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With increasing petroleum related activity in the Barents Sea and the subsequent risk of accidents, there
is a demand for knowledge about the effect of oil pollution in Arctic ecosystems. In the present study,
the sea ice amphipod Gammarus wilkitzkii was exposed to a water soluble fraction (WSF) of oil in two
experiments, using a rock column system. First, three groups of adult females were exposed for 36 days for
control (n = 9), low dose (n = 10) (initial and final oil concentration: 14, 115 and 120 ug/I) and high dose
(n = 10) (initial and final oil concentration: 78, 764 and 395 j.g/I). Total oxyradical scavenging capacity
(TOSC), malondialdehyde (MDA), catalase activity (CAT), respiration rate and mortality were measured. In
the second experiment, moulting rate was measured in immature individuals of two groups, control (n = 10)
and exposed (rn = 20), over 113 days. No mortality was observed in either of the experiments. There was
a dose-related significant increase in respiration rate (40.69 (+£22.82), 55.63 (£20.98), 94.57 (+22.80))
mg O, h—tg ww1 in control, low dose and high dose, respectively. A higher MDA level was detected in
the low dose group (25.04 (+6.00) nmol g~ of tissue) compared to both control (20.44 (£2.62) nmol g1
of tissue) and high dose groups (20.93 (£4.79) nmol g~ of tissue). Likewise, the low dose group had
the highest value of TOSC towards hydroxyl (727.74 (+£475.58), 1157.58 (+278.62), 1067.30 (£+369.22)
TOSC unit value mg~? of protein for control, low and high dose, respectively). Although no difference in
the catalase activity between control and exposed groups was detected, higher activity was measured at 0 °C
(average: 248 umol~1 min—1 mg~! of protein) than at the standard temperature for catalase measurement of
25°C (average: 140 wmol~—! min—1 mg~1 of protein), indicating a need to optimise the standard operational
procedure when working with Arctic organisms. No effect of WSF exposure on moulting rate was detected.
In conclusion, little mortality was observed during the experiments, indicating some degree of tolerance
levels. However, the biomarker results indicated sub-lethal effects in G. wilkitzkii after exposure to WSF.

Keywords: oil pollution; Gammarus wilkitzkii; water soluble fraction; polycyclic aromatic hydrocarbons;
Arctic; sea ice; amphipod

1. Introduction

The petroleum age is commencing in the Arctic as the availability of oil and gas is increasing
due to advancing technology and retreating sea ice. As a consequence, the risk of pollution from
ship accidents, leaks and blowouts is increasing [1], and a gap in knowledge on the response
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of Arctic species to oil is currently being recognised. Oil spilled in temperate and tropic areas
will immediately and relatively effectively be affected by evaporation and degradation by light
and bacteria. In the Arctic, however, ice cover, light regime and low temperatures constrain these
processes [1-4], resulting in longer exposure periods and a changing composition of the oil than
in the more investigated southern habitats. The marine populations’ responses to contaminants
also differ between arctic and temperate areas, as detected by [5].

Certain petroleum compounds, such as some polycyclic aromatic hydrocarbons (PAHSs), are
bioavailable and tend to bioaccumulate [6]. In the process of degrading PAHSs, reactive oxygen
species (ROS) are formed [7]. All aerobic organisms are constantly exposed to ROS, by partial
reduction of molecular oxygen [8], and in normal situations the antioxidant forces of the cell
will balance the prooxidant forces. However, when exposed to pollution, the antioxidant system
is overwhelmed by ROS production, resulting in oxidative stress [9,10]. The consequence is
damage to proteins, lipids and DNA and is expressed as cell disfunctionality, malformations,
mutation and cancer [11].

Due to its few and specialised species, the ecosystem in the marginal ice zone (M1Z2) is thought to
be vulnerable to changes [12], and little is known about how it may react to an oil spill. Amphipods
of more southern areas have been shown to be particularly susceptible towards oil spills and
populations have a long recovery time [13-15]. However, polar marine invertebrate species are
characterised by a more effective antioxidant system compared to temperate species [16,17].

The autochthonous sympagic sea ice amphipod Gammarus wilkitzkii is a long-lived species,
which reproduces by brooding. It is the dominant amphipod in the pack ice with regard to
biomass [4,18] and provides a link between the lower and higher trophic levels in the area [19,20].
An alteration in the population of this species could therefore have cascading effects. In this study,
two groups of Gammarus wilkitzkii were exposed for one month and 113 days, respectively, to the
water soluble fraction of oil (WSF). The ability of the animal to handle ROS generated during oil
compound metabolism was investigated by measuring the total oxyradical scavenging capacity
(TOSC) toward hydroxyl and peroxyl radicals, and the catalase activity (Cat), which converts the
ROS H,0, into water and oxygen. Cellular damage caused by ROS was measured as malondi-
aldehyde concentration (MDA), which is an end product of lipid oxidation. Information on the
health of the animals at individual level was measured by recording whole body respiration and
moulting frequency.

2. Materialsand methods

2.1. Sampling and maintenance of the amphipods

Ice amphipods (Gammarus wilkitzkii) were sampled with RV Jan Mayen, operated by the
University of Tromsg, in the Barents and Greenland Seas in July and August 2005. The sam-
pling was done under ice flows with baited traps, and by scuba divers with hand nets and a suction
pump [21]. Additional sampling was done with pelagic trawls off the ice edge. All animals were
grouped together, independently of their origin, and stored in darkness, in permanently aerated
seawater at ca. 0 °C.

2.2. Experimental design

In the field, following an oil spill, organisms are exposed to a decreasing concentration of oil
over time. To simulate this process, a rock column system were designed [22]. Four dI of North
Sea crude oil was mixed with 4 kg of glass beads and left to evaporate for 24 h before the oil and
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Table 1. Water samples were analysed for XPAH (16 EPA and 12 additional
PAH compounds).

16 EPA PAH Additional PAH
Naphthalene Cl-naphtalene
Phenantrene C2-naphtalene

Antracene C3-naphtalene
Acenaphylene C1-phenantrene/antracene
Acenaphtene C2-phenantrene/antracene
Fluorene C3-phenantrene/antracene
Fluorantene Dibenzotiophene

Pyrene C1-dibenzotiophene
Benzo[a]antracene C2-dibenzotiophene
Krysene C3-dibenzotiophene
Benzo[b]fluorantene Benzo[e]pyrene
Benzo[k]fluorantene Perylene

Benzo[a]pyrene

Indeno[1,2,3-cd]pyrene
Benzo[ghi]perylene
Dibenzo[a,h]antracene

glass were poured into a column of plexiglas (diameter: 7 cm, height: 83 cm). The column was
rinsed with running seawater for 4 days to allow evaporation of the most volatile compounds,
before being connected to three aquariums. Due to the small flow and a buffer tank, no oil droplets
could enter the aquariums; hence the animals were exposed to WSF of oil only. Throughout the
experiment, WSF was sampled in dark 2-litre bottles and stored in darkness at 0-5 °C for ca. 24 h.
The samples were analysed for a total amount of 28 types of polycyclic aromatic hydrocarbons
at Unilab Analyse AS (Table 1).

2.3. Exposure experiments

In Experiment A the biological responses of G. wilkitzkii to oil pollution was measured on the
molecular, cellular and physiological level. Ovigerous females were exposed for 36 days to a low
dose of North Sea crude oil (LD) (n = 10) and a 5.58 times higher dose (HD) (n = 10), as well
as control (C) with sea water only (» = 10). Mortality was monitored throughout the exposure
period, while respiration rate was measured on day 33. Thereafter amphipods were frozen in liquid
nitrogen and analysed for catalase activity (Cat), total oxyradical scavenging capacity (TOSC) and
malondialdehyde (MDA). In Experiment B, the same exposure system was utilised to study the
effect of WSF of North Sea crude oil on moulting frequency of immature individuals. G. wilkitzkii
was exposed for 113 days to high dose (n = 20), and control (» = 10). Immature amphipods were
separated from mature individuals by absence of oostegites and by approximate size, determined
as all individuals smaller than the smallest female [23].

3. Biological effect parameters

3.1. Respiration

Respiration rate was measured using a closed bottle method [24]. Oxygen consumption of the
amphipods was determined by measuring (O) after 5h of incubation in separate bottles. (O;)
in a parallel set of bottles, containing seawater only, was measured to extract the microbial
respiration.
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3.2. Biochemical analysis

Before biochemical studies, the samples were prepared as follows: animals were thawed on ice
and the whole body of the amphipod was weighed and placed in a potter with phosphate buffer
(50 mM KH,PO4+ 2.5% NaCl, pH 7.5) (volume/weight ratio of 4) and homogenised with a
Potter-Elvhjem glass/Teflon homogeniser. The homogenate was centrifuged for 1 h at 100,000 g
and the resulting supernatant (cytosol) was stored at —80°C [25] . The TOSC assay measures
the organisms’ total ability to process ROS [9,26]; buffers were adjusted for marine organisms,
as described earlier [27]. The enzyme catalase degrades H,O, into oxygen and water, as in the
equation 2H,0, — O, + 2H,0. The rate of this degradation gives the catalase activity [28]. We
measured the activity at 0 °C in addition to the normal procedure of 25 °C. Malondialdehyde was
measured according to [29,30]. Protein concentration in the samples was determined according
to the Bradford method [31].

3.3. Moulting rate

Exuvia of each amphipod were counted and removed from the aquarium cups of the amphipods
every 4th day.

3.4. Statistics

The data analyses were performed in the statistical open source software R (http://cran.
r-project.org), with the effect parameters as response variables, testing for treatment differences.
The distributions were tested with the Shapiro-Wilk test and the homogeneity of variance with the
Bartlett test when normally distributed, and with the Levenes test when not normally distributed.
Normally distributed data with homogenous variance were analysed with analysis of variance
(ANOVA, p < 0.05). The non-normally distributed data and the data without homogenous vari-
ance were analysed with a Kruskal-Wallis test (p < 0.05). Subsequently, results were tested with
a Tukey HSD and studied in a diagnostic plot. The difference in catalase activity at 0 and 25 °C was
checked for normality with the Shapiro-Wilks test and analysed by a paired t-test. The moulting
data were analysed with a Kruskal-Wallis test (p < 0.05) and a generalised linear model with
a Poisson family function was applied to study the influence of wet weight and length, but no
dependence of these parameters was detected (p > 0.05).

4, Results

4.1. Mortality

There was no mortality in control, low or high dose group in either of the two experiments; however,
one amphipod of the control group of Experiment A was lost posterior to the experiment. Hence
the control group contained one less animal than the two other groups.

4.2. Experiment A

4.2.1. Concentration of PAH in water samples

The initial concentrations of Y "PAH in the water samples in Experiment A for high dose, low dose
and control were 78,764, 14,115 and 274 .g/I, respectively. They then followed a steep decrease
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in both high and low dose before flattening out at around day 22, with concentrations of 343, 62
and 136 .g/1 for high dose, low dose and control, respectively (Figure 1). The presence of each
compound in the beginning and end of the experiment is presented in Figure 2. The low molecu-
lar weight naphtalenes dominated the first day, while the medium molecular weight compounds
C3-phenantrene/anthracene and dibenzothiophenes dominated day 36. This indicates a weather-
ing process occurring in our experiment.

4.2.2. Respiration rate

The mean respiration rate of animals exposed to control, low and high dose of WSF, was 40.69
(£22.82), 55.63 (£20.98) and 94.57 (£+22.80) mg O, g~* (w.w.) h™1, respectively. Animals
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Figure 1. Concentration of *PAH (see Table 1) over time, measured throughout the experiment of exposing oovigerous
animals to WSF. High dose (black triangles) and control (white squares). Low dose was calculated to be 5.58 times lower
than the high dose.
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Figure 2. Comparison between the relative proportions expressed as % of single PAH relative to the sum of XPAH at
day 1 (black) and day 36 (grey).
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exposed to high dose had a significantly higher respiration rate than the animals in the control group
(ANOVA: p < 0.05), while animals in the low dose did not (ANOVA: p = 0.16) (Figure 3A).

4.2.3. Protein concentration

The mean concentration of protein measured in animals exposed to control, low and high dose of
WSF, was 2.39 (£0.45), 2.49 (£0.66) and 3.03 (+0.84) mg I, respectively. The control group
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Figure 3. (A) Respiration rate, (B) protein concentration, (C) concentration of malondialdehyde (MDA), (D) total
oxyradical scavenging capacity towards peroxyl (TOSC ROO*) and (E) total oxyradical scavenging capacity towards
hydroxyl (TOSC OH*) measured in Gammarus wilkitzkii exposed to clean water (control), low dose and high dose of
WSF. The error bars represent the standard deviation around the mean. Asterisks symbolise significant difference from
control.
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did not differ significantly from the two other groups (ANOVA: low dose p = 0.77, high dose
p = 0.07) (Figure 3B).

4.2.4. Concentration of malondialdehyde

The mean concentration of MDA of animals exposed to control, low and high dose of WSF, was
20.44 (£2.62), 25.04 (4:6.00) and 20.93 (£4.79) nmol g~ of tissue, respectively. There was a
significantly higher concentration of MDA in animals of the low dose group compared to the
control group (ANOVA: p < 0.05), while no significant difference was found in the high dose
group (ANOVA: p = 0.82) (Figure 3C).

4.2.5. Total oxyradical scavenging capacity

TOSC-ROO, with means of 2212.13 (£517.59), 2083.18 (£940.45) and 1687.05 (+657.15) for
control, high and low dose, respectively, did not show any significant difference between treat-
ments (ANOVA: low dose p = 0.71, high dose p = 0.13) (Figure 3D). The mean TOSC-OH
measured in animals exposed to control, low and high dose of WSF, was 727.74 (+475.58),
1157.58 (+278.62) and 1064.30 (+369.22) TOSC unit mg~?* of protein, respectively. A signifi-
cantly higher mean of the low dose group compared to the control group was detected (ANOVA:
p < 0.05), while no significant difference was seen in the high dose group (ANOVA: p = 0.07)
(Figure 3E).

4.2.6. Catalase activity

The mean catalase activity of animals exposed to control, low and high dose of WSF, measured at
0°C, was 229 (4144), 270 (£135) and 245 (+253) umol min~tmg~! proteins, respectively.
No significant difference was discovered between the three groups (ANOVA: low dose vs.
control p = 0.49, high dose vs. control p = 0.89). Similarly, no significant difference was
revealed in catalase activity measured at 25 °C with means of 118 (+62), 137 (+110) and 164
(£116) pwmol min—! mg~* proteins for control, high and low dose (ANOVA: low dose p = 0.69,
high dose p = 0.38). However, there was a significant difference between catalase activity mea-
sured at 25 and 0°C, with the activity at 0°C being a mean of 108 umol min—t mg~! proteins
higher than at 25 °C (paired t-test: p < 0.05) (Figure 4).

4.3. Experiment B

4.3.1. Moulting rate

The moulting rate did not differ between the control and the exposed group, with means of 1.4
and 1.5 moults per animal, respectively (Kruskal-Wallis: p = 0.90). 14 individuals (of 30) went
through two moults, with an inter moult period ranging from 39 to 92 days (average: 66 days).

5. Discussion

Concentrations of WSF were initially high, with a consecutive rapid drop occurring in the first
few days, and a steady flattening after a prolonged period. This is similar to the behaviour of oil
when being released into the ocean, indicating a successful imitation of a weathering process.
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Figure 4. Catalase activity, measured in Gammarus wilkitzkii exposed to clean water (control, n = 9), low dose PAH
(n = 10) and high dose PAH (n = 10) of WSF, at 0 (light grey) and 25 °C (dark grey). The bars represent mean + standard
deviation.

5.1. Mortality

No mortality was detected throughout the experiments, despite high initial concentrations of WSF
and relatively long-term exposure periods. This is in contrast to another study that reported that 3
out of 10 and 1 out of 10 of ovigerous females of G. wilkitzkii died when being exposed to high and
low doses of WSF, respectively [32]. The study was of comparable duration and concentrations
of WSF with our Experiment A. Moreover, 50% mortality was seen in G. oceanicus, exposed to
100 mg/1 of North Sea crude oil (similar oil type as the one used in the present study) for 96 h [33],
and the authors comment on an indication of significant mortality at even lower concentrations.
In contrast, similar to our study, other authors detected no mortality of the temperate amphipod
C. volutator after 10, 28 and 75 days of exposure to 3 mg/l WAF of crude oil [34]. It appears
that the sensitivity of marine amphipods towards oil pollution varies both within and between
species. No mortality in the present study suggests a certain degree of resistance of G. wilkitzkii
to WSF of North Sea crude oil. However, more sub-lethal effects are indicated due to differences
in respiration, MDA and TOSC between control and some treatment groups.

5.2. Experiment A

Animals of the high dose group had a higher respiration rate compared to the control group. Several
studies have demonstrated similar physiological responses. The crab Carcinus maenas showed
increasing respiration rates when being exposed to WSF of crude oil [35]. An increased electron
transport system (ETS) activity was detected in the Arctic benthic amphipod G. setosus exposed
to water accommodated fraction of oil (WAF) indicating increased respiration [36]. A prolonged
increase in respiration rate may indicate increased metabolic activity, in this case most likely
due to metabolism of harmful compounds taken up in the body. On the other hand, no response
in respiration rate was seen in the low dose group of our experiment. Similarly, no effect on
respiration in the benthic Arctic amphipod G. oceanicus exposed to sub lethal concentrations of
WSF of North Sea crude oil was observed [33]. However, a reason for the lack of response could
be the short exposure period, as the experiment only lasted for 96 h [33]. The lack of an effect on
respiration rate in the low dose group of our experiment may be due to the lower concentration
compared to the high dose. However, an effect in other parameters was detected in this group, such
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as TOSC towards hydroxyl and MDA (see discussion below), suggesting an increased metabolism
that was not reflected in the respiration rate. Similarly, the increased respiration rate of the high
dose group is not reflected by an increase in TOSC, MDA nor catalase. Hence we do not see a
direct correlation between respiration rate and efficiency of antioxidant defences related to the
degradation of PAH.

No difference from the control was seen in low and high dose groups of TOSC values towards
peroxyl (TOSC-ROO). Similarly, no effect on TOSC-ROO in the Arctic crab Hyas araneus and the
Arctic clam Mya truncata, exposed through sediments to North Sea crude oil was found [37,38].
The lack of response of TOSC-ROO in G. wilkitzkii can be a result of poor metabolism of oil
compounds resulting in relatively low production rate of peroxyl radicals by the cells. On the
other hand, if no increase in TOSC-ROO is detected despite a presence of peroxyl radicals in
the cells demonstrated by an increased MDA, the reason could be an actual limited ability to
degrade peroxyl.

TOSC values towards hydroxyl (TOSC-OH) were significantly higher in the low dose group
compared to the control group. This indicates an induced antioxidant system, following exposure
to ROS generated by PAH metabolism. However, no divergence was detected in the high dose
group of TOSC-OH. Similarly, MDA concentration was significantly higher in the low dose group
while no effect was seen in the high dose group. Antioxidant defence responses are known to be
transient and each parameter will vary differently with time [39]. As we sampled at one time point
only, we may therefore have missed an effect in the high dose group. G. wilkitzkii exposed to WSF
of North Sea crude oil, and showed a dose dependent response except in the high dose [40]. This
lack of effect seen at high doses in both studies could be a result of a malfunctioning antioxidant
system owing to narcosis of the whole organism, organs or cells.

Animals in our low dose group showed an increased production of MDA, while others detected
an even higher MDA concentration in mussels (Mytilus galloprovincialis), transplanted in the
channels of Venice, an area influenced by intense anthropogenic pollution [29]. MDA is produced
through lipid peroxidation and a subsequent effect is cell destruction [30]. This is a sign of a
dysfunctional or overwhelmed antioxidant system, possibly as a result of PAH metabolism [41].
It is noteworthy that owing to reduced number of animals, all the biological effect parameters
reported in this study indicated about the status of the oxidative metabolism of the amphipod
after one month of exposure when the oil concentrations were low. Considering that the levels of
oil were exponentially declining and that antioxidant defence responses are transient, it can be
expected that a totally different response profile would have been observed if we have had several
sampling points during the experiment.

In the present study, catalase activity was significantly higher at 0 compared to 25°C. The
optimal temperature for catalase activity was measured to be 45°C in the fresh water prawn
Macrobrachium malcolmsonii [42] and the bivalve Mytilus edulis [28]. The higher activity at
low temperatures observed in our study could be a result of an enzyme system adapted to cold
environments, where the optimal temperature is closer to 0 than 25 °C. Based on our results, we
recommend an adaptation of the methods for measuring enzyme activities related to the habitat
temperature of the organism. Catalase activities of low and high dose groups of animals did not
differ significantly from the control, suggesting no induction nor inhibition. However, our values
indicate the catalase activity of G. wilkitzkii to be 10 times higher than in the temperate amphipod
G. locusta [43]. These results support previous findings [17], suggesting that Arctic organisms
have a more effective antioxidant defence than temperate counterparts.

5.3. Experiment B

During the period of moulting, crustaceans are particularly fragile towards environmental stres-
sors [44]. However, our experiment revealed no mortality related to moults, nor any difference
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in moulting frequency between the exposed and control group. Little information is available
on moulting frequency of crustaceans related to toxic exposure, but a longer intermoult period
has been detected in several studies of crustaceans exposed to aromatic hydrocarbons [44]. Our
experiment lasted 113 days, while the moulting time of the animals was 66 days (average inter
moult period for the 14 individuals going through two moults). Hence the animals moulted only
once or twice during the whole period, making it difficult to detect any divergence between the
two groups. Younger individuals grow faster and consequently moult more often. In a future
study it would therefore be recommended to utilise younger individuals and/or a longer lasting
experiment.

6. Conclusion

In this study, mature and immature specimens of the species G. wilkitzkii were demonstrated
to have no mortality towards WSF of North Sea crude oil within concentrations ranging from
78,746-395 g/ (high dose). But indications of oxidative stress were detected through increased
respiration rates and concentrations of MDA. However, the presence of an active catalase enzyme
and the capacity of the amphipod to increase its TOSC-OH indicate that G. wilkitzkii can handle
and control the oxidative metabolic processes. Future studies should implement natural stress
factors like salinity variation, seasonal differences in the antioxidant defence system should be
considered and more sampling points would provide more extensive information of the antioxidant
defence system working against ROS.
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