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Decreases in energy charge reported here after short-term exposure
to BA are consistent with other studies showing decreasses in energy with

sublethal stress such as exposure to nickel in Mytilus edulis (Zaroogian

et al., 1982), stress due to filtration of algal cultures (Jewson and
Dokulil, 1982), changes in metabolism during temperature acclimation imn
trout (Walesby and Johnston, 1980), anoxia in Spartina alterniflora roots
{(Mendelson, 1981), exposure in Fundulus grandis to low pH water
{(MacFarlane, 1981), anoxia in sea anemones (Ellingtom, 1981), tubificid

worms (Schottler, 1978), and Arenicola marina (Surholt, 1977). Adenylate

nucleotide ratios have also been implicated in regulation of glutamate
dehydrogenase activity in brackish water clams {Matsushima and Kado,
1983). However, a similar number of studies have reported no comsistent
change in energy charge in response to temperature adaptation in sea
anemones (Walsh and Somero, 1981), in response to zinc in lobster (Haya
et al., 1983), in isopods rendered moribund by exposure to toluene
(Skjoldal and Bakke, 1978), temperature stress on diatoms (Falkowski,
1977), and after starvation in crayfish (Dickson and Giesy, 1982). Since
very different wmethods were used to analyze nucleotides in these experi-
ments it is difficult to compare these results as various methods are
better suited for different organisms (Karl and Holm-Hansen, 1978).
Based on these results the general applicabilify of energy change is
gsomewhat limited and probably very species and process dependent.

The results of this present study support the use of adenylate
nucleotide ratios as a relative index of metabolic perturbation only when
comparing groups in carefully controled laboratory exposures, The re-

sults also suggest that this measurement can be useful in signalling
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changes in the metabolic potenfial of an organism before effects are
noticed at the whole animal level. Oxygen consumption and ammonia pro-

ductiorn rates measured here on Nereis virens exposed to BA were highly

variable, and were only significantly different from controls in the
longer—term experiment with sediment-sorbed BA where a significant in-
crease in oxygen consumption, a time dependent increase in ammonia pro-
duction, and a decrease in the O/N ratio were observed., Similar observa-
tions have been reported for oxygen consumption and ammonia excretiom in
larval lobsters exposed to oil/water dispersions of crude oil (Capuzzo et
al.,, 1984), These results indicate that after prolonged exposure to BA,
Nereis expended more energy maintaining basal metabolism, and showed an
increased reliance on protein reserves than control worms.

Significant differences were not observed in growth rate in these
experiments. However, it is likely that the trend observed for increased
weight loss in exposed animals would have become significant with time.
Carr and Neff {1984) reported significant differences between glycogen
content of Nereis virems collected from petroleum contaminated and con-
trol environments in Maine. They found similar results in laboratory
experiments in response to starvation or long term exposure to penta-
chlorophenol (Carr and Neff, 1981),

The variability in oxygen consumption 1ates; and ammonia excretion
rates observed here are probably largely due to intermittent burrow
irrigation and respiratory activities in these worms, a phenomenon well
documented in burrowing organisms in general (Mangum, 1964) and in Nereis
virens in particular (Scott, 1976)., Making these measurements on whole

chambers containing 4 animals with a water columm residence time of 2.3
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hours would tend to produce & time—-averaged rate which should have
smoothed some of the individual and time related variability. However,
microbial activity probably added variability to these measurements.
Even with these caveats, oxygen consumption and ammonia production rates
measured iere compared well with those reported for Nereis ﬁirens by Kay
and Brayfield (1973) and Scott (1976). Additionally, the increase in
both oxygen consumption and particularly ammonia producton seen after
feeding in experiment 5 was exactly what would be expected after consump-
tion of a protein rich meal (Lied and Braaten, 1984, Jobling and Davis,
1980), validating use of these microcosms as metabelic chambers.

It is possible that BA exposure caused changes in the worm irriga-
tion or burrowing rate as has been observed in other polychaetes exposed
to oiled sediments (Gordon et al., 1978, Augenfeld et al., 1980-81).
Quantitative measurement of either irrigation rate or burrowing rate were
not possible in this experiment, but visual observation of worm position
in the sediment, fecal pellet production, and the number of burrow
openings indicated no obvious differences between control and exposed
groups. If exposed worms were irrigating their burrows at reduced rates,
reduced oxygen consumption rates should have been observed., The enhance-
ment of oxygen consumption in chambers with worms in the long-term exper-
iment suggests that suppression of burrow irrigafion due to BA exposure
was not occurring.

Summary:

In these experiments Nereis virens accumulated and metabolized up to

ppm levels of BA, yet biochemical and physiolegical measurments tradi-

tionally associated with stress were only minimally affected. It appears
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that at least for the short term Nereis was capable of adapting to
exposure to BA at these concentrations, or that BA is not particularly
detrimental to Nereis. The small increases in respiration and ammonia
excretion observed in the 25 day exposure experiments suggests that with

time exposure to BA at this level may have deliterious effects.
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CHAPTER 6:
SUMMARY

The benthos is a complex environment where biological, physical and
chemical processes are continually interactive. In this study of the
fates and effects of PAH in the benthos, an interdisciplinary approach
was undertaken, focusing on interrelations hétween the source of PAH to
the benthos, PAH metabolism, and animal/chemical/sediment interactions.

Although the results are separated into chapters dealing with the overall

fate of BA in the system, in vivo BA metabolism by Nereis virens, and the

physiological effects of BA exposure on Nereis virens, from an experi-

mental standpoint, much information would have been been lost if any part
of this investigation had been undertaken in is¢lation,

Many studies on the effects of pollutant compounds are weakened by
the lack of detailed chemical characterization of the dose and its bio-
availability. In many chemical studies on the fate of pollutant com—
pounds, biological activity is evoked to take care of distributions that
can not be explained purely by chemical or physical processes. Ipn both
cases, interpretations are limited by the absence of interdisciplinary
data, Therefore, although the complexity of the experimental system made
analysis and interpretation difficult, the results from this study pro-
vide biogeochemical and physiological information on both the fate and
effects of a single PAH ip an intact benthic system.

The results presented in Chapter 3 demonstrated that the mode of
introduction had significant effects on the fate of BA in the experiment-—
al chambers. BA sorbed onto particles in the entire sediment reservoir
was relatively refractory, with concentrations remaining unchanged from

the start to finish of experiments lasting from 6 to 25 days. On the
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other hand, BA added to the water column which became associated with the
sediment-wvater interface, was much more labile., A signifiéant portion of
activity originally deposited at the sediment-water iﬁterface vas removed
via flux to the water column in 6 days. In addition, small but detect-
able rates of microbial mineralization were.observed in this experiment
as compared to undetectable rates observed in short-term experiments with
sediments uniformly labeled with BA,

The presence of worms alsc had significant effects on the fate of BA
in these chambers. In experiments with the sediment reservoir labeled
with BA, the flux of BA to the water column was significantly higher in
chambers with worms. Increased fiux in chambers with worms was observed
in both the short— and long-term exposure experiments, and the effect
intensified with time. The presence of wérms also increased microbial
mineralization of BA., It was concluded that the effect of worms on flux
rate was primarily due to their tubicolous lifestyle. In the experiment
where BA was added to the water column, the presence of worms had no pet
effect on flux of BA sorbed to the sediment surface out into the water
co lumn. In this case the activity of worms resulted in mixing BA at the
sediment~water interface down into the sediment reservoir,

Hereis was capable of accumulating BA, although efficiency of uptake
was strongly affected by how the chemical was introduced. Bioavailabil-
ity is very difficult to sssess. However, consistent trends became
apparent when both relative accumulationm as a percentage of total avail-
able, and concentration ratios between the worms and the source of BA
vere considered. Under these experimental conditions, BA incorporated

into a protein-based diet was most available, while BA sorbed to the bulk
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sediment reservoir was least available for accumulation by Nereis.

Analysis of BA metabolites produced in vivo, as discussed in Chapter
4, clearly shows that most BA accumulated was rapidly metabolized to more
polar metabolic products. A minimum of 27 and a maximum of 23% of
accumulated BA remained as unmetabolized parént compound. In all but the
short-term experiments with sediment-sorbed BA, most accumulated activity
was present as either water soluble conjugated metabolites, or in an
unextractable fractiov that probably represented BA metabolites covalent-
ly bound to cellular macromolecules, PAH metabolite fractioms are rou-
tinely missed by amalytical procedures commonly utilized in hydrocarbon
investigationé. These results iﬁdicate that most of the literature on
accumulated levels of PAH in marine organisms capable of PAH metabolism
severely underestimate total accumulation and total exposure.

Mode of introduction also affected the degree to which accumulated
BA was metabolized. The proporticn of total BA-derived radicactivity
accumulated and remaining as parent compound was inversely proportional
to the efficiency of accumulation. In addition, the relative proportions
of specific metabolite pocls and the pattern of polar metabolites formed
were different in experiments with different modes of exposure. Since
different metabolic pools have widely different biclogical and chemical
reactivity, these results indicate that not only axe PAH from different
sources disproportionately available for accumulation by benthic eorgan—
isms, but in addition, longterm effects produced by the presence of these
various metabolites may be quite different,

The high percentage of accumulated activity in the conjugate and

unextractable pool relative to that retained as parent BA or polar meta-
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bolites implies some interesting conclusions about in vivo BA metsbolism
in Nereis, Firstly, these results suggest that primary metabolism to
polar metabolites is a rapid process, and that polar metabolites are
further transformed as rapidly as they are produced. Secondly, the build
up of metabolic products in the later two p&ols suggests that excretion
of water soluble metabolites is relatively slow, and that binding to
cellular macromolecules is a major endproduct of BA accumulation. The
high percentage of accumulated activity in these two pools, and the
evidgnce suggesting minimal formation of sulfate and glucuronide conju-
gates, suggest that BA metabolism in Nereis is dominated by the highly
reactivie epoxide intermedizate leéding to the formation of macrowmolecular
adducts and possibly glutathione conjugates preferentially over the for-
mation of less reactive metabolites such as phenols, sulfate and glucur-
onide conjugates, metabolites that can be readily excreted. As binding

to cellular macromolecules such as DNA, RNA, and protein is considered a

toxification pathway, this finding suggests that PAH metabolism in Rereis

may have delitereous consequences, Alternatively, binding to structural
macronclecules such may provide a means to sequester xenobiotic
substances in a manrer analogous to metallothionein binding of metals.
Physiological effects of BA exposure to Nereis virens were minimal,
Although the worms readily accumulated and metabolized up to ppm levels
of BA, the single comsistent qﬁantifiable result was subtle perturbations
in adenylate nucleotide pools, Only after a period of weeks of constant
exposure to sediment-sorbed BA did changes in oxygen consumption and
ammonia excretion begin to become evident. These results support the

idea that MNereis virens as a relatively tolerant organism. These results
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are also not inconsistent with the conclusion that over the short term,
BA or its metabolites are not particularly'tbiic. They also indicate
that attempts to measure physiological responses to low level stress
should be of.Ionger duration. Additiomally, the effects observed would
have been more powerfui if they had been genérated in response to a wide
enough range concentrations to demonstrate some sort of dose repsomse
curve. A greatrdeal of patural variability was observed between comtrol
groups of worms both within and between‘experiments in all indices mea-
sured. These results also point out the fact that due to natural varia—
bility in physiological indices, particularly in invertebrates which are
capable of tolerating wide fluctﬁations in their biochémical and pbysio-
logical state, it is essential to use large numbers of organisms with
closely matched controls when attempting to differentiate the effect of
any kind of perturbation from normal variability.

The conclusions of the experiments discussed above describe the fate
and metabolism of BA in controlled microcosms containing fine sediments
and high densities of Nereis virens. Nevertheless, some of the conclu-
gions of this study can be éktrépolated to describe factors important to
the fate and metabolism of PAH in the benthos. This study demonstrated
that not all PAH reaching the benthos are equally available for bivaccum-
ulation and metabolism, or removal by purely phyéical forces. Although
PAH ip a form similar to those generated by fossil fuel combustion cculd
not be investigated in this study, the data and relative biocavailability
of sediment-~sorbed vs. initially dissolved PAH suggests that PAH released
by combustion would be even less available for accumulation and metabo-

lism. PAH in the water column which becomes associated with particulates
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#t the sediment water interface is likely to have a much shorter
residence time than PAH buried in the sediment, even though buried PAH
may still be in the bioturbated z2opme. The presence of infaunal crganisms
in environments with buried PAH are likely to enhance their removal,
primarily due to bioturbation and irrigatign activities, rather than
metabolism. Although microbial mineralization of the larger (>3 ring)
PAH occurs, this process will probably be insignificant relative to other
processes acting to remove PAH.

PAH accumulated by marine organisms are likely to be metabolized
quickly by any organism with a functional MFO system. Even though PAH
metabolites are more pelar than ﬁhe unmetabolized parent compound, they
have an appreciable residence time in the organism. Retention of BA
metabolic products in Nereis and the efficiency of uptake and metabolism
of BA introduced as food, as observed here, indicates that dietary trans-—
fer of PAH in the benthos is an important process, Dietary accumulation
of PAH would provide a rapid vector for the transfer of PAH in benthic
reserves to highly mobile fish and human consumers,

Results from the physiological effects portion of this work do not
bear directly on the fate of PAH in thefbenthos. However, the absence of
dramatic effects due to exposure to PAH or from the production and accum~
vlation of metabolic products in Nereis virems suggests that, at least
for the relatively short duration of these experiments, the physiclogical
adaptive capacity of this worm was not exceeded by expoéure to a single
PAH, BA. The natural variability observed between control groups both
within and between experiments in the absolute values of indices measured

also points out the problems inherent with making these measurments on
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field populations and usipg absolute values as indices of environmental
stress.

These results suggest several avenues of further research., More
specific information on,ig_gigé_metabolism of PAH by Nereis and other
organisms is warrented. To assess to‘importaﬁce of the bound fraction of
accumulated activity in organisms, it will be necessary to first deter—
mine what type of cellular macromolecules are involved. Secondly, kine-
tic experiments are needed to determine the speed of formation and per-
sistence of these adducts. An attempt should be made to determine if
Nereis really does preferentially form conjugates with glutathione., Also
it would be interesting to know what other benthic organisms are capable
of rapid in vivo metabolism of PAH., This ipnformation would be of
interest to regulatory agencies which are increasingly looking at resi-
dues of toxic substances in benthic organisms as an index of bioavail-
ability and exposure of marine communities to contaminated sediments.
Further work on routes of uptake for substances like PAH by inaunal
organisms would be interesting, particularly addressing dietary vs. body
surface pathways, Additionally, the question of bioavailability of PAH
liberated by combustion wvs petfoleum source PAH stil] peeds to be

addreésed.
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CORCLUSIORS

The majority of BA accumulated by Nexeis was metabolized,
regardless of how BA was intreduced.

The primary fate of accumulated BA in Nereis is incorporation
into macropolecular components,

Nereis accumulated and metabolized BA most efficiently from

labeled food in compariscn to BA previously sorbed to sediment
particles.,

BA loosely associated with particles at the sediment-water
interface was much more labile than BA sorbed to the entire
sediment reservoir. It was accumulated and metabolized more
rapidly by Nereis, was removed more rapidly via diffusicen,
and was mineralized more readily by microbes.

The presence of worms had significant effects on the distribution

and removal of PAH from the benthos.

Under the conditions of these experiments, Nereis virens was only

minimaly affected by accumulation and metabolism of up to ppm
concentrations of BA,
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APPERIDX 1
BIOGEOCHEMISTRY OF BENZ(a2)ANTHRACERE IN RECIRCULATING
BERTHIC MICROCOSHMS
Introduction:

This study was the final portion of a larger i._nVestigation on ,the
biogeochemistry of petroleum components at the sediment-water interface
under the direction of J.W. Farrington and J.M, Teal. Two recirculating
benthic microcosms were used to look at the metabolism of 140~1abe led
benz(a)anthracene (BA) at the sediment-water interface. This éxperiment
was a col laborative effort between J.W. Farrington, J.M. Teal, B.W.
Tripp, and myself. Appendix 1 provides a brief description of the exper-
iment and results obtained.

Methods:

Methods used in this investigation were esscentially the same as
those described in Chapter 2 with the following exceptions. Two 230 1
recirculating benthic chambers (Winget, 1978) each containing a 0.25 m?
sediment box were used in this experiment. Sediments were collect from
Buzzards Bay (See Chapter 2 for location and method), frozen, and then
placed in the sediment trays of the chambers. Seawater was recirculated
over the sediment reservoir for approximately two weeks prior to addition
of the spike, 14c_Ba was added in a carrier mixture of aromatic hydro-
carbons the total dose calculated to be the saﬁe as that used by Hinga et
al. (1981) in their investigation of. BA metabolism in the MERL microcosms
at URI, After spike addition, sediment cores, and water samples were
collected periodically over 42 days for analysis of extractable Lo,

labeled compounds in the water column and sediment cores, and for 14(}02

in the water column. The sediment reservoir was divided into two com~-
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partments by a metal partition placed parallel to the direction of flow.
On day 17 approximately 40 Nephtys inciga were placed in one portion of
each chamber. The worms were retrieved at the end of the experiment.
Extraction of sediment and worm tissue was done using tetrahydrofuran,
ethylacetate, and methanol following methods described in Hinga et al.
(1981).

Besults amd Discussion:

BA added to the water column quickly became associated with suspend-
ed particulates. Over the coarse of the experiment, concentration of BA
in suspended particulate decreaed steadily (Figure A~1), Due to the
small amount of radicactivity in the water column, it was not possible to
analyze water samples for polar BA metabolites. Microbial mineraliza-
tion of BA to carbon dioxide was observed with concentrations of-14C02
increasing logarithmically over the first 18 days, then remaining rela-
tively constant for the remainder of the experiment (Figure A-2). The
kineties of BA mineralization to €0, were very similar to those observed
by Hinga et 2l.(1981) in the much larger MERL microcosms.

Most of the isotope added to the chambers quickly became associated
with the sediment reservoir. After 42 days, 987 of radioisotope recover-
ed from the chambers was found in the sediment, with more than 97%
located in the top 2 cm (Table A-1). FiguresrA~4, A-5,and A-6 show
radio— and UV chromatograms of HPLC analysis of organic extracts of
representative sediment samples taken throughout the experiment. For
comparison, figure A-3 shows the UV chromatogram of represéntative
authentic BA metabolite standards. Unfortunately the specific activity

of isotope in these samples was too low to say much about production of
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Table A~1:

DISTRIBUTION OF ll'C AT END OF 42 DAY EXPERIMENT

PERCENT OF 4C-BENZANTHRACENE RECOVERED
CHAMBER 1 CHAMBER 2
SEDIMENT A B A+B A B A+B
0-1 cm 37.29  48.82  86.12 - 56.14 24.40  80.73
1-2 em 4.96  5.20  10.19 1.10 15.50  16.62
2-4 cm 1.14 0,34 1.48 0.17  0.54 0.71
TOTAL 97.79 98.06
WORMS 0.01 0.02
SUSPENDED PARTICULATES 0.28 0.09
DISSOLVED CO, 1.48 . 1.52
DISSOLVED 0.47 0.30
TOTAL DPM RECOVERED | 4,25 x 107 3.42 x 10
PERCENT OF 1%C-BENZANTHRACENE
ORIGINALLY ADDED TO CHAMBER 54.1 43.4
A = WORMS ABSENT

B = WORMS PRESENT

-80¢-
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P= perylene, BA= benz (a)Yanthracene.
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Figure A-4: HPLC chromatogram of organic extract of
sediment collected on day 9.
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Figure A-5: HPLC chromatogram of organic extract of
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Figure A-6: HPLC chromatogram of organic extract of
sediment collected on day 42.
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specific metabolites. As early as nine days after spiking the isotope to
the chambers, most of the BA in sediments had been metabolized. Analysis

of a group of polychaetes Nephtys incisa exposed to BA in the chambers

revealed patterns of metabolite formation similar to those seen in the
sediment (Figures A-7 & A-8).

Table A-2 summarizes the distribution of radioactivity separated
using reverse phase HPLC summed into three general classes. Inm all
samples analyzed, most radicactivity recovered was in the form of polar
metabolites, At the end of the experiment, only a few percent of radio-
activity in both worm and sediment samples was unmetabolized parent
compound., In almost all extracts analyzed, a significant portion of
radiolabel eluted after BA using reverse phase HPLC, The proportion of
total activity recovered in this class seemed to increase with time.
Preliminary data using gel filtration chromatography suggested that this
activity was associated with compounds of a higher molecular weight than
BA (McElroy, unpub. data). The reverse phase and gel filtration data
collectively suggest that this activity represents BA or BA metabolites
that have been incorporated into larger wmolecules with non~polar charac-
teristics,

Only 50% of the isotope spiked to these chambers was recovered in by
our sampling procedure (Table A-1), A large portion of the surface area
of these microcosms was involved in the water recirculation system, and
could not be sampled. It is possible that particulate matter and micro-
organisms associated with these surfaces sequestered a significant por-
tion of the unrecovered radioactivity.

The presense of worms had no measurable effect on the distribution
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Figure A-7: HPLC of organic extract of Nephtys incisa

from chamber 1.
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Figure A-8: HPLC of organic extract of Nephtys incisa
from chamber 2,
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Tabhle A-2:

DISTRIBUTION OF LYC_LABELED FRACTIONS FROM SURFACE SEDIMENT

AND WORM TISSUE SEPARATED USING REVERSE PHASE HPLC

7 OF 1% RECOVERED

BENZANTHRACENE ~ MORE POLAR  LESS POLAR

DAY 42
SEDIMENT 2 70 28
CHAMBER 1A
SEDIMENT . 3 50 48
CHAMBER 1B o
SEDIMENT 3 65 32
CHAMBER 2A
WORMS ND 69 31
CHAMBER 1
WORMS 6 , 57 37
CHAMBER 2

DAY 23
SEDIMENT 11 59 20
CHAMBER 24

DAY 15
SEDIMENT 5 90 4
CHAMBER 1
SEDIMENT 31 61 g
CHAMBER 2

DAY 9
SEDIMENT 4 86 12
HAMSER 1

A = WORME ABSENT
B = WORMS PRESENT
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or degree of metabolism of BA in the sediments (See Table A-1 & A-2),
Susmary:

This experiment was a preliminary attempt to investigate the metabo-
lic fate of BA in a relatively controled benthic system containing a
large burrowing polychaete. The results clearly show that substantial
metabolism of BA occurred rapidly, in a matter of days. Although metabo-
lites were recovered from the worm Nephtys incisa it was not possible to
to determine if the metabolites were produced in the worms, or if the
worms accumulated them directly from the sediment. Microbial mineraliza-
tion of BA was observed. It was not possible to determine from these
data whether mineralization occurred in the water column or at the sedi-

ment surface,
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