness and toxicity
tests were conducted in EPA’s Cincinnati, Ohio Risk
Reduction Engineering Laboratory. EPA, again with
NETAC's help, selected two products judged most
appropriate for field testing in Alaska.

The process of identifying promising products
appearsto OTA to be both appropriate and fair and,
in general, NETAC is performing a valuable service.
Nonetheless, afew of the bioremediation firms that
had submitted products contended that the tests
specified in the protocol were not appropriate to
assess the true effectiveness of these products. As
more bioremediation research results become avail-
able, it will be possible to refine this frost protocoal,
if necessary. A NETAC expert pand is currently
identifying the kinds of studies and types of tests
needed for an open water bioremediation protocoal,
and EPA’s ORD labs will again use the resulting
framework protocol to develop a complete experi-
mental design. Although much skepticism remains
about the effectiveness of bioremediation at sea, an
open water protocol would be useful whether or not
any effective products were identified.

Relative to the new Interim Guidelines published
by the Qil Spill Response Subcommittee, NETAC is
also preparing to assist Regional Response Teams in
planning for the possible use of bioremediation
technologies. Specifically, NETAC has begun to:
1) systematically compile information on commer-
cial bioremediation products, 2) collect samples for
preliminary laboratory evaluation of bioremediation
products, 3) define a national bioremediation prod-
uct evaluation facility to test commercia products,
and 4) develop the capability to provide technical
assistance to the States and to regional or national
response teams.™

The Private Sector

The bioremediation industry is a young industry
seeking to develop markets for its products and

expertise. The industry is composed primarily of
companies with fewer than 100 employees, and not
many of these companies have been in existence for
more than 5 years. Of the companies that have
developed bioremediation products, few specialize
in products for marine ail spills. If a market for such
products were to develop, however, many compa
nies would be interested. More than 50 companies
Claiming bioremediation expertise have expressed
interest in supplying products or personnel in
response to the Persian Gulf oil spill.”Only a
handful of these products have undergone testing to
evaluate their effectiveness on marine spills (see
above), and none has yet developed a reputation
among experts as an effective response to such

spills.

The Applied Biotreatment Association (ABTA)
was established in 1989 to promote the interests of
the bioremediation industry. The organization has
55 members and consists of about equal numbers of
corporate and adjunct associates. Corporate mem-
bers are biotreatrnent companies, and adjunct mem-
bers include State biotechnology centers, equipment
companies, and university professors. In addition to
bioremediation companies, ABTA now includes
among its members two large oil companies. ABTA
recently produced a briefing paper on the role of
bioremediation in oil spills.” Several of its mem-
bers actively participate in EPA’s bioremediation
Action Committee.

For the most part, the oil industry has taken a
wait-and-see attitude toward bioremediation. Few
companies are doing research on the bioremediation
of marine ail spills, preferring instead to let EPA
take the lead. Recently, the Petroleum Environ-
mental Research Forum (PERF), an oil industry
group that sponsors research on environmental
problems of concern to its members, proposed a
mass balance study to evaluate the potential of
nutrient enrichment and seeding on open water.!”
This study is expected to begin in mid-1991.
Although both the American Petroleum Institute and
the new Marine Spill Response Corp. believe that
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