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1. Introduction
A large volume of chemicals is currently produced and, for a significant number
of these, shipping is the most important mode of transport in terms of volume (French
McCay et al., 2006; Mamaca et al., 2009; Purnell, 2009). The constant growth in the
volume of chemicals that are transported by sea increases the risk of accidental spillage
and the severity of their impacts depending on several variables such as the substances
hazardous properties. These groups of chemicals have been collectively termed
Hazardous and Noxious Substance (HNS). The growth in the maritime transportation of
HNS, together with the need for an effective response to HNS spills have led
authorities, environmental managers and the scientific community to focus on HNS
spills preparedness and responses to them. Even though the probability of an HNS
incident is considered small due to high safety standards, it does exist as recent shipping
incidents involving HNS have shown. The Ievoli Sun, which sank in the English
Channel in 2000, released 1000 tonnes of styrene. More recently, in 2007, the MSC
Napoli, which carried >1600 tonnes of chemical products classified by IMO as
dangerous goods, raised awareness of the potential ecological hazard of HNS spills
(Law et al., 2003; Kirby et al., 2008).
An understanding of the ecological hazards involved in HNS spills is less well
recognized than those involving oil pollution (Kirby and Law, 2010; Neuparth et al.,
2011). In comparison with oil, there is a lower investment in research and development
dealing with HNS pollution. As a result, there is a current paucity of knowledge about
the effects of HNS on marine biota and the scarce available ecotoxicological data result
mostly from experiments conducted with freshwater organisms, making it difficult to
predict the effects on marine organisms and to prepare contingency plans for these
substances (Neuparth et al., 2011). Due to the high number and diversity of HNS
transported by sea, it is, in practice, unrealistic to consider a full scientific
ecotoxicological data survey for all such chemicals. Prioritization methodologies to
select HNS that are likely to cause severe marine environmental effects are needed and
are considered as an essential step towards the establishment of a more effective
preparedness and response to HNS incidents. In the context of the ARCOPOL project, a
weight-of-evidence approach was developed aimed at prioritizing HNS that pose major
environmental risks to European waters. The approach took into consideration the
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occurrence probability of HNS spills in European Atlantic waters and severity of
exposure associated with their physical-chemical properties and toxicity to marine
organisms (Neuparth et al., 2011). The work also involved the collection of marine
toxicological data available for the 23 HNS identified as priority and the creation of a
database that can assist relevant bodies to predict HNS adverse effects in the marine
environment. Neuparth et al. (2011) concluded that marine chronic toxicity data was
lacking for most of the priority HNS, and for some of them, only fresh water acute
toxicity data is available. Therefore, studies to collect information on the ecological
hazards and consequences of HNS spills, including acute and chronic toxicity of HNS
to species representative of key marine taxa, should be undertaken in order to improve
our knowledge on the significance of HNS spills to the marine environment. In this
context, the present report assembles the main findings produced in the laboratory
ecotoxicological assays conducted with selected HNS chemicals and target marine
organisms.

2. Methodology
2.1. Selection of the target marine organisms
The ecotoxicological assays were performed using three different model
organisms: 1) the brine shrimp Artemia franciscana, 2) the amphipod Gammarus
locusta and 3) the European seabass Dicentrarchus labrax.
Crustaceans and fish are representative of different levels of biological
complexity - invertebrate versus vertebrate - with particular ecological roles and distinct
trophic levels. The selected model organisms are indicator species, ecological relevant
and abundant in marine environments, their biology is well known, they are easy to
maintain in laboratory and are representative of different taxonomic groups. Artemia
franciscana is characterized by an adaptability to wide ranges of salinity (5-250g/l) and
temperature (6-35ºC), short life cycle, high adaptability to adverse environmental
conditions, high fecundity, bisexual reproduction strategy (with nauplii or cysts
production), small body size, and adaptability to varied nutrient resources as it is a nonselective filter feeder (Nunes et al., 2006). Per se, these intrinsic features turn it into a
suitable organism for use in ecotoxicological studies. The amphipod Gammarus locusta
also assembles the key conditions to be used as a model organism, considering its short
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life cycle (full life-cycle achieved in 35 days), its ecological relevance and all the
ecotoxicological research previously developed with this specie (Costa and Costa 1999;
Neuparth et al., 2002; Neuparth et al., 2005; Costa et al., 2005). The third model
organism, the European seabass Dicentrarchus labrax, was chosen due to its ecological
and economic relevance. The seabass is a marine fish species widely distributed in the
Mediterranean and European Atlantic coasts and one of the species mostly produced in
aquaculture of Mediterranean areas (Ferreira et al., 2010).
The necessity of using more than one model organism was considered since it
decreases the risk of the observed responses being species-specific. Additionally,
valuable information may come from comparison of responses between different
species, preferably belonging to different taxonomic groups or selected on the basis of
their position in the food-web (den Besten, 1998).

2.2. HNS tested
The ecotoxicological assays were conducted with two HNS (ρ-xylene and
acrylonitrile), selected from the list of HNS identified as priority by Neuparth et al.
(2011). These two HNS were chosen considering the limited ecotoxicological data
available for marine organisms, their involvement in previous accidental spills and the
fact that they are highly transported in European waters Neuparth et al. (2011). The ρxylene ecotoxicological assays were conducted with the test organisms A. franciscana
and G. locusta and the acrylonitrile assays with D. labrax.

2.3. Ecotoxicological assays under controlled laboratory conditions
2.3.1. Ecotoxicological assays with Artemia franciscana exposed to ρ-Xylene
The A. franciscana cysts were purchased from Argent Chemical Laboratories
(Redmond, WA) and were certified to be A. franciscana, collected from the San
Francisco Bay. Cysts were stored in the dark at 4ºC until be used for testing. Cysts were
hatched in synthetic seawater (salinity 35‰) at approximately 25ºC under vigorous
aeration. Nauplii < 24 h old were used to initiate the assays.
2.3.1.1. Acute toxicity assay
The assay was carried out in small petri dishes. Ten nauplii <24 h were
transferred with a Paster pipette into each dish. The dishes were filled with 10ml of the
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respective xylene concentration, closed and incubated in darkness in a water bath at
25ºC. Six treatments were established, with three replicates each (control - synthetic
seawater at 35‰ salinity and five ρ-xylene nominal concentrations: 15.0, 18.5, 22.9,
28.3 and 35mg/l) and animals were not feed during the assay. After 24 hours, the
number of dead nauplii was counted in each petri dish. The nauplii were considered
dead if no movement of the appendages was observed within 10 sec. Toxicity data
generated in this study were statistically analyzed by Probit analysis using SatPlus
Portable (AnalystSoft Inc.) software and the 24-hours LC50 was determined.
2.3.1.2. Chronic toxicity assay
The assay was carried out in 250ml glass flasks with 50 nauplii <24h each.
Nauplii were randomly transferred into each jar with a Pasteur pipette, no artificial
aeration was used. Five treatments were established, with three replicates each (control synthetic seawater at 33-35‰ salinity and four ρ-xylene nominal concentrations: 0.032
0.16, 0.8 and 4.0mg/l). The flasks were incubated under constant water bath temperature
(23ºC) and fluorescent light (photoperiod 14 hours light: 10 hours dark). The Artemia
were fed once daily with a defined number of algal cells (Tetraselmis sp. and Clorella
sp.) as presented in table 1. Every day, before feeding, 100% water of each flask was
changed and the number of dead and living individuals was counted.
Chemical analyses of xylene in water were performed during the experiment.
The determination of xylene in water was measured by the HS-SPME-GC-MS
(headspace solid-phase microextraction–gas chromatography–mass spectrometry)
method. This method enabled the xylene detection with a detection limit (LOD) of
0.5ηg/L and a quantification limit (LOQ) of 10ηg/L.
Table 1. Feeding schedule for A. franciscana with Tetrasselmis sp. and Clorella sp.
Tetrasselmis sp.
Day

3

-1

Clorella sp.
-1

(10 cells animal day )

3

-1

-1

(10 cells animal day )

1

75

75

2 to 5

150

150

6 and 7

300

300

8 and 9

500

500

10 to 13

900

900

13 to sexual maturity

1250

1250

After sexual maturity

1500

1500
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On days 8, 15, 22, 29 and 31, four animals per replicate were measured, from the
anterior tip of the head to the base of the furca. Animals to be measured were
transferred to a petri dish placed on a stereomicroscope. When organisms achieved their
maturity (around day 14) a single Artemia pair was randomly transferred to 100ml glass
flacks, with a total of 12 pairs per concentration, and several ecological parameters were
monitored every day until day 31: survival; number of nauplii per female; number of
cysts per female and number of broods per female.
At day 31 several biomarkers (Catalase, Glutathione S-Transferase and Lipid
peroxidation) were analyzed separately for males and females. Individuals (pool wet
mass 0.08–0.12 g) were homogenized at 4ºC in 1:4 wet wt./buffer volume ratio in
sodium phosphate buffer 50mM, Na2EDTA 0.1mM, pH 7.8. Mitochondrial fractions
were obtained after centrifugation at 15 000 rcf for 20 min, at 4ºC, and the supernatants
were immediately used as enzyme sources for CAT, GST activities, and LPO analysis.
Catalase (CAT) activity was determined by measuring the consumption of H2O2
at 240 nm. The reaction volume was 1ml containing 67.5mM potassium phosphate
buffer, pH 7.5, and 12.5mM H2O2. The reaction was started by the addition of the
sample. CAT activity is expressed as ηmol/min/mg protein. Glutathione S-transferase
(GST) was determined according to the method of Habig et al. (1974) adapted to
microplate, using glutathione (GSH) 10mM in phosphate buffer 0.1M, pH 6.5, and 1chloro-2,4-dinitrobenzene (CDNB) 60mM in ethanol prepared just before the assay.
The reaction mixture consisted of phosphate buffer, GSH solution and CDNB solution
in a proportion of 4.95ml (phosphate buffer):0.9ml (GSH):0.15ml (CDNB). In the
microplate, 0.2ml of the reaction mixture was added to 0.1ml of the sample, with final
concentration 1mM GSH and 1mM CDNB in the assay. The GST activity was
measured immediately every 20 s, at 340nm, during the first 5 min, and calculated in
the period of linear change in absorbance. The GST activity was expressed in
ηmol/min/mg protein. The peroxidative damage to lipids that occurs with free radical
generation, and results in the production of malondialdehyde (MDA) was assessed by
the determination of thiobarbituric acid reactive substances (TBARS). MDA was
determined by the thiobarbituric acid method, the homogenates were incubated with
trichloroacetic acid (TCA) 100%, after centrifugation the supernatant was incubated at
100°C, for 30 min, with thiobarbituric acid (TBA) 1%, NaOH 0.05 M and BHT
7

0.025%. The absorbance was measured at 532 nm. Lipid peroxidation (LPO) is
expressed as ηmol of MDA equivalents per mg of protein.

2.3.1.3. Statistical analyses
A one-way analysis of variance (ANOVA) was carried out for each studied
variable (biomarker endpoints and ecological parameters, expect survival) to determine
if differences in responses between exposed and control organisms could be attributed
to exposure to ρ-xylene. Significant differences were established at p<0.05. The
Fisher´s least significant difference test (LSD) was used for multiple comparisons
between pairs of means. Survival rates were estimated using linear regression fitted to
survival data and the regression coefficients were compared using analysis of
covariance (Ancova).

2.3.2. Ecotoxicological assays with Gammarus locusta exposed to ρ-xylene
The amphipods G. locusta were collected from a clean reference site, located on
the lower part of the south margin of the Sado estuary (38º 27' N, 08º43' W), Portugal.
This site is free of direct exposition to contaminated effluents that are confined to the
north margin (Neuparth et al., 2002). The stock of animals were cultured at room
temperature in plastic microcosms with seawater at 33-34‰ salinity and a sediment
layer up to 1 cm. To provide shelter and mimic the natural environment, small stones
are placed in the microcosms. Twice a week the water was sieved through a battery of
screens of decreasing mesh size (1500, 1000, 475, and 250 µm), distributing the
amphipods into four size classes (adults, sub-adults, juveniles, and newborns). These
were allocated to their respective size class microcosms. Food consisted mainly of the
macroalgae Ulva sp. A large number of animals obtained from this culture system were
continuously available for toxicity testing.
2.3.2.1. Acute toxicity assay
The acute toxicity assay was conducted at 20-21ºC and 33-35‰ salinity and
under a 12-h photoperiod in a static system for 96 h. The test was conducted with
juveniles (2-4 mm length class) produced in laboratory. At least 24h before the
beginning of the test, a sub stock of animals were isolated from the laboratory culture
and acclimated to the assay water temperature with unlimited food conditions. Fifteen
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amphipods were randomly allocated to the test vessels, with 2-liter capacity and
exposed to 5 different treatments (control - natural seawater at 33-35‰ salinity and four
ρ-xylene concentrations: 0.1; 0.5; 1; 1.5 mg/l). Three replicates per treatment were used.
During exposure, the seawater was renewed every day and the organisms were not feed
during the assay. When the experiment was finished the contents of the test chambers
were sieved through a 250-µm screen and the number of amphipods was recorded as
alive or dead. Toxicity data generated in this study were statistically analyzed by probit
analysis using the SatPlus Portable (AnalystSoft Inc.) software and the 96-hours LC50
was determined.
2.3.2.2. Chronic toxicity assay
The assay was carried out during 63 days (7 weeks) in 5-L glass aquaria with
exactly 60 neonates <8 days obtained in our laboratory culture. The assay was
conducted at 20-21ºC under a 12-h photoperiod. A 1cm deep layer of natural sediment
was placed in each aquarium the day before the start of the assay, seawater was added
gently, to minimize sediment resuspension, and aeration was provided with plastic tips
placed at least 1 cm above the sediment surface. Before addition of the amphipods, the
sediment-overlying water system was allowed to equilibrate overnight. The assays
started the following day with the allocation of the amphipods to each test chamber. The
organisms were fed with macroalgae Ulva sp. on an ad libitum basis, assuring that food
was never in shortage and the water of each aquarium was renewed every day. Test
chambers were inspected daily for aeration and feeding requirements and to remove
dead animals (figure 1).
Four treatments were established, with three replicates per treatment for each
sampling period (control - natural seawater at 33-35‰ salinity and three ρ-xylene
nominal concentrations: 0.019, 0.075 and 0.3mg/l). Chemical analyses of ρ-xylene in
water were performed during the experiment. The ρ-xylene in water of each treatment
was measured by the method described previously in 2.3.1.2.
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Figure 1. Representation of the experimental design used in ρ-xylene chronic toxicity assay with
Gammarus locusta.

Ecological and biochemical parameters were determined after amphipods' sexual
maturation. At each sampling period (days 36, 50 and 63), three aquaria from each
treatment were randomly chosen, and their contents sieved through 1000µm and 250µm
screens to collect the amphipods from the original cohort and newborns, respectively.
The ecological parameters analysed at each sampling time comprised survival, sex ratio,
individual growth and reproductive traits (percentage of gravid females, length of gravid
females and fecundity). All of these endpoints were determined separately in each
replicate, at each sampling period. Number of surviving male and female was converted
to percentage. Sex ratio in each replicate was determined as the number of surviving
males divided by the number of surviving females. The individual length of all males
and females were measured to the nearest 0.1mm on a stereomicroscope. The
metasomatic length was used, which is defined as the distance between the anterior end
of the rostrum and the posterior end of the last metasomatic segment (e.g., DeWitt et al.,
1992). Gravid females were carefully manipulated under the stereomicroscope to extract
embryos from the brood pouch without damaging them. Fecundity (the number of
embryos present in the brood pouch) and embryo development stages were determined.
Four embryo development stages (I–IV) were considered according to Fish (1975). The
evaluation of the last stages of embryonic development (III and IV) was not considered
for the fecundity proposes, since few females were found with embryos in stage III and
IV.
The biomarkers analysed at each sampling time included the CAT, GST; LPO;
and Superoxide dismutase (SOD). All measured males were frozen and stored at -80ºC
for later quantification of each biomarker. The activity of CAT, GST, LPO were
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determined according the methods described previously in 2.3.1.2. and the SOD activity
was determined by an indirect method involving the inhibition of cytochrome c
reduction. In this method SOD competes with cytochrome c for the superoxide anion
generated by the hypoxanthine and xanthine oxidase reaction. SOD activity was
determined in the mitochondrial fraction as the degree of inhibition of cytochrome c
reduction at 550 nm. The concentration of the reactives was potassium phosphate buffer
50 mM, pH 7.8, hypoxanthine 50 mM, xanthine oxidase 1.98 mU/ml and cyto-chrome c
10 mM (Ferreira et al., 2010). The activity is given in SOD units (1 SOD unit=50%
inhibition of the xanthine oxidase reaction) per mg of protein.

2.3.2.2.1 Statistical analyses
At each sampling period, day 36, 50 and 63, one–way analysis of variance
(ANOVA) was carried out for each studied variable (ecological parameters and
biomarker endpoints) to determine if differences in responses between exposed and
control organisms could be attributed to exposure to xylene. Significant differences
were established at p<0.05. The Fisher´s least significant difference test (LSD) was used
for multiple comparisons between pairs of means.
2.3.3. Ecotoxicological assays with Dicentrarchus labrax exposed to acrylonitrile
The experiments was carried out with juvenile Seabass (D. labrax), weighing 3034 g, from the fish farm "Maresa" in Huelva, Spain. Three hundred animals were
acclimated to controlled laboratory conditions, in 1000L tanks with constant filtered
seawater circulation, for five weeks before the experiment began.
2.3.3.1. Acute toxicity assay
Fish were exposed to six treatments: control - natural seawater at 33-35‰, and
five levels of acrylonitrile nominal concentrations (2.5, 4.5, 8, 8.5 and 10mg/l), in a
static system during 96 hours. The experiment was performed in 30L glass tanks with 3
animals per aquarium. Three replicates per test treatment were used. 75% of the test
media of each aquarium was replaced every day and the animals were not feed during
the assay. Salinity and temperature were maintained at 33-35‰ and 16-17ºC,
photoperiod at 8h ligth:16h dark and aeration was provided continuously.
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Toxicity data generated in this study were statistically analyzed by probit
analysis using the SatPlus Portable (AnalystSoft Inc.) software and the 96-hours LC50
was determined.

2.3.3.2. Chronic toxicity assay
The assay was carried out in 30-L glass aquaria with 3 juvenile animals each
during 15 days, at 16-17ºC under a photoperiod of 8h light:16h dark and aeration was
provided continuously. Four treatments were established, with three replicates per
treatment (control - natural seawater at 33-35‰ salinity and three acrylonitrile nominal
concentrations: 0.15, 0.75 and 2mg/l). 75% of the test media of each aquarium was
replaced every day and animals were fed with commercial fish food, three day per
week. Test aquaria were inspected daily for aeration and to remove dead animals (figure
2). The actual concentration of acrylonitrile were determined throughout the experiment,
immediately after the change of water and 6 and 24h later. The acrylonitrile in water of
each treatment was measured by high performance liquid chromatography (HPLC) with
a photodiode array detector (DAD). Detection and quantification limits (LOD and LOQ)
were 25 and 75 µg/L, respectively.

Figure 2. Representation of the experimental design used in acrylonitrile chronic toxicity assay
with seabass (Dicentrarchus labrax),

At the end of the 15 days exposure, survivals were immobilized in ice-cold
water, a blood sample was collected from fish caudal peduncle for comet assay. Then
fish were immediately decapitated, their length and weight were measured, and samples
of liver and gills were frozen and stored at -80ºC for later quantification of the
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following biomarkers: CAT, GST, LPO, SOD and Hepatic ethoxyresorufin Odeethylase (EROD).
The comet assay was used to determine the level of DNA damage (DNA strand
breaks) in blood cells of all fish. The preparation of slides for the comet assay,
subsequent electrophoresis and staining were carried out as described previously by
Liney et al. (2006).
The activity of CAT, GST, LPO and SOD were determined according the
methods described previously in 2.3.1.2. EROD activity was measured according to
Ferreira et al. (2008). Briefly, liver and gills were homogenized separately in ice-cold
buffer (50 mM Tris–HCl, pH 7.4, 0.15 M KCl). Microsomes were obtained by
centrifugation of the 9000g supernatant at 36 000g for 90 min. The pellet was then
resuspended in buffer (50 mM Tris–HCl, 1 mM Na2EDTA pH 7.4, 1 mM dithiothreitol,
20% v/v glycerol) and spun down at 36 000 g for 120 min. Microsomes were suspended
in EDTA-free resuspension buffer and stored at -80ºC until use. Microsomal suspension
(50 ml) was incubated with ethoxyresorufin 0.5 mM for 1 min, and the enzymatic
reaction was initiated by the addition of 45 mM NADPH. EROD activity was measured
for 5 min at λex=530 nm and λem=585 nm, and determined by comparison to a resorufin
standard curve. The EROD activity in liver and gills was expressed in pmol/min/mg
protein.

3. Results
3.1. Acute toxicity assays
The results of acute toxicity assays with A. franciscana, G. locusta and D. labrax
are presented in table 2.
Table 2. Acute toxicity of ρ-xylene and acrylonitrile.

A. franciscana
G. locusta

HNS chemical
Tested
ρ-xylene
ρ-xylene

Exposure
duration
24hours
96 hours

LC50 mg/l
(95% confidence limits)
17.7 (16.9-18.5)
1.1 (0.8-1.4)

D. labrax

Acrilonitrile

96 hours

8.1 (7.9-8.4)

Species

For ρ-xylene, the 24-h LC50 value obtained for A. franciscana was 17.1mg/l and
the 96h-LC50 for G. locusta was 1.1mg/l. As presented in the marine toxicological
datasheet produced in the scope of ARCOPOL activity 6.2.1, no acute toxicity data is
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available for these two species. This datasheet refer the 24h-LC50 of Artemia sp. as
27.8mg/l, but do not specify the species. From all the data available, it seems that G.
locusta, with a 96h-LC50 of 1.1mg/l is the species more sensitive to ρ-xylene.
For acrylonitrile, 8.1mg/l was the 96h-LC50 obtained for the fish D. labrax.
Prior to this work, only three other LC50 values have been reported for acrylonitrile to
saltwater organisms. Tong et al. (1996) and Portmann and Wilson (1971) reported
LC50 values of 14.34 and 10-33 mg/l for the marine crustaceans, Artemia salina and
Crangon franciscorurn respectively, and Daugherty and Garrett (1951) reported 24.5
mg/l for the marine fish Lagodon rhomboides. The LC50 value obtained here for D.
labrax were lower compared with the LC50 previous available for seawater organisms.

3.2. Chronic toxicity assays
3.2.1. Artemia franciscana
3.2.1.1. Chemical analyses
Table 3 summarises the actual xylene concentration of each treatment water
samples (control, 0.032, 0.16, 0.8 and 4mg/l) measured in two different times:
immediately after the daily water change (actual concentration - initial time) and
immediately before the daily water change (actual concentration - 24h later), throughout
the experiment.
Table 3. Xylene concentrations (mg/l) in water samples collected in each treatment. Data expressed as
mean ± standard deviation.
Nominal concentration
Actual
Initial time
concentration 24h later

Control
N.D.
N.D.

0.032mg/l
0.041±0.004
0.021±0.006

0.16mg/l
0.22±0.02
0.11±0.04

0.8mg/l
0.82±0.02
0.20±0.05

4mg/l
3.5±0.2
2.1±0.3

The actual xylene concentrations are close to nominal concentrations at the
initial time, but after 24hours (immediately before the water change) the amount of
xylene in water was lower than nominal concentration. The reason for this loss may be
due to xylene high volatilization, the calculated half-life of xylene is about 2 days in a
shallow water body and 1.2 days in rivers (EPA 2005). However, to ensure that
throughout the assay Artemia was exposed to a xylene concentration close to the
nominal concentration, the water change was made every 24 hours.
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3.2.1.2. Ecological parameters
Survival
For each one of the five treatments, mortality rates were estimated using linear
regression fitted for survival data (see equations on figure 3), and regression coefficient
of each xylene treatment was compared with control using analysis of covariance
(Ancova).

Figure 3. Survival curves of control, 0.032mg/l, 0.16mg/l, 0.8 mg/l and 4 mg/l xylene treatments,
considering both sexes together during the 31 days of exposure. Error bars indicate the standard errors.

Survival curves obtained for each treatment were plotted in figure 2. The
mortality was significantly higher for the 4mg/l xylene treatment comparatively with all
the other treatments, with almost all the animals dead at day 17. The highest mortality
rate observed was 5.44±0.66% per day for 4mg/l xylene treatment, the other three
xylene treatments, 0.032, 0.16 and 0.8 mg/l, showed close mortality rates
(0.42±0.057%, 0.58±0.13%, 0.41±0.09% per day, respectively). The control treatment
showed the lowest mortality rate (0.17±0.042 per day) with low mortality during all the
experiment. Ancova detected significant higher mortality rates (regression slopes) in
each one of xylene treatments comparatively with control (p<0.01 for each comparison),
therefore the Lowest Observed Effect Concentration (LOEC) for survival was
0.032mg/l xylene.
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Individual growth
The growth curves for all treatments, with the exception of 4mg/l xylene,
showed the same tendency over the entire assay, with higher growth rates for the first
15 days of life and subsequent reduction until the end of the experiment (figure 4).

Figure 4. Growth curves for males and females of control, 0.032mg/l, 0.16 mg/l, 0.8mg/l and 4 mg/l
xylene concentrations. Error bars indicate the standard error and (*) indicates differences (p<0.01) from
control.

ANOVA detected significant differences on growth rates, for both males and
females (p<0.01). Post-hoc comparisons (Fisher LSD) revealed a significant lower
growth rate in 4mg/l xylene treatment compared with control (p<0.01), and no
differences between control and the other xylene treatments (p>0.05). Therefore the
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LOEC for growth rate was 4mg/l xylene and the No Observed Effect concentration
(NOEC) was 0.8mg/l.
The growth rates were very similar for control and 0.032; 0.16 and 0.8mg/l
xylene concentrations. For males, the growth rates were 0.30±0.11; 0.31±0.14;
0.31±0.16 and 0.30±0.12 mm/day at control, 0.032; 0.16; and 0.8 xylene treatments
respectively. For females the growth rates were 0.42±0.1; 0.41±0.15; 0.41±0.1 and
0.39±0.1 mm/day at control, 0.032, 0.16, and 0.8 xylene treatments respectively. The
4mg/l xylene treatment showed the lowest growth rate, 0.09±0.06 mm/day.

Reproductive traits
In all treatments, females began the reproduction period between days 19 and 22. As
shown in figure 5, the mean number of cysts or nauplii produced by female until the end
of the experiment did not differ among the four treatments (control, 0.032; 0.16; and 0.8
mg/l xylene) (ANOVA, p>0.05). Despite the average number of cysts released by
females exposed to 0.16 and 0.8 mg/l xylene concentrations was lower than from the
control females, there were no significant differences (p>0.05). The control females
released an average of 167.5 cysts, compared to 123.8 and 114 cysts of females exposed
to 0.16 and 0.8 mg/l xylene, respectively. Considering the nauplii, the females of 0.8
mg/l xylene treatment had a higher nauplii production (92.3 nauplii per female)
compared to control (42.3 nauplii per female), but the differences were not significant.
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Figure 5. Average number of cysts and nauplii produced by female during the 31 days of exposure to
control or 0.032, 0.16 and 0.8mg/l xylene concentrations,. Error bars indicate the standard error.

The average number of broods released by females exposed to 0.16 and 0.8 mg/l
xylene treatments were significantly lower than that from the control (Anova p<0.05).
Therefore the LOEC for reproduction was 0.16mg/l xylene and the NOEC 0.032mg/l. In
the control, the average number of broods was 2.58, in the 0.16 and 0.8 mg/l xylene
treatments were 1.83 and 2.08 broods per female, respectively (figure 6).

Figure 6. Average number of broods released per female during the 31 days of of exposure to control or
0.032, 0.16 and 0.8mg/l xylene concentrations,. Error bars indicate the standard error, (*) and (**)
indicates differences from control, p<0.05 and p<0.01, respectively.
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3.2.1.3. Biomarkers
Figure 7 shows the CAT activities of A. franciscana after 31 days exposure to
xylene. A significant increase (Anova p < 0.01) in the levels of CAT was observed in
males exposed to 0.8mg/l xylene treatment (about 58% relative to control males), but
not in the other xylene treatments.

Figure 7. Activity of catalase (CAT) in whole body of A. franciscana after 31 days of exposure to
control, or 0.032, 0.16 and 0.8mg/l xylene concentrations, considering females and males separately.
Error bars indicate the standard error, (**) indicates differences from control (p<0.01).

The GST activity increased significantly (ANOVA, p<0.05) in females exposed
to 0.16mg/l xylene treatment, having levels 55% higher than those found in control
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females (Figure 8). The GST activity of females exposed to xylene at 0.8mg/l was also
higher than control females but not statistically significant (ANOVA, p>0.05). GST
activity of exposed males did not differ from control.

Figure 8. Activity of Glutathione-S-transferase (GST) in whole body of A. franciscana after 31 days of
exposure to control or 0.032, 0.16 and 0.8mg/l xylene concentrations, considering females and males
separately. Error bars indicate the standard error, (*) indicates differences (p<0.05) from control.

Oxidative damages in lipids evaluated as lipid peroxidation levels (LPO),
showed a similar tendency for control and all the xylene treatments, both in males and
females, therefore no significant differences were observed (figure 9).
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Figure 9. Levels of lipid peroxidation (LPO) in whole body of A. franciscana after 31 days of exposure
to control or 0.032, 0.16 and 0.8mg/l xylene concentrations, considering females and males separately.
Error bars indicate the standard error.

3.2.2. Gammarus locusta
3.2.2.1. Chemical analyses
Table 4 summarises the actual xylene concentration of each water sample
(control, 0.019, 0.075 and 0.3mg/l) measured immediately after the daily water change
(actual concentration - initial time) and immediately before the daily water change
(actual concentration - 24h later), throughout the experiment.

21

Table 4. Xylene concentrations (mg/l) in water samples collected in each treatment. Data expressed as
mean ± standard deviation..
Nominal concentration
Actual
Initial time
concentration
24h later

Control
N.D.
N.D.

0.019mg/l
0.032±0.006
0.0008±0.0001

0.075mg/l
0.118±0.08
0.0048±0.0004

0.3mg/l
0.44±0.08
0.000013±0.000001

The actual xylene concentrations at the initial time were just a bit higher than the
nominal concentrations. After 24hours (immediately before the water change) the
amount of xylene in water of all xylene treatments was much lower than the nominal
concentration. The reason for this loss was certainly related with the high volatilization
of xylene. The aeration provided in the amphipod assay may have induced a much
higher volatilization of xylene in the amphipods assay compared with the Artemia
assay. However, to ensure the exposure of the amphipods to a concentration of xylene
close to the nominal concentration throughout the assay, the water changes were made
every 24 hours.

3.2.2.2. Ecological parameters
Survival and sex ratio
Mean total survival obtained for each treatment during the 63 days of the
exposure are presented in figure 10. Mortality was high and approximately the same for
all treatments in the first 36 days and comparatively lower in the remaining period of
exposure. The survival rates were very closed in all treatments at each sampling time
(close to 50% on day 36; close to 40% on day 50 and close to 20% on day 63). Anova
did not detect significant differences on survival between treatments for any of the
sampling days (36, 50 or 63) (p>0.05).
Control survival was within the expected range for toxicity tests with G. locusta
(Costa et al., 2005; Correia et al., 2001; Neuparth et al., 2002). Cannibalism most likely
accounts for a significant portion of control mortality in laboratory tests with this
species. Cannibal behaviour is well-known in Gammarus spp. (Dick, 1995), including
G. locusta (Costa et al., 2005; Christie & Kraufvelin, 2003, our personal observations).
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Figure 10. Survival results for the treatments control, 0.019mg/l, 0.075 mg/l and 0.3mg/l xylene
concentrations considering males and females together during the 63 days of exposure. Error bars indicate
the standard errors; (*) and (**) indicates differences from control, p<0.05 and p<0.01, respectively.

Considering the sex ratio, it was detected that surviving males significantly
exceeded females in some of the xylene treatments, as evidenced by the sex ratios much
higher than one (figure 11). Comparatively with control, an abnormal low proportion of
surviving females was observed at day 36, for 0.019 and 0.075mg/l xylene
concentrations (Anova, p<0.05 and p<0.01 respectively) and also at day 63 for the
0.075mg/l xylene treatment (Anova, p<0.05). At day 50, sex ratios of xylene treatments
did not differ from control.

Figure 11. Sex ratio results for the treatments control, 0.019mg/l, 0.075 mg/l and 0.3mg/l xylene
concentrations during the 63 days of exposure. Error bars indicate the standard errors. (*) and (**)
indicates differences from control, p < 0.05 and p < 0.01, respectively.
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Individual growth
The individual growth results are outlined in figure 12. In general, the average
length of males and females was higher in the control comparatively to xylene
treatments in all sampling times. Control amphipods had the largest animals,
particularly the males of day 63 with an average length of 14.1mm that exceed between
4.8% and 6.5% the males’ size of xylene treatments at that sampling time.
Comparatively with control, Anova detected significant differences on growth rates of
xylene treatments, for both males and females (p<0.05). Post-hoc comparisons revealed
a significant lower growth in 0.019 and 0.075 mg/l xylene treatments than in control,
both for males and females at day 36 (p<0.05); at day 63 in 0.075 and 0.3mg/l xylene
treatments for females (p<0.05) and 0.019 and 0.3mg/l xylene treatments for males
(p<0.01). No significant differences were observed on day 50 (p>0.05).
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Figure 12. Growth results (matasomatic length) for females (A) and males (B) of control, xylene
0.019mg/l, 0.075 mg/l, and 0.3mg/l. Error bars indicate the standard error, (*) and (**) indicates
differences from control, p<0.05 and p<0.01, respectively.

Reproductive traits
The global results of reproductive traits obtained for each treatment during the
63 days of the exposure are presented in table 5. No significant differences were found
in most of the reproductive traits analysed. The exception was the length of control
gravid females on day 50, which had a significant higher length comparatively with all
xylene treatments. Considering that in general, larger females producing larger broods
(Fish and Mills, 1975; Skadsheim, 1989), it was expected to obtain, significant higher
fecundity (nº of embryos/per gravid female) in control females of day 50, but that were
not observed. Given the considerable variability displayed by the average fecundity,
there were not visible a direct relation between the number of embryos with the
respective length of gravid females.
There were no significant differences on percentage of gravid females of any
xylene treatment comparatively with control. Also, there were not a visible relationship
between the percentage of gravid females and the female growth. The control females of
each sampling period (36, 50 and 63 days) showed higher length than the females of
xylene treatments, therefore it was expected a higher portion of gravid females in
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control treatments. Once more the high variability of the % of gravid females within
treatments should be the reason for the lack of expected differences.
Table 5. Effects of xylene treatments on reproductive traits of G. locusta at different exposure periods
(36, 50 and 63 days) and respective statistics.
Reproductive
traits
Gravid females (%)

Gravid females
length (mm)
Fecundity (nr. of
stage I and II
embryos per gravid
female)

Exposure
time (days)

Control

0.019mg/l
xylene

0.075mg/l
xylene

0.3mg/l
xylene

Statistical analysis
(control -xylene
treatments)

36
50
63
36
50
63
36
50

26.22±10.37
50.83±6.51
72.92±8.51
8.94±0.36
9.83±0.19
10.30±0.28
26.22±3.75
39.83±6.78

22.00±6.66
76.67±14.53
77.78±11.11
8.78±0.17
8.90±0.10
9.91±0.49
30.25±1.89
31.12±6.80

33.17±8.25
62.92±6.47
47.50±13.77
8.59±0.16
8.78±0.14
9.91±0.21
25.33±2.36
47.67±14.89

27.84±11.75
70.70±15.40
54.44±27.30
8.75±0.27
8.90±0.11
9.81±0.17
27.67±3.03
39.80±6.03

n.s. for any treatment
n.s. for any treatment
n.s. for any treatment
n.s. for any treatment
p <0.01 for all treatments
n.s. for any treatment
n.s. for any treatment
n.s. for any treatment

63

54.00±8.00

-

-

75.50±3.5

n.s. for any treatment

3.2.2.3. Biomarkers
The determination of the antioxidant status of amphipods exposed to the HNS
xylene is important to study its mechanism of toxicity and to predict the potential
damage in the organism. A temporal variation was observed on the activity of most
biomarkers analysed (see figure 13). GST responses to xylene over the three selected
sampling times (36, 50 and 63 days) are shown in figure 13. Compared to the control
group, the GST activity increased significantly (p<0.05 and p<0.01) on day 36, in all
exposed groups with a maximum of 37.7% of control recorded in the highest xylene
concentration - 0.3mg/l. On day 50, GST activity dropped significantly (p<0.01) in the
two highest xylene concentrations - 0.075 and 0.3 mg/l (20.4 and 17.1% respectively)
and finally all exposed groups returned to control levels at day 63.
SOD activity was significantly induced on the first two sampling days. On the
36 day, the induction was observed in two highest xylene concentrations (p<0.01) and
on day 50 the induction was recorded in 0.019 and 0.3mg/l xylene groups (p<0.05 and
p<0.01, respectively). Then on day 63 all the xylene groups returned to control levels.
The CAT activity in some xylene groups showed a similar tendency to that of
GST with a significantly induction on day 36, a significant drop on day 50 and then, on
day 63, the return to control values.
Considering the LPO responses, a significant elevation of LPO was observed on
all sampling periods for the highest xylene concentration (values of 80.2%; 42.3% and
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15.5% greater than of control for day 36, 50 and 63 respectively). For the other xylene
concentrations, the values were not different from control in all the sampling periods.
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Figure 13.- Activity of the enzymes glutathione S-transferases (GST), superoxide dismutase (SOD) and
Catalase (CAT), and levels of total lipid peroxidation (LPO) of Gammarus locusta exposed for 63 days to
various concentrations of xylene. Error bars indicate the standard error, (*) and (**) indicates differences
from control, p<0.05 and p<0.01, respectively.

3.2.3. Dicentrarchus labrax
3.2.3.1. Chemical analyses
Table 5 summarises the real acrylonitrile concentration of each water samples
(control 0.15, 0.75 and 2mg/l) measured once per week in three different times:
immediately after the daily water change (initial time); 6 hours after the initial time
(middle time) and at 24hours immediately before the daily water change (final time).
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Table5. Acrylonitrile concentrations (mg/l) in water samples collected in each treatment. Data expressed
as mean ± standard deviation .
Nominal concentration
Initial
Actual
Middle
concentration
Final

0.15mg/l
0.16±0.004
0.14±0.002
0.13±0.002

0.75mg/l
0.80±0.002
0.76±0.013
0.70±0.013

2mg/l
2.07±0.055
1.95±0.066
1.78±0.010

Acrylonitrile proved to be a very stable chemical in water. The actual
acrylonitrile concentrations were very close to the nominal concentrations at all
sampling times with a small percentage of loss within 24 hours.

3.2.3.2. Biomarker responses
The comet assay results, the activities of EROD, GST, SOD, CAT and LPO
levels are under analysis at the time of this report.

4. Discussion
Monocyclic aromatic hydrocarbons, such as xylenes, are commonly associated
with petroleum products such as gasoline and diesel fuels. Because of the large amounts
of xylene transported by sea and its relatively high water solubility and low Kow values,
xylenes and other monocyclic aromatic hydrocarbons are highly mobile in the
environment (Dou et al. 2008). Despite, its ecological concern in the marine
environment due to its toxicity and ability to bioaccumulate through food chain (Plaza
et al. 2007), the toxic effects of xylene on marine organisms have been little studied. In
an attempt to improve the xylene ecotoxicological data, and better predict its negative
impact under controlled conditions, acute and chronic toxicity assays were here
performed using the model marine organisms A. franciscana and G. locusta.
In the acute toxicity assays, we obtained 17.7mg/l 24h-LC50 for A. franciscana
and 1.1mg/l 96h-LC50 for G. locusta. To our knowledge, the determination of xylene
LC50 values was not previously obtained for these two marine organisms. Among the
few xylene ecotoxicological data available for marine organisms, G. locusta, with a
96h-LC50 of 1.1mg/l is the species more sensitive to xylene. The acute toxicity results
here produced will be incorporated in the ARCOPOL marine toxicological datasheet, in
order to improve our knowledge about the effects of HNS on marine organisms.
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The determination of the median lethal concentration (LC50) is the most
frequently test used to estimate the toxicity of chemicals in aquatic organisms.
However, the chronic toxicity assays are a more realistic representation of the types of
exposure expected in environmental situations and biological effects other than survival
are of greater ecological relevance for understanding the impact of contaminants on
organisms and ecosystems. Therefore, chronic toxicity assays with xylene were also
performed, integrating organism and population-level endpoints (survival, growth and
reproductive traits) with biochemical markers.
Biochemical markers can provide evidence of exposure to contaminants, and
their detection in the organisms can provide information about contaminants
bioavailability. A number of biomarkers have been developed and applied successfully
to various invertebrate species (Galloway et al., 2004; Hyne and Maher, 2003; Langston
and Bebianno, 1998; Livingstone, 2001), but they have been rarely integrated in
conventional chronic toxicity assays and/or linked to individual population-level effects.
However, the application of multiple biomarkers in chronic tests can be advantageous
for study the contaminants´ mechanism of action and to provide evidence of the causeeffect relationship between exposure to contaminants and ultimate organism and
population responses.
Xylene showed severe chronic toxicity effects. The results of the present study
indicate important alterations to several parameters at individual /population levels
(survival, growth and reproduction) and at sub-individual (biochemical markers) for the
two crustaceans exposed to xylene. In the case of A. franciscana, significant effects
were observed in survival (LOEC=0.032mg/l), growth (LOEC=4mg/l; NOEC=0.8mg/l),
reproduction (LOEC=0.16 mg/l; NOEC=0.032mg/l) and in some biomarkers such as
Catalase (LOEC=0.8 mg/l; NOEC= 0.16mg/l).
Xylene was also significant toxic for the amphipod G. locusta. Despite, no
effects were apparent in survival and reproductive traits, an impaired condition of the
amphipods exposed to xylene expressed by biased sex ratio and a significant reduction
in growth rate (lower average length) was detected in xylene concentrations as low as
0.019mg/l.
Exposure to xylene concentrations of 0.3mg/l and below, also resulted in an
alteration of the antioxidant defense of G. locusta. It has been reported that the
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contaminant stress in living organisms often results in the production of reactive oxygen
species (ROS). The overproduction of ROS such as H2O2 and superoxide radical (O2• -)
cause oxidative stress (Livingstone, 2001). The toxic effects of ROS can be
counteracted by cellular antioxidant enzymes such as superoxide dismutase (SOD),
catalase (CAT) and glutathione S-transferases (GST). Therefore, changes of these
enzymatic activities should indirectly indicate the toxic effects of contaminants on
living organisms (Li et al., 2008; Schreck et al., 2008). In the present study, the same
tendency was observed for the enzymes evolved in oxidative stress (GST; CAT; SOD).
An induction of GST, CAT and SOD were detected on the 1st sampling day (day 36)
followed by and inhibition of the GST and CAT levels at the day 50, and, at the end on
day 63, these three enzymes (GST, CAT and SOD) returned to control levels. These
results could be explained by the activation of depuration/detoxification mechanisms to
neutralise the oxidative stress produced by xylene and restore the organism homeostasis
that was achieved only at day 63, when the antioxidant enzymes return to control levels.
Lipid peroxidation (oxidation of polyunsaturated fatty acids) is a very important
consequence of oxidative stress due to extensive production of oxygen radicals and/or
antioxidant depletion that reduce the protective capacity of the organisms. This
mechanistic relationship between LPO and antioxidant deficiencies had already been
reported in aquatic species (Livingstone et al., 1993; Sole et al., 1995; Xu et al., 1999).
However in this study, the significant induction of LPO observed in amphipods exposed
to 0.3mg/l xylene at all sampling days seems to be not related with the depletion of
antioxidant defenses, as GST, GST, and CAT values were superior or similar to control
values during most of the exposure period. Therefore, increased LPO levels after
exposure of amphipods to 0.3mg/l xylene may be due to its direct toxic action on cell
membranes. According to several authors, xylene has several toxic effects on cell
membranes of mammalians (Sawicka and Dlugosz, 2008; Liu et al., 2010). With a high
lipophilicity, xylene easily penetrates into the lipid-rich cell membranes altering its
permeability and causing membrane swelling with eventually disruption (Abernethy et
al., 1986).
Acrylonitrile has been found to contaminate the environment due to accidental
spills, or from industrial waste discharge (Watcharasit et al., 2009). Acrylonitrile, is an
potent toxic HNS that can induce oxidative stress, immunotoxicity and neurotoxicity in
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mammalians (Gagnaire et al., 1998; Hamada et al., 1998; Watcharasit et al., 2009).
Additionally, this HNS has been described to be mutagenic, teratogenic and
carcinogenic in rodents after chronic exposure (Cole et al., 2008; Watcharasit et al.,
2009)._ Similar to xylene, there is a current paucity of knowledge about the effects of
acrylonitrile on marine organisms. Therefore, acute and chronic toxicity assays was
conducted in laboratory with the seabass D. labrax to improve the acrylonitrile
ecotoxicological data to ecological relevant marine organisms.
In the acute assays, the 96h-LC50 of 8.1mg/l obtained showed that acrylonitrile
is toxic to seabass. Among the few acrylonitrile acute toxicity data for marine fish,
Daugherty and Garrett (1951) reported an 24h-LC50 for Pin perch (Lagodon
rhomboides) as 24.5mg/l, much higher than the value obtained here for the seabass.
Considering that no acrylonitrile chronic toxicity data exist for marine organisms, the
results of 14 days chronic exposure, that are being analyzed, will be very important to
predict the chronic effects of acrylonitrile in marine environment and to confirm if
acrylonitrile produce DNA damage and oxidative stress to marine organisms, as induce
in mammalians.
5. Conclusions
The data generated by this study gathered information on the acute and chronic
toxicity of two priority HNS (xylene and acrylonitrile) to species representative of key
marine taxa. These data will be incorporated in the ARCOPOL marine toxicological
datasheet (activity 6.2.1), in order to improve our knowledge about the effects of HNS
on marine organisms.The importance of undertaking this research is essentially to assist
relevant bodies to predict the adverse effects of xylene and acrylonitrile in marine
ecosystems if an accidental spill occurs.
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