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ABSTRACT

Oligochaete worms are often the dominant organisms present in contaminated sediment in thefield.
Bioturbation, the reworking of sediments or soils by organisms, can be a significant fate and transport
mechanism in contaminated sediment systems. The fate of pyrene, apolycyclic aromatic hydrocarbon,
subjected to oligochagete bioturbation is the focus of this paper. Limnodrilus cervix, a representative oli-
gochaete, were introduced into small laboratory microcosms containing beds of contaminated sediment with a
continuous flow of overlying water. Through their feeding, respiration, and burrowing activities, the worms
physically changed the porosity of the sediment and significantly influenced the fate and transport of pyrene
by several mechanisms. Over a seven-month experiment, the amount of pyrene released into the overlying
water was about 250% greater in bioturbated than in undisturbed cells. Pyrenelossin the upper 15 mm dueto
biotic processes was 170% greater than undisturbed cells due to enhanced microbia processes and/or direct
worm degradation. The pyrene remaining in the upper 15 mm of sediment bed at the end of the experiment was
15% for bioturbated cells compared to 52% for undisturbed controls. Experimental results suggest that native
oligochaetes can enhance natural attenuation of contaminated sedimentsin the field.
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INTRODUCTION
Sediments serve assinksfor hydrophobic organi ¢ contaminantsin the environment. To

assess contaminated field sites, an understanding of different possiblefate and transport mecha
nismsisneeded. Inhighenergy systems, turbulent water scoursthe sediment surfaceand erosion
and deposition mechanismssignificantly impact the movement of hydrophobic contaminants. In
low energy systems, however, bioturbation-the reworking of sediment or soil by living organisms—
can be the dominant mechanism.

Inahistoricaly contaminated benthic system, typically severa of themore sensitiveformsof
lifehavebeendiminated. Without competition, the most tolerant organismssurviveto proliferate
tolargepopulations. In highly contaminated field sediments, tubificid oligochaetesare frequently
observed to bethedominant lifeform. Tubificidsare small burrowing wormsoften about 2-5cm
long and roughly 1 mmin diameter when fully mature. Body weightsof maturetubificidsvary
widely but areusualy 1 mg (dry) or less. Thebioturbation activitiesof tubificid wormsconsist of
feeding, breathing, and burrowing.

Tubificidstypically feed by placing their headsdown into the sediment and leaving their tails
protrudingintotheoverlying water. Particlesof sediment ingested at depth then passthroughthe
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worm and are egested onto the sediment surfacein small moundsof fecal pellets. Thefeeding rate
of oligochaetes depends heavily ontemperature conditions. Appleby and Brinkhurst (1970)
reported that Limnodrilus hoffmei steri, acommon and widespread tubificid oligochagete, pro-
cessed an average of 44 timestheir dry weight per day at 21.7°C. Whileasubstantial amount of
feeding occurswith defecation at the sediment surface, theworms can also remaintotally sub-
merged during feeding. Depending on benthic conditions, the depth of feeding can be shallow or
extend to depthsof 10cm. Through their feeding behavior, oligochaetesthoroughly mix sediment
particlesinthe upper bioturbated zone.

Therespiration of benthic worms can have aprofound effect on the exchange of water be-
tween the sediment bed and the overlying water. Thewormsusethe dissolved oxygen presentin
theingested water to breathe. Limnodrilus hoffmeisteri has been reported to consume about 6.8
mL of oxygen per worm per day (Beck, 1972). Thewormscan later releasethewater after they
have completely submerged back into the sediment bed. Inamixed culture of Limnodrilus
hoffmeisteri and Potamothrix vejdovskyi, 9.5 to 15.0 mL of water per worm per hour was
“pumped” into the sediment by respiration activity (Wood, 1975). The breathing mechanism of the
wormseffectively bringsabout an enhanced rate of porewater exchangewith the overlying water
and increasesthe amount of oxygen present in the sediment bed.

Theburrowing of oligochaetewormsal so substantially impactsthe sediment. Thedepth of
burrowing for agiven population of bioturbatorsdiffersaccording to avariety of benthic conditions
but typically extends deeper than the zone of feeding. Oligochaete burrows appear asthin, cross-
linked gapsin the sediment depth profile. Older burrowseventually consolidate to be replaced by
fresh burrows. Theburrowing of oligochaetes has been reported to increase the moisture content in
the bioturbated zone of the sediment bed (Tevesz et al., 1980).

Thefocusof thisstudy isto assess how oligochaete bioturbation—feeding, respiration, and
burrowing— mpactsthefate and transport of polycyclic aromatic hydrocarbons (PAHS). Produced
by natural and anthroprogenic sources, PAHs are ubiquitous environmental contaminantsthat dueto
their hydrophobicity frequently end up in soilsand sediments. PAHsareof sgnificant environmenta
concerndueto somebeing ether confirmed and/or suspected carcinogensand mutagens(Harvey, 1991).

Severd different fate and transport processes areinfluenced by oligochaete bioturbation. Flux,
therel ease of contaminantsfrom the sediment bed into the overlying water, issignificantly higher in
bi oturbated sediments compared to undisturbed sediments (Reibleet al ., 1996). Biotic degradation
can aso beakey mechanism. Some benthic organismshave demonstrated the ability to directly
biotransform PAHs and bi oturbati on can al so increase oxygen trangport into sediment, which may
potentialy enhance aerobic microbia processes. These mechanismswill beexplored inthispaper.

Another fate and transport mechanismisthe progression of PAHsup thefood chain. PAHS
areclassified asbeing bioaccumul ative contaminants of concern (Bridgeset d., 1996). Contami-
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nants can beingested or absorbed dermally by benthic organismsand subsequently partition onto
thelipid material. Because oligochaetesaredirectly exposed to contaminated sedimentsand areat
thebottom of thefood chain, they would be asignificant organism to usein bioaccumulation studies.
A related study of pyrene bioaccumation by Limnodrilushoffmeisteri was presented at this
conference (Millward et al., 1999).

Theobjectiveof thispaper isto present theresults of aseven-month experiment detailing the
effectsof oligochaete bioturbation on PAH-contaminated sediments. Using alonger timeframe
allowed themeasurement of small changesthat would bedifficult to eval uate during ashort-term
experiment. A lengthy experiment was also desirable so that the different fate and transport
mechanisms could be assessed in terms of which processes are most significant over asustained
period of time.

MATERIALSAND METHODS

Pyrene, arepresentativefour-ring PAH, was selected for thisexperiment. Pyreneisastrongly
hydrophobic compound that isonly dightly solublein water (maximum solubility ~140 ppb) and has
alog Koc value of about 5 (Montgomery, 1996).

Sediment was collected from Campus L ake, afreshwater |ake on the L ouisiana State Univer-
sity campusin Baton Rouge, La. The Campus L ake sediment was characterized (A& L Anaytica
Labs, Memphis, Tenn.) to beasi Ity loam with an organic carbon content of 1.12%. After collec-
tion, the sediment waswet-s eved through a2 mm (No. 10) mesh and then frozen and thawed twice
to eliminate native macrolife. No attempt was madeto eradi cate native bacteriaor add other
bacteriato the sediment.

Freshwater tubificid oligochaetes, identified asthe genus Limnodrilusand consisting predomi-
nantly of Limnodriluscervix, werelocated at afield sitein Baton Rouge, La. TheLimnodrilus
genusiswidely distributed and frequently found at contaminated sediment sites. For the experiment,
aninitia population density of about 26700 worms per square meter wasselected. Thisisa
moderate number of what isobservedinthefield. Oligochaete populations have been reported at
densitiesgreater than 1,000,000 worms per square meter (Palmer, 1968).

The clean Campus L ake sediment wasinoculated in thelaboratory with pyrene (99% purity,
Aldrich Chemical Company, Inc., Milwaukee, Wisc). To spikethe sediment, pyrenewas plated
onto theinner wallsof aglassjar and asediment durry wasadded. Theglassjar wasthen sedled
and mixed on an axia tumbler for one month to ensure homogeneity. Thedesired|loadingwas
targeted to be ~60 mg/kg dry (ppm), thelC 25 level for Limnodrilusworms. IC 25isan environ-
menta endpoint wherethereisa25% reductionin reproduction and sediment ingestion rates
(Lotufo and Fleeger, 1996). Theresulting loading was confirmed to be 64 mg/kg dry (ppm). After
inoculation, the sediment was stored in the dark and “ aged” for over 100 days before the com-
mencement of theexperiment.

278 Proceedings of the 1999 Confer ence on Hazar dous Waste Resear ch



Theoverlying water consisted of aerated tap water with nofood or nutrientsadded. Attempts
were madeto keep the overlying water temperature (21.5°C * 1.5) and dissolved oxygen concen-
tration (4.08 mg/L £ 0.74) constant. Thesevauesareintherangewhere oligochaeteswill be most
productive (Mason, 1994).

Theexperiment took placein two multi-cell Plexiglaschambersprevioudy used by our labora-
tory (Reibleet al., 1996). These chamberscontainindependent cellsseparated by 0.64 cmwalls.
Each cell is15cmlong, 5cmwide and holdsa 3.5 cm deep sediment bed. A schematic of the
experimenta setupispicturedin Figure 1. Theflow of water from the sourcetankswas controlled
by amulti-channel peristaltic pump which maintained aflow rate of 300 mL/hr for each cell. The
experimental chambersrested ina30°C water bath held at constant temperature by arecirculating
heater. A thinlayer of water passed inacontinuouslaminar flow over the sediment bed. Whenthe
effluent water from each cell wasnot being sampled, al theexiting water accumulatedinacollection
drum before being cleaned by an activated carbon filter.

Theexperimental chamberswere covered by glassplatesand carefully sealed with vacuum
grease. Previouswork inour |aboratory hasverified that any volatization losses of pyrenefromthe
closed experimental system under these conditionswould beat most negligible. Inaddition, the
microcosmswere covered by aluminumfoil. Whilethe purposewasto keep thewormsin dark-
ness, thisalsoindirectly prevented the photodegradation of pyrene on the sediment surface.

Pyrene concentrationsin sediment and aqueous sampleswere collected over the course of the
experiment. Sediment sampleswere anayzed by asolid-liquid extraction procedure based on EPA
SW-846 method 3550A. Samplesof effluent water |eaving the microcosmswereanayzed by
liquid-liquid extraction. Ineach case, sampleextractswereanalyzed by aHPL C (HP 1090) using
UV and/or fluorescence (HP 1046A) detection.

RESULTS& DISCUSSION

The experiment began with fiveworm and three control cells. Oneworm and one control cell
were sacrificed intheinterim to assessthe progress of the experiment. Thedatapresented inthis
paper arethe average of the four worm and two control cellsthat completed the entire seven-
month experiment.

Contaminant flux was monitored over the course of the experiment. Theamount of pyrene
released into the overlying water was measured by collecting an effluent samplefrom each cell
periodically over the course of the experiment. Ingeneral, theflux fromthe bioturbated cellswas
significantly higher than fromthe undisturbed cdlls. Flux wasgreatest intheearly monthsof the
experiment but gradually decreased. To cal culatethetotal amount of pyrenereleased, the concen-
trations measured over timewereinterpol ated between sampling periods. Over the course of the
seven-month experiment, flux was 250% greater in the worm cellsthan in the undisturbed
control cells.
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The sediment-water interfaceissometimes poorly definedinthefield. Incontrolled |aboratory
conditions, however, it was possibleto carefully core the sediment bed in 1 mm dicesto adepth of
15mm at the conclusion of theexperiment. A portion of each dicewasanayzed for moisture
content by drying ina105°C ovenfor 24 hours. Theimpact of oligochaete bioturbation on sedi-
ment bedsisclearly showninFigure2. Thedashedlinesignifiestheinitia moisture content of the
bedswhen they were carefully loaded at the beginning of the experiment. Theundisturbed cellsare
unchanged at 2 mm or deeper, but intheworm cellsthe effects of burrowing and respiration are
clearly observed to adepth of about 14 mm.

A profile of contaminant concentration was obtained by analyzing aportion of each 1 mm
core samplefor pyrene concentration. The profileof pyrene concentration asafunction of depth
for worm and control cellsisshowninFigure 3. Thedashed linerepresentstheinitial |oading of
64 mg/kg dry. The upper 2mm of the control cellsare completely depleted, followed by a
gradual increase until about 9 mm where pyrene concentrationslevel off. Theworm cells, onthe
other hand, are heavily depleted throughout the profile. Thelossof pyreneisattributableto
release and degradation.

Inorder to distinguish the significance of thedifferent fate and transport processesat work, a
mass balancefor pyrenewas constructed around the upper 15 mm of each cell. Sincethetotal
mass of dry sediment from the upper 15 mmisknown for each cell and theinitial loadingwas
measured at the beginning of the experiment, the massof pyreneinitialy present in the cored mate-
rial wascalculated. Likewise, theamount of pyreneremainingin each 1 mm section of theprofile
for each cdll wasdetermined. Theaverage pyrene massbalancefor thetwo control and four worm
cdlsissummarizedin Figure4.

Theflux of pyrenefrom the bioturbated sediment accounted for aloss of about 13% of the
initid pyreneinthe upper 15 mm of sediment, two and ahaf timesmorethan the undisturbed
sediment. Althoughindividual rel ease mechanismswerenot studied, theincreased flux of pyreneis
attributed to thefeeding, respiration, and burrowing activitiesof theworms. Through their feeding
and burrowing, theworms mixed the sediment and continual ly repleni shed the pyreneat the surface.
Oligochaete respiration enhanced the exchange of porewater; since contaminantspartitionto pore
water, thewater exchange displaced theexisting interstitial water into the overlying stream and
enhanced the rel ease of contaminants. By loosening the upper part of the sediment bed, thediffu-
sion of pyreneinto the overlyingwater wasa soincreased. Flux washighestinthe early monthsbut
dropped off towardsthe end of the seven-month experiment. Thedecreaseinflux over timeis
attributed to depletion of pyrenein the upper sediment layer.

Themogt significant part of the massba ance, however, isthe* missng” pyrenefromboththe
wormand control cells. Since abiotic degradation or volatilizationlossesfrom syssemareminimal
(seeexplanationin Material and M ethods section), the® missing” pyrenewaspresumed |ost dueto
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biotic processes. No attempt was madeto search for possible metabolitesin thisexperiment. In
both theworm and control cells, bioticlosswasamuch more significant mechanism than flux.
Further, bioticlossinthebioturbated cellswas 170% greater than that of the undisturbed cdlls.
Possible mechanismsfor biotic degradationinclude biotransformation by Limnodrilus cervix and
degradation by aerobic bacteria. Unfortunately, resultsdo not provide quantitativeinsghtintowhich
of the processes might bemore significant.

Sincebiotransformation of PAHs by benthic organismshasbeen reportedintheliterature,
direct biotransformation of pyrene by Limnodriluscervix isareasonable explanation of theloss of
pyrenefromthesystem. Preliminary work measuring pyrene depletion in organism feca matter
tentatively suggeststhat Limnodrilus hoffmeisteri can directly biotransform PAHs (Shephard,
1997; Millward et al., 1998). Future experimentsare planned to confirm and quantify pyrene
biotransformation by Limnodrilus hoffmeisteri.

Theexistence of PAH-degrading bacteria, particularly for PAHswith four or fewer rings, have
been reported numeroustimesintheliterature. No attempt wasmadeto isolate and identify the
bacteriapresentin CampusLake. Onestudy indicatesthat bacteriawith the ability to degrade
PAHsareindigenousto geographicaly diversesoils(Mudller et a., 1994). If clean sedimentis
subsequently polluted, given favorable conditions, thisbacteriawill demonstrate the ability to
degradethe PAHSs.

Thewormsmay havefacilitated anincreasein bacteriaactivity over what occurredinthe
undisturbed cells. Thisscenario issupported by the changesto the sediment brought about by
oligochaete burrowing and respiration. Becauseworm respirationirrigatesthe sediment, theamount
of dissolved oxygen present inthe porewater of theworm cellswas continual ly replenished faster
thanthat of thecontrol cells. Anincreased oxygen supply indicatesthat additional aerobic bacteria
activity would be possible. Also, theburrowing of thewormscould loosen the sediment bed and
allow better diffusion of oxygen deeper intothebed. Althoughitisuncertainwhichbioticloss
mechanism wasthe most significant process, itisclear that oligochaete bioturbation increased the
depletion of pyreneamost twofold.

CONCLUSIONS

Oligochaete bioturbation had adrasticimpact on both the sediment and the pyrene over the
course of aseven-month experiment. Changesto the sediment included anincreasein the porosity
and moisture content in the upper 14 mm of thebed. Release of pyrene was measured to be 250%
greater inthe bioturbated cellscompared to the undisturbed cells. The most significant fateand
transport mechanism was determined to be biotic loss processes, athough thisexperiment did not
distinguish between possibleloss of pyrene by metabolic processes of thewormsor by native
bacteriaenhanced by the activity of theworms.
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Theresultsfromthislaboratory experiment indicatethat biotic degradationisakey fateand
transport mechanismin contaminated sediments subj ected to oligochaete bioturbation. Further
work isneeded to distingui sh between degradation by bacteriaor Limnodrilusworms. The
metabolic pathway(s) a so need to be studied to determineif benign end productsultimately result.
Inassessing whether oligochaetesassist in theremediation of contaminated sediments, the potential
benefits of degradation must beweighed against the hazards posed by theincreased releaseinto
overlyingwater dueto bioturbation or bioaccumul ation and movement of contaminantsup thefood
chain. Based on the current results, oligochaete bioturbation in contaminated sediments appearsto
beapostive step towardsnatura attenuation efforts.

ACKNOWLEDGMENTS

Thisresearch project is sponsored by the Hazardous Substance Research Center/South and
Southwest and that support isgratefully acknowledged. Brian Hill assisted with maintenance of the
experiment. Andy Beard and Raymond Husser performed sampleanaysis. Dan Dippery contrib-
uted the schematic diagram and Henry Lin prepared some of visualsused during theoral presenta-
tion at the conference. Wethank Michael Loden for identifying our local oligochaete species.

REFERENCES

Appleby, A.G., and R.O. Brinkhurst, 1970. Defecation Rate of Three Tubificid Oligochaetes
Found in the Sediment of Toronto Harbour, Ontario, J. Fish. Res. Bd. Canada, 27, pp.
1971-1982.

Beck, T.C., 1972. Daily Patterns of Oxygen Consumptionin Limnodrilushoffmeisteri, M.A.
Thes's, Western Michigan University, Kalamazoo, 70 pp.

Bridges, T.S., D.W. Moore, P. Landrum, J. Neff, and J. Cura, 1996. Summary of aWorkshop on
| nterpreting Bioaccumul ation Data Collected During Regulatory Eva uationsof Dredged
Material, U.S. Army Engineer Waterways Experiment Station, Vicksburg, Miscellaneous
Paper D-96-1.

Harvey, R.G., 1991. Polycyclic Aromatic Hydrocarbons: Chemistry and Carcinogenicity, Cam-
bridge University Press, Cambridge, 396 pp.

Lotufo, G.R., and JW. Fleeger, 1996. Toxicity of Sediment-Associated Pyrene and Phenanthrene
to Limnodrilushoffmeisteri (Oligochaeta: Tubificidae), Environ. Toxicol. Chem., 15, pp.
1508-1516.

Mason, Jr., W.T., 1994. A Review of Life Historiesand Culture M ethodsfor Five Common
Speciesof Oligochaeta(Anneida), World Aquaculture, 25, pp. 67-75.

Millward, R.N., JW. Fleeger, D.D. Reible, and K.A. Keteles, 1998. Bioaccumulation and
Biotransformation of Pyreneby the Freshwater Oligochaete Limnodrilus hoffmeisteri,
SETAC Annua Meeting, Abstract.

Millward, R.N., JW. Fleeger, D.D. Reible, K.A. Keteles, and P.B. Cunningham, 1999.

282 Proceedings of the 1999 Confer ence on Hazar dous Waste Resear ch



Bioaccumulation and Biotransformation of Pyreneby the Freshwater Oligochaete
Limnodrilus hoffmeisteri, Conference on Hazardous Waste Research, Abstract.

Montgomery, J.H., 1996. Groundwater Chemicas Desk Reference, Second Edition, Lewis
Publishers, BocaRaton, pp. 905-908.

Mueller, J.G., S.E. Lantz, R. Devereux, J.D. Berg, and PH. Pritchard, 1994. Studiesonthe
Microbia Ecology of Polycyclic Aromatic Hydrocarbon Biodegradation, In: R.E. Hinchee,
A. Leeson, L. Sempiri, and SK. Ong (Eds.), Bioremediation of Chlorinated and Polycyclic
Aromatic Hydrocarbon Compounds, Lewis Publishers, BocaRaton, pp. 218-230.

Palmer, M., 1968. Aspectsof the Respiratory Physiology of Tubifex tubfiexin Relationto Its
Ecology, J. Zoal., Lond., 154, pp. 463-473.

Reible, D.D., V. Popov, K.T. Vasargj, L.J. Thibodeaux, F. Lin, M. Dikshit, M.A. Todaro, and JW.
Fleeger, 1996. Contaminant Fluxesfrom Sediment Dueto Tubificid Oligochaete
Bioturbation. Wat. Res., 30, pp. 704-714.

Shephard, A.L., 1997. Fate of Pyrene During Oligochaete Bioturbation, M.S. Thesis, Louisiana
State University, Baton Rouge, 157 pp.

Tevesz, M.J.S., EM. Soster, and PL. McCall, 1980. The Effectsof Size-Selective Feeding by
Oligochaeteson the Physical Propertiesof River Sediments, J. Sediment. Petrol., 50, pp.
561-568.

Wood, L.W., 1975. Roleof Oligochaetesinthe Circulation of Water and Solutes A crossthe Mud-
Water Interface. Verh. Internat. Verein. Limnal., 19, pp. 1530-1533.

Proceedings of the 1999 Confer ence on Hazar dous Waste Resear ch

283



TANK 2

TANK 1

PERISTALTIC PUMP

[l

RECIRCULATING

HEATER

FILTER

P

WATER
BATH

COLLECTION DRUM

Figurel. Schematic of experimental system.

B Worm
|| Control

v ]
| [TFTTITITTFTITTFT A

(AT ILSIEEITLITIITIS

U AT IS TITTITISTITITS

——
R

——
[

FTET P FITIITEFEF7E

"

TSI ITIFTITL TSI TS

i

W SLTILTLLIL TSI

[PAF 7T 77T 8T FFTEFT

____

LTI ISTTISLTLIFTIIS

L

PP FFTFITETPIT T ETA

AL TLT ST SIS TESTTSY,

I
77777777777 I ITITTITTTH

100%

(%) uaU0D 3INISION

10 11 12 13 14 15

2 3 4 5 6 7 8 9

Depth (mm)

Figure?2. Profileof moisture content asafunction of depth.

Proceedings of the 1999 Confer ence on Hazar dous Waste Resear ch

284



B Worm
Control

70

H %_é 0
1 g
1
il rz g < c
| : :
i ] =
n EETT TSI TS T LTSI T TITTS I TSI I o) S W
] - (]
“ L E 5
I CT LTI TS LT LTI TLTITT LTSI T ST TSI S I I m
) -
_ I e e
m CITLTLTTLT LT TLTLT ST TET T TSI TS TS R h.
Il - e
" L T 5 o
H VIS TS TLT IS TET IS TLTESTL TSI TSI N o] S — s
_ 1 [ = T o =
! — = >
' " FI7ZTTTZZA o o~ O Q Q
" E ¢S ) O
_ S
! m\\\\\\\\\\\\\\\\\\\\\\S\\S\\E © e B lm m
_ o o ) =
1 n r
i 7777 £ 2 ) X S
m 2 T c &b o
" = c (&} x 52
i PZZZ77I7F77FTZITI77ZE | o To
! . 5
1
“ P77777777777777] =
1
_ - A g
H PZZ7Z777777777 c o
_ i, 5 > s
H £ ©
“ FITITITIITY o P) = o/o = 4:w
1 m O [0
i 7 @ E© o
1 L o y %
m a
o
; | © S
: , ~ , @
o o o o o o o =
O [Te] <t o (aV) - @)
(A1p BY/Bw) aualhd x
o™
(]
5
K=
i

285

Degradation
72%

Proceedings of the 1999 Confer ence on Hazar dous Waste Resear ch

Figure4. Pyrenemassbalance.



