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Screening Tests for Assessing the
Bioreclamation of Dredged Material

PURPOSE: The primary goal of this technical note is to provide guidance on how to determine
the suitability of a contaminated dredged material for bioreclamation. Rapid screening protocols
are demonstrated with two different sediments, and references are provided to the technical
literature. This guidance is designed to serve as the second phase in a two-phased biotreatability
management decision guide. It is assumed that the physical and chemical analyses of the dredged
material (Winfield and Lee 1999; U.S. Army Corps of Engineers and U.S. Environmental Protection
Agency 1998) have been conducted and that a determination has been made that the material is not
suitable for open-water disposal. Selection of the appropriate bioreclamation technology and
evaluation of its efficacy should be performed in the third phase.
BACKGROUND: In the course of completing its mission on maintaining and improving navigation in waters of the United States, the U.S. Army Corps of Engineers must annually handle about
300 million cubic meters of dredged material. Five to ten percent of this material is not suitable for
unrestricted open-water disposal. One option for disposal of material that is not suitable for
open-water disposal is placement in confined placement facilities (CPFs). However, most CPFs
are at or approaching their design capacities, and new sites for CPFs are very difficult to find. As
a result, other means of handling contaminated dredged material are needed. Bioreclamation offers
a potentially effective and affordable means of decontamination. However, at present it is difficult
to determine with certainty if bioreclamation is a viable alternative for treatment of contaminated
dredged materials.
INTRODUCTION: Of the remediation technologies currently available, bioreclamation may be
uniquely suited to decontamination of dredged material (National Research Council (NRC) 1997).
From a remediation perspective, dredged material is often characterized by very large volumes of
low to moderately contaminated material. Costs of handling large amounts of wet material severely
limit economically viable treatment alternatives. Many biotreatment alternatives are relatively
inexpensive and require minimal sample handling. However, successful application of a bioreclamation technology requires knowledge of the physicochemical and biological factors that limit
contaminant removal, factors that often vary from site to site.
This technical note focuses exclusively on organic contaminants. Although metals are often a
problem with dredged materials and microbial biotreatment systems have been shown to effectively
remove metals from waste and groundwaters (Marinucci and Bartha 1979; McHale and McHale
1994), practical biotreatment systems for metal-contaminated soils and sediments are still in the
development stage (Barkay, Liebert, and Gillman 1989; Harding 1997; Loveley 1993; Summers
1992).
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SCREENING TESTS USEFUL IN DETERMINING BIOTREATABILITY
For bioreclamation to be successful, the dredged material must support microbial communities and
their metabolism (Alexander 1981; Fiorenza, Duston, and Ward 1991; Focht 1994; Madsen 1998;
Madsen 1997; Shannon and Unterman 1993; Tiedje 1993). The number of microorganisms present
and their potential metabolic activity (Madsen 1996; Ryan, Loehr, and Rucker 1991) can be
estimated by assaying samples taken of the material (Norris et al. 1994). Herein, these assays are
demonstrated on a highly organic, contaminated sediment from New York Harbor and relatively
clean marine sediment from Bartram Island (Jacksonville, FL).
Cell Enumeration and Biomass Estimates: There are two basic approaches to quantifying
microbial cell densities in environmental samples. The traditional approach requires that the
indigenous populations be cultured in an artificial medium. Inferences made on the densities of
•microorganisms in the original sample are drawn from estimates of microorganisms able to grow
on the artificial medium (i.e., plate counts and most probable number estimates). The other approach
is based on direct analyses of microbial cells (i.e., epifluorescent microscopic counts) or cell
components (i.e., polar membrane lipid fatty acid analyses).
• Epifluorescent Microscopic Cell Counts - Sediment samples can be stained with
fluorescent dyes, and fluorescing cells can be counted with the aid of a fluorescent microscope
(Figure 1). A number of staining protocols are available. The stain illustrated (Figure 1,

Figure 1.

Live/dead (Molecular Probe, Inc.) fluroescent staining of soil bacteria observed with a scanning
laser confocal microscope (Samples were observed with a 100x objective and excited with an
argon laser (line at 488 nm). Green emissions were recorded at 515 nm and red at 635 nm)
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Molecular Probe's live/dead stain) results in living cells fluorescing green and dead cells
fluorescing yellow. This staining procedure can be completed in less than l hr. The cells in
10 randomly selected microscopic fields of known volume are counted and cell counts
averaged. Specificity for targeted taxonomic functional groups can be obtained by using
fluorescent targets linked to nucleic acid hybridization probes and antibodies. Although such
microscopic observations can quickly yield information on the morphological types and
quantities present in a sample, the information is not quantitative. Many microorganisms
tend to live in pore spaces and are not readily detached from particles.
Colony-Forming Units on Agar Plates - Another means of ascertaining microbial cell
densities in a dredged material is cultivation of the indigenous microbes on nutrient media.
Perhaps the most familiar cultivation method is to serially dilute a known amount of dredged
material in sterile water and spread the water from the dilutions on nutrient media solidified
with agar in Petri dishes (Clesceri, Greenberg, and Rhodes 1989). Counting the colonies that
develop on the Petri dishes gives an estimate (i.e., colony-forming units) of the number and
types of bacteria present in the original sample (Figure 2). Specific information can be
generated by using mineral salts media with only a single source of carbon (Kiyohara, Nagao,
and Yana 1982) and energy (i.e., phenanthrene) to support microbial growth. This type of
media can be used to estimate the potential of the native microbial community to degrade a
specific contaminant. While the data generated with cultivation methods can produce useful
estimates, these estimates are not quantitative. Only 0.1 to 1 percent of the cells present in
an environmental sample can actually be cultivated on nutrient media. Fastidious microorganisms do not form colonies. On the other hand, germination of resting stages (i.e., spores)
and fragmentation of fungal hyphae with each fragment producing a separate colony can lead
to overestimations of the numbers of some microbial groups.

Figure 2.

Dilution and plate count estimates of the microorganisms culturable on nutrient agar
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For example, the total number of colony-forming units (CFU) produced from Bart ram Island
was slightly less than from New York Harbor, but Bart ram Island sediment showed a greater
diversity of colony types. Petri dishes containing material from New York were cloaked with
many colonies that spread across the plate, making counting difficult.
Most Probable Numbers - Microorganisms from dredged material can also be cultivated
in liquid media and estimated using the most probable number (MPN) technique (Clesceri,
Greenberg, and Rhodes 1989). A known amount of dredged material is serially diluted
directly in test tubes containing the liquid cultivation medium. After incubation, the tubes in
the dilution series that become turbid as a result of microbial growth are recorded (Figure 3).
The number of microorganisms present in the original sample are estimated from MPN tables.

Figure 3. A seven tube most probable number dilution series showing turbidity and gas production as a
result of microbial growth

The MPN method is less laborious than the plate count method and is more amenable to
automation. Specific information on the potential of the native microbial community to use
a contaminant as a sole source of carbon and energy can also be obtained. This method is also
not quantitative. Although liquid media is often more effective in cultivating fastidious
microorganisms, it suffers from many of the biases stated in the previous section.
• Polar Lipid Fatty Acid Analyses - Biological membranes that surround cells are
comprised of a lipid bi-layer, which in turn is comprised of complex polar lipids. The fatty
acids are components of these polar lipids. Gas Chromatographie analysis of the polar lipid
fatty acids (PLFA) yields a direct quantitative measure of the biomass present in dredged
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material, as well as a profile of the microbial community structure (Phelps et al. 1988;
Ringelberg et al. 1989; Smith et al. 1986; Vestal and White 1989; White et al. I997a,b).
Biomass estimates based on microbial lipids (Figure 4) showed the New York Harbor
materials to contain 5.8 x 108 cells/g and the Bartram Island materials to contain 4.8 x 108
cells/g. Microbial community structure was different in the two dredged materials. Evidence
for the presence of obligate anaerobes was detected in both materials, but greater percentages
were evident in the Bartram Island material (in particular for the Desulfobacter sp.). Both
materials showed a diversity of membrane lipids indicating the presence of a complex
microbial community. Evidence of toxic exposure to hazardous substances, trans fatty acids
(16:lw7t and 18:lw7t), was also observed in both sediments, but at a greater magnitude in
the New York Harbor materials. In this way, the absence or presence of specific microbial
groups can be determined prior to the initiation of a biotreatment regime. Bioreclamation
processes that would require complete change in the resident microbial community would be
expensive to implement and likely to fail. They can also be used to monitor the status of a
microbial community through at treatment process.
Microbial Community Composition
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Polar lipid fatty acid profiles of dredged material from New York Harbor and Bartram Island
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Table 1
Most Probable Number (MPN), Heterotrophic Plate Count, and Polar Lipid Fatty
Acid Estimations of Microbial Cell Numbers in New York Harbor and Bartram
Island Dredged Materials
Heterotrophic Plate
Count
CFU/g

Most Probable
Number
MPN/ml

Polar Lipid Fatty
Acids
Cells/g

New York Harbor

9.28 x 105
1.18x105

>1.6x108

5.77 x10s

Bartram Island

9.24 x104
5.25 x104

>1.6x108

4.85 x108

Estimates of microbial biomass in an environmental sample vary because of the bias imposed by
the method chosen (Table l). Cultivation-based methods generally tend to underestimate total
biomass and overestimate those microorganisms that rapidly grow on the artificial media. In general,
estimates of microbial cell densities under 10 cells per gram dry weight of sediment indicate the
sediment does not support microbial communities very well.
Measuring Microbially Mediated Activities: From a functional point of view, it is probably
less important to have information on the biomass and community composition of dredged material
and more important to have information on the potential biochemical capability of a system to
degrade contaminants. The screening tests or assays outlined below are designed to estimate the
biochemical potential of the microbial communities in dredged material to degrade contaminants.
• Abatement of Contaminants - Perhaps the most intuitively direct means of determining
the potential of dredged material to biologically degrade a contaminant is to measure the
levels of the contaminant before and after treatment in a microcosm (Bartha and Pramer 1996)
designed to simulate pertinent aspects of a bioreclamation system (Figure 5). The Bligh and
Dyer (Bligh and Dyer 1959) extraction method can be used for analysis of PLFA and most
organic contaminants.
The dichloromethane extraction procedure used for polar lipid fatty acid (above) will
concomitantly yield hydrophobic contaminants. The dredged material from New York Harbor
contained polynuclear aromatic hydrocarbon (PAH) and polychlorinated biphenyl (PCB)
contamination (Figure 6), while contamination in the Bartram sediment was below the
detection limits. After 9 days of continually mixing the sediment slurries, the analyzable
levels of PAH often increase, particularly in those microcosms amended with mM amounts
of nitrogen in the form of NH4NO3 and phosphate in the form of K2HPO4. Similar trends
were seen for PCBs (data not shown). Physical erosion of paniculate aggregates affects
contaminant extraction efficiencies. Stimulation of microbial growth and/or activity often
results in the production of organic acids and/or biosurfactants resulting in a lowering of the
pH and an increase in the bioavailability of the contamination. When incubation times are
short (i.e., 9 days), net loss of extractable hydrophobic contaminants are often not realized
and sometimes show net increases in contaminant levels. Some indications of degradation
of some compounds can be seen. For example, the abundance of phenanthrene relative to
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Figure 5.

Biotreatability micocosm consisting of a 250-ml biometer flask confining 50 ml of a sediment
slurry (30 percent wet/vol) (The flask is placed on an orbital shaker to continually mix and
suspend solids. The same vessel can be used for radiorespirometry studies. In these studies,
approximately 800,000 cpm of the radio-labeled contaminant is mixed into the sediment slurry,
and 2 ml of 1 M KOH is placed in the side arm well to trap 14/-CO2)

total extractable PAH showed a decrease as a result of treatment (Figure 6Band 6C).
Phenanthrene is also the most easily biodegradable contaminant listed. When compared with
the other higher molecular weight PAHs, a consistent and specific loss of phenanthrene, as a
result of nutrient addition, became apparent. Similar results were obtained on the levels of
PCBs (data not shown). In summary, the most intuitively direct approach does not always
produce the clearest information.
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PAH Concentrations in Dredged Material, NYHv
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Organic contaminant profiles extracted from dredged material collected from New York Harbor
and Bartram Island
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Oxygen Consumption -Microbially mediated oxidation of organic contaminants that use
molecular oxygen as the terminal electron acceptor provides the most energy to the microbial
cell and thus the strongest selection pressure to favor the contaminant-degrading populations
(Anderson 1982). Measures of biological oxygen consumption give useful information on
the net aerobic metabolism of the sedimentary community.
The original rate of oxygen-dependent respiration in the Bartram sediment was very low, but
it was greatly stimulated by the addition of nitrogen and phosphorous (Figure 7). This
would indicate fertilization may be required to achieve acceptable kinetics of contaminant
degradation. In contrast, the New York Harbor sediment exhibited a rapid rate of oxygen
consumption that was not inhibited by formaldehyde. This was due to the high chemical
oxygen demand of these highly reduced sediments. Strongly reducing conditions are advantageous for the degradation (Bak and Widdel 1996) of highly halogenated contaminants
(Sulflita, Loundry, and Ulrich 1997; Shannon and Unterman 1993). These contaminants can
undergo reductive dehalogenation, and the resulting dehalogenated products can then undergo
aerobic degradation.
Radiorespirometry - l4C-labeled contaminants can be added to microcosms and used as
convenient tracers of the fate of the contaminant in the sediment (Marinucci and Bartha
1979). Radiochemical analyses provide rates of contaminant mineralization (from rates of
,4
C02 production), removal of the contaminant, and formation of intermediate degradation
products.
In the example shown, 14C-acetate was added to sediment soil slurries to determine a basal
rate on microbial metabolism (Figure 8). The two dredged materials showed different patterns
of microbial activity. The New York Harbor material showed a slight lag period in activity,
which was not apparent in the Bartram Island material. The New York Harbor material also
showed a slight enrichment rate of acetate mineralization because of phosphate addition,
whereas the Bartram Island material was stimulated by nitrogen addition. Neither nutrient
amendment resulted in a substantial increase in microbial activity (beyond that seen in the
controls). Slurries were comprised of 2 g of soil and 2 ml total volume of additives.
Radiorespirometry is well suited to the third phase of the proposed dredged material
evaluations in that fate of specific contaminants in specific biotreatment regimes can be
evaluated. It can be used concurrently with polar lipid fatty acid analyses and instrumental
measures of the abatement of contaminants. Working with radionuclides does however
require a license from the U.S. Nuclear Regulatory Commission.
Genetic Potential - The genetic makeup of a microbial population defines how that
population will react to and utilize contaminants and nutrients under certain environmental
conditions. By determining the presence and quantity of genes (Chamberlain and Chamberlain 1994; Knaebel and Crawford 1995) encoding enzymes involved in contaminant reduction
(Table 2), transformation or degradation, exposure effects, and the biodegradative potential
of the in situ community can be assessed. This is necessary to relate laboratory-derived data
(respirometry, oxygen utilization, plate counts) to the in situ community. Cultivation
techniques are simple and inexpensive, but examine only the 1 -10 percent of bacteria that are
cultivatable under current techniques. Direct extraction of DNA from environmental samples
bypasses this barrier to assess the in situ community.
Analysis of the New York Harbor and Bartram Island dredged material indicates that both
have significant populations of obligate anaerobes (Figures 9 and 10). Bartram Island had
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Removal of dissolved oxygen from 20 percent slurries of dredged material (Abiotic controls
were killed with formaldehyde. Nitrogen and phosphorus were the amendments)
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Production of 14C02 from 14C-acetate by microbial respiration in slurries of New York Harbor and
Bartram Island dredged material (Triplicate microcosms (2 g dredged material) were incubated
per treatment: K (killed control, 3 percent formalin), C (control, no additives),
N (nitrogen addition, 12.5 mM NH4NO3), P (phosphate addition, 10 mM K2HPO4)
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higher populations of Desiilfovibrio sp., Archeoglobulus sp., and atrazine-reducing bacteria.
In general, New York Harbor had a lower diversity of different genes, probably because of
stress from higher contaminant levels. These results also indicate that the in situ microbial
populations are in a very reduced environment as judged by the high density of reductase-type
enzymes. A population adapted to a reducing environment would facilitate reductive dehalogenation of PCBs as a remediation option.
Table 2
Analysis of Replicate Samples of Dredged Material by Multiplex PCR
Boston Harbor
minimum gene copy g"
sediment
Mercury reductase
Nitroreductase
Dissimilatory sulfite reductase 1 *
Dissimilatory sulfite reductase 2*
Catechol 2,3 dioxygenase
Atrazine reductase

New York Harbor
minimum gene copy g -1
sediment
2.0E+05
2.0E+05
1.3E+03
nd
2.0E+05
nd

7.3E+04
2.0E+05
1.6E+03
6.8E+03
1.4E+03
8.0E+02

Note: nd, none detected.
* Desulfovibrio sp., Archeoglobulus sp.

SUMMARY: Bioreclamation potentially affords practical means of handling large volumes of
lightly to moderately contaminated dredged material. If physical and chemical characterizations
(i.e., Winfield and Lee 1999) of dredged materials raise concerns about contamination, procedures
outlined in this technical note can be used to determine if the dredged material is or is not suitable
for bioreclamation. As discussed, a number of screening assays can be used to produce useful
information. Each assay has its shortcomings, and no one assay can be used to produce information
for judging bioreclamation potential unequivocally. It is preferable to base a judgment on a weight
of evidence. If the material is judged potentially suitable for bioreclamation, a second phase of
evaluations should be performed to identify which bioreclamation system is appropriate for the
particular dredged material.
POINTS OF CONTACT: For additional information, please contact the authors, Dr. Herb
Fredrickson (601-634-3716, fredrih@wes.army.mil), Dr. Doug Gunnison (601-634-3873,
gunnisd@wes.army.mil), Dr. Ed Perkins (601-634-2872, perkine@wes.army.mil), and Mr. Dave
Ringelberg (601-634-4673, ringeld@wes.army.mil), or the managers of the Dredging Operations
Environmental Research Program, Mr. E. Clark McNair (601-634-2070; mcnairc@wes.army.mil)
and Dr. Robert M. Engler (601-634-3624, englerr@wes.army.mil). This technical note should be
cited as follows:
Fredrickson, H., Gunnison, D., Perkins, E., and Ringelberg, D. (1999). "Screening assays
for assessing the bioreclamation of dredged materials," DOER Technical Note Collection
(TN DOER-C4), U.S. Army Engineer Research and Development Center, Vicksburg,
MS. www.wes.army.mil/el/dots/doer
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Figure 9.

DNA extracted from dredged material, purified, and serially diluted (Selected genes were
amplified using multiplex polymerase chain reaction. Dilution was used to estimate gene copy
number. L is a DNA size ladder (123 bp ladder, Sigma). B is a water blank. S is a genomic
standard with each of the target genes. The dilutions are indicated above the appropriate
lanes. Mer indicates the mercury reduction target genes merRP. 16S indicates position of the
target 16S ribosomal RNA gene. Nred indicates the target gene NAD(P)H nitroreductase)
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Figure 10. Multiplex PCR of Bartram Island dredged material samples (Analyses of three replicates are
shown. A dilution to extinction is used to estimate gene copy number. L is a DNA size ladder
(123 bp ladder, Sigma). S is a genomic standard with each of the target genes. The dilutions
are indicated above the appropriate lanes. 16S indicates position of the target 16S ribosomal
RNA gene. DsrB indicates position of the target gene dissimilatory sulfite reductase)

14

Technical Note DOER-C4
May 1999

REFERENCES
Alexander, M. (I98l). Biodegradation and bioreinecliotion. Academic Press, New York.
Anderson, J. P. E. (1982). "Soil respiration." Methods of soil analysis, Part 2. A. L. Page, R. H. Miller, and D. R.
Keeney, ed., Soil Science Society of America, Inc., Madison, WI, 831 -871.
Bak, F., and Widdel, F. (1996). "Anaerobic degradation of phenol and phenol derivatives by Desulfobacteriwn
phenolicum, a new species," Arch. Microhiol. 146, 177-180.
Barkay, T., Liebert, C, and Gillman, M. (1989). "Environmental significance of the potential for mer(Tn21 )-mediated
reduction of Hg + to Hg in natural waters," Appl. Environ. Microbiol. 55, 1196-1202.
Bartha, R., and Pramer, D. (1996). "Features of a flask and method for measuring the persistence and biological effects
of pesticides in soils," Soil Sei. 100, 68-70.
Bligh, E. G., and Dyer,W.M. (1959). "A rapid method of lipid extraction and purification," Can. J. Biochem. Physiol.
35,911-917.
Chamberlain, J. S.,and Chamberlain, J.R. (1994). "Optimization of mutliplex PCRs." Thepolymerase chain reaction.
K. B. Mullis, F. Ferre, and R. A. Gibbs, ed., Birkhauser, Boston.
Clesceri, A., Greenberg, A., and Rhodes, R., ed. (1989). Standard methods for the examiniation of waste and
wastewaster. 7th ed., American Public Health Association, Washington, DC.
Fiorenza, S., Duston, K. L., and Ward, C. H. (1991). "Decision making- is bioremediation a viable option," J. Hazard.
Mater. 28, 171-183.
Focht, D. D. (1994). "Microbiological procedures for biodegradation research." Methods of soil analysis, Part 2. R. W.
Weaver, S. Angle, P. Bottomley, D. Bezdicek, S. Smith, A. Tabatabai, and A. Wollum, ed., Soil Science Society
of America, Inc., Madison, WI, 407-425.
Harding, G. L. (1997). "Bioremediation and the dissimilatory reduction of metals." Manual of environrnetal
microbiology. C. J. Hurst, ed., ASM Press, Washington, DC.
Kiyohara, H., Nagao, K., and Yana, K. (1982). "Rapid screen for bacteria degrading water-insoluble, solid
hydrocarbons on agar plates," Appl. Environ. Microbiol. 43, 454-457.
Knaebel, D. B., and Crawford, R. L.
(1995). "Extraction and purification of microbial DNA from
petroleum-contaminated soils and detection of low numbers of toluene, octane and pesticide degraders by multiplex
polymerase chain reaction and southern analysis," Mol Ecol 4(5), 579-591
Loveley, D. R. (1993). "Dissimilatory metal reduction," Annu. Rev. Microbiol. Al, 263-290.
Madsen, E. L. (1996). "A critical analysis of methods for determining the composition and biogeochemical activities
of soil communities in situ." Soil biochemistry. Vol. 9, G. Stotzky and J.-M. Bollag, ed., Marcel Dekker, Inc., New
York.
Madsen, E. L. (1997). "Methods for determining biodegradability." Manual of environrnetal microbiology. C. J. Hurst,
ed., ASM Press, Washington, DC.
Madsen, E. L. (1998). "Theoretical and applied aspects of bioremediation: The influence of microbiological processes
on organic compounds in field sites." Techniques in microbial ecology. R. Burlage, ed., Oxford University Press.
Marinucci, A., and Bartha, R. (1979). "Apparatus for monitoring the mineralization of volatile l4C-labeled compounds,"
Appl. Environ. Microbiol. 38, 1020-1022.
McHale, A. P., and McHale, S. (1994). "Microbial biosorption of metals: Potential in the treatment of metal pollution,"
Biotechnol, Adv. 12,647-652.
National Research Council. (1997). "Contaminated sediments in ports and waterways - Cleanup strategies and
technologies," Committee on Contaminated Marine Sediments, Marine Board, Commission on Engineering and
Technical Systems, National Research Council, National Academy of Sciences.

15

Technical Note DOER-C4
May 1999
Norris, R. D., Hinchee. R. E.. Brown, R., McCarthy, P. L. Semprini, L., Wilson, J. T„ Kampbcll, G. G., Reinhard, M.,
Bouer, D. J., Borden. R. C., Vogel, T. M., Thomas, J. M„ and Ward, C. H. (1994). Handbook ofbioremediaton.
Lewis Publishers, Inc., Boca Ralon, FL.
Phclps, T. J., Ringelberg, D., Hendrick. D., Davis, J., Fleirmans, C., and While, D. C. (1988). "Microbial biomass and
activities associated with subsurface environments contaminated with chlorinated hydrocarbons,"
Geomicrobiology J. 6, 157-170.
Ringelberg, D. B., Davis, J. B., Smith, G. A., Pfiff'ncr, S. M., Nichols, P. D., Nickels, J. S„ Hensen, M. J., Wilson, J.
Y, Yates, M., Kampbell, D. H., Read, H. W., Stocksdale, T. T., and White, D. C. (1989). "Validation of signature
polar lipid fatty acid biomarkers for alkane-utilizing bacteria in soils and subsurface aquifer materials," FEMS
Microbiology Ecology 62, 39-50.
Ryan, J. R., Loehr, R. C., and Rucker, E. (1991). "Bioremediation of organic contaminated soils," J. Hazard. Mater.
28, 159-169.
Shannon, M. J. R.,and Unterman, R. (1993). "Evaluating bioremediation: Distinguishing fact from fiction," Annu. Rev.
Microbiol. Al, 715-738.
Smith, G. A., Nickels, J. S., Kerger, B. D., Davis, J. D., Collins, S. P., Wilson, J. T., McKnabb, J. F., and White, D. C.
(1986). "Quantitative characterization of microbial biomass and community structure in subsurface material: A
prokaryotic consortium responsive to organic contamination," Can. J. Microbiol. 32, 104-111.
Sulflita, J. M., Loundry, K. L., and Ulrich, G. A. (1997). "Determination of anaerobic biodegradation activity." Manual
of environmental microbiology. C. J. Hurst, ed., ASM Press, Washington, DC.
Summers, A. O. (1992). "The hard stuff: Metals in bioremediation," Curr. Opin. Biotechnol. 3, 271-276.
Tiedje, J. M. (1993). "Bioremediation from an ecological perspective." In situ bioremediation: When does it work?
National Research Council, ed., National Academy Press, Washington, DC, 110-120.
U.S. Army Corps of Engineers and U.S. Environmental Protection Agency. (1991). "Evaluation of dredged material
proposed for ocean disposal," Contract No. 68-C8-0105, Washington, DC.
Vestal, J. R., and White, D. C. (1989). "Lipid analysis in microbial ecology: Quantitative approaches to the study of
microbial communities," BioScience 39(8), 535-541.
White, D. C, Ringelberg, D., Macnaughton, S., Alugupalli, S., and Schräm, D. (1997a). "Signature lipid biomarker
analysis for quantitative assessment in situ of environmental microbial ecology." Molecular markers in
environmental geochemistry. R. P. Eganhouse, ed., ACS Symposium Series No. 671, American Chemical Society,
Inc.
White, D. C, Leung, K., Macnaughton, S. J., Flemming, C, Wimpee, M., and Davis, G. (1997b). "Lipid/DNA
biomarker analysis for assessment of in situ bioremediation effectiveness." In situ and on-site bioremediation.
Volume 5, B. C. Alleman and A. Leeson, ed., Batteile Press, Columbus, OH, 319-324.
Winfield, L. E., and Lee, C. R. (1999). "Dredged material characterization tests for beneficial use suitability," DOER
Technical Notes Collection (TN DOER-C2), U.S. Army Engineer Research and Development Center, Vicksburg,
MS. www.wes.a rmy. mil/el/dots/doer/

16

