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IN UNRESOLVED COMPLEX MIXTURES (UCMS) OF
HYDROCARBONS FROM BIODEGRADED CRUDE OILS

by
Alan George Scarlett

ABSTRACT

Contamination of the environment by petrogenic hydrocarbons continues to pose a threat
to marine biota. Studies into the effects of hydrocarben contamination have mainly been
directed at a small number of polycyclic aromatic hydrocarbons (PAHSs) that are known to
be highly toxic to a wide range of biota. The majority of the hydrocarbons present in
sediments and tissues are unresolved by conventional gas chromatography and have
received little attention. Studies directed at these unresoived complex mixtures (UCMs) of
hydrocarbons have previously identified the monoaromatic fraction as containing toxic
UCM compounds.

The studies reported herein have explored the toxicity of UCM compounds to marine biota
using an effect-directed analysis approach: (i) population-level effects on the amphipod
Corophium volutator arising from chronic exposure to UCM hydrocarbon contaminated
sediments; (ii) bioaccumulation and depuration of UCM hydrocarbons by the blue mussel,
Mytilus edulis using comprehensive two-dimensional gas chromatography coupled to
time-of-flight mass spectrometry (GCxGC-ToF-MS); and, (iii) the possible trophic transfer
of UCM hydrocarbons from contaminated mussels to the predatory shore crab Carcinus
maenas.

Chronic sediment exposure tests showed that oils dominated by UCM hydrocarbons
reduced the growth rate and reproductive success of C. volutafor. All fractions of the oils
contributed towards the toxicity but the aromatic fraction produced effects at lower
nominal sediment concentrations. The aromatic fraction was also responsible for the
reduction of mussel filter-feeding clearance rates. Analyses of mussel tissue extracts by
GCxGC-ToF-MS revealed that a range of aromatic compounds was rapidly accumulated,
but most were readily depurated. Compounds that were more resistant to depuration,
including branched alkylbenzenes (BABs), were also found in wild musse! populations
previously reported to have poor health status. Tests using a commercially available
complex mixture of C,.14 BABs confirmed that these compounds were toxic to mussels
and were not readily depurated. Crabs that consumed mussels contaminated with BABs
were found to behave abnormally, but cellular and physiological effects were not
significantly different to control organisms. Crab midgut gland tissues were found to
contain low concentrations of BABs and fluorescence from urine suggested that the BABs
were metabolised and/or excreted. The results did not support the hypothesis that BABs
were likely to biomagnify within the marine food web.

The research reported herein supports the hypothesis that environmental UCMs are
largely comprised of branched alkylated homologues of known petrogenic hydrocarbons.
Of these, the BABs have been shown to bioaccumulate and cause adverse effects via a
non-specific narcosis mode of action. Marine environment monitoring and regulatory
bodies may benefit from taking into account the concentrations of UCM hydrocarbons, in
particular the aromatic UCM, including the BABs.
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Chapter 1

Introduction

This chapter presents a review of the current knowledge of unresolved complex mixtures
(UCMs) of hydrocarbons in the marine environment, in particular the effect of components
of the UCM on the health of marine organisms. Much of the research presented. in this
thesis has been published in peer-reviewed journals (Appendix A). The literature review
presented within the Introduction has omitted reference to these papers other than when
related to research performed by co-authors. The data presented within the published

papers has been discussed in the context of the wider literature within Chapter 7.




1.1 General Introduction

The marine environment has long been subject to contamination by oil. This has occurred
due to natural seepage and, more recently, due to human activities including drilling and
transportation of crude and refined oils. Early studies of crude and refined oil toxicity
focussed on the acute effects of high concentrations upon marine organisms (reviewed by
NRC, 2003). From these studies, the highly volatile and water-soluble benzene, toluene,
ethyl benzene and xylenes (BTEX) were identified as neurotoxic (Ritchie et al., 2001) but
were found to be rapidly removed from the marine environment. With the removal of
BTEX compounds by weathering processes, the acute toxicity of hydrocarbons is reduced
(Neff et al., 2000) and the polycyclic aromatic hydrocarbons (PAHs) become more
important contributors of toxicity. In recent years, most studies concermned with adverse
biological effects arising from hydrocarbon contamination have focused on the PAHs, in
particular the 16 priority PAHs identified by the US Environment Protection Agency as
posing the greatest risk to biota (NRC, 2003). The PAHs often represent only a small
percentage of the total hydrocarbons present within environmental samples and the
majority of the compounds present, those which are unresolved by conventional gas
chromatography (GC), tend to be overlooked by many researchers, including
environmental monitoring and protection agencies, due to the analysis methods employed
(Rowland et al., 2001). The studies presented herein have focused on the potential for
compounds within this ‘unresolved complex mixture’ (UCM) of hydrocarbons to cause

adverse effects on marine biota.

Analysis of the hydrocarbon fraction of crude oils by GC reveals a complex mixture
containing many thousands of individual components (Sutton et al., 2005). Components
that are resolved by GC have been extensively studied (e.g. Killops & Killops, 1993), and

include n-alkanes, methylalkanes, acyclic isoprenoids, alkylated benzenes, naphthalenes




and phenanthrenes (Fig. 1.1). HOWCVCI:, despite the application of many analytical
techniq.ues the remaining components have, until very recently, proved difficult to separate
due to the large numbers of co-eluting compounds. Gas éhromatograms of mature oils
have prominent n-alkane peaks which distract attention from the underlying ‘hump’ of
unresolved components. By way of illustration, the gas chromatography — mass
spectrometry (GC-MS) total 1on chromatogram (TIC), shown in Fig. 1.2a, contains large
peaks corresponding to individual components such as n-alkanes. It appears that only a
small UCM is present. However this is an artefact of the analytical technique and
underlying UCM ‘humps’ are present even in fresh oils (Gough & Rowland, 1990). As the
oil becomes more degraded and the n-alkanes removed, the UCM becomes more
prominent (Fig. 1.2b) until only the unresolved components remains (Fig. 1.2¢). Processes
such as weathering and biodegradation result in a relative enrichment of the UCM
component by removal of resolved components and the creation of new compounds (Peters
et al., 2005). It has been shown that both resolved and unresolved components of oils are
subject to concurrent biodegradation (Gough & Rowland, 1990), i.e. it is not a sequential
process, but due to the recalcitrant nature of some components, the rates of biodegradation
of individual compounds greatly varies. Although often overlooked, except as a diagnostic
tool for identifying petrogenic sources (Bouloubassi et al., 2001; Hong et al., 1995;
Noboru Nishigima et al., 2001, Steinhauer & Boehm, 199:2; Zheng & Richardson, 1999),
the UCM fraction often represents the major component of hydrocarbons within
hydrocarbon-polluted sediments (Table 1.1) and biota (Table 1.2). A small number of
studies has now demonstrated that aqueous exposure to components within the UCM can
affect the health of marine organisms (Donkin et a/., 2003; Hokstad et al., 2007; Rowland
et al., 2001) and high concentrations of environmental UCMs have been strongly
implicated with impaired health in wild populations (Crowe et al., 2004; Guerra-Garcia et

al., 2003).









Table 1.1 Comparison of sediment hydrocarbon and UCM data

CcrPt

Location UCM Total n-hydrocarbons  n-Alkane Pr:Ph Reference
(ugg' dw) (ugg' dw) (bgg' dw)
Argentina — Chubut river, Rawson Port 284 ns 741 ns 0.9 (Commendatore & Esteves, 2004)
Argentina — Rio de la Plata Estuary 0— 1445 0-1532" ns ns ns (Colombo et al., 2005)
0-205.7" 0-207 '
Antarctica - < 0.5 - ns ns (Lenihan et al., 1990)
Australia — Great Barrier Reef - 05-2 - ns ns (Volkman et al., 1992)
Azerbaijan — S. Caspian Sea 1-310 1-5 1-9.1 ns (Tolosa et al., 2004)
Canada — Halifax harbour Nova Scotia 153 - 546 ns 19 - 46 ns ns (Hellou et al., In press)
China — Xiamen Harbour 27-30" 3.1-33° 04-34 ns ns (Hong et al., 1995)
China — Yangtze River Estuary 1.8-9 22-118 0.2-19 1.1-49 ns (Bouloubassi et al., 2001)
Crete — Eastern Mediterranean 03-48 0.5-57 0.1-0.9 ns ns (Gogou et al., 2000)
Egypt — Alexandria, Eastern Harbour 54-1214" - 7-143 ns ns (Aboulkassim & Simoneit, 1995)
France - Rhone river (Mediterranean) 18 - 146" 25-170 -2-12 1.1 - ns (Bouloubassi & Saliot, 1993)
11.2
France — Rhone prodelta 76 - 275 ns 10 -27 26-43 ns (Tolosa et al., 1996)
France — Gulf of Lions 7-17 ns 08-23 1.6-5.5 2.7-55 (Tolosaetal., 1996)
France- Gulf of Foz, Refinery outlet, ++ 9400 - 32980. ns ns ns (LeDreau et al., 1997)
{Mediterranean)
France- Gulf of Foz, Canal, ++ 1280 - 47580 ns ns ns (LeDreau et al., 1997)
(Mediterranean)
France- Gulf of Foz, Deep Creek ~50 - 4500 50 -4500 ns ns ns (LeDreau er al., 1997)



Table 1.1 continued

Location UcM Total hydrocarbons n-Alkane CPI Pr:Ph Reference
(ug g’ aw) (g g’ dw) (g g’ dw)
France- Gulf of Foz, Open Sea, + 40 - 3370 ns ns ns (LeDreau et al., 1997)
(Mediterranean)
Hong Kong- Coastline 5.6 1760 59-1996 0.2-296 ns ns (Zheng & Richardson, 1999)
Hong Kong — Victoria Harbour 56 — 626 60 — 646" 31-20 ns ns (Hong et al., 1995)
Ireland - Liffey estuary ++ ns 210-8129 ~1 ns (Choiseul ef al., 1998)
Ireland - E. coast ++ ns 0-137 1.2 ns - (Chdiseul et al., 1998)
Kazakhstan — N. Caspian Sea 1-12 0-2 2-9 ns (Tolosa et al., 2004)
Kuwait, Gulf 28 — 5300 40 - 240 03-22 ns 0.7-29 (Readman et al., 1986)
5.9 - 80"
Mediterranean Sea — 7-13 ns 0.7-1.7 3-4 1.7-3.1 (Tolosa er al., 1996)
W. & E. Deep Basin
Russia — N. Caspian Sea <0.5-4 ns <03 1-4.5 ns (Tolosa et al., 2004)
Russia — S. Caspian Sea <(.5 -3.5 ns <0.1-0.1 1.3-2.7 ns (Tolosa et al., 2004)
Russia — Sochi, Black Sea 2.9- 140 7.6-170 07-34 ns 1-52 (Readman et al., 2002)
’ 2.5~ 16" ,
Saudi Arabia, Gulf 6.4 — 5300 11-6900 0.2-28 ns 03-13 (Readmaneral., 1996)
1- 1400" '
Saudi Arabia, Ras Al Ghar 420° 671 ns ns 2.1 (Fowler e al., 1993)
160"



Table 1.1 continued

Location UCM Total n-hydrocarbons  n-Alkane CPI Pr:Ph Reference
(ug g’ dw) (ugg' dw) (ug g’ dw)
Spain - Barcelona 488 ns 7.7 1.5 1.4 (Tolosa et al., 1996)
Spain — Catalan coast 17-23 ns 1.1 24-14 1-14 (Tolosa et al., 1996)
Spain — Ceuta harbour (N. African coast) ~400-4500 496-6972 . ns 0.9-1.2 0.8-3.1 (Guerra-Garcia er «l., 2003)
Spain — Ebro shelf & slope 0-15 ns 03-1.1 35-5 19-29 (Tolosaeral., 1996)
Spain — Ebro prodelta 8-17 ns 1.1-1.8 44-17.6 22-51 (Tolosaet al., 1996)
Turkey — Bosphorus, Black Sea 438" 12-76 1.3-26 ns 2.1-3.9 (Readman et al., 2002)
3.6 — 30"
UK - Severn estuary + ns 105 ~1 ns (Thompson & Eglinton, 1978)
Ukraine — Danube coastline, Black Sea 33-160° 49 .220 1.2-2.1 ns 0.7-1 (Readman et al., 2002)
1315 '
Ukraine —Coastline, Black Sea 1-3.1° 2.1-6.6 0.1-06 ns 1->45 (Readman et al., 2002)
0.5 -2
Ukraine —Odessa, Black Sea 78 — 232" ] 110-310 14-16 ns 0.1-09 (Readman et al., 2002)
28 - 63"
USA - Baja California 0-221 1-71 ns - ~1 ns {MaciasZamora, 1996)
USA — New York Bight ot 35-2900 ns ns ns (Farrington & Tripp, 1977)
USA - Mississippi-Afabama, 1-131° - 0.1-3.2 ns ns (Kennicutt er al., 1995)
Continental Shelf
USA — West Falmouth, Massachusetts ~8000 ~8000 ns ns ns (Reddy et al., 2002)

+ UCM present ++ UCM concentration not given but dominant, ns = not stated, CPI = Carbon Preference Index, Pr:Ph = pristane:phytane ratio* aliphatic UCM, # aromatic UCM
8



Table 1.2 Comparison of biota hydrocarbon and UCM data

Location Biota UCM Total hydrocarbons  n-Alkane CPI Reference
(ug g’ dw) (ug g’ dw) (ug g’ dw)
Argentina — Rio de 1a Plaa Estuary Macrophytes 0—2262° 12 - 2405 ns ns (Colombo et al., 2005)
0-457" 463.9"
Argentina — Rio de la Plata Estuary  Clams 418 — 1943° 1981.7 ns ns {Colombo et al., 2005)
46 - 515 529.4"
Bahrain Bivalves 26— 113" 40-124 ns ns (Fowler et al., 1993)
12 - 62 16 - 67"
Australia (west) — Rowley shelf Oysters + ns 1-5 ~1 (Pendoley, 1992)
Baltic Mussels + ns 14 - 49 ns (Law & Andrulewicz, 1983)
Baltic (north) clean Bivalves - ns 10 ns (Broman & Ganning, 1985)
Baltic (north) polluted Bivalves + ns 60 - 1461 ~1 (Broman & Ganning, 1985)
Ireland — E. coast (rural) Mussels - ns 0-352 0-23 (Choiseul et al., 1998)
Ireland — E. coast (urban) Mussels + ns 146 - 1361 05-19 (Choiseul er al., 1998)
Mexico - Tabasco Oysters 5-57 ns " ns ns {GoldBouchot et al., 1995)
Oman Bivalves 21-80° 27-88" ns ns (Fowler et al., 1993)
54 — 69" 58 — 78"
Saudi Arabia, Gulf Bivalves 21-420" 143 - 475" ns ns (Fowler et al., 1993)
12- 2104 27 - 240
Saudi Arabia, Gulf Fish 8 - 1700 10 — 2290 ns ns (Fowler et al., 1993)
3-210# 7-339




Table 1.2 continued

Location Biota UCM Total hydrocarbons  n-Alkane CPI Reference

(ug g’ dw) (ugg' dw) (ng g’ dw)

UK - Cleethorpes Mussels 170 - 401° ns ns ns {Rowland et al., 2001)
102 - 136"

UK - Teesmouth Mussels 188 — 275" ns ns ns (Rowland er al., 2001)

| 83 94"

UK - Whitby Mussels 32803610 ns ns ns (Rowland er al., 2001)
365 - 496"

UK - Whitsand Mussels 5-9° (Rowland ¢f al., 2001)

UK — New Brighton Mussels 708 — 764" ns ns ns (Donkin et al., 2003)
235 - 265"

USA - California Bivalves + ns 18 - 270 ns (Risebrough et al., 1983)

Venezuela Clams {Tivela 0-56 ns 1.5-14 ~1 {Jaffe et al., 1995)

{Central Coast)

mactroidea)

+ UCM present ++ UCM concentration not given but dominant, ns = not stated,

CPI = Carbon Preference Index, Pr:Ph = pristane:phytane ratio

* aliphatic UCM, # aromatic UCM
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1.2 Characterisation of UCMs

Petroleum hydrocarbons may enter the marine environment from numerous sources. By
far the largest input comes from atmospheric emissions with municipal and industrial
wastes, urban run-off, bilge and-fuel oil, tanker operations and tanker accidents making
smaller contributions (Clark, 2001). Once in the marine environment these petroleum
products are subject to weathering and biodegradatif;)n and ultimately can be detected as
UCMs within sediments and marine biota (Tables 1.1 and 1.2). Clearly, with such a
diverse source of inputs there will be great varnation in components between UCMs and
local sources may strongly influence the composition. A number of processes are involved
in the weathering of petroleum and shaping the UCM: evaporation removes the most
volatile compounds, dissolution removes the more polar and water-soluble compounds and
biodegradation mainly attacks the linear alkanes, branched alkanes, and then the
cycloalkanes and aromatics (Volkman et al., 1992). Biodegradation of these compound
groups occurs simultaneously but degradation rates are faster for the simple alkanes (Larter

et al., 2003; NRC, 2003).

Environmental UCMs result from highly degraded petroleum hydrocarbons and once
formed they can stay largely unchanged in sediments for many years. For example, in
1969 a diesel o1l spill contaminated saltmarsh sediment within Wild Harbor River, US; by
1973 only a baseline hump was observed, which remained largely unchanged within the
anaerobic sediment for 30 years (Reddy et al., 2002). In a study of the potential for UCM-
dominated oil to be further degraded, McGovern (1999) concluded that even using bacteria
specifically adapted for complex UCM hydrocarbons in conjunction with nutrient
enrichment, biodegradation rates would still be relatively slow. Bacterial degradation of
hydrocarbons is complex and will depend on environmental conditions (e.g. aerobic or

anaerobic, temperature, nutrient availability, available species of bacteria). Sediment
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UCMs can therefore persist for decades possibly posing an ongoing threat to benthic

organisms.

Numerous analytical techniques have been developed to investigate the chemical
composition of UCMs. These include: open-column silica gel chromatography, silver-
impregnated silica gel chromatography and thin layer chromatography (TLC) (Killops &
Al-Juboori, 1990). Chemical modification prior to analysis using chromic acid or
ruthenium tetroxide has also been applied (Gough & Rowland, 1990; Killops & Al-
Juboori, 1990, Warton ef al., 1999). Spectroscopic methods for UCM analysis include
infrared (IR) (Killops & Al-Juboori, 1990), fluorescence (Mason, 1987), nuclear magnetic
resonance (NMR) (Killops & Al-Juboori, 1990) and mass-spectrometry (Rodgers ef al.,
1999). Analyses of UCMs have also been performed using GC (ASTM, 1990) and HPLC
(Killops & Readman, 1985b) or combined methods such as GC-MS (Boehm et al., 1997,

Wang & Fingas, 1995; Wang ef al., 1999).

A recent-analytical tool for the separation of complex mixtures is comprehensive two-
dimensional GC (GCxGC). Thi; powerful technique, introduced by Liu and Phillips
(1991) combines two GC columns with different separation mechanisms: typically a
primary column that separates compounds based on volatility coupled to a second short
column that separates by polarity. The two columns are connected by a modulator, a
device that traps, focuses and re-injects the peaks that elute from the first column into the
second column (Fig. 1.3). Each peak eluting from the first column (which may be a
number of co-eluting peaks) is further separated on the second column. The secqnd
separation is rapid, allowing the introduction of subsequent fractions from the first column
without mutual interference. Dalliige et al. (2003) reviewed the principles, advantages and

main characteristics of this technique. One of the main advantages is the very high
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separation power, making the technique ideal for unravelling the composition of complex
mixtures (Dalliige ef al., 2003). Another important feature of GCxGC is that chemically
related compounds show up as ordered structures within the chrdmatograms, i.e. isomers
appear as distinct groups in the chromatogram as a result of their similar interaction with
the second dimension column phase (Phillips & Beens, 1999). The use of GCxGC for the
characterization of complex petrochemical mixtures has been described previously (Beens
et al., 2000; Blomberg et al., 1997; Schoenmakers et al., 2000; Vgndeuvre etal., 2004;
Vendeuvre et al., 2005a; Vendeuvre ef al., 2005b). Applications of GCxGC coupled to
Flame [onisation Detection (FID) in the field of petrochemical environmental pollution
include oil spill source identification (Gaines et al., 1999), crude oil biomarker analysis
(Frysinger & Gaines, 2001) soil remediation (Van De Weghe et /., 2006) and
characterisation of UCMs in petroleum-contaminated sediments (Frysinger et al., 2003).
Most research into petrochemical hydrocarbons using GCxGC has utilised FID and
although attempts were made to use GCxGC with quadrupole mass spectral analysis
(Frysinger & Gaines, 1999; Reddy et al., 2002), the peaks eluting from the second
dimension column were very narrow (typically 100-200 ms) and .only a time-of-flight MS
(ToF-MS) can deliver the high acquisition rates necessary for quantitative description of
the peaks (van Deursen ef al., 2000). The use of GCxGC-ToF-MS raises the opportunity
for direct analysis of tissue extracts from UCM-contaminated organisms without the need
for multiple fractionations. The improved resolution of the GCxGC, together with the
ToF-MS analysis, may enable identification of compound groups and hence allow toxicity
testing of these compounds in order to determine which components of the UCM effect the

health of marine organisms.
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and alkylindenes were prominent in the stressed mussels (Fig. 1.4) and were absent only in

mussels with high SfG.
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1.3 Environmental concentrations of UCMs

Sediment aliphatic UCM concentrations in excess of 5000 pg g have been reported in
sediments from the gulf of Kuwait (Readman et al., 1986) and Saudi Arabia (Readman et
al., 1996) but estuarine sediment concentrations rarely exceed 200 pg g" with coastal
sediments mostly <30 ug g" (Table 1.1). Aromatic UCM fractions within sediments are
less ﬁequently reported but generally do not exceed 50 pg g" other than in the gulf of
Kuwait and Saudi Arabia (Readman et al., 1996, Reqdman et al., 1986) although
concentrations in excess of 200 ug g were reported by Colombo et al. (2005) in the Rio
de la Plata Estuary, Argentiné (Table 1.1). Total UCM sediment concentrations of about
8000 ug g'l were measured in the vicinity of an oil spill site in West Falmoﬁth,
Massachusetts USA (Reddy et al., 2002). The UCM of hydrocarbons within sediments
may not be readily bioavailable to organisms but the UCM tissue burden has been reported
in a number of species (Table 1.2) suggesting that many UCM compounds are available for
uptake by marine organisms. Experiments conducted in the vicinity of the oil platform site
L-4-a in the North Sea showed that translocated mussels (55 days exposure)
bioaccumulated up to 190 ug g’ UCM (ash-free dry weight) during drilling operations that
released ‘low-tox’ oil-based muds. Mussels placed up to 5 km away still possessed
detectable UCM concentrations within their tissues (Bedborough et al., 1987; van het
Groenewoud et al., 1988). A further experiment the following year (1987) after
termination of drilling revealed that only mussels at the platform site had significantly
elevated concentrations of UCM. Most of biota tissue concentrations reported (examples
are provided in Table 1.2) are for bivalve molluscs, although burdens of around 2500 pg g’
! within macrophytes were reported in the Rio de la Plata Estuary, Argentina (Colombo et
al., 2005) and up to 210 pg g aromatic UCM reported in fish from the Arabian Gulf
(Fowler et al., 1993). Aliphatic UCM tissue concentrations in excess of 3000 pg g’ have

been reported in mussels from Whitby, UK (Rowland et al., 2001) and aromatic UCMs of
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around 500 pg g have been found in mussels, clams and macrophytes (Colombo et al.,
2005.; Rowland et al., 2001). Although relatively few studies give detailed concentrations
of UCM hydrocarbons within sediment or biota, others provide total hydrocarbon and/or
aliphatic concentrations and many comment that a UCM was present or dominated the

sample (Tables 1.1 and 1.2).

The source of hydrocarbons in environmental samples can sometimes be diagnosed from
assessment of the types of hydrocarbons present. Although the presence of a UCM in
hydrocarbon chromatograms is considered to be linked to weathered petroleum
contamination (LeDreau ef al., 1997; Readman ef al., 2002), smaller contributions (low pg
g dry wéight) may relate to bacterial reworking of sedimentary organic matter from
weathering of ancient rocks (Réadman et al., 2002; Volkman et al., 1992). The ratio of
unresolved to resolved compounds has been used as a diagnostic criterion of anthroﬁogenic
inputs (Bouloubassi et al., 2001; Readman et al., 2002), and significant contamination by
petroleum products assumed to have ocurred when the ratio is > 2 according to Simoneit
(1986) or > 4 according to Lipiatou and Saliot (1991). The Carbon Preference Index (CPI)
is another useful indicator of biogenic sources of hydrocarbons i.e. a CPI ratio > 4 together
with a dominance of n-alkanes with more than 24 carbon atoms indicates a source of n-
alkanes from terrestrial plants whereas a CPI ratio closer to 1 together with a predominance
of n-alkanes with less than 24 carbon atoms often provides evidence of contamination from
petrogenic sources (Hong et al., 1995; Zheng & Richardson, 1999). A further indicator of
the ongin of environmental hydrocarbons is the ratio of isoprenoids pristane (2, 6, 10, 14 —
tetramethylpentadecane) and phytane (2, 6, 10, 14 —tetramethylhexadecane, Fig. 1.1). In
sediments uncontaminated by petrogenic hydrocarbons the pristane:phytane ratio (pr:ph) is
higher than | and typically between 3 and 5 (Steinhauer & Boehm, 1992). From the

examples of sediment hydrocarbon data presented in Table 1.1, it is apparent that sites with
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high UCM concentrations typically have CPI and Pr:Ph values consistent with petr-ogenic
sources; one exception to this is the data from the Rhone prodelta, France, where UCM
concentrations of 76 — 275 pg g’ were reported with CPI and Pr:Ph values of 1.6 — 5.5 and
2.7- 5.5 respectively (Tolosa et al., 1996); this suggests that a non-petrogenic input may,

at least in part, be the source of the UCM.

Contamination of the marine environment by UCM hydrocarbons would appeér to be
common, with localised high concentrations withiﬁ both sediments and tissues. The
reporting of the UCM hydrocarbon concentrations has tended to be used to provide
evidence for petrogenic sources of the contamination. Toxicity studies associated with
these reports have mainly been concerned with the effects of PAHs which are known to be
toxic to a range of marine species. It has sometimes been reported that the observed
adverse effects cannot be explained by the measured concentrations of known
contaminants and some authors (e.g. Martins et al., 2005) have suggested that the high

UCM hydrocarbon concentrations may contribute to the observed effects.
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1.4 Toxic effects & modes of action of petroleum hydrocarbons
Numerous studies have investigated the effects of hydrocarboﬁ contamination of the
marine environment, including effects oﬁ bacteria, micro and macro algae, angiosperms,
in-vertebrates and vertebrates (reviewed by NRC, 2003). All phyla have been shown to
suffer adverse effects resulting from exposure to hydrocarbons. The acute and chronic
toxicity of petroleum hydrocarbons to marine biota has been shown to be dependent upon:
e The persistence and bioavailability of specific hydrocarbons.
« The concentration and length of exposure.
» The ability for organisms to accumulate and metabolise hydrocarbons and the
fate of the metabolised products.
« The interference of specific hydrocarbons, or metabolites, with normal
metabolic processes.
¢ The specific narcotic effects of hydrocarbons on neurotransmission (NRC,

2003).

Early investigations of crude and refined oil toxicity focussed on the acute effects of high
oil concentrations upon marine organisms. From these early studies it was found that the
acute toxicities of individual hydrocarbons were mainly related to their water solubility and
that the toxicity of a specific oil type was the result of additive toxicity of individual
compounds, especially aromatic compounds (Peterson, 1994). An important component of
acute toxicity is the narcotic effects of individual compounds and this is strongly related to
low molecular weight volatile compounds (Donkin ef al., 1989). BTEX are highly volatile
and are therefore rapidly removed from the marine environment but they are also relatively
soluble in seawater and may come into contact with biota long enough to cause acute
toxicity. BTEX are generally neurotoxic as they are rapidly absorbed and distributed

within organisms’ lipid-rich and vascular tissues where they induce physical and chemical
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changes to nervous system membranes (Ritchie ef al., 2001). Benzene has also been found
to be carcinogenic to mamméls, including humans, via the action of active metabo]ites‘
(reviewed by Schnatter ef al., 2005). With the rerpoval of BTEX compounds from the
water column by weathering processes, the acute toxicity of the water-accommodated
fraction (WAF) of hydrocarbons is reduced (Neff et a!., 2000). Thus PAHs become more

important contributors of toxicity of weathered oils..

Anthropogenic inputs of PAHs into the marine environment may occur from petrogenic
sources or fro_m the incomplete combustion of fossil fuels. Contamination from petrogenic
sources tends to result in a relatively large fraction of two and three ring PAHs compared
to pyrolytic sources that produce a greater fraction of the higher molecular weight
compounds (Neff, 1979). The USEPA has designated 16 toxic compounds as priority
pollutant PAHs. These rahge from the highly water-soluble two-ring naphthalene,
(molecular weight 128, water solubility 31 mg L™ (EPISuite™, 2000)) to the relatively
insoluble six-ring, benzo(ghi)perylene (molecular weight 276, water solubility 0.00026 mg
L"'(EPISuite™, 2000)). The higher solubility of the lower molecular weight compounds
makes them more bioavailable to marine organisms as these compounds are more likely to
exist in true solution rather than adsorbed to particles. Consequently, n’.aphthalene has been
shown to cause acute sublethal narcotic toxicity (Donkin ef al., 1991). Additional factors
that may alter the toxicity of petroleum hydrocarbons are photodegradation and
photoactivation (Boese ef al., 1999; Garrett et al., 1998; Little et al., 2000; Mallakin et al.,
1999). Sublethal effects following acute or chronic exposure to petroleum hydrocarbons
include: disruption to energetic processes; interference with biosynthetic processes and
structural development; and direct toxic effects on developmental and reproductive stages

(Capuzzo et al., 1988).
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The toxic effect of petroleum hydrocarbons can bé observed at four levels of biological
organisation (NRC, 2003):
1. Biochemical and cellular.
2. Organismal, including thé integrat.ion of physio]ogical, biochemical and
behavioural responses.
3. Population, including alterations in population dynamics.

4. Community, resulting in alternations to community structure and dynamics.

In a review of the biological effects of petroleum hydrocarbons, Capuzzo (1987) reported
that data gathered following oil spills during the 1970s and 1980s showed that the medium
and higher molecular weight aromatic compounds, such as the alkylated phenanthrenes and
alkylated dibenzothiophenes, were among the most persistent compounds in both animal
tissues and sediments although the degree to which these body burdens interfere with
normal metabolic processes has been the focus of much debate and research (NRC, 2003).
Sublethal effects of hydrocarbons can occur at much lower concentrations than those
which induce acute responses (Donkin et al., 1991;' Lotufo, 1997) and can result in
impairment of feeding mechanisms, growth rates, energetics, reproduction, recruitment
rates and increased susceptibility to disease and other histopathological disorders
(Capuzzo, 1987). . Organisms may be parﬁcularly vulnerable to exposure to hydrocarbons
during the early developmental stages (Heintz et al., 1999) and chronically contaminated
sediments may result in recruitment failure - although life-history traits of benthic
organisms may contribute to slow recovery of populations following a spill (Dauvin, 2000;

Dauvin & Gentil, 1990; Sanders et al., 1980).

In a study of the toxicity of three environmentally-weathered middle distillate oils differing

in aromatic hydrocarbon content, it was demonstrated that the oil with the lowest aromatic
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hydrocarbon content had the greatest toxicity. Also, the toxicity of the three weathered oils
was consistent with the reported toxicity of pnweathered oils of similar type under similar

- conditions and was more similar to one another when reported as total petroleum
hydrocarbens than as total PAHs or total naphthalenes. Asa consequenc‘e, Barron et al.
(1999) concluded that heterocycl.ic compounds and other soluble compounds within the
WAF may contribute to the observed toxicity. This is consistent with the theory of a
narcosis mechanism of toxi(-:ity (non-specific foxicity) in which all soluble components of

o1l bioaccumulated in aquatic organisms contribute to toxicity (Barron et al., 1997,

Peterson, 1994).

Most of the toxicity studies concerned with petroleum hydrocarbons have been focussed on
components accommodated within the water column as these are more readily bioavailable
to aquatic organisms (Barron et al., 1997; Peterson, 1994). Non-polar organic chemicals
including many petroleum hydrocarbons have a low aqueous solubil?ty and high lipid
solubility. In aqueous solution, hydrocarbons diffuse down a fugacity gradient from the
water phase into lipid-rich tissues of marine biota (Mackay, 1979). According to
equilibrium partitioning theory (Bierman, 1990), non-polar organic chemicals dissolved in
water will partition across permeable membranes into the tissues of aquatic organisms until
equilibrium, approximated by the octanol/water partition coefficient (K,), is reached.
When a critical concentration is achieved, toxic responses within the organism occur
(McCarty & Mackay, 1993). Although the log K, of PAHs increase with molecular
weight (Neff & Burns, 1996) the relationship between PAH log K, and bioavailability,
measured as log bioconcentration factor (BCF), is not linear (Baussant et al., 20.01b). For
sediment-associated hydrocarbons the sediment organic carbon-water coefficient (Ko) is
useful for predicting uptake into organisms (Di Toro et al., 2000). Organic carbon content

may influence uptake of organic compounds by biota due to the strong sorption affinity of
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contaminants to the sediment organic carbon matrix (Gunnarsson et a/., 1999). High
molecular weight PAHs may be less bioavailable than predicted by equilibrium theory due
to limitations on uptake rates by organisms, their lower solubility in tissue lipids and rapid
metabolism by some species (NRC, 2003). However, a study by Spehar et al. (1999), cited
by Di Toro & McGrath (2000), of the toxicity of 13 PAHs with log K., values > 5.3
showed that toxicity can occur by additive narcosis at tissue concentrafions predicted by a
target lipid model even with PAHs above the log K. range of the model (Di Toro &

McGrath, 2000).

Most laboratory studies concerned with hydrocarbon toxicity have focused on acute effects
arising from aqueous exposure however wild organisms may be subject to longer-term
chronic exposures. Chronic toxicity may be defined as either the effects of Ilong-ten.n and
continuous exposure to a toxicant or the long-term sublethal effects of acute exposure
(Connel & Miller, 1984). The chronic toxicity of petroleum hydrocarbons may arise from
continuous exposures such as from ongoing seepage from oil platforms or from persistent
fractions following an oil spill. Alterations in bioenergetics and growth of bivalve
molluscs following exposure to petroleum hydrocarbons appear to be related to tissue
burdens of specific aromatic compounds (Donkin & Widdows, 1990; Donkin et al., 1989,
Gilfillan et al., 1977, Widdows et al., 1982; Widdows ef al., 1987). Widdows et al. (1982)
reported a negative correlation between cellular and physiclogical stress indices (lysosomal
properties and SfG) and mussel tissue concentrations following long-term exposure to low
concentrations of North Sea crude oil. Depuration of aromatic hydrocarbons from tissue
resulted in recovery of mussels (Widdows et al., 1987). Donkin et al. (1989) suggested
that depression in mussel SfG was related to the accumulation of two- and three-ring
aromatic hydrocarbons as these compounds induced a narcotising effect on the ciliary

feeding mechanism. The toxicity of subtidal sediment following a spill of No. 2 fuel oil
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from the barge North Cape was investigated by Ho er al. (1999): toxicity to the amphipods
Ampelisca abdita declined with decreasing concentrations of PAHs over a six month
period. In urban areas where there are numerous sources of hydrocarbon inputs, PAHs and

other hydrophobic hydrocarbons may accumulate and persist within sediments,

The processes controlling the uptake and persistence of PAHs in marine biota, with
particular regard to chronic exposure and highlighting differential mechanisms of uptake,
tissue distribution and elimination, was reviewed by Meador et al. (1995). The transfer of
contaminants to marine organisms and toxicological effects on the ecosystem are
dependent on the avai]abi]iiy and persistence of the contaminants \;\'ithin benthic
environments. Bioaccumulation of lipophilic compounds is influenced by éhemical factors
such as solubility and particle adsorption-desorption kinetics of specific compounds and
biological factors such as the transfer of compounds through food webs, the quantity of
lipid in exposed organisms and metabolic processes. The possession of tumours and other
histopathological disorders in benthic fish from hydrocarbon-contaminated areas suggest a
link between the concentrations of lipophilic contaminants (including PAHs) and the
increased incidence of histopatho]ogical disorders (Khan, 2003; Lyons et al., 2004; Neff &
Boehm, 1985; Reynolds ef al., 2003). Additional sublethal effects resulting from chronic
hydrocarbon exposure include impairment of physiological processes that may alter the
energy available for growth and reproduction, measurable by SfG analysis (e.g. Widdows
et al., 1990; Widdows et al., 1995) and othef effects on reproduction, developmental
processes including direct genetic damage and suppression of immune response (Capuzzo,
1987; Capuzzo et al., 1988; Galloway & Depledge, 2001). Alterations to reproductive and -
developmental potential of organisms can lead to population or ecosystem level effects but
demonstrating causality between contamination and perturbations within marine

communities is challenging for researchers. It was argued by Cairns (1983) that the

25



detection of toxic effects at higher levels of biological organisation is limited by the lack of
reliable predictive tests at population, comrﬁunity and ecosystems _ievels. Kooijman &
Metz (1984) suggested that the sublethal effects of contaminant exposure should be
interpreted in the light of the survival probabilities and reproductive success of

populations, thus bridging the gap between individual and population responses.

Many of the adverse effects associated with exposure to higher molecular weight PAHs are
due to biotransformation of the parent compounds by metabolic processes, resulting in
toxic products. Ver_tebrates have a high capacity for metabolising aromatic hydrocarbons,
including PAHs, through cytochrome'P450 1A mediated oxidation (Stegeman et al., 1992)
but although there is a large literature that links elevated P450 1A levels in fish, many
additional compounds can also induce these enzymes. Metabolism of hydrocarbons may
result in excretion of some compounds but also activation to form toxic metabolites which
 can then form DNA adducts through reaction with DNA (Wirgin ez al., 1994). Metabolites
can also react with cells active within the immune system leading to immunotoxic
responses (Davila et-al., 1996). There are three principal pathways currently proposed for
metabolic activation of PAHs: (i) via bay region dihydrodiol epoxide by cytochrome P450
enzymes (CYPs), (ii) via radical cation by one-electron oxidation, and (ii1) the ortho-
quinone pathway dihydrodiol dehydrogenase (reviewed by Xue & Warshawsky, 2005).
Invertebrate species lack the arylhydrocarbon receptor (AhR), a ligand-dependent
transcription factor that is believed to mediate many of the toxicological effects of PAHs in
vertebrates, but recent studies have suggested the presence of AhR homologues in a wide
range of invertebrates, including nematodes, insects and gastropods and hence
hydfocarbons may affect the immune response of a wide diversity of species (Coteur et al.,
2001; Galloway & Depledge, 2001; Weisner et al., 2003). Another hydrocarbon toxicity

model based on reports of high early life-stage toxicity in fish embryos exposed to
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alkylphenanthrenes substituted with two to four carbons (Brinkworth et al., 2003) has
gained further support from an evaluation of toxicity models of chronic embryonic
exposure to complex PAH mixtures (Barron ef al., 2004). Sublethal effects caused by
PAH embryonic exposure include edema of the yolk sac and pericardium, haemorrhaging,
disruption of cardiac function, mutations and heritable changes in progeny, spinal
deformities, neuronal cell death, anaemia, reduced growth, and impéired swimming
(Barron et al., 2004; Barron ef al., 2003; Brinkworth et al., 2003; Incardona ef al., 2004;
White, 2002). Such effe.cts are inconsistent with the narcosis mechanism of action which
is characterised by central nervous system depression and rapidly reversible effects.
Alkylation of phenanthrene has been reported to increase the toxicity compared to the
parent compound by over 100 times (Hawkins er al., 2002) and tissue concentrations as
low as 0.15 pg g™ have been found to c;1use early life-stage toxicity in 100 % of trout
exposed as embryos (Brinkworth et al., 2003). The mechanism of alkylphenanthrene
toxicity is unknown but may occur from oxidative stress and effects on cardiovascular

morphogenesis (Brinkworth et al., 2003; Incardona et al., 2004).

From the many studies concerned with the effects of exposure to petrogenic hydrocarbons,
a great wealth of knowledge has been accumulated with regard to toxicities of individual
compounds to individual species which has allowed the effects of oil contamination to be
modelled (e.g. French-McCay, 2002). Such models rely heavily on studies utilising acute
toxicity tests; fewer studies have investigated the long term effects of exposure. The
majority of studies have related effects to aqueous concentrations rather than to tissue
concentrations and studies involving depuration are in the minority. In-situ studies provide
a much greater environmental realism (reviewed by Chappie & Burton, 2000) but are
difficult to-maintain under strictly controlled conditions. Community studies of wild

habitats (e.g. Guerra-Garcia et al., 2003) can highlight differences tn community structure
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between contaminated and clean sites but it is often difficult to establish causality with a
high degree of confidence. Chronic tests under controlled laboratory conditions provide a
valuable link between effects observable on individuals and those at the population or
community level. Bioavailability of PAHs from sediments and food is less than that from
solution (Pruell et al., 1986) so investigations into the long term effects associated with

sediment exposure are particularly useful.

The potential for hydrocarbons to transfer from one trophic level to another has‘l received
very little attention. Trophic transfer has not been well studied generally, although there
have been a few investigations into the trophic transfer of metalsl(Seebaugh etal., 2005;
Wallace & Lopez, 1996; Wallace & Luoma, 2003). The limited evidence available
indicates that trophic transfer of PAHs is not important. For example, Albers’ (2006) study
into PAHSs in birds concluded that trophic transfer was unlikely. A recent study by Wan et
al. (2007) in which 18 PAHSs in phytoplankton, zooplankton, five invertebrate species, five
fish species, and one seabird species were analysed from Bohai Bay, Chin_a, demonstrated
trophic transfer of the PAHs in the food web. The results indicated that PAHs undergo
trophic dilution in the marine food web; the authors suggested that this was likely due to
low assimilation efficiencies and efficient metabolic transformation at higher trophic
levels. In contrast, the results of a pilot study by Rice et al. (2000) suggest that uptake of
hydrocarbons via the food web may be important. In this study, polychaete worms were
exposed for 28 days to clean sediments spiked with the PAH benzo(a)pyrene (BaP) and
field sediments collected from two sites in Puget Sound, Washington, contaminated
predominantly with PAHs and chlorinated compounds. Exposed worms were then fed live
to predatory juvenile flatfish, English sole (Pleuronectes vetulus) for 10 or 12 days.
Growth was reduced in all but one of eight groups of fish fed contaminant-exposed worms.

Juvenile fish from all contaminant-exposed groups showed increased expression of
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CYPIA, and fish exposed to BaP-exposed worms showed ciear evidence of hepatic PAH-
DNA adducts. Interestingly, the results suggested that sediments deemed to be nontoxic
by invertebrate bioassays have the potential to cause adverse effeéts at higher trophic
leveis. The paucity of data concerning trophic transfer does not permit confident
prediction of how consumption of hydrocarbon contaminated organisms will affect

predatory species and deserves further study.
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1.5 Potential toxicity of UCM hydrocarbons
Although numerous studies have investigated the effects arising from exposure to
compounds resolved by GC, very few studies have examined the potential for toxic effects
arising from exposure to the unresolved components present within weathered oils. The
UCM often represents the majority of compounds within sediments and tissues
contaminated by hydrocarbons but insufficient data exists to evaluate the risk to marine
biota. In order for monitoring and regulatory agencies to predict effects and set maximum
exposure guidelines, it is necessary to establish:
; If UCM components can elicit adverse biological effects and, if so, which
components are most important
e  Whether UCM components within the environment are sufﬁciently bioavailable to
be readily taken up be organisms and, if so, whether they are depurated or
continue to accumulate.

e If effects on individuals can impact populations and communities.

The potential for UCMs in the environment to be toxic to marine biota was first
highlighted by Rowland ez a/. (2001) in an investigation into the effect of the
monoaromatic hydrocarbon fraction from a weathered Gullfaks (North Séa) crude oil upon
the feeding rate of the blue mussel, M. edulis. Feeding rate (aka clearance rate) is a major
component within Sj(_] and is therefore a meaningful measure of an organism’s capacity for
growth and reproduction (see Chapter 2, Section 2.5). Rowland et al. (2001) reported that
feeding rate was significantly reduced in mussels in all exposure concentrations i.e. > 50
Mg L! corresponding to approximately > 15 pg g wet tissue weight (~ 60 ug g dry
weight) and the highest nominal exposure concentration of 200 pg L' (90 pg g wet
weight; ~ 350 pg g dry weight) resulted in a feeding rate reduction of over 40 %. The

body burden of UCM hydrocarbons within wild mussels from the east coast and Cornish
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coast of the UK was also measured by Rowland et al. (2001): concentrations were in the
range 271 to 3975 pg g" dry weight for east coast mussels compared to a maximum of 9
17 g'l for mussels from an unpolluted Comish site (Table 1.2). Mussels previously
collected from the east coast sites were found to have reduced SAG (Widdows et al., 1995);
this had been attributed to PAHs but further analysis by Rowland et al. (2001) suggested

that the impaired health was likely, in part, due to the high tissue burden of aromatic UCM.

Rowland ef al. (2001) focused on the aromatic fraction of the UCM as Thomas et al.
(1995) had found that an aliphatic UCM isolated from a base stock of Silkolene-150
lubricating oil did not elicit an acute toxic effect upon M. edulis following 24 h aqueous
exposure, unless the UCM was oxidised using chromium (V1) oxi.de-acetic acid (i.e.
oxidation increased the solubility and bioavailability of components within the oil). The
lack of acute toxicity of the aliphatic UCM fraction may have been due to its low solubility
(Thomas et al., 1995) but this does not exclude the possibility of chronic toxic effects due
to long term exposure to bioavailable components. In a study of macrc_)benthic
assemblages within sediments contaminated by aliphatic hydrocarbons with a dominant
UCM component (Guerra-Garcia et al., 2003), a relationship was found between the
distribution of mari-ne organisms and the presence of high concentrations of asphaltenes. It
is possible however, that the altered macrobenthic assemblage in the presence of high
concentrations of asphaltenes could be related to physical rather than chemical effect since

these compounds have a thick and viscous character (Guerra-Garcia et al., 2003).
Compelling evidence for the ability of UCMs to elicit a non-specific narcotic toxic

response was provided by Donkin et a/. (2003) in a study to determine whether UCMs

accumulated by mussels in the field were toxic. The study involved the transplantation of
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mussels from clean to contaminated locations and used an effect-directed fractionation

approach. Evidence for UCM toxicity provided by Donkin ef al. (2003) included:

1. Mussels from oil-contaminated sites showed reduced clearance rates but this
improved following a period of depuration.

2. The water in which the oil-contaminated mussels had depurated was found to
contain a UCM.

3. Steam distillation extracts of mussel tissues that contained UCMs were shown to
be toxic to juvenile mussels as determined by reduction in clearance rate
(distillates from clean site mussels did not elicit a response).

4. A monoaromatic fraction derived by HPLC fractionation of tissue extracts reduced
mussel clearance rates by 70 % (additional aromatic fractions also produced
smaller depressions but these were only significant at the 90 % confidence level).

5. The resolved component in the toxic extracts was very low relative to that ;)f the

total UCM compounds.

Taken as a whole, the study provides corﬁpelling evidence for UCM toxicity. Although
the study does not provide concentrations of specific resolved fractions which may have
contributed towards the observed toxicity, the fraction that caused the greatest toxic
response comprised mainly aromatic UCM hydrocarbons with about four to six double
bond equivalents (Donkin et al., 2003) and therefore any contribution by the resolved
fractions would appear to be minimal. Smith ez a/. (2001) suggested that among the
possible compounds in hydrocarbon UCMs were disubstituted alkyltetralins; these were
shown to have oxidation products (Thomas et al., 1995), aqueous solubilities, sublethal
narcotic toxicities and a resistance to biodegradation, consistent with some aromatic

hydrocarbon UCM fractions (Smith et al., 2001). Disubstituted cyclic alkyltetralins (Fig.
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1.5) have six double bond equivalents and elute in the same HPLC retention time window
as the most toxic fraction found by Donkin et al. (2003) but these cyclic alkyltetralins

have not been shown to be present within environmental UCMs to date (Booth, 2004).

7-cyciohaxyl-1 alkylieiralins
R=CH, (1,C,H, (1)

Figure 1.5 Example of disubstituted cyclic alkyltetralin. Reproduced from Smith er al. (2001).

Scope for Growth (S/G) has been used as an integrated measure of sublethal stresses on
mussels (Smaal & Widdows, 1994) and should translate into population and community
level effects (Bayne, 1985) but this has rarely beén directly tested. Hence the reduced SfG
attributed to UCMs (Donkin ef al., 2003) may not necessarily cause impacts at higher
levels of organisation. This question was however addressed by Crowe et al. (2004) in a
study linking physioloéical measurements (SfG of mussels), the diversity of macrofaunal
communities associated with mussels and the UCM body burdens. Possible confounding
factors were also investigated. The study compared three sites at which mussels exhibited
low SfG with three clean sites with mussels with high SAG. Biodiversity was reduced
within mussel beds with low S/G and high UCM concentrations. Although there was
generally a good relafionship between SfG and UCM concentration, mussels from one site
with low S$/G had a low aliphatic UCM and the aromatic fraction was not detected; the
authors suggested that the low S£G in the mussels may have been due to a loca] sewage
input rather than to UCM hydrocarbon pollutants. Although contaminants other than the
UCM may have been present, this study does suggest that UCMs are, at least in part,
responsible for impaired health of wild mussels and have effects at the community level

for associated macrofauna.
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Culbertson et al. (2007) conducted an interesting study into .the behaviour and feeding rate
of fiddler crabs Uca pugnax (S. |. Smith, 1870) resident in marsh sediments contaminated
with oil from the Florida barge spill in 1969. Although the authors related biological
effects to sediment concentrations in terms of total petroleum hydrocarbons (TPH), the
vast majority of this was UCM hydrocarbons when analysed by conventional GC (Reddy
et al., 2002). It was found that crabs from oiled sites avoided burrowing into oiled layers,
had delayed escape responses and reduced feeding rates. This altered behaviour, which
make the crabs more vulnerable to predation, together with the lowered physiological
condition, may have been responsible for the lower densities of crabs found within the

UCM hydrocarbon contaminated site (Culbertson et al., 2007).

Of the very limited number of studies that have reported UCM hydrocarbon
concentrations within animal tissues (Table 1.2), mosg were reports of bioaccumulation
within bivalves. Partition theory (Bierman, 1990) suggests that some UCM hydrocarbons
would accumulate from the water to the lipid-rich tissues of bivalves but whether the
consumption of contaminated bivalves would provide an a.ltemative route of uptake with
consequential potential for toxic effects is unknown. For PAHs, bioaccumulation via
trophic transfer is thought to be of limited importance and biomagnification does not
appear to occur due to the ability of higher organisms to metabolise and excrete the
compounds (Bierman, 1990; NRC, 2003). Highly lipophilic compounds (e.g.
organochlorines) with log K, > 6.3 were found by Russell et al. (1999) to strongly
biomagnify but compounds with K, < 5.5 did not show any such tendency. The highly
alkylated structures of compounds found within the UCM of some mussels (Booth et al.,
2007) may be less readily metabolised and excreted than the PAHs and hence may transfer

to higher trophic levels. Due to the paucity of literature concerning trophic transfer of
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hydrocarbons and the limited reports of UCMs within biota, the capacity for UCM
hydrocarbons to transfer to higher trophic levels, and possibly biomagnify through the

food web cannot be assessed without experimentation.

Thomas ef al. (2002) in a study of potentially genotoxic compounds from a number a UK
estuaries found that extracts from sediments with dominant UCMs elicited a positive
response using the Mutatox™ bioassay. Mutatox is a commercially available mutagenicity
assay using a dark variant strain of marine bioluminescent bacteria. When exposed to
mutagenic compounds the bacteria revert to the normal genotype and emit light. The
presence of a UCM has also been reporteci in mutagenic fractions obtz;ined from marine
sediments (Grifoll et al., 1988; Ho & Quinn, 1993) although, as with the UK estuary
sediments (Thomas et al., 2002), the contribution towards the mutagenic activity of the
UCM was unknown. Fractionation of sediment extracts from Hebbum (Tyne, UK)
showing mutagenic activity revealed the presence of alkyl substituted two-ring PAHs with
an underlying UCM (Thomas et al., 2002). Alkylated polycyclic aromatic hydrocarbons
have also been found within UCM fractions (Frysinger et al., 2003; Thomas, 1995) but
little information exists concerning their mutagenic activity. Individual alkylated PAHs
have been observed to have potentially mutagenic, tumour-promoting, or carcinogenic
activity (Baird et al., 2007) but, with the exception of 1- and 2-methylnaphthalene,
insufficient toxicity data are available to quantify the mutagenic risk from exposure to

individual alkylated PAHs or mixtures of alkylated PAHs.

Reineke ef al. (2006) studied the sublethal toxicity (clearance rates of M. edulis) of the
monoaromatic and total aromatic hydrocarbon fractions of two pairs of undegraded and
moderately biodegraded crude oils from the Santa Maria basin (California) and the Vienna

basin (Austria), all of which were dominated by UCM hydrocarbons. The total aromatic
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and monoaromatic hydrocarbon fractions from sulphur-rich (~3.1 %) Monterey Formation
crude oils (California) were found to be slightly more toxic than the fractions isolated from
sulphur-tean Vienna basin oils. The total aromatic hydrocarbon fractions of the two
Monterey oils reduced mussel clearance rates by ca. 50 % compared to control mussels.
The majority of mussels accumulated tissue concentrations of up to approximately 50 pg g
' wet weight (=300 pg g dry weight) oil within 24 h exposure. Some mussel groups
exposed to the aromatic fraction of undegraded Monterey Formation oil accumulated up to
177 ug g wet weight (~1000 pg g™ dry weight), but this did not lead to a further
significant reduction of clearance rate. Reineke er al. (2006) extracted whole tissues but
Wraige (1997) showed that gill tissue concentrationsrcorrelate better with the reduction of
clearance rate than total body burdens, especially at high total body burden values. This is
consistent with the assumption that the gills (the presumed site of toxic action) have a
certain capacity for lipophilic compounds which cannot be exceeded. The mussel
clearance rate tests did not show any significant differences in toxicity of aromatic
compounds from undegraded or in-reservoir biodegraded crude oils from the same oilfield.
The authors suggested that organic sulphur compounds were the cause of the slightly

higher toxicity of the aromatic hydrocarbon fractions from the Monterey oils.

Recent research into the effects of the unresolved complex mixture (UCM) of petrogenic
oils in the marine water column has identified a number of effects arising from acute
exposure to the water-soluble-fraction (WSF) of UCM-rich oil from the Troll oilfield in the
North Sea (Hokstad et al., 2007). The research used a battery of tests to explore the
toxicity of water-soluble components of the UCM. Having created WSFs of UCM-rich
and UCM-poor oils by slow vortex mixing with water, the WSFs were solvent extracted,
concentrated, then separated into 14 fractions, based on polarity, using HPLC. The battery

of toxicity test endpoints, arising from acute exposure to a primary culture of rainbow trout
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(Oncorhynchus mykiss) hepatocytes, included: metabolic inhibition and cytotoxicity,
DNA-damage aﬁd sub-lethal biomarker responses for planar dioxin-like chemicals (7-
ethoxyresorufin O-deethylase activity (EROD)) and environmental estrogens (vitellogenin
induction). In addition, Acetylcholine Esterase inhibition (AchE) was determined in
purified AchE from electric eel (Electrophorus electricus), and toxicity towards a number\
of algae species was determined using flucrescence measurements. Hokstad et al. (2007)
reported that a polar fraction (F11), containing mostly UCM hydrocarbons, was associated
with the highest effect levels in most bioassays, including EROD activity, estrogenecity,
cytotoxicity, and DNA damage. The only other fraction (F1) to show similar metabolic
inhibition contained non-polar compounds. Chemical analysis of the fractions showed that
decalins, phenols, naphthalenes and PAHs were associated with non-polar and medium-
polar fractions (fractions 1- 7). In contrast, the only compounds detected in fraction 11 of |
significance were reported to be C,-C; dibenzothiophenes and C;-fluorenes. Fraction 11
contained the greatest mass of matenal i.e. >70 % by gravimetric analysis. In order to test
if known compounds could be responsible for the observed toxicity, synthetic mixtures of
decalins, naphthalenes, PAHs and phenols, representing the concentrations of individual
compounds found in the non-polar, medium-polar and polar HPLC-fraction (fractions 1, 6
and 11, respectively) were prepared and analysed in the trout hepatocyte bioassays.
Metabolic inhibition and estrogenecity were found to be associated with fraction 6 (rich in
alkylated phenols). EROD activity was not detected in any of the fractions. From this the
authors concluded that the predominant toxicity of fraction 11 was associated with the
unresolved compounds and not with ‘well-known” WSF-associated compounds. Analysis
of fraction 11 by GCxGC-ToF-MS identified sulfoxides as a notable group of compounds
(Booth, personal communication). Little is known of toxicities of sulfoxides, although
Seymour ef al. (1997) reported that dibenzothiophene suifoxide inhibited bacterial

bioluminescence (Microtox® assay). Although the toxicity of the sulfoxide was found to
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be considerably less than that of the parent compound (dibenzothiophene ),the sulphoxide
was more soluble and hence would be more bioavailable. The implications for marine
biota of toxic compounds from within the polar fraction are difficult to quantify. Clearly,
these compounds are bioavailable, but unless present in the water column at sufficient -
concentrations to cause acute effects, they may not bioaccumulate, unlike lipophilic
compounds and therefore may not cause longer-term effects. As well as the WSFs of oils,
Hokstad et al. (2007) also tested a number of hydrocarbon groups for cytotoxicity in the
trout hepatocyte bioassay; these included alkylated branched compounds of tetralins,
benzenes, pentanoic acid and naphthenic acids. It was found that cytotoxicity occurred at
low concentrations for all analysed compounds, except the l:;ranched alkylbénzencs.
Although the study by Hokstad et al. (2007) demonstrated the potential for a UCM water-
;soluble components to elicit a range of effects, the implications for marine biota are less

clear as concentrations may not have been environmentally realistic.

The foregoing rather small number of studies into UCM toxicity (viz. Donkin et al., 2003;
Hokstad et al., 2007; Rowland et al., 2001; Thomas ef al., 1995) together with studies of
community effects linked to tissue and sediment UCM concentrations (Crowe et al., 2004;
Guerra-Garcia et al_., 2003) strongly suggest that UCMs have the potential for causing
effects at various levels of biological organisation. In particular, the monoaromatic UCM
fraction has been implicated with adverse effects. However, to date, laboratory studies
have all been concerned with acute aqueous exposures to a single species of filter-feeding

bivalve mollusc. What is not clear from the literature is:

1. Which components within the UCM elicit adverse biological effects.
2. Whether organisms can accumulate sufficient UCMs from environmental

contaminant sinks such as marine sediments to impair health.
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Whether the effects are observable at the population level.

Whether effects are exhibited after chronic exposures at environmentally realistic
concentrations.

Whether components of the UCM can transfer from one trophic level to another

and biomagnifications can occur.
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1.6 Present study

There are two main approaches to determining which compounds from within a complex
mixture are contributing towards observed toxic effects. One approach is to extract and
analyse the chemicals present within polluted organisms. If the effects are greater than that
expected from identified compounds with known toxicities; then additional compounds
from within the mixture are assumed to be cqntributirig to the observed effects. If possible,
samples of thesg: pure compounds can then be obtained or synthesised and their toxicities
measured. Due to the extreme complexity of the UCM, this approach has, in the past,
proved difficult as compounds could not be resolved by conventional GC. An alternative
approach is coupling of biotesting and fractionation, often termed ‘effect-directed analysis’

(EDA,; Fig. 1.6). The present study utilises both approaches.

To investigate aqueous toxicity of UCM hydrocarbons, whole organism tests using M.
edulis were employed to provide comparative data with previous laboratory studies and
comparison with tissue extract analyses of wild mussels. The V. fischeri bioluminescence
inhibition assay was used in parallel with the M. edulis clearance rate tests to provide rapid
screening of toxic solutions. The estuarine sediment-dwelling amphipod Corophium
volutator Pallas was chosen to explore the potential for population-level effects resulting
from chronic exposure to UCM hydrocarbon contaminated sediment. The advantages and
possible weaknesses of the species and their associated tests are discussed in Chapter 2,

Section 2.5.

Following a review of the literature relevant to the potential toxicity of UCM hydrocarbons
{Chapter 1) a number of gaps in our current knowledge were identified. Chapter 2
presents the experimental details relevant to Chapters 3 — 6. In Chapters 3 and 4,

research based on the EDA approach is presented which explores the toxic components
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within three UCM-dominated oils. Chapter 3 outlines the development of a chronic
sediment exposure using the amphipod C. volutator and establishes baseline toxicities for
the UCM-rich oils. Chapter 4 investigates the toxicity of primary fractions derived from
the UCM-rich oils. The recent availability of GCxGC-ToF-MS has potentially enabled
greater resolution of the UCM and thus allowed the possibility of identifying, and
determining the toxicity of, components within the UCM of wild biota. Research
presented within Chapters 5 and 6 concentrate on one group of UCM compounds: the
branched alkylbenzenes (BABs). This group of compounds was found previously to
represent a substantial component of the UCM detected in the tissues of North Sea mussels
which had low health status as reflected in SfG (Booth ef al., 2007) but no toxicological
information has been available up until now for these highly branched monoaromatic |
compounds. Hence, Chapter 5 investigates the acute and chronic sublethal toxicity of
BABs, towards the mussel M. edulis. Chaptei‘ 6 explores the possibility of trophic
transfer and biomagnifications of the BABs, and investigates whether toxic effects can be
elicited via this route of uptake. Chapter 7 provides a general discussion related to tﬁe
main findings of the research presented in Chapters 3 — 6 and publications resulted from
these smdies, together with a summary of the main conclusions and suggests areas for
future research. Peer-reviewed papers arising from these studies are reproduced within
Appendix A. Previous papers published within peer-reviewed journals are reproduced

within Appendix B.
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Chapter 2

Experimental procedures

This chapter describes the experimental procedures, the species and biotests performed,

and details of analyses performed in the course of this study.
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2.1 General procedures

2.1.1 Cleaning of glassware

Glassware was cleaned by soaking in a 2 — 5 % solution of ‘Decon-90” (Decon
Laboratories Ltd, Hove, UK) for between 2 — 24 h then thoroughly rinsed as per
manufacturer’s instructions. The glassware was dried (110 °C) then rinsed with DCM to

remove any residual organics prior to use.

2.1.2 Solvents and chemicals
“Solvents were HPLC grade or higher and obtained from Rathburn Chemicals Ltd
(Walkerburn, Scoﬂand). Solvents were routinely analysed by GC-MS concurrently with

experimental samples to ensure adequate purity.

Open column chromatography utilised aluminium oxide (Al;Os, grade 1, neutral, 150
mesh, BDH Ltd, Poocle, UK) and silica gel (Si0O,, grade 645, 60-100 mesh, Sigma Aldrich
Chemical Ltd, Gillingham, UK). The aluminium oxide was activated at ;150 °C and stored
at 110 °C until required then deactivated with Milli-Q grade water (mechanical shaker, 500
rpm, >45 min) as necessary for separation of fractions and stored short-term in a

desiccator. The silica gel was activated at 130 °C then stored at 110 °C until use.

Anhydrous sodium sulphate and cotton wool were pre-extracted (DCM, 24 h), dried (110

°C) and stored in a desiccator prior to use.

Specific chemicals and reagents are described within experimental procedures.
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2.2 General instrument details

2.2.1 Gas chromatography - mass spectrometry (GC-MS)

Instrument 1: Hewlett Packard GC-MSD. This comprised a HP5890 Series II gas
chromatograph fitted with a HP7673 auto-sampler and a HP5970

quadrupole mass selective detector.

Column: HP1-MS fused silica capillary column, 30 m x 0.25 mm id x 0.25 pm film
thickness.
Injector: Autosplitless injection, 1.0 uL, 250 °C.

Carrier gas:  Helium (40 kPa head pressure).
Mass spectrometer conditions:

lon source temperature: . 280 °C.

lonisation energy: 70 eV. '

Full Scan mode: 50-550 Daltons (constant flow of 1.0 mL min™).
. Selected lon Monitoring mode: m/z 91, 105, 119, 246, 260.

lonisation mode: Electron impact (EI).

The oven temperature was programmed from 40-300 °C at 10 °C min™' and held for 10
min. Data and chromatograms were monitored and recorded using ChemStation (version

B.02.05) software.

All samples were analysed in Full Scan mode. Due to the low abundances of target
compounds within crab tissue extracts, these were also analysed in Selected Ion

Monitoring (SIM) mode.

For confirmation of compound identification, extracts of crab tissues were analysed using a

second, more sensitive GC-MSD.
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Instrument 2: Agilent 5975C Series GC-MSD. This comprised an Agilent gas
chromatograph fitted with an Agilent auto-sampler 7683B Series and an
Agilent 7890A quadrupole mass selective detector.

Column: Agilent HP5-MS column, 30 m x 0.25 mm id x 0.25 pm film thickness.

-Injector: Autosplitless injegtion, 1.0 pL, 250 °C.

Carrier gas:  Helium (constant flow: 1,75 mL min™).

Mass spectrometer conditions:

lon source temperature: 230 °C.

lonisation energy: 70 eV.

Multiplier: 1200 EM volts

SIM mode: m/z 91, 105, 119, 246.
fonisation mode: Electron impact (EI).

The oven temperature was programmed from 40-300 °C at 10 °C min” and held for 10
min. Data and chromatograms were monitored and recorded using Enhanced ChemStation

software.

2.2.2 Comprehensive two-dimensional gas chromatography time-of-flight mass

spectrometry (GCxGC-ToF-MS)

Instrument: Pegasus 4D (Leco Corporation, USA) GCxGC-ToF-MS system,
based on a Agilent 6890 Gas Chromatograph (Agilent Technologies,
Wilmington, DE, USA) interfaced to a Pegasus III time-of-flight
mass spectrometer (LECO, St Joseph, M1, USA) with an Agilent

Technologies 7863 Series Autosampler.
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lSl

dimension column: 5 % Phenyl- 95 % methyl-polysiloxane 28.9 m x 320 pm x 0.25 um
DB-5 (J&W Scientific, Wilmington, DE, USA).

2™ dimension column: 50 % Phenyl Polysilphenylene-siloxane 2.0 m x 100 um x 0.1 um

DPX-50 (SGE, Melbourne, Australia).

Injection temperature: 300 °C.

Transfer line: 280 °C.
Carrier gas: Helium 99.9999 %.
Injector: Autosplitless injection, 1.0 pL.

The following conditions were those used for the analysis of BABs and BABs-exposed
mussels’ tissues. The conditions were modified for the analysis of oil fractions and
associated tissue extracts; details of these conditions, where different from that of the

BABs analysis, are provided in parenthesis.

The first-dimension oven temperature was held at 70 °C for 0.2 min, then raised from 70-
240 °C at 5 °C min”' (120 °C at 10 °C min™') then further raised to 270 °C at 20 °C min™' (4
°C min') and held at this temperature for 5 min. The second-dimension oven was held at
85 °C for 0.2 min, then raised from 85-245 °C at 5 °C min' (135 °C at 10 ;°C min™") then
further raised to 285 °C at 20 °C min™' (4 °C min'') and held at this temperature for 5 min.
A second dimension modulation period of 4 s was employed. The modulator hot
temperature was offset 30 °C above secondary oven temperature with a hot pulse time of
1.0 s, and cool time between stages of 1.0 s; the cold temperature during trapping was
estimated at -140 °C; electronic pressure control was used in constant flow mode at 1.5 mL
min”'. A time-of-fli ght mass spectrometer (ToF-MS) was used as the detector, and

operated at a spectrum storage rate of 100 Hz (100 spectra s’} based on'5 kHz transients.
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The system used the following parameters: ion source 250 °C, EM 1750 V. The mass

range monitored was from 40-500 Daltons. The automated data processing was achieved
using LECO® ChromaToF™ software (version 2.01, Leco Inc., USA). The software was
used to complete a peak finding routine, the deconvolution of mass spectra from partially

coeluting compounds and a preliminary NIST library search.
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2.3 General procedures for chemical analyses of water, sediment and
tissues

2.3.1 Preliminary tests

Procedural details of preliminary tests involving water-accommodated-fractions (WAFs)
and (;hemically dispersed WAFs (DWAFs) of lightly weathered (20 %) ANS, henceforth
termed ANS', are described in Scarlett ef al. (2007¢) and Smith ez al. (2006). Water,
sediment and tissue from preliminary exposure tests with lightly weathered ANS' used
extraction and analysis procedures as detailed by Kelly et al. (2000). This procedure
utilised n-pentane as the carrier solvent for sediment and tissue extracts and quantitation
was by comparing ultra violet fluorescence values to a standard cun:ve derived from
weathered ANS' oil dissolved in DCM (WAFs and DWAF) or n-pentane (sediment and
tissue). Fluorescence was measured using a Hitachi Fluorescence Spectrometer F-4500

(Finchampstead, Berkshire, UK) with excitation wavelengths (1) of 254 nm (DCM) 310

nm (n-pentane) and emission A 360 nm.

2.3.2 Main tests

Due to concerns following a re-assessment of risk with regard to storage of samples in n-
pentane, subsequent extraétion procedures utilised n-hexane. As highly volatile
compounds were not present within the more weathered and biodegraded oils, n-hexane

was deemed adequate for purpose.

Aliquots of water samples (100 mL) were extracted into dichloromethane (DCM, 3 x 25
mL + 25 mL rinse of separating funnel) for quantification of hydrocarbon concentrations
or BABs by GC-MS. Sediment and tissue samples were exiracted using an alkaline
saponification method adapted from Kelly et al. (2000). In brief: frozen sediment and

tissue samples were allowed to defrost at room temperature then mixed with a stainless
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steel spatula. The dry weight percentage of each sample was determined by-weighing
subsamples (*2) in pre-weighed foil dishes then re-weighing after drying at 105 °C for 16
h. Approximdtely 50 g of wet sediment and 15 g of wet tissue samples were digested with
potassium hydroxide pellets (15 g and 5 g for tissue and sediment respectively) and
methanol (100mL), under reflux for 2 hours. When cool, the digests were filtered through
solvent-rinsed filter papers (Whatman 113v) into 250 mL separating funnels. The digests
were extracted with n-hexane (2 X 50 mL) and the combined extract dried with anhydrous
sodium sulphate. Extracts requiring quantitation using UVF were made up to 100 mL
prior to analysis (detailed above). Extracts were reduced in volume to a few mL by rotary
evaporation then transferred to preweighed 7 mL vials-and gently reduced under nitrogen
until dry. The vials were reweighed and the extracts made up to 1 mL. Aliquots (100 pL
by pL syringe) Were transferred to 2 mL GC-MS vials and the volume adjusted to 1 mL by
pL syringe with DCM. The procedures described ab‘ove were altered as necessary for
extraction and analyses of small samples (e.g. mussel tissues from fractionated oil toxicity
tests and crab tissue extracts were reduced in volume to 100 pL). Deviations from these

procedures are detailed within relevant sections.
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2.4 Description of oils and quantitation of hydrocarbons

2.4.1 Description of oils rich in UCMs

Two oils were selected as they were rich UCM hytlirocarbons (viz. dominated by
unresolved hydrocarbons when analysed by conventional GC): An in-reservoir
biodegraded crude oil Tia Juana Pesado (TJ P)'that was spilled previously in the Mersey
UK (Davies & Wolff, 1990) and a feed stock of the lube oil Silkolene-150 (SLK). For
comparative purposes the crude oil Alaskan North Slope was evaporatively v.veathered to
produce an oil with a greater proportion of resolved hydrocarbons' than the other oils but
lacking the acutely to:_(ic volatile BTEX compounds. A comparative description of the oils

is given below (Table 2.1)

Table 2.1 Properties of Alaskan North Slope (ANS) and Tia Juana Pesado (TJP)

API (Group) Pour point Sulphur content Reference
(°C) ()
ANS (fresh)  27.5 (1) a8 1.1 i
TIP . 12.1(V) 1 2.7 i & iii

{ Environment Canada, Emergencies Science Technologies Division (http://www.etc-
cte.ec.ge.ca/databases/spills/pdWEB_Alaska North_Slope (SOCSEX).pdf 17.09.2007).

ii McQuilling Services, LLC IMO 13H MARPOL Regulation - Carriage of Heavy Crude Qil, Garden City,
NY. (http://www.meglobaloil.com/MARPOL.pdf 17.09.2007).

iii The International Tanker Owners Pollution Federation, ITOPF Handbook 2007/2008
(hutp://www.itopf.com/itopfhandbook2007.pdf 17.09.2007).

2.4.2 Artificial weathering of oil

The fresh ANS crude oil was initially weathered in order to simulate evaporative losses of
ca 20 % that typically occur during the first 2 — 3 h at sea following a spill; this represents
the earliest optimal time that dispersants may be deployed at sea (K. Colcomb, Maritime &

Coastguard Agency (MCA), personal communication). Full procedures and results
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obtained are detailed by Smith et al. (2006). This lightly weathered oil was used for
preliminary chronic sediment exposures with C. volutator. Analysis had revealed that
volatile compounds remained within the lightly weathered (ca. 20 %) ANS' crude oil
(Smith et al., 2006), so this was further weathered until no further evaporative losses were
apparent and a stable weight was achieved (72 h). The additionally weathered oil was then
rotary evaporated at 40 °C for 30 min to ensure loss of volatile components (no further loss
was observed). Once weathered the oil was stored in completely filled amber glass bottles
at 4°C until use. Henceforth, any reference to ANS will refer to the additionally weathered

ANS unless otherwise stated.

2.4.3 Quantitation of hydrocarbons by GC-MS and GCxGC-ToF-MS

Calculation of UCM component within oils using GC-MS

Gas chromatograms of the three oils (Fig. Z.f) showed the dominance of the UCM within
all three oils but a number of resolved compounds were visible in the chromatogram of the
weathered ANS oil. The relative proportion of resolved and unresolved compounds within
the whole oils, aliphatic and aromatic fractions of ANS and TJP oils were calculated by
subtracting the areas-of resolved fractions (MS Data analysis — “integrate’ function) from
the total area (MS Data analysis — ‘areasum’ function). From this, the percentages of
UCM of the total hydrocarbons and ratio of resolved to UCM compounds were derived

(Table 2.2).

Quantitation of BABs using GC-MS and GCxGC-ToF-MS

Quantitation of BABs using GC-MS was by measurement of the major resolved
component via integration of total ion current (TIC) and m/z 246 (M) responses for which
a linear calibration of GC-MS response was obtained (#* = 0.999; 0-0.06 mg mL"'
injected). Quantitation of BABs by GCxGC-ToF-MS was achieved by summation of all

52



the resolved peak areas with fragment ions consistent with alkylbenzenes (m/z 91, 92, 105,
119 and 133). A linear calibration of the GCXGC-T’bF-MS response was obtained =

0.994; 0-0.01 mg mL"! injected) for the C2.14 BABs mixture.

Table 2.2 Resolved (r) an.d unresolved compounds (UCM) determined by GC-MS analyses of whole

and primary fractionated oils

Fraction

Whole oil F1 F2 F3
Qil UCM rUCM UCM rUCM UCM rUCM UCM rUCM

(%) . (%) (%) (%) (%) (%) {%) (%)

SLK 95.6 46 94.9 54 97.3 28 98.6 1.4
TJP 97.8 23 98 .4 1.7 97.7 23 96.3 39
ANS 87.2 14.7 81.3 23.0 924 8.2 94.7 5.6
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2.4.4 Primary fractionation of oils

The oils were fractionated by open column chromatography (Fig. 2.2) adapted from
methods described by Wraige (1997), Sutton ef al. (2005) and Brack et al. (2005).

Aliquots of cal.5g of oil were adsorbed onto cal0 g of deactivated alumina (4.5 % MilliQ
water w/w) by rotary evaporation of the oil and alumina with hexane (20 mL) at 40 °C until
near dry. The column was packed with alumina (4.5 % MilliQ water w/w) over activated
silica (ratio 1:1 w/w) and eluted with increasingly polar solvents: 100 % hexane (F1 -
aliphatic), 90:10 (v/v) hexane:DCM (F2 - aromatic 1), 100 % DCM (F3 - aromatic 2) and
100 % methanol (F4 — polar). Elution volumes (x cofumn volumes) were 1.5% for F1 and
2x for F2, F3 & F4. Analysis by GC-MS of column extracts spiked with a mixture of
known hydrocarbons showed that the F1 fraction contained only aliphatic compounds and
thalt'the F2 fraction contained aromatic hydrocarbons such as alkylbenzenes to
fluoranthene. The column chromatography process was repeated three times to produce
sufficient quantities of fractions for aqueous biotests using the bioluminescence assay,
feeding rates of M. edulis, and sediment exposures using C. volutator. Subsamples of
fractions F1, F2 and F3 of all oils from each column run were analysed by GC-MS. The
F4 fractions were retained but were not analysed by GC-MS. Gravimetric analysis of the
fractions confirmed that SLK was dominated by aliphatic (F1) hydrocarbons but also that it
contained a small aromatic (F2) fraction representing about 16 % of the whole oil (Fig.
2.3). There was little variation between repeated gravimetric analyses of fractions (n = 3)
with CVs ranging from 0.1 % to 6.1 % for F1, F2 and F3 fractions. Gas chromatograms of
replicated fractions appeared identical and were all dominated by UCM hydrocarbons with
very little ai)parent resolved petrogenic hydrocarbons. Total ion chromatograms of the
aliphatic and aromatic fractions of SLK (Fig. 2.4), TJP (Fig. 2.5) and weathered ANS (Fig.

2.6) are shown below.
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2.5 Selection of organisms used for toxicity tests

2.5.1 Corophium volutator

Amphipods are reported to be sensitive to hydrocarbon exposure (Dauvin, 1998; Dauvin,
2000; Dauvin & Gentil, 1990; Gesteira & Dauvin, 2000; Gesteira et al., 2003; Lee & Page,
1997; Nikitik & Robinson, 2003; Poggiale & Dauvin, 2001; SEEEC, 1998). The reason
for this relative sensitivity compared to some polychaete worm species, is not clear. It is

* possible that the amphipods’ position in the top layer of sediment rather than within de.:ep
burrows, coupled to their high respiration rate while ventilating water through their
burrows, may be a factor. Boehm er al. (1982) suggested that exposure to the fine-floc
(contaminated by hydrocarbons) at the sediment-water interface was responsible for their
sensitivity. Amphipods have been used for both acute and chronic standard sediment
exposure tests in the US (USEPA, 1994; USEPA, 2001). Corophium volutator is an
estuarine and coastal sediment-dwelling amphipod of the family Corophiidae (Wilson &
Parker, 1996) with a widespread distribution within Europe and the eastern coast of the US
and Canada (Connor e al., 2004), and sub species in Japan (Omori & Tanaka, 1998).
Adults (6-10 mm) can live for about a yeari and can produce up to three generations of
offspring (~1mm) that are born from eggs held within the females® pouches until
independent. The species is a standard European sediment acute toxicity test species
(PARCOM, 1993; Roddie & Thain, 2001) and has been extensively used for toxicity
studies both in Europe and the US (Bat & Raffaelli, 1998; Ciarelli ef al., 1997; Conradi &
Depledge, 1998; Conradi & Depledge, 1999; Grant & Briggs, 2002; Hellou et al., 2005;
Hyne & Everett, 1998; Kirkpatrick er al., 2006; Kravitz et‘ al., 1999; Roddie et al., 1994;
Roddie & Thain, 2001; Stronkhorst et al., 2003a; Stronkhorst er al., 2003b; van den

Heuvel-Greve et al., 2007).
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al., 1995; Widdows et al, 1987) and | they have beeﬁ commonly used to assess
énvironmental stress at a cellular level (e.g. Brown et al., 2004; Galloway et al., 2004b;
Galloway & Depledge, 2001; Galloway et al., 2002; Moore et al., 2006; Moore et al.,
2004; Smith er al, 2000). In addition, M. edulis has been used to assess the effects of
hypothesised UCM components (e.g. Booth, 2004; Crowe et al., 2004; Donkin et al., 2003;
Reineke et al., 2006; Rowland et al, 2001; Smith et al, 2001; Thomas et al., 1995;

Wraige, 1997).

A principal assay used to assess the health of M. edulis is SfG (Smaal & Widdows, 1994).
This is an integrated physiological parameter that quantifies the energetic balance between
the processes of energy acquisition (feeding and absorption) and energy expenditure
(metabolism and excretion). Quantitative and predictable reduction in SfG has been
reported in response to accumulation a wide range of contaminants including petroleum
hydrocarbons (see references above). Riisgard (2001) suggested that a large proportion of
published studies reporting SfG have used methods that are flawed and that only those
studies that show maximum filtration rates measured under optimal laboratory conditions
are valid. However, this was strongly rebutted by Widdows (2001). The main determinant
of SG is the clearance rate of the mussels. Toxicants may also reduce absorption
efficiency and/or increase respiration (Widdows et al., 1987) and therefore SfG is likely to
be a more sensitive assay than comparison of clearance rates alone. The M. edulis
clearance rate assay has however proved to be a robust and reproducible measure of
hydrocarbon sublethal toxicity (Donkin et al., 2003; Donkin et al., 1991; Donkin et al.,

1989; Scarlett et al., 2005).

2.5.3 Carcinus maenas
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The decapod crustécea Carcinus maenas Linnaeus, 1758 , commonly known as 'the shore
crab or European green crab, has been widely used to detect effects of a range of
enviroﬁmental contaminants (e.g. Bjerregaard & Depledge, 1994; Brown et al., 2004;
Camus et al., 2004, Dissanayake & Galloway, 2004; Dissanayake et al., 2006;
Dissanayake et al., 2007; Elumalai et al., 2007; Fillmann et al., 2002; Galloway et al.,
2004a; Galloway et al., 2004b; Gamble et al., 1995; Gowland, 2002; Hebel et al., 1997,
Lewis et al., 1999; Lundebye & Depledge, 1998; Martin-Diaz et al., 2007; Spaargaren,
1990; Watson et al., 2004a; Watson et al., 2004b). Whereas the bivalve mollusc M. edulis
has limited ability to metabolise hydrocarbons (Stegeman et al., 1992) C. maenas are
known to biotransform PAHs into more hydrophilic compounds prior to excretion (Sole &
Livingstone, 2005). Analysis by UVF of crab urine has been used to detect PAHs
(Dissanayake & Galloway, 2004; Galloway et al., 2004b; Watson et al., 2004a; Watson et
al., 2004b) and therefore adaptation of this analytical method may provide a useful means

for detecting excretion of other hydrocarbons.

Carcinus maenas is a predatory species that commonly feeds upon bivalve molluscs
(Vernberg & Vernberg, 1983); they are therefore more likely to be indirectly exposed to
toxicants via contaminated prey as well as direct exposure to dissolved contaminants. In
their natural environment, shore crabs perform diurnal and seasonal migration cycles
(Naylor, 1962; Vernberg & Vernberg, 1983) and this may allow individuals not continually
exposed to UCM hydrocarbons to accumulate compounds by trophic transfer via |
consumption of prey resident in contaminated water. A major drawback of the use of C.
maenas to detect hydrocarbon toxicity is that the organism appears to be relatively
insensitive to oil contamination. For example, Galloway et al. (2004b) reported that
cellular viability was not significantly affected in C. maenas from sites in the Solent (UK)

heavily contaminated by petroleum hydrocarbons but a population of the filter-feeding
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bivalve mollusc C. edule (cockle) did have significantly different cellular viability from

other sites in Southampton water.

2.5.4 Vibrio fischeri
The bioluminescent bacterium V. fischeri, formally known as Photobacterium
phosphoreum, has been extensively used within the Microtox system for the testing of both
aqueous and sediment samples; (see Cronin & Schultz, 1998; Hermens et al., 1985a;
Kaiser & Palabrica, 1991; Leftley, 2000; van Beelen, 2003 and references therein). The
rationale for using microbial assays has been summarised by Qureshi et al. (1984):
¢ They possess the majority of the same biochemical pathways present within higher
organisms;
¢ ' They exhibit a significant degree of organisation in membrane structure;
o They generally elicit toxic responses to many chemicals through mechanisms
similar to those in higher organisms;

¢ They represent the lowest common denominator in the marine food chain.

It has been generally accepted that the bioluminescent system can be viewed as a branch of
thg electron transport system in which electrons are shunted to oxygen at the level of
flavin, (reviewed by Leftley, 2000). However, the sites of cellular action responsible for
the decrease in luminescence are not known and the diverse natﬁre of active compounds
would suggest that more than one site might be involved, e.g. membranes, cell
permeability, electron transport, ribosomes and protein synthesis (Hastings ez al., 1985).
The measured response of over a thousand pure chemicals has been documented (Kaiser &
Devillers, 1994; Kaiser & Esterby, 1991). Both qualitative and quantitative relationships
between Microtox test data and acute and subchronic toxicity data for other species,

including invertebrates and fish, have been reported (Kaiser & McKinnon, 1992).
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Although there is generally a good correlation between bioluminescence inhibition ECso
values and toxic endpoint of other species, there can be discrepancies. A comparison
between bioluminescence inhibition ECsq values for some hydrocarbons, reported within
Kaiser & Palabrica (1991), with sublethal toxicity ECsp values for M. edulis (Donkin et al.,
1991; Donkin et al., 1989), suggested that the bioluminescence inhibition test may be a
factor of x10 to %20 less sensitive. Johnson & Long (1998) reported ECsy values 60, 400

and 1000 mg L™ for Fuel Oil no. 2, crude oil and recycled motor oil respectively.

Vibrio fischeri bioluminescence inhibition is known to detect log K,w-dependent non-
specific effects including narcosis (Hermens et al., 1985a), uncoupling (Schultz & Cronin,
1997) and some electrophilicity-based effects (Crox;in & Schultz, 1998). The V. fischeri is
not suitable for detecting PAH toxicity arising from metabolic activity due to the lack of
AhR and may not be sensitive to compounds that produce long-term effects (Backhaus et
al., 1997, Kaiser, 1988). Another problem with V. fischeri is that it is sensitive to
elemental sulphur (Pardos et al., 1999) which occurs naturally in anaerobic sediments
(Gagne et al., 1999). Therefore if tests are applied to sediment extracts, sulphur must be
removed (e.g. by reaction with activated copper) prior to testing with V. fischeri although
this may affect thiol-, nitrogen-, and oxygen-bearing components (Brack et a/., 1999). The
carrier solvent has been shown to affect the toxicity of chemical. For example, Johnson &
Long (1998) reported that dimethyl sulfoxide (DMSO) as a carrier solvent produced no
significant changes in the toxicity of phenol whereas DCM increased toxicity and both
ethanol and acetone decreased toxicity. However, the bioluminescence inhibition test can
particularly useful for the rapid screening of small volumes of chemicals with known mode

of action.
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2.6 Supply and maintenance of organisms

2.6.1 Collection of sediment and Corophium volutator

Sediment was collected from an intertidal area of the Avon estuary near Aveton Gifford,
south Devon UK (N 50° 18.388° W 003° 50.920’; Figs 2.8 and 2.9). This site contains
sediment characterised by sandy mud with a large population of C. volutator. The habitat
is classified by the Joint Nature Conservation Committee (INCC) as
LS.LMu.UEst.Hed.Cvol (Connor et al., 2004). Sediment from the top 10 cm was
tran_sferred‘into a white polypropylene bucket and transported to the laboratory within one
hour. The amphipods were sieved (1 mm mesh) from the top 5 cm of sediment and placed
in white polypropylene buékets and transported to the laboratory within one hour. The
sediment was then sieved (300 pm) to remove macrofauna, stones and large organic debris.
The grain size of the sediment was typically 33 % sand, 67 % silt/clay. Organic carbon
content was estimated by loss on ignition at 400 °C (Schumacher, 2002) to be 3.8 % of dry
weight. Sediment was oxygenated by aeration via Pasteur pipette and overlying water
quality (dissolved oxygen (DO,), salinity, pH, temperature and ammonia content measured

prior addition of amphipods and commencement of sediment exposure tests.

For preliminary and fractionated oil sediment tests, adult and juvenile C. volutator were
collected from an intertidal area of the Avon estuary near Aveton Gifford, south Devon
UK, as specified above. Due to an unexplained collapse in the C. volutator population at
the Aveton Gifford collection site, amphipods were later supplied by Guemnsey Sea Farms
(Vale, Guernsey, UK) for use within baseline sediment tests. Amphipods were maintained
in 5 L culture tanks lined with field-collected sieved (<300 um) sediment. The tanks were
filled with filtered seawater (25 = 1 psu )which was aerated and maintained at 15+ 1 °C
with a 12:12 h light/dark cycle. The animals were fed weekly with 2 drops of aquarium

invertebrate food (Waterlife Invert Food, Waterlife Research Industries, Longford, UK,
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Liquifry Marine, Interpret Ltd., Dorking, UK; Roti-Rich, Florida Aqua Farms, Dade City,
FL, USA; and dried algae.) per litre of overlying water and the water replaced 24 h after
feeding. Amphipods were maintained under the above conditions for 7-10 days after
removal from the field to acclimate them to the experimental conditions. Water quality
measurements: (DO,, salin.ity, pH, temperature and ammonia content were measured prior

to water changes. Test conditions and acceptability requirements are given in Table 2.3.

2.6.2 Collection and maintenance of Mytilus edulis

Mussels were collected from Port Quin, a narrow rocky inlet on the North Cornwall coast, '
UK (N50° 35.363°, W004°52.043°; Figs 2.8 and 2.9), taking care not to rip the byssal
threads with which the animals attach themselves to rock. Mussels from tﬂis site have
been reported to contain negligible or no UCM or aromatic hydrocarbons (Donkin et al.,
2003; Widdows et al., 1995). Mussels were transported to the laboratory within two hours
and maintained in filtered seawater at 15 °C (+ 1°C), 35 psu ( 2 psu), \;s/ith a12:12-h
light:dark cycle within a climate controlled room. The mussels were not fed for the first
couple of days to allow them time to acclimate to laboratory conditions and then‘ water
exchanged followed by feeding with the brown flagellate microalga Isochrysis galbana in
accordance with supplier’s recommendations i.e. ca. 6 mL (0.5 g dry weight) Isochrysis
per 100 g mussel wet tissue weight (Reed Mariculture Inc., Campbell, CA). The animals
were maintained under laboratory conditions for a minimum of one week prior to exposure

tests.

2.6.3 Collection and maintenance of Carcinus maenas
Common shore crabs C. maenas were collected from Bantham on the river Avon estuary,
S. Devon (N50°16.696° W(03°52.176"), i.e. downstream of the Cc;rophium collection site

(Fig. 2.8). Traps were baited with catfood and bacon, and deployed 2 h before high water.
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The crabs were removed from the traps at highwater and sorted by sex, size and colour.
Male green crabs with carapace width of 60 — 70 mm were retained and tfansported back
the laboratory within one hour. Male crabs were selected as it has been shown that
handling times differ between the sexes (Spooner et al., 2007). Crabs (mean carapace
width = 65.7 mm.(standard error (SE) = 0.87, CV = 5.6 % ; mean weight = 73.4g, SE =
27, CV=158 %)'were placed individually in glass vessels containing 10 L of filtered
seawater (15° C) within a temperature-controlled (15° C) room. The vessels were aerated
via glass Pasteur pipettes. The crabs were held for three days without feeding prior to

commencement of the trophic transfer test.

2.6.4 Storage of Vibrio fischeri

The bacteria were supplied frozen and maintained at -20 °C until required.
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2.7 Toxicity test procedures

2.7.1 Toxicity tests with Corophium volutator

Reference toxicity tests

In order to test that the GuemseSf supplied C. volutator population was consistent, in terms
of sensitivity to a standard toxicant, with the local C. volutator population from Aveton
Gifford used previously and the general C. volutator population as a whole, the test
organisms were exposed to CdCl, using a method described by Ciarelli ef al. (1997) and
their sensitivity compared with published data (Ciarelli e al., 1997) and those obtained
during previous reference toxicity testing. In brief, static aqueous tests of 72 h exposure
were performed in the absence of sediment. Twenty adult amphipods were placed in a
nominal CdCl, concentration ranging from 0 to 14.0 mg L™, two replicates per treatment,
with a salinity of 31 psu and gentle aeration via a glass Pasteur pipette. The organisms
were monitored daily throughout the experiment and the number surviving and deceased
recorded after 72 h. A 72 h LCsq value was derived using the trimmed Spearman-Karber
method and compared with literature values. Further tests were performed to check for
any changes to sensitivity or differences between populations by exposing C. volutator to
7.0 mg L' (i.e. close to the LCso value recorded previously), two replicates per treatment,
conditions as above. The mortality was compared with the 72 h L.Cs value recorded

previously.

Preliminary tests
Procedural details of preliminary tests involving water-accommodated-fractions (W AFs)
and chemically dispersed WAFs (DWAFs) of lightly weathered (20 %) ANS' are described

in Scarlett e al. (2007¢) and Smith ez al. (2006).
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Table 2.3 Test conditions and acceptability limits for chronic sediment toxicity tests with Corophium

volutator. Water quality measurements and performance criteria achieved, mean and coefficient of

variance (CV), given in parenthesis

Test type:
Test sediment:

Overlying water:

Temperature:
Photoperiod:

Test vessel:
Sediment volume:
Overlying water
volume:

Water renewal:

Life stage and size of

amphipod:

Number test
organisms/vessel.
Number of replicate
vessels:

Feeding:

Aeration:
Dissolved oxygen
(DO):

pH:

Test duration:

Endpoints:

Performance criteria:

Whole sediment toxicity test, static-renewal

Mud, sandy mud or muddy sand. Sieved through 300 um
Filtered seawater. Salinity: daily limits: 25 psu + 3 psu. (Mean
=25.2,CV =0.4 %)

Daily limits: 15 °C (22 °C). (Mean = 15.1°C,CV = 1.4 %)

12 h light: 12 h dark

2-L glass Pyrex squat-form beaker

160 mL (15 mm depth)

Fill to 1200 mL mark in test vessel (ca.1000 mL)

Once per week: siphon off and replace 800 mL

Life-cycle test: neonates, retained between 300 um and 500 pm
mesh screens

Partial life-cycle: Juveniles, <4 mm mean length with CV < 10
%

Life-cycle test: 30

Partial life-cycle: 20

Minimum of 5 + dummy vessels for chemical analyses

Standard aquarium invertebrate diet: 2 drops‘per vessel, once
per week; 24 h prior to water exchange

Constant 1-2 bubbles s via glass Pasteur pipette ‘

Daily limits: >3.6 mg L™ (Mean=6.73 mg L', CV = 1.4 %)
Within 7.0 — 9.0 pH units (Mean = 8.22, CV =0.9 %)

When reproduction occurs in all control replicates

Survival, growth rate and reproduction upon test termination
Survival and growth rate (ug individual ' day™) at 28 days if
used.

Control survival at test termination > 70 %. (Mean =95 %, CV

=9.0 %)
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Baseline and fractionated oils sediment tests

Spiking of sediments

Sediments were spiked Qith ANS, TJP and SLK oils to give nominal concentrations of
1000 pg g" (dry wt.) for acute tests and 500 pg g (dry wt.) for baseline chronic tests.
Nominal conceiltrations for tests with fractionated oil were whole oil equivalents based on
gravimetric analysis of oils (e.g. a fraction representing 20 % of the whole oil would be
spiked at a concentration of 100 ug g"' dry wt. (Table 4.1)). The spiking method was
based on that of Roddie and Thain (2001). Oils were dissolved in dichloromethane (DCM)
as they were not readily soluble in acetone or methanol and spiked (5 mL) onto 20 g
aliquots of dry sediments. The spiked sediment was left overnight for the solvent to
completely evaporate and then mixed‘ with 320 mL aliquots bf wet sediment and 100 mL
of 25 psu seawater in wide neck 500 mL glass bottles (Schott). The combined spiked
sediments were shaken vigorously by hand, then by orbital shaker at 200 rpm for 3.5 h.
The bottles were again vigorously shaken by hand and the slurry from each divided equally
between two 2 L Pyrex beakers. Solvent controls were created using 5 mL of DCM as

above. Additional replicates were created for chemical analysis and behavioural tests.

Acute sediment exposure toxicity test

Acute sediment tests were based on standard 10-day sediment toxicity tests (ASTM, 2000;
Roddie & Thain, 2001; USEPA, 1994) but with the slight alteration to the standard
protocol to give greater consistency with the preliminary and chronic testsi.e. 2 12:12 h
light:dark regime was imposed in preference to continuous light. Juvenile C. vol-utator
were exposed to a nominal concentration of 1000 pg g (dry wt. oil). Details of lengths
and weights of amphipods are provided within methods sections of relevant chapters. Test
conditions were as described for preliminary tests. Five replicate vessels were used for

cach of the five treatments; a total of 100 amphipods per exposure treatment. Water
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quality measurements were recorded prior to commencement of all tests, on day 5 or 6 and
at the end of all tests. The animals were not fed during the test. At the end of the test the
sediment was gently sieved (300 pm) and the number of alive, dead and missing

amphipods in each vessel recorded.

Chronic sediment exposure toxicity tests

Chronic teéts were based on the acute 10-day sediment test (Roddie & Thain, 2001) and
the USEPA (2001) amphipod.chronic sediment tests. The test was essentially as described
for the preliminary chronic study except that the test was shortened by initiating the test
with juvenile amphipods. Juvenile C. volutator (details of lengths and weights of
amphipods together with exposure periods are provided within methods sections of
relevant chapters) were exposed to nominal o1l concentrations as detailed above.
Amphipods (n = 20) were transferred to 25 mL beakers via plastic Pasteur pipettes and
then randomly allocated to exposure vessels (2 L squat-form Pyrex beakers). Care was
taken to ensure that the amphipods were not trapped by the surface tension of the water.
Five replicates for each of five treatments were used to assess the chronic toxicity of the
oils; a total of 100 .amphipods per treatment. The animals were fed weekly with 2 drops of
standard aquarium invertebrate food as described above and the overlying water 80 %
replaced 24 h after feeding. Water quality measurements were measured before addition of
amphipods and prior to water exchanges during the test. Test conditions and water quality

acceptability limits are given in Table 2.3.

The tests were terminated when reproduction was apparent in all replicates of the control
treatment. Survivorship, wet weights and lengths of ofganisms were recorded. The
surviving amphipods were collectively weighed to 0.1 mg (amphipods were carefully

blotted on absorbent paper to remove excess water) to obtain wet weights then separated
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into groups of mature adult (>5.0 mm excluding antennae), sub-adult (<5.0 mm), gravid
females and males with the aid of a dissecting microscope. Following chronic tests
involving fractionated oils, all adult and subadult amphipods were measured. The
amphipods were rinsed with deionised water then dried at 60 °C for 24 h to obtain dry
weights. The numbers of neonate C. volutator were also counted. Although the majority
of neonates could be detected from their movement and separated from the debris for
enumeration, the sepération from the debris of the remaining organisms was facilitated by
the addition of 70 % isopropanol plus a few drops of Rose Bengal solution (ca. 1g LY.
All neonates were preserved in the 70 % isopropanol /Rose Bengal solution for recounting

for quality assurance (QA) purposes.

Behavioural tests using Corophium volutator

Details of the behavioural tests using C. volutator that were performed alongside acute and
chronic preliminary and baseline tests are provided within Scarlett ef al.(2007a). The same
methodology was applied to sediment spiked with oil fractions prior to chronic exposure

tests (Chapter 4).

2.7.2 Aqueous exposure tests with Mytilus edulis

Preparation of test solutions and exposure conditions

All aqueous exposure tests were semi-static with complete water exchanges every 24 h.
Lengths of exposure varied depending on the physical and chemical properties of the
contaminant under investigation, and the information being sought; details of exposure are
given within the relevant chapter sections. Tests were similar to those described by

Donkin et al. (1991) except that groups of nine mussels were exposed in 9 L of test
compound instead of 16 mussels in 18 L as previously reported. Unless otherwise stated,

test solutions were prepared by injecting 0.5 mL of an acetone solution of the test
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compound into 10 L of filtered seawater held at 15 °C in a glass aspirator (i.e. acetone
conc. 0.005 % v/v). The test solution was vortex mixed (magnetic system with Teflon-
coated follower) for a minimum of 2 h prior to use. The test solutions were added to the
mussel exposure vessels and replaced every 24 h. Mussels were fed continuously with
Isochrysis galbana (Reed Mariculture Inc., Campbell, CA, 0.11-0.15 mg dry weight mL™")
delivered via glass Pasteur pipettes by means of a penistaltic pump at a rate of ~20 mL h.
Aeration was supplied via glass Pasteur pipettes which also aided dispersion of the -
Isochrysis suspension. Water quality measurements of dissolved oxygen, pH, salinity, and

temperature were recorded daily prior to water exchange.

Measurement of clearance rates

The feeding rate assay was adqpted from Donkin et al. (1991; 1989) and as reported by
Scarlett er al. (2005). In brief: mussels were placed individually in 400-mL glass beakers
containing 350 mL of clean filtered (2 um) seawater at 15 °C. After an acclimation period
with slow vortex mixing, 500 pL of Isochrysis algal suspension was added to give ~25 x
10° éells mL'. A20mL Water sample was removed immediately from all the beakers
upon the addition of the algae and retained in vials for algae enumeration. Further samples
were taken after 15 and/or 30 min. Algal particles (3 to 10 um) were enumerated using a
Beckman Z2 Coulter particle count and size analyzer (Beckman Coulter, Wycombe, UK).
From the loss of algal particles during the 30-min period, the feeding rates of the mussels
were determined (Equation 2.1). Mussels were stored at -80 °C prior to extraction and

quantitation of hydrocarbons.

Clearance rate (L hr') = (v x 60/ t) (Ln o — Ln t;)

Equation 2.1 Calculation of mussel feeding rates (L hr') derived from algae cell counts. Where: v =
volume of water in feeding rate beaker (L), t = duration of assay (minutes), t, = initial cell count and t,

= final cell count after t minutes.
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Assessment of cellular viability (Neutral Red Retention)
The cellular viability of mussels exposed for 14 days to BABs was compared to that of the
control organisms. The procedures were based on Pipe et al. (1999), modified by

Rickwood & Galloway (2004).

Platereader: Optimax tunable microplate reader spectrophotometer, Global Medical
Instrumentations Inc, Ramsey, Minnesota.

Microplates: Sero-Wel 120 microwell plate, Sterilin, Barloworld Scientific Ltd. (Stone,
Staffs., UK).

Chemicals and reagents: Sigma-Aldrich (Poole, UK), unless otherwise stated.

Marine Bivalve Physiological Solution: Hepes 4.77 g, sodium chloride, 25.48 g,
magnesium sulphate, 13.06 g, potassium chloride, 0.75 g, calcium chloride, 1.47 g.

Made up to 1 L with distilled water.

Neutral Red solution: Neutral Red, 0.004 g (Sigma N-7005). Made up to 100 mL with

Marine Bivalve Physiological Solution.

Acidified ethanol: Glacial acetic acid 1 mL (Sigma A-6283), ethanol 50 mL (28719 4N,

BDH Chemicals Ltd., Poole, UK). Made up to 100 mL with (jistilled water.

Additional: Poly-L-lysine (Sigma P-8920), syringes and needles (Sigma Z-23,072-3 and Z-
19,240-6), multiwell plates (Sterilin 612F96), Siliconised eppendorfs (Sigma T-3406),
microplate sealers (D1S-961-050K Fisher), BioRad protein assay (500-0006, BioRad

Laboratories, Miinchen, Germanyy).
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Microwell plates were coated (100 pL per well) in dilute Poly-L-lysine (1:10 ratio Poly-L-
lysine: distilled water) 24 h prior to assay, and the wells drained. Haemolymph was
extracted by syringe from the posterior abductor muscle of BABs-exposed and solvent
control mussels (8 mussels per treatment) and stored on 1ce within Eppendorf tubes prior to
pipetting 50 pL (in triplicate) to microplate wells. The microplate was agitated at 400 rpm
for 60 s then incubated for 50 min at 15 °C. Following incubation the excess liquid was
removed from the wells (via the grooves in the well sides to ensure that adhered cells were
not disturbed) and 200 pL of Neutral Red solution (4 mg Neutral Red in 100 mL marine
bivalve physiological saline solution) added then incubated in darkness at 15 °C for 3 h.
The supematant was then removed and washed with marine bivalve physiological saline
solution to remove residual Neutral Red. Acidified ethanol (200 pL) was placed in the
wells, the microplate covered and incubated for 10 min. The plate was agitated for 30 s
and then the absorbance at 550 nm read using a platereader. The supernatant was then

removed from the wells.

The protein within wells was then quantified by reference to a standard curve derived from
protein stgndards. Standard solutions were prepared from 2 mg mL™ protein standard
(Sigma P0834) in distilled water to give concentrations of 0, 0.2, 0.4, 0.6, 0.8 and 1.0 mg
mL"'. Bio-Rad reagent (500-0006) was diluted with distilled water to give a 25 % solution.
The protein standards were pipetted (10 pL) into to empty wells and the dilute Bio-Rad
reagent addea to all wells including those containing the mussel haemolymph. The
microplate was covered and incubated in darkness for 15 min then the absorbance read at

595 nm. The Neutral Red retention was then calculated per unit of protein.
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2.7.3 Bioluminescence inhibition tests using Vibrio fischeri

Qu-ality control and reference tests

The bioluminescence inhibition assays was performed using the Microtox model 500
analyser. Pipetting accuracy and precision are important determinants for ensuring
repeatable results when using the Microtox system. For quality assurance purposes, basic
tests were performed on standard reference toxicants phenol and zinc sulphate and the
results compared with those provided by the bacteria suppliers (SDI Europe, Hook, UK).
Tests performed using reference materiais showed a good agreement with published data
with high precision. Repeated Microtox tests using reference toxicants ZnSQO, and phenol
produced ECsg values within confidence limits provided by suppliers (SDI Europe Ltd) and
coefficients of variation (CV) <1 0 % comparable to the lowest CV of'>] 0 % (mean 28 %)

reported for a recent interlaboratory comparison exercise (Riva & Bibd, 2005).

Microtox test protocols

The rationale for the use of the bioluminescence test is provided within Section 2.5 The
test protocols were either the standard ‘basic test’ protocol (i) or the standard ‘comparison
test for marine and estuarine samples’ protocol (ii) (MicrotoxOmni™, 2005). For both
tests, the frozen Microtox acute toxicants test reagent was reconstituted in 1000 pL of
Microtox reconstitution solution, placed in the reagent well (15 °C £ 0.5 °C) and used
within two hours. In brief: (i) the bacteria V. fischeri were exposed to serial dilutions of
test solutions of oils dissolved in solvent and spiked into Microtox diluent (SDI Europe,
Hook, UK) for § and 15 minute periods and their response compared to that of the
reference solution (solvent control in diluent at equivalent solvent conceﬁtration). The
maximum exposure concentration for the basic test was 49 %. Where possible, the
concentration at which bioluminescence was inhibited by 50 % (1Csg) was calculated; (ii)

the bacteria V. fischeri were exposed to five replicates of test solutions for 5 and 15 minute
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periods and their response compared to that of the reference solution (solvent control in
seawater at equivalent solvent concentration). Reference sample solutions (1500 pL) were
placed in 6 cuvettes and test sample solutions (1500 uL) placed in 5 cuvettes; these were
left in the analyser incubator (15 °C £ 1 °C) for 5 min whilst the test reagent was
reconstituted. The reconstituted reagent (150 pL) was pipetted into one of the cuvettes
containing the reference sample solution and mixed by aspiration. Aliquots of the mixed
reference solution (100 pL) were pipetted into 10 empty cuvettes and left for 15 min; the
light emission from each was read. Immediately, 900 pL of reference sample and test
sample solutions were transferred. The light emission was re-measured after 5 and 15 min.

The maximum exposure concentration for the comparison test was 90 %.

2.74 Trophic transfer tests with Mytilus edulis and Carcinus maenas

Exposure procedures

Common shore crabs, C. maenas were fed with mussels contaminated by BABs to test for
transfer of the contaminants from one trophic level to another. Following a seven day
laboratory exposure, the health of the crabs was assessed in terms §f cellular biomarkers,
physiology, behaviour and tissue burden. Crab urine was also analysed for the presence of

BABSs or their metabolites.

Mussels (collected from Port Quin and maintained as previously described, Section 2.6)
were semi-statically exposed to 40 ug L BABs for 72 h with water exchanges every 24 h.
Water spiking and mussel exposﬁre conditions were as described previously (Section
2.7.2) except that 10 mussels were exposed in 10 L of test water. Mean length was 40.6
mm (SE = 0.13mm, CV = 5.0 %, n = 240). The mussels were exposed sequentially to
provide two contaminated mussels per crab per day i.e. one mussel from each of two

exposure vessels. The remaining mussel from each exposure vessel was retained and

80



stored frozen at -80 °C. Based on previous experiments (see Chapter 5), the crabs were
exposed to ~15 pg BABs per day, i.e. a total maximum exposure of about 100 pg from

their diet of contaminated mussels.

Previous 72 h mussel exposure tests of BABs had shown no significant differences in
terms of effects upon clearance rates or chemistry of extracted tissues), between solvent
(0.005 % acetone) and seawater controls; for logistical reasons, the trophic transfer test
was performed with solvent control mussels only. The mussels were cut with a scalpel and
opened slightly to facilitate ease of feeding by the crabs and to avoid confounding factors.
Mussels contaminated by BABs may have less ability to withstand attack from the crabs
which may cause differences in ¢nergetic expenditure. Crabs (n =9 per treatment, mean
carapace width = 65.7 mm (SE = 0.87 mm, CV = 5.6 %; mean weight=73.4g SE=27 g,
CV = 15.8 %)) were each fed two exposed mussels per day for seven days with seawaier
exchanged every 48 h. Mussels that were found to be unopened after 4 h within the crab
exposure vessels were manually opened fully. Unconsumed mussels were removed during
water exchanges. The behaviour of the crabs, in terms of their ability to feed and general
reactions during feeding and water exchanges, was monitored throughout the exposure.
Following exposure to the mussels, the crabs were not fed for two days prior to behaviour
and physiological tests. After testing the crabs were weighed and measured then stored

frozen at -80 °C prior to chemical extraction and analysis of tissues.

Behavioural response

Effects on behaviour were assessed by measurement of the time taken to achieve specified
actions associated with feeding. Time measurements and behaviour response recognition

were aided by digital video filming. Glass aquaria (x2) with sides aﬁd lid impenetrable to

light visible to C. maenas, except the front panel, were filled with 15 L of seawater (15
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°C). Opaque partitions were fitted at one end of the aquaria and a frozen cockle in shell,
ca. 30 mm shell length (Gamma Foods, Tropical Marine Centre Ltd., Chorleywood,
Hertfordshire), was placed at a designated position. A crab with heart rate
transmitter/detector attached (see below) was placed at a designated position at the
opposite end to the cockle and allowed to acclimate for 10 min after which the partition
was removed. Time points recorded were:

1. Time taken to engage and break into the cockle

2. Time taken to eat the cockle
The amount of food consumed before abandonment of the cockle was also noted. A 15
min cut-off time was allocated. If a crab failed to engage the cockle within 15 min, or
failed to break into the cockle following 15 min from initial engagement, the test was
terminated. Crabs were returned to their exposure vessels with 10 L of clean seawater.
Uneaten cockles were placed within the exposure vessels of their respective crabs. The
behaviour test aquaria were cleaned prior to subsequent tests and alternated between
BABs-exposed and solvent-exposed test organisms. Video recordings of the tests were

later inspected to aid quantification of behaviour.

Physiological response

The physiological condition of the crabs was assessed by measurement of the heart rate
during the behavioural response test (above). The heart rates of the crabs were measured
using the Computer-Aided Physiological Monitoring System (CAPMON). The CAPMON
technique was originally described in detail by Depledge and Anderson (1990). In brief,
an infrared transmitter/detector unit was positioned dorsally over the heart and attached to
the carapace using three small spots of cyanocrylate glue (Loctite, Hemel Hempstead,
Hertfordshire, UK). The CAPMON system emits infrared light through the carapace onto

the heart surface. Conformational changes of the heart alter the intensity of the reflected
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light received by the detector. Each complete cardiac cycle was recorded and cumulative

data stored at one minute intervals.

Cellular biomarkers of exposure and stress

Following thé behaviour and physiological tests, the crabs were placed in clean seawater
overnight and their behaviour monitored. The following day, 3 days after the crabs were
last fed contaminated mussels, urine and haemolymph were removed from the organisms
as described by Watson ef al. (2004b). In brief, crabs were drained of residual seawater
and restrained with the ventral surface uppermost on a plastic board using rubber bands.
The third maxillipeds were moved aside and kept apart by inserting absorbent paper
between the basé of the appendage and top of the stemum. The operculum of each
antennal gland bladder was lifted using a hookeci seeker, causing urine to ﬂ0\.)v from the
bladder, through the opercula, where it was collected using a 200 uL pipette. Samples
(20400 pL per crab) were then transferred to siliconised microcentrifuge tubes and frozen
at —80 °C until analys_is. With the crab still restrained, the absorbent paper holding the
maxillipeds was removed and a haemolymph sample was taken from a suitable arthrodial
membrane at the base of the fourth pereiopod using a disposable syringe. Haemolymph
samples and crabs were stored at —80 °C until analysis. The crabs were subsequently
thawed and dissected to remove the whole of the midgut gland (hepatopancreas). The

tissues were weighed and stored frozen at —80 °C until further analysis.
Cellular viability was assessed using the Neutral Red Retention assay as described in

section 2.7.2 The only difference being additional washing steps (%3) of the plate wells

with marine bivalve physiological saline sclution.
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Impairment to the crabs’ immune response was assessed using the Phagocytosis assay as

originally described by Pipe et al. (1999), refer to Rickwood & Galloway (2004).

Details of the platereader, together with most of the chemicals and reagents used are as
described for the Neutral Red Retention assay (section 2.7.2). Additional chemicals and

reagents are described below. .

Bakers Formal Calcium (B.F.C): 2 % sodium chloride (Sigma $-7653), 1 % calcium
acetate (Sigma C-4705), 4 % formaldehyde (Sigma F-1635). Made up with distilled water.

Zymosan particles (Sigma Z-4250)

The phagocytosis activity of haemocytes was determined by measuring the uptake of
zymosan particles (derived from Saccharomyces cerevisiae) dyed with Neutral Red dye.
In brief: Microplate wells were pre-coated in poly-L-lysine solution. BFC (100 uL) was
added to negative control wells and incubated at 10 °C for 10 min. Zymosan -
particle/Neutral Red solution (50 pL) was then added and the microplate incubated for a
further 30 min. BFC (100 puL) was added to all wells and the microplate span at 200 rpm
for 5 min. ‘The supernatant was removed and the wells washed (x3) with Marine Bivalve
Physiological Saline solution. Prior to the final spin, zymosan particles standards ranging
from 0.3125 x 10" to 10* mL™' were pipetted (100 pL) into free microplate wells. The
Neutral Red dye was resolubilised by the addition of acidified ethanol (100 pL). After 10
min the microplate was gently shaken at 200 rpm for 1 min. Particle uptake by adhered
cells was estimated by the degree of absorbance at 540 nm against a standard curve of
zymosan particles. The BioRad protein assay was used to determine the protein

concentration of each haemolymph sample.
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Crab urine analysis

Fluorescence was measured using a Hitachi Fluorescence Spectrometer F-4500
(Finchampstead, Berkshire, UK). The C3.,4 BABs mixture was dissolved in ethanol to
give a concentration series of 0 — 5 n‘ig mL"'. Excitation scans of the BABs standard were
performed using an emissions A of 295 - 310 nm, based on reported emission A of benzene
(Ali, 1994). From this an excitation A of 273 nm was derived which produced a broad
emission A of 290 — 305 nm, presumably due to the complex nature of the large number of
isomers present. A linear relationship between fluorescence area and concentration was
established (J"2 =(0.976, P = 0002). Crab urine was diluted in ethanol (1:20) and BABs
quantified by interpolation from the standard curve. Sufficient urine for analysis was
available for only six of the BABs exposed crabs. Triplicate analysis of crab urine showed
a high degree of precision (CV = 2.3 %). The maximum fluorescence peak was shifted

from 292 nm in the BABs standards te 296 nm in the crab urine samples.

Chemical extraction and analysis of midgut tissue

The combined tissues from eight crabs from each treatment were split to give two
replicates per treatment and placed in preweighed amber glass jars and reweighed to
establish tissue wet weight (~14 g per replicate). An internal standard (phenanthrene d¢)
was added to the tissues which were then extracted by alkaline saponification (see Section
2.3). Following clean up the extracts were reduced in volume to 100 pL and analysed by
GC-MS in Full Scan mode and SIM mode with selected fragment ions of m/z 91, 105 and
119, and molecular ions m/z 246 and 260. Alkylbenzenes were identified by their retention
times and mass spectra with reference to the standard BABs mixture. Due to the low
abundance of identified BABs, the extracts were further analysed using a more sensitive
GC-MS (Agilent 5975C Series GC-MSD) to confirm the identity of the compounds. The
tissue concentrations were quantified by reference to two relatively resolved peaks.
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2.8 Statistical Analyses

Statistical analyses of results were performed using Statgraphics Plus 5.1. Proportional
data were arcsine transformed prior to analysis. Following checks for variance using
Cochran’s C test, data with >2 groups w-ere analysed by Analysis of Variance (ANOVA).
Where there was a significant difference (P < 0.05) of means, the data were further
analysed by the Student Newman Keuls test tol determine significant differences (P <0.05)
between treatments. Unpaired two-sample data were first tested for normality by
standardised skewness and standardised kurtosis tests. If within acceptable limits, the data

were analysed by r-tests, otherwise by Mann-Whitney U-tests.
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Chapter 3

Effect-directed analysis: preliminary and baseline toxicity tests

Very few TIE/EDA studies involving hydrocarbons have been directed at sediment-bound
contamination and chronic exposure tests are extremely rare. A method for conducting
chronic whole sediment tests was therefore developed to determine if éuch tests were
sensitive to subtle changes in growth and reproduction. The preliminary amphipod life-cycle
test was carried out using lightly weathered ANS' crude oil to allow additionally weathered
and biodegraded oils to be compared. To ascertain if environmentally realistic concentrations
of UCM hydrocarbons within sediments were toxic to the C. volutator, baseline EDA tests
were performed on weathered and UCM-dominated oils and the results compared with
preliminary tests. To test if amphipod behavioural responses to oil-contaminated sediment
could be used as a predictor of chronic effects, a behaviour test was developed using-
burrowing activity of C. volutator. Aqueous exposure tests were performed using M. edulis
and V. fischeri to establish baseline toxicity. Some of the results from these studies have been

published (Scarlett ez al., 2007a; Scarlett et al., 2007b; Scarlett et al., 2007¢).
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3.1 Introduction

3.1.1 General introduction

One approach for the determination of components responsible for adverse effects from
within a complex mixture is effect-directed analysis (EDA). The terms EDA and ‘bioassay-
directed fractionation’ (BDF) are frec;uently used interchangeably and with “toxicity
identification evaluation’ (TIE). All of these terms describe toxicity assessment of complex
samples using biotests coi.lpled with chemical analysis to identify the components responsible
for the observed toxicity (Fig. 1.6). Prior knowledge of key contaminants is not necessary,
thus avoiding expensive chemical analysis, and interactive toxicity among the components is
reflected in the results arising from TIE/BDF/EDA studies. TIE investigations may best be

- viewed as a specific standardised protocol 0% EDA with a focus on inorganic and organic
toxicants in aqueous samples, while EDA often pre-selects organic toxicants by the extraction
procedure and focuses on the total amount of these toxicants rather than the bioavailable
fraction (Brack, 2003). More recently, whole sediment TIEs have been under development

(e.g. Burgess et al., 2003, Burgess ef al., 2004; Ho et al., 2004, Stronkhorst et al., 2003b).

3.1.2 Selective review of effect-directed analysis

For the purposes of this review BDF and EDA will be treated together and referred to as
EDA. Both EDA and TIE have the aim of identification of chemical causes of measurable
effects i.e. the establishment of cause and effect relationships (Brack, 2003). Marine habitats
are often reported to be contaminated with complex mixtures of both known and unknown
chemicals. Adverse effects may be observed within such contaminated habitats but
determination of which compounds are fesponsible for the observed effects is difficult to
establish. Similarly, UCMs contain many thousands of compounds (Sutton et al., 2005) so
determination of which compounds may be responsible for any observed effects is very

challenging. With EDA/TIE studies, complex mixtures are tested for biological effects and
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subjected to one or more physiochemical fractionation procedures (Fig. 1.6). Following each
fractionation further biotesting is performed and active samples further fractionated until the
level of complexity is reduced to a few compounds that can be identified and quantified. In
order to fractionate environmental samples it is necessary to extract the potential toxicants
from the relevant matrix. Extraction procedures are selective and therefore certain-
components remain in the sample and are not analysed. For examp]e, an efficient extraction
method for the collection of non-polar organics may not also be efficient for the collection of
metals. The method chosen for extraction is therefore dependent upon what is assumed to be
the causative agent of toxicity. If the initial TIE Phase I manipulations have been performed
this will help provide direction as to what chemical extraction method and fractionation
procedure will be most relevant but otherwise the type of toxicant may be suspected based on
additional information. A selective review on the use of EDA to investigate organic
contaminants in the marine environment (Table 3.1) found that a variety of toxicity tests and
endpoints were utilised. Tests included both acute and chronic Microtox and Mutatox tests,
Salmonella microsome mutagenicity assay, unicellular algal tests, recombinant yeast estrogen
~ screen (YES assay) and clearance rates of juvenite mussels (see references cited in Table 3.1).
No particular assay proved to be of greater sensitivity and Brack et al. (2003) reported that the
major toxicants were quite different for the different test systems and therefore the results
were not consistent with a unique pathway of toxicity but suggested organism-dependent
modes of action. From this it is clear that EDA should not rely on a single test species and
should involve dissimilar phyla with potentially different modes of toxicant uptake. The main
toxicants identified were typically PAHs including alkylated and sulphur-heterocyclic
compounds, although many studies concluded that the toxicants remained unidentified (Table
3.1). In a study of creosote-contaminated groundwater, Hartnik et al., (2007) reported that
PAHs only accounted for 13 % of the observed toxicity (bioluminescence inhibition) despite

representing up to 85 % of pure creosote. Methylated benzenes, phenolics and heterocyclics
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accounted for 80 % of the toxicity with alkylated quinolines the most toxic single fraction,

accounting for 26 % of the total measured toxicity.
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Table 3.1 Effect-directed analysis (EDA) studies pertaining to organic compounds in the marine environment

Sample type / Biotest Toxicants identified/ suspected Additioral notes Reference
Location
Coastal sediment  Salmonella 140 aromatic compounds, 57 of them classified as Sediments from main polluted (Fernandez et al., 1992)
/ Barcelona, microsome mutagenic or belonging to mutagenic chemical classes  sources exhibited lower mutagenic
Spain mutagenicity assay included: 1- nitropyrene, 6-nitrochrysene, and 6- activity than distant locations

Dissolved and
Particulate Water
Phases /

Barcelona , Spain

Estuarine
sediment / Black
Rock Harbor,

Connecticut

Sediment /

Sydney Harbour,

‘Nova Scotia,

Canada

Salmonella
microsome

mutagenicity assay

Mutatox™

Saimonella
typhimurium
microbiological

assays

nitrobenzo[a]pyrene

Candidates for fraction mutagenicity included: o-
tolidine, nitroquinoline, nitroanitine, dichlorobenzidine

and several aromatic quinones

Known mutagenic polycyclic aromatic hydrocarbons
(PAHSs)

High molecular mass PAHs including benzo[a]pyrene,
benzo [ghi] perylene, indeno[ 1,2,3-cd] pyrene, and
compounds of molecular weight 302 Daltons were
found to be responsible for the majority of the

mutagenic activity
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Study found sediment chronically

polluted by frameshift and base-pair
substitution mutagens and

promutagens

Operational blank also gave active

result

Sediment known to be coal tar

contaminated

(Grifoll et al., 1992)

(Ho & Quinn, 1993)

{(Marvin et al., 1995)



Table 3.1 continued

Sample type / Biotest Toxicants identified/ suspected Additional notes Reference
Location
Sediment/ Sydney Salmonella Compounds eluting in the most active subfractions PAHs with molecular mass of 302 (Marvin e al., 1999)

Harbour, Nova

Scotia, Canada

Benthic and
suspended
sediment /
Hamilton Harbour,
Western Lake

Ontario, Canada

Sediment / Tyne,
Tees, Mersey, and
Tha:ifés estuaries,
Southampton

Water, UK

typhimurium strain

YG1025

Salmonella
microsome
mutagenicity assay
Salmonella
typhimurium strains

YG1025

Mutatox

included naphtho[2,1- a]pyrene and naphtho(2,3-
aJpyrene

5- to 7-membered ring PAHs with molecular masses
between 252 and 302 Daltons,

including the known mutagens and carcinogens
benzo[alpyrene, indeno[1,2,3-cd]pyrene and

dibenz(a,h]anthracene

Numerous PAHs, alkyl substituted PAHs, nitro-
polycyclic aromatic compounds (nitro-PACs),

polycyclic aromatic ketones, oxygenated-PACs, and

other known mutagens contributing to the genotoxicity

measured in the samples.
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biologically active in complex

environmental mixtures.

Required oxidative metabolism to

activate

Only solvent extract showed

mutagenic activity

Some potentially
genotoxic compounds remain

unidentified

(Marvin ef al., 2000a)

(Thomas et al., 2002)



Table 3.1 continued

Sample type / Biotest Toxicants identified/ suspected Additional notes Reference
Location
Biota /-New Juvenile M. edulis Aromatic Unresolved Complex Mixture with 4-6 Toxic fraction eluted with non-toxic {Donkin et al., 2003)
Brighton, Port clearance rate double bond equivalents major component of toxic naturally occurring squalene
Quin, Plymouth, fraction.
UK
Photomodified Microtox, 1-hydroxyanthracene-9,10-dione and 1,4- Major toxicants were quite different {Brack et al., 2003)
anthracene reproduction of the dihydroxyanthracene-9,10-dione were identified and for the different
N/A green algae confirmed as genotoxicants. test systems. Hence not

Scenedesmus
vacuolatus, and
genotoxicity

in the umuC test

Sediment / Tyne, Recombinant yeast

Tees, Mersey, estrogen screen (YES
and Thames assay)

estuaries,

Southampton

Water, UK

Anthracene-1 4-dione, a trace photometabolite, was
identified as a very potent toxicant dominating the

toxicity of photomodified anthracene to V. fischeri.

Nonylphenol, cirmarizine, and cholesta-4,6-dien-3-one
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a unique pathway of toxicity such as
oxidative stress but suggests

organism-dependent modes of action

Only solvent extract showed activity

Important estrogen-receptor (ER)
agonist substances that contaminate

marine sediments remain unidentified

(Thomas er al., 2004)



Table 3.1 continued

Sample type / Biotest Toxicants identified/ suspected Additional notes Reference
Location
Sediments froma EROD activitiesand  Fraction mainly composed of dicyclic aromatic Results imply that non-additive (Sundberg er al., 2005)

PCB polluted bay

Sediment sample
from the west

coast of Sweden

Harbour sediment

from Zierikzee in
Zeeland, The
Netherlands

malformations
investigated in
rainbow trout
{Oncorhynchus

mykiss) larvae

Chronic algal test
Scenedesmus
vacuolatues and acute,
chronic bioassays

using Vibrio fischeri

ER- and DR-CALUX

compounds (DACs), including PCBs, less teratogenic
than the fraction mainly composed of polycyclic
aromatic compounds (PACs) -subfraction mainly
composed of three- and four-ring compounds
(including alkylated and sulphur-héterocyclic

compounds).

Compounds identified as potentially relevant toxicants
by chemical analysis of toxic fractions: anthracene,
fluoranthene, pyrene, benzo[alanthracene,
benzo[b]fluoranthene, benzo[a]pyrene,

benzo[k]fluoranthene, and indeno[1,2,3-cd]pyrene

Dioxin-like activity could be explained by the presence
of various PAHs. Natural estrogenic hormone 17-beta-
estradiol and its metabolite estrone were identified as

the main contributors to the estrogenic activity.
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effects get more pronounced the more.

complex the exposure

Chronic algal toxicity was a powerful
tool for discriminating between toxic
and nontoxic fractions. Acute and -

chronic bacterial toxicity failed to

identify toxic fractions

Some estrogenic activity of a relatively

non-polar nature remained unidentified

(Grote er al., 2005a)

(Houtman et al., 2006)



Table 3.1 continued

Sample type / Biotest Toxicants identified/ suspected Additional notes Reference
Location
River, sediment, Neutral Red assay, Pilot study: authors concluded that it  (Keiter et al., 2006)

suspended matter
and waste water
samples from
sewage treatment
plants on the
Upper Danube

comet assay,
Arthrobacrer

globiformis

dehydrogenase assay,

YES assay, fish egg

assay wilh the

zebrafish (Danio

rerio) and Ames test

with TA98

was not possible to elucidate that
chemically induced alterations were
responsible for the an observed fish

decline.

Creosote-
contaminated
groundwater,
Hommelvik,

Norway

Microtox

PAHs, methylated benzenes, phenolics and n-

heterocyclics

Methylated benzenes, phenolics and
n-heterocyclics accounted for 80 %
of toxicity. PAHs only accounted for
13 % toxicity despite represeriting up
to 85 % of pure creosote. Alkylated
quinolines were the most toxic single.
fraction, accounting for 26 % of the

total measured toxicity.

(Hartnik er al., 2007)
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3.1.3 Effect-directed analysis of sediment-associated UCM hydrocarbons

Non-polar organic contaminants readily associate with sediment particles and colloidal
phases within interstitial and overlying water and, to a much lesser degree, the truly
dissolved phase which is considered the primary bioavailable phase to aquatic organisms
(Burgess & McKinney, 1999). Although sediment-bound UCM hydrocarbons have
generally been considered non-bioavailable, sediment-dwelling organisms may accumulate
components of the UCM leading to adverse effects. Based on this possibility, Le Blanc et
al. (1999), cited by Smith (2002), carried out studies into the bioavailability of UCM
compounds by incubating New York harbour sediment with macroporous anion-exchange
and adsorbent (XAD) resins (used to estimate the desorbable fraction) for sixty days. It
was found that a 5-30 % desorption of the sediment-bound UCM occurred and this
predominantly contained lower molecular weight compounds but no details were provided
of the composition of the UCM. Further study of the potential for sediment-bound UCM
hydrocarbons to elicit effectsAon sediment-dwelling organisms is therefore required.
Indeed, the National Research Council’s (2003) study Qil in the Sea Il stated that more
information was needed about the chronic biclogical effects resulting from petroleum

hydrocarbons in sediment and highlighted this as a priority area of research.

Previous TIE and EDA studies have concentrated on acute toxicity tests which are very
useful for identifying highly toxic chemicals but acute tests may not test key life stage
events such as moulting and reproduction during which sensitivity to toxicants may be
increased. Also, marine and estuarine sediments are more likeiy to contain moderately
toxic contaminants that fail to cause significant acute mortality. In response to these
issues, the USEPA have developed a 28 day life-cycle test using the estuarine amphipod
Leptocheirus plumulosus (USEPA, 2001) and this was used by McGee et al. (2004) to

compare chronic with acute toxicity of sediment from Chesapeake Bay, USA. It was
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reported that sublethal toxicity arising from chronic toxicity was only found in sediments
tested at one laboratory and was not replicated at another tesfing laboratory. The authors
suggested the differences in amphipod diet may have been responsible for the discrepancy
but this could have been due to temperature regime differences. One laboratory conducted
the tests at 2 °C below the USEPA (2001) guidelines. The L. plumufosus test should be
conducted at 25 °C and the orgénism’s life-cycle completed within the 28 day exposure
period. A similar but slower growing amphipod test species in northern European waters
is C. volutator, which resides in muddy intertidal sediment with summer seawater
temperatures typically around 15 °C. Coro;ohium volutator is now a staﬁdard European
test organism for acute sediment toxicity testing (PARCOM, 1993; Roddie & Thain, 2001)
and has been used in many acute studies (Bat & Raffaelli, 1998; Briggs et al., 2003;
Ciarelli et al., 1997). Corophium volutator has also been used in long-term life-cycle tests
(Brown et al., 1999; Conradi & Depledge, 1998; Conradi & Depledge, 1999) but the
amphipods were only exposed to aqueous toxicants and not contaminants associated with
whole sediments. Peters & Ahlf (2005) have demonstrated that C. volutator can be
successfully cultured in the laboratory and the authors recommended the use of this species
for chronic exposure toxicity testing. A chronic sediment test using the amphipod
Gammarus locusta L has recently been described (Costa et al., 2005). However, the test
has to be conducted at a temperature abové normal environmental conditions in order to
completg: the life-cycle within 28 days (Neuparth et al., 2002) and Gammarys Spp. are
known to display cannibalistic behaviour (Dick, 1995) which suggests the use of G.
locusta for chronic studies is less than ideal. Because sediments contaminated by UCM
hydrocarbons are unlikely to exhibit acute effects upon sediment-dwelling organisms due
to the limited bioavailability of sediment-bound compounds it was beneficial to

complement the standard acute tests with chronic testing using C. volutator to evaluate the
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toxicity of whole sediments such that the effects of UCM hydrocarbons upon the survival,

growth and reproduction can be evaluated.

Chronic exposures are advantageous but represent a significant commitment in time and
resources. One possibility for screening potentially chronically toxic samples is the use of
an organism’s behaviour. An investigation into the use of amphipod behaviour as a
surrogate for chronic toxic effects was carried out in conjunction with chronic sediment
toxicity tests and a preliminary study has been published. This paper (Scarlett et al.,
2007a) details all the methodology, results and discussion pertaining to the behavioural
tests associated with the preliminary whole sediment test with ANS' and the baseline
toxicity tests with UCM-dominated oils, and therefore these will not be replicated herein,

but the publication is included within the Appendices.

3.1.4 Effect-directed analysis of aqueous-phase UCM hydrocarbons

The creation of aqueous-phase test media for oils is problematic as oil contains many
thousands of compounds with highly differing degrees of solubility. In addition, the
solubility of individual hydrocarbons is dépendent upon the other hydrocarbons present, in
accordance with Raoult's law (Page ef al., 2000). The most toxic components of oil are
regarded to be present within the WSF (Tsvetnenko & Evans, 2002) but reproducible
WSFs are difficult to create and have been criticised as environmentally unrealistic
(Baussant et al., 2001b). The relatively heavy UCM-dominated oils are particularly
difficult to solubilise within a time period acceptable for toxicity testing. An alternative to
the creation of WSFs is oil in water dispersions (Baussant et al., 2001a; Baussant et al.,
2001b; Sanni ef al., 1998). However, these require sophisticated devices in order that
reproducible oil dispersions are formed. A pragmatic approach is to enhancevthe solubility

of the hydrocarbons using a water-miscible solvent and to relate any observed toxic effects
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with compounds accumulated into the tissues of test organisms rather than in the aqueous
phase. The profile of the‘bioaccumulated compounds can be compared with that from
tissue extracts of wild organisms. Such an approach would be unacceptable if using
conventional gas chromatography due to the lack of resolution of UCM compounds but the
improved resolution permitted by GC *GC-ToF-MS enables useful information, including
the possibility of identifying specific groups of compounds, to be gleaned from aqueous

tests using M. edulis as a test species.

As an adjunct to biotesting with M. edulis, the Microtox bioluminescence inhibition assay
may provide a rapid screening tool for the identification of toxic solutions. From the
literature (e.g. Leftley, 2000; van Beelen, 2003), it would appear that the bioluminescence
inhibition assay mﬁy be less sensitive (ca. 10-20x) to hydrécarbon toxicity than sublethal
tests with M. edulis. In addition, V. fischeri is reported to be sensitive to S(;lvents and their
presence also affect the toxicities of other compounds (Johnson & Long, 1998). The
bioluminescence inhibition test does however have the advantages of rapidity and the
requirement of very small toxicant test volumes. If correlations between adverse effects on
M. edulis and bioluminescence inhibitioh can be established, further EDA studies can use

the bioluminescence inhibition test as a proxy for effects on M. edulis.

3.1.5 Aims of the present study

The research described in this chapter was concerned with establishing baseline acute and
chronic, aqueous and sediment, toxicity of the three selected oils: SLK, TJ P- and ANS.
Prior to proceeding with this it was necessary to develop suitable methods for the chronic
testing of sediments to determine if long-term sediment exposures were sufficiently
sensitive to detect differences between treatment groups given the logistical constraints.

By using the less weathered ANS' oil for the method development, information concerning -
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the relative toxicities of resolved components of the oil could be derived by comparison
with results derived from tests using the more highly weathered ANS. | Due to the long
exposure time necessary to establish population-level effects using C. volutator, a
behavioural test was developed to determine if behaviour could serve as a proxy for
chronic test endpoints. The predominantly aliphatic SLK had been found previously not to
cause adverse effects to M. edulis (Thomas, 1995) so it was hypothesised that SLK would
be less toxic than the oils with a greater aromatic content to all species tested. Aims were:

1. To develop a method for testing chronic exposure to sediment-bound hydrocarbons
using the amphipod C. volutator, and quantify effects.

2. To develop a method for quantifying amphipod behaviour and test for association
with chronic test endpoints.

3. To establish baseline toxicity for the three oils when associated with sediment and
to test for differences that could be related to oil éomposition.

4. To establish baseline toxicity for the three oils when in the aqueous phase (i.e. -
dissolved or accommodated within seawater) and to test for differences that could
be related to oil composition.

5. To compare the results of 1 and 3 to derive the relative toxicities of the resolved
and unresolved components of sediment-bound hydrocarbons.

6. To compare the results of 3 and 4 to derive information concerning routes of

uptake of UCM hydrocarbons.
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3._2 Methodology

3.2.1 Preliminary sediment tests using lightly weathered ANS' crude oil

Preliminary acute and chronic sediment exposure tests were performed using sediments
spiked with lightly weathered (ca. 20 % evaporative loss by mass) ANS. Sediments were
spiked with oil to produce concentrations consistent with subtidal petrogenic hydrocarbon
concentrations repc_)rted following real and artificial oil spills (NRC, 1989). In addition,
sediments were also spiked with WAF and dispersed W AF as the former is widely
considered to represent the most acutely toxic bioavailable fraction of crude oil and the
latter has potentially greater to;(ic component concentrations due to the effect of the
dispersant in stabilising large numbers of microscopic oil droplets within the water
column. Preliminary tests were conducted using C. volutator with endpoints of
survivorship, growth rate and reproductive success. This study has been published
(Scarle;tt et al., 2007c) and will not be repeated herein, but the publication is available

within the Appendices.

3.2.2 Baseline whole-sediment toxicity tests using weathered and biodegraded oils
Baseline acute and chronic sediment exposure tests were performed using sediments
spiked with the three crude oils (see Chapter 2 Section 2.7): additionally weathered ANS
(weathered ANS from preliminary study further weathered to achieve a total of 36 % loss
by mass achieved by gentle airflow until stable weight, as described in Chapter 2),
Silkolene-150 (SLK, a lube oil comprised almost entirely of aliphatic; UCM when analysed
by gas chromatography- flame ionization detection) and Tia Juana Pesado, (TJP, a
biodegraded crude oil comprised almost entirely of aliphatic and aromatic UCM). Further
descriptions and gas chromatograms of the oils are available in Chapter 2. Baseline tests
were conducted using juvenile C. volutator with endpoints of survivorship, growth rate and

reproductive success. This study has also been published (Scarlett ez al., 2007b).
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Supply and maintenance of organisms during acclimation.

Sediment was collected from an intertidal area of the Avon estuary near Aveton Gifford,
south Devon UK as detailed within Chapter 2. Amphipods were unavailable from this
location at the time; consequentially, juvenile C. volutator were supplied by Guemsey Sea
Farms (Vale, Guemnsey, UK) and maintained as previously described. Test conditions and

accef;tability requirements are given in Table 2.3.

Reference toxicity test

In order to test that the supplied C. volutator population was consistent with the local C.
volutator population from A\}eton Gifford used previously, the test organisms were
exposed to CdCl; using a method described by Ciarelli et al. (1997) and their sensitivity to
a standard toxicant compared with published data (Ciarelli et al., 1997) and that obtained
during previous reference toxicity testing. Procedural details are provided in Chapter 2

and (Scarlett et al., 2007b).

Additional artificial weathering of ANS oil

The slightly weathered (ca 20 %) ANS' crude oil as produced for the preliminary tests was
further weathered under conditions as described previously until a stable weight was
achieved (72 h). The weathered oil was then rotary evaporated at 40 °C for 30 min to
ensure loss of volatile components (no further loss was observed). Once weathered the oil

was stored in completely filled amber glass bottles at 4°C until use.

Chemical analyses of oils and sediment
The three oils were dissolved in DCM and analysed by.GC-MS. Full details are provided

within Chapter 2.
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Spiking of sediments

Sediments were spiked with ANS, TJP and SLK to give nominal concentrations of 1000
ng g (dry wt.) for acute tests and 500 pg g" (dry wt.) for chronic tests. The spiking
method was based on that of Roddie and Thain (2001) and as detailed within Chapter 2

and Scarlett et al. (2007b).

Acute sediment toxicity test

Acute sediment tests were similar to that described for thé preliminary acute test. Juvenile
C. volutator (20 individuals per vessel) with a mean length 3.8 mm (SE = 0.01 mm) were
exposed to a nominal concentration of 1000 ug-g™' (dry wt. oil). Test conditions were as
described for preliminary acute tests. Five replicate vessels were used for each of the five

treatments; a total of 100 amphipods per exposure treatment.

Chronic sediment toxicity test

Chronic tests were similar to those described for' the preliminary study but the test was
shortened by initiating the test with juvenile amphipods. Juvenile C. volutator (20
amphipods per vessel, mean length = 3.8 mm, SE = 0.01 mm, mean wet weight = 1.580
mg, mean dry weight = 0.198 mg) were exposed to a nominal oil concentration of 500 pg
g" (dry wt). Five replicates for each of five treatments were used to assess the chronic
toxicity of the oils; a total of 100 amphipods per treatment. The test was terminated after
35 days exposure when reproduction was apparent in all replicates of the control treatment.

Further details are provided in Chapter 2.

3.2.3 Baseline aqueous toxicity tests of weathered and biodegraded oils

Collection and maintenance of Mytilus edulis
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Mussels were collected and maintained as reported previously (Scarlett et al., 2005). The
details are provided within Chapter 2. The mean shell length of mussels used in the

baseline tests was 21.5 mm (SE = 0.15 mm, n = 45).

Semi-static 48 h exposure tésts were similar to the hydrocarbon tests described by Donkin
et al. (1991), as detailed in Chapter 2. Due to the poor solubility of the oils, especially-
TIP, the oils were measured into preweighed 7 mL vials, dissolved into 1 mL of DCM and
5 mL of acetone added. The dissolved oils were then reduced under a gentle stréam of
nitrogen to 3 mL then made up to 5 mL with acetone. Test solutions of whole oils were

- prepared by injecting 5 mL of the acetone solution of the test compound into 10 L of
filtered seawater held at 15 °C in a glass aspirator (i.e. acetone conc. 0.05 % v/v). The test
solution was vortex mixed for 24 h prior to use. The-stirring was stopped for five minutes
prior to removal of the test solutions to allow non-dissolved or non-accommodated
components to rise to the surface. Subsamples (ca. 20 mL) of the test solutions were taken
for use with the bioluminescence inhibition assay. Test solutions were added to the mussel
exposure vessels and replaced after 24 h. The maximum nominal concentrations of oils in
seawater were 30.9, 30.8 and 27.7 mg L™ for SLK, TJP and ANS respectively. Due to the
poor solubility of the fractions in seawater, as evidenced by the formation of oily slicks on
the surface of the test solutions and adsorbed onto the glass surface of the aspirators, the
true aqueous concentrations of the fractions would have been considerably lower than the

nominal concentrations.

Measurement of clearance rate of M. edulis
The clearance rate assay was adapted from Donkin ef a/. (1991; 1989) and as reported by

Scarlett ef al. (2005). Details of the protocol are provided in Chapter 2.
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Bioluminescence inhibition tests

The bioluminescence inhibition assay was performed using the standard ‘comparison of
estuarine and coastal sﬁmples’ protocol (MicrotoxOmni™, 2005). Details of the test
protocol are provided in Chapter 2. Test solutions were prepared from whole oils and
were as used for the 48 h mussel exposure test. The effects of the test solutions were

compared to the solvent control solution (0.05 % acetone, as described above).
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3.3 Resulits
3.3.1 Preliminary sediment tests using lightly weathered ANS crude oil

Results of the preliminary tests are presented in Scarlett et al. (2007c).

3.3.2 Baseline Sediment Toxicity Tests using weathered and biodegraded oils
Reference toxicity test

Mortality of C. volutator exposed to 7 mg L' CdCl, was consistent with the previously
derived LCsp value for the local population used during pre!imiﬁary oil-spiked sediment
exposure tests and with 72 h LCs; literature values (Ciarelli ez al., 1997). The result
corroborates the assumption that C. volutator populations from relatively unpolluted areas

have similar sensitivities to toxicants.

Acute sediment toxicity test
‘Sediment tests showed no acute mortality within any treatment with mean survivorship >

90 %.

Chronic sediment toxicity test

Water quality measurements were well within acceptable limits (Table 2.3) and remained
consistent throughout the exposure period. Growth rates based on dry weight of
amphipods showed a very similar pattern to that based on wet weights (i.e. used previously
during preliminary tests). Juvenile C. volutator exposed to nominal oil concentrations of
500 pg g’ for 35 days had slightly lower growth rates than the negative control organisms
but only the weathered ANS was significantly less (P < 0.05) than the solvent control (Fig.
3.1). The lower growth rates of the ANS exposed amphipods resulted in a significantly
lower (P < 0.05) number of mature adults. Reproduction was significantly reduced (P <

0.05) in all oil exposures although this was more pronounced in the ANS treatment (Table.
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3.2). There was no significant difference in the male:female ratios or the number of gravid

females per survivor (Table 3.2)

Table 3.2 Effect of weathered Alaskan North Slope (ANS), Tia Juana Pesado (TJP) and Silkolene-150

spiked sediment on acute survival (sediment oil concentration 1000 pg g™') and chronic endpoints

(sediment oil concentration 500 pg g™")

Acute Chronic
Treatment % 10-day % 35-day Offspring/ _ Offspring/ ___ Gravid females/
{ survival survival Survivor fer;lale survivor
Control 90 (2.9) 95(3.2) 2.26 (0.23) 3.76 (0.35) 0.42 (0.07)
Solvent 95 (5.0) 92(3.7) 2.52(0.61) 4.26 (0.86) 0.45 (0.06)
ANS 90 (2.9) 92 (4.4) 0.67 (0.21) 1.56 (0.48) 0.33(0.12)
TIP 90 5.0) 96 (2.3) 1.16 (0.35) 2.19 (0.59) 0.33 (0.09)
SLK 85(5.8) 90 (3.2) 0.98 (0.29) 1.82 (0.56) 0.45 (0.08)
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3.4 Discussion

3.4.1 Preliminary whole sediment toxicity test

Discussion related purely to this test is provided within Scarlett et al. (2007c). A
comparison of the results of this test with those of: the baseline tests for the UCM oils is

discussed below.

3.4.2 Baseline whole sediment toxicity test using weathered and biodegraded oils
The chronic baseline whole-sediment toxicity tests were performed using a shortened
protocol based on the life-cycle amphipod test established during prleliminary studies
(Scarlett et al., 2007c). The test maintained e);posure to early life stages of organisms
which are thought to be more sensitive than adults (van den Heuvel-Greve et al., 2007).

, Exposure to aromatic hydrocarbons has been hypothesised to disrupt the moulting process

(Olmstead & Leblanc, 2005) by which growth occurs in C. volutator.

Although growth rate of amphipods was not significantly affected at the exposure
concentr-ations of UCM-dominated oils tested, reproduction of amphipods was found to be
significantly reduced (P < 0.05) in all oil treatments. The possible reasons for the reduced
reproductive success are: 1) this was a secondary effect due to reduced growth and hence
reproduction was delayed or, 2) the reproductive process was disrupted by the exposure. If
the former scenario was correct, it would be expected that the proportion of gravid females
would be higher within the oil-exposed treatments as the amphipods merely had delayed
reproduction due to insufficient growth. The proportion of gravid females was found not
to be significantly different (> 0.05) between treatments and the lowest ratios were
evident within the ANS and TJP treatments. This implies that the reproductive process
was disrupted by the UCM hydrocarbons. In the wild, C. volutator reproduce in

synchronicity with spring tides immediately followiﬁg moulting of the females (Borowsky,
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1991) and there is only a small time window of opportunity for reproduction. Hence, if
reproduction is delayed, it may be for a period of weeks rather than days. The possibility
that a small reduction in growth rate could substantially delay reproduction and therefore
not result in a higher proportion of gravid females in oil-exposed amphipods cannot be
ruled out. Any disruption or delay in reproduction may however have serious
repercussions for natural populations of sediment-dwelling organisms that are exposed to
UCM hydrocarbons. Additionally, for species such as C. volutato;' which do not possess
planktonic offspring, recovery from population disturbance may be vefy slow as

immigration from non-affected populations will be minimal.

The effect of SLK upon the reproductive success of amphipods was unexpected. This
lube oil is dominated by aliphatic compounds that had previously been found not to elicit
sublethal effects on mussels (Thomas, 1995). Therefore it was not predicted to have an
effect similar to the more aromatic hydrocarbon -containing TJP oil. The long-term effects
of exposure to aliphatic compounds are not well studied but it is possible that the small
proportion of aromatic hydrocarbons in the SLK oil was responsible for the observed
effects (see Chapter 4). The importance of _the aromatic fraction in determining the
toxicity of petroleum hydrocarbons was questioned by Barron et a/. (1999). In a study of
the toxicity of three environmentally-weathered middle distillate oils differing in aromatic
content, it was demonstrated that the oil with the lowest aromatic content had the greatest
toxicity. Silkolene-150 was found to have a similar effect to the TJP and both of these
UCM-dominated oils were found to have less effect than the weathered ANS which
contained resolved hydrocarbons as well as a pronounced UCM hump. This suggests that
components within the UCM contributed to the observed toxicity but some of the
compounds resolved by GC within the ANS oil also contributed. This is consistent with

the known toxicity of aromatic hydrocarbons (Capuzzo et al., 1988; Peterson, 1994).
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Comparing the relative reduction in growth rates of the more weathered ANS exposed
amphipods during the baseline test with that of the preliminary test with less weathered
ANS! (Scarlett er al., 2007¢), it was observed that organisms exposed to the oil with
enﬁanced weathering had relatively less reduction in their growth rates (Fig. 3.3). These
results suggest that the loss of volatile components from within the 'sli ghtly weathered
ANS reduced its toxicity. Smith et al. (2006), using latroscan TLC-FID (thin layer
chromatography-flame ionisation detection) analysis showed that lightly weathered ANS'
retained some BTEX hydrocarbons which are known to be toxic (Ritchie et al., 2001) and
hence the observed reduction in toxicity is ¢onsistent with the loss of volatile components
within the ANS' oil. However, oil spiking methods were not the same in Smith et a/.
(2006) which may have resuited in the more highly weathered oil being more strongly
adsorbed onto the sediment and hence less bioavailable. Bobra (1983) stated that the effect
of weathering on toxicity was dependent upon the definition of toxicity as although
weathering can result in aqueous solutions that give lower LCsg values (i.e. more toxic),
the weathering process may also reduce the aqueous solubility of the oil and thus fresh oils
can generate aqueous solutions which are more toxic though at a higher concentration.
Heintz et al. (1999) reported that highly weathered ANS from the Exxon Valdez oil spill
was more toxic to pink salmon embryos than the unweathered oil which the authors

attributed to elevated concentrations of larger PAHs in the weathered oil.
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likely scenario is long-term exposure to low concentrations of environmentally degraded

oils.

The low bioavailability of many of the UCM components suggests that chronic exposure
is more environmentally realistic and acute exposure to these complex mixtures does not
allow sufficient time for compounds to accumulate within the tissues of the mussels. This
is explored in Chapter S. The presence of dissimilar compounds within a mixture reduces
the solubility of individual hydrocarbons in accordance with Raoult's law (Page et al.,
2000) and therefore high concentrations of UCM hydrocarbons may be less bioavailable
than when highly dispersed. Booth et al. (2004) attempted to establish the solubility of the
TIP but found this to be problematic: fractionation of the mixture altered the mole fraction
of the components which enhanced the dissolution of the compounds compared to the
original mixture leading to abnormally high solubility values when fractions rather than
whole mixtures were analysed. Exposure to fractions of the oils that are more bioavailable
to the mussels may therefore replicate bioaccumulation following long-term exposure
better than acute exposure to whole oil at high concentration and hence greater
environmental reality. Another consequence of the poor solubility of the whole oils was
the necessity to increase the percentage of carrier solvent to dissolve/disperse the oils into
the seawater which can potentially alter the toxicity of the contaminant as well as causing

direct effects,

Bioluminescence inhibition

Johnson & Long (1998) reported bioluminescence inhibition ECsg values of 60, 400 and
1000 mg L™ for Fuel Oil no. 2, crude oil and recycled motor oil respectively. Given that
the reported ECsq values of the crude and recycled motor oils are considerably higher than

the concentrations tested within the baseline studyj, it is perhaps not surprising that no
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significant effect on bioluminescence inhibition was detected (Table 3.3). Hokstad et al.
(2007) reported that exposure to the WSF of UCM-rich oil from the Troll oilfield in the
North Sea caused bioluminescence inhibition to be greater (ECso =300 ppb, i.e. 300 pg L~
'Y than to the UCM-poor oil Statfjord oil WSF (ECs, = 470 ppb). The WSFs were
generated from oil loadings of 10 g L™ and 25 g L™ for the Troll and Statfjord respectively.
Due to the restricted quantities of oils available during the current research, it was not
possible to replicate the conditiqns reported by Hokstad (2007). However,
bioluminescence inhibition testing of reduced scale WSFs created from SLK and ANS
(unreported data) suggested that these oils were much less toxic thar the "I‘roll'and
Statfjord oils. Recent communication with SINTEF (Booth, Pers. Comm.) has cast doubt
on the ECsq data reported by Hokstad er al. (2007) and suggested that the units stated -

should have been ppm not ppb as stated in the report but this has yet to be confirmed.

It is possible that the effect of the interaction between the solvent and the hydrocarbons
may have lowered the toxicity of oils. Johnson and Long (1998) reported that acetone as a
carrier solvent altered the ECsg of phenol from 5.5 mg L™ to 21.0 mg L i.e. the phe-nol
became less toxic in the presence of acetone. The authors did not state the concentration of
acetone, only that it did not exceed 5 % of the test solution. It is also possible that masking
effects from the numerous hydrocarbons within the complex mixture may affect the
toxicity as reported by Grote ef al. (2005b). A further discussion relating to mussel

exposure tests is given above.

3.4.4 General discussion
Taking the results as a whole, it is clear that the UCM-rich oils were not acutely toxic at
environmentally realistic conditions. Although under spill conditions, concentrations

higher than that used in the baseline tests are possible, damage to organisms is more likely
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to arise via physical effects, such as clogging of gills, rather than toxic effects arising from
exposure to UCM hydrocarbons. Elgershuizen & deKruijf (1976) reported that an 6il-
water dispersion of TJP was more toxic to the hermatypic coral Madracis mirabilis than a
WSF, although neither produced lethal effects; this suggested that adverse effects were
mainly related to exposure to oil drop]efs rather than dissolved TJP hydrocarbons. Bak and
Elgershuizen (1976) studied the abilities and patterns of 19 species of hermatypic corals to
reject, or cleanse themselves, of TIP-oiled sediment. The authors found no evidence of oil
adsorption to coral tissues, and no sign of active ingestion of oil droplets. Indeed, oil

introduced into and onto the corals was actively cleared by the colonies.

No literature could be found regarding long-term environmental exposure to TIP or UCM-
dominated oils but from the sediment tests it is evident that long-term exposures to the
UCM-dominated oils can cause effects at the population {evel. Although the effect upon
growth ra-tes and reproductive success was relatively small, and hence difficult to assess in
terms of ecological consequences, C. volutator may not be as sensitive to hydrocarbons as
other species df amphipod. For example, a study into the effects of the World-Prodigy oil
spill in Narragansett Bay, Rhode-island (Widbom & Owiatt, 1994) reported that abundance
of amphipods of the genus Ampelisca were reduced but not the genus Corophium. This
differential sensitivity was also found in comparative laboratory studies with the gammarid
amphipod G. locusta (Neuparth, personal gommunication). Large subtidal populations of
Ampelisca amphipods (also a rﬁembcr of the suborder GAMMARIDEA) were eliminated
following the Amoco Cadiz spill in 1978 and were slow to recover (Dauvin & Gentil,
1990; Gesteira & Dauvin, 2000). The reasons for this apparent difference in sensitivity are
unclear. One possibility is the difference in habitat preferences: the Ampelisca amphipods
live within sediment with a greater sand content than the Corophium which have a

preference for mud (Connor et al., 2004). Hydrophobic hydrocarbons may be less
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bioavailable due to adsorption to the larger number of fine particles within the muddy

sediment occupied by Corophium.
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3.5 Conclusions

3.5.1 Preliminary whole-sediment toxicity test

The sediment chronic test has shown that sediment that was not evidently toxic during 10-
day acute tests could have population-level effects on sediment-dwelling amphipods. The
chronic test protocol and acceptability limits proved to be robust, and the test was
determined to be sufﬁc.iently sensitive to detect effects on growth rate an_d reproduction.
The very long time-frame for the whole life-cycle test has significant costs and therefore a
partial life-cycle test may be preferably as many of the benefits of long-term exposuré are

retained but with reduced costs in terms of time and resources (Scarlett ef al., 2007¢).

3.5.2 Baseline whole sediment toxicity test using weathered and biodegraded oils
Sediment-bound UCM hydrocarbons did not elicit acute effects in terms of survivorship on
C. volutator but environmentally realistic concentrations of UCM hydrocarbon
contaminated sediments significantly reduced reproductive success following long-term
exposure. ‘If the aromatic fractions of thé oils were responsible for the observed toxicity,
the components are either not all contributing or are not doing so uniformly. Fractionation
of all three oils followed by biotesting of the fractions is therefore required to further

elucidate the toxic nature of the UCM hydrocarbon components.

3.5.3 Baseline aqueoﬁs tests using weathered and biodegraded oils

The model UCM-dominated oils did not elicit any effects upon either the clearance rates of
the mussel M. edulis or the bioluminescence of the bacterium V. fischeri during acute
aqueous exposure. Such conditions are not environmentally realistic and further study is
required. It is theoretically possible that fractions of the oils may elicit effects at the

equivalent whole oil concentration.
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3.5.4 General conclusions

Testing of complex mixtures 'using the EDA approach requires that the material under
investigation is fractionated and subject to further biotesting only if a toxic effect is found
dunng baseline tests. All of the UCM-dominated oils affected the amphipod C. volutator
as a result of chronic exposure to contaminated sediment but no acute effects were
observed either dpring sediment or aqueous exposures. Testing of oil fractions is therefore
required for sediment exposures and, due to the theoretical possibility that the oil fractions
may have greater bioavailability than the whole oils, it is prudent to carry out -further

aqueous exposures.
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Chapter 4

Fractionation studies

Having established the baseline toxicity of UCM-dominated oils, the possible differential
toxicity of the aliphaltic and aromatic fractions of the oils is explored herein. Primary
fractionation was carried out using open column chromatography and three fractions from
each of the three oils previously investigated (Chapter 3) were subject to further biotesting
including acute aqueoué tests and chronic whole sediment exposure tests. Uptake and
depuration of UCM compounds b-y M. edulis were investigated using both conventional GC-
MS and GCxGC-ToF-MS. Some lof the results reported herein have been published (Scarlett

et al., 2007Db).
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4.1 'Introduction

4.1.1 General introduction -

Following on from baseline toxicity tests, TIE/EDA studies typically proceed to the biotesting
of fractionated samples. In order to fractionate environmental samples it is necessary to
extract the potential toxicants from the relevant matrix. Extraction procedures are selective
and therefore certain components remain in the sample and are not analysed. An efficient
extraction method for the collection of non-polar organics will not also be efficient at
collection of highly polar compounds. The method chosen for extraction is therefore
dependent upon what is assumed to be the causative agent of toxicity. For environmental
samples, if the initial TIE Phase | manipulations have been performed, this would help
provide direction as to what chemical extraction method and fractionation procedure would be
most relevant but otherwise the type of toxicant may be suspected based on additional
information. For the investigation i-nto the toxicity of UCM hydrocarbons, the extraction,
fractionation and chemical analyses methods can be tailored to petrogenic hydrocarboné.
Previous _EDA studies relevant to an investigation of potential thicity of petrogenic
hydrocarbons are summarised in Chapter 3, Table 3.1. A summary review of fractionation
procedures and biotests used within EDA studies is presented below. For the purposes of the
current study, it was important to ensure good separation between aliphatic and aromatic
compounds. It was therefore beneficial to adapt published methods to achieve an aliphatic
fraction with no monoaromatic compounds as this may confound results of toxicity tests.
During method development it was found that alkylbenzenes tended to split between the
aliphatic and aromatic fractions but by small alterations to the deactivation of the alumina it

was possible to achieve complete separation.
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4.1.2 Biotests used in TIE and EDA studies

The toxicity of a sample and the fractions thereof determine further fravctionation and
chemical analysis and hence the selection of biotests affect which toxicants are finally
identified. Biotests must be reproducible, sensitive, provide quantitative results, and
discriminate between toxic and non-toxic fractions but the selection of biotests for the testing
of fractions is limited by the requirement for small sample volumes, high throughput and
rapidity (Brack, 2003). With these limitations it is apparent that biotests suitable for rapid
screening of fractions may not be ecologically relevant compared to chronic studies with

environmentally realistic concentrations.

During the late 1980s and early 1990s EDAs were mainly based on invertebrate bioaséays
such-as those employing Dabhnia magna, Daphnia pulex, Ceriodaphnia dubia and fish such
as the fathead minnow Pimephales promelas (Lukasewycz & Durhan, 1992). More recently,
the acute bioluminescence inhibition of the bacterium ¥, fischeri has become the predominant
biotest (Castillo & Barcelo, 1999; Castiilo & Barcelo, 2001; Reemtsma et al., 19995; Spiegel
et al., 2005; Svenson et al., 1996a; Svenson & Hynning, 1997; Svenson et al., 1996b). The
bioluminescence inhibition test is normally performed by the Microtox test assay but may
also be advanced to a high throughput system by using microtitre plates (Reemtsma et al.,
1999a) or direct combination with thin layer chromatography (TLC) (Reemtsma et al.,
1999b). The Microtox assay has several attributes that make it ideal for screening of
fractions: it 1s highly reproducible, rapid and only requires small volumes. It does however
have certain shortcomings (see Chapter 2) so should be uséd in conjunction with other assays
to identify a wide range of toxicants (Bombardier & Bermingham, 1999). In addition to V.
fischeri, biotests such as the oyster embryo assay with Crassostrea gigas Thunberg (Thomas et
al., 1999b), the acute toxicity tests with the marine copepod Tisbe battagliai (Thomas et al.,

1999a; Thomas et al., 1999b) and the cell multiplication inhibition of the green algae
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Scenedesmus vacuolatus (Altenburger et al., 2004; Brack et al., 1999) have successfully been
applied to recent EDA investigations. However, none of these tests address the possible

chronic effects of contaminants with low bioavailability.

4.1.3 Fractionation, testﬁg and analysi§ of UCM-dominated oils

For the testing of primary fractions, the quantity of fractions is sufficient to examine the
effects of long-term exposure to sediment-bound contamiﬁants, thus providing direct
comparison with baseline tests. Although baseline tests of aqueous exposure to the oils did
not produce any significant effect upon mussel clearances rates or bacterial bioluminescence
inhibition, it is possible that toxic effects arising from some compounds could have been
masked by non-toxic comi;ounds within the-.complex mixture. -For example, in an EDA of
contaminated sediment by Grote et al. (2005b), the toxicity of the primary fraction was found
to be greater than that the whole extract. The authors suggested that this may be due to
antagonism between different components and/or modification of the physical or
physiochemical properﬁes such as solubility. It was therefore prudént to test the effects of
aqueous exposures as well as sediment exposures of fractions of the UCM-dominated oils. In
addition, the characterisation and quantitation of UCM hydrocarbons within the tissues of
mussels exposed to the oil fractions would be of benefit, especially for comparison with field-

contaminated mussels.

Although GC-MS can be used to estimate the concentration of bioaccumulated UCM
hydrocarbons, it provides little information on the character of the compounds due to the lack
of resolution by conventional GC. Utilisation of GCxGC-ToF-MS to compare compounds
found within the tissues of UCM hydrocarbon-exposed organisms with those characterised
from oil fractions provides a far greater ability to separate and identify compounds than the

use of conventional GC-MS. Data processing of GCxGC-ToF-MS analyses is, however,
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labour intensive, as a vast quantity of data is generated. It is therefore beneficial to
concentrate efforts on relatively few numbers of samples. This method is therefore well
suited to EDA studies in which the chemical analysis is directed only at fractions found to

cause deleterious effects on organisms.

4.1.4 Aims of the present study
Having estabiished the baseline toxicity of the three oils, the study presented in this chapter is
concerned with the comparative toxicity of the aliphatic and aromatic fractions of the oils. By
comparing the toxicity of the fractions in terms of acute aqueous toxicity and chronic
sediment toxicity, information could be gleaned concemning which broad spectrum of
compound groups was responsible for any observed toxicity. Previous studies into UCM
hydrocarbon toxicity (Donkin et al., 2003; Rowland et al., 2001; Smith et al., 2001; Thomas
et al., 1995) have suggested that the aromatic fraction was solely responsible for adverse
effects on M. edulis; the studies presented in this chapter were designed to test this hypothesis
in the context of both aqueous and sediment exposure, as well as acute and chronic exposure.
Aims were:
1. To develop a large scale method for the primary fractionation of the oils to separate
aliphatic, relatively non-polar aromatic and polar aromatic compounds.
2. To establish and compare primary fraction toxicity for the three oils when associated
with sediment.
3. To establish and compare primary fraction toxicity for the three oils when in the
aqueous phase i.e. dissolved or accommodated within seawater.
4. To compare the results of 3 and 4 to derive information concerning routes of uptake of
UCM hydrocarbons.
5. To characterise and quantify hydrocarbons accumulated by. M. edulis following

exposure to toxic fractions.
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. To characterise and quantify hydrocarbons accumulated by M. edulis following
depuration of toxic fractions.
. To compare the results of 5 and 6 to derive information concerning uptake and

elimination of toxic components.
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4.2 Methodology |

4.2.1 Preparation of p_rimary fractions

Full details of method development for the primary fractionation of the oils are ;:;rovided
within Chapter 2. The oils were fractionated by open column chromatography using
increasingly polar solvents. Subsamples of fractions F1, F2 and F3 of all oils from each
column run were analysed by GC-MS. The F4 fractions were retained but were not analysed
by GC-MS. Gas chromatograms of replicated fractions éppeared identical and were all

dominated by UCM hydrocarbons with very little apparent resolved petrogenic hydrocarbons.

4.2.2 Chronic whole sediment test with Corophium volutator

Collection and maintenance of organisms during acclimation

Sediment and C. volutator were collected from an intertidal area of the Avon estuary near
Aveton Gifford, south Devon UK at the same locati.on as that used for preliminary tests

(Chapter 3). Juvenile amphipods were collected and maintained as described in Chapter 2.

Reference toxicity test
Amphipods C. volutator collected from Aveton Gifford were exposed to a standard toxicant
CdCl; (Ciarelli ef al., 1997) to ensure consistency of sensitivity with previous populations

from Aveton Gifford and commercial suppliers used previously as described in Chapter 2.

Spiking of sediments

Sediments were spiked with fractions F1, F2 and F3 of ANS, TJP and SLK oils to give
nominal concentrations of 500 pg g (dry wt.) of whole oil equivalents. The spiking method
was based on that of Roddie and Thain (2001) as described for baseline whole sediment

toxicity tests (Chapter 3). The nominal concentrations of fractions in sediment are given
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below Ttable 4.1). Additional replicates were created for calculation of dry:wet ratios and

behavioural tests.

Table 4.1 Nominal concentrations of oil fractions in sediment (pg g dry weight) used for the spiked-

sediment chronic exposure tests with C. volutator

Concentrations of fractions in sediment (ug g’ dry wt.),

equivalent to 500 ug g (dry wi) of whole oil

Oil FI F2 F3
SLK 417 77 np
TIP 133 4 100
ANS 234 145 60

SLK =Silkolene-150, TJP = Tia Juana Pesado, ANS = weathered Alaskan North Slope, np = not performed.

Chronic whole sediment tests

Chronic tests were conducted as described for the baseline study ex-cept that slightly smaller
amphipods were used. Juvenile C. volutator (méan length = 3.2 mm, SE = 0.02 mm, mean
wet weight = 1.580 mg, mean dry weight = 0.129 mg) were exposed to a nominal oil

concentrations as given in Table 4.1. The test was initiated at the beginning of July 2006.
The test was terminated after 60 days exposure when reproduction was apparent in all
replicates of the control treatment. Survivorship, wet weights, dry weights and lengths of
organisms were recorded as described for the baseline study. Details of the sediment

exposure tests are provided in Scarlett ef al. (2007b).

4.3.3 Behavioural tests with Corophium volutator
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The behavioural responses of C. volutator in response to sediments spiked with oil fractions,
as used in the chronic exposure tests, were examined using methods detailed in Scarlett et al.

(2007a).

4.3.4 Aqueous exposure

Collection and maintenance of mussels Mytilus edulis

Mussels were collected and maintained as reported previously (Scarlett et al., 2005) and as
described within Chapter 2. Mussels with a mean shell length of 20.5 mm (SE = 0.07 mm, n

= 180) were used for aqueous exposure tests.

Exposure tests with Mytilus edulis

Semi-static 48 h exposure tests were similar to the hydrocarbon tests described by Donkin et
al. (1991) and were identical to these used for the baseline study as described in Chapter 2.
Test solutions of primary oil fractions: F1, F2 and F3 of ANS and TJP, and F1 and F2
Silkolene-150, were prepared using a carrier solvent as described in Chapter 3. Subsamples
(ca. 20 mL) of the test solutions were taken for use with the bioluminescence inhibition assay.
Test solutions were added to the mussel exposure vessels and replaced after 24 h. The
maximum nominal concentrations of oil fractions in seawater are given in Table 4.2 below,
Due to the poor solubility of the fractions in seawater, as evidenced by the formation of oily
slicks on the surface of the test solutions within the aspirators, the true aqueous concentrations

of the fractions would have been considerably lower than the nominal concentrations.

Oil fractions that had a significant (P < 0.05 %) deleterious effect on the clearance rate of the
mussels were subject to repeat tests using a smaller spiking volume of 1 mL with a

corresponding solvent control of 0.01 % solvent (fractions were dissolved in 1 mL
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DCM/acetone as previousiy described'but reduced to 1 mL under nitrogen to remove the
DCM. Although the clearance rate of mussels exposed to the F2 fraction of Silkolene-150
was not significantly less than the solvent control, it was significantly less than the negative
contro! and clearance rates were reduced by a similar degree as the F2 fractions of the other
oils and therefore this oil fraction was also repeated. Nominal concentrations of the repeated
test solutions are given below (Table 4.3). Following measurement of clearance rates after 48
h exposure, the mussels were placed in cléan seawater for five days with daily water
exchanges. The clearance rates of the mussels were re-measured to ascertain the degree of

recovery following depuration.
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Table 4.2 Nominal concentrations of oil fractions in seawater (mg L") used for the initial aqueous

exposure tests with M. edulis and the bioluminescence inhibition test with V. fischeri

Concentrations of fractions in seawater and whele oil

equivalents (mg L") in parenthesis

oil Fl F2 - F3
SLK 26.0 (31) 438 (32) np
TIP 7.3 (27) 8.6 (38) 6.7 (34)
ANS 9.9 (21) 3.9 (13) 2.9 (24)

SLK =Silkolene-150, TJP = Tia Juana Pesado, ANS = weathered Alaskan North Slope, np = not performed.

Table 4.3 Nominal concentrations of oil fractions in seawater (mg L") used for the repeated aqueous

exposure tests with M. edulis

Concentrations of fractions in seawater (mg L") and whole oil

equivalents (mg L) in parenthesis

Qil F1 F2 F3
SLK - np 9.0 (60) np
TJP np 10.6 (23) ' np
ANS _ ' np 49017 np

SLK =Silkolene-150, TIP = Tia Juana Pesado, ANS = weathered Alaskan North Slope, np = not performed.

Measurement of Mytilus edulis clearance rate
The clearance rate assay was adapted from Donkin et al. (1991; 1989) and described within

Chapter 2.

Extraction of petrogenic compounds in Mytilus edulis tissues by GC-MS

Whole mussel tissues from each ANS and TJP aromatic F2 exposure and recovery treatment

were extracted after addition of phenanthrene d¢ as internal standard by an alkaline
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saponification method adapted from Kelly et al. (2000) and described in Chapter 2.
Estimates of dry tissue weights were obtained from dry/wet measurements of mussel tissues

not used for extraction.

Characterisation and quantitation of bioaccumulated hydrocarbons using GC-MS
Compounds resolved by GC-MS and representing >1 % of area were compared to library data
(NIST NBS54K) and identified where possible: only library matches >80 % were accepted.
Quantitation by GC-MS was carried out by comparison of F2-exposed and solvent-exposed
tissue extracts. The tissue concentrations of total petroleum hydrocarbons (TPH) and UCM
were calculated based on standard curves for each oil F2 fraction and corrected for losses
during extraction and clean-up based on measurement of the internal standard. The
unresolved components were calculated using the Areasum function of MS Data Analysis and
subtracting the sum of the integrated areas of resolved compounds from the total area. Full

GC-MS method conditions are provided in Chapter 2.

Characterisation and quantitation of bioaccumulated hydrocarbons usiﬁg GCxGC-ToF-MS
Tissue extracts of mussels that had suffered reduced clearances rates fgllowing exposure to o1l
fractions (i.e. aromatic F2 fractions of ANS and TJP only), were analysed by GCxGC-ToF-
MS as this provides much greater separation and identification of hydrocarbons within
complex mixtures than conventional GC-MS. Extracts from mussels given a peniod of
recovery and control organisms were also analysed and compared to pure F2 oil fractions of
both ANS and TJP. Chromatographic conditions, mass spectral analysis and data processing
methods are detailed in Chapter 2. Compound groups were characterised by selected ions to
encompass linear and branched homologues (Table 4.4) based on Booth (2004) and reports

cited therein.
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Table 4.4 Ions used to identify compound groups from oil fractions and M. edulis tissue extracts analysed
by GCxGC-ToF-MS

Compound group Selected lons (m/7)
Benzenes 91 92 105 119 133
Indenes 16 129 143 157
Tetralins/indans 118 131 145 159
Naphthalenes 128 141 142 155 156 169 170
Biphenyls 153 154 167 168 181 182 195 209
Fluorenes ' 165 179 180 193 221
Phenanthrenes 178 191 192 205 206 219 220

Dibenzothiophenes 184 198 212

Vibrio fischeri bioluminescence inhibition

The bioluminescence inhibition assay was performed using the standard ‘comparison of
estuarine and coastal samples’ protocol (MicrotoxOmni™, 2005). In brief: (i) the bacteria V.
fischeri were exposed to five replicates of test solutions (fractionated oils dissolved in solvent
and spiked into seawater) for 5 and 15 minute periods and their response compared to that of
the reference solution (solvent control in seawater at equivalent solvent concéntration).

Method details are given in Chapter 2.
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4.4 Results

4.4.1 Sediment exposure tests

Reference toxicity test

Mortality of C. volutator exposed to 7 mg L' CdCl, was consistent with the previously
derived LCs value for the local population used during preliminary oil-spiked sediment

exposure tests and with 72 h LCsg literature values (Ciarelli et al., 1997).

Chronic sediment toxicity test

The sediment exposure test was terminated after 60 days when it was apparent that
reproduction had occurred within all control vessels. Most of the control vessels had shown
evidence of reproduction earlier but in one replicate this was not clear and hence test
termination was postponed. Full results of the chronic sediment toxicity tests are provided in

Scarlett et al. (2007b).

4.4.2 Amphipod behaviour tests

No clear behavioural patterns were observed and no particular fraction-spiked sediment
appeared to stress the amphipods. Mean initial time to burial was highest within the F1
fraction of ANS treatment and also ¢levated for amphipods exposed to ANS F2 spiked
sediment (Fig 12). Only one amphipod failed to burrow and there was very little re-
emergence from the sediments (Figl b) and hénce ﬁnal'time to burial was similar to initial
time (Fig 1a). The one amphipod that failed to burrow within the specified time limit
(exposed to TIP F2) was observed to spend all the time partly buried and constructed a

burrow within 10 minutes of the time limit. The low levels of re-emergence and
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was due to unresolved compounds (Fig. 4.4). The concentration of total hydrocarbons from
TJP-exposed mussels was about 50 % of that in the ANS tissue extracts i.e. 901 pg g" (tissue
dry wt.) but over 93 % of this was due to UCM compounds. Extracts from mussels that had
experienced a period of depuration/recovery contained relatively small concentrations of
hydrocarbons. Mussels recovering from the ANS F2 exposure depurated over 90 % of their
total hydrocarbon burden and those recovering from TJP F2 exposure had only background

concentrations remaining in their tissues (Fig 4.4).

Compounds resolved by GC-MS and representing >1 % of area were compared to library data
(NIST NBS54K) and identified where possible: only library matches >80 % were accepted
(Table 4.5). Other than the internal standard, phenanthrene d,¢, none of cdmpoqnds listed in
Table 4.5 were found in the system blank. Biogenic compounds were found in all mussel
extracts including the hydrocarbon squalene. This biogenic compound was also reported in
mussel tissue extracts by Donkin er a/. (2003) and found not to cause deleterious effects upon
mussel clearance rates, but may also originate from contémination by contact with skin. No
petrogenic compounds meeting the criteria outlined above were found in seawater or solvent
control mussel extracts. Petrogenic compounds identified in the extracts of tissues from
mussels following 48 h exposure to the F2 fractions were di and poly aromat-ic, typicélly
alkylnaphthalenes and alkylphenanthrenes; these were lafgely found to be eliminated or
severely depleted in extracts from mussels that had received a period of recovery in clean

seawater (Table 4.5).

Extracted ion chromatograms (m/z 91 and 119) revealed only a minor presence of
alkylbenzenes (Killops & Readman, 1985a) in tissue extracts from exposed mussels. Some of
the compounds with m/z 91 base ion were also present within control mussel extracts and

possessed mass spectra consistent with LABs. Alkylnaphthalenes, mono, di and tri-
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substituted, were more evident (m/z 128, 141, 155, 169) representing <0.8 % and <0.1 % of
the total integrated area of the ANS and TJP tissue extracts respectively but these were
eliminated or highly depleted to background levels within extracts from recovery mussels.
Alkylphenanthrenes (m/z 178, 191) represented about 0.5 % and 0.1 % of the total integrated
area of the ANS and TJP mussel tissue extracts respectively and these were also much
depleted following recovery. Alkyltetralins were detected in the ANS exposed mussel tissues
but were not present in mussels exposed to the TIP F2 fraction. Alkylnaphthalenes and

alkylphenanthrenes were undetectable within seawater and solvent control mussel extracts.
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Figure 4.4 Concentrations of petroleum hydrocarbons, quantified by GC-MS, bioaccumulated in the
tissues of M. edulis following 48 h exposure to aromatic fractions (F2) of ANS and TJP crude oils plus a

five day recovery period in clean seawater. LOD = Limit of Detection.
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Table 4.3 Major compounds resolved by GC-MS (= 1 % area in any extract) and identified by > 80 % match in NIST library NBS54K found in tissue extracts of mussels

Mpytilus edulis following 48 h exposure (Exp) to aromatic fractions of ANS and TJP crude oils-and a five-day recovery period (Rec) in clean seawater

Onrigin of Chemical name Alternative  Chemical Present with mussel extract Notes Reference

compound name formula
ANS TIP Controls

Exp Rec Exp Rec

Biogenic 2-Pentadecanone, 6,10,14- v v v v v
trimethyl
7-Hexadecenoic acid C,7H3,0, v v v v v
Pentadecanoic acid, 14- C17H40, v v v v v

methyl-, methyl ester

Octadecanal C13H350 \/ \/ v v v

Methyleicosa- CyH3,0, v v v v v
5,8,11,14,17-pentaenoate
QOctadecenoic acid, methyl CisH;340, v v v v v

ester
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Table 4.5 continued
Cyclopropanenonanoic Cy1H30, v
acid, methyl ester
Cholesta-3,5-dien-7-one CyHs0 v Co-eluting
Desmosterol Cy7H40 v Co-eluting
Contaminants  2,6,10,14,18,22- Squalene CioHso v Natural compound in mussels
Tetracosahexaene, but may also arise from
2,6,10,15,19,23- contamination from skin contact
hexamethyl-, (all-E)-
Hexanedioic acid, Dioctyl CyH420, v Plasticizer (Webb et al,
dioctylester adipate 1999)
Internal Phenanthrene-d |, CisDyp v
standard
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Table 4.5 continued

Petrogenic 9H Fluorene, 2-methyl- CiaHpa v v
9H Fluorene, 1-methyl- CiqHy2 v v
Methyldibenzothiophene Ci3Hy6S v v Organic sulphur contaminant (Ichinose et
or dibenzothiophene, 3- found in petroleum al., 1999)
methyl-
Methy]dibcnzothiophene C i3H,y os / /

or dibenzothiophene, 3-

methyl-

Phenanthrene, 4-methyl- CisHiz v v v v Compound much reduced in
both recovery extracts

1H-Indene, 1-phenyl- or CisHy2 v v v Co-eluting.

Phenanthrene, 1-methyl- Match for phenanthrene in ANS

recovery but much reduced
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Table 4.5 continued

Anthracene, 2-methyl- or CisH)a v v v Co-eluting.

Phenanthrene, 4-methyl- . ' Match for phenanthrene in ANS

‘recovery but much reduced
Phenanthrene, 2,5- CigHis v v v v Other isomers likely.
dimethyl- Compound much reduced in

both recovery extracts

v’ = present; v = present but relatively low.
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4.4.5 Characterisation and quantitation of bioaccumulated compounds using
GCxGC-ToF-MS

Examination of the three dimensional (3-D) plots of the 2-D chromatograms, generated by
the GCxGC-ToF-MS Pegasus software, of the F2 ar-omatic fractions of the TJP and ANS
(Fig. 4.5a and b) cléarly shows the complexity of the fraction components. Although the
plot of the ANS aromatic fraction (Fig. 4.5b) is dominated by a relatively few nurqbcr of
large peaks, the TJP aromatic fraction (Fig. 4.5a) can be seen to possess a considerable
number of substantial peaks eluting across both the primary (apolar column) axis and the
secondary (polar column) axis. Although visually useful, the 3-D plots are not suitable for
viewing the large number of small 'peéks that make up a large component of UCM-
dominated oils; peak marker plots were therefore generated. After removal of known
column bleed peaks (c.f. Booth, 2004), peak marker plots of the oil fractions show the
distribution of peaks: each peak representing a separate deconvoluted mass spectrum (Fig.
;4.6). From this complex array of data it was possible to identify compound groups of
mainly alkylated homologues of common oil components (Fig. 4.7). The same compound
groups were identified in the aromatic fractions of both oils but the elution range along the
primary axis was greater for the ANS F2 and a larger number of peaks were identified
(Fig. 4.7). Many of the peaks with 2™ dimension elution time above about 2000 s within
the ANS oil were very small and minor changes to instrument sensitivity may have caused
such small peaks to disappear within the baseline of the TJP oil; note that this region of the

TJP 2-D chromatogram is devoid of peaks in the total peak marker plot (Fig. 4.6a).

All of the compound groups identified within the F2 aromatic fraction were also found
within the tissues of the exposed mussels (Fig. 4.8). A total of 1046 peaks were identified
belonging to the compounds groups found within the TIP F2 exposed mussels (Fig. 4.8a).

Of these, the largest groups (by number of peaks) were the biphenyls, tetralins, and
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naphthalenes, with 200, 199 and 151 p?:aks respectively. Within the extracts of the ANS
F2 exposed mussels, only 681 peaks were identified (Fig. 4.8b). Of these, the biphenyls
and naphthalenes were the largest groups with 153 and 132 peaks respectively. The
number of peaks corresponding to tetralins, i_ndaxis and indenes were far fewer within the
ANS exposed mussel tissues and were largely absent above 1400 s primary elution time,
althouéh these compounds were much in evidence within this region for the TIP exposed
mussels (Fig. 4.8). Many peaks from the TJP exposed mussel extracts remained
unidentified but this was less pronounced for the ANS extracts (Fig. 4.9). Following
depuration of the mussels, the vast majority of the peaks associated with the compound
groups accumulated during the exposure were found to be; absent (Fig. 4.10). Only 43
peaks were found within extracts from TJP treated mussels, these corresponded to
alkylated benzenes, phenanthrenes and dibenzofhiophenes (Fig. 4.10a). A few more peaks
(157) were present within ANS depurated mussel tissue extracts; these were mainly
alkylated benzenes and phenanthrenes (Fig. 4.10b). As with the TJP extracts, the tetralins,

indans and indenes were completely removed.

The numbers of peaks present within an extract provide information on the numbers of
compounds accumulated within the tissues but as some individual peaks are much larger
than others it is also useful to look at the relative abundance of the compound groups.
Figure 4.11 shows the percentage contribution that each of the compound groups represent
following standardisation of peak areas relative to phenanthrene djo. For the ANS treated
mussels, the naphthalenes are the largest group (Fig. 4.11b), a similar percentage to that
found in the fraction standard, whereas the unidentified peaks represent the majority within
the TJP treated mussels (Fig. 4.11a). In accordance with the numbqr of peaks, the
percentage contribution by area of the tetralins, indans and indenes was low for ANS

exposed mussels. However, the low contribution by area of these groups was in contrast to
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the relative abundance of peaks within the TJP exposed mussel extracts. Following
depuration, the relative contribution of compound groups was appreciably altered: for both
ANS and TJP treated mussels, the compound groups remaining were dominated by the
benzenes and ph;:nanthrenes, although for the former, the unidentified peaks represented

the largest group.

An attempt was made to quantify the compound groups in terms of pg g of dry weight
tissue. However, it was not possible to derive standard curves for the fractions and
therefore concentrations had to be calculated with reference to the compound groups
present within a single standard concentration for each oil fraction. The calculated tissue
concentrations must therefore be treated with caution. The highest concentration for Tj P
treated mussels was the group of unidentified peaks at around 1000 pg g™ with indenes
having the lowest concentration (Fig. 4.12a). The highest concentration for ANS treated
mussels was the naphthalenes at around 750 pg g with indenes having the lowest
concentration (Fig. 4.12b). Following depuration, the vast bulk of the tissue burden was
eliminated, although appreciable concentrations of alkylated benzenes and phenanthrenes
remained in mussels from both treatments (Fig. 4.12). The unidentified compounds were
eliminated from the ANS treated mussel tissues but remaiﬁed within the TJ P_ treated

mussel tissues.

145



























4.4.6 Bioluminescence inhibition

The bioluminescence inhibition assay was performed using the standard ‘comparison of
estuarine and coastal samples’ protocol (MicrotoxOmniTM, 2005) to assess the acute
toxicity of the aqueous test solutions used in the mussel exposure tests. Laboratory
seawater was found to have a significant (P < 0.01) hormesis effect after 15 min compared
to the reference solvent control water and hence.the bacteria were affected by the 0.05 %
solution of acetone in seawater. The effect on the solvent was less pronounced after only 5
min exposure (P = 0.08). All Microtox and statistical tests were performed comparing oil
fraction treatments with the solvent control. Onl)-/ the F2 fractions of both ANS and TIP
were found to significantly inhibit the bioluminescence of the bacteria but some fractions

had a significant hormesis effect (Table 4.6).

Table 4.6 Effect of 5 and 15 minute exposures of aqueous solutions of oil fractions (nominal
concentrations given within Table 4.2) on the bioluminescence of the bacterium V. fischeri using the
comparison test of estuarine and coastal samples (MicrotoxOmni™, 2005). np = test not performed, Y

ns = no significant effect (P> 0.05)

Oil fraction

Fl £2 F3
Oil 5 min 15 min 5 min 15 min 5 min 15 min
SLK ns | ns ns ns np np
TIP Hormesis Hormesis | Inhibition ns- ns ns

(P<001) (P=<001) | (P<0.05
ANS ns ns Inhibition Inhibition Hormesis Hormesis

(P<0.01) (P<0.05)
(P<0.001) (P<0.001)
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4.5 Discussion

Baseline toxicity tests had revealed that sediment containing UCM-dominated oils could
have population level effects on the estuarine amphipod by reducing their reproductive
success. By fra&ionating the oils into aliphatic and two aromatic fractions by open column
chromatography, it was possible to investigate which broad category of hydrocarbons were
responsible for the observed toxic effects. The use of acute testing of aqueous solutions of
the fractions using the luminescent bacteria V. fischeri and the mussel, M. edulis, together
with spiked whole sediment chronic exposures with C. \_zolutato'r, provided insight into the
short and long-term nature of the toxic effects, the bioavailability and the mode of action of

the UCM hydrocarbons.

Despite the lack of observed toxicity at similar whole oil equivalent concentrations during
baseline tests, acute aqueous exposures of fractions showed that the F2 fractions of the oils
could significantly reduce the clearance rates of M. edulis (Fig. 4.2). The lack of acute
toxicity of the F1 aqueous fraction was consistent with the results of a study by Thomas
(1995) which showed that an aliphatic UCM isolated from Silkolene-150 had no effect up
to a concentration of 1 mg L™\, Smith (2002) reported that 24 h exposures of a
monoaromatic fraction derived from the UCM-domihated Gullfaks (North Sea) crude oil at
an aqueous concentration of 200 pg L' caused a si gniﬂgant (ca. 40 %) reduction in mussel
clearance rates. A similar reduction in clearance rates (compared tb solvent control) of F2
fractions were found in the current study (Figs. 4.2 and 4.3), although nominal
concentrations were considerably higher (Tables 4.2 and 4.3). Reineke et al. (2006)
reported that the aromatic fraction of a sulphur-rich (3.1%) degraded crude oil from
Monterey California reduced the clearance rate of mussels by éa. 35 % after accumulating

ca. 300 pg g (dry weight) within their tissues following 24h exposure whereas a
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characteristically similar biodegraded oil with a low sulphur content (0.2 %) caused no
consistent effect on clearance rate despite similar accumulations of the oil fraction within
their tissues. The degraded Venezuelan crude oil TIP also possesses a high sulphur
content of 2.7 % (anon, 2006) but no major diﬁereﬂces were observed between the effect
of TJP F2 fraction and that of the other oils tested. Although the aqueous exposures were
clearly not environmentally realistic, it has been reported that the concentrations of
hydrocarbons accumulated by bivalves exposed to dispersed petroleum was dose-time
dependent i.e. a six hour exposure at 5 ppm achieved a similar body burden as a 14 day
exposure.of 0.05 ppm (Engelhardt ét al., 1985). The improved clearance rates of the F2
fraction exposed mussels following five days depuration in clean seawater suggests that the
organisms are able to rapidly recover from acute exposure (Fig. 4.3). Rapid recovery
following exposure is consistent with a non-specific narcosis mode of action (van Wezel &
Opperhuizen, 1995). Although not significant (P > 0.05) when compared with the solvent
control, the F3 fraction of the TJP did appear to cause considerable reduction in clearance

rates and therefore these more polar aromatics deserve further investigation.

Analyses by GC-MS of tissue extracts from mussels exposed to aromatic F2 fractions
followed by depuration/recovery showed that only a small fraction of the nominal
concentrations of both ANS and TJP were bioaccumulated during the 48 h exposure

period. Despite a lower nominal aqueous concentration (~50 %), a greater concentration of
hydrocarbons was found in the tissues of the ANS F2 exposed mussels (Fig. 4.4) reflecting
a probable greater solubility of components from the less weathered oil. Lethality has been
reported to occur at a critical membrane concentration of ca 40 — 160 mmol kg lipid
which is equivalent to 2 — 8 mmol kg’ tissue wet weight in a range of aquatic species
(McCarty & Mackay, 1993; van Wezel & Opperhuizen, 1995). The tissue burden of the

mussels exposed to the F2 fractions were approximately 1 mmol kg and 0.5 mmol kg'
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tissue wet weight for ANS and TJP respectively (based on a mean molecular weight of Cas
compounds) and therefore just below the critical lethal membrane concentration. Donkin
et al. (1991; 1989) reported that tissue burdens of mussels exposed to a range of aliphatic
and aromatic hydrocarbons were in the range 0.1 — 0.5 mmol kg associated with

reductions in clearance rates of 50 %.

Due to the limitations of conventional GC-MS, only a few petrogenic compounds were
identifiable and examination of the mass spectra of even the well resolved peaks with good
library matches (>90 %) suggt;,sted that their structures were probably branched isomers of
the library identified compounds. The combined sum of naphthalenes and phenanthrenes
represented only about 1.3 % and 0.2 % of the total integrated areas of ANS and TJP F2
mussel extracts respectively which suggests that resolved PAHs were not solely
responsible for the observed reduction in mussel clearance rates. ljonkin et al. (1991)
estimated a 50 % reduction in mussel clearance rates (TECsg) based on bioaccumulation of
both naphthalene and phenanthrene of 31 p.Lg g (wet tissue weight, ~200 pg g" dry
weight) and Widdows er al. (1987) reported a reduction in clearance rates of about 50 %
following an eight month chronic exposure of mussels to WAF derived from diesel oil
resulting in the bioaccumulation of two and three ring aromatic hydrocarbons of 49 pg g’
(wet tissue weight, ~350 ug g dry weight). Hence, the observed sublethal toxi‘city
resulting from exposure to aromatic fractions of ANS and ITJ P is inconsistent with the
bioaccumulation of resolved PAHs but is consistent with numerous unidentified

compounds from within the UCM contributing to the toxic effect.

Analyses of the tissue extracts GCxGC-ToF-MS revealed that all the major compound
groups identified within the aromatic F2 fractions of the oils were also bioaccumulated by

the mussels (Figs. 4.7 and 4.8). The vast majority of the compounds were alkylated
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homologues of the parent compounds that were not resolved by conventional GC; hence a
far greater understanding of hydrocarbon bicaccumulation was achieved. The profile of
the compound groups accumulated in the ANS and TJP exposéd mussels differed
cc;nsiderably from that of the wild North Sea mussels (Fig. 1.4) previously found to
possess high concentrations of UCM hydrocarbons (Booth et al., 2006). The North Sea
mussels with low SfG and moderate to high UCM concentrations had profiles dominated
by monoaromatic groups, mainly branched alkylated benzenes (BABs), indans and indenes
(BINSs) and tetralins (BATs). The acutely exposed mussels in the present study possessed
only relatively small quantities (based on integrated area) of these groups although the TIP
exposed mussels did possess a large nﬁmber of peaks consistent with BATs. In contrast
with the North Sea mussels, the laboratory exposed mussels accumnulated a relatively large
concentration of alkyinaphthalenes (BAst. Interestingly, following depuration, the
profile of compounds within the exposed mussels altered considerably (Fig. 4.10): the
BANs were mostly lost whereas the BABs were resistant to depuration (see also Chapter
5) and contributed a substantial proportion of the tissue burden. Hence, the compound
group profile of the depurated mussels had a greater similarity to the UCM contaminated
wild mussels than the acutely exposed mussels. However, the small concentrations of
BATs and BINs accumulated during the 48 h exposure were also lost during depuration
(Figs. 4.10 and 4.11). The rapid accumulation and subsequent loss of the BANs is
consistent with the greater polarity of these compounds compared to the BABs. The BATs
and BINs also elute later on the polar column. A loss of aromatic hydrocarbons coupled
with recovery of mussel clearance rates was reported by Widdows et al. (1987) although
depuration of the hydrocarbons was slower following chronic exposure to low aqueous

concentrations.
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Mussels in the wild may experience pulses of contaminated water interspersed with clean
water, especially in tidal estuaries, and therefore may be able to depurate accumulated
hydrocarbons. Under such circumstances, the compounds that are most resistant to
depuration will accumulate to a greater extent. The sampling and analysis of wild mussels
will therefore reflect the long term accumulation and depuration of compounds together
with recent accumulation of compounds that may be readily depurated. Such a scenano
largely explains the profile of the North Séa ﬁussels; however, alkylphenanthrenes were
not a major constituent of the wild North Sea mussels but were prevalent in both the
acutely exposed mussel tissues and that of the depurated mussels (Figs. 1.4, 4.8 and 4.10).
Baussant et al. (2001b) studied uptake and elimination rates of PAHs by exposing mussels
(M. edulis) to North Sea crude o1l for eight days and then allowing them to depurate
hydrocarbons for nine days. The uptake of PAHs into the mussel tissue and subsequent
elimination was consistent with first order kinetics, hence the more lipophilic compounds
(high log K,w) were found to have a greater tendency to accumulate within the tissues of
the mussels. This pattern is consistent with the results of the present study but does not
explain the relatively low occurrence of PAHs within the North Sea mussels. Mussels are -
known to metabolise PAHs by enzymatic processes involving cytochrome P450 type
oxidation reactions, but the efficiency of this degradation pathway is thought to be less
than that of vertebrates (Stegeman, 1985), hence it may be possible for mussels to
eliminate some PAHs by metabolic pathways if they are not subject to continuous
exposure. Another large group of PAHs to resist depuration was the dibenzothiophenes
(Fig. 4.10). These compounds are commonly reported in the tissues of oil contaminated
organisms, such as following the Prestige oil spill (Diez et al., 2007), and have been
reported to be a strong inducer of blue sac disease in the early life stages of Japanese

medaka, Oryzias latipes, leading to reduced hatching success (Rhodes et al., 2005).
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The near complete recovery of the mussels in the present study implies that the remaining
compounds were not present at sufficient concentrations to cause adverse effects. The
calculated tissue concentrations of BABs within both the TJP and ANS exposed mussels
following depuration were about 30 pg g”' (Fig. 4.12). This tissue concentration should be
sufficient to reduce mussel clearance rates (see Chapter 5). Although it is possible that
different isomers were present from that of the commercial mixture of BABs (Chapter 5)
which were less toxic, it is more likely that the tissue concentrations were overestimated

due to the lack of standard curves for the compound groups:

The bioluminescence inhibition test carried out on aqueous test solutions used for the
mussel exposure, showed that only the F2 fractions of TJP and ANS caused a significant
inhibition (P £ 0.05 and P < 0.001 respectively) of the bacterial luminescence (Table 4.6).
It was however interesting to note that, as with the mussel exposure, the baseline test
showed no apparent toxicify of the whole oils. In an EDA of contaminated sediment by
Grote et al. (2005b), the toxicity of the primary fraction was greater than the whole extract.
The authors suggested that this may be due to antagonism between different components
and/or modification of the physical or physiochemical properties (e.g. solubility). Either of
these explanations is possible for the observed increased toxicity of the F2 fractions as
hormesis was present following exposure to some fractions and solubility was clearly
improved within the fractionated oils. The results of the bioluminesce_nce inhibition tests
were consistent with that of the mussel clearance rate assay and suggest a mode of action
common to a diverse group of organisms. The V. fischeri bioluminescence inhibition test
is known to detect log K,.~-dependent non-specific effects including narcosis (Hermens et
al., 1985a) and therefore a narcosis mode of action of the aqueous aromatic components of

the UCM is supported by the results of the M. edulis and V. fischeri exposures.
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The behavioural tests conducted using C. volutator from the same popﬁlation as used for
the chronic exposure did not suggest any of the fractions would cause either acute of
chronic effects based on patterns of behaviour observed during previous behaviour and
chronic tests (Scarlett ef a/., 2007a). Due to the lack of significant endpoints (Fig. 4.1)
derived for the behavioural tests and the small levels of effects found during the primary
fraction sediment exposure test, it is unclear as to whether the behavioural tests gave a
reasonable prediction of no acute or chronic effects or, if the behaviour test is flawed and
no association exists between the amphipods’ behaviour on encountering the contaminated
sediment and deleterious effects upon C. volutator. Given that the behaviour test requires
minimal additional investment in time and resources when conducting a chronic test and
that the test did not give rise to Type 1 errors (false positives), it remains a potentially
usefully tool for identifying sediments likely to caus.e sublethal effects to chronically

exposed organisms.

Comparing the effects of aqueous exposure (Figs. 4.2, 4.3) to that of sediment-bound UCM
hydrocarbons (Scarlett et al., 2007b) it was evident that the sediment associated
hydrocarbons were less bicavailable than the dissolved and water-accommodated oil
components. Despite the lack of acute toxic effects arising from sediment exposure,
chronic exposure did however induce adverse effects that could affect populations (Scarlett
et al., 2007b). Corophium volutator are closely associated with th.elsediments in which
they live and are reported to deposit feed as well as to filter feed (Moller & Riisgard,
2006). These amphipods therefore interact with contaminants adsorbed to particulates via
feeding as well as via the dissolved phase. Feeding may therefore have been the primary
route of uptake which caused contaminants to accumulate within tissues resulting in
reduced growth and reproduction (Scarlett et al., 2007b). Although there appeared to be

some differences between how the fractions affected the different organisms, it was
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apparent that the relatively non-polar aromatic fraction of the oils was' the most important
toxic component. Recent research by Hokstad et al. (2007) used an EDA approach to
investigate the toxicity of unresolved complex mixture (UCM) of petrogenic oils in the
marine water column. This identified a number of effects arising from acute exposure to
the water-soluble-fraction (WSF) of UCM-rich oil from the Troll oilfield in the North Sea.
A fraction containing non-polar compounds was found to cause metabolic inhibition within
tﬁe rainbow trout Q. mykiss hepatocytes, bowever, the main fraction associated effects
arising from a battery of toxicity test endpoints was a polar fraction containing mostly
UCM hydrocarbons. Ana]ysirs of this fraction by GCxGC-ToF-MS identified sulfoxides as
a notable group of compounds (Booth, personal communication). Only tissues of muésels
exposed to the relatively non-polar F2 fraction were analysed by GCxGC-ToF-MS in the

present study and no sulfoxides were apparent within the extracts.
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4.6 Conclusions

The results of acute 48 h aqueous exposure tests with Il“IUSSClS M. edulis were consistent
with a narcosis mode of toxic action following bioaccumulation of components from the
aromatic F2 fraction of all three oils. This was supported by the bioluminescence
inhibition tests with V. fischeri. The reductions in mussel clearance rates were similar for
the F2 fractions of all three oils and therefore effects cannot be solely attributable to
resolved components; this was supported by GC-MS analyses of mussel tissue extracts.
Analyses of tissue extracts by GCxGC-ToF-MS revealed that an array of compound
groups were accumulated by the mussels and that the alkylated benzenes, phenanthrenes
and dibenzothiophenes were resistant to depuration and therefore likely to accumulate
within wild mussels subject to pulses of weathered oils contaminated waters. Chronic
spiked-sediment exposure tests identified the aromatic fractions as the most toxic but it
appeared»the all fractions contributed towards the effects of reduced growth rates and
reproductive success and hence no specific mode of action. is supported by the observed
data. In agreement with mussel tests, the resolved hydrocarbons could not be solely
responsible for the toxic effects measured following exposure of amphipods to spiked

sediment.

As all the fractions contributed towards the observed effects related to sediment exposure
of the UCM hydrocarbons, further fractionation and subsequent biotesting was not
justified. Although the non-polar aromatic fraction was identified based on the aqueous
exposures, problems with solvent toxicity, especially with the bioluminescence inhibition
test which is most suited to low volumes of test sample, further fractionation and
subsequent biotesting was unlikely to clearly ideptify specific UCM components within a

reasonable time span. The use of GCxGC-ToF-MS to identify groups of compounds
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previously unresolved by GC-MS within the tissues of mussels with poor health status has
now opened up the possibility of directing research at target compound groups. This

approach has been used in research reported within subsequent Chapters 5 and 6.
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Chapter 5
Assessment of bioaccumulation, depuration and toxicity of
branched alkyl benzenes - a principal component of unresolved

complex mixtures bioaccumulated in mussels

Recent research using GCxGC-ToF-MS has identified branched alkylbenzenes (BABs) as
a principal component of some unresolved complex mixtures of hydrocarbons
bioaccumulated in the tissues of N. Sea mussels, M. edulis. The potential for these
compounds to accumulat¢ in mussel tissues and their effect upon clearance rates was
explored using a commercially available mixture of C;2.14 BABs. Tissue extracts were
analysed and characterised by both GC-MS and GCxGC-ToF-MS. Some results from this
study have been publishca (Booth et al., 2007). Results relating to chronic exposure to
BABSs and analyses of mussel tissue extracts by GCxGC-ToF-MS have been accepted for

publication (Scarlett et al., In press).
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5.1 Introduction

5.1.1 Background

Analysis by GCxGC-ToF-MS of UCMs extracted from the tissues of environmentally
contaminated mussels (M. edulis) has shown that they contain a vast array of both known
and unknown hydrocarbon compounds (Booth et al., 2006). The comparative analysis of
UCM hydrocarbons extracted from mussels known to poséess high, moderate and low SfG
(Widdows et al., 1995), see Figs. 5.1 and 5.2, revealed large numbers of alkylated aromatic
compounds of which the alkylbenzenes represented the largest structural class within the
UCM of mussels with low SfG (Figure 5.2). The numbers of compounds within the
alkylbenzene class far exceeded the numbers of possible linear alkylbenzenes (LABs, Fig.
5.3) that are often found in environmental samp;les polluted with detergent residues
(Eganhouse et al., 1988). Further analysis revealed the compounds to be a complex '
mixture of branched alkylbenzenes (BABs). In additior? to the BABs, branched

- alkyltetralins (BATs), and branched alkyiindans/alkylindenes (BINs) were also absent in
mussels with high SfG but were prominent in the stressed mussels (Fig. 5.2). From the
molecular wei g};t ranges of the compounds revealed by the GCxGC-ToF-MS data, Booth

" et al. (2007) calculated that thousands of compounds are theoretically possible and thus-the

apparent complexity of the two-dimensional gas chromatograms.

Linear alkylbenzenes (LABs) are a common contaminant in the marine environment as
they often occur along with linear alkylbenzene sulphonate (LAS) which are major
ingredients of synthetic surfactants and are used worldwide in households, agricultural,
biotechnological industries and cosmetic applications (Reich & Robbins, 1993; Riechers et

al., 1995) and hence are often present within sewage and industrial
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1-(methyiutyi}-benzene
(1,2,3.4,5-pentamethyl-heptyi)}benzene
Figure 5.3 Examples of structures of linear alkylbenzenes 1-(methylbutyl)-benzene (Cs), n-
octylbenzene (Cs 1-phenyloctane) and a branched alkylbenzene (1,2,3,4,5-pentamethyl-heptyl)-benzene
(Cia)-
wastes. The commercial LAB product maiﬁly consists of a complex mixture of various
homologues and isomers répresenting different alkyl chain lengths, typically between 10
and 14 carbon atoms (Abu-Hassan et al., 2006), i.e. C4 to C;g alkyl chains bonded to a
benzene ring. The lower molecular weight LABs were found to be toxic to mussels (M.
edulis) up to a so-called toxicity ‘cut-off> threshold of C)o alkyl chain (Donkin et al., 1991,
Widdows et al., 1995). Fernandez et al. (2002) also reported that LABs caused a narcotic
effect to the crustacean Daphnia magna Straus, 1820 and that the effect was additive.
Crude oil contains both LABs and BABs (Booth, 2004; Golovko et al., 2000; Vella &
Holzer, 1992) but degradation by bacteria results in a relative concentration of the BABs as
they are more resistant to microbial attack than the LABs (George et al., 2002). Scott &

Jones (2000) reported degradation of LABs of up to 99 %.

There is a paucity of literature concerning the toxicity of BABs. However, there is no de
Jacto reason why they should be less toxic than the LABs. Indeed, it has been observed
that branching can increase the solubility of hydrocarbons (George etal., 2002; Sillaet al.,
1992; Tolls et al., 2002), which is usually associated with an increase in the bioavailability

of compounds. Donkin et al. (1991) exposed mussels, M. edulis, to linear alkylbenzenes
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and tested their toxicity using clearance rate as a measure of sublethal effects. It was
observed that toxicity increased with increasing molecular weight up to 1-phenyloctane (Cg
alkyl chain) but 1-phenyldecane (Cy alkyl chain) was not toxic even when exposed at
concentrations above the solubility limit. To determine the toxi;:ity of BABs, a
commercial mixture of predominantly C,; alkyl chain BABs was investigated using a
mussel exposure test protocol similar to that previously described by Donkin et al. (1991),
refer to Chapter 2. The Ci2..4 BABs mixture is described by the manufacturers (Chevon
Oronite S.A., Levallois-Perret Cedex, France) as a clear and limpid liquid derived from
petroleum hydrocarbons by distillation at 275 °C (5 %) and 293 °C (95%) Qith an average
molecular weight of 241 Daltons

(http://Www.chevron.com/products/oronite/producté/pdfs/bab.pdﬂ isolated from crude oil,

and comprising components both resolved and unresolved by GC-MS. To relate the results
to those previously obtained for the LABs, l-phenyloctan'e was selected as a reference
toxicant. The sublethal toxicity of the BABs was detemiined both in terms of nominal
aqueous exposure and tissue concentrations as quantified by GC-MS. McCarty & Mackay
(1993) argue that the linking of tissue concentration or critical body residue (CBR) with
adverse biological effects has several advantages over aqueous concentration, including:
¢ Bioavailability is explicitly considered.
e Accumulation kinetics are considered, which reduces the confounding effect of
organism exposure duration when interpreting results.
¢ Uptake from food (as distinct from water) is explicitly considered.
e Toxic potencies are expressed in a less ambiguous manner, facilitating
identification and investigation of different modes of action.
o Effects of metabolism on accumulation are considered.
e Mixture toxicity may be more readily assessed.

e Experimental verification can be readily sought in the laboratory and the field.
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Although the CBR approach is not universally appropriate, for example, biological effects
may arise from readily metabolised compounds, it is appropriate for mixtures of non-polar
narcotic compounds. Mixture toxicity is often found to be additive and the larger the
number of compounds in the mixture the better the approximation to concentration
addition; this has been found even when compounds with dissimilar modes of a'ct-ion are
present and for both acute and chronic endpoints (Hermens et al., 1984a; Hermens et al.,
1985b). It 1s possible that compounds that act by a specific mode of action when present in
a mixture at low concentrations, below the threshold value for the specific mode of action,

contribute to the narcotic activity of the mixture (McCarty & Mackay, 1993).

Additional analysis of mussel tissues by the GCxGC-ToF-MS analytical technique has
_been shown to provide superior separation and more accurate peak assignments than
previously possible (Booth er al., 2006; Shellie et al., 2001) and hence offers a greater
potential for resolving the BABs compounds accumulated by the mussels. _In addition to
the mussel clearance rate assay, the toxicity of the test solutions was also investigated
using the bacterial bioluminescence inhibition assays based on V. fischeri (Microtox). This
test has been shown to possess good correlation with numerous other toxicity bioassays
(Kaiser & McKinnon, 1992; Kaiser & Palabrica, 1991; Leftley, 2000) and provides a rapid

screening technique for contaminated marnine and estuarine waters.

5.1.2 Aims of study
The main aims of the study were:
1. Compare the toxicity of the Ci2.14 BABs mixture to that of the reference linear
alkylbenzene 1-phenyloctane under similar conditions as that previously used by

Donkin ef al. (1991).
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Establish meaningful aqueous an'd tissue effect concentrations for the Cy2.14 BABs
mixture.

. Test the hypothesis that long-term exposure to a low concer;tration of BABs can
produce similar effects as acute exposure to higher concentrations.

. Assess the ability of mussels to depurate and recover from exposure to BABs;
Assess possible differential accumulation/depuration of BABs compounds in terms
of volatility and pblan'ty using GCxGC-ToF-MS analysis. |

. Quantify mussel tissue concentration of BABs by GCxGC-ToF-MS and compare

with GC-MS.
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. 5.2 Methodology
5.2.1 Exposure tests using Mytilus edulis
Collection and maintenance of organisms
Mussels were collected and maintained as reported previously (Scarlett ef a/., 2005) and

detailed within Chapter 2.

Acute and chronic exposures

Semi-static acute (72 h) and cﬁonic (14 day) exposure. tests were performed as detailed
within Chapter 2. Some of the acute tests were repeated to check for reproducibility and
the chronic exposures were conducted in triplicate at the single nominal concentration of 5
ug L. Test solutions (1-phenyloctane 42 ug L' and BABs 5, 10, 20, 41 pg L") were
prepared using acetone as a carrier solvent (0.005 % v/v). Subsamples (ca. 20 mL) of the
test solutions were taken for use with the bioluminescence inhibition (Microtox) assay.
The mean shell lengths for initial acute tests and chronic/recovery tests were 47.2 mm (SE
=0.31 mm) and 44.2 ﬁm (SE = 0.11) respectively. At the end of the chronic (14 day)
exposures, one third of the mussels were examined for haemolymph cellular viabilify
(Neutral Red dye retention assay) and one third randomly allocate& to clean tanks
containing clean filtered seawater to assess their ability to recover after a five day
depuration period (water replaced every 24 h). Mussels were fed and aerated continuously,

and water quality assessed as detailed in Chapter 2.

Measurement of Mytilus edulis clearance rate

The clearance rate was performed as detailed within Chapter 2.

Extraction, characterisation and quantification of alkylbenzenes
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The extraction of hydrocarbons from mussel tissues was by alkaline saponification as
described in Chapter 2. Water samples (100 mL) from the chronic exposure, nominal
concentration 5 pg-L™' were solvent extracted into DCM (100 mL), spiked with
phenanthrene d|y, concentrated to 100 uL and analysed by GC-MS. In addition, Ci2-14
BABs spiked water (10 mg L") was DCM-extracted and analysed by GC-MS to vérify that
a broad range of compounds from the BABs mixture was entering the dissolved phase.
Resolved peaks within the gas chromatogram of the BABs mixture were characterised in
terms of their molecular ion and fragments ions. From their mass spectra, the resolved
compounds were classified by the number of carbon atoms in their alkyl group and where
possible, potential alkyl group structuresvassigned. Details of the GCxGC-ToF-MS are

prov.ided within Chapter 2.

Determination of cellular viability

Cel]ular viability of M. edulis haemolymph cells was assessed by measuring their
absorbance following 3 h incﬁbation with Neutral Red. Haemolymph was extracted from
the posterior abductor muscle of BABs-exposed and solvent control mussels (8 mussels per
treatment. The Neutral Red retention was then calculated per unit of protein. Full details

are provided in Chapter 2.

Bioluminescence inhibition assay

The bioluminescence inhibition assay was performed using two standard protocols
(MicrotoxOmni™, 2005): (i) the ‘comparison test for maﬁne and estuarine sample’ and,
(i1) the ‘basic test”. Due to the low response observed, a second acute test was performed
using increased concentrations of both 1-phenyloctane and BABs i.e. above solubility limit
of 1-phenyloctane. In brief (ii), test solutions of 420 pg L' and 410 pg L' were prepared

from stock solutions of 1-phenyloctane and BABs respectively (acetone concentration 0.05
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%), the solutions were subject to serial dilutions and the concentration at which
bioluminescence was inhibited by 50 % (ICso) calculated. Further details are provided in

Chapter 2.
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5.3 Results

5.3.1 Characterisation of branched alkylbenzene mixture

GC-MS

When analysed by GC-MS, the C,,.,4 BABs formed a complex mixture of both resolved
and unresolved compounds (Fig. 5.4). Alkylbenzenes were identified by the presence of
fragment ions m/z 91, m/z 105 and m/z 119. The retention times, percentage area,
motecular ions, major fragment ions and deduced fragment alkyl groups of resolved
compounds are presented in Table 5.1. The percentagé of compounds resolved by GC-MS
(integrated by MS data analysis) of the total area (AREASUM function) was calculated to
be 48 %. As no examples of branched alkylbenzenes exist within the library (nbs54k)
used by the MSD it was not possible to provide definitive identification of compounds
 within the BABs mixture but where possible, potential alkyl fragment groups based on the
fragment ions have been suggested (Table 5.1). A mass difference of 14 Daltons was
common, consistent with branching along the alkyl chain. A large number of; the resolved
compounds possessed the base 1on m/z 119 with a minority possessing m/z 105 or m/z 91
(Table 1). The vast majority of the compounds were found to have alkyl chains with 12
carbon atoms, with minority fractions of C,;, Cy3 and C)4 but there were also a few smaller
groups ranging from Cs to C)o and odd larger compounds (Fig. 5.5). The resolved or
partially resolved (many compounds were co-eluting but identifiable as BABs) compounds
comprised about 85 % of the total area of the gas chromatogram with phthalates

accounting for a further 8 %. The remaining 7 % contained completely unresolved

compounds.










Table 5.1 Characterisation of commercial mixture of branched alkylbenzene compounds by GC-MS

Retention Area M ion Alkyl Base ion Major fragment ions (m/z) in order of abundance Alkyl fragments
Time (min) (%) (m/z) carbons (m/z)
79 0.4 176 7 119 91 105 120 176 79 78 77 51 CiHg
8.7 1.0 190 8 119 N 105 120 118 79 190 77 78 CsHy4
10.1 09 204 9 119 91 120 105 55 77 79 78 103 CgHis
10.4 0.6 218 10 119 | 105 133 120 57 79 78 77 CeHis
10.8 0.4 218 10 119 91 105 120 218 55 "~ 79 77 C;Hs
11.2 08 218 10 119 M 105 120 218 77 79 133 55 CHis  CgHia
11.3 04 218 10 119 91 105 120 218 77 79 57 C/Hys
11.4 0.7 232 11 105 o1 118 147 57 189 106 77 133 CiH, CeHiz  CiHys
117 0.6 232 11 119 91 105 120 232 79 78 55 133 CiHqs
11.7 09 232 11 119 91 120 105 57 79 77 55 232 CgHq7
11.9 1.2 232 11 119 91 105 133 118 120 55 71 203 CsHiss CsHyy
12.1 22 232 11 119 91 105. '57 120 79 147 176 232 CgHiz  CsHs
12.2 1.9 246 12 91 105 119 161 57 104 118 246 147 CsHiz CsHis  CiHg
12.3 2.7 246 12 119 91 105 120 133 57 161 55 77 CGH13- C/His  CoHs
12.4 45 246 12 105 91 57 161 119 189 106 117 118 CiHqg CsHq7
12.6 29 246 12 105 91 161 57 119 189 106 117 246 CiHg C/His  CiHs
126 1.0 246 12 105 91 119 106 175 120 57 55 117 CsHaq,
12.7 24 246 12 119 91 105 120 57 117 246 55 175 CoHig  CsHyy
12.8 11.2 246 12 119 91 106 133 57 77 217 147 203 CiH; CaHs CiHys5
12.9 4.0 246 12 119 91 105 120 57 54 133 246 217 C,Hs
13.0 6.7 246 12 119 91 105 120 77 55 53 246 147 CiHqs
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Table 5.1 continued

Retention Area M’ ion Alkyl Base Major fragment ions {m/z) in order of abundance Alkyl fragments
Time (min) (%) (m/z} carbons lon (m/z)
13.0 7.4 246 12 119 91 105 133 55 217 71 120 246 C,H; ' CesHis
13.2 97 246 12 119 91 105 133 57 217 120 55 246 . CoHs CsHia  CgHy;
13.3 09 246 12 105 119 91 133 118 57 147 246 203 CiHy C.Hs CsHyq
13.4 1.2 260 13 119° 91 105 57 120 79 55 106 133 CaHyy
13.5 4.8 260 13 119 ]| 105 57 120 77 55 260 79 CH, CaHg CiHqs
13.5 472 246 12 119 91 105 120 55 77 246 7 175 CsHq,
13.6 20 246 12 119 91 105 120 246 55 77 79 57
13.8 08 274 14 91 105 119 57 133 161 71 217 203 CiHg
13.9 1.5 260 13 119 91 105 79 57 55" 120 260 147 CgHs-
14.0 1.1 260 13 119 105 91 133 147 57 106 120 119 CsH;
14.1 0.8 260 13 119 105 91 57 189 118 133 106 55 CsHy,
14.2 0.8 331 17 119 91 105 120 260 55 103 231 253 CsHy,
14.5 0.5 274 14 119 105 91 133 57 120 55 56 231 CiHy
14.7 1.3 274 14 119 91 105 57 120 274 55 79 161 C,Hs
14.8 07 274 14 119 91 105 133 71 57 120 274 189 CsHiz  CsHis  CygHypy

180



5.3.2 Reference toxicant

Tissue concentration

A standard curve for the reference toxicant 1-phenyloctane was produced for the
concentration range 0.5 — 50 mg mL"' based on the TIC peak areas. The TIC for the |-
phenyloctane standard and mussel tissue extr-act are shown in Fig. 5.7 and the
corresponding ma;s spectra in Fig. 5.8. The curve was linear, as described by equation

5.1. The limit of detection of the instrument, as defined by 3 x the signal at the intercept of
the slope, corresponded to a concentration of 0.0008 mg mL"'. The minimum signal for

the mussel samples analysed was greater than twice the limit of detection.

Peak area = 2.292 x 10°+ 5.440 x 10° OB r=0.9995 (£ <0.0001)

Equatioﬁ 5.1 Relationship between TIC peak area and concentration of 1-phenyloctane concentration

(OB, mg mL™).

From the retention time and presence/ratios of molecular ion m/z 190 aﬁd fragment ions,
m/z 91, m/z 92, m/z 57, m/z 105 and m/z 133, and following correction of the peak areas
using the intemél standard phenanthrene 4o (mean recovery of phenanthrene 4y was 57.5
% (CV = 9.5 %, n = 16)), the concentration of 1-phenyloctane in the mussel extracts was
determined from equation 5.1. Estimated i-phenyloctane tissue concentrations were 2.9
and 6.5 pg g (dry wt.). Assuming equilibrium between the aqueous phase and the mussel
tissue had been achieved (not determined), this represents a log bioconcentration factor

(BCF) of 2.0.
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Mussel clearance rates

No significant differences (P > 0.05) were found between the mussels exposed to seawater
and acetone controls. The mussels exposed to 1-phenyloctane at é nominal aqueous
concentration of 42 pg L' showed significant (P < 0.05) reductions in their clearance rates
compared to seawater and acetone control organisms. Duplicate exposure tests showed
that clearance rates were reduced by a mean 32 % with very little variation between tests

(CV =0.7%).

Bioluminescence inhibition

No significant effect was observed between the 1-phenyloctane test solution used in the
mussel exposures and that of the acetone control solutions. A small hormesis effect was
observed but this was not significant (P > 0.05). Testing the solution at above its solubility
limit at a concentration of 420 ug L™ produced a 5 minute ICs value of 650 ug L™

Confidence limits could not be calculated as too few of the dilutions produced an effect.

5.3.3 Branched alkylbenzenes

Quantitatién of BABs by GC-MS

A standard curve for the BAB mixture was produced for the concentration range 0.01 - 1.0
mg mL"' based on the total ion chromatogram of the C, alkylbenzene eluted at a retention
time of 12.8 min (molecular ion m/z 246, fragment ions m/z 119, m/z 91, m/z 105, m/z 133
and m/z 57) using GC'-MS' The extracted ion chromatogram (m/z 119) for the BABs
standard and mussel tissue extract showing the peak selected for quantitation is shown in
Fig. 5.9 with the' corresponding mass spectra in Fig. 5.10. The curve was linear, as
described by equation 5.2. The limit of detection of the instrument, as defined by 3 x the
signal at the intercept of the slope, corresponded to a concentration of 17.8 pg sample .

The minimum signal for the mussel samples analysed was just less than the limit of
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detection and therefore the tissue concentration for the mussels exposed to 5 pg L' BABs

should be viewed with caution.

Peak area = 6.0866 x 10° + 6.84915 x 10° BABs r=10.9998 (P <0.0001)

Equation 5.2 Relationship between TIC peak area and concentration (mg mL™") of branched

_alkylbenzene mixture, BABs, based on major resolved C,; alkylbenzene.

Concentrations of the BABs within the mussel tissues were quantified based on the peak
areas of the selected C,2 alkylbenzene using the characteristic ions identified from the TICs
of the BAB’s standard to confirm identity. The ratios of the six most prominent peaks,
confirmed as alkylbenzenes, from the mussel tissue extracts, relative to the Cy; compound
used for quantification were compared with the ratios observed in the BABs standard. The %
ratios of the compounds within the mussel tissues were found to be similar to those in the
BAB:s standards and were not statistically different (P = 0.28). The main difference being
that the Cy, compound eluting at 13.0 min was relatively more abundant and the C;;
compound eluting at 13.2 min was relatively less abundant. Many of the compounds
present in small quantities were not identified by the autointegration function of the MSD
data analysis and some were often masked by larger biogenic compounds. Because co-
elution of compounds was commonly observed, quantitation was also determined on the

basis of the molecular ion m/z 246 peak area for confirmation purposes (equation 5.3).

Peak area=1.917 x 10° + 8.387 x 10° BABs r=0.9971 (P <0.0001)

Equation 5.3 Relationship between molecular ion m/z 246 peak area and concentration (mg mL™") of

branched alkylbenzene mixture, BABs, based on C,; alkylbenzene.
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Following corrections for losses based on peak areas of phenanthrene d,¢, concentrations
of BABs within mussel tissues were determined to be in the range 11 — 56 pg g for
nominal aqueous exposure concentrations between 5 — 41 pg L. The relationship
between tissue concentration and nominal aqueous concentration (Fig 5.11) was best
described by the natural logarithmic equation below (equation 5.4), giving a log BCF of

3.3 (assuming equilibrium between aqueous and tissues phases).

TC = 126.8 + 22.45Ln.AqC. r=0.9885 (P <0.01)

Equation 5.4 Natural logarithmic relationship between branched alkylbenzene mixture tissue

concentration, TC (ug g'') and aqueous concentration, AqC, (ug L.

It was not possible to measure the aqueous concentration of the BABs mixture in seawater
at the nominal concentration 5 pg L™ as no alkylbenzenes were detected by GC-MS but
analysis of spiked water produced a profile near identical to that of the BABs mixture

standard at equivalent concentration (Fig. 5.4).
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those derived from the acute 41 pg L"_exposed mussels (Fig. 5.12). The distributions of
the peaks due to BABs from the depurated mussels (118 — 123 peaks) were also similar to
those in the 14-day exposed mussels, with some peaks lost across the 1* dimension range
including the later eluting peaks (Fig. 5.12). This small difference is consistent with the
only partial recovery in clearance rates. A small number (9) of alkylbenzenes was detected
in the control mussels exposed to solvent and seawater only. The mass spectra were
consistent with those of ‘linear’ alkylbenzenes and only very small concentrations were

present.

Quantitation of BABs by GCxGC-ToF-MS$

The primary reason for analysing the tissue extracts by GCxGC-ToF-MS was to provide a
clearer understanding of which compounds were accumulated and depurated by the
mussels, an additional aim was to see if it was possible to use this technique for
quantitation purposes. To this end, a number of peaks eluting over a range of volatilities
and polarities from the BABs standards were examined. The majority of the peaks
possessed very small areas and were highly variable between replicate analyses and were
therefore unacceptable for quantitation purposes. Several major peaks were selected that
gave reasonable reproducibility and linearity, and using these, estimates of tissue

concentrations calculated.

Tissue concentrations of acutely exposed mussels obtained by GCxGC-ToF-MS were very
similar to those obtained by GC-MS i.e. mussels exposed to 41 pg L were estimated to
have mean tissue burdens of 66 pg g (SD = 4.6 pg g™") compared to 57 ug g’ by GC-
MS. Mussels chronically exposed to 5 pg L were estimated to have tissue concentrations
of 29 pg g’ (SD=7 pugg')and 14 pg g (SD=3 pg g') compared to 47 pg g" and 21 pg

g by GC-MS for the mussels sampled at the end of exposure and following depuration
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respectively. A small number (9) of a]kyll;enzer;es was detected in the control mussels
exposed to solvent and seawater only. The mass spectra were consistent with those of
‘linear’ alkylbenzenes and only very small concentrations were present. Mussels exposed
to seawater or solvent had tissue concentrations of alkylbenzenes less than 1 pg g’ by
either analysis method. These small amounts of LABs are probably due to traces of

detergent residues from glassware washing (c.f Eganhouse ef al., 1988).

Acute toxicity: Mussel clearance rates

Water quality measurements remained within acceptability limits throughout the tests:
dissolved oxygen > 70 % saturation; pH 7.8 + 0.2; temperature 15 °C £+ 1 °C and salinity
34 psux 1 psu. No significant differences (P > 0.05) were found between the mussels
exposed to seawater and acetone controls. "The mussels exposed to the BABs mixture over
the nominal aqueous concentration range of § - 41 pg L' showed significant (P < 0.05)
reductions in their clearance rates at all exposure concentrations compared to seawater and
acetone conﬁol organisms. Clearance rates were reduced Between 13 -38 % and an ECsg
of 131 pg L' (95 % confidence limits of 74 — 299 ug L") was extrapolated from the
natural logarithmic relationship (Fig. 5.13) between reduction in clearance rate and
aqueous concentration (equation 5.5). A parameter that is perhaps more meaningful in

terms of environmental concentrations, the aqueous ECyo was interpolated to be 7 pug L'

CR reduction (%) = 0.28 + 10.19Ln. AqC (r=0.9919, P<0.01)

Equation 5.5 Natural logarithmic relationship between reduction in mussel clearance rates (CR, %)

and branched alkylbenzene mixture aqueous concentrations, AqC (ug LY.
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5.4 Discussion.

The sublethal toxicity of the reference toxicant 1-phenyloctane as determined by the
mussel clearance rate assay was found to be similar to that reported previously (Donkin et
al., 1991). An aqueous ECsy of 79 ug L™ was reported by Donkin ef a/. (1991) but this
value must have been extrapolated as the authors had stated that the maximum exposure
concentration was within the solubility limits of the test compounds which for 1-
phenyloctane under test conditions is about 40 pg L' (66 pg L™ at 25 °C, Wasik et al.
(1981), cited by EPI Suite™ (2000). Therefore there are likely to be reasonably large
confidence limits on the ECsg value although this was not reported by the authors. The
clearance rates of mussels exposed to 42 pg L' 1-phenyloctane in this study were found to
be 68 % (CV = 0.7 %) of control animals. Donkin et al. (1991) also reported an estimated
tissue ECsg of 82 Hg g'l (wet wt.) but tissue concentrations of 1 -phenyloct‘arie in this study
were only found to be in the range 2.9 and 6.5 pg g’ (dry wt., ca 0.4 - 0.9 ug g™ wet wt.).
Mussel tissue samples were extracted using a steam distillation technique during the
previous study which may provide superior extraction and/or fewer losses of alkylbenzenes
than thc; alkaline saponification method (Kelly et a/., 2000) used in the present. Analysis
was previously performt.a.d using GC only which may also account for discrepancies
between the estimated tissue ECso reported by Donkin et al. (1991) and the lower values

found in this study.

Clearance rates of mussels exposed to the C)2.,4 BABs mixture were significantly (P <
0.05) reduced at all concentrations tested. The clearance rate reduction of the mussels
exposed to 10 — 41 pg L' BABs was very similar to the reduction observed for the 1-
phenyloctane exposure concentration of 42 pg L' (Fig. 5.13). Linear alkyl alkylbenzenes
with alkyl chains > Cg were previously found to be above the toxicity cut-off level but the

effect of branching on the alkyl chain proBably brought the BABs compounds to below the
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cut-off point (Silla et al., 1992; Tolls et al., 2002). Donkin et al. (1991) suggested that the
toxicity cut-off was due to the reduced solubility of compounds corresponding to
increasing moIe;:ular weight and therefore aquecus solubility may be a better indicator of
the cut-off point than log Kow. The calculated log K."“’ values for 1-phenyloctane (Cg), 1-
phenyldecane (Cyy) and 1-phenyldodecane (C;z) are 6.3, 7.11 and 8.65 respectively
(Sangster, 1993) and thus aqueous solubility rapidly declines with increasing alkyl chain
length. Tolls et al. (2002) reported that although water solubility decreased with
increasing atomic number, molecular size or surface area may provide a more accurate
descriptor of solubility. Silla et al. (1992) also reported that, for a large number of
hydrocarbons, solubility was mainly determined by molecular surface area, and that
branching reduced the surface area thus increasing the solubility. Because the BABs
mixture contained a large number of similar compounds it is possible that solubility was
further increased in accordance with Raoult’s law. Sherblom et al. (1992) reported that the
water solubility of two LABs significantly increased when the compounds were present as
a mixture with oth.er LABs. Inthe environment, as part of the UCM, BABs are present in
conjunction with numerous other compounds with a range of characteristics and thus, also,
in accordance with Raoult’s law, solubility would be expected to decrease (Page et al.,
2000). From the curves of the graphs relating aqueous with tissue concentrations (Fig.

5.-1 1) and that of clearance rate reduction with tissue concentration (Fig. 5.14), it would
appear that the solubility limit of the BABs occurred between 20 — 41 pg L. Inthe
marine environment, the bioavailability of contaminants may not necessarily be restricted
by their solubility‘in seawater. Ahrens ef al. (2001) reported that deposit-feeding
polychaete worms were capable of desorbing hydrophobic sediment-bound organic
compounds (HOCs) using a gut fluid surfactant. Nereis succinea Frey and Leuchart, 1847
gut fluid rapidly (minutes) desorbed a similar amount of HOCs as a 1 % solution (ca. 3.5

mM) of the synthetic surfactant sodium dodecyl sulfate (SDS), leading to high absomption
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efficiencies (Ahrens et al., 2001) and thus even very hydrophobic compounds with
aqueous solubility less than that of the compounds within the C|».,4 BABs mixture may

become bioavailable and enter the food web.

Tissue concentrations determined by GC-MS of BABs within mussel tissues were in the
range 11 — 56 pg g (dry weight) for nominal aqueous exposure concentrations between 5
—41 pg L™ (Fig. 5.11) and were thus an order of magnitude higher than for 1-phenyloctane
tissue concentrations, indicative of increased bioavailability of the branched compounds.
As toxicity was only found to be slightly higher for the BABs exposed mussels, it is
possible that not all of the components within the BABs mixture were bioaccumulated
equally or possess equivalent and/or additive toxicity. The ratios of the six most prominent
hydrocarbons present within the mussel tissues were similar to those within the BABs
standard (Table 5.1) which implies the bioavailability of the numerous BABs components
were similar. Comparing the profile of the GCxGC-ToF-MS peak marker plots of the
'BABs compounds accumulated within the tissues of mussels exposed to the BABs mixture
with that of the standard mixture, showed that compounds from across the range of
volatility were accumulated (Fig. 5.12); .this was in agreement with the profile obtained by
GC-MS. In addition, compounds with differing polarities were accumulated by the
mussels. An exception to this was a small group of compounds eluting at the extreme end
of the volatility range (>1900 s) and relatively early in the polanty range (1.82 s) which
were not identified within the mussel extracts. However, these were also not observed
within the lower concentration BABs standards so it is probably that they were present at
concentrations that were too low to be detectable within the mussel tissue. As whole
tissues were extracted it was not possible to detect if any of the BABs components were
differentially compartmentalised. Wraige (1997) found that gill tissue concentrations

correlate better with reduction of clearance rate than total body burdens. The gills are
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presumed the primary site of toxic action and have a limited capacity for lipophilic
corﬁpounds; hence additional hydrocarbons may be accumulated elsewhere in the tissue

without effect upon the mussel clearance rate.

For compounds with a common site/mode of action the concept of concentration addition
(CA) 1s normally applicable and this should therefore apply to the alkylbenzenes.

Concentration addition is expressed mathematically as:

n

Ci
Z ECxi :

i=l

where 7 is the number of mixture components, ECx; is the concentration of the ith mixture
component that provides x% effect when applied singly and c; is the concentration of the
respective component in the mixture. Each fraction (¢/ECx;) represents the concentration
of a mixture component scaled for its relative toxicity, normally termed the toxic unit (TU)
of that component. Hence each compound in the mixture can be replaced by another
without changing the overall toxicity as long as the sum of toxic units remains unaltered.
If, at a total concentration of the mixture provoking x% effect, the sum of the toxic units
equals one, CA holds. Bioassays using a range of species have shown that CA provides an
effectivé predictor of thé toxicity of mixtures of non-specifically acting substances, mainly
organic chemicals with narcotic properties (Hermens ef al., 1985a; Hermens et al., 1984a;
Hermens et al., 1984b; Konemann, 1980). It would be necessary to carry out toxicity tests
on individual BAB components tp test the validity of the CA model but taking into account
the 95% confidence intervals of the extrapolated ECsy values in this study and the
unknown confidence intervals of the values reported by Donkin et al. (1991), the observéd
differences in toxicity are insufficient to suggest the need for an alternative model such as

‘independent action’ to describe the toxic behaviour of BABs.




No specific mechanism of toxicity is known for alkylbenzenes and it is assumed that
narcosis is responsible for the reduction in clearance rates due to accumulation of
hydrophobic organic chemicals within lipid membranes. Lethality has been reported to
oceur at a critical membrane concentration of ca 40 — 160 mmol kg™ lipid which is
equivalent to 2 — 8 mmol kg tissue wet weight in a range of aquatic species (McCarty &
Mackay, 1993; van Wezel & Opp.erhuizen, 1995). The tissue burden of the mussels
exposed to BABs was approximately 0.03 mmol kg™ tissue wet weight (based on
molecular weight of C;; alkylbenzenes) and therefore well below the critical lethal
membrane concentration. There are few reports of body burdens of toxicants linked to
sublethal endpoints. Donkin ef al. (1991; 1989) reported that tissue burdens of mussels
exposed to a range of aliphatic and aromatic hydrocarbons were in the range 0.1 — 0.5
mmol kg™ associated with reductions in clearance rates of 50 %. It was also reported that a
toxicity cut-off occurred with compounds with a log K, >5 despite efficient accumulation
of compounds and hence it is possible that some of the BABs compounds that were

accumulated by the mussels did not cause a toxic effect.

The mussels exposed to a low concentration (5 pg L) over an extended period of 14 days
were found to continue to accumulate BABs compounds such that their tissue
concentrations were close to that observed within mussels exposed to 41 pg L™ for three
days. The ca]c;ulated BCF based on the 14 day exposure was 3.97 compared to 3.33 for the
acute exposure. This suggests that wild mussels will accumulate BABs from seawater
contaminated with very low concentrations with consequential reduction in health status.
Indeed, no alkylbenzenes were detected by GC-MS within extracts of the exposure media
with a nominal concentration of 5 pg L™ and low aqueous concentrations are unlikely to be
detected during normal measurement of seawater contaminants. The failure to completely

depurate the BABs within five days and the incomplete recovery in clearance rates implies
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that wild mussels may not be able to recover from exposure even if they later experience

periods of uncontaminated seawater.

The accumulation of the BABs did not result in loss of cell viability. Martins et al. (2005)
suggested that reduction in membrane lysosomal stability (essentially a similar measure as
cellular viability but with reduction in Neutral Red retention time as an endpoint) of
bivalves from a petroleum hydrocarbon polluted bay in Brazil could, in part, be explained
by the concentration of aromatic UCM hydrocarbons. The results of this study do not
suggest that toxic effects ansing from accumulation of alkylbenzenes contribute to the loss
of haemolymph lysosomal stability. Hokstad e a/. (2007) reported that the C;2.14 BABs
mixture failed to cause cytotoxicity to rainbow trout hepatocytes when assessed as
metabolic inhibition and loss of membrane integrity, whereas tetralins, aromatic and cyclic
naphthenic acids plus fractions isolated from a WSF of UCM-dominated oil, all resulted in

damage to the hepatocytes.

No examples of highly branched alkylbenzenes exist within the NIST library and therefore
providing definitive identification of BABs within environmental samples is problematical.
However, Frysinger et al. (2003) identified a series of alkylbenzenes with Cz — Cy4 alkyl
chains in a monoaromatic UCM using GCxGC analysis and the authors noted that a large
number of isomers were apparent. Booth (2006; 2007) using GCxGC-ToF-MS to analyse
UCMs extracted from the tissues of mussels M. edulis found large numbers of compounds
with mass spectra and GCxGC properties consistent with those of highly branched
alkylbenzenes. Furthermore, the alkylbenzenes represented the largest class of compounds
within the aromatic UCM of mussels with low SfG (Widdows er al., 1995). The total
concentration of UCM hydrocarbons within tissues of mussels with low SfG from

Southend (Fig. 5.1 and 5.2) was ~150 pg g (dry weight), of which ~100 pg g"' was
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aromatic with an alkylbenzene component of ~45 pg g™, similar to that found accumulated
in the tissues of the BABs-exposed mussels reported herein. The wild mussels from
Southend contained a broader range of alkylbenzenes, including higher molecular weight
compounds, than found within the commercial mixture used to conduct the toxicity tests
reported herein. It is evident that a large number of alkylbenzenes are present in the
environment and are bioavailable to organisms. Widdows ef al. (1995) were unable to
explain the sublethal effects of the mussels from Southend in terms of “toxic
concentrations’ based on 2 and 3 ring aromatics but the presencé of alkylbenzenes within
the mussels’ tissues at concentrations found to significantly reduce the clearance rate of
mussels reported herein, may better explain the poor health status of the animals.
Although direct comparison between the compounds found within wild mussels and those
within the laboratory-exposed mussels is difficult due to differences in chromatography,
Booth er al. (2007) reported that the Cj2.14 BABs eluted at similar retention times as thé
BABs within the wild rﬁussels’ tissue and possessed similar mass spectra. Similarly, mass
spectra obtained from compounds, resolved by GCxGC-ToF-MS, within the BABs
exposed mussels closely matched the mass spectra of the Cy2.14 BABs (Fig. 5.16). Hellou
et al. (1994) reported alkylbenzenes in the tissues of winter flounder Pseudopleuroneptes
americanus Walbaum,1792 exposed to Hibernia crude oil and these included compounds
with molecular weights of 232 Daltons, 246 Daltons and 260 Daltons with fragment ions
of m/z 91 and m/z 105, i.e. similar to some of the compounds present within the BABs
mixture. It would appear therefore that BABs are present within cr-ude oil (see Chapter 4)
and are sufficiently soluble in the environment to be accumulated within the tissues éf
biota and implicated with sublethal toxic effects. The present study has confirmed that

BABs are indeed bioaccumulated, resulting in depressed clearance rates of mussels.
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There are few reports of toxicity of alkylbenzenes using the bioluminescence inhibition
test, Microtox. Indeed, a literature search of the keywords “toxicity’ and ‘alkylbenzene’
using the ‘Web of Science’ database (The Thomson Corporaticon,

http://portal.isiknowledge.com/portal.cgi, accessed on 02.04.07) found that of the first 100

papers, 99 were concerned with LABs or LASs. A review of Microtox toxicity data by
Kaiser and Pa]abriéa (1991) included reports of ICsp values for toluene in the range 20000-
50000 pg L™ which suggests that this assay is considerably less sensitive than the mussel
clearance rate assay for which an ECsp value of 2347 pg L' was reported for toluene by
Donkjn et al. (1989). The ‘comparison test for marine and estuarine samples’ revealed no
significant differences between any of the alkylbenzene solutions used in the mussel
exposure test and the corresponding acetone controls. From the *basic test’ using
concentrations above the solubility ]ihits, it appeared that no effect would be apparent
below ~100 pg L™ either for 1-phenyloctane or BABs. Although the results of the basic
tests should be treated with extreme caution due to the extrapolation from only two usable
data points, the results do suggest that the BABs mixture maybe a little more toxic than |-

phenyloctane, which is in agreement with the mussel clearance rate assay.
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5.5 Conclusions
Branched alkylbenzene's have been shown to be major constituents of the UCM
accumulated in the tissues of mussels with poor health status, as measured by SfG (Booth
et al., 2007). Sublethal toxicity studies using a commercial mixture of BABs have now

" shown that these compounds can reduce the clearance rates (a crucial determinant of SfG)
of mussels and that this is governed by the concentration of BABs accumulated within the
tissues. Long-term exposure to low aqueous concentrations of BABs therefore results in
accumulation of the contaminants within the mussels’ tissue until sufficient concentration
exists for deleterious effects upon the health of the organisms. Furthermore, depuration of
the BABs following bioaccumulation is. relatively slow (ca. 50 % in five days) and
therefore mussels may not be able to depurate the contaminants during periods.when not
exposed. Analyses of mussel tissue extracts by GCxGC-ToF-MS show that the
compounds accumulated during exposure to the commercial mixture BABs have similar
retention times and mass spectra to many of the BABs accumulated in the wild population.
Consequently, the results of this study are highly consistent with BABs as a contributor to '
the poor health status of mussels that possess high tissue concentrations of UCM
hydrocarbons with a significant alkylbenzene component. As not all UCMs found in
mussels with poor health status possess significant quantities of BABs, this group of

compounds cannot be solely responsible for all the observed toxic effects.
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Chapter 6
Trophic transfer of branched alkylbenzenes: physiological and

behavioural implications for the shore crab Carcinus maenas

Having established the toxicity of a branched alkylbenzene fraction (BABs) of some
UCMs, the potential for these éompounds to transfer from contaminated mussels to a
common predator species, the shore crab C. maenas, was assessed. The cellular,
physiological and behavioural effects upon the crabs were measured and tissue
concentrations quantified by GC-MS. The possibility of metabolism and excretion of the

BABs was explored using UVF analysis of crab urine.
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6.1 Introduction

Mussels are sessile organisms that are unable to escape from contaminated waters and they
therefore accumulate hydrophobic compounds, such as hydrocarbon contaminants, from
the water column into their tissues. For >this reason mussels have been used as a
bioindicator species for pollution (vanGestel & vanBrummelen, 1996). However, the
effect of such acéumulations in mussels on the wider community, including predatory
organisms such as crabs, is open to question. The shore crab C. maenas is a mobile
estuarine species that moves up and down estuaries with both diumai and seasonal cycles
(Naylor, 1962; Vernberg & Vernberg, 1983) and may only be subject to contaminated
waters for short periods. However_, C. maenas pfedates upon bivalve molluscs (Vernberg
& Vemberg, 1983) and may therefore be exposed to hydrocarbon contaminants through
feeding on contaminated mussels. Booth et al. (2006; 2007) reported that some wild N.
Sea M. edulis populations with high UCM hydrocarbon tissue burdens and poor health
status contained substantial concentrations of BABs. In Chapter 4 it was demonstrated
that mussels rapidly accumulated BABs from UCM-dominated oils but were slow to
depurate these compounds. In Chapter 5 it was shown that aqueous exposure to a
complex mixture Ci2.j4 BABs resulted in accumulation of the fuil range of these
compounds leading to a reduction in mussel clearance rates. Consumption of BABs-
contaminated mussels may result in the transfer of the BABs to other sp;ecies including C.

maenas which may subsequently affect their health.

Biocaccumulation vig trophic transfer is thought to be of limited importance for PAHs and
biomagnification does not appear to occur due to the ability of higher organisms to
metabolise and excrete the compounds (Bierman, 1990; NRC, 2003; Wan ez al., 2007).
Wan er al. (2007) analysed a range of PAHs present within the tissues of species from a

number of trophic levels. The results indicated that PAHs undergo trophic dilution in the
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marine food web; the authors suggested that this was likely due to low assimilation
efficiencies and efficient metabolic transformation at higher trophic levels. In contrast, the
results of a pilot study by Rice ef al. (2000) suggested that uptake of hydrocarbons via the
food web may be important. In this study, polychaete worms were exposed for 28 days to
sediments spiked with benzo(a)pyrene (BaP) and to field sediments contaminated
predominantly with PAHs and chlorinated compounds. Exposed worms were then fed live
to predatory juvenile flatfish, English sole (P. vetulus) for 10 or 12 days. The fish showed
reduced growth and increased expression of CYP1A. Fish exposed to BaP-exposed worms
also showed clear evidence of hepatic PAH-DNA adducts. Highly lipophilic compounds
(e.g. organochlorines) with log K, > 6.3 were found by Russell ez al. (1999) to strongly
biomagnify and compounds with K, > 5.5 < 6.3 moderately so. The calculated log Ko
values for Cypand C,». LABs are réported to be 7.11 and 8.65 respectively (Sangster, 1993).
No log K,w values are available for the C,2.14 BABs but an estimated value based on BCF
(Chapter 5) suggested a much lower value of 3.3. The highly branched structures of
compounds within the BABs mixture may be less réadily metabolised and excreted than
the PAHs and hence may transfer to higher trophic levels. There is a paucity of literature
concerning trophic transfer of hydrocarbons, and limited reports of UCMSs within biota.
The capacity for UCM hydrocarbons to transfer 'to higher trophic levels, and possibly

biomagnify through the food web, cannot therefore be assessed without experimentation.

Crgbs are known to brotransform PAHs into more hydrophilic compounds priqr to
excretion (Fillmann ez al , 2004; Sole & Livingstone, 2005; Watson ef al., 2004b) but their
ability to transform and excrete highly branched alkylated monoaromatic compounds is
unknown. Research by Dam et al. (2006) into the biotransformation of the PAH pyrene
by cytochrome P450 enzymes (CYP) within red and green C. maenas revealed a reduced

capacity of the hepatopancreas (aka midgut gland) within the red crabs to convert pyrene
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into its initial phase [ metabolite, l-hydrc;xypy'rene. Although it is possible that the
transformation was carried out elsewhere within the tissues and then transported to the
midgut gland, this is not supported by research using radiolabelled compounds (James et
al., 1989 cited by Dam et al., 2006). The crabs weére cxposéd to the pyrene by direct
injection into the haemolymph; this may be more comparable to the food ingestion route of
upta.ke compared to exposure to contaminated water which is likely to result in greater
accumulation within the gills. The midgut gland serves as the principal storage organ of
lipids (Mantel, 1983) and therefore would be expected to accumulate ingested lipophilic
compounds such as BABs. The midgut gland also functions as the primary site for possible
biotransformation and excretion (Mantel, 1983). Analysis by UVF of crab urine has been
used to detect PAHs (Dissanayake & Galloway, 2004; Galloway et al., 2004b; Watson et
al., 2004a; Watson ef al., 2004b) and therefore adaptation of this analytical method may
provide a useful means for rapid screening of BABs although the presence of metabolites -

from such a complex mixture of compounds may prove problematical.

From the studies reported in Chapter 5, the mechanism of toxicity of the BABs
compounds is consistent with non-specific narcosis. If ingestion of BABs-contaminated
mussels were to-have adverse effects upon the health of the crabs, it is therefore possible
that this would be manifested as behavioural abnormalities such as their ability to detect
and locate food. Culbertson et al. (2007) reported that both t|he behaviour and feeding rate
of fiddler crabs U. pugnax, resident in marsh sediments contaminated with oil from the
Florida barge spill in 1969, were affected by exposure to the contaminated sediment.
Although the biological effects were reported in terms of TPﬁ sediment concentrations, the
vast majority of this was UCM hydrocarbons when analysed by conventional GC (Reddy
et al., 2002). The altered behaviour, which makes the crabs more vulnerable to predation,

together with the lowered physiological condition, may have been responsible for their
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lower densities of crabs found within the UCM hydrocarbon contaminated site (Culbertson

et al., 2007).

Accumulation of the BABs by M. edulis resulted in physiological impairment, so this may
also be detectable within the crabs. The monitoring of heart rates has previously been used
to measure physiological stress within Carcinus (Brown et al., 2004; Camus et al., 2004;
Fossi ef al., 2000) and the use of the CAPMON system, which was originally described in
detail by Depledge and Anderson (1990), provides a means by which physiological status
can be measured simultaneously with behavioural monitoring (Spooner et al., 2007). No
significant effect on cellular viability was apparent within BABs-exposed mussels but
PAHs have been shown to effect celluiar viability in C. maenas (Dissanayake et al., 2006;

Dissanayake et al., 2007) and therefore this is worthy of investigation.

Aims
The aims of this study were:
1. To determine if BABs could be transferred from mussel tissue to crab tissue via

ingestion of contaminated mussels.

2. To determine if BABs or metabolites thereof could be detected within crab urine

using UVF analysis.

3. To assess the effect of ingestion of BABs-contaminated mussels in terms of

celluiar, physiological and behaviour endpoints.
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6.2 Methods

6.2.1 Overview

Common shore crabs, C. maenas, were fed with mussels contaminated by BABs to test for
transfer of the contaminants from one trophic level to another. Due to logistical constraints
it was not possible to conduct the experiment with both solvent-expésed and seawater —
exposed control mussels. Previous exposures (Chapter 5) had reveal(;,d no differences, in
terms of effect on clearance rates, between solvent- and seawater-exposed mussels; the
trophic transfer tests were therefore performed using solvent-exposed mussels only.
Followinga seven day laboratory exposure, during which male crabs were fed two mussels
per day, the health of the crabs was a:';sessed in terms of cellular biomarkers, physiology,
behaviour, and midgut gland tissue BABs concentration. Observation and quantitation of
behavioural response was aided by digitai video recordings. Crab urine was also analysed
tor the presence of BABs or their metabolites. Full deiails of the methodology are

described within Chapter 2.

6.2.2 Semi-static aqueous exposure of Mytilus edulis to Cy3.14 BABs

Water spiking and mussel exposure conditions were as described previously (Section 2.7)
except that 10 mussels were exposed in 10 L of test water. Mean length was 40.6 mm (SE
=(0.13mm, CV = 5.0 %, n = 240). The mussels wére exposed sequentially to provide two
contaminated mussels per crab per day (i.e. one mussel from each of two exposure
vessels). The remaining mussel from each exposure vessel was retained and stored frozen
at -80 °C. Based on previous experiments (see Chapter 5), the crabs were exposed to ~15
ug BABs per day, i.e. a total maximum exposure of about 100 pg from their diet of

contaminated mussels.
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6.2.3 Exposure of Carcinus maenas to BABs-contaminated mussels

Crabs (n = 9 per treatment, mean carapace width = 65.7 mm (S.E = 0.87, CV =5.6% ;
mean weight = 73.4g, SE= 2.7 g, CV = 15.8 %) were each fed two exposed mussels per
day for seven days with seawater cxchangeci every 48 h. Following exposure to the
mussels, the crabs were not fed for two days prior to behaviour and physiological tests.
After testing, the crabs were weighed an_d measured, then stored frozen at -80 °C prior to

chemical extraction and analysis of tissues.

6.2.4 Behavioural and physiological responses
The tests were carried out in specifically designed glass aquaria. Crabs were fitted with
heart rate transmitter/detectors and allowed to acclimate within the aquaﬁa for 10 min prior
to commencement of the tests. Effects on behaviour were assessed by measurement of the
time taken to achieve specified actions associated with feeding upon a cockle.
Simultaneous measurements of heart rate using the CAPMON system were made during
the behavioural tests. Time points for behaviour and heart rate were:

1. Time taken to engage and b.reak into the cockle; and,

2. Time taken to eat the cockle.

6.2.5 Cellular biomarkers of exposure and stress

Following the behaviour and physiological tests, the crabs were placed in clean seawater
overnight and their behaviour monitored. The following day, three days after the crabs
were last fed contaminated mussels, urine and haemolymph were removed from the
organisms as described by Watson et al. (2004b). Haemolymph samples and crabs were
stored at —80 °C until analysis. The crabs were subsequently thawed and dissected to
remove the whole of the midgut gland (hepatopancreas). The tissues were weighed and

stored frozen at —80 °C until further analysis. Fluorescence from crab urine dissolved in
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ethanol (1 :20) was used a§ a biomarker of exposure to BABs. Fluorescence was measured
against a standard curve of the C),.;.4 BABs mixture dissolved in ethanol (0 — 5 mg mL™).
Excitation A was 273 nm with emission A of 290 — 305 nm. Biomarkers of stress used

" were Neutré] Red retention (haemolymph cellular viability) and phagocytosis inhibition
(impairment to immune response). Both assays were described by Pipe et al. (1999),

adapted for C. maenas by Brown et al. (2004), and are detailed within Chapter 2.

6.2.6 Chemical extraction and analysis of midgut gland tissue

The combined tissues from eight crabs from each treatment were split to give two
replicates per treatment and placed in preweighed amber glass jars and reweighed to
establish tissue wet weight (~14 g per replicate). An internal standard (phenanthrene ;)
was added to the tissues which were then extracted by alkaline saponification (see section
2.3). Following clean up, the extracts were analysed by GC-MS. The tissue
concentrations were quantified by réference to two relatively resolved peaks. Full details

of the methodology are provided within Chapter 2.
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6.3 Results

6.3.1 General observations

During the first two days exposure to the BABs-contaminated mussels, the crabs appeared
well, b:ahaved normally and ate all the foo_d presented to them. On day three, it was nc;ted
that some of the BABs-cxposed crabs appeared slow to respond to stimuli and three crabs
failed to opeh the mussels presented but consumed the fobd after the mussel shell was
opened fully for them. As the exposure progressed, some BABs-exposed crabs continued
to behave abnormally: mussels were not opened and crabs tended to be much less
aggressive compared to control organisms. During water exchanges, control crabs
typically attacked the siphon tube (some retfeated) whereas BABs-exposed crabs typically
were immobile. By day six of the exposure, six out of the nine BABs-exposed crabs failed
to open one ;)r both of the mussels presented, whereas all the coﬁtrol crabs continued to
rapidly break open and consume the mussels presented. O-ne BABs-exposed crab appeared
to be dead but close examination revealed some slight movement of its antennae.

However, 24 h later at the end of the 7-day exposure this crab was found to be dead and
was removed from the vessel and frozen at -80 °C. On day seven of the exposure, the
mussels were placed in the exposure vessels as far from the crabs as possible and their time
to respond to, and open, one of the mussels was récor_ded to the nearest five seconds. Not
all the crabs were located at one end of the vessel, therefore only six crabs from each
treatment were in similar positions relative to the mussels. The median response times
(Fig. 6.1) for the BABs-exposed crabs was 40.0 s (interquartile range = 36.25 —43.75 s),
significantly greater (P < 0.01) than control crabs with median response time of only 12.5 s
(interquartile range = 10 — 15 s). Of the eight surviving BABs-exposed crabs, three failed

to open and consume their mussels.
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confirmed the presence of some C)>.14 BABs mixture compounds by similarity of retention

times and mass spectra (Fig. 6.6 and 6.7).

Due to the low abundance of C;3.14 BABs compounds and the presence of closely eluting
compounds, quantitation was only approximated. Midgut gland tissue concentrations of
Ciz.14 BABs were estimated based on comparison of two peaks from the C;;.,4 BABs
mixture (Fig. 6.6) and the tissue éxtracts (Fig. 6.7). Concentrations of BABs within
midgut gland tis;;le were 946 - 1257 ng g" and 1413 - 1910 ng g'1 (dry weight) for
rep]jcates 1 and 2 respectively (Fig. 6.8); the latter contained the extract from the crab that
had died at the end of the 7-day exposure period. No peaks with similar mass spectra to
the selected BABs at the same retention times were detected within blanks, system blank
or controls. A very small peak with base ion m/z 91 was detected at peak 1 and a limit of

quantitation (based on 10x standard deviation of the blanks) was calculated to be 5 ng g".
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6.4 Disﬁussion

The trophic transfer of contaminants from sessile to mobile organisms is not well reported
within the scientific literature. For PAHs, biomagnification does not appear to occur due
to the ability of higher organisms to metabolise and excrete the compounds and
bioaccumulation via trophic transfer is thought to be of limited importance (Bierman,
1990; NRC, 2003; Wan et al., 2007). However, a study by Rice et al.. (2000) suggested
that uptake of hydrocarbons via the food web was important in reducing the growth rate of
juvenile fish. Uptake of the monoaromatic BABs into the tissues of rﬁussels was found to
rapidly occur but the compounds were only slowly lost when the ofganisms were placed in
clean seawater (Chapters 4 and 5) and therefore theoretically BABs have the potential to
accumulate to high concentrations as reported by Booth ef al. (2007) for N. Sea mussels.
The capability of the C,;.;4 BABs mixture of compounds to transfer from contaminated
mussels to the predator species C. maenas was therefore explored by feeding BABs-
contaminated mussels to the crabs and measuring the concentration of the BABs within the
midgut gland tissue and observing effects in terms of crab behaviour, cellular biomarkers
and physi‘ology. This r;esearch has shown that the BABs were indeed transferred to the
midgut gland tissue (Fig. 6.8) and that the behaviour of the crabs was affected (Fig. 6.1 and

6.2).

Culbertson et.al. (2007) reported that the beflaviour and feeding rates of fiddler crabs U.
pugnax were affected by the high concentrations of UCM hydrocarbons within marsh
sediments contaminated with oil from the Florida barge spill in 1969. Although the
authors related biological effects to sediment concentrations in terms of TPH, the vast
majority of this was UCM hydrocarbons when analysed by conventional GC (Reddy et al.,
2002). It was reported that crabs from oiled sites avoided bﬁrrowing into oiled layers, had

delayed escape responses and reduced feeding rates (Culbertson et al., 2007). The failure
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to burrow deep through the sediment may have made the crabs more vulnerable to
predation. The fiddler crabs also were found to possess lowered physiological condition,
and the authors speculated that this, together with altered behaviour, may have been
responsible for the lower densities of crabs found within the UCM hydrocarbon
contaminated site. The sediment concentrations were very high i.e. in the mg g’ range and
therefore the behavioural responses could have resulted from a reaction to the physical
nature of the oiled sediment rather than a chemical effect upon the functioning of the
organism. However, the crabs’ feeding rate was also affected, which infers that the
functioning of the crabs was impaired. Frysinger et al. (2003), using GCxGC-MS,
reported that the oil from the F}orida barge spill contained isomers of alkylbenzenes but
Culbeﬁson et al. (2007) did not réport the concentrations of hydrocarbons within the crabs
or provide any characterisation of compounds that may have been biocaccumulated by the
crabs; therefore direct cause and effect remain open to question. Fiddler crabs U. pugnax
are deposit feeding that sieve the sediment (Rosenberg, 2001) and are therefore in direct
contact with contaminated sediment but may also ingest contaminated algae, fungus or
dec_:aying material. The shore crab C. maenas is a predatory species (Vermnberg & Vernberg,
1983) and therefore more likely to be indirectly exposed to toxicants via contaminated prey

as well as direct exposure to dissolved contaminants.

The midgut gland tissue of crabs, C. maenas, that had been fed BABs-contaminated
mussels was found to possess alkylbenzenes with similar retention times and mass spectra
to Cj2.14 BABs (Fig. 6.6 and 6.7). Tissue concentrations, measured by GC-MS analyses
were low: <2 ug g (dry weight; Fig. 6.8). The crabs had three days in clean seawater
without consuming contaminated mussels but were fed an uncontaminated cockle during
behaviour/physiological tests following their exposure to BABs-contaminated mussels.

Digestion and absorption are reported to take place 12 h after feeding in C. maenas
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followed by an excretory phase of 12 — 48 h afier feeding (Hopkin & Nott, 1980); the crabs
therefore had ample time to excrete consumed tissues. The low concentrations found
within the midgut gland may have resulted from: (i) insubstantial transfer of the BABs
from the mussel to the crab tissue; (ii) transfer to tissues other than the midgut gland; or,
(i11) rapid metabolism/removal from the midgut gland. Without further thorough
investigations it is not possible to answer which (or whether any or all) of these three
scenarios exists. The midgut gland sefves as the principal storage organ of lipids (Mantel,
1983) and therefore would be expected to accumulate lipophilic compounds such as the
.alkylbenzenes. The midgut gland is also associated with metabolism and excretion of
toxins (Mantel, 1983). Interestingly, analysis of the pooled sample of midéut gland tissue
that contained the crab that died at the end of the exposure, and therefore which did not
experience the three days without being fed contaminated mu})sels, was found to have a
higher concentration of BABs (Fig. 6.8). This suggests that rapid removal of the BABs
may have occurred. If so, it would be expected that the crab urine would contain BABs or
their metabolites. Although not statistically significant at the 95 % confidence level (P =
0.11), the fluorescence corresponding to the wavelength of the Cy2.;4 BABs from the
BABs-exposed crabs’ urine was found to be higher than that from the control organisms’
urine (Fig. 6.5). The C;2.14 BABs mixture produced a broad emission fluorescence peak at
A 290 - 305 nm, presumably due to the complex nature of the large number of isomers
present. The wavelength at-which maximum fluorescence was emitted from the BABs-
exposed crab urine was a little longer (296 nm) compared to that observed for C,3.14 BABS
standard (292 nm). The longer (red shift) maximum fluorescence wavelength observed for
the urine samples may be indicative of metabolites, although Watson et al. (2004b)

reported a 5 nm blue shift for metabolites of pyrene within crab urine.
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Differences in the behaviour of the BABs-exposed crabs compared to that of the control
organisms were apparent within three days of the commencement of the feeding exposure.
As the exposure progressed this abnormal behaviour became more widespread. However,
observations rélating to apparent lethargy or aggression are difficult to quantify. The
timing of t.he crabs’ responses to mussels placed in their tanks at the end of the exposure
period did reveal a significant increase (P <0.05) in response time (Fig. 6.1) and
throughout the test several crabs failed to open the BABs-contaminated mussels.
Observation of the crabs’ hémdling procedure for opening the mussels showed that BABs-
exposed crabs often failed to orientate the mussels correctly to allow insertion of their
pincers into the slightly gaping mussei shells; on occasions, the crabs would miss the
mussel completely, reminiscent of ‘drunk’ behaviour, a term used by Culbertson ef al.
(2007) to describe the behaviour of the fiddler crabs exposed to UCM-contaminated
sediment (see above). The abnormal re-sponse to stimuli and handling of prey appeared
less pronounced during the standardised behaviour tests although response time was still
significantly longer (P < 0.05) for crabs that had been fed BABs-contaminated mussels
(Fig. 6.2). No significant differences (P =0.21) were observed for median eating times for
BABs-exposed crabs compared to unexposed crabs but variation was considerable greater
i.e. CV was 59.0 % for BABs-exposed crabs compared to 19.4 % for unexposed crabs.
Forbes and Depledge (1996) noted that vanance was often greater 'within stressed
populations. The apparent lethargy and passiveness of the BABs-exposed crabs was in
contrast to observed behaviour of C. maenas exposed to pyrene (Dissanayake et al., 2007)
where it was found that the latter were more aggressive and more able to hold possession

of their food item (cockle) than unexposed animals.

Simultaneous measurements of heart rates during the behaviour test did not reveal any

significant differences between treatments, although mean rates were higher for BABs-
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exposed crabs during breaking (P = 0.11). Fossi et al. (2000) reported elevated heart rates
in the Mediterranean crab Carcinus aestuarii Nordo 1847, an organism similar to C.
maenas, when exposed to an aqueous concentration of 1 mg L' of B(a)P. Measurement of
the heart rate of C. maenas has been used previously as part of suite of biomarkers to
assess the health of marine environments contaminated with PAHs. Galloway et al.
(2004b) reported that although heart rates were highest in crabs collected in the vicinity of
the Esso terminal at Cadland creek, Southampton water, UK (total PAHs in sediment
24092 ug g ! dry weight), this was not significantly different from heart rates of crabs at
other sampling stations (total PAHs in sediment 17 - 2646 pg g ). The PAHs in the
sediment may not have been bioavailable to the crabs but an aqueous total hydrocarbon
concentration of 48 ug L™ was previously reported for this site (Kirby et al., 1998) which
suggests that crabs were probably subject to chronic petroleum hydrocarbon exposure.
Galloway et al. (2004b) did not report any tissue concentrations but crab urine was found

to possess significant PAH metabolites.

Cellular viability of crab haemolymph was not found to be signiﬁcanﬂy affected (P = 0.09)
by consumption of BABs-contaminated mussels (Fig. 6.4). A small reduction was
apparent and the relatively low P vaiue suggested that cellular viability may have started to
become compromised. Mussel haemolymph was not found to be significantly affected by
chronic éxposure to 5 ug L' Cj2.14 BABs (Chapter 5) and no suggestion of damage was
apparent. Galloway et al. (2004b) reported that cellular viability was not significantly
affected in C. maenas from sites in the Solent (UK) heavily contaminated by petroleum
hydrocarbons but a population of the filter-feeding bivalve mollusc C. edule (cockle)
collected in the upper estuary at Crackmore Hard did have significantly different cellular
viability from other sites in Southampton water. Interestingly, although the Crackmore

Hard sediments had relatively high total PAH concentrations (2646 ng g dry wei ght)
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compared to most of the sites (17 — 329 pg g dry weight), this was still an order of
magnitude less than that reported for the Esso terminal site (24092 pg g ™' dry weight).
The Esso terminal PAH sediment concentration was originally reported by Rogers (2002);
the concentrations were derived by GC-MS analysis in SIM mode and no information

concemning TPH, UCM or monoaromatic hydrocarbon concentrations was provided.

Environmental contaminants, including hydrocarbons, have been implicated with reduced
immune function in invertebrates (reviewed by Galloway & Depledge, 2001). The review
gave examples of research that showed PAHs and sediments contaminated with complex
mixtures of hydrocarbons had been implicated with immune suppression, but no reports
were given for C. maenas. One measure of immunotoxicity in invertebrates is
phagocytosis within haemolymph cells. Dissanayake et al. (2007), investigated the effects
of pyrene exposure to C. maenas, and assessed its effect upon phagocytosis within
haemolymph cells, but did not report any significant differences between exposed and
unexposed organisms. The immune function of the crabs in the present study was
unaffected by exposure to BABs-contamina-ted mussels. It is possible that longer exposure
is required to trigger the immune response (Coles et al., 1995; cited by Galloway &

Depledge, 2001).

In a marine environment contaminated by UCM hydrocarbons, crabs may be expected to
feed upon mussels and other organisms with tissue burdens of a range of petroleum
hydrocarbons. Research by Booth et al. (2007) and s,tudies- reported herein (Chapter 4
and 5) show that BAés are among the most prominent compounds within the UCM
accumulated by mussels. The present study has shown that if crabks feed upon BABs-
contaminated mussels they will accrue BABs but it would seem that these compounds are

rapidly metabolised and/or excrefed and therefore the BABs are unlikely to biomagnify in
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the food chain to fish, seabirds or mammals. Consumption of the BABs-contaminated
mussels resulted in abnormal behavi.our which may _reduce the crabs’ health status or make
them more vulnerable to predation, especially if consumption continued over a long period.
The diurnal and seasonal migration cycles for C. maenas (Naylor, 1962, Vermnberg &
Vernberg, 1983) may allow individuals not continually exposed to aqueous BABs to
accumulate these toxic compounds by trophic transfer via consumption of prey resident in
contaminated water. Sites with high petrochemical contamination still provide habitats for
C. maenas (Galloway et al., 2004b) and therefore either direct exposure, from aqueous
contamination, or indirect exposure, via consumption of contaminated food, does not
eliminate the population. Crabs living in highly contaminated areas may have acclimated
or adapted to such conditions. Crowe et al. (2004) reported that juvenile C. maenas were
abundant within mussel beds contaminated with UCM hydrocarbons. It is possible that
other species that predate filter-feeding bivalve molluscs, such as starfish, may also

accumulate BABs with resultant impact on their behaviour.
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6.5 Conclusions

Analysis of crab midgut gland tissue revealed that C;2.;4 BABs were transferred from the
mussel tissues to the crabs via consumption of contaminated mussels. Tissue
concentrations were very low but crabs fed on BABs-exposed mussels had elevated BABs-
associated fluorescence in their urine; this suggested that the compounds were metabolised
and /or excreted. The results do not support the hypothesis that BABs are likely to
biomagnify in the marine environment. Consumption of BABs-exposed mussels did result
in significant abnormal behaviour which, in the wild, may affect the crabs’ feeding ability
and make them more vulnerable to predation. No evidence for impairment to immune
function was found but the exposure period may have been too short to affect the

phagocytosis response.
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Chapter 7

Conclusions, implications and further research

In this chapter, the main findings of the research presented herein and within peer-
reviewed publications arising from this research (Booth et al., 2007; Scarlett et al., 2007a;
Scarlett et al., 2007b; Scarlett et al., 2007¢; Scarlett-ef al., In press) are summarised and
conclusions drawn. Implications for the marine environment and the.monitoriqg of

petrogenic contamination are discussed. Further topics of research are also identified.
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7.1 Summary
The review of literature concerned with the potential toxicity of UCM hydrocarbons in the
marine environment (Chapter 1) identified a number of gaps in our current knowledge.
Primarily, previous laboratory-based toxicology studies had been.performed using acute
aqueous exposures to M. edulis. No ihformation was therefore available with regard to:
exposure to UCM-contaminated sediment; effects from chronic exposure; or, the effect of
UCM hydrocarbons upon organisms with routes of uptake different from that of M. edulis..
Sub-lethal effects of UCM-hydrocarbons upon M. edulis may not necessarily affect
populations and communities, although a study by Crowe et al. (2004) strongly implied
that communities within mussel beds contaminated with UCM hydrocarbons were affected
and not just the health of the individual mussels. Secondly, although the monoaromatic
fraction of the UCM had been highlighted as containing compounds toxic to mussels, with
compelling evidence from Donkin et al. (2003), attempts to identify possible structures
have not been successi;ul. For example, Smith er al. (2001) proposed cyclic alkyltetralins -
but these proved not to be present within environmental UCMs examined to date (Booth,
2004). Prior to commencement of the research reported herein, there was also little
research into the more polar water soluble fraction of the UCM. However, an EDA
approach to identify toxic compounds within WSFs of N. Sea oils was.known to be in
progress elsewhere (Rowland, pers. comm.) and therefore research subjects were selected
herein to complement rather than to replicate this area of research. The research reported
herein therefore concentrated on:
1. The effects of chronic exposure to UCM-contaminated sediment, using the
amphipod C. volutator as a test species, with particular emphasis on population-

level effects (Chapter 3).

2. ldentification of fractions responsible for sub-lethal effects arising from both

aqueous and sediment exposure (Chapter 4).
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3. Testing the hypothesis that BABs could, in part, be responsible for the low S/G
observed in some M. edulis populations contaminated with high concentrations of

UCM hydrocarbons (Chapter S).

4. Examination of the wider implications of contamination of M. edulis by BABs

including the potential for trophic transfer and biomagnification (Chapter 6).

To carry out this research, a preliminary study had to be performed to develop a chronic
sediment exposure test using C. volufator. This study, now published (Scarlett et al.,
2007c), reported tﬂat C. volutator was acceptable as a test species to observe the long-term
irﬁp]ications of exposure to oil-contaminated sediment; it also served as a reference to
compare the effects of UCM hydrocarbons (Chapter 3). The study revealed that
population-level effects, in terms of reduction in growth rate and reproductive success,
could occur at sediment concentrations that did not cause lethal effects during standard
acute exposure tests. As an adjunct to the chronic sediment tests, behavioural tests were
developed witﬁ the aim of linking the initial response of amphipods to contaminated
sediment with that of long-term effects arising from chronic exposure. The results of the
first two behaviour tests were inconclusive but suggested a possible link between
amphipod burrowing behaviour and the toxicity of the sediment. This study was also
published (Scarlett et al., 2007a) and complemented another recently published
behavibural study that used sediment choice tests with C. volutator (Hellou et al., 2005).
The behaviour test was further used to attempt to predict the effects of sediment
contaminated with fractions of the UCM-rich oils (Chapter 4). This behaviour test
suggested that the sediments would not be toxic to the amphipods but some small effects
upon growth and reproduction were found. The value of behaviour tests remains open to
question but they require relatively little additional work when preparing a sediment test

and the results of the studies by Hellou (2005) give further weight to the hypothesis that
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the behaviour of C. volutator is affected by sublethal concentrations of hydrocarbon

contaminants within sediments.

| Using an EDA approach, the toxicity of the UCM-rich oils was first tested to establish
baseline toxicity, both within aqueous exposures and sediment exposures (Chapter 3).
These studies used a partial life-cycle chronic exposure test developed from the
preliminary studies and showed that all the model oils caused population-level effects
when exposed to amphipods via chronic spiked sediment tests. Aqueous exposures of the
whole oils did not cause significant effects either to the clearance rates of M. edulis or to
bioluminescence inhibition of V. fischeri. In work described in Chapter 4, the oils were
fractionated by open column chromatography and care taken to ensure that the
alkylbenzenes were eluted within the non-polar aromatic (F2) fraction (it had been found
during method development that some compounds eluted within the aliphatic (F1) fraction
using published methods). Tests using the aliphatic (F1) and two aromatic fractions (F2
and F3) of the oils showed that all fractions contributed to the effects upon growth and
reproduction of amphipods when exposed via spiked sediment. The studies were carried
out using whc;le oil equivalent concentrations so although the fractions contributed more or
less equally on this basis, the F2 fractions were more toxic using a ug g™ sediment
con'centration comparison. SLK oil contained over 80 % aliphatic (F1) compounds but the
effect upon growth and reproduction was similar for both the F1 (riominal concentration
(nominal concentration ~400 pg g" dry weight) and F2 (nominal concentration ~100 ug g’
dry weight) fractions. Results from both the whole-oil and oil-fraction sediment exposure

studies were published (Scarlett et al., 2007b).

Aqueous exposures to the oil fractions using clearance rates of M. edulis and

bioluminescence inhibition of V. fischeri revealed that only the F2 fraction caused
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significant effects, although there was a strong suggestion that compounds in the F3
fraction of TJP were also toxic to mussels. Further studies involving the uptake and
depuration of the F2 fractions with M. edulis, coupled to tissue analyses with GC-MS and
GCxGC-ToF-MS, found that although a vast array of compounds was rapidly accumulated
into the tissues, leading to reduced clearance rates, most of these compounds were readily
depurated with a concomitant recovery by the mussels. The GCxGC-ToF-MS analysis
was able to show that acute exposure to the oil fractions did not produce a profile of
accumulated compounds similar to that found in UCM-contaminated wild mussels. Some
groups of compounds were found to be resistant to depuration e.g. the BABs, and therefore
were more likely to accumulate in wild mussels via long-term intermittent exposure

leading to a profile of compound groups similar to that reported for the wild mussels.

Booth et al. (2006; 2007) had shown that BABs were prevalent within the tissues of UCM-
contaminated mussels. It was thus hypothesised herein that these compounds could,- at
least in part, be responsible for the observed poor SfG that had been measured in some
wild mussel populations contaminated by UCM hydrocarbons. Rather than pursue the
EDA approach to identifying the toxic components of the UCM, which lacked a single
to;(ic fraction to continue the iterative process, the toxic BABs hypothesis was tested. This
more targeted approach was made possible by the availability of a commercial mixture of
Ci2.14 BABs and access to state-of -the-art GCxGC-ToF-MS. The C,;.14 BABs mixture
contained many unresolved and co-eluting compounds (when analysed by conventional
GC) so was effectively a partially resolved UCM, albeit much simplified compared to
typical environmental UCMs. The use of GCxGC-ToF-MS analysis enabled near full
resolution of the C)5.;4 BABs mixture. Aqueous exposures of the C,;.14 BABs mixture to
M. edulis (Chapter 5) shoﬁed that these branched compounds were similar iﬁ toxicity to

the smaller linear Cg alkylbenzene, 1-phenyloctane. Toxicity tests in conjunction with
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tissue extraction and quantitation by GC-MS allowed a concentration-response relationship
to be established and both 72 h aqueous and tissue EC,q values derived. This research
formed pért of a study published as Booth et al. (2007). Further research with M: edulis,
involving longer-term exposure and depuration studies using Ci2.14 BABs, confirmed that
these compounds can accumulate from low aqueous concentrations into the tissues of
mussels until body burdens are sufficient to cause harm and that they are not readily
depurated (Chapter 5). These studies, recently accepted for publication (Scarlett et al., In
press), also revealed that quantitation of tissue extracts using GCXGC;ToF-MS produced

very similar results to those denived by GC-MS.

The research summarised above has shown that sediment-dwelling amphipods that graze
the biofilm on the sediment surface as well as filter feed were affected by exposure to
UCM hydrocarbons. It has also shown that the bacteria V. fischeri was affected by
aqueous exposure of oil fractions in a similar pattern as M. edulis. To extend this
exploration of effects relating to route of uptake, a study involving the trophic transfer of
BABs from mussels M. edulis to crabs C. maenas was performed (Chapter 6). This study
revealed that the consumption of BABs-contaminated mussels by C. maenas resulted in
low concentrations of BABs accumulated in the lipid-rich midgut gland of the crabs.
Consumption of BABs-contaminated mussels resulted in abnormal behaviour by the crabs
 that affected their ability to feed upon their natural prey organisms. Differences between
exposed and unexposed crabs in terms of cellular biomarkers and physiological
measurements were not statistically significant at the 95 % level but suggested that longer
term exposure may cause reduction in health status. There was also suggestion that the
BABs were metabolised and/or excreted into the crab uriné, but these would require

confirmation by further research.
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7.2 Conclusions and implications

The research has shown that exposure to UCM hydrocarbons within sediments can result
in population-level effects. The concentrations used were high but within reported
environmental concentrations (Table 1.1) and therefore wild sédiment-dwelling organisms
are likely to be affected if exposed to high levels of UCM hydrocarbon contamination.
The estuarine sediment used for the toxicity studies possessed relatively high OC content,
as preferred by the test organism C. volutator, and therefore is likely to strongly adsorb
lipophilic compounds perhaps reducing their bioavailability (Ditoro et al., 1991).
Furthermore, C. volutator is a relatively robust species compared to other glenera of
amphipods and therefore it would be expected that more sensitive organisms would be
affected at lower concentrations especially in sediment with lower OC content. There are
few reports of aromatic UCM concentrations in sediments but the research reported herein
shows that the aromatic fraction of UCM hydrocarbons wés the most toxic and therefore
likely to contribute to toxicity arising from other contaminants such as PAHs. The
research has also shown that the aliphatic fraction of the UCM may contribute towards
toxicity and from the limited reports of sediment UCM concentrations (examples within
Table 1.1) it would appear that high concentrations of aliphatic UCM hydrocarbons are
more common than high aromatic UCM hydrocarbons. Marine environment monitoring
and regﬁlatory bodies may wish to consider the concentrations of aliphatic and aromatic

UCM hydrocarbons within sediments.

Tests involving the aqueous exposure of UCM hydrocarbons sﬁowed that the UCM-
dominated oils were not acutely toxic but the aromatic fractions did reduce mussel
clearance rates at equivalent nominal concentrations. These results suggest the
bioavailability and solubility of UCM hydrocarbons are major factors when considering

toxicity. According to Raoult's Law, the solubility of compounds is, in part, influenced by
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the other compounds present 1.e. the more similar the compounds within the matrix the
more soluble they become. Short-term exposures with high aqueous concentrations do not
replicate conditions in the marine environment where organisms are more likely to
experience low, and possibly episodic, concentrations over a long period. The solubility
and bioavailability of UCMs within estuarine and coastal waters is therefore extremely
complex and relating effects arising from acute exposure to nominal aq’ueous
concentrations is perhaps not terribly useful. From studies with wild mussel populations
(Booth er al., 2007; Widdows et al., 1995) it is known that mussels can accumulate high
concentrations of UCM hydrocarbons (Table 1.2) and therefore the compounds |
accumulated within the tissues were evidently bioavailable. Comparing the profile of the
compounds accumulated by the wild mussels with that of the laboratory exposed mussels;
analyses by GCxGC-ToF-MS revealed that tissue extracts from depurated mussels most
_closely resembled that of the wild mussels. Marine organisms are most likely subject to
pulses of contamination and therefore able to depurate some accumulated compounds
when contamination is reduced. The studies involving the non-polar aromatic fractions
(F2) of the UCM-dominated oils (Chapter 4) showed that naphthalenes were rapidly
accurnulated but also 'readily depurated whereas BABs and some alkylated PAHs were
more resistant to depuration. To date, the monitoring of hydrocarbons in marine biota has
been focused mainly on PAHs (NRC, 2003) and the presénce of other contaminan__ts, such

as BABs, may be completely overlooked due to the common use of GC-MS SIM ahalysis.

Evidence from research presented in Chapter 4 and that of compound groups accumulated
in wild mussels with high UCM concentrations and low S)_‘G (Booth et al., 2006; Booth et
al., 2007) suggested that BABs may, in part, be responsible for the poor health status of
some mussel populations. Acute tests using the commercially available Cya.14 BABS

mixtures (Chapter 5) confirmed that these compounds were toxic to mussels and 72 h
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aqueous and tissue ECyo values of 7 pg L™ and 10.5 pg g’ (dry weight) respectively were
derived. It was also confirmed that longer-term exposure at a lowlconcentration (5 ug L")
resulted in mussel tissue concentrations similar to that for acute exposure at higher
concentration (41 pug L) and a five day period in clean seawater was insufficient to
depurate all the BABS with concomitant failure to recover fully. Analysis of tissue extracts
by GCxGC-ToF-MS showed that there was no evidence for preferential uptake or
depuration of the different isomers present within the Cj5.,4 BABs mixture and Booth et al.
(2007) reported that a much larger range of BABs was accumulated within the wild
mussels. Marine environment monitoring and regulatory bodies should therefore be able
to take into account the entire tissue concentration of BABs when assessing potential
biological effects arising from contamination by hydrocarbons. Some fractionation
methods may not record the presence of alkylbenzenes within the aromatic fraction and
poor resolution by conventional GC may miss BABs within the UCM. As the use of
GCxGC-ToF-MS becomes more widely used it will become easier to detect and quantify

BABs.

Consumption of mussels contaminated with BABs resulted in significant abnormal
behavioural effects in the shore crab C. maenas (Chapter 6). In the environment, such
abnormal behaviour may reduce crab feeding efficiency and. make the animals more
vulnerable to predation. The crabs only consumed a maximum of 14 contaminated
mussels and wild crabs resident in a contaminated estuary are likely to consume many
more mussels than this. Crabs would however, also consume prey items that may be less
contaminated. Wild crabs may also be subject to direct contamination from aqueous
exposure which may add to the adverse effects. No significant effects were found for
cellular or physiological measurements. This may have been due to the crabs’ ability to

metabolise and/or excrete the BABs or, the length of exposure may not have been
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sufficient to affect these parameters at a measurable level. The results generated by the
trophic transfer test do not support the hypothesis that BABs are likely to biomagnify

within the marine food web, but further work is required to confirm this.
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7.3 Further work

Some of N. Sea mussel populatiéns tha;[ were found to have low SfG but high UCM
hydrocarbon tissue concentrations possessed groups of branched alkylindans/alkylindenes
(BINs) and branched alkyltetralins (BATs) as well as the predominant BABs (Booth e/ al.,
2006). These compounds were also accumulated by mussels exposed to aromatic fractions
of TJP and ANS, although they were largely depurated within five days (Chapter 4).
When analysed by GCxGC-ToF-MS these compounds eluted a little later in the 2™ Ge
dimension than the BABs. Smith et al. (2001) reported that some synthesised disubstituted
cyclic alkyltetralins were toxic to- mussels at more or less equivalent concentrations as fhe
BABSs and it is hypothesised that bioaccumulated BATs and BINs should contribute to
narcotic effects within the exposed organisms. No BATSs and BINs are currently
commercially available, but a group of BATs has been synthesised and is available for

testing (Booth, pers. comm.).

Aﬁalysis by GCxGC-ToF-MS of tissue extracts of mussels exposed to an aromatic fraction
of TJP showed that a considerable number of unidentified compounds remained in the
tissues following five days depuration (Chapter 4). These compounds were not found in
the tissues of depurated mussels exposed to ANS oil. It would be interesting to identify
these compounds and to compare them to compounds within wild mussel tissues. [t is
possible that a number of the unidentified compounds contain sulphur as TJP has relatively
high sulpiwr content (anon, 2006). Dibenzothiophenes were found within the tissues of
both TJP and ANS exposed mussels, and these were not depurated within five days.
Dibenzothiophenes are common contaminants in marine biéta (Diez et al., 2007; Frysinger
& Gaines, 2001; Marvin ef al., 2000b; Wang & Fingas, 1995) and are reported to be cause
adverse effects (Incardona et al., 2004; Rhodes et al., 2005; Seymour et al., 1997,

Wassenberg ef al., 2005). The extent to which other sulphur-containing compounds may
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‘be present within environmental UCMs will depend on the source oil(s) of the

contamination.

Perhaps the biggest remaining question in this area of research is: how does contamination
by UCM hydrocarbons affect comminities and ecosystems? The chronic exposure of
amphipods to the oils and oil fractions (Chapters 3 and 4) showed that population-level
effects, in terms of reduced growth rates and reproductive success, occurred. Whether
exposure to similar sediment concentrations would actually affect wild populations and the
wider community is difficult to predict. It was observed that there was great variation in
the effect upon individual amphipods: some even appeared to benefit from the exposure.
If oil-tolerant individuals are able to grow faster and reproduce successfully, it is possible
that oil-tolerance would be genetically selected for and populations of oil tolerant
amphipods would develop. It is also possible that the amphipods that are unaffected by, or
benefit from, exposure to hydrocarbons, may have a greater ability to acclimate to a range
of conditions and tolerance to oil is not _selected for. Weak individuals unlikely to survive
in the wild, evenl_within uncontaminated sediment, may be those individuals that are most
affected in laboratory toxicity tests. The selection for oil-tolerance could be tested by
carrying out toxicity studies on the offspring of oil-exposed amphipods in conjunction with.
analysis of gene regulation. Mesocosm experiments could perhaps be utilised to explore
community-level effects but, for C. volutator, predatory birds play an iméortant role as
preferential predation upon different-sized individuals occur (Hilton et al., 2002; Wilson &
Parker, 1996). Parasites can also play a crucial role in C. volutator population dynamics
(Damsgaard et al., 2005; Mouritsen & Jensen, 1997; Mouritsen e? al., 2005). How
exposure to hydrocarbons affects host-parasite interactions within amphipods is not known

but could clearly have enormous influence on the functioning of estuarine communities.

243



The study into the possible trophic transfer of BABs from contaminated mussels to crabs
(Chapter 6) generated many questions. Crucially, where are most of the BABs if they are
only present in the midgut tissue at low concentrations? One possible way of answering
this would be to repeat the tests using radiolabeled compounds. Radiolabeled BABs are
not available but could be synthesised or, tests could be conducted using commercially
available radiolabeled LABs to provide an indication o'f transfer within tissues, and
metabolic and excretion pathways. The 7-day tests suggested that ce]lulaf and
physiological effects may have started to occur, so longer-term exposures could be used to
investigate this further. The 7-day tests proved to be logistically challenging, so longer
tests would require a dedicated team of researchers. Additionally, the tissues of crabs from
areas previously found to have high UCM hydrocarbon contamination e.g. Southend UK
(Booth et al., 2006; Booth er'al., 2007) could be analysed. Relatively large numbers of
crabs could be sampled allowing sufficient tissue samples for analysis. Ideally, the tissue
extracts should be analysed by GCxGC-ToF-MS which provides greater resolution of
compounds. This would of course not show trophic transfer as BABs may be accumulated
directly from the water column but tissue concentrations in excess of that found in mussels

would indicate additional accumulation via the food uptake route.
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Abstract

Crude oils are complex mixtures of many thousands of compoumds, both resolved and unresolved by
canventional gas chromatography (GC). Recent research using comprehensive two-dimensional gas
chromatography - time-of-flight—mass-spectrometry (GCxGC-ToF-MS) identfied branched alkyibenzenes
(BABs) as a major component of scme wnresclved conrplex mivnures of hydrocarbons (UCMs) bicaccunulated
in the tissues of North Sea mussels, Mywrius edulis, previousty found to have pocr health status. Here the effect
of long term exposure to low agueous concentratian of BABs, and therr ability to recover, was determined
Mnssels were exposed 1o 5 pg 1" of a complex mixnoe of C12.14 BABs for 14d Feeding rates and the viabilhity
of haemocytes were measured immediately after exposure and again after 5 d dqmranm. Tissues were
extracted, analysed and alkylbenzenes quantified by both GC-MS and GCxGC-ToF-MS. Mussel extracts fram
previcus acute tests were also re-zmatysed nnd quantified using GO<GC-ToF-MS. Mussels exposed to 5 pg I
BABs for 14 d accunmilazed 46 to 47 pg g dry weight alkylbenzenes; this was similar to tissue cancentratons
of nrussels exposed to 41 pg I" for 72h Feeding rates were significantly reduced (p<0.05) and were dependent
upon tissue concentration. Cellular viability was not sigmifican:ly affected. Following 5 d in clean seawater, the
BABs were only partially depurated and feedmg rates failed to fully recover. The use of GCxGC-ToF-MS m the
present study has shown that nmssel tissue concentrations of camplex mixtuaes of alkylbenzenes, and their
corresponding effects, are consistent with reported cencenmrations within UCM-contaminated wild omissel
populations with poor health stams.

Keywerds: Conyprehensive two-dimensional gas chromatography; Time of flight ~ mass spectrometry;
Petroleum bydrocarbens; Unresolved conrplex mixture; Mytilus edulis
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INTRODUCTION

It is estimated that 2.5 million toxnes of crude and refined petroleum pmducts enter the marine
environment each year [1]. A common feature of the tissue extracts of buota contaminated by petroleum
bydrocarbons when they are analysed by gas chromatograplsy (GC), is the presence of umresolved conplex
mixnres (UCMs), the concentrations of which often far exceed the concentrations of many mdividually
Tesolved priority pollutants {2, 3]. A small number of studies have demonsirated that bicaccummlated UCM
hydrocarbens can affect the healdh of mussels, Afyzilus eduis 1. [4-8) and chrenic exposure to UCM-
contaminated sediment can have population-level effects, e.g., on the antphipod Corophium volutator Pallas [9].
Orher studies have mferred the effects of UCM contaminanien Martins et al. [10] reported that the reduction m
membrane tysosomal stability, a measure of immmiry impairment (11], of bivalves from a petroleum
hydrocarbon polluted bay in Brazil was greater than expected from the measured polycyclic aromaric
hydrocarbans but could be explained if the concentratian of aromatic UCM hydrocarbons was cansidered.

Camprehensive two-dimensional gas chromatography — time-of-flight —mass-spectrometry (GCxGC-
ToF-MS) provides superior chromatographic separation and more accurate peak assignments from mass spectra
than previously possible [12], therefore offering a greater potential for resolving extremely complex mixtures of
comipounds. Recent research using GCxGC-ToF-MS has identified brancked alkylbenzenes (BABs) as a
ubiqutous compenen: of UCMs bicaccunmilated in the tissues of mussels, M edulis [4] found 10 have poor
health status [13]. Booth et al [4] reported that the mumber of chromatographic peaks attributed 1o the
alkylbenzenes far exceeded the mmber of possible simple so-called linear alkylbenzenes (LABs) found
previously in some environmensal saniples [14]. It was suggested that this coniplexity was due to the occurrence
of thousands of BABs, which were likely mare resistant to environmental weathering and biodegradation than
the known linear hamologues. From the molecular weigh: ranges of the compounds revealed by the clarity of
the ToF-MS, it could be calculated that thousands of compounds are thearetically possible. Furthermare, Booth
et al. [4] were also able 1o demonsirate that a commercially available contplex noxiure of Ci2.i: BABs,
containing cver 340 compounds, possessed a similar toxicity i terms of mussel clearance rates (also known as
faeding rates. a majar component of the Seope for Growth heatth index), to that of the linear C, alkylbenzene, 1-
phenytoctane.

The Cy214 BABs mixture is described by the manufacturers (Chevon Cronite, Levallois-Perret Cedesx,
France) as a clear and limpid liquid derived from petroleum hydrocarbons by distillation at 275 °C (5 %) and
293 °C (95%) with an average molecular weighi of 241 anm
(hrzp/ivaww chevton. comproducts/oronite/products/pdfs/bab. pdf). The mixture is mainty composed of
compounds with C,, alky] chamns (64 % by GC peak area: unpublished data) and does not conzain more than
trace quantities of LABs ar other hydrocarbons. A conyparisen of the mass spectra of some of the C,,,,, BABs in
this mrsture of compounds with that of BABs fram North Sea mmussels revealed a high degree of similary [4]).
Haghly branched hydrocarbons have a reduced molecular surface area thus inareasing their aqueous satubility
[151. These highty ‘tranched allylbenzenes may therefore be more bicavailable than Linear isomers of the same
molecular weight. Acute aqueaus toxicity tests [4] established a 72 h aqueous C,,,,, BAB EC’O {concentration
required to induce a 20 % effact) of 0.007 mg I' nd a tissue C,..,, BAB EC20 of 10.5 ug 2" dry weight The 72
h tissue concentration EC20 determined b} Booth et al [4] was derived by analyzes of tissue extracts usmg GC-

The Cy:.1. BABs compounds bicaccumnlazed by nmissels in thedr laboratory tests were not analysed by
GCxGC-ToF-MS, and hence could not be directly compared to the distibution of BABs accumaulated by the
field nmssels. Rx-a.na}ysxs of these tissue exmacts b} GCxGC-ToF-MS would provide additional information
concerning the uptake of alkylbenzenes and would also permit cormpanson of GC-MS and GCxGC-ToF-MS as
quantitation methods. In particular, separation an the 2nd GC dimension may reveal information about the
polarity of accummilated compounds that cannot be seen by conventional GC due to co-elutian, Research
concemed with more highly comiplex samples, such as UCMs, which require GCxGC-ToF-MS analysis in order
to resolve the compeumds, would benefit from direct quantitation of extracts. Therefare the present study will
belp enable furure research into the concentrations of individual {now resolved) compenents of camplex
nuixtures in the environment.

Wild nrussels, even in highly contaminated waters, are typically only exposed to low aquecus
concentrations of hydrocarbons and also tend to be exposed to pulses of contammated and relatively clean
seawater, allowing them the opportunity to depurate compounds that have acounnilated in their tissues. Here we
reproduce these environmental conditiens in the laboratary and mvestigate the uptake of the C,,.,, BABs
muxture at a low aqueous concentration over a 14-d semi-stanc exposure period followed by a 3-d depuration
period. Clearance rates were measured and cell viability determined using a miicrotime pla:e neutral red retention
assay [16]. Tissue exiracts were analysed by both GC-MS and GCxGC-ToF-MS. In addition, tissue extracts
from the previous acute exposures [4] were re-analysed by GCxGC-ToF-MS and the concentrations of BABs
quantified. thus allowing direct contparism between acute and longer term exposure conditions, as well as to
conpounds amm.llated by wild mussels. To our knowledge, this 15 the first reported use of GCxGC-ToF-MS
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for quantitation of hydrocarbon compound classes within previously wnresohved complex mixnres accummiated
in bota.

MATERIALS AND METHODS
Alkylbenzene exposure tests

Acute (72 b) semi-static exposure tests ata Cp 12 BABs concentration of 5 ug 1" were performed for
coniparative purposes, as described by Booth et al. [4]. Longer-term (14 d) exposures were extended versions of
the acute test and were canducted in friplicate. Mussels were collected and nwimtained as reparted previously [4,
17]. The mean shell lengths were 44.2 mm (standard errar = 0,11 nm), similar to mussels used by Booth et al
{4] for previous acute 72 b tests (mean = 47:2 mm. standard error = 0.31 nm). Musssel dssues from the
collection site at Port Quin, on the north Commwall coast, United Kingdom (crdnance survey gnd reference: SW

972 905) have been reparted to contain negligible or no UCM er aromatic hydrocarbons [8, 13]) Mussels were
maintained in filiered seawater at 13 °C (x 1°C) 35 practical salimity wnits ( 2 psu), with a 12:12 h hghtdark
cycle for a minimum of ane week prior to exposure tests.

The test sohitions were prepared by injecting 0.5 ml of an acetone sohution of the test compound mto
10L of filtered seawater held at 15 °C in 2 10 L glass aspirater (i.e., acetone concentration 0.005% v/v) and
vortex mixed for a minmum of 2 b priar to use. The test solutions were added to the nmussel exposure vessels
and replaced every 24 h. Groups of nine nmissels were expesed in 9 L of test compound. Mussels were fed
continuously with Irochrysis  galbana (Reed Mariculture Campbell, CA. USA, 0.11 - 0.15 mg dry wt ml’ b}
delivered via glass Pastelr pipettes by means of a peristaldic pump at a rate of approximately 20 ml b, Aeratin
‘was supplied via glass Pasteur pipettes which also aided dispersion of Isechrysis. Water quality measuremsnis
of dissotved oxypen, pH, salimiry and temperanmre were recarded daily prior to water exchange.

Measurement of clearance rare

The clearance rate assay was adapted from Donkin et al. [8] and as reported by Booth etal [4). In
brief mmuscels were placed individually m beakers containing clean seavater. After an acclimation period with
slow vortex mixing, 500 ul of Jsochrysis algal solution was added to give approximately 2 x 10° cells ml”. A 20
ml water sample was removed mnneduneh from all the beakers upon 1 the addition of the algae and retained in
vials far emmeeration of algal cells. Further samples were taken after 15 and 30 nuin. Algal particles (3 - 10 um)
were analysed using a Beckman 72 Coulter particle coumt and size analyzer (Beckman Coulter, Wycombe, UK).
From the loss of algal particles, the feeding rates of the nrussels were determined. Mussels were stored at -80 °C
priar to exmaction and quantitation of alkylbenzenes by GC-MS and GC*GC-ToF-MS.

Extvaction and quanrization of alkylbenzenss

The extraction of hydrocarbons from mussel tissues was by alkaline saponification. adapred from Kelly
et al (18] and as described by Booth et al. [4]. In bref, phenanthrene d); (intemal standard) was added to
thawed mussel tssues (~15 g wet wt) and refluxed for 2 h with methanel and potassiumn bydroxade (~15 g),
filtered, then solvent exchanged into hexane. Following reduction in vohune and clean-up on 3% deactivated
ahmina, the extracts were analysed by GC-MS and GC+GC-TaoF-MS. Dry weights were obtained from
subsaniples of wet mussel sissue followed drying at 60 °C for 24 h. To compare the profile of tke dissolved
phase with that of the BABs within the tissue, 1 L of water was spiked with 10 me BABs and 100 ml aliquots (n
= 3) solvent extracted (3 x 25 ml + 25 ml rinse with dichloromethane). Quzmnmtlon of BABs using GC-MS was
by measurement of the major resolved component via integration of total ion current and m/ 246 )
respanses for which a linear calibration of GC-MS response was obtained (1 = 0.999, 0-0.06 me ml”' injected).
Quanzitation of BABs by GCxGC-ToF-MS was achieved by summation of all the resolved peak areas with
fragment ions consistent with alkylbenzenes (m/z 91, 92, 105, 119 and 133). A linear calibration of the GCxGC-
ToF-MS response was obtained (¢~ = 0.994; 0-0.01 mg ml* mjected) for the Ciz: BABs nuxnure.

Determinarion of cell viability

Cell viability of haemelymph cells from nmssels exposed to 5 ug I for 14-d and from solvent ceatrol
organisms was assessed based on methodology reported by Rickwood e: al. [19). Haemolymph was extracted by
syringe from the posterior abductor nmscle of BABs-e-:posed and solvent conmrol mussels (eight nussels per
veatment). Aliquots of haemol)mph (50 ) were incubated. mn triplicate, in a flat-bottomed microtie plate in
order to allow a monolayer of cells to adhere to the wells. After 45 min, nonadhered celis were discarded and
the plazes washed with physiological saline. A sohmian of 0.004 %% neural red dye in physiolozical salme
(200 pl) was added to each well and the cells incubated for 3 h az 15 °C. The wells were washed and an acidified
solution of 1% acetic acid and 20% ethanol was added to resolubilize the dye. The plates were shaken for
10 min before reading the absorbance at 540 nm. in an Optimax funable microplate reader (Molecular Devices,
Sumydale, Ca USA)) using SoftMax Pro (Ver 2 2.4.1) software. Protein concentration was determined following
the methed of Bradford et al. [20). Results were calculated as optical density per milligram of protein




Gas chromarography - mass spectromeiry

The aromatic hydrocarbon mussel tissue extracts and cammereial BABs mixture were a:ammed ana
Hewlet: Packard GC-mass spectrometry detector (Agilent Technologies, Wilmingtan, DE, USA) 2s desaribed
by Booth et al. [4]. This was comprised of a HP5890 Series I gas chramatograph fitted with a HP7673 auto-
sampler and a HP5970 quadrupole mass selective detector. The cohmm was a HP1-MS fused silica capillary
colunm (30 m x 0.25 mm inner diameter x 025 pm film thickness). The carrier gas was helium at a consan:
flow of 1.0 ml min”. A 1.0 d sample was injected into a 250 “C splitless injector. The oven temperanmre was :
programmed from 40 to 300 °C az 10 °C min" and held for 10 min. Data and chramatograms were monitored
and recorded usmg ChemSraticn (Ver B.02.05) software (Agilent Technologes). The quactmpole mass
specrameter used ionisanon energy of 70 eV and an ion source temperanme e of 280 °C, operated in full scan
mode, with a mass range of 30 to 550 Daltons monitored.

Comprehensive rwo-dimensional gas chromatography time-of-flight mass
Spectromeny

The aromatc hydrocarban mussel tissue extracts and commereial BABs were analysed on a Pegasus
4D (Leco®, St. Joseph, MI, USA) GCxGC-ToF-MS system. based on a Agilens 6890 gas chromatograph
(Agilent Technologies) interfaced to a Pegasus I dme-of-flight mass spectrometer (Leto). The system used the
following parameters: injectar 300 °C, wransfer kme 280°C. The first-dimension cohmmn was a 5 % phenyl- 95
% methyl-polysiloxane 28.9m = 320 . x 0,25 pm DB-35 (J&W Scentific, Wilmgton, DE, USA). and the
second-dimension colunm was a 50 % phenyl polysilphenylene-siloxane 2.0 m » 100 ym = 0.1 pm DPX-30
(SGE, Melbourne, ‘\ustmha) The firsi-dimension oven was held at 70 °C for 0.2 muin, then raused from 70 to
240°C at 5 °C min” then raised to 270 °C at 20 °C min" and held at this temperature for 5 min. The second-
dimensien oven was held at 85 °C far 0.2 min, then raised from 85 to 245 “C at 5 °C min” then raised to 2835 °C
at 20 °C min"' and held at this temperatnure for 5 min. A second diruension modulation period of 4 s was
entployed. The modulator hot temperanwre was offset 30 “C above secandary oven temperature with a hot pulse
time of 1.0 5, and cool time between stages of 1.0 5; the cold temperanure dunng frappimg was estimated at -140
°C; electronic pressure conirol was used in consian: flow mode at 1.5 ml min™ . The carrier gas was helium
99 9990%, Sample was injected (1 pl, splitless) into the GCxGC-ToF-MS system via an Aglent Technologies
7863 series amosanipler. A ToF-MS was used as the detectar, and operated at a spectnen storage rate of 100 Hz
(100 spectra 5*) based on 5 kHz transients. The system used the following parameters: ior source 250 °C, EM
Electron Mulsplier 1750 V. The mass range momtared was from 40 to 500 Daltons. Auromated data processing
was achieved using Leco ClromaToF T soﬁnnre (Ver 2.01, Leco). The software was used to coniplete a peak
finding routine, the deconvohution of mass specaa from partially coeluting contpounds and a preliminary
National Instinte of Standards and Technology (G:nthmbmg MD, USA) library search.

Statistical analyses

Statstical :mz]\ 5 of results were performed using Stazgraphics Plus 5.1 (Hemdon, Virginia, USA). Following
checks for variance using Levene’s test, dats wese analysed by analysis of variance. Where there was a
sipnificant difference (p < 0.05) of means, the daza were fizther analysed by Student-Newman-Keuls test to
determme significant differences (p < 0.05) berween reamen:s. Companisons between two treamiems were
performed using unpaired 7 tests following checks for standardized skewness and standardized kurtosis.

RESULTS

Water quality remained high throughout the tests and all nmssels survived. Clearance rates of mussels exposed
to 0.005 % solvent were not significantly differen: (p > 0.05) to the seawarer control arganisms’ rates. Acute 72
b exposures to Cyz.1s BABsa: 5 pg 1! resulted in a small reduetion in mussel mean clearance rates of 13 %
campared o control values, confirming the reproducibility of the method (previous reparted reduction [4] was
also 13 % canducted a vear earfier). The longer<erm exposure of 14 d resulted i a significant (p < 0.03)
relative decrease in clearance rates of 23 % (Fig. 1). Following the depuration peried of § d, the nmssels
partially recovered but clearance rates were stll significantly lower (17 %, p < 0.03) than contrel values (Fig. 1).
No significant differences (p = 0.05) were found between the BABs-exposed mussels® cell viability and that of
d:le control orgamsms.

Quanatanon of alkylbenzenes by GC-MS based on the methodology as used by Booth et al [4]. gave values of
46to 47 pg g dry weight for the tssues of nmissels exposed for 14 d and 16 to 25 pg g dry weight for the
tissues of nmussels following depuration for 5 d im clean seawater (Table 1). Quantitation of alkylbem-a. by
GCxGC-ToF-MS was determined by summation of the areas of all the alkylbenzene peaks in the tissue extracts
and mterpolation from the linear standard curve ofrhe sumnied peaks of the C,, 14 BABs mixnure. This gave
values for the 14-d exposed nissels of 31 pg g dry weight and 11to 15 pg g" dry weight for the depurated
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mussels (Table 1). Assuming steady state conditions, a log bioconcentration factor (BCE) of 2.9 was estimated.
Using the relationship between log BCF and the octanol-water co-efficient, log Koy, given by van Gestel et al
[21], alog Ky value of 4.2 is implied for the CL,HBABG mixture, Re-amh_,se: by GCxGC-ToF-MS of the
mutsel extracts examined by the GC-MS m the previous study [4], gave tissue concentration values from 7 to 27
ug g” dry weight for nominal aquecus exposure concenirations of 3 10 41 pg 1" (Table 1). From these GCxGC-
ToF-MS data, the tissue concentration EC20 was calculated to be 6 pg g™ dry weight This compares favmn'ablg,
to the vatue of 10.5 ug "' dry weight as determined previoushy using GC-MS [4).

The zotal ion chromatogram of the C,,.,, BABs muxaure (Fig. 2,) formed a UCM type profile that was clearly
apparent within of the BABs spiked water and BABs-exposed nmssels (Fig. 2). Although a few major peaks
were resolved by canventional GC and produced mass specira consistent wath alkyibenzenes, the najority of
peaks were unresolved and clear spectra umobtainable. Analysis by GCxGC enabled much better resolunion and
the alkylbenzenes formed a distinct band within the two-dimensional peak marker plot (Fig. 3). The pumber of
peal.s ideniified as alkylbenzenes by GCxGC-ToF-MS in the tissue extracts of nmssels exposed far 72 hto 41
pg I was 111 (Fig. 3). This was reduced to 28 peaks for the exposure to BABs for 72h 5 pg I' (acute
exposure). As the exposure conceniraticn reduced, peaks due to BABs were reduced in mumber from across both
the 15t dimension (nompolar) and 2nd dimension (polar) GC retention time range but most apparently at the
earlier ehrion times of the 15t dimension. The peak marker diswibusions of the extracts from the 14-d Spel!
exposed mussels (136 - 166 peaks) were virtually identical to those derived from the acuze 41 pg I' exposed
mussels (Fig. 3}, The distributions of the peaks due to BABs from the deparated nmssels (118 — 123 peaks)
were also sudlar to those in the 14-d exposed mussels, with some peaks lost across the 1st dimensian range
including the later eluting peaks (Fig. 3). This small difference is consistent with the only partial recovery
clearance rates (Fig. 1). A small mumber (9) of alkylbenzenes was detected in the control nmssels exposed to
solven: and semwater only. The nuass spectra were consistent with those of Linear alkylbenzenes and only very
small concentrations were present. Mussals exposed to seawater or sohvent had tissue concentrations of
alkyfbenzenes less than } pg g by either analysis method. These small amoumts of LABs are probably due 1o
traces of detergent resicues fom glassware washing. per Eganhouse et al [14].

DISCUSSION

To cur knowledge this is the first reported use of GCxGC-ToF-MS for quantitarion of bioaccumulat
(umresolved coniplex mixnures of toxic hydrocarbons in biota. Most research imto petrochemical hydrocarbons
usimg GCxGC has uiilised flame tonisation detection and although attentpts were niade to use GCxGC with
quadrupole mass spectrum analysis [22, 23], the peaks ehuting from the second dimension cohmm were very
narrow (rypicalty 100-200 ms) whereas time-of-flight MS can deliver the high acquisition rates necessary for
quantitasve descriptica of the peaks {24]. One of the mam advantages of GC "xGC-ToF-MS i 1s the very high
separation power making the techmque ideal for unravelling the composition of complex mixtures [25]. Another
important feature of GCXGC is that chennically related compounds show up as ordered structures within the
chromatograms, i.e. isomers appear as distinct groups in the chromatogram as a resubt of therr similar interaction
with the second dimension colunm phase [26). As a cansequence the alkyibenzenes form a distmet band of
peaks with conpounds exhibitng greater alkylation elunng later in the 15t dimension (Fig. 3). The use of
GCxGC-ToF-MS m the present study has shown with greater clanity than with GC-MS, that a broad range of
Cy244 BABs are slowly accumulated by nmssels 1o the point where their abiliry to feed is significantly reduced
and that 5 d within clean seawater is msufficient to allow the nmssels to recover fully.

C onsiden':ng the complexity of the C,,.,, BABs mixnwe, the calculated tissue concentrations were remarkably
similar using the two analysis mzthodu (Table 1). Indeed. the tissue concentration EC20 based on the GC XGC—
ToF-MS measurement of 6 ug g dry weight, was close to that calculated previously by GC-MS (10.5 pg g
dry wr) {4]. The tissue concentrations of the nussels exposed to 5 pg I for 14 d were meanmed to be 46 to 47
ug g dry weight hn, GC-MS; this was a lirtle Jower than that zccumulated by the nmissels exposed to 41 pg I?
for 72h (57 pg g dry wi) and was consistent with the slightly lower effect upon the 14-d exposed mussels.
Tissue concentration measurements of 14-d exposed nmssels based on GC*GC-ToF-MS were slightly higher
(31 pg g dry wi) thau those catculated for the 72k, 41 pg 1" exposed nmssels (27 pe g dry wt) but the
measuremens were in broad agreemen: and were certainly consistent with the observed bialogical effects
(Table 1, Fig. 1).

Crude oii contams both LABs and BABs [27, 28] but environmental of spilled oil degradatian by bacteria
results in gradnal removzl of LABs and a relative ingease in concenmation of the BABs which are more
resistant to microbial attack {29] Indeed L.ABs have been shown to suffer up to 99% degradation under some
conditions [30). Mussels were found to accumulate BABs when exposed to an agueous aramatc fraction of the
bicdegraded UCM-deminated Venezuelan crude oil, Tia Juana Pesado, for 48 h but failed to fully depurate these
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ds after 5 d in clean seawate, whereas other compound groups, such as the alkylnaphthalenes, were
fully depurated [31]. Marine arganisms are likely to expertence pulses of hydrocarbon contamination and
therefore may be able to depurate compounds diring periods of clean seawater. The results of the present smady
are i agreement with that of Scarlett ef al. [31] and show that alkvibenzenes accumulate in the issues of
mussels and are not always readily depurated, leading to this group of hydrocarbons becammg an ubiquitcns
component of UCMs in contaminared nmssels, as identified in Narth Sea nmussels by Bocth et al. [4]. The log
Kow value of 4.2, derived from the estimared log BCF of 2.9, is considerably lower than that of the limear C;»
alkyibenzene, decylbenzene (log Kow 7.35, hnp]floelm disti.ore.ca/logkow [32]), signifying that the branched
isomers maybe more bioavailable but are sall highly bicaccunmulative. It should be noted that the exposures
reported berein and Booth et al [4] were carried out in the presence of the alga I galbana. This may have
influenced the uptake of compemds as it has been reported that bicaccunmlation of nonpolar hydrocarbons can
be enhanced in the presence of algae [33] However, this would also occur for wild mussels. The profile of the
BAB: aqueous phase extract matched tha: of the nmssel tissue and therefore if adsorption to the algae did occur
this did not result m biased uptake of specific compoumds by the mussels. The results also demonstrate that the
BABs will accumulate m the tissues at sufficient concentratians to cause sublethal effects and thus reduce the
health status of exposed nmssels. Wild nmssels with low scope far growth, collected from Southend, UK have
been reported to conmain around 100 pg g dry weight aromatic UCM [4] comresponding to an estimated
alkylbenzene concenmanon of 45 pg g’ dry weight. Mass spectra, obtained by GCXGC-ToF-MS, of the BABs
compounds closely maich the alkylbenzenes found within the tissue extracts of wild nmssels [4). Thus the tissue
concentrations and effects on clearance rates reparted hezein are consistent with data obtained from wild nmussel
populations. However, the accunmulation of the BABs did not result i loss of cell viability. Martins et al. [10]
suggested that reduction in membrane lysoscmal stability (essentially a sinmilar measure as loss of membrane
lysosamal integrity but with reduction in neutral red retention time as an endpoint) of bivalves from a pexoleum
hydrocarbon polluted bay in Brazil could, i part, be explained by the concentration of aromatic UCM
hydrocarbons. The resulis of the presen: study do not suggest that toxic effects arising frem acounmilation of
alkylbenzenes contribute to the loss of haemolymph lysosomal stability.

CONCLUSIONS

Quantitation by GC*GC-ToF-MS of complex mixtures of alkylbenzenes accumulated in the tissues of M. edulis
revealed that a broad range of alkylbenzene isomers was accunmilated by Af. edulis, resulting in reduced
clearances rates. The accumulated compounds were not fully depurated within a 5 d period of exposure to clean
seawater and the organisms failed 1o recover fully. Consequently, branched alkylbenzenes in the marine
environmen: ansing ffom pegoleun h)dmcarbon contaminagon, can bioaccumulate and persist as a commion
conmporent of the UCM within tissues, where they can impact the health of exposed organisms. The anzssel
tissue concentrations of complex mixaures of alk_ﬂbenzmes and their comrespanding effects reparted herein are
consistent with observations of wild mussel populatians.
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ABSTRACT

Amphipods are widely used in both acute and chronic (sublethal) sediment tests.
Acute sediment tests provide relatively rapid results, but may fail to detect moder-
ately toxic contaminants that are bound to the sediment, whereas chronic life-cycle
tests arce rarcly performed as they are time consuming and expensive. Observations
during chrenic testing of oil-contaminated sediment suggested that there may be a
link between the behavior of the marine amphipod Comphim volutator and reduc-
tion in growth rate. Behavior tests were performed with six individual amphipods
pertreatment using scdiment spiked with weathered Forties oil with burrowing time.
re-emetgence from sediment, and activity prior to burrowing as endpoints. Further
behavior tests were used to predict the chronic toxicity of sediments spiked with
three crude oils each with a dominant unresolved complex mixture of hydrocar-
bons (UCM). The cffect of sediment type on behavior was also investigated. The
results suggested that although the behavior test could not be used alone as a viable
alternative to sediment toxicity Lests, it could prove useful as an adjunct to acute
tests, and help select sediments that deserve further investigation.

Key Words:  Comphium, behavior, sediment, oil, chronic, toxicity.

INTRODUCTION

Amphipods are commonly used as test organisms for standard acute sediment ex-
posure bioassays (PARCOM 1993: USEPA 1994, Bat and Raffaclli 1998; ASTM 2000;
Roddic and Thain 2001). However, the value of such acute tests is questionable
os many sediment-bound toxicants are only bicavailable at concentrations that are
moderately toxic and may only give rise to deleterious effects as a result of chronic
exposure {USEPA 2001). The importance of detecting the effects of longterm expo-
silre {o toxicants was emphasized by Eggen a2 al (2004) as one of the major challenges
in ecotoxicology but chronic tests are time-consuming and expensive. and thus the
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numbers of samples that can be tested are restricted. The selection of sediments for
chronic testing is therefore important and behavioral tests are well suited to play a
role in the sediment selecion process as they are rapid, inexpensive, and potentially
sensitive,

In order o provide information on sublethal effects of oxicants, a reburial test
is sometimes included at the end of a standard 10-day acute test. that is, ability to re-
burrow within onc hour (PARCOM 1993; Batand Raffaclli 1998). This can be uscful
in situations where the amphipods are alive but suffering from narcosis and unlikely
to survive in the wild; hence an ECw can be generated that more truly reflects the
toxicity of the contaminant than a LGy, derived from mortality. However, rebunial
of surviving amphipods within an hour may not necessarily provide supplementary
or more sensitive information (Marsden and Wong 2001). Studies of amphipod be-
havior have been used as an alternative to acute lethality tests (Poulton and Pascoc
1990: Pascoc e1 gl 1994; Bat & al 1998: Kravitz o al 1999: Watts «f al 2001: Briggs
etal 2003}, When groups of Carophium velutator (Pallas) were given a choice between
scdiment spiked with meuwls and non<ontaminated sediment and their burrowing
behavior observed for up to 96 h, it was found that the amphipods avoided the
metalconaminated sediments and this appeared 10 be a more sensitive indicator
of toxicity than mortality at low concentrations (Bat o al 1998). Kravitz of al. (1999)
exposcd the amphipod Echaustorius estuarius to PAH-contaminated field sediment
and recorded theiravoidance behavior; although this appeared to predict sediment
texicity there were confounding problems with sediment type preferences of the
amphipods. that is, there was considerable vanation:-in the grain size distribution
between sediments and this may have been the primary reason for the avoidance
response. Briggs et al. (2003) found a significant relationship between the turbidity
caused by sediment re-suspended by the behavior of amphipods, C. volutawr, and
acute mortality caused by field sediments contaminated by hydrocarbons. Although
uscful. these tests were performed on highly contaminated sediments that were
acutely toxic Lo the organisms and thercfore did not address the prablem of assess
ment of moderately contaminated sediments that do not cause significant mortality
during acute sediment tests.

Abnormal amphipod behavior such as failure to burrow rapidly and re-emergence
from the sediment has previously been associated in our labomtory with reduced
growth rate in oil-exposed organisms (unpublished data). This mised the possibility
that changesin behavior follow a charactenistic and repeated pattern. The aim of this
rescarch was to investigate the use of C. volulator burrowing behavior as a predictor
of chronic toxicity. The cobjectives of the study were to (i) quantify the behavior
previously observed during initiation of chronic tests’ using weathered Forties crude

“ail; {ii) determine the cffect of variation in sediment type as a potential confounding
factor: and {iii) predict the chronic toxicity of sediment spiked with three crude oils.
including two dominated by unresalved complex mixtures of hydrocarbons (UCM)
not previously reported to be toxic. Weathered and biodegraded oils are common
and persistent sediment contaminants that represent an ongoing threat to benthic
organisms (Reddy et al 2002). The value, possible uses and problems associated with
the behavior test are discussed. The possible implications for benthic communitics
arising from the chronic ex posure tests will be discussed elsewhere (Smith et al 2006;
Scarletl et al. 2007).
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MATERIALS AND METHODS

Sediment Toxicity Tests

Details of the methodologics used for the chronic oil exposures are provided
clsewhere (Smith o al. 2006: Scarlelt ot al. 2007). In bricf, for the first chronic oil
exposure Lest, sediments were spiked with lightly weathered Forties crude oil (arti-
ficially weathered by gentle nirflow [Smith & al 2006] o give a 28%, loss in weight)
with nominal sediment concentrations of 0, 110, 220 and 440 pg g~ (dry weight,
3 replicate vessels per treaument); measured concentrations, by ultraviolet fluores-
cence (UVF) were ca25% of nominal values. Following acration of spiked sediments
for 24 h, 30 neonate C. wolutaror {mean length 1.4 mm, standard deviation (SD) 0.31
mm excluding antennae) were introduced into 2 L exposure vessels containing 160
mL of spiked sediment plus } L overlying water (25 psu). Test conditions were 15
£ 1°C, 25 & 2 psu, pH 8.0 £ 0.3, 12:12 b dark:light period, 80% water exchange
once perweek 24 h following feeding. with continuous gentle acration via glass Pas-
teur pipettes. The test was terminated after 28 days and the number of sunviving
amphipods and their growth recorded (based on increase of wet weight). Aaute
10-day tests were also performed at nominal concentrations up to 880 pg g~' (3
replicates per treatmem) using adult C. volutator under identical conditions except
that amphipads were not fed. For the sccond chronic exposure Lest, sediments were
spiked with three crude oils: weathered Alaskan North Slope (ANS, 36% loss by
mass achieved by gentle airflow until stable weight), Silkolene-150 (SLK, a lube oil
comprised almaost entircly of aliphatic UCM when analysed by gas chromatography
flame jonization detection) and Tia Juana Pesada, (TP, a biodegraded crude oil
comprised almost entirely of aliphatic and aromauec UCM), allat a nominal concen-
tration of 500 pg g (dry weight). The test was initiated using 20 juvenile C. vobtator
with mean length 3.8 mm (SD = 0.30 mm) and terminated upon reproduction in
all control vessels (35 days exposwre; 5 replicates per treatment}.

Acute 10-day tests were also performed using adult amphipods at a nominal con-
centration of 1000 ug g~'. Test conditions were as desciibed carlier. Water quality
measurements were recorded prior to commencement of all tests. on day 5 or 6 of
acute tests, weekly during chronic tests, and at the end of all tests. Sedimeat for all
tests was collected locally from an intertidal area of the Avon estuary near Aveton
Giflord. South Devon, United Kingdom (ordinance survey grid reference: SX 683
467). Corgphium volutator from this location were used for the sediment type and
Forties behavior and texicity tests: for the UCM tests C. eolitator were supplied by
Guernsey Sea Farms (Vale, Guernsey, UK).

Spiking of Sediments
Forties oil testss acute, chronic and bebavior

Direct spiking of (weathered) Forties oil was performed via micro-litre syringes
into 160 mL aliquots of sieved wet sediment within 2 L. Pyrex beakers. The oil and
sediment were homogenized with 50 mL of 25 psu seawater for 60 s using a motor-
ized hand blender to produce a slurry. The blender was rinsed into the vessel with an
additonal 50 mL of 25 psu scawater. The slurry was left to sctde for 24 h, the super-
natant pourcd off and the beakers refilled to the 1200 mL mark with 25 psu scawater.

1] Hum. Ecol. Risk Assess. Vol. 13, No. 3. 2007
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An additional replicate for cach treatmentwas produced for chemical analyses. The
proecdire was repeated to create sedimennts for use in behavioral tests.

UCM-daminated oils: acute, chronic and behavior

The spiking method was based on that of Roddie and Thain {(2001). Oils were
dissolved in dichloromethane (DCM) as they were not readily soluble in acetone
or methanol and spiked (5 mL) onto 20 g aliquots of dry sediments. The spiked
scdiment was lcft overnight for the solvent to completcly evaporate and then mixed
withi 320 mL aliquots of wet sediment and 100 mL of 25 psu seawater in wide neck
500 mL giass boules (Schott). The combined spiked sediments were shaken vigor-
ously by hand, then by orbital shaker at 200 rpm for 8.5 h. The botdes were again
vigorously shaken by hand and the shurry from cach divided equally between two
2 L Pyrex beakers. Solveni controls were created wsing 5 mL of DCM as described
earlier. Additional replicates were created for chemical analysis and behavioral tests.

Sediment Type Test

Wetscdiment was mixed using a stainlesssteel spoon with “gencral purpose grade
sand” (Fisher Scientific. Loughborough, UK} wo give 0, 10,20, 40, 80, and 100% sand
(based on dry weights, caleulated using dry:wet ratios of sediment subsamples). The
mixed sediments were each left to settle for four hours, the overlying waters poured
off and then divided into six 25 mL aliquots for behavior tests and wo 160 mL
aliquots for 10-day survival tests.

Behavioral Tests

Homogenized sediment was divided between 6 replicate 100 mL glass beakers
(25 mL per beaker) with 75 mL of overlying water (25 psu scawater). Beakers were
labelled with randomly generated numbers to climinate bias when evaluating be-
havior. After sewling, the water was acrated for 24 h. Amphipods were sorted from
stock to give a size range of about 3— mm. Initial tests had indicated that large
individuals, especially mature males, were more likely 1o fail to burrow in clean sed-
iment and very small amphipods were difficult to observe. Individual amphipods
were placed in 25 mL beakers with 25 psu seawater. then mndomly allocated to 1est
vessels. Aeration was stopped prior to an individual amphipod being transferred to
the cxposure vessel via a plastic Pasteur pipette with a widened neck The time to
initial burrowing, that is, complete burial of the entire organism. was recorded as
was its activity prior to burrowing, classificd as majority of time spent swimming.
crawling or diving straight to the sediment surface. Following am phipod burrowing.
the vessel was observed for a further 2 minutes 10 check for reemergence from the
sediment, that is, completely emerged and not simply partial emergence from the
end of its Ushaped burrow. The timing of subscquent burrowing and any further
re-cmergence was recorded up to 5 min from initiation. at which point the time 10
final burrowing was recorded as >5 min. To reduce possible confounding factors
such as time of day, the tests were carricd out as rapidly as possible using several
observers, but only one vessel was monitored by an observer at any one time. From
the data, mean time to inital burrowing. mean time Lo final burrowing. percentage
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emergence, percentage failing to burrow within 5 min. and percentage of dominant
activity—swimming. crawling or diving—were calculated.

Suatistical Anahyses

Suuistical analyses of results were performed using Stagraphics Plus 5. 1. Propor-
tional data were arcsine transformed prior to analysis. Following checks for vanance
using Bardett’s test, data were analyzed by Analysis of Variance (ANOVA). Where
there was a significant difference (p = 0.05) of means, the data were further anal
ysed by Fisher’s LSD test to determine significant differences (p £ 0.05) between

ireatments.

RESULTS
Sediment Type: Behavior and Acute Tests

Both initial and final time 1o burrow were unaffected by the addition of sand 1o
sediment up to 80% by dry weight of total, but no burrowing occurred with 100%
sand (Figure la). Recmergence following initial burial only occurred with 80%
sand (Figure 1b). Failure to burrow within 5 min was only significandy increased
{f < 0.05) at or above 80% sand. Activity prior to initial burrowing was similar at
low sand concentrations to that of Lthe control bul at 40% was dominaied by diving
directly to the sediment surface: with 100% sand. all organisms swam constanty
(Figure 1c).

Acute 10-day exposure to the different substrates resulted in 100% montality in
the 100% =and wreaument but no other sediment had any effect. with survivorship
remaining >90%.

Forties OQil: Behavior, Acute and Chronic Tesis

There were no significant differences in either inital or final time 1o burrow. but
amphipods exposed to nominal weathered oil concentrations of 220 and 400 ugg™!
(dry weight) did ke longer to burrow and were more variable in their response
(Figure 2a). Control organisms did not re<emerge following initial burrowing, and all
successfully burrowed within 5 min: re-emergence and failure 1o burrowwere highest
within the 440 ug g~ wreatment (Figure 2b). Activity prior to initial burrowing was
similar at the lowest oil concentration to.the control, but swimming was dominant
with the 440 ug g~ treatment, and diving directy to the sediment surface was more
prealent at the highest oil concentration (Figure 2c).

Scdiment tests showed that only the highest exposure of 830 ug g=' was acutely
toxic to adults, causing 50% mortality. Chronic 28-day tests with neonates resulted
in a significanty reduced (p < 0.05) growth rate of amphipods exposed to"220 pg
g~! and no growth atall in amphipods exposed 10 40 pg g~ (Figure 3).

UCM-Dominated Oils: Behavior. Acute and Chronic Tests

Inital and final umes to burrowing were not significantly different between
treatments, but were highest in the weathered ANS 500 pg g" (dry weight) treat
ment (Figure 4a). Reemergence was generally low but clevated in the 1000 pg g~
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and has been used in recent behavioral studies (Gerhardt e al 2002, 2005) to de-
tect stress responscs in a range of both water and sediment spedies including C.
wolutator (Kirkpatrick e al. 2006). An interesting result of the study by Kirkpatrick
et al (2006) was that both the locomotory and ventilation behavior of C. rolutator
exposed to acutely toxic concentations of the biocide Bioban were similar 1o con-
trol animals, whereas sublethal Bioban-exposed animals showed reduced activity.
The results from the present study are consistent with the Bioban study (Kirkpatrick
et al. 2006) in that both suggest that sublethal toxicants can affect behavior and
that this may be more apparent than the organisms’ responses to aculely tethal
concentrations.

CONCLUSIONS

The results of this preliminary study show that the behavior of C. wlutator in
terms of burrowing time and re-emergence cannot be used to replace acute or
chronic tests; they do however suggest that that these rapid and simple tests may
highlight sediments that deserve additional testing, We would therefore recommend
that behavior tests be conducted as an adjunct to acute sediment tests, and that
chronic tests be considered for sediments that cause C. wolutator to fail 1o burrow
within 5 min, burrowmore slowly. orre-emerge more ofien than individuals provided
with clean sediment of a similar type.
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Abstract

Bavkground, Aim and Scope. Unresolved complex mixtures
(UCM) of hydrocarbons, containing many thousands of com-
pounds which cannaot be resolved by conventional gas chroma-
wography (GC), are common contaminants of sedimenrs bur lirtk
is known of their poteatial to affect sediment~dwelling organ-
isms. Evidence exists for reduced health starus in mussels, aris-
Ing fram aqueous exposure to aromatic UCM componerms act-
ing through a marcotic mode of action, However, UCM
conraminants in sediments may not be sefficiently biosvailable
to clicit toxic effeces. The aim of our study was thercfore to
measure the sublethal effects of chronic exposure to model UCM-

compare this ro effecrs produced by a UCM cantaining wearh-
cred crude oil A further alm was to determine which, if any,
fractions of the oils were responsible for any obscrved roxiciry.

Materials and Methods. Whole olls were spiked into estuarine
scdiment ro give nominal concentrations of $00 pg g dry weight,
Juvenlles of the estuarine amphipod Corophivmt volutater were
exposed to the contaminated scdiment for 35 days and their
survival, growth rate end reproductive success quantified. Us-
Ing an effect-directed fractionation approach, the olls were frac-
tionated (mto aliphatic and two aromaric fractions by open col
umn chromarography and theic toxicity asessed by funher
chronic exposures using juvenik C. voluzator.

Results. The growth rares of amphipods were reduced follow
ing exposure to the oils althoagh this was only staristically sig
nificant for the weatherad oil; reproductive success was reduced
by all oil exposures. Sadiment spiked with UCM fractions also
cause d reduced growth and reprodoctien but no pardcular frac-
rion was found to be responsible for the obscrved toxicity. Sur-
vivarship was not affecred by any ol or fracrion.

Discuwsion. The study showed thar chronic exposure to sedi-
ments cont eminated by UCM~dominated olbs could bave popu-
lation level effects oo amphipods. The observed effects coutd
not be expliined by hydrocarbons resolved by convearionsl
GC and effects were similar for both UCM-dominated and

dominated vils ar eavironmncearally realistic concentrations and -

J Sails Sediments 2007 (OnlinaFirst). +¥

weatherad oils. All of the fractions appeared ro contribute to
the observed effects; this Is in consrast to previcus rescarch
which had shown that an aliphatic UCM did oot cause ad-
verse effects in mussels.

Cooclusions. To our knowledge, chis is the first study 0 dem-

onstrace populaton-beve! effects arising from exposure to sedi-
ments contaminared by reallstic environmental concentrarlons
of UCM hydrocarbony The resuls are consistent with many
compounds, at very low individeal concentradons, contribut-
ing towards the overall obeerved roxiciry.

Recommendations. Risk assessments of contamioated sediments
thould take inro account the cantriburion rowards the potenrial
for texic cffects from UCM hydrocarbons. Studies inro sodi-
meat contamination should report both aliphadic and aromaric
UCM concentrations o aid risk asscssmears.

Keywords: Coropbizmn rolutator; amphipeds; UCM: hydrocar-
boans; toxiciry; bicassay-directed fractionation; risk assessment;
Tia Juana Pesada; Alaskan North Slope; weathered ail

Introduction

Despire the widespread occurrence of imresolved complex
mixrures (UCM) of hydrocarbons in sediments and the fact
that they often represent the majority of the petroleum hy-
drocarbons present {Table 1), very little 1s known about the
polcnnal for these sedimenrs ro affect sedimenr-dwelling
organisms. A small number of studies have demonstrated
that bicaccumulated UCM hydrocarbons can impact the
health of mussels, Mytilus edulis L [1-5]. These studies sug-
gest that components from the aqueous aromatic fraction,
acting vis a narcotic mode of action, are responsible for the
observed reduction in healch starus. The UCM hydrocar-
bons within soils and sediments are resistant te biodegrada-
tion and bwremediation [6,7] and can therefore persist for
decades [8). Due to the relatively low bioavailability of sedi-

ment-bound UCM hydrocarhons, adverse cHects on sedi-

ment-chwelling biota are likely to result from ¢hronic expo-
surc and therefore unlikely to be highlighted by standard
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and reproductive success (see Table 4). However, unlike the
bascline tests where only ANS produced significant redue-
tion in growth rate, all the oils significancly affected the
growth of amphipods. Furthermore, signiticant reductions
in reproductive success were not found for all oils as was
the case for the bascline study. This was possibly due to the
greater size variation within the starting population of the
fractionston study.

In contrast to previous studies that suggested only the aro-
matic fraction of the UCM have deleterious effects | 1-§], all
of the il fractions appeared to contribuze ro the overall tox-
icity of the oils (see Fig. 2) resulting in very few significant
differences (P >0.05) when analysed by ANOVA. Signifi-
cant reductions were found for both the F1 and F2 fractions
of SLK which produced similar effects upon the reproduc-
tive success of the amphipods (sce Fig 2. ¢ and d). This simi-
lariry in effects was unexpected as the aliphatic F1 fraction
of SLK had previously been found not o show toxiciry in
mussels M. edulis [25) and alipbawc hydrocarbons in the
environment have been assumed to be of low toxicity and
low bioavailability. For example, an oil toxicity model by
French-McCay [26] was solely based on aromatic hydrocar-
bon roxicity. Barron et al, |27], in a smdy of short-rerm
growth and survival of mysids Mysidopsis bahis exposed ro
three oil -derived WAFs, questioned that aromaric hydrocar-
hons were the primary determinant of toxicity as their re-
sults demonstrated chat oils with fow aromatic content had
greater toxicity. One theory of the narcotic mechanism of
roxicity suggests that all soluble components of oil bio-
accumulated by arganisms may contribute to toxicity [218].
Whilst the low solubility of the aliphatic compounds should
render them unavailable to the amphipods by this route and
thirefore not contribute to the overall toxic effect, deposit
feeding may provide an alternative roure of uptake [22]. It
should also be noted that the nominal sediment concenrra-
tion of the SLK aliphatic fraction was about five times that
of the aromatic fracdon but produced similar roxic effects.
The monitoring of sediment hydrocarbons should therefore
consider the aromaric UCM concentrarion.

The moniroring of hydrocarbon canmination of sediments
has rourinely focused on resolved PAHs which are known
to be highly toxic with mutagenic and carcmogenic effects
|29]. The biodegraded crude oil TJP, used in this study, con-
rains very few such resolved compounds (ca. 2%, sce Fig. 1)
which is similar to the hydrocarbons reported in many of
the studies listed m Table 1, bur had similar roxic effecs
(sce Tables 3 and 4, Fig. 2) as the weathered ANS oil con-
taining a larger resolved component (ca. 13%). Shelron et
al. | 30] reported that water-accommodared fractions of bio-
degraded weathered ANS weere toxic to larvac of marine
crustaceans whereas the unbiodegraded oil was not roxic,
suggesting that degradation products of the hydrocarbons
were the main contributors ro the observed toxicicy rather
than the PAHs themselves. The concentration of compounds
resolved by conventional GC in the TJP whole oil test sedi-
ment waos ca. 10 pg g1 (dry wt.), equivalent o ca. 260 pg g!
OC, of which the PAHs represent a small fraction. Swam

|31] reported'a consensus threshold cffect concentration for
total PAH of 290 pg g-! OC although rthis did not teke into
account the alkyl-substituted homologues which have been
reported to more toxic [32]. Some UCMs accumulated in
tissucs of musscls with poor health stanus have now been
shown to contain branched alkyl-substituted homologues
of meno, di and polycyclic aromatic hydrocarbons [1] and
it is therefore likely thar all of these compounds conwibure
to the overall roxic effects.

The results of the sediment exposure tests show that reduc-
tions m growth rates and reproductve sucxcess of C. volutator
cannot be atreiburable to resolved compounds-alone or o
components from any single fraction. To our kaowledge,
this is the first study to demonstrate population-level effects
arising from exposure rto UCM hydrocarbons. Risk assess-
ments of contaminated sedimentss would benefit from the
widespread reporting of both the aliphatic and aromatic
UCM concentrations, and from further investigatians imo
the potential sublethal toxic effects arising from exposure
to these sediments.

Roferontes

[1] BoothAM,Sutton PA, Lewis CA, Lowis AC, Scarlert A, Chau
W, Widdows J, Rowland §J (2007): Unresolved Complex
Mixtures of Aromatic Hydrocarbons: Thousands of Qver-
looked Persistent, Bivaccumulative, and Toxic Contaminants
in Musscls. Environ Sci Technol 41, 457464

{2] Smich E, Wraige E, Denkin P, Rowland § (2001): Hydrocar-
bon humps in the marinc énvironmear: Synthesis, toxicity,
and agueous salubiliry of monoaromatic compounds, Enviren
Taxicol Chemn 20, 2426-2432

3] Rowland S, Dankin P, Smith E, Wraige E (2001): Aromark
hydrocarbon humpe' in the marine cavireoment: Unrecog-
aized toxins? Envirgn $ci Techno! 35, 26402644

[4] Crowe TP, Smith EL, Dookia P, Barnaby DL, Rowland 5§
{2004): Measurcments of sublethal cffects on individual or-
ganisms indicate communiry-kvel impacts of pollutien. ) Appl
Ecol 41, 114123

|51 Donkin P, Smith E1, Rowland §] {2003): Toxic effects of
untcsotved complex mixtures of aromatc hydrocarbons ac-
cumulated by mussels, Mytilus edulis, from comaminawd
ficld sites. Environ Sci Technol 37, 48254330

6] McGovern E (1999): Biore mediation of Unresolved Com-
plex Mixturea in Marine Qil Spills, EU Projcct B4-3040/95/
928/inC4. Final Report, Marine Institute Fisheries Rescarch
Centre, Dublin

[7] Palmroth MRT, Koskinen PEF, Pichre! J, Vaajasaari K, Jourti
A, Tuhkanen TA, Puhakka JA (2006): Field-scale assessment
of phytomrearment of soll conraminared with weathered hy-
drocarbons and heavy merals. J Soils Sediments 6, 128—-136

[8) Reddy CM, Eglinton TL Hounshell A, Whie HK, Xu L,
Gaines RB, Frysioger GS (2002): The West Falmouth oil spilt
after chirry years: the persistence of petroleum hydrocarbons
in marsh sedimenms. Enviran Sci Technol 36, 4754—4760

[8] Peters G, Ahlf W (2005): Reproduction of the estnarize and
marine amphipod Corophim volurarar {Pallas) i labora-
tory for vaxicity testing. Chemosphere 59, 525-536

[10] Roddic BD, Thain JE {2001): ICES Techniques In Marine
Environmental Sciences No. 28. Biological effects of contami-
nants: Corophiurm sp. Sedimenr bioassy and toxicity test,

J Soils Sedments 2007 (OnlineFirst)

307





















A Scarlett et al | Marine Envranpeentad Research 63 (2007) 457-4R 461

calculate the initial volume of cil. Densily measurements were made by weighing known
volumes of the oil at the beginning, hall way through, and at the end of the experiment.
Density measuremenls were compared W published literature (Blenkinsopp et al., 1996).
The weight of the oil was noted over the duration of the experiment and adjusted to vol-
we using the density measurements. Temperatire (18-20 °C) and air flow (~0.5 ms™Y
through the fumehood was noted during the experiment The weathering process was
halted after 24 h. The whole eaperiment was carried out three limes to investigate whether
the method was reproducible. The slightly ‘weathered’ 0il (19.8R8 + 0.63% evaporative loss)
was used w produce the starting material for all experiments. Once weathered the oil was
stored in completely filled amber glass bottles a1 4°C unt) use.

2.4, Chemical analyses of water und sediment

Water samples aliquols { 100 mL) of WAF or DWAF were extracted into dichlorometh-
ane (DCM, 3 x 23 mL 4+ 23 mL rinse of separating funnel) for quantification of hydrocar-
bon concentrations by UVF analysis. Sediment samples were extracted using an alkaline
saponification method described by Kelly et al. {2000). In brief: frozen sediment samples
were allowed to defrost at room temperature then mixed with a stainless steel spatula. The
dry weight percentage of each sample was determined by weighing subsamples (% 2) in pre-
weighed foil dishes then re-weighing after drying a1 105°C for 16 h. Approximately 50 g of
wet sediment samples were digested with potassium hydroside pellets (5 g) and methanol
(109 mL), under-reflux-for 2 h. When cool, the digests were filtered throuph solvent-rinsed
filter papers (Whatnan 113v) inte 250 mL separating funnels. The digests were extracted
with n-pentane (2 x 50 mL) and the combined extract dried with anhydrous sodium sul-
phate then transferred to 100 mL volumetrics and made up to volume. Fluorescence values
were compared 1o a standard curve derived from weathered ANS oil dissolved in DCM
(WAFs and DWAF) or n-pentane {sediment), Excitation wavelengths {(2) were 254 nm
(DCM) 310 nm {#-pentane) and emission 4 360 nm.

2.5. Preparation of water-accommodated-fractions { WAFs } and chemically dispersed WA Fs
(DWAFs}

The apparatus was similar to that described by Al et al. (1993). In brief, 25 mL of
weathered ANS crude oil was slowly vortex mixed with 2475 mL of 25 psu seawater at
aratio of 1:99 for 24 h within a 5 L Pyrex botile then lkft to re-equilibrate for | h. DWAF
was produced as above bul with the addition of Corexit with an oil:dispersant ratio of 25:1
premixed with the oil. After mixing, the solution of WAF or DWAF was carefully
siphoned off under low nitrogen pressure. As it was desired that the WAF should contain
the soluble component of the oil with minimal presence of droplets, the number of pani-
cles present in various size categories were counled using a Beckman Z2 Coulter panticle
count and size analvser (Beckman Coulter, Wycombe, UK), and compared with that of
seawater. WAFs were considered acceptable if particle counts were <5x that of seawater.

2.6. Spiking of sediments

Aliguots ol 160 mL of sieved sediment (grain size: 33% sand, 67% silt/clay; organic carbon
3.8%;) were placed in wide neck glass 500 mL bottles {Schott). Aliguots of 320mL WAF,
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DWAF, Corexit and 25 psuseawater were added 1o the bottles and shakenat 15°Cflor 3.5h
at 200 rpm un an orbilal shaker. The slurry from each bottle was Lransferred 1o 2 L Pyrex
beakers, allowed to settle for 16 h, the supermnatant poured off and the beakers refilled to
the 1200 mL mark with 25 psuseawater. Direct spiking of weathered ANS oil was performed
via micro-litre syringesinto 160 mL aliquotsof sieved wet sediment within 2 L Pyrexbeakers.
The oil and sediment was homogenised with 50 mL ol25 psu seawaler for 60 susing amotor.
ised hand blender to produce a slurry. The blender was rinsed into the vessel with an addi-
ticnal 50 mL of 25 psu seawater. The slurry was left 10 setule for 24 h, the supernatant
poured off and the beakers refilled to the 1200 mL mark with 25 psu seawater. All beakers
were left to settle for a minimum of 20h with gentle aeration before the addition of the
amphipods. An additional replicate for each treatment was produced for chemical analyses.

2.7. Acute sediment toxicity test

Acute sediment tests were based on standard [0«lay sediment toxicity tests (ASTM,
2000; Rodd ie and Thain, 2001; USEPA, 19%4). A slight alteration to the standard protocol
was made in order 10 give greater consistency with the chronic tests, i.e. a 12:12h light:-
dark regine was imposed in preference to continuous light. Adult C volutator (size range
4-7mm, n = 20) were exposed 10 nominal oilspiked sediment concentrations of 0, 220,
440 and 880 pg g’ dry wi plus 100% WAF, DWAF and dispersant-only (400 mg L~*
Corexit) spiked sediment exposures (three replicates per exposure treatment and six neg-
ative control replicates). The animals were not fed during the test. At the end of the test
the sediment was gently sieved (300 pm) and the number of alive, dead and missing amphi-
puds in each vessel recorded. Water qualily measurements were recorded prior to com-
mencement of the test, on day 3 or 6, and at the end of the test.

2.8 Chronic sediment toxicity test

Chronic tests were based on the acute 10-day sediment test (Roddie and Thain, 2001)
and the USEPA (2001) amphipod chronic sediment test. Neonate C wohgutar (mean
length 1.4 mm, SD 0.31 mm; mean weight 0.1 mg) were sorted from stock by carefully
passing organisms through a 500 um sieve to remowve larger organisms. The sediment
was then carefully re-sieved (300 pm) to collect the test organisms. Amphipods {(# = 30)
were transferred to 25 mL beakers rfa plastic Pasteur pipettes and then randomly allocated
to exposure vessels. Care was taken to ensure that the amphipods were not trapped by the
surface tension of the water. Two litre squat-form Pyrex beakers were used as exposure
vessels as these provide a greater sedinent surface area than the standard one litre beakers.
Nominal sediment concentrations were 0, 110, 220, and 440 pg oil g™ dry weight sedi-
ment. Control treatments were spiked with dejonised water, Nine replicates for each of
seven trealments were used to provide three replicales per treatment for evaluation after
38 days and the remaining 8ix replicates for evaluation upon termination of the test. An
additional set of control replicates were used to pive a total of 72 exposure vessels. The
animals were fed weekly with two drops of standard aquarium invertebrate food and
the overlying water B0% replaced 24 h after feeding. Water quality measurements were
measured before addition of amphipods and prior Lo water exchanges during the test. Test
conditions, acceplability and water qualily measurements achieved are given in Table I.
The test was initiated at the begirning of June 2004.
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After 2R days exposure, the amphipods from three replicates of each treamment were
counted, collectively weighed to 0.1 mg (amphipods were carefully blotted on ahsorbent
paper 10 remove excess water) and individually measured to the neacest 0.1 mm (excluding
antennae) under a dissecting microscope. The test was terminated when reproduction was
apparent in all replicates of the control treatment Survivorship, wet weight and length of
organisnis were recorded, The numbers of mature adult ( 5.0 mm), sub-adul 1 (<5.0 mm),
gravid lemales and neonates were also counted. Although the majority of neonates could
be detected from their movement and separated from the debris for enumeration, the sep-
arstion from the debris of the remaining organisans was facilitated by the addition of 70%
isopropanol plus a few drops of rose bengal solution (ea. | g L-'). All neonates were pre-
served in the 70% isopropanolirose bengal solution for recounting for quality assurance
(QA} purposes.

2.9, Test chemicals and solvents

All solvents were HPLC Grade from Rathburns Lid. {Walkerburn, Scotland). Refer-
ence estuarine sediment and CdCly was obtained from Sigma-Aldrich Company Lid, Gill-
ingham, UK and potassium hydroxide from Fisher Scientific (Loughborough, UK. Fresh
Alaskan North Slope crude oil and Corexit 9527 was obtained gratis from minerals man-
agement service (US).

210. Quulity assurance { QA} and duta analyzes

For QA purposes, > 10% of all counts and measurements were repeated by a second
operator. Statistical analyses of results were performed using Statgraphics Plus 5.1, Fol-
lowing checks for variance using Bartlett's test, data were analysed by one way analysis
of variance {ANOVA). Where there was a significant difference { P € 0.05) of means, the
data were further analysed by the Fisher's LSD test to determine significant differences
(P < 0.05) between treatments. Non-parametric data were analysed by the Kruskal-Wallis
test. Where there was a significant difference (P < 0.05) of medians, the data were further
analysed by comparison of notched box-plots tw determine significant differences
(P < 0.05) between treatments,

3. Resuales
3.1. Reference toxicity test

No mortality was recorded within control vessels. The calculated 72 h LCyq for CdCly
wis 7.45 mg L™ (confidence limits 6.37-8.72 mg L") which is within the reported LCyq
value range of 2.7-9.9 mg L' (Ciarelli et al., 1997).
3.2, Chemical analyses of water and sediment

Total petrolewn hydrocarbon (TPH) concentrations of ANS (oil:seawater ratio 1:99)
WAF and DWAF were calculated t» be 3mg L' and 20mg L™, respectively when

quantified using DCM extractions with ANS oil as a calibration sundard and analysis
by UVF.
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Analysis of the sediment wsing UVF found that after correction for back ground fluo-
rescence, mean measured sediment concentrations of ANS oil were 19, 40, and 97 pg g™
dry wL. for nominal spiked.concentratibns of 110, 220 and 440 pg g™, respectively. The
ANS concentrations in the sediment from spiking with WAF and DWAF were 7 and
131 pgg~"' dry wt., respectisely. Duplicate analyses of reference estuarine sediment gave
a coeflicient of varinnoe (CV) of 0.7%.

3.3. Acute sedment wxicity test

Monality of control organisms was low (mean = 5%). No significant mortality was
exhibited at or below 440 pg g~ nominal sediment or WAF exposure (Table 2). Although
204 montality was observed in the DWAF exposure, Lhis was not significantly different to
the Corexit 9527 treatment.

3.4. Chronic sediment taxicity test

Water quality measurements during the first 28 days of the test were well within water
quality criteria as defined in Table 1. Burrows were constructed in the sediment of all expo-
sures and no abnormal behaviour was apparent other than a possible reluctance to burrow
by some ovileaposed amphipods. After 28 days exposure, survivorship was over 90% for
control, Corexit, WAF and 220 pg g~ treatments and over 80% for other treatments with
the exception of DWAF in which there was a significant (P £ 0.05) moriality of 43%. Only
organisms from the 110 pg p~* and 440 pg p~' treatments had significantly lower growth
rates than conltrol orpanisms but the growth rates of survivors from the DWAF exposed
sediment, 19 pp day~’, were significantly less than that of both the Corexit, 41 pg day™,
and WAF treatments, 36 pg day~" (Fig. 1). The lowest growth rate of 7pg day™ was
recorded within the highest nominal exposure of 40 pg g~" (Fig. ). Differences in median
lenghs of C relurator {Fig. 2) showed a similar trend to that of the growth rates i.e. con-
trol-, Corexit- and WAF-exposed organisms were significantly longer than all other treat-
ments. The largest individual a1 4.6 mun oocurred within the Corexit treatment and
smallest at 1.2 mm occurred within both the 110 pg g~' and 430 pg g~ treatments.

Takk 2

Mean (standard ertor) of Corvphien rafutarer acute and chromic Wakdily bt nswl on axtiment spiked with
wentliered Alatkan Nonb Slope crude oil {nominal comentrations ug g™" dry weight), sateraccommodatad
fration (WAF) and Corenit 9327 digperood WAF (DWAF) anrd Corexit 9527

Treaunent  Acule Chtuni
% 10day 2urvival % 28-day swrvival %% 75day swrvival Offspning/awrviwn  Offspring/female

Conuel  95({29) 9332 95 (2.5) 1.3 (0.2 26(0.5)

Corexil TN 100 (0.0) 9N (17 1.7 (0L.5) 42(02)

WAF 100 (0.0) 100 (0.0) 9 {14) 20 {0.4) S.?7(13)
DWAF  §0{2.9) 58 (6.8)" 135y oy L6010y
1MOugg™ NP 86 (4.0) 8 (45 0401y 18 (10)°
Mg 9S29) 93 (1) ¥ (5.0) 04 20(08)
g™t 93(17) 88 (4.8) 89 {2.8) <.1° 0.8 (04)
ppp™ 75(29) NP NP NP NP

Asteriaks indicalr yeatments sienificantly Jes than the conlra) (P g (L05), NP indicaies 1est oot performed.
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survivorship following an initial exposure to sediment spiked with slightly weathered
ANS crude oil, we have shown that sediment that might not normally be considered toxic
during a standard 10-day test could significantly reduce survivorship during the life-cycle
of the organism (Table 2). In addition, it was also observed that non-acutely toxic sedi-
ment could significantly depress growth rates of amphipods leading to significantly
reduced reproduction (Table 2). Although only oite treaiment i.e. the DWAFspiked sed-
iment, was found to cause significant ‘mortality during the chronic tesi, all other oil-
exposed organisms had reduced growth rates with the exception of the WAF-spiked sed-
iment in which only a low concentration of ANS-derived hydrocarbons was found. Thisis
consistent with Corexit 9527 dispersing and stabilising the oil as small droplets that then
became associated with the sediment. Had these contaminated sediments been collected
from the environment, chemically analysed and subject to the standard acute testing 1est
{Roddie and Thain, 2001), the potential for population level effects would not have been
observed.

4.2. Chronic test performunce

The long-term nature of this test provides opportunities for systemalic errors Lo
amplify and it was therefore essential to keep variation in water quality parameters
within strictly defined limits. During this test, the coefficients of variance for all water
gualily measurements were below 1.5% (Table 1). Mean survivorship of amphipods
within control vessels was »90% with above 75% in all replicates. Variation within
oil-exposed organisms was larger than that of controls, a phenomena that can be used
as a stress indicator but also can be problematical for statistical analysis which assumes
homogeneity of variances (Forbes and Depledge, 1996). The use of six replicales per
treatrment for the full life-cycle exposure was therefore desirable to enhance the power
of the statistical analysis. One problem that did arise was the presence of an individual
isopod, C carinata. which presumably was mistakenly added to the vessel as a neonate
whilst selecting neonate C rolutator. The isopod C carinata resides in muddy intertidal
sediments and often co-occurs with C rofutater (Connor et al., 2004}, Although there
is o literature on competition between these 1wo species, our own tests {unpublished)
supgest that when placed together within the restricted confines of an exposure vessel,
C carinata can eliminate C. vofutator. The isopod has a slightly dilferent motile action
and therefore should be distinguished from the amphipods as they swim but errors are
clearly possible when using large numbers of such small organisms. It is therefore
important that test operators are familiar with a range of common sediment organisms
as well the test species. The main limitation with the C rolutator chronic test is the
length of time requited for the test species 1o reach maturity and reproduce i.e. 75 days
in this study compared with 28 days for both 1the L. plumulorus (USEPA, 2001) and
the G. locusta {Neuparth et al, 2005) chronic tests. Despite the relatively short test per-
iod, the G. locusta test suffers from very low survivorship, 50-60%, of the control
organisms, probably due to cannibalistic behaviour of the test species (Dick, 1995;
Neuparth et al, 2005 compared to >90% control organism survivorship during the
present study. As feeding behaviour is commenly altered by toxicants, cannibalism con-
founds the results thus making interpretation difficult. The additional costs in 1ime and
effort required for the C. roflutator test is mitigated by the enhanced control organism
survivorship. It may also prove useful o conduct partial lifecycle tests by initiating the
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test using juvenile C volutztor; thus providing a shorter test bul retaining reproduction
as an endpoint. Growth rate based on wet weight of organisms was used in preference
to dry weight, as used by the USEPA (2001) chronic test, as it permits chemical anal-
ysis of tissue should this be required. Previous compartisons of dry and wet weight
measurements showed equivalence of results {correlation significance, P < 0.01) with
a dry:wet ratio of 0.228 and a strong relationship between wet weight and body length
{unpublished data), hence measuretnent of wet weight is an acceptable rapid means of
assessing growth whilst retaining tissue for future analysis. The mean growth rate of
control amphipods based on body length during the 75 days exposure was 0.07 mm
day™%; this value was also reporied by Peters and AhIf (2005) for C rofutatr prown
at 13°C.

4.3. Ecological relerance

The current study was conducted during the summer (June-August) using neonates
produced by amphipods that had over-wintered from the previous year. In their natural
environment, C. rolitator born at the begnning of the summer period can, if conditions
are suilable, grow, mature and reproduce in the same year; individuals born later in the
season grow more slowly and over-winter to reproduce the following year (Wilson and
Herbery, 1989). Comparing the growth rates of control organisms in the present study
with those from a preliminary test initiated the previous autumn, it would appear that
the early summer cohort have a greater capacity for growth than the late summer/autumn
cohort, i.e. despite identical laboratory conditions, the amphipods in the present study
prew at a greater rate than those in the previous test (Scarlett et al., 2005). Sundies con-
ducted at diflerent times of year may therefore not be directly comparable; this may have
particular relevance to the testing of field-contaminated sediment. Sediment contaminants
may have a longer pertod in which they can degrade during the life-cycle of late summer/
autumn neonates thus allowing the organisms a geeater time 10 recover in the absence of
the toxicant. 11 is therefore recommended that chronic sediment tests be initiated in sum-
mer using the first generation cohort of neonate C rohaator or from cultured organisms,
see Peters and AhIf (2005). In terms of oil pollution, it is possible that a spill cacurring in
early summer will more severely affect anphipod growth rates than if it occurred later in
the year.

The use of dispersants in the nearshore shallow water environmenl may result in surface
oil being transported to the benthos leading to mortality of sensitive species; this is
believed to have occurred during the Sea Empress spill off Milford haven SW Wales in
1996 where it was observed that amphipod populations disappeared following the spill
(Nikiuk and Robinson, 2003; SEEEC, 1998). In the present study the chemically dispersed
oil treatment resulted in the highest concentration of hydrocarbons within the sediment
and the greatest toxic effect in terms of survivorship. Howeser, survivors of the DWAF
exposure had greater mean growth rates than organisms eaposed to the highest nominal
whole oil-spiked sediment (Fig 1) suggesting that vil-tolerant individuals can prosper fol-
lowing the elimination of more sensitive individuals, thus creating the potential for oiltol-
erant populations to develop. The concentrations of crzde 0il within the sediment reported
in this stedy are consistent with subtidal concentrations following real spills e.g. Sea
Empress (Nikitik and Robinson, 2003; SEEEC, 1998) and experimental chemically dis-
persed spills (Boehm et al., 1987).
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4.4, Conclusioms

The sediment chronic test reported here has shown that sediment that was not evidently
tonic during 10-day acule tests could have population-level effects on sediment-dwelling
amphipods. The amphipods exposed to chemically-dispersed weathered crude oil had
higher mortality and lower growth rates than control-, Corexit 9527- and WAF -exposed
organisms, resulting in reduced reproduction. It was evident from the sediment concentra-
tions and toxicelogical response of the amphipods that the presence of the dispersant Cor-
exit 9527 increased the concentration of bicavailable 10xic components of the weathered
ANS oil wilh a consequential impact on sediment-dwelling organisms. The Lest protocol
and acceptahility limits proved to be robust but the test would benefit from further devel-
opment by applying the test method to fidd-contaminated sediments.
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Occurrence of the Marine Antifouling
Agent Irgarol 1051 within the Plymouth
Sound Locality: Implications for the
Green Macroalga Enteromorpha

intestinalis

A. SCARLETT®, M. E. DONKIN®}, T. W. FILEMAN{ and P. DONKIN?t
* Piymouth Environmental Research Centre, University of Plymouth, Drake Circus, Plymouth, Devon PLA 844, UK
t Plymauth Marine Labaratory. West Hoe, Plymouth, Devon PLI 3DH UK

Water samples taken from the Plymouth Sound locality
were analysed for the presence of the s-triazine herbicide
Irgarol 1051, which is an ingredient of antifonling paints
used on pleasure hoats and ships. Irgarol 1051 was
detected at all sampling sites within the Sound; the highest
levels were found in close proximity to areay of high boat
density, especially where water flow was restricted within
marinas. Concentrations within the semi-enclosed Sutton
Harbour were less than values predicted from leach rate
data. The highest detected coocentration of over
120 ng dm ™" significantly izhibited the growth of
Enteromorpha intestinalis spores under laboratory- condi-
tions; the no effect concentration was 22 ngdm .
Photosynthetic  efficlency in the adult frood of E.
intestinalis from Sutton Harbour marina was iahibited
by lrgaro! 1051 in the |aboratory with an EC 50 (72 b) of
2.5 pg dm™>. A small adverse impset on E. imtestinalis
reproduction within the harbour Is therefore likely. More
polluted sites identified elsewbere In Evrope will suffer
proporiionally greater impact. © 1997 Elsevier Science
Lt

Restrictions on the use of tri-n-butyl tin in marine
antifouling paints has led to an increase in the number
of formulations containing the herbicide 2-methylthio-
4tert-butylamino-6-cyclopropylamino-s-triazine (brand
name ‘Irgarol 1051%). There are currently over 80
products containing Irgarol 1051 registered for use as
antifouling paints (HMSO, 1994). The manufacturers of
Irgarol 1051 report that it js effective against the main
fouling algal species such as the green alga Enteromor-
pha spp. and the brown alga Ectacarpus spp. and quote

}Author far correspondence.

a 72-h EC 50 for inhibition of the growth of unicellular
green algze of 1.4 pg dm~? (Ciba-Geigy, 1995a—<).

Irgarol 105] is highly stable in the marinc environ-
ment (Ciba-Geigy, 1995a), which explains why several
workers have been able to detect the compound close to
areas of intense boating activity. Aqueous concentra-
tions as high as 1.7 pg dm ~* (Readman er al., 1993)
have been reported in marinas in the Céte D'Azur and
concentrations cxceeding 500 ng dm™* have been
detected in several Mediterrancan locations and in
Sussex, Hampshire and Hull in the UK (Readman et al.,
1993; Gough er al., 1994; Zhou er al., 1996; Tolosa et
al., 1996). The most important question raised by these
observations is whether the reported levels of Irgarol
1050 either alone or in combination with other
herbicidal contaminants can adversely influence indi-
genous dlgal populations. Dahl and Blanck {1996)
demonstrated that Irgarol 1051 had adverse effects on
the biomass, net photosynthesis and community
structure of microalpal populations in coastal water
microcosms. Similarly, Bester e al. (1995) observed that
the related agrochemical triazine herbicide atrazine, had
adverse cffects on marine phytoplankion in mesocosms
cxposed to environmentally realistic levels of contam-
ination. While this work has. made a very valuable
contribution to our understanding of the eflects of
trigzines in the marinc environment, there is at the
moment no information available on sublethal effects
on macroalgal communities.

The purpose of this study was: /. to determine the
current concenfrations of Irgarol 1051 dissolved in the
Plymouth coastal woters and to compare this with
predicted levels; 2. to ascertain the concentrations at
which Irgarol 105] has an effect on a key reproductive
stage (zoospores) of the early colonizing alga Enrter-
omorpha intestinalis L. under laboratory conditions; 3.
to detcct the level at which Irgarol 1051 affects the
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seagrass, Zostera marina
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Abstract

Irgarol 1051 (2-(tert-butylamino)-4-cyclopropylamino}-6-(methylthio) 1,3,5-trinzine) is a triazine herbicide that is
increasingly being used to boost the effectiveness of antifouling paints. Estuarine plants. such as the marine
angiosperm Zostera maring L. (e¢lgrass) may accurmulate. and be affected by, Frgarol 1031, in locations with high beat
densities. Bioconcentration of Irgwrol 1031 within Zostera tissue was determined in field plants and laboratory
semi-static exposure experiments. Effects of Irgarol 1051 upon the growth rate and photosystem | photosynthetic
efficiency of Zasrera were examined over a concentration range of 0 to 25 pg dm~ 2 Growth rate was assessed by
comparison of leaf specific biomass raties. and was found to be reduccd at and above &n Ingarol 1051 concentration
of 10 yg dm- 2. Photosynthetic cfficiency was assessed using Auorescence induction kinetics: efficiency was signifi-
cantly reduced at 0.18 pg dm—? (04 pg g~ dry weight leaf tissue) and a 10-day ECy, value of 2.5 pg dm=? (1.1 ug
£~ ") calculated. Longer-term exposure revealed a 36-day ECyp value of 0.2 pg dm~2 Uptake of Irgarol 105] was
rapid within the Zostera leaves: tissue concentrations (dry weight basis) in excess of 300 times the water concentration
were found within 2 days of exposure. Leaf concentrations in excess of 14 times root tissue concentration were found.
Estuaries sampled in S.W. England had low aqueous Irgarcl 1051 contamination, typically < 0.003 pg dm—7, but
Zastera leaf tissue concentrations (dry weight basis) were up to 25000 times the aqueous values: this was only 15 times
below the 10-day EC4, value. The reported results will cnable the level of risk to isolated Zastera meadows from
Irgaral 1061 to be nssessed based on leaf tissue concentration and also have implications for the siting of marinas.
© 1999 Elsevier Science B.V. All rights rescrved.

Keywardr: Irgarol, Trinzine: Bioconcentration: Zastera: Photosynthesis: Fluoresosnoe
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Occurrence of the Antifouling
Herbicide, Irgarol 1051, within Coastal-
water Seagrasses from Qucensland

Australia

A SCARLETTY, P. DONKiNt®, T. W. FILEMANY? and R, J. MORRIS?
tPIvorouth Marine Laboratary, West Hoe, Plvmath, Devon PLI 3DH, UK
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The strinzine berbicide lrgasml 1051 & oow widely dis-
tributed throughout European coastal waters. Io Awsira-
tia. the compound is oot registered for use o a biovide In
untifouling painty. To imestigate contaminalicn, sea-
gravses ware sampled from the cast coast of Qoeensand
and withio the Great Barrier Reef Marine Park. A grecn
alga way obo sanpled from the Ouer Barrier Reef
Tissues were znalysed for the prownee of Irgard 1051
wing swohent extractien follomed by quantification with
GC-MS snd coafiromtion by GC-MS-MS. Lrgaral 1051
was detected ot aine of the ten locatlons samphd, Con-
centeations of up 1o 118 ng g~ wet weight leaf tissue were
recorded in samples from the Gold Ceast (ocar Brivbane)
which is the bighest plant tisue concentrution’ yet re-
puricd. Antifouling paint purchised within Aostralin was
aalysed by GC-MS (full scan) aod found to contain Ir-
garol 1051, The concentratians of lrgarl 1051 ecported
withln the Austrelian comstal covironment are poteotially
toxic ard the possible comsequences fur long-lived herbi-
vares (suwh as the depong) and for eodosymbiotic alpuc of
corpls, are discesed. © 1993 Flaevier Science Lud, Al
righty reserved

Keywords: Irgarol 10515 aptifeuling substimees: bioaceu-
mulation; marine parks; Zustera: halodute,

Following the restriction of the v of tri-n-butyl tin in
marine antifouling paints, there has been an increase in
the number of fonmulations containing ‘booster’ herbi-
cides. One of the booster herbicides, Irgarol 1051,
(er1.-butslamino y4-cyclopropviamino)-6-(nethylthio)
1.3.5-triazine, has been shown to be widely distnibuted in
European estuarine and coastal waters and sediments
{Readman et al., 1993; Gough er al.. 1994; Tolosa 1 af.,
1996; Zhou et al., 1996; Scarlell e¢ al., 1997), but prior 1o

7 *Conetponding author. Tel: § 44.01.732:63U54; f42: + 8L.01.79.
63310); e~onil: pdonkn{pmlas ub

April 1998 it was not registered for use us an antifouling
apenl in the US (Swindell, US EPA, personal commu-
nication) or listed within the Australian National Reg-
istration Authority daitabase. In Europe, aqueous
Irgarel 105) concentrations of up to 1.7 pp dm=? have
been reported (Readman et af.. 1993); outside of Eu-
rope, concentralions of up Lo 0.5 pg dm~? have been
found within Bermudan waters (Readman, personal
communicaton).

Irgarol 1051 has a mode of action similar to other
s-lriazines such as atrazine and Smavine, and is a par-
ticularly effective algicide. An ECso value for reduction
in photosynthetic activity o0.205 yg dm~! was reported
by Dahl and Blanck (1996) for marine microalpae and
ECq values for reduction of photasystem 11 efficiency of
25pe dm ™" have heen calculated for marine macroa gae
(Scarlett et al., 1997) and the seagrass, Zastera muring L
(Scarleut er al,, in press). Aceumulation of Irparol 105)
has been shown to occur in freshwater macrophyies
(Téth et al., 1996) with bioconcentration fuctors (BCFs)
of up to 30000x, and within marine macrophytes with
BCFs of 25000x (Scarlett ef al.. in press).

Seagrasses are marine angiosperms that grow in dense
meadows in both lemperate and tropical shallow-water
coastal envirorunents (den Hartog, 1977). Australia has
the largest seapmss meadows, and largest number of
species, in the world (Kuo 'and McComb, 1989). Sea-
prass meadows stabilise the seabed, creating habitats
with high biodiversity and productivity (Edgar and
Shaw, 1995) and their importance to fisheries is well
documented (Bell and Pollard, 1989). Few animal spe-
cies feed directly upon seagmasses, bul two species that
do depend upon it for o major part of their nourishment
are the preen wurtle, Cheloria mydus L, and the dupong,
Dugang dugon Miller (Marsh or ol., 1982; Great Barrier
Reef Marine Park Authority, 1994). Worldwide, the
former is listed as endangered, and the lalter as vul-
merable to extinction (The World Conservation Union,
TUCN, 1990). In Australia, green turtle and dugone

687




..z.r-:nu'_zml Toricology tnd Che=—irrr, Vol. 24, No. 5, pp. 1219-1227, 2635
© 2003 SETAC

Prizid in the USA

073)-7268:03 $12.00 + .00

(SETAC/pRESS

COMPARATIVE TOXICITY OF TWO OIL DISPERSANTS, SUPERDISPERSANT-23
AND COREXIT 9527, TO A RANGE OF COASTAL SPECIES
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Abstract—The acwte tosicicy of the oil dispersant Coresit 9527 reported i the Lirerarcre s highty variable. No peer-revisued daa
mnmswezd:spusm 35 {SD-23). Thlssmd\wmpne‘rhelmm} nfth:md:spmmamge of marine species reprecenting
differem phyla cccupying a wide range of miches: The marire sedimerrdw Corphium volunror (Pallas). the
commen mussel A rits edulis (L), the symbiotic snakelocks avemore _dnemonic ;mdz. (FoxskAR), and he saaprass Za<tera maring
(L). Orgacizms were exposed m swmtic dizpersan: conxenmations for 48-h and mediam lethal congermration (LC30), medimm effect
teaceamation (EC50), and lowesi-observable-effect concenoation (LOEC) values obtained The sublethal effects of 38-b exposmres
and the ab:lity of species to retover for up o 72 b after exposice were qumtified relative to the 48-h endpoinrs. Resuls indicated
that the anernone lechatiry rest was the mos: sensitive with LOECs 0f 20 prm followed by mxzel feeding rave. seagrass photosyntbetc
ndex and amphipod letkat:ty, with mmssel lethality being the least semsitive with LOECs of 250 ppm for both dispersants. The
resuls were comsistent with cumrent theory that dispersants ace phyzically and oreversibly oo the respuarory organs and reversibly,
deperdinz g exposre Gme, ca the nervons syvrem. Superdispersant-13 was fornd overzl 1o be less toxic tham Corexit 9327 md

a5 subletta] effects mere likely o be reversible following short-term esposure.

Kevuords—Drispersanrs Anemenia virtdrs

INTRODUCTION

Faced with the prospect of an oil spill coming ashore or
pasting over reefs, decisions have to be made swiftly as to
Lkow best to derl with the siteation Cne option is to use ckem-
ical dispersants to break up the slick fmro a large oumber of
smal] droplets. Once broken up, the slick poses less of a phys-
ical rick to seabirds’ o1 marine manmals but may oensfer oil
inro the water column end possibly to the benthos. Within
esmuariss, inlers, enclosed bays, or shallow water reefs, the
concenmation of the dispersanmis alone may be sufficient to
cause toxic effects. In the United Kinzdom, dispersants cannot
be used in water les: than 20 m deep or within one nIutical
mile of such [1] without the permission of the Department for
Esnvironment Food aod Pagal Affairs; similar rules relating to
sensitive habisats such as coyal reefs and mangroves éxist in
mopical rezzons {2). Hence, the opdon to use dispersants within
estuaries, intars, and shollow water does exist and it is in such
circumstances thar difficult decisions on how besr to protect

the exvironment and commercial cperatons have to be mads,

The hendling of large volumes of dispersamt under difficult
condirions may recult in accidental relezse of potennally toxic
chemicals into the sea. Research inro the toxicity of dispersants
bas been reported widely [3,4] and companies concinme 1o
improve the efficiency of the chemirals and reduce their tox-
iciry. Ie the United Kinedom, the oil dispersan: Superdisper-
sanr-25 (SD-25) is now the Marinme and C'oastguard Agency’s
main stockpiled chemical for spraying2 oato oif slicks ar sea.
Na daza exist within peer-reviewed literanoe for SD-13. How-
ever, SD-23 in associadon with ol meets all the relevant claus-

* To whem cotrespandanca mav be addressad
{mmara. g2lloway. 7 pymowh ac.uk).

Carophnrm voiutazer

AbTiius edulis s1era marina

es of Whrren Spring Laboratory Specificaron LR 448(0OP) and
has been approved as a type-2, as well as a type-, dispersant
under test qualification CSP. $600/8902798 (Oil Shek Dis-
persants Ltd product profile, cited Moy 5. 2004; hitp:/
www crofipark co.uk/osd-products himY).  Superdispersant-25
has been ested by the Cemer for Envircroment, Fisheries, and
Agquaculture Science and hss been found 1o be of tow taxiciry
to Crangen crangon (brown shrimp) far use at sea and oo
beaches, and Parella vuigate (common limpert) far use on
rocky shares; it is licensed under the Minisuy of Agnculture,
Fisheries, and Food, Food and Environment Protecton Act 53/
S8 (O3 Slick Dispersanrs Lal product profile, cited May 5,
2004; www coftpark co ukfosd-produces hunl) Corexit 9527
has been tested extensively in the laboratory snd nsed cn oil
cpills since 1978 {4}. A considerable number of toxicity reports
exist concemning a wide variery of species, reviewed by
George-Ares and Clark {3]. Thus Corexit 2527 provides a.
useful comparetive toxicen: for the study of 5D-25.

The use of dispersants within enclosed bodies of warer may
pose a threar to a diverse ranpe of species. This study compares
the toxicity of SD-25 with that of Corexit #5127 o the marine
sediment-dwelling amphipod Corophium voluraror (Pallas),
the blue mrussel Afvrilus edulis (L), the symbiotic snakelpcks
anemone 4nemonia viridis (ForskAl), snd the seagmss Zostera
maring (L.). The nudshrmup C. velurasor is dismituted widely
around the ceasts of westerz Ewrope and portheast America,
and is significant m sTactaring azd sustaming the ecology of
nea-shore sediment comurunides [3.6]. Corophivm volutator
is now used commonly as o Ewpupean acute toXicity test or-
ganism [7-17). Amphipods occupying & similar niche exist in
other regions, ¢.g., .dimpelizca abdita (Mills) also ore wsed for
roxiciry testing. Blue mussels maeinly cccur on exposed rocky
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