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bstract

We studied cellular energy allocation (CEA) in three Arctic benthic species (Gammarus setosus (Amphipoda), Onisimus litoralis (Amphipoda),
nd Liocyma fluctuosa (Bivalvia)) exposed to oil-related compounds. The CEA biomarker measures the energy budget of organisms by biochemically
ssessing changes in energy available (carbohydrates, protein and lipid content) and the integrated energy consumption (electron transport system
ctivity (ETS) as the cellular aspect of respiration). Energy budget was measured in organisms subjected to water-accommodated fraction (WAF)
f crude oil and drill cuttings (DC) to evaluate whether these compounds affect the energy metabolism of the test species. We observed significantly

ower CEA values and higher ETS activity in G. setosus subjected to WAF treatment compared to controls (p ≤ 0.03). Higher CEA value and lower
ellular respiration were observed in O. litoralis exposed to DC compared to controls (p = 0.02). No difference in the energy budget of L. fluctuosa
as observed between the treatments (p ≥ 0.19). Different responses to oil-related compounds between the three test species are likely the result
f differences in feeding and burrowing behavior and species-specific sensitivity to petroleum-related compounds.

2007 Elsevier B.V. All rights reserved.
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. Introduction

Petroleum industry activities are increasing in the Arctic
arents Sea. However, there is a general lack of information
oncerning possible effects of oil-related chemicals in Arctic
cosystems (Chapman and Riddle, 2005). It is therefore neces-
ary to assess effects of petroleum-related compounds on Arctic
rganisms (Peterson et al., 2003).

The relative composition of polyaromatic hydrocarbons

PAHs) are known to vary substantially among different crude
il types (Neff, 2002). These compounds and byproducts may
ioaccumulate in organisms, resulting in a disruption of cellular
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nd tissue function (French-McCay, 2004). In marine inverte-
rates exposed to oil-related compounds, reduced growth and
eproduction, increased heart rate, and oxidative damage have
een documented in experimental studies (Johnson, 1977; Solé
t al., 1996; Camus et al., 2002a,b; Neff, 2002; Stark et al., 2003).
AH contamination is for such reasons a matter of concern also
n the marine environment.

Drill cuttings are barium-rich byproducts of drilling activi-
ies and are typically deposited on the seabed close to drilling
ites. While water-based drill cuttings in common usage today
re considered to be the least toxic among the different drill
utting types (Sanders and Tibbetts, 1987), their deposition may
ffect marine organisms by smothering, and by altering the com-

osition of metals in the sediment (Sanders and Tibbetts, 1987;
reuer et al., 2004).

Marine benthic organisms have been widely used in eco-
oxicological studies to assess effects of different compounds,

mailto:gho@akvaplan.niva.noph
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ncluding oil-related chemicals (Johnson, 1977; Camus et al.,
003; Depledge, 1984). Benthos is relevant as test species as they
ave been shown to possess compensatory responses to pollu-
ants and often have a sessile life style. Biomarker responses will
herefore give an integrated response of pollutants at a specific
ite (Blaise et al., 1999; Hoarau et al., 2004; Lecoeur et al., 2004).

Earlier studies have shown that some biomarkers for oil expo-
ure used with temperate species may also be relevant for Arctic
rganisms (Camus et al., 2002a,b, 2003). Biomarkers related
o metabolic cost have been developed for temperate species to
valuate effects of pollutants. Pollutant stress may increase the
aintenance requirement and hence result in reduced energy

vailable for growth and reproduction (Calow and Sibly, 1990;
uggett et al., 1992; De Coen and Janssen, 2003a,b). The cel-

ular energy allocation (CEA) biomarker was developed by De
oen and Janssen (1997) to provide measurements of the energy

tatus of organisms (Verslycke and Janssen, 2002; De Coen and
anssen, 2003a,b; Verslycke et al., 2004). Calorimetric mea-
urements of available energy (protein, lipid and carbohydrate
ontent) and energy consumed (electron transport system activ-
ty (ETS)) are combined into a value expressing the net energy
udget at the cellular level (De Coen and Janssen, 1997). The
ethod has proven to be ecologically relevant as cellular effects

ave been linked to higher levels of biological organization
De Coen and Janssen, 2003a,b; Smolders et al., 2004). CEA
s also considered a sensitive biomarker as changes in CEA
ave been shown to be an order of magnitude more sensitive
n some species than, for example, the scope of growth assay
Verslycke et al., 2003). To our knowledge, no studies have used
EA as a biomarker to study effects of oil, and CEA has not pre-
iously been used with Arctic species. In this study, we measured
hanges in carbohydrate-, protein-, and lipid budgets, ETS activ-
ty, cellular respiration and CEA in the Arctic benthic species
nisimus litoralis, Gammarus setosus and Liocyma fluctuosa

xposed to low levels of petroleum-related compounds.

. Material and methods

.1. Species under study

The amphipods Gammarus setosus, Onisimus litoralis and
he bivalve Liocyma fluctuosa were chosen as test species in this
tudy. G. setosus is typically found in the benthic subtidal or low
ntertidal regions, and it is the dominant species on the Svalbard
ast coast (Węslawski et al., 1999). They often consume animal
aterial that has settled to the sea floor. Due to their primar-

ly scavenging nature, they are identified as detrivores and they
erve a crucial role in the diet of a variety of species (Wisenden
t al., 1999).

O. litoralis is a key species in Arctic soft sediment littoral
one, constituting up to 95% of total fauna density in some areas
Węslawski et al., 2000). It has a narrow environmental distribu-
ion as it is limited to waters less than 5 m in depth. O. litoralis has

2.5-year life-span with a single brood incubated from Novem-
er to April/May (Węslawski et al., 2000). The amphipod has
een characterized as a facultative carnivore (Sainte-Marie et
l., 1989; Węslawski, 1990; Legezyńska et al., 2000) and is an
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mportant food source for waders (Calidris spp.), black guille-
ots (Cephus grylle), eiders (Somateria spp.) and terns (Sterna

pp.) (Bradstreet, 1980; Stempniewicz and Węslawski, 1992).
L. fluctuosa inhabits the littoral and sublittoral zone from 1 to

00 m depth. It is distributed from the northern part of the Sea of
apan to the Arctic Ocean. L. fluctuosa is a suspension-feeding
ivalve and has been shown to feed on phytoplankton (McMahon
t al., 2006). L. fluctuosa has a high ability to bioaccumulate
enobiotics due to its filtration activities (Holte et al., 2006).
ther aspects of the biology of L. fluctuosa are poorly known.

.2. Study area and animal collection

Organisms were collected on 2–7 July 2004 from Thiis-
ukta; a small cove close to Ny-Ålesund (78◦56′N, 11◦56′E),
valbard. G. setosus were hand-picked from the area between
hiisbukta and the shore. O.litoralis and L.fluctuosa were col-

ected by sieving sediment collected with a shovel. Organisms
ere transported to the laboratory facilities in Ny-Ålesund and
ept in aquaria without sediment for two days prior to the start
f experiment.

.3. Set-up and experimental conditions

A sediment layer of 3 cm was added to each aquarium
ollected from sampling location and 2 l of seawater (from Ny-
˚ lesund) was then introduced gently into each aquarium. For
ach of the three test species, 3 replicate aquaria (with 20 individ-
als in each aquarium) were prepared for each of the following
reatments: water-accommodated fraction (WAF), drill cuttings
DC) and control.

DC treatments were prepared by mixing water-based DC with
eawater (1:1 mixing ratio) in a standard blender. 44 ml of slurry
as added in small doses to each aquarium and allowed to sink

hrough the water column thereby achieving an even distribution
f DC (2 mm) on the sediment–water interface.

The water-accommodated fraction (WAF) was made by
dding crude oil on top of seawater according to Singer et al.
2000). 6.5 ml of the WAF solution was added to the aquaria.
fter the treatments were added and allowed to settle, organ-

sms were randomly distributed to aquariums. Aquariums were
onstantly aerated throughout the experiment. Temperature
nd salinity was measured each day and before and after water
hanges throughout the 21-days experiment. The in situ water
emperature on the first day of collection in Thiisbukta was
◦C. Average temperature in the aquariums was 4 ◦C and
verage salinity in the aquaria was 30 psu. Water samples from
ach aquarium were taken every third day, before and after
ater changes. Water samples were also taken from the stock

olution every third day.

.4. Sampling
Animals from the aquaria were sacrificed after 21 days.
ediment samples were taken for each aquarium (surface, mid
nd bottom layer) after carefully checking for organisms. The
emaining sediment was sieved to recover all animals. Animal
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ength was measured after removal from sediment and prior
o transferral to a cryogenic vial containing 200 �L Hendrick-
on buffer (De Coen, 1999). Animals were maintained in liquid
itrogen. Two weeks before analyses, animals were transferred
o a freezer (−80 ◦C). For each species, 70–100 animals were
lso collected as reference material (day 0). These were stored
n liquid nitrogen immediately after collection.

.5. Sample preparation

Each individual was thawed and immediately homogenized
n ice-cold homogenization buffer (De Coen, 1999). The total
olumes were then adjusted with homogenization buffer to a
otal volume of 1 ml. An aliquot of 200 �l homogenate was
aken for lipid analysis and 300 �l for protein and glycogen
nalysis. Samples were stored in liquid nitrogen and in 80 ◦C
ntil analysis. The ETS measurements were done immedi-
tely following homogenization. All samples were analyzed
andomly and in triplicates.

.6. Energy available (Ea)

Protein, carbohydrate and lipid were analyzed according to
e Coen (1999). Briefly, protein content was measured by the
ethod described by Lowry et al. (1951) using bovine � globulin

s a standard.
Carbohydrate content was analyzed with anthrone reagent

sing spectrophotometry at a wavelength of 490 nm (De Coen,
999). Carbohydrate concentrations were calculated by means
f a standard curve of glycogen.

Lipids were extracted following the method of Bligh and Dyer
1959) and lipid concentrations were calculated by reference
o standards of tripalmitine in chloroform. Lipid content was
uantified photometrically at 340 nm.

.7. Energy consumed (Ec)

ETS activity was measured according to De Coen and Janssen
1997). Briefly, after homogenization, amphipod and bivalve tis-
ue were centrifuged for 10 min (3000 × g, 4 ◦C). Aliquots of the
omogenate were diluted and 50 �l buffered substrate solution
as pipetted out in microwells. 50 �l homogenate and 50 �l
f the NADH/NADPH solution were added. The reaction was
tarted by adding 100 �l 2-(p-iodophenyl)-3-(p-nitrophenyl)-5
henyl tetrazolium chloride (INT; 0.8 mM) and the absorbance
as measured kinetically at 490 nm at 20 ◦C for 10 min. To

alculate EC, ETS activity was transformed into energetic equiv-
lents using an oxyenthalpic equivalent of 480 kJ/mol O2. Both
he ETS and Ec values for each species are reported in this study.

.8. Calculations

Standard curves for carbohydrates were prepared by using

ncreasing concentrations of glycogen. Increasing concentra-
ions of tripalmitine in chloroform was used for lipids, and for
roteins, standard curve with increasing concentration of bovine

globulin were prepared (De Coen, 1999). The absorption

i
t
o

icology 83 (2007) 85–92 87

alues from the lipid, protein and carbohydrate analyses were
onverted into concentrations of the respective energy compo-
ents based on the standard curves. Total concentration of lipid,
rotein and carbohydrate per organisms were calculated and
onverted into energy units (39.6 kJ/g lipids, 17.5 kJ/g carbohy-
rates and 34 kJ/g protein) (Gnaiger, 1983). The energy available
Ea) was calculated for day 0 and day 21; then, �Ea was cal-
ulated by integrating the change in energy reserve components
ver the 21 day experimental exposure time. Energy consumed
Ec) was calculated at day 0 and 21 from the ETS values on the
asis of the Lambert–Beer Law and from oxygen consumption
ates (De Coen, 1999), and then � in Ec over a 21 day period
as calculated. Oxygen consumption values were converted into

nergy units using the specific oxyenthalpic equivalents for pro-
eins, lipids and carbohydrates (Gnaiger, 1983). The cellular
nergy allocation (CEA) which represents the total energy bud-
et was calculated according to De Coen and Janssen (1997):

EA(mJ/g org) =
∫ t

0 Ea × dt − ∫ t

0 Ec × dt

t

.9. PAH analyses

PAH concentrations in water were analyzed according to
he modified standard US Environmental Protection Agency
EPA) procedure 3510 C. Briefly, internal standards were added
o water samples and extracted with dichloromethane. Extracts
ere concentrated and cleaned on a silica column. Samples were

nalysed by gas chromatography/mass spectrometry and quan-
ifications were made using internal standards. PAH analyses
ere performed at UNILAB analyse, Tromsø, Norway, accred-

ted laboratory.

. Statistical methods

Statistical analyses were performed using Statistica® (Ver.
.1). Each species was analyzed separately. Levene’s test was
sed to test for normality and homogeneity of variance. When
here was homogeneity in variance, a one-way measures anal-
sis of variance (ANOVA) was used to test for differences in
EA among the different treatments. When no homogeneity in
ariance was found, the nonparametric Kruskal–Wallis ANOVA
as used. When a significant treatment effect was found, the
nequal N HSD post-hoc test was applied to distinguish dif-
erences. To check for aquaria effects the generalized linear
odel nested ANOVA (nested in treatment) was applied. The

ignificance level chosen for all analyses was α = 0.05.

. Results

.1. G. setosus
There were no significant differences among the treatments
n any of the energy available parameters (carbohydrate, pro-
ein and lipid contents and their respective energy fractions
r in Ea) (ANOVA: p ≥ 0.26). However, the energy consumed
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arameters were affected by WAF. ETS activity and Ec was
ignificantly higher in WAF compared to controls (ANOVA:
≤ 0.03). CEA was significantly lower in WAF treatment com-
ared to controls (ANOVA: p = 0.04), indicating that the WAF
reatment affected the energy budget of G. setosus. No signifi-
ant differences between DC and controls were found (ANOVA:
≥ 0.24), indicating that DC did not affect the energy budget of
. setosus (Fig. 1A).
.2. L. fluctuosa

Protein contents and the respective energy fractions were
igher in WAF compared to DC (ANOVA, p = 0.02). There was

i
a

ig. 1. Cellular energy allocation (CEA), total energy available (Ea (kJ/mm)), elec
kJ/mm)) in Gammarus setosus (A), Liocyma fluctuosa (B) and Onisimus litoralis (C)
raction (WAF) and control (C). Median (�), 25 and 75 percentiles (lower and uppe
ifference from the control.
icology 83 (2007) 85–92

o significant difference among the treatments in any of the
ther energy budget parameters (carbohydrate and lipid contents
nd their respective energy fractions, Ea, ETS activity, Ec, and
EA) (ANOVA and Kruskal–Wallis ANOVA, p ≥ 0.19). These

esults indicate that the WAF and DC treatments did not affect
he energy budget of L. fluctuosa (Fig. 1B).

.3. O. litoralis
There were no significant differences among the treatments
n any of the energy available parameters (carbohydrate, protein
nd lipid contents and their respective energy fractions, nor Ea

tron transport system activity (ETS) (dA/dt), and total energy consumed (Ec
for the following treatments at day 21: drill cuttings (DC), water-accommodated
r bar, respectively), and extreme values (�) are shown. (*) indicate significant
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Table 1
PAH concentrations (�g/l) (28 different PAH congeners, sum naphthalene–
phenantrene–dibenzothiophene (NPD) and sum 16 EPA) in aquaria at day 0
(dissolved concentrations)

PAH �g/l

Naphtalene 8.40
C1-naphtalene 75.43
C2-naphtalene 67.42
C3-naphtalene 20.41
Phenantrene 3.19
Antracene 0.20
C1-phenantrene/antracene 3.75
C2-phenantrene/antracene 2.20
C3-phenantrene/antracene 0.85
Dibenzotiophene 0.88
C1-dibenzotiophene 2.22
C2-dibenzotiophene 2.86
C3-dibenzotiophene 2.33
Acenaphtylene 0.26
Acenaphtene 0.26
Fluorene 2.11
Fluorantene 0.04
Pyrene 0.03
Benzo[a]antracene 0.01
Krysene 0.03
Benzo[b]fluorantene BD
Benzo[k]fluorantene BD
Benzo[e]pyrene 0.003
Benzo[a]pyrene 0.001
Perylene BD
Indeno[1,2,3-cd]pyrene BD
Fig. 1. (

ANOVA: p ≥ 0.18) or ETS activity (Kruskal–Wallis ANOVA:
= 0.08). However, Ec was lower in DC compared to controls

ANOVA: p = 0.022). The CEA value was significantly higher
n DC treatment compared to controls (ANOVA: p = 0.02). The
esult indicates that the energy metabolism of O. litoralis was
ltered by DC treatment (Fig. 1C).

.3.1. Other variables
In all the three test species, CEA values were lower at

ay 21 (controls) compared to the reference group (day 0)
p ≤ 0.00001). In G. setosus, O. litoralis, L. fluctuosa the aver-
ge CEA values at day 0 (reference group) and at day 21
control) were 4.8 and −0.5, 6.0 and −0.5, 7.4 and −0.06,
espectively. This finding indicates that all three species con-
umed more energy than they gained during the course of the
xperiment.

There was no correlation between CEA and length of
nimals for any of the test species (p ≥ 0.21) (L. fluctuosa:
2 = −0.078, p = 0.58. G. setosus: r2 = −0.197, p = 0.21. O.
itoralis: r2 = −0.797, p = 0.56), indicating that CEA value
as not affected by animal size. Similarly, for all test

pecies, there was no difference in animal length in the dif-
erent treatments (p ≥ 0.655). Hence, the size distributions
f the animals selected for the different treatments were
imilar.

Aquarium number did not affect the CEA value in any
f the three test species (nested ANOVA: p ≥ 0.39). Using
ruskal–Wallis for O. litoralis and L. fluctuosa, no effect of

quaria was found (p ≥ 0.16).
.3.2. PAH analyses
Naphthalene, naphthalene C1, naphthalene C2 and naph-

halene C3 were the dominating PAH congeners found in
ater samples at day 0 (representing 87% of the PAHs)

Table 1).

Benzo[ghi] perylene BD
Dibenzo[a,h]antracene BD
SUM NPD 190.13
SUM 16 EPA 14.53

BD = below detection limit.
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. Discussion and conclusion

We show that CEA is a potential additional biomarker to
tudy effects of oil-related compounds in some Arctic benthic
rganisms, and our results are the first to demonstrate that WAF
nd DC exposure may affect the energy budget of Arctic benthic
pecies. A higher Ec and ETS activity and a lower CEA value
n WAF exposed organisms compared to controls was found in
. setosus. In O. litoralis, a lower Ec and higher CEA value
as observed in DC compared to controls. WAF and DC did not

ffect the energy budget in L. fluctuosa. The reference organ-
sms (day 0) all had positive CEA values, and were probably
ble to allocate energy to their reserves. However, across treat-
ents a negative CEA value was observed in all test organisms,

ndicating that animals used more energy (respiration) than they
ere able to allocate to their reserves. Since the CEA values of

ontrol animals also were negative, the organisms were prob-
bly stressed by the experimental conditions, including food
hortage, because animals were not fed during the experimental
eriod. The reasons why the treatment caused additional stress
n G. setosus and O. litoralis and not L. fluctuosa may be related
o differences in susceptibility to oil-related compounds among
he test species, differences in burrowing activity and dietary
references.

A lower CEA value in G. setosus exposed to WAF compared
o controls shows that WAF caused sub lethal stress in G. setosus
hat induced compensatory changes in its energy metabolism.

decline in CEA indicates either a reduction of available
nergy or higher energy expenditure. In the present study, lower
EA value of G. setosus in WAF was caused by higher energy
xpenditure and not by reduction of energy available since only
he energy consumed parameters (Ec) were affected by WAF.
his suggests that WAF enhanced catabolism in G. setosus. Ec,
hich corresponds to cellular respiration, and ETS activity are

herefore the most sensitive fractions of the energy budget of
.setosus following WAF exposure. This is in accordance with
study from Aunaas et al. (1991) who reported an increased

espiration rate (whole animal) in Gammarus oceanicus from
valbard fjords exposed to WAF. WAF exposure was found to

ncrease membrane permeability to water and ions, leading to
n increased influx of water and sodium from the medium to
he organisms. The increased respiratory rates could be due to
he compensatory extrusion of sodium. In addition, Hatlen and
amus (pers. comm.) have found that respiration was the most

ensitive parameters in the ice amphipod Gammarus wilkitzkii
xposed for one month to the water-soluble fraction compared
o parameters related to oxidative stress metabolism. Growth,
eproduction and maintenance metabolism are the most impor-
ant fractions of the energy expenditure of organisms (Calow
nd Sibly, 1990; De Coen and Janssen, 2003a,b). A lower CEA
alue in G. setosus exposed to WAF suggests that less energy
as available for growth and reproduction in this experiment.
The observed response to WAF treatment in G. setosus was
robably caused by low molecular weight, water-soluble com-
ounds of crude oil. Larger molecules associated with long-term
ffects are not water-soluble and are probably retained in the
il phase of the WAF (Short et al., 2003). Naphtalene, ben-

s
2
c
c

icology 83 (2007) 85–92

ene, toluene, ethylbenzene, and xylene (BTEX) are assumed
o account for most of the toxicity of the low molecular weight
onocyclic aromatic hydrocarbons. These compounds have

een shown to induce narcosis in marine organisms (Peterson,
994). Compensatory mechanisms for narcosis, like increased
eart rate and increased respiration have previously been doc-
mented in marine organisms (Depledge, 1984; Aunaas et al.,
991; Camus et al., 2002a,b). It is therefore conceivable that
he increased cellular respiration observed in G. setosus in our
tudy was partly caused by narcotic effects of the low molecular
eight compounds of the WAF, especially the naphthalenes that
ominated the PAH congener pattern.

The energy budgets of O. litoralis and L. fluctuosa did not
ppear to be affected by WAF treatment. Earlier studies have
hown that WAF of crude oil is not very toxic to amphipods,
ompared to direct exposure to crude oil (Gulec et al., 1997).
easons for the response to WAF in G. setosus and not in O.

itoralis and L. fluctuosa may be related to differences in suscep-
ibility to PAHs, since response to PAH exposure varies greatly
mong phyla (Livingstone, 1994). Gesteira and Dauvin (2000)
emonstrated that following an acute oil spill, recovery times of
mphipods were greater than for other benthic species because
hey are brooders (no pelagic larvae) and therefore have a slow
opulation expansion. In contrast, bivalves accumulate PAHs to
igher concentrations compared to other organisms as observed
n Mya truncata exposed to oil contaminated sediment (Camus
t al., 2003). Bivalves are also known to be able to close their
hells and protect themselves from toxic substances (Tran et al.,
004). The Ec, ETS and CEA values of L. fluctuosa indicate
hat it possessed a low metabolic level, probably due to closed
hells. The energy budget of L. fluctuosa may have been modi-
ed at the beginning of the oil exposure (first days of exposure),
nd then the bivalve may have closed its shells and possibly
educed its metabolism to avoid exposure to toxic compounds.
his could explain why the WAF and the DC did not affect the
nergy budget of this organism.

In another study using the same treatment as herein, a bivalve-
ominated temperate community showed no response to crude
il exposure, while increased respiration was documented in
polychaete-dominated Arctic community (Olsen et al., in

ress). These results suggest that bivalves are less affected by a
hort-term exposure to oil-related compounds compared to other
pecies, and this may also explain why we observed a response
n the amphipod G. setosus and no response in the bivalve L.
uctuosa.

Differences in dietary preferences may also explain why G.
etosus responded to WAF treatment while O. litoralis did not.

heelock et al. (2002) showed that poor nutritional state of
quatic organisms resulted in increased toxicity to WAF. Since
nisimus spp. is a carnivore necrophage, and digests meals very

lowly, they can tolerate long periods of starvation. In contrast,
. setosus is classified as generalist or detrivore (Legezyńska et

l., 2000). It is therefore possible that O. litoralis tolerated food

hortage better than G. setosus (animals were not fed during the
1-day experiment). O. litoralis may therefore have been able to
ope better with the additional stress caused by WAF exposure
ompared to G. setosus.
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Compounds entering the water-phase of a WAF are water-
oluble. Therefore, when WAF was added to the aquaria, most
f the compounds would remain in the water-phase, and would
ot become associated with the sediment. During the experi-
ent, G. setosus was observed in the water. G. setosus may

herefore have been exposed to PAHs to a greater extent com-
ared to O. litoralis and L. fluctuosa as the latter species were
rimarily located buried in the sediment. Burrowing behavior
ay therefore explain a response in G. setosus and a lack of

esponse in O. litoralis and L. fluctuosa to the WAF treatment.
Sampling site may also be an explanatory factor for different

esponses to WAF among the species. O. litoralis and L. fluc-
uosa were collected from sediment from Thiisbukta, while G.
etosus was collected further out, closer to the shore. Thiisbukta
s characterized by frequently low salinity and large temperature
hanges due to glacial runoff. Animals living there may there-
ore generally be more tolerant to different stressors compared to
nimals inhabiting areas exhibiting more stable environmental
onditions.

CEA measurements were done at only one time point (day
1), reflecting the energy budget at this particular moment. How-
ver, CEA can respond at early time points of experiments and
he response may be transient (Verslycke and Janssen, 2002; De
oen and Janssen, 2003a,b; Verslycke et al., 2004). Because of

he limited resources available in the Arctic (animal availability,
aboratory space and logisitics) no additional sampling points
ould be done in our study; therefore, the lack of responses
easured in L. fluctuosa can be related to the late sampling time

oint.
O. litoralis was the only species in this study that appeared

o be affected by DC. Explanations for lower Ec value (thus a
igher CEA) may be related to the effect of smothering. The
C layer on top of the sediment may have decreased oxygen
iffusion from the water into the sediment. Less oxygen in the
ediment of DC aquariums may have resulted in a decreasing
ctivity of O. litoralis, and hence a lower respiration, resulting
n a higher CEA value. For G. setosus, the lack of response
o DC was probably related to the fact that G. setosus did not
ury in the sediment and was therefore not subjected to low
xygen concentrations. L. fluctuosa in control aquaria stayed in
he sediment most of the time during the experiment. However,
. fluctuosa in DC remained on top of the DC layer with open
alves during the first days of the experiment. Such avoidance
ehaviour may have been beneficial to the animal since no CEA
hanges were measured.

In all cases, much higher values of Ec compared to Ea were
easured. This can be explained by several factors: (1) it is

ssumed that CEA activity is an overestimation of the actual
espiration (e.g. Båmstedt, 1980; Skjoldal et al., 1984; Verslycke
nd Janssen, 2002) because the method measures the maximum
TS activity under saturated substrate concentrations; and (2)
c values are directly related to enzyme activity measurement
hich is a snapshot view of energy consumption but not an
ntegration over time of what the cell has actually consumed.
In parts of Svalbard waters, the benthic amphipods O. litoralis

nd G. setosus dominate, and they provide a link between pri-
ary production, detritus and higher trophic levels (Węslawski

D

icology 83 (2007) 85–92 91

t al., 1999, 2000; Hop et al., 2006). Our results provide prelim-
nary evidence that benthic species’ energy budgets are affected
ifferently by oil-related compounds. In this first analysis of
EA in Arctic benthic organisms WAF affected the energy bud-
et in G. setosus, while DC affected the energy budget in O.
itoralis. L. fluctuosa was not affected by any of the treatments.
owever, more time points are certainly needed to definitively

ink the responses of energy budget parameters to both petroleum
ydrocarbons and drill cuttings.
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and phytoplankton in Ny Ålesund, Svalbard. Mar. Ecol. Prog. Series 310,
1–14.

eff, J.M. (Ed.), 2002. Bioaccumulation in Marine Organisms-Effect of Con-
taminants from oil Well Produced Water. Batelle, Coastal Resources and
Environmental Management, Duxbury, Massachusetts 02332, USA pp.
241–313.

lsen, G.H., Carroll M.L., Renaud P.E., Ambrose W.G. Jr, Olssøn R., Carroll

J.L. Benthic community response to petroleum-associated components in
Arctic versus temperate marine sediments. Mar. Biol. (in press).

eterson, C.H., Rice, S.D., Short, J.W., Esler, D., Bodkin, J.L., Ballachey, B.E.,
Irons, D.B., 2003. Long-term ecosystem response to the Exxon Valdez oil
spill. Science 302, 2082–2086.

W

icology 83 (2007) 85–92

eterson, D.R., 1994. Calculating the aquatic toxicity of hydrocarbon mixture.
Chemosphere 29, 2493–2506.

ainte-Marie, B., Percy, J.A., Shea, J.R., 1989. A comparison of meal size and
feeding rate of the lysianassid amphipods Anonyx nugax, Onisimus (=Pseu-
dalibrotus) litoralis and Orchomenella pingus. Mar. Biol. 102, 361–368.

anders, P.F., Tibbetts, P.J.C., 1987. Effects of discarded drill muds on microbial
populations. Phil. Trans. R. Soc. Lond. B Biol. Sci. 316 (1181), 567–585.

hort, J.W., Rice, S.D., Heintz, R.A., Carls, M.G., Moles, A., 2003. Long-term
effects of crude oil on developing fish: lessons from the Exxon Valdez oil
spill. Energy Sources 25, 509–517.

inger, M.M., Aurand, D., Bragin, G.E., Clark, J.R., Coelho, G.M., Sowby, M.L.,
Tjeerdema, R.S., 2000. Standardization of the preparation and quantification
of water-accomodated fractions of petroleum for toxicity testing. Mar. Pollut.
Bull. 40 (11), 1007–1016.
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ęslawski, J.M., 1990. Distribution and ecology of coastal water amphipoda
from Southern Spitsbergen. Polish Archiv fur Hydrobiologie 37, 503–519.
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