Journal of Industrial Microbiology & Biotechnology (1997) 18, 131-139

Use of hopane as a conservative biomarker for monitoring the
bioremediation effectiveness of crude oil contaminating a
sandy beach
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Much of the variability inherent in crude oil bioremediation field studies can be eliminated by normalizing analyte
concentrations to the concentration of a nonbiodegradable biomarker such as hopane. This was demonstrated with
data from a field study in which crude oil was intentionally released onto experimental plots on the Delaware shore-
line. Five independent replicates of three treatments were examined: no nutrient addition, addition of inorganic
mineral nutrients alone, and nutrient addition plus indigenous oil-degrading microorganisms from the site. Samples
collected biweekly were analyzed for the Most Probable Numbers (MPNs) of alkane and aromatic degraders and oil
component analysis by GC/MS. The data were normalized to either the mass of sand that was extracted or to the
concentration of hopane that was measured. Hopane normalization enabled detection of significant treatment differ-
ences in hydrocarbon biodegradation that were not detected when the data were normalized to sand mass. First-
order loss rates for the hopane-normalized data were lower than those for the sand-normalized data because hopane
normalization accounts only for loss due to biodegradation whereas sand normalization includes all loss mech-
anisms. Plots amended with nutrients alone and nutrients plus the inoculum showed enhanced removal of hydro-
carbons compared to unamended control plots. However, no differences were detected between the nutrient-
amended plots and the nutrient/inoculum-amended plots.
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Introduction attack. The normal alkanes and low molecular weight aro-
atics are usually the most sensitive, followed by the
g]ranched alkanes, multi-ringed and alkyl-substituted aro-
@atics, cyclic alkanes, and finally the polars and asphalt-
es [5,10,13,16]. These differences in biodegradability

When beaches are contaminated by nearshore marine
spills, the complex dynamics of sand and oil movement du
to the influences of tides, waves, and weather confound
objective assessments of subsequent cleanup actions. . )
Observations made in previous spill incidences showed thataVe been used to help assess the extent of biodegradation
beached crude oil usually is stranded in the upper third of Cil-contaminated environments. ,
the intertidal zone [14,15]. With time, some oil is washed FOr years, researchers have relied on the decrease in the
away, some ebbs and flows with the tides resulting in botiatio of normal to branched alkanes, specifically tHeep-
physical losses and reoiling, and some gets redistributetpdecanert-C,,)/pristane and-octadecaner¢C,g¢)/phytane
laterally along the beach according to the forces of longJatios [1-3,12]. Recently, however, the latter ratios have
shore currents. Because of these complex dynamics, esfiot proven dependable in the field, as the branched alkanes
mating the extent of oil loss during the course of an oil spill Sometimes decline at rates approaching those of the normal
bioremediation experiment due solely to the bioremediatiorflkanes [4,18,19]. As a result, attention turned to the use
activity is a scientific challenge. of hopanes as the biomarker of choice for assessing the
Crude oil is composed of a myriad of chemical com-degree of temporal loss of hydrocarbons due to biodegrad-
pounds of varying molecular weight and structure. Mostation [4,7]. Hopanes are polycyclic saturated ring com-
researchers agree that the majority of compounds fall intpounds (pentacyclic triterpanes) that are structurally similar
several primary fractions depending on their physical ando steroids and found in all crude oils. They are highly
chemical properties, including the alkanes (nhormal, resistant to biodegradation [17,20]. Because of this innate
branched, and cyclic), the aromatics (monocyclic andresistance to biological attack, the hopanes are an excellent
polycyclic), and polar compounds (resins; nitrogen-, sulf-biomarker against which all other biodegradable analytes
ur-, and oxygen-heterocyclics; and asphaltenes) [11,18kan be normalized. The purpose of this paper is to present
These fractions differ in their susceptibility to biological evidence to support the utility of hopanes, specifically-C
17a(H),218(H)-hopane, as the biomarker of choice for
assessing hydrocarbon biodegradation in the field. Data
Correspondence: Dr AD Venosa, US Environmental Protection Agencyyyere obtained from a field study conducted in the summer
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132 Materials and methods time from the other by 1 week. The drums contained 170 L

Experimental design of seawater from Delaware Bay, the weathered Bonny

A randomized complete block design was used in the setup!ght crude oil (600 mi), and the same nutrients used on the
of the field plots. Five 60-m lengths of beach were marke each. The original culture consisted of a mixed consortium

off, each accommodating four experimental units or testSolated from the same beach several months prior to the
plots. Three treatments were tested on &8 oiled €xPerimentand grown in the laboratory on the same Bonny
plots (the shorter dimension parallel to the shoreline): a nokight crude oil. The number of alkane and jlromatlc
nutrient addition control, addition of water-soluble nutri- 9€graders r_rleasured in the drums werex\1% mI™* and
ents, and addition of water-soluble nutrients supplemented-2* 10° mI™, respectively. The oil in the drums became
with a natural microbial inoculum from the site. A fourth emulsified within 1 day following each inoculation, signify-
treatment, an unoiled and untreated plot, served as a backd the presence of actively-metabolizing cultures.
ground microbial population control. The four plots in each
block were separated from each other by a 10-m buffenjicrobiological analysis
zone to mitigate transfer of amendments from one plot tasSediment subsamples from each sector of each plot were
another. The four treatments were randomized in each gflaced in Whirlpak bags, brought under ice to the on-site
the five blocks. Each plot was divided into four equal hori-mobile laboratory trailer, and immediately processed for
zontal sectors to evaluate the effect of position within theMPN analysis of alkane- and PAH-degrading bacteria [24].
intertidal zone. The top of each plot was positioned at theapproximately 10 g wet weight (exact weight was recorded
same elevation, measured relative to benchmarks (fencgter weighing on a top-loading balance) was placed in a
posts) placed on the high dune area, so that all plots woulgilution bottle containing 90 ml of sterile detachment sol-
experience the same levels of submersion and exposurgtion (1 g L* disodium pyrophosphate and 20 g}INaCl)
Three steel fence posts were driven in the middle of eacland shaken for 1 h at 300 rpm. The samples were then
plot on a line bisecting the longitudinal axis of the plot. placed onto a Beckman Biomek 1000 Laboratory Work-
These were used to monitor the change in beach topograpRyation for automated serial 10-fold dilutions in 96-well
with time (by measuring the distance from the tops of themjcrotiter MPN plates. The growth medium was Bushnell—
posts to the sand surface) as tide and wave action causefhas salts [6] supplemented with 2% sodium chloride. The
erosion and accretion of the sand within the plots. Slickcarbon source for alkane degraders was hexadecane
bar™ containment booms were placed around the plots tg2 ul well™), and for aromatic degraders it was a mixture
contain the oiled sand within the plots and minimize edgeof phenanthrene (12g welll), anthracene (g well?),
effects [14]. Oil was applied on 1 July 1994, and the experifluorene (1ug well?), and dibenzothiophene (g well™?).
ment began 4 days later (defined as day 0). Details of thpositive wells were scored by observing the pink to red
b|9Ck layout, nutrient and oil application methods, and samcolor formed by the formazan precipitate following
pling procedures used are reported elsewhere [23].  addition of iodonitrotetrazolium violet to the alkane plates
Mineral  nutrients  (sodium nitrate and sodium and the yellow color resulting from the intermediate com-
tripolyphosphate) were dissolved in seawater and appliegounds formed by the cleavage of the aromatic ring struc-

daily via a sprinkler system to maintain a threshold leveltyre of the substrate PAHs in the aromatic plates [24].
of nitrogen (approximately 1.5 mg nitrate-Ninterstitial

pore water) [22] that would support maximal biodegrad- .

ation activity at all times. The nutrients added to each of thechemical analyses _

10 designated reservoirs consisted of 2 kg technical gragead samples from the field were collected every 14 days
NaNO, (330 g nitrogen) and 128 g NB,O.o Although we and .sh[pped. frozen on dry ice to the US EPA laboratory
achieved several-fold higher levels than that on thd" Cincinnati, OH for processing. Either 100 or 500 g of

untreated plots, the natural levels of nitrate due to agricuiS@nd _was mixed with an equal volume of anhydrous
tural runoff on the Delaware Bay shoreline were highN&SQs This mixture was extracted by sonicating it three
enough (average 0.82 mg?).to sustain a significant intrin- imes for 10 min each with 150 or 450 ml of dichlorome-
sic rate of biodegradation [23]. Once a week, 30 L of athane (DCM), respectively. This extract was poured
suspended mixed population of hydrocarbon-degradingfough a funnel packed with anhydrous -8@), into a
bacteria was also added to the inoculum plots (see below ared round bottom flask. The extract was then concentrated

For the no-nutrient control plots, only seawater was applied® dryness using a rotary evaporator. The flask was
through the sprinkler system. Bonny light crude oil, pre_rewe|ghed to determine _the total DCI\_/I-extractabIe organic
viously weathered by aeration for 2 days, was applied ofnaterial (EOM). The residue was redissolved in DCM and
1 July 1994, at the rate of 136 L per plot, resulting in adiluted to a specific volume based on the amount of oil

calculated crude oil contamination level of approximatelyPresent. The final DCM extract was then solvent-exchanged
5gkg? sand (assuming a penetration depth of approxi-.to, hexane' A 1.041 aliquot of the hexa'ne extract was
mately 30 cm). injected into a Hewl_ett-Packard 5890 Series Il gas chroma-
tograph equipped with an HP 5971A Mass Selective Detec-
Inoculum preparation tor (MSD). The MSD was operated in the selected ion
The indigenous inoculum was grown for 2 weeks in two  monitoring (SIM) mode for quantifying specific saturated
210-L stainless steel drums and aerated vigorously by aydrocarbons, polynuclear aromatic hydrocarbons (PAHS),
diffuser attached to an air pump. To allow weekly inocu-  and sulfur heterocyclic constituents. Operating conditions

lation with fresh 2-week cultures, each drum was offset inof the GC/MS instrument have been described [23]. Nitrate
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was analyzed by the cadmium reduction method using an elevation giving rise to higher hopane concentrations. ‘ms

autoanalyzer [21]. suggested that either the churning action of breaking waves
carried oiled sand from the lower intertidal zone to the
Statistical analysis upper zone or more physical washout of oil occurred in the

Since the plots were remeasured at prespecified sampling lower intertidal zone

times during the course of the investigation, repeated meas-

ures analysis of variance (RMANOVA) [9] was used to Hydrocarbon degraders

analyze the response variables (MPN and oil analytes)Three assumptions have been made in support of the
When the RMANOVA indicated significant differences  microbiological analysis: (1) hopane does not biodegrade

(P < 0.05), univariate ANOVAs were run on data at each(at least during the 14 weeks of the field trial); (2) the con-

time point. Where significant differences were indicated at centration of hopane is representative of the fraction of the

a specific time pointR < 0.05), protected least significant original oil remaining at any given time; and (3) biodegrad-
difference (LSD) mean separations were used to assess  ation of oil absorbed to sand particles requires adherence
treatment differences. Nonlinear regression analysis wasf degrading microorganisms to the oiled sand surface. If

used to estimate the first order rate of oil degradation for  these three assumptions are true, then normalizing oil
each of the three treatments. An F-test was conducted tdegrader numbers to hopane might provide a better rep-
compare each pair of intercept and slope coefficients stat- resentation of the temporal changes that occur in actively
istically as opposed to simply computing confidence inter-degrading populations on oiled beach sands rather than the

vals for each parameter and comparing the end points of  conventional way of reporting numbers in terms of density
the confidence intervals to assess significant differences. per unit dry weight of beach material. Figures 2 and 3 sum-
marize the MPN data for alkane- and aromatic-degraders,
respectively, for all sampling events. Both figures present

the data in two different ways: (1) leggMPN g dry weight

Physical movement of oil of beach sand (Figures 2a and 3a); and (2)Jd$N mg*

As erosion and accretion of the beach substrate occurred hopane (Figures 2b and 3b).

within the plots due to wave action, we attempted to find Figure 2a shows that alkane degraders started out at high

a correlation between changes in beach topography with the numbé@ ¢ sand), which progressively decreased

oil levels in the sand (as represented by the concentration afver time. Linear regression analysis of the data indicated
hopane). Figure 1 summarizes hopane concentrations after
28 days in each of the four plot sectors as a function of
the measured differences in sand elevation relative to da

0. Also shown in the figure for reference purposes is the 7
overall average concentration of hopane measured at day g
(horizontal dotted line). Although the scatter in Figure 1 isg 8
quite wide, the general trends indicate a correlation betwee 2 s
the hopane concentration and changes in the elevation (’
the surface of the beach. When the change in elevation weS “{
negative (signifying loss of sand from the area), the hopan z z 3k
concentrations were generally lower. The opposite was tru E
when accretion of sand took place, ie positive changes il c» 2j

Results
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Figure 1 Correlation between the concentrations of hopane at day 28
and the differences in beach elevation relative to day 0. Greek letters alphd&igure 2 Most Probable Number estimates of alkane degraders per (a)
beta, gamma, and delta refer to the four equal subdivisions of the plotg dry weight sand and (b) mg hopane. Error bars represgérgtandard
ranging from landward to seaward, respectively. deviation unit.
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@ malized and the hopane-normalized data, the slopes of all
71 : three best-fit lines were significantly different from 0 (the

- sand-normalized slopes were approximately 2 to 2.5-fold
higher than the hopane-normalized slopes). Three expla-
nations could account for the fact that the hopane-nor-
malized MPNs for aromatic-degraders declined slightly
while the MPNs for alkane-degraders remained the same:
(1) the more readily degradable and more water-soluble
PAH fraction decreased (either through washout, biodeg-
radation, or a combination of both) enough to cause a drop
in the total PAH-degrader population numbers; (2) the
microorganisms responsible for metabolizing the PAHs
might have been slightly more subject to physical washout;
or (3) the death rate or maintenance requirements were
higher for PAH-degraders, possibly due to the toxicity of
the PAHSs or their metabolic products. From the data shown
we cannot distinguish among the three putative microbial
loss mechanisms nor suggest which is the most important.

log,, MPN/g dry weight sand

Fate of total target analytes
The total target alkanes are defined as the sum of all alkane

log,, MPN/mg hopane

8~ control analytes measured by GC/MS, ranging fran€,, to n-Css
2 —+— nutrients plus pristane and phytane. The total target aromatics are
1 = inoculum the sum of all groups of PAHs and sulfur heterocyclics

0 PR S i L I 1 [ L1 N SR | " 1 s i

0 10 20 30 40 50 60 70 80 90 100

time, days

analyzable by GC/MS and their alkyl-substituted homo-
logues. Figure 4a summarizes the first-order decline in total

700

Figure 3 Most Probable Number estimates of alkane degraders per (@8 gqq
g dry weight sand and (b) mg hopane. Error bars represgrgtandard

deviation unit.
500

that, in all three cases, the slopes of the best-fit lines wer
significantly different from 0. However, no statistically sig-
nificant differences among the treatments were detectec
although the alkane degraders in the control plots wert

KANES/kg dry wt. san

always about 0.5 orders of magnitude lower than the nutri 5 200

ent-treated plots. The active bacterial population reache g,

their maximum field capacity early and decreased slowly € 100;

as the total amount of available hydrocarbon substrat

declined. 200 [—

In Figure 2b, where the alkane degraders are normalize
to hopane, the numbers remained fairly constant over th
14-week experimental period. Linear regression of the dat: 2
revealed that the slopes of the best-fit lines were not sig &
nificantly different from zero. Again, no differences were <
evident among the three treatments. The reason for th €

apparent lack of significant microbial decline was that the §} 100 i

actual decline in alkane degraders correlated with theZ
decline in the hopane (and thus the oil) due to tide ancx
wave action. The hopane half-life was about 28 days [23] < 50
Changes in aromatic degraders are depicted in Figure = &
and b. Both panels show a three-order of magnitude
increase within the first 2 weeks. Following that, the num-

ber of aromatic degraders’gsand progressively declined 0 -

almost two orders of magnitude below their peak
(Figure 3a), whereas the hopane-normalized MPN:
declined to a far lesser extent (about a half order of

400 |

300 |

@ 150F
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Figure 4 First-order decline in (a) mg total alkanes kgry weight sand

magnitUde)- Linear regression analysis of the data from thgng (b) ng total alkanes righopane. Error bars represest standard
highest MPN value revealed that, for both the sand-nordeviation unit.
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alkanes kgt dry weight sand, while Figure 4b depicts the  while significant treatment effects were observed at da§/3s5
same decline normalized to hopane. The RMANOVA56 and 98 for the hopane-normalized data. These differ-
revealed no statistically significant differences among the  ences were due to the treated plots giving rise to lower
three treatments at any sampling event for the sand-nomeans than the nonamended control plots, although at day
malized data, whereas highly significant treatment differ- 98, the nutrient plot means were significantly lower than
ences were detected in the hopane-normalized data at dageth the control plots and the inoculum plots. No significant
14, 28, and 56 with near significancés< 0.10) indicated  differences were detected between the hopane-normalized
at days 42 and 98. Examining the results from the Protectedutrient-treated plots and the inoculum-treated plots at any
LSD mean separation tests (summary data not shown), the  other sampling event. Results from the nonlinear regression
differences at days 14, 28 and 56 were ascribed to thanalysis were the same as for the alkane data: rate coef-
treated plots (nutrients and inoculum) giving lower means ficients for the hopane-normalized amended plots were sig-
than the nonamended control plots. No differences betweenificantly different from the unamended plots whereas no
nutrient-treated plots and inoculum-treated plots were  differences were detected among the sand-normalized treat-
detected. The nonlinear regression analysis of the hopaneents.
normalized data revealed that tiieéntercepts of the three The most plausible explanation for the above obser-
treatments were not significantly different but the first-ordervations is that the sand-normalized data were more variable
rate coefficients were. Both the alkane and the aromatic than the hopane-normalized data, the high variability mask-
biodegradation rates in the nutrient- and inoculum-treatedng whatever differences might have existed among treat-
plots were significantly greater than the control. No differ- ~ ments. This can be seen graphically by plotting the coef-
ences in the rate coefficients were detected in the sandicients of variation (CV) for the two normalization
normalized data. methods. The CVs were calculated by dividing the root
The same first-order declines in the aromatic fraction ofmean square error (root MSE) at each sampling event by
the oil are shown in Figure 5a and b. The RMANOVA for  the means of all the data. The root MSE is the error that
the data presented in terms of mass per kg sand indicateémains after removing the contributions of block and treat-
no statistically significant treatment differences at any time, ment effects to the variability of the response variable. The
CV should vary randomly during the course of an experi-

70 ment. .
@ Figure 6a and b summarizes the CVs for the total alkanes
60 O control and total aromatics, respectively, as a function of time for
A nutrients both the sand-normalized and the hopane-normalized data.

The CV for the hopane-normalized data was relatively
stable; however, the CV for the sand-normalized data
increased systematically with time, suggesting that at each
sampling event the variance and means were not inde-
pendent, which indicates that the data do not follow a nor-
mal distribution. Thus, normalizing analytes to hopane pro-
duces not only field data that better satisfy the statistical
assumptions necessary to use in the ANOVA but also lower
variability that facilitates detection of treatment differences.

The first-order rate coefficients for the two sets of data
are summarized in Table 1. These rate coefficients were
computed by nonlinear regression analysis of all the data
(ie 5 replicates/treatmemt8 sampling events). In all cases,
the rate coefficients for the hopane-normalized data were
141 lower than for the sand-normalized data because the latter

[ include losses of hydrocarbons due to both physical and
biodegradative processes, whereas the hopane-normalized
1ok losses were assumed to be due only to biodegradation. Note

- also the higher first-order rates for the treated plots com-
8T pared to the control plots.

50 inoculum
sk
30“”
201

10

mg AROMATICS/kg dry wt. sand

12

T Individual analytes

at A more graphic and definitive demonstration of the effect
1 of hopane normalization on oil constituent biodegradation

I = occurs when indivudal analytes representing the various

ol T analyzable fractions of crude oil are plotted as a function

© 10 20 30 40 S0 60 70 8 90 100 ot hopane at separate sampling times. Figures 7-9 were
time, days constructed to illustrate this relationship.

Figure 5 First-order decline in (a) mg total aromaticskglry weight Flgurg 7a, b, and c depicts phyyane anGss pIo_tted as

sand and (b) ng total aromatics diopane. Error bars represert stan- @ function of hopane at three different sampling events

dard deviation unit. (days 0, 56, and 98, respectively). These analytes were

ng AROMATICS/ng hopane
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Figure 6 Change in coefficient of variation as a function of time for (a)
total alkanes and (b) total aromatics.

Table 1 First-order rate coefficients (day for the sand-normalized and

°

hopane-normalized data g

2

Treatment Alkanes Aromatics g

£

Sand Hopane Sand Hopane H

-
Control -0.038 -0.026 -0.035 -0.021
Nutrients -0.060 -0.056 -0.047 -0.031
Inoculum -0.061 -0.045 -0.042 -0.026

0.0 0.5 1.0 1.5
hopane, mg/kg sand

selected because they biodegraded more slowly than thegure 7 Correlation between phytane aneCsswith hopane at (a) day

lower molecular weight normal alkanes. The figures depicf. (b) day 56, and (c) day 98. The regression lines in (b) and (c) are
both the physical variation in undegraded analytes as th@$ﬁ?ted from (a) to give proper perspective to the changes that occurred
hopane concentration varied due to physical effects of 1 Hme:

washout as well as the biodegradative losses that occurred

over time. Open symbols represent the data from the  the data clearly diverged from the day-0 best fit line. Most
unamended control plots, while closed symbols are the dataf the data that still fit the day-0 relationship were from

from the nutrient- and inoculum-treated plots. At day O  the control plots, while much of the data from plots that
(Figure 7a), not much biodegradation had occurred, so alleceived nutrients and/or inoculum were clearly below the

the measured data fit well on the linear regression curve. day-0 best fit line. Note that the maximum hopane concen-
Hopane ranged in concentration from approximately 0.3 tdration had dropped to less than 4 mgkgand. At day 98

over 7 mg kg* sand. At day 56 (Figure 7b), with the day- (Figure 7c¢), most of the data fell below the day-0 best fit

0 linear regression line repeated from Figure 7a, some dine, approaching the&-axis (undetectable concentrations).
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Figure 9 Correlation between £pyrene and gchrysene with hopane
Figure 8 Correlation between fluorene and Gphenanthrene with at (a) day O, (b) day 56, and (c) day 98. The regression lines in (b) and
hopane at (a) day 0, (b) day 56, and (c) day 98. The regression lines ifc) are repeated from (a) to give proper perspective to the changes that
(b) and (c) are repeated from (a) to give proper perspective to the changexcurred with time.
that occurred with time.

Figures 8 and 9 depict results for two alkylated three-ring
The phytane data that still appear on the day-0 regressioRAHs (C,-fluorene and ¢phenanthrene) and two alkylated
line were mostly from the control plots. Most of the data  four-ring PAHs@rene and Gchrysene), respectively.
for n-C,5 were below the day-0 regression line, althoughThe data for these compounds behaved similarly to the data
those that were nearer were from the control plots. Note for phytanenadg from Figure 7. As time went on,
that the maximum hopane concentration was onlymore data diverged from the day-O best fit line and
1.5mg kg? sand, reflecting the approximate 75-90%  approached-theas, signifying that biodegradation took
physical washout that had occurred by the end of theplace. The data that diverged most slowly were typically
experiment. from the control plots.
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Discussion such as washout from tidal and wave action. Highly vari-
able data force the investigator to incorporate numerous

The significance of the bioremediation findings from thisreplicates in an experimental design to enable detection of
study and the first-order rate coefficients computed from  treatment differences. For example, for hopane-normalized
nonlinear regressions of the individual analytes with timetotal alkanes, the observed difference between nutrient-
have been discussed elsewhere [23]. The purpose of this  treated plots and control plots at day 56 was 2.75 standard
paper was to present evidence that normalization of petdeviation units. This calculation was made by dividing the
roleum components measured by GC/MS to the nonbiodeg-  differences in means at day 56 by the root MSE. This dif-
radable biomarker £-17«(H),218(H)-hopane mitigates ference was detectable with five replicates of each treat-
much of the variability encountered when conducting field ment. The same calculation for the sand-normalized data
studies of oil spill bioremediation. Even normalizing at day 56 resulted in only a 1.25 standard deviation unit
microbial MPN estimates to hopane might help explain  difference. For differences in means to have been statisti-
subtle differences in the various types of degrading popueally significant at the same level of confidence, the requi-
lations actively metabolizing the biodegradable fractions. site number of replicate plots per treatment would have had
In the latter case, it should be pointed out that dividing theto increase to 14, which is almost three times as many plots
population numbers by hopane only serves to associate the  as were needed for the hopane-normalized data. When
putatively-active oil degraders with the undegraded oil anduture oil spill bioremediation studies are conducted, bio-
as such does not necessarily result in more accurate reflec-  marker normalization of oil chemistry data will substan-
tions of population changes. The reason for this is simplytially mitigate error variability, thereby enabling much
that oil degraders actively metabolizing the hydrocarbons more useful information to be generated with fewer repli-
sorbed to the sand particles may not reflect the entire popleate plots and thus at substantially reduced cost. Without
lation of oil degraders present in the surrounding environ- use of an ‘internal standard’ such as hopane, bioremediation
ment, such as those that exist naturally in the sediment anassessment will always be a complex and formidable task.
in the seawater. Data from this study suggest but do not
prove that either alkane degraders might adhere to the oileficknowledgements
sand better than PAH degraders or that loss of the more ) ) ,
readily degradable PAH compounds might cause a greaté’Ne appreciate the abI.e collaboratlon and f|eld.and labora-
loss in the PAH-degrader numbers over time. More explicit{ory expertise of Kevin L Strohmeier of Environmental
independent supporting evidence needs to be obtained ttechnologies and Solutions, Inc, John R Haines of EPA-
enable a more definitive interpretation. NRMRL, and B Loye Eberhart and Edith Holder of the

Another advantage of monitoring hopane when con-University of Cincinnati. We acknowledge the support and
ducting oil spill bioremediation field studies is that it can cooperation of Bennett Anderson of the Delaware Depart-
be used to measure beach substrate distribution. Figureent of Natural Resources and Environmental Control. We
demonstrated that early in the investigation the oiled sand'e grateful to the field crew for their efforts in conducting
was redistributed by wave and tidal action closer to theéhe daily operations of the study. They were Martin De La
upper intertidal zone. As time progressed, however, thé&arza and John Knopp, New Mexico State University;
trend disappeared (data not shown). The reasons includéd@nk Vilar, Florida International University; Jonathon O
not only physical washout of the oil (despite the presenceharpe, Princeton University; John Darcy, Pennsylvania
of containment booms) but also mixing and dilution of State University; and Gregory Wilson and Ben Johnston,
oiled sand with unoiled sand, especially during storm{niversity of Cincinnati. We thank the Marine Spill
events, which occurred several times during the experiResponse Corporation for providing the containment booms
mental period. for the beach plots and the Sun Oil Company for contribu-

Use of hopane as a biomarker for assessing biodegra&ng the crude oil. We aCknOWledge.the able assistance of
ation in the field is relatively new. Perhaps the most promi-Gail Thomas of EPA's Office of Solid Waste and Emerg-
nent example of its successful use was provided by Brag§"cy Response in facilitating the permit application. We
et al[4] and Butleret al [7] in the case of th&xxon Valdez are also deeply grateful for the cooperation and generosity
spill in 1989 and 1990. Hopane was used as a biomarker iff Mr and Mrs Frank Draper, who owned and contributed
these studies because th,,/pristane anch-C,gphytane the parcel of land on Fowler Beach _Where the study was
ratios were inadequate for that purpose due to the substagonducted, Mr and Mrs Bruce Blessing upon whose pro-
tial biodegradation rates of the branched alkanes [19]P€rty we set up our results trailers, and Joseph O Penuel,
When evaluating bioremediation of refined oil productsWho owned the parcel of beach property providing access
such as diesel fuel, heating oil, etc, which do not contairf©® the Draper site.
hopane, use of alkylated multi-ringed PAHs (eg-C
chrysene) can be used, at least for a moderate period ®feferences
time [8] For pr0|0n96d t'r_ne pe_”0d3' dlterpan_es [17] €an 1 agas RM. 1981. Microbial degradation of petroleum hydrocarbons:
be used successfully as field biomarkers in diesel fuel for an environmental perspective. Microbiol Rev 45: 180—209.
bioremediation assessment [G Douglas, Arthur D Little Co, 2 Blumer M and J Sass. 1972. Oil pollution: persistence and degradation
Boston, MA, USA, personal communication]. 3 (I;fose‘?lime%gjell\/gI.StSeCiir?r?aCL?e?g:Rllerg;rlﬁlz?;z.Fowler B Humphrey, DL

In general, biomarkers r,e“(,eve ,Some of the ya”ab_lllty that Fiest and WJ Cretney. 19871 Comparati\}e fate of c’hemicall)rl) dis)p/)’ersed
results from the uneven distribution of the spilled oil or the  and beached crude oil in subtidal sediments of the arctic nearshore.
physical factors that cause loss and redistribution of oil, Arctic 40: 133-148.
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