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Abstract—The uptake kinetics of fluoranthene in the polychaete worm Nereis virens were investigated in the presence and in the 
absence of amphipods to examine the effects of sediment bioturbation by the benthic amphipod Corophium volutator on the uptake 
in worms. Worms only and worms together with two different densities of amphipods were exposed to fluoranthene-spiked sediment 
for 12 d. Worms and overlying water samples for fluoranthene analyses were taken and total suspended solids in water column 
were measured after 1, 2, 5, 8, and 12 d. Results showed that in all treatments fluoranthene was rapidly accumulated by N. virens 
during the first two days and a steady state was reached within five days of exposure. Biota to sediment accumulation factors 
normalized to lipid concentration and to sediment organic carbon (BAF,„.) of worms exposed with the highest number of amphipods 
were significantly higher (two to three times) compared to worms exposed with fewer or without amphipods after one and two 
days of exposure. Bioconcentration factors (BCFs), calculated as the ratio between the uptake (k¡) and elimination (k2) rate constants 
were not significantly different among treatments. When BCFs were calculated on the basis of dissolved fluoranthene concentrations 
(BCFji,,), values of the treatments where worms were exposed with 100 and 300 amphipods were slightly higher than those calculated 
on the basis of total (dissolved + particle-bound) aqueous fluoranthene (BCFlot). However, the presence of fluoranthene bound to 
dissolved organic matter could have accounted for lower than expected BCF,1|SS values. The results suggest that bioturbation by 
amphipods affected the concentration of fluoranthene in the worms not by changing the worm to water partitioning (k1/k2) but by 
changing the worm to sediment partitioning (BAFloc). In the treatments with worms a higher mortality of amphipods was found 
compared to those without worms. The presence of worms might have contributed to lower BCF values than expected.
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INTRODUCTION

Soft-bottom  m arine environm ents in general have been 
show n to be strongly affected by bioturbation o f benthic in
vertebrates [1], E ffects o f  benthic bioturbation on physical [2] 
and chem ical characteristics o f  sedim ents [3,4], pore water, 
and overlying w ater [5,6] have been well docum ented.

B ioturbation by the am phipod C orophium  vo lu ta tor  is 
known to change sedim ent perm eability, w ater content, and 
sedim ent shear-strength [7,8]. Corophium  vo lu ta tor  lives in 
U-shaped burrow s that extend 3 to 4 cm into the sedim ent and 
that are continuously irrigated. By burrow construction and 
irrigation, total surface area for diffusive exchange o f  oxygen 
and nutrients at the sed im en t-w ater interface is increased and 
m ineralization processes are stim ulated [9,10]. M acroinver
tebrate bioturbation also affects the fate and partitioning of 
sedim ent-bound contam inants in sedim ent profiles [11,12], 
pore w ater [13], and the w ater colum n [14], B ioturbation is 
assum ed to increase the rate o f  im portant physicochem ical 
processes that occur at the sed im ent-w ater interface such as 
diffusion, desorption, degradation, and resuspension o f organic 
and inorganic com pounds [2,15], However, studies quantifying 
and explaining the effects o f bioturbation on  these processes 
through dynam ic m odels are scarce. A lso, studies on the role 
o f b ioturbation in contam inant transport from  sedim ent to wa
ter colum n and transfer to o ther trophic levels are lacking. A 
previous study show ed that sedim ent bioturbation by C. vo l
u ta tor  affected the total concentration o f polycyclic arom atic
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hydrocarbons (PAHs) in overlying w ater and increased the 
concentration o f  fluoranthene in suspension-feeding m ussels 
[16]. The increase was linearly related to the num ber o f bio- 
turbating am phipods in the sediment.

Based on the results o f the previous investigation, the pur
pose o f  this study was to exam ine whether bioturbation by C. 
voluta tor  also w ould exert an influence in fluoranthene uptake 
in the m arine polychaete worm  N ereis virens. N ereis virens 
constructs deep (8- to 10-cm), vertical w ell-irrigated, sem i
perm anent burrow s lined with m ucus and is known as an om 
nivorous nonselective deposit feeder [17] that can also filter 
feed [18]. Previous studies on bioaccum ulation suggest that 
the w ater phase is an im portant route o f uptake for the ac
cum ulation o f sedim ent contam inants in N ereis d iversico lor  
[18,19]. N ereis virens  and C. vo lu ta tor  are am ong the m ost 
com m on and abundant species in intertidal and shallow  m ud
flats in northw estern E urope. The species coexist in the same 
habitat, reach high population densities during summer, and 
construct burrow s at the sedim ent-w ater interface [20,21],

The aim  o f this study was to com pare the uptake kinetics 
o f fluoranthene in N. v irens  in the absence o f am phipods with 
that obtained in the presence o f bioturbating am phipods. We 
tested the hypothesis that in a bioturbated system , desorption 
kinetics o f sedim ent-bound contam inants in w ater w ould be 
increased and that accum ulation levels o f  fluoranthene in 
worm s w ould be consequently  h igher than in a nonbioturbated 
system . The role o f am phipod bioturbation in fluoranthene 
bioavailability and the relationship betw een am phipod density, 
total suspended solids in overlying water, and fluoranthene 
body burdens in worm s w ere also investigated.
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MATERIALS AND METHODS

F ie ld  sam pling  and  anim als

Sedim ent sam ples from  the top 3 cm  were collected from  
an intertidal m udflat (Oesterput) located in the O osterschelde 
in the southeastern part o f  The N etherlands (51°36'N , 3°48'E). 
Sedim ent was w et-sieved through a 500-p m  m esh sieve to 
rem ove indigeneous m acroinvertebrates, transported to the lab 
oratory, and stored at 4°C.

Am phipods were collected from  an intertidal m udflat (Bie- 
zelingseham ) located in the W esterschelde in the southw estern 
part o f The N etherlands (51°27'N , 3°55'E ). Sam ples o f the 
surface sedim ent (top 3 cm ) were taken and w et-sieved through 
a 500-p m  m esh sieve; the am phipods w ere rinsed into po ly
ethylene buckets containing freshly collected sea water. A m 
phipods w ere then transported to the laboratory and transferred 
to 10-L ja rs  containing a 3-cm  layer o f  (O osterschelde) sed
im ent filled with natural filtered seaw ater (i.e., sandbed-filtered 
seaw ater containing particles < 1 0  pm ) with a salinity  o f  ap
proxim ately 32 g/L. Organism s were acclim ated to the sam e 
salinity, tem perature, and light conditions as used in the ex
perim ents.

Polychaete worm s, N. virens (Polychaeta: N ereidae), were 
obtained from  a seabait farm, Topsy Baits (W ilhelm inadorp, 
The Netherlands). W orms were acclim ated and held  in running 
seaw ater in tanks containing 2 to 3 cm  o f O osterschelde sed
im ent at a tem perature o f  15 ±  2°C for one week before com 
m encem ent o f  the experim ent.

Sedim ent spiking  procedure

Sedim ent subsam ples were taken for analyses o f  w ater con
tent and organic matter. The w ater content was determ ined by 
drying the sedim ent at 70°C for 24 h to constant weight. The 
percentage organic m atter was determ ined after com bustion at 
450°C for three hours. Physicochem ical characteristics and 
background concentrations o f  total PAHs, polychlorinated b i
phenyls, m etals, and organochlorine pesticides o f the sedim ent 
used are described in C iarelli et al. [22]; in this sedim ent the 
background concentration o f  fluoranthene was < 0 .2 5  pg /g  dry 
w eight (unpublished data).

Fluoranthene (log ATow =  5.23) [23] was purchased from  
A ldrich Chem ical Com pany (Steinheim , G erm any; purity 
98% ) and dissolved in acetone (8 g/L). A  calculated  volume 
(66,375 m l) o f  the stock solution was added dropw ise at a rate 
o f 60 m l/h to 60 kg wet sedim ent slurry to achieve the required 
nom inal concentration (10 p g /g  dry w eight), while the m ixture 
was stirred for approxim ately four hours. The fluoranthene 
concentration was chosen on the basis o f a previous study 
(unpublished), w hich show ed no effect to the am phipods and 
the worm s at this exposure concentration. After spiking, sed
im ent was kept in a refrigerator at 4°C for 10 d to allow 
equilibration and partitioning o f fluoranthene into the sed i
m ent. B efore starting the experim ent, sedim ent was again 
m ixed hom ogeneously for approxim ately two hours. A fter set
tling, overlying w ater was decanted to rem ove m ost o f the 
acetone carrier and two subsam ples w ere taken for fluoran
thene analysis.

E xperim enta l set-up

The 3-L  beakers were filled with 850 ml o f  spiked sedim ent 
corresponding to a 4-cm -thick sedim ent layer and 2,000 ml o f  
overlying seawater. Sedim ent and w ater were allow ed to equil
ibrate for 24 h before the addition o f the organism s. The ex 

perim ent involved the follow ing three treatm ents: control w ith
ou t am phipods, low density o f  am phipods (n =  100), and high 
density  o f  amphipods (n = 300). Low- and high-density treat
m ents corresponded to 3,300 and 9,900 organism s/m 2, re
spectively. The num ber o f am phipods used in this experim ent 
w as based on realistic environm ental densities occurring in the 
field during w intertim e [24]. Two worm s ranging from  2.5 to
3.5 g wet weight were added to each vessel 24 h after addition 
o f  the am phipods. Three replicates were used for each treat
m en t and exposure tim e. In addition to the three treatm ents 
w ith  worm s, a low- (100 am phipods) and high-density  (300 
am phipods) treatm ent w ithout worm s (three replicates each) 
w ere used to com pare am phipod survival in the absence o f 
worm s. The exposure o f  am phipods alone lasted 13 d and water 
sam ples were taken only at the end o f the exposure.

W orms and am phipods were exposed to fluoranthene- 
sp iked  sedim ent for 12 and 13 d, respectively. The experim ent, 
consisting  o f a total o f  51 beakers, was conducted at 15°C and 
the  overlying water was not replaced during  the exposure; 
tem perature and dissolved oxygen w ere checked at the begin
ning, after five days, and at the end o f the experim ent, in the 
overly ing  water. The organism s were not fed during the ex
posure because it was considered that the addition o f organic 
m aterial w ould alter the partitioning and availability o f  fluor
anthene.

W ater sam ples for total suspended solids (TSS) were taken 
afte r 2, 3, 6, 9, and 13 d after the addition o f the am phipods. 
W ater sam ples (1 L) for total fluoranthene (dissolved +  particle 
bound) analysis were taken after 1, 5, and 12 d after the ad
dition  o f worms. Tissue sam ples for fluoranthene analysis were 
taken from  unexposed am phipods and worm s before the ex
perim ent and from exposed organism s after 1, 2, 5, 8, and 12 
d. A t the end of each exposure tim e worm s were placed in 
c lean  seaw ater for four hours to allow gut depuration. The 
w ater was changed tw ice during depuration tim e and the mu- 
co u s-sed im en t mass excreted by the worm s and sticking to 
th e ir bodies was discarded. Tissue sam ples were then  im m e
diately  frozen in liquid nitrogen and stored at -2 0 °C . A m 
phipods were placed in clean seaw ater and rinsed w ith deion
ized  w ater and frozen at -2 0 °C . W orms and am phipods were 
freeze-dried  before fluoranthene analysis.

A n a ly tica l methods

Concentrations o f fluoranthene were determ ined in sedi
m ent, overlying water, worm s, and am phipods. The analytical 
m ethods used for the sedim ent and am phipods are identical to 
those  described in C iarelli e t al. [16].

F or total fluoranthene analysis in overlying water, water 
sam ples were adjusted to pFI =  2 using 33% nitric acid  before 
extraction. After addition o f  50 ml o f  hexane the sam ple was 
shaken for one m inute in a separation funnel. The w ater frac
tion  was collected into the sam ple bottle and the pH  was ad
ju s ted  to 9 using 5 M sodium  hydroxide. Subsequently, hexane 
(100 ml) was added in the w ater fraction and the m ixture was 
shaken for one m inute in a separation funnel. B oth hexane 
fractions were com bined and subsequently dried over an an
hydrous sodium  sulfate colum n. The dried hexane extract was 
evaporated  under nitrogen in a turbovap apparatus and further 
reduced  to 1 ml after addition o f  3.5 ml o f a 2% ethanediol 
so lu tion  in methanol.

Total suspended solids in overlying w ater were determ ined 
gravim etrically  in the low- and high-density treatm ents. A sim 
ila r m ethod was used as that described in C iarelli e t al. [16].
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Briefly, TSS were determ ined gravim etrically  after filtration 
o f 200 and 100 ml o f water, in the low- and high-density 
treatm ents, respectively. Prew eighed glass fiber filters (Type 
GF/C W hatm an, Clifton, NJ, USA; 1-pm  nom inal pore size) 
were dried  at 50°C and w eighed after 24 h. The concentration 
was expressed as m g/L  by calculating the difference betw een 
the total and initial w eight and dividing by the volum e o f  water 
filtered.

W orm sam ples were Soxtec®-extracted (Tecator AB, Ho- 
ganas, Sw eden) fo r 1.5 h with 70 ml o f  a hexane.acetone 
m ixture (1:1, v/v). W orm extracts w ere evaporated under ni
trogen in a block heater (40°C) and residues were dissolved 
in 15 ml o f hexane. The extracts were concentrated and reduced 
to approxim ately 1 ml in a turbovap apparatus (30°C) and after 
addition o f 3.5 ml o f a 2% ethanediol solution in m ethanol, 
extracts w ere further reduced to 1 ml.

For lip id  content analyses in the worms, extracts were 
cleaned-up over a 15-g alum inum  oxide (6% H 20 )  colum n and 
eluted w ith 200 ml o f hexane to rem ove lipids. The lipid weight 
o f  the sam ples was determ ined by evaporating a fixed amount 
(10% ) o f  the total Soxtec extract and w eighing the residue.

A nalyses o f the PAF1 com pounds were perform ed by in
jec ting  20 p i o f  m ethanol extracts into a high-perform ance 
liquid chrom atograph (H PLC-system ; Separations, A m ster
dam, The N etherlands). The PAH com pounds were separated 
over a LC-PAH C ,8 reverse-phase colum n, using a 56 to 100% 
acetonitrile gradient (0.7 m l/m in). The PAHs w ere detected by 
com pound-specific fluorescence detection (Jasko 785A, To
kyo, Japan).

All the PAH analyses were carried out by OM EG A M  (Am 
sterdam , The N etherlands), accredited as a testing  laboratory 
by the Laboratory  Accreditation B oard of The Netherlands. 
Each set o f  sam ples was analyzed under quality  assurance- 
quality control protocols, w hich included procedural blanks, 
replicate analyses, and control m aterials. Identification and 
quantification o f fluoranthene were perform ed by com paring 
retention tim es and peak areas with those o f certified standards 
(Standard Reference M aterial and Schm idt, A m sterdam , The 
Netherlands).

Uptake k inetics and  b ioaccum ulation  fa c to rs

The kinetics o f the accumulation o f fluoranthene in the worms 
were determ ined by fitting the data to  a first-order one-com 
partm ent toxicokinetic m odel assum ing that the overlying w a
ter was the main route o f  uptake of fluoranthene for the worms 
and assum ing the internal concentration to be zero at t = 0

c m  = r ck 2

where C M  =  fluoranthene concentration in w orm s at tim e t 
(pg /g ), k¡ =  uptake rate constant defined as the am ount of 
fluoranthene accum ulated from  w ater per m ass o f  organism  
per unit o f  tim e (m l/g/d), k 2 = elim ination ra te  constant of 
fluoranthene (d ’)> Cw = fluoranthene concentration in water 
colum n (m g/L), and t =  tim e (days).

The uptake (k¡) and elim ination (k,J rate  constants were 
estim ated by fitting the m odels to the data using nonlinear 
curve fitting w ith Systat® 5.0 (SPSS, C hicago, IL, USA, 1990- 
1994). The uptake rate constant (k, ) was estim ated  for each 
treatm ent, w hereas the elim ination rate constant (k2) was es
tim ated fo r all treatm ents together. To know w hether the par
ticle-bound fraction of fluoranthene would contribute to the 
uptake in worm s, the uptake (k2) and elim ination  (k2) rate

constants were estim ated by using the dissolved fraction o f 
fluoranthene as well as the total aqueous fluoranthene con
centration (i.e., d issolved +  TSS-bound) were used. The dis
solved fraction was not directly m easured in this study but 
was derived by subtracting the fraction o f particle-bound fluor
anthene, m easured in the previous study [16] where analagous 
treatm ents (i.e., w ith 100 and 300 am phipods) were used, from  
total concentration, w hich was m easured in this study. The 
fractions dissolved and particle-bound were assum ed to be 
approxim ately constant in the low- and high-density treatm ents 
with sim ilar num bers o f organism s. Results o f  the form er study 
show ed that 78 and 60%  o f total fluoranthene in the water 
colum n was present as dissolved in the low- and high-density 
treatm ents, respectively, after 10 d o f  exposure. For all treat
m ents, the fluoranthene concentrations at each sam pling time 
were pooled and the averages were used for the estim ation of 
the uptake (£,) and elimination (k2) rate constants. The following 
equations were used to determ ine the bioconcentration factors 
(BCFdlss and BC:Flot), and the lipid (lip)- and sedim ent organic 
carbon (,,c)-norm alized bioaccum ulation factor (BAFloc):

BCFdiss =  k, lk2 (based on dissolved fluoranthene)

B C Ftot =  k f k j  (based on total aqueous fluoranthene)

B A Floc =  [ ( t is s u e /fu s s e d ^ ) ]

where k, (m l/g/d) and k 2 (d _1) are the uptake and elim ination 
rate constants as defined above, tissue/fUp is the lipid-norm al
ized fluoranthene body burden (pg /g  dry weight), and sed^  is 
the sedim ent organic carbon-norm alized fluoranthene (pg/g  
dry weight).

S ta tistica l analyses

Significant differences betw een m eans were tested with 
one-w ay analysis o f  variance follow ed by pairw ise com pari
sons am ong treatm ents (Tukey’s honestly significant difference 
test). The TSS and B A Floc data were checked for norm ality 
(Shapiro-W ilks test) and for hom ogeneity o f variances (Bart
lett’s test) before perform ing analyses o f variances. D ifferences 
were considered significant when p  <  0.05.

RESULTS

Sedim ent

M ean percentage dry  m atter o f the fluoranthene-spiked sed
im ent was 58.7 (± 3 .3 ). M ean percentage organic m atter was 
4.25; percentage organic carbon was 2.53 (± 0 .5 ) and was de
rived as follow s: L  =  0.6 X  fDm [25]. M ean m easured fluor
anthene concentration in sedim ent at t = 0 was 8.3 (± 2 .2 6 ) 
pg /g  dry weight.

Percentage recovery o f  am phipods and  fluoranthene uptake

Recovery o f am phipods gradually decreased during the ex
posure tim e o f 13 d. M ean percentage recovery o f amphipods 
after one day ranged from  90.7 (± 4 .0 ) to 81.1 (± 6 .9 ) in the 
low- and high-density  treatm ent, respectively. A fter 13 d, mean 
percentage recovery  declined to 54 (± 2 .9 ) and to 34.8 (± 6 .7 ) 
in the low- and high-density treatm ent, respectively. In the 
treatm ents w ithout worm s, mean recovery rem ained h igh at 
92.3%  after 13 d o f  exposure. This suggests a negative im pact 
o f worm s on the survival o f  am phipods (Table 1).

The internal concentrations o f  fluoranthene in C. voluta tor  
ranged from  58 (± 3 3 )  to 90 (± 5 6 ) and from  93 (± 5 )  to 135 
(± 5 0 ) pg /g , in the am phipods o f the low- and high-density
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Table 1. Percentage recovery of Corophium volutator and concentration of fluoranthene in amphipods and total suspended solids (TSS) in water 
column at different densities and at different times of exposure (means ± SD)

Time (days) Amphipod density Amphipod recovery (%)

Fluoranthene concn. in C. 
volutator 

(pg/g dry wt) TSS (mg/L)“

2 100 91 (± 4.0) 58 (±33) 38 (±2.0)A
300 81 (± 7.9) 135 (±49) 100 (±17)B

3 100 78 (± 2.9) 90 (±56) 29 (±6.6)A
300 75 (± 1.7) 130 (±14) 71 (±1.4)B

6 100 73 (± 1.5) 63 (±5.7) 34 (±3.6)A
300 64 (± 0.9) 93 (±4.9) 64 (±8.6)B

9 100 64 (± 3.1) NDb 26 (±2.3)A
300 51 (± 1.8) ND 66 (±6.4)B

13 100 54 (± 2.9) ND 35 (±6.7)A
300 35 (± 6.7) 58“ 39 (±4.0)A
100d 92 (± 4.0) — 70 (±4.6)A
300d 92 (± 1.2) — 177 (±7.3)B

* Means of treatments that do not share the same capital letter are significantly different from each other at p < 0.05. 
b ND = not determined.
“ Based on one value. 
d Treatments without worms.

treatm ents, respectively. However, because o f the few  data and 
the high standard deviation, the differences betw een the two 
treatm ents w ere not statistically  significant. Based on these 
results, steady state seem ed to be reached already after two 
days o f  exposure in both densities and after 13 d, fluoranthene 
concentration in the am phipods o f  the high-density treatm ent 
seem ed to decline (Table 1).

O verlying w ater

Two days after addition o f  the am phipods to the test cham 
bers, TSS concentrations in the low- and high-density treat
m ents with w orm s w ere 38 (± 2 )  and 100 (± 1 7 )  m g/L, re
spectively. A fter 13 d, TSS values declined to 35 (± 6 .7 ) and 
to 39 (± 4 )  m g/L  in the low- and high-density treatm ents, 
respectively. A  substantial decrease in time (alm ost a factor 
three) was found in the high-density  treatm ent, w hich coin
cided with a low  recovery o f  am phipods. Nevertheless, TSS 
concentrations in the h igh-density  treatm ents were signifi
cantly  h igher than in the low -density  treatm ent for each sam 
pling tim e w ith the exception o f  t  = 13 d. In the treatm ents 
w ithout worm s, TSS values were alm ost a factor 2 to 4.5 higher 
(70 ±  4.6 and 177 ±  7 m g/L  in the low- and high-density 
treatm ents, respectively) after 13 d (Table 1). This was due to 
a better survival o f the am phipods exposed w ithout worms 
com pared to those exposed with worms.

A t t  =  1 day, total average fluoranthene concentrations in 
the w ater colum n ranged from  5.8 pg/L  in the treatm ent w ith
out am phipods to  15 p.g/L, in the high-density treatm ent. A fter 
13 d, m ean concentrations o f fluoranthene decreased to 9.9 
and 9.2 pg /L  in the low - and high-density treatm ents, respec
tively, and w ere not significantly different am ong treatm ents 
except for the values at t =  1 day (data not shown).

F luoranthene uptake in  N. virens

F luoranthene was rapid ly  accum ulated by N. virens  during 
the first two days o f exposure in all treatm ents. Steady-state 
body burdens were reached after five days in all treatm ents. 
F luoranthene concentrations in the worm s exposed with 300 
am phipods w ere significantly h igher (p  <  0.05) than those in 
w orm s exposed w ithout am phipods at t = 1 ,2 , and 12 d (Fig. 
la  to  c). A fter one and tw o days, accum ulation was also sig
nificantly h igher com pared to worm s o f  the treatm ent w ith 100

am phipods. W orms that were exposed with 100 am phipods did 
not accum ulated significantly m ore fluoranthene than those 
exposed w ithout am phipods. B ioconcentration  factors, calcu
lated as the ratio  betw een the uptake (k ,) and the elim ination 
(k2) rate constants obtained using the d issolved fluoranthene 
concentrations (BCFdiss), ranged from  4.68 to 4.87 (log basis) 
in the treatm ent w ithout and with 300 am phipods, respectively 
(Table 2). The BCFdlss values o f  the treatm ent with 100 and 
300 am phipods were slightly h igher com pared to b ioconcen
tration factors based  on total fluoranthene concentrations 
(BCFlot). B ecause 95%  confidence lim its o f  the  uptake (k¡) rate 
constants estim ated with both m ethods overlapped, BCFdlss and 
B C Flot were probably not significantly d ifferent from  each oth
er and were also not significantly d ifferent am ong treatm ents. 
However, although total aqueous fluoranthene concentration 
was increased and worm s were significantly affected by b io
turbation, the uptake kinetics and bioconcentrations factors 
w ere not influenced.

The B A Floc b io ta  to sedim ent concentrations norm alized to 
total tissue lipids and to total sedim ent o rganic carbon were 
calculated at each tim e and reported  in Table 3. The B A Fl0C 
values in worm s exposed with am phipods ranged from  0.1 to
1.6 during the exposure. A ccording to Table 3, the worms in 
the treatm ent with 300 am phipods were significantly different 
from  the treatm ent w ithout am phipods and from  that with 100 
am phipods on days one and tw o. After 12 d, a significant 
difference was found only betw een the treatm ent w ithout am 
phipods and that w ith 300 am phipods.

DISCUSSION

Toxicokinetics o f  fluoran thene  in  N. virens

Polychaete worm s have been extensively used in several 
sedim ent toxicity studies [26,27] and in bioaccum ulation stud
ies [19,20,28,29] to assess effects o f contam inated sediments. 
M ost o f  these studies suggested that feeding habits o f infaunal 
invertebrates and hydrophobicity o f  the com pounds are im 
portant factors that influence the route o f uptake of sedim ent- 
bound contam inants. U nder nonequilibrium  conditions the 
m ode o f exposure and the route o f  contam inants uptake can 
have a m ajor influence on tissue concentration and on uptake 
kinetics in the organism s [30], However, this study is one of
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Fig. 1. (a) Uptake kinetics curve of fluoranthene in the worm Nereis 
virens as a function of time in the absence of amphipods. (b) Uptake 
kinetics curve of fluoranthene in the worm N. virens as a function of 
time in the presence of 100 amphipods. (c) Uptake kinetics curve of 
fluoranthene in the worm N. virens as a function of time in the presence 
of 300 amphipods.

the  few in which toxicokinetics in worm s was investigated in 
tw o different m odes o f  exposure (i.e., in the presence and in 
the absence o f  sedim ent resuspension by b ioturbating am phi
pods) to assess the im portance o f b io turbation in the b ioavail
ability o f fluoranthene for the worm  N. virens. The results 
confirm ed the hypothesis tested, that is, that the w orm s’ body 
burdens w ould be h igher in the presence o f b ioturbating am 
phipods than in their absence. However, the uptake (k,) and 
elim ination (fc2) rate constants and b ioconcentration factors 
w ere not affected by b ioturbating am phipods. Fluoranthene 
resuspension in the w ater colum n, because of bioturbation, 
increased its b ioavailability  for the worm s, suggesting that 
aqueous fluoranthene is an im portant source for uptake for N. 
virens. This finding was consistent with results o f  o ther studies

that im plied that N. virens  is able to accum ulate contam inants 
from  sedim ent via the  w ater phase. Ray et al. [ 18], fo r exam ple, 
found that uptake rates o f cadm ium  from  w ater by bottom - 
dw elling activities w ere 16 to 39 times h igher than the uptake 
rates o f cadm ium  from  sedim ent. M cElroy et al. [17] also 
show ed that benz[a]anthracene added to the w ater colum n was 
m ore bioavailable fo r uptake by worms than benz[a]anthracene 
added to the sedim ent reservoir. Fow ler et al. [19] found that 
uptake o f polychlorinated biphenyl from  w ater in the closely 
related polychaete Ai. d iversico lor  was m ore rapid com pared 
to that from  sedim ent; concentration factors were tw o to three 
orders o f  m agnitude h igher than those based on uptake from  
sediment.

The overlying w ater o f treatm ents w ithout am phipods was 
very clear, suggesting that the presence o f fluoranthene in the 
water colum n and the uptake by the w orm s were the conse
quences o f  diffusive exchanges betw een sedim ent and water. 
In the treatm ents w ith am phipods, the uptake by the worms 
was increased by the presence o f burrows, w hich can signif
icantly increase total sedim ent-w ater surface [6,31,32].

The hypothesis that accum ulation o f  PAH from  overlying 
water can play an im portant role in the uptake o f  fluoranthene 
is also based on the fact that m ost o f the m em bers o f the family 
Nereidae are om nivorous, burrow ing in the sedim ent in search 
o f food, and do not necessarily  obtain their food by ingesting 
sediment. Studies o f  Fauchald and Jum ars [33] and Sm ith et 
al. [34], fo r exam ple, show ed that N. d iversico lor  may be a 
scavenger, suspension feeder, or surface deposit feeder de
pending on the tide conditions and the availability o f food. 
Because m ost o f  the burrow ing organism s have been shown 
to ventilate the burrow s for respiratory purposes by pum ping 
oxygenated overlying w ater in their burrow s [35], overlying 
w ater enriched w ith resuspended fluoranthene by bioturbating 
am phipods is likely to have led to h igher body burdens in the 
worm s exposed w ith the am phipods. The im portance o f this 
phenom en was already show n in a sim ilar study perform ed 
previously w ith m ussels in the overlying w ater [16]. The up
take o f fluoranthene in m ussels from  the overlying w ater in 
creased linearly  w ith time and with am hipod density, whereas 
fluoranthene concentration and water turbidity rem ained m ore 
or less constant. M oreover, because the particle-bound fluor
anthene was show n to increase with am phipod density and 
w ith tim e, m ussels w ere concluded to accum ulate probably 
also the particle-bound fraction of fluoranthene by continuous 
filter-feeding the sedim ent-resuspended particles in the water. 
This was the m ain difference with the present study, where 
the dissolved fraction o f fluoranthene seem ed to be the m ost 
im portant for uptake in the worm s, as was show n by the B C Fdiss 
values.

However, the B C F  values calculated in our study, even 
those based on d issolved fluoranthene concentrations, may be 
underestim ated for tw o different reasons. The first reason is 
that only the freely dissolved fraction o f fluoranthene is prob
ably m ostly available for uptake in the worm s. This is on the 
basis o f a study carried  out by M eador et al. [28], who reported 
h igher BC F values (approx. a factor o f  five), for the am phipod 
Rhepoxynius abronius  when based on free interstitial PAH 
concentrations (BCFf„ e) than on total ones (BCF,,,,). The B C Flrcc 
were also closer to the predicted ones than BC Ftol. A lthough 
the differences w ere tiny, our BCFdl,s values were also higher 
than those calculated on the basis o f total aqueous fluoran
thene, suggesting enhanced uptake of the dissolved fraction. 
The second reason fo r underestim ated B C F values is the de
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Table 2. Measured fluoranthene concentrations in the water column (total and dissolved), calculated uptake and elimination rate constants (k, 
and k2). and (log basis) bioconcentration factors (BCF) in the different amphipod densities. Standard deviations (±SD) and 95% confidence limits

are given in parentheses

Parameters3

Amphipod density

0 100 300

Cwtol (pg/L) 5.85 (±0.5) 11 (±1.3) 12.5 (±2.9)
Cwdjss (pg/L) 5.85 (±0.5) 8.57 (±1.0) 7.49 (±1.7)
K », ( d '1) 0.60 (0.37-0.82) 0.60 (0.37-0.82) 0.60 (0.37-0.82)
k2d,„ (d~') 0.62 (0.38-0.86) 0.62 (0.38-0.86) 0.62 (0.38-0.86)
km, (ml/g/d) 28,900 (18,400-39,400) 23,000 (14,800-31,000) 25,000 (16,000-34,000)
kid;,® (ml/g/d) 29,700 (18,700-41,000) 27,500 (18,100-37,000) 45,500 (29,000-62,000)
LogBCFlot (ml/g)b 4.68 4.59 4.62
LogBCFdis, (ml/gk 4.68 4.65 4.87

1 Parameters are estimated on the basis of dissolved (Cwdi¡¡) and total (Cwlot) (particle-bound + dissolved) fractions of fluoranthene in the water 
column; the values here reported are based on the average of concentrations obtained at each time (i.e., n = 2 and n = 6, for the treatments 
without and with amphipods, respectively). 

b BCFto, = calculated as the ratio between k llnl and k2lOI, obtained on the basis of total fluoranthene. 
c BCFdlJS = calculated as the ratio between kldlls and k2dl„, obtained on the basis of dissolved fluoranthene.

d in in g  num ber o f am phipods and concentration o f TSS and 
likely o f total fluoranthene in overlying water (see further in 
the Discussion).

C alculated BAFl0C values in all treatm ents varied from  0.14 
to 1.6, w hich were included in the range found by M eador et 
al. [28] for A m a n d a  brevis  (a nonselective deposit-feeding 
polychaete) and R. abronius  (a nondeposit-feeding am phipod). 
In this study, where b ioaccum ulation o f PAHs by the two 
different infaunal invertebrates was com pared, the authors 
found that tissue body burdens o f high-m olecular PAHs were 
significantly h igher in the polychaete com pared to the am 
phipod. Sedim ent ingestion was suggested to be the dom inant 
route o f  exposure for the polychaete, A. brevis. However, fluor
anthene and pyrene seem ed to behave m ore like low -m olecular 
PAHs, because the two species acquired nearly identical body 
burdens. The authors concluded that, for the low -m olecular 
PAHs and for fluoranthene and pyrene, the contribution of 
tissue burden by sedim ent ingestion was insignificant for the 
polychaete and that the interstitial w ater was the m ain route 
o f uptake for both organism s. This observation, in conjunction 
w ith the B A Floc data, w hich were com parable to our results,

Table 3. Lipid content and biota to sediment accumulation factors 
normalized to lipid concentration (pg/g lipid) and to organic carbon 
concentration (pg/g fluoranthene/g organic carbon) (B AF,,,J in Nereis 

virens in different treatments at different times

Time (days) Number of amphipods BAFloc (SD)-

1 0 0.14 (0.02)A
100 0.15 (0.05)A
300 0.48 (0.06)B

2 0 0.80 (0.08)A
100 0.91 (0.07)A
300 1.63 (0.25)B

5 0 0.88 (0.23)A
100 1.11 (0.32)A
300 1.42 (0.23)A

8 0 0.93 (0.15)A
100 1.45 (0.49)A
300 1.60 (0.36)A

12 0 0.97 (0.06)A
100 1.16 (0.22)A,B
300 1.48 (0.09)B

Means of treatments that do not share the same capital letter are 
significantly different from each other at p  < 0.05 (Tukey’s test).

support the hypothesis o f  aqueous fluoranthene uptake by N. 
virens.

B io tic  interactions betw een  N. virens a n d  C. volutator

R esults on percentage recovery o f am phipods indicated that 
m ortality was h igher in the presence than in the absence o f 
worm s, suggesting that N. virens  had a negative effect on C. 
volutator. Percentage recovery in the treatm ent with 100 am 
phipods was approxim ately 10% higher than the treatm ent with 
300 am phipods. W hat type o f  interaction occurred between 
the am phipods and the worms in our experim ent is not clear. 
The relationships betw een C. vo lu ta tor  and the closely related 
polychaete N. d iversico lor  have been extensively studied. 
Som e authors found that the tw o species may coexist w ithout 
having negative effects on each other [24,36], w hereas others 
recorded negative correlations betw een their densities and re
ported that N. d iversico lor  may cause disturbance in amphipod 
recruitm ent and induce their m igration after destroying C or
ophium  burrows and forcing them  to construct new  burrows 
[21]. Sm ith et al. [34] observed interspecific com petition for 
food betw een the two species when they coexisted under nat
ural conditions and fed on the same epipelic diatom s species 
in laboratory  experim ents. Som e authors [33,34] also reported 
the ability o f N ereis  species to act as predators. In our ex
perim ental system , we think that com petition for food (dia
tom s) and the presence o f m ucus secretions produced by the 
worm s m ight have been the m ost im portant factors that caused 
stress and m ortality o f  the am phipods, rather than  predation. 
If  the am phipods were a real com ponent in the diet o f the 
worm s, we would not have been able to see the dead am phi
pods in the sedim ent at the beginning o f the exposure (after 
one, two, and five days) as we did. B ecause o f the negative 
im pact o f the worm s on the am phipods, TSS concentration, 
total fluoranthene concentration in overlying water, and BCF 
and B A F values may be underestim ated.

CONCLUSIONS

The results o f this study show ed that the presence o f b io
turbating amphipods increased b ioavailability  o f aqueous 
fluoranthene and consequently accum ulation by the worm  N. 
virens. The enhanced uptake o f  fluoranthene by worm s is due 
to am phipod-m ediated increase o f the d issolved fraction. H ow 
ever, the uptake and elim ination rate constants o f  fluoranthene
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in the worm s and bioconcentration factors were not signifi
cantly affected by the b ioturbating am phipods. The presence 
o f  worm s caused disturbance and rapid m ortality  o f  the am 
phipods, which is one o f  the reasons that BC F and B A FJOC 
values m ay be underestim ated.
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