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ABSTRACT ARTICLE HISTORY

To investigate the uptake and depuration of polycyclic aromatic Received 5 May 2015
hydrocarbons associated with the Rena oil spill we sampled the Accepted 17 August 2015
surf clam Paphies subtriangulata at two open coast locations (6 km

apart) just prior to oil coming ashore (7 October 2011), Fhen at 1—.3 Bay of Plenty; New Zealand;
week intervals for thg next 4 months. Total polycyclic aromatic Rena; ol spill; depuration:
hydrocarbons (tPAH) increased at both sites from 1 to 96-124 g bioaccumulation; surf clam;
kg™ (wet weight) by 18 October before declining to low levels (<4 tuatua; Paphies; shipwreck;
ug kg™") by February 2012. Ongoing sampling throughout 2012- PAHS; polycyclic aromatic
2014 included three additional sites to the north east (up to 30 km hydrocarbons

away) and a site 5km to the south east revealing tPAH levels

generally <10 ug kg™ except in October 2013 where levels ranged

between 39-45pugkg™' at all sites. A comparison of PAH

component profiles with oil-contaminated beach sediment

indicated that the high levels observed in surf clams between

October-December 2011 were clearly associated with the Rena

spill. However, the October 2013 peak had a PAH profile

inconsistent with weathered Rena oil, suggesting an alternative

source of contamination. Our results highlight the potential for

P. subtriangulata as a PAH monitoring tool but recognise more

study is needed to better quantify baseline levels and uptake and

depuration dynamics.

KEYWORDS

Introduction

The expansion of oil and gas operations into new locales and greater depths, combined
with a dependency on ships for the transport of fuels and other goods to market, continues
to generate concern over the likelihood and consequences of oil spills and our ability to
deal with spills should they occur. One requirement for oil spill preparedness is the
capacity to detect oil in the environment and to assess interactions between oil and
marine wildlife (Kirby et al. 2014). Such abilities are relevant in the event of catastrophic
oil spills, but also in detecting the cumulative environmental effects of oil-related activities
in a business as usual context.
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The traditional approach to measuring contaminant concentrations in the marine
environment is the collection of water or sediment samples for chemical analysis
(Brown et al. 1974). Although this approach can provide a point-in-time assessment of
contaminants at the location of sampling, such methods do not test for bioavailability
of contaminants or capture the spatio-temporal variability inherent in pollution events.
Furthermore, for some contaminants, concentrations below current detection limits are
capable of causing ecological damage (Fent 2006).

An alternative sampling approach, used increasingly since the 1980s, has been to
measure contaminant concentrations in organisms that are considered ‘biological indi-
cators’ or ‘environmental integrators’ (Goldberg et al. 1978; Melwani et al. 2014). These
animals are typically suspension-feeding bivalves that incorporate contaminants from
the water column and accumulate them within their tissues to concentrations above
those seen in the environment. Consequently, this approach measures exposure over eco-
logically meaningful timescales and to some extent circumvents problems associated with
spatio-temporal variability, detection limits and determining bioavailability.

In reef and estuarine environments, mussels and oysters have proven to be useful indi-
cators of oil pollution (Jackson et al. 1994; Marigémez et al. 2013). However, as these taxa
are absent on open soft sediment coastlines, other taxa must be used as indicators of
environmental contamination. Surf clams, often one of the most abundant organisms
on sandy open coasts (Haddon et al. 1996; Marsden 2000), have on at least one occasion
been used to assess ecological impacts of oil spills. Following the Deepwater Horizon oil
spill in the Gulf of Mexico (2010), Coquina clams (Donax spp.) were used to monitor
oil exposure along sandy shores (Snyder et al. 2014). Although it was concluded that
Coquina clams could be used to monitor exposure, there is little information available
about the rates of contaminant uptake or depuration in surf clams, and how these charac-
teristics might affect their suitability as biological indicators of oil pollution.

The October 2011 grounding of the MV Rena on Astrolabe Reef (Otaiti), some 25 km
offshore from Tauranga, Bay of Plenty, New Zealand (37°32.4'S 176°25.7'E; Figure 1;
Schiel et al. 2016) provided a rare opportunity to examine in situ hydrocarbon bioaccumu-
lation and depuration in an intertidal surf clam. Approximately 350 tonnes of heavy fuel
oil (HFO380) was released into the marine environment (Schiel et al. 2016) in the days and
weeks following the grounding and breakup of the Rena, with much of it eventually
coming ashore on Bay of Plenty surf beaches between Matakana Island and Maketu
(Jones et al. 2016; Schiel et al. 2016; Figure 1). The covering of oil on beaches was spatially
variable and beached oil was resuspended and deposited numerous times by tide and wave
action during the following days. The removal of oil-contaminated sediments from Bay of
Plenty beaches was relatively rapid with much of the clean-up conducted by hand (Lock-
wood 2016), removing oil that might otherwise have been forced deep into the beach sedi-
ment through the use of heavy machinery (Australian Maritime Safety Authority [AMSA]
2010; de Lange et al. 2016).

To assess the exposure of surf beach benthic fauna to Rena oil, Paphies subtriangulata,
an edible, New Zealand endemic surf clam, known as tuatua in the Maori language, was
collected by the Bay of Plenty Regional Council and the Rena Recovery Programme. The
life history of P. subtriangulata makes this species a good candidate for use as a biological
indicator. Paphies subtriangulata are large suspension-feeding bivalves (<80 mm). They
are abundant, easily collected and occupy lower to mid-intertidal and shallow subtidal
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Figure 1. Map of the Bay of Plenty, New Zealand, showing the position of Astrolabe Reef, where the MV
Rena grounded, and locations where Paphies subtriangulata were collected. (@) for PAH monitoring.

beach strata, areas often heavily impacted by oil spills. The specimens examined in the
present study were not explicitly collected for the purpose of assessing hydrocarbon
accumulation and depuration; rather, they were collected to provide information about
possible toxicity to humans if gathered for food. However, the collection of these speci-
mens over a 3-year period, together with detailed analysis of PAH body burdens,
allowed for an investigation of uptake and depuration dynamics of P. subtriangulata
and their utility as a biological indicators of oil contamination.

While the data set is far from perfect—largely a consequence of the limited resources
and haste with which multiple environmental monitoring programmes were implemented
following the Rena grounding (Schiel et al. 2016)—the value of this study is in its unique-
ness. First, it is one of only a handful of studies to document the dynamics of PAH bioac-
cumulation in a real-world environmental disaster situation, rather than in aquaria where
results may be confounded by a lack of natural complexity and a surplus of unnatural
stressors (Gronquist & Berges 2013). Second, most PAH monitoring programmes are
designed against low-level, long-term contamination rather than large one-off events
such as shipwrecks. Perhaps the biggest point of difference to previous studies is that
here, specimen collections were made prior to the first arrival of oil to the coast and
again in the days, months and years following the oil spill.

Methods

Paphies subtriangulata were collected from two locations on the Tauranga coast—Omanu
and Papamoa Reserve—a total of 14 times over a 30-month period between October 2011
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Table 1. Total polycyclic aromatic hydrocarbon concentrations (ug.kg™' wet weight) in Paphies
subtriangulata composite samples collected from Bay of Plenty Beaches between 7 October 2011
and 6 July 2014.

Collection date  Omanu Papamoa Reserve ~ Papamoa Domain ~ Matakana Pipeline ~ Bowentown Waihi

7-Oct-11 0.2 0.7 - - - -
18-Oct-11 124.2 96.2 - - - -
25-Oct-11 - 81.8

7-Nov-11 24.2 54.6 - - - -
14-Nov-11 12.7 39.7 - - - -
21-Nov-11 52 61.1 - - - -
12-Dec-11 25.2 18.3 - - - -
18-Jan-12 6.7 6.1 - - - -
21-Feb-12 34 0.8 - - - -
10-Apr-12 5.5 35 - - - -
7-Jun-12 7.1 11.2 10.2 7.3 6.6 6.2
2-Jul-12 29 44 - - -
7-Nov-12 6.4 8.2 16.4 23.6 9.1 6
8-Oct-13 39.6 41.7 41 438 44.6 453
6-Jun-14 20.7 19.3 16.6 - - -
Lat. (°S) 37.669 37711 37.692 37.542 37.462 37.433
Long. (°E) 176.232 176.33 176.28 176.06 175.988 175.963

The MV Rena grounded on Astrolabe Reef on 5 October 2011. Oil first appeared on Tauranga beaches on 10 October 2011,
3 days after the 7 October P. subtriangulata collection was made.

and June 2014 (Figure 1, Table 1). Collections were also made at four additional locations
—Papamoa Domain, Matakana Island, Bowentown and Waihi—three times between June
2012 and October 2013 (Figure 1, Table 1). Papamoa Domain was also sampled in June
2014. The first P. subtriangulata collections were made on 7 October 2011, 2 days after
the grounding of the Rena, but 3 days prior to the first sighting of Rena oil on Bay of
Plenty Beaches (Schiel et al. 2016). Rena oil was patchily distributed at Omanu and
Papamoa Domain during the 18 October P. subtriangulata collection but stranded oil
patches were avoided when collecting P. subtriangulata. There were no observations of
unusual P. subtriangulata mortality, for example recently dead and gaping shells, on
any oil-affected coastline, although no population analysis was conducted during the
time oil engaged with the shore, nor in subsequent weeks (Culliford & Fairweather
2013). At each of the sampling locations on each sampling date, a composite
P. subtriangulata sample was collected from the lower intertidal beach strata. Each
sample consisted of approximately 30 individual P. subtriangulata collected haphazardly
by hand over c. 100 m of shoreline. Specimens were placed in labelled bags and stored on
ice prior to processing in the laboratory. P. subtriangulata were not permitted to clear their
gut contents prior to analysis. Consequently, these specimens retained any fine particulate
hydrocarbons consumed prior to collection. The data presented here therefore represent
the total hydrocarbon exposure accessible to any organisms consuming P. subtriangulata.
All tissue types were extracted from each specimen and all extracted tissues from each
location combined to make a single composite sample for each sampling date. Tissue
extractions were done by hand and empty shells were returned to the site of collection.
Composite P. subtriangulata samples were stored at -20 °C then submitted to Hill Labora-
tories (Hamilton) for analysis. Results are reported on a wet weight basis (dry weight con-
centrations can be obtained by multiplying by 0.23; Ross unpubl. data). Polycyclic
aromatic hydrocarbon (PAH) content was determined through a process of solvent and
sonication extraction, followed by clean-up with dispersive SPE and quantitative analysis
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of 16 US Environmental Protection Agency (USEPA) priority pollutant PAHs, carried out
by capillary gas chromatography mass spectrometry in selected ion mode (GC-MS SIM).
Total PAH (tPAH) concentrations for Omanu and Papamoa composite samples were
plotted as a time series and a correlation-based principal coordinates (PCO) analysis per-
formed in Primer 7 to visualise chemical differences between samples. PAH concen-
trations were fourth-root transformed and axes normalised to enable the comparison of
Euclidean distances between data points despite differences in the scales at which the
different PAHs were recorded. Pearson correlation vectors (r > 0.4) were overlaid on the
PCO ordination to display the PAH species contributing most to inter-sample PAH
profile differences. PAH profiles obtained for two oiled sand samples were also included
in the PCO analysis. These were collected at Omanu and Papamoa beaches on 2 Novem-
ber 2011.

Results

Total PAH (tPAH) concentrations in P. subtriangulata collected before the first Rena oil
hit the Bay of Plenty coastline were less than 1 ug.kg™" (Table 1, Figure 2). Eleven days
later, following the arrival of oil and the removal of more than 220 tonnes of oiled
sandy waste from the Tauranga coastline, tPAH concentrations of 96 and 124 pgkg™"
were recorded in composite samples from Papamoa Reserve and Omanu, respectively.
tPAH concentrations declined to 5 (Omanu) and 40 (Papamoa Reserve) pg.kg_1 in
early November before rising again to 25 and 61 pgkg™" in specimens collected in late
November and early December. This period corresponded with heavy storm activity
and release of further oil from the ship (Schiel et al. 2016). Following this second tPAH
peak, concentrations declined and remained low throughout 2012 (Table 1, Figure 2).
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Figure 2. Total PAH concentrations (ug.kg™" wet weight) recorded for Paphies subtriangulata compo-
site samples collected at Omanu Beach (open circles) and Papamoa Reserve (closed circles) on 15 dates
between 7 October 2011 and 6 July 2014. The MV Rena grounded on Astrolabe Reef on 5 October 2011.
Qil first appeared on Tauranga beaches on 10 October 2011 3 days after the first P. subtriangulata col-
lection was made.
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tPAH concentrations over this period (six sampling dates) fluctuated between 0.8 and
11.2 pgkg~" with a mean of 5.5 (+ 0.8) pg.kg". In October 2013, 2 years after the ground-
ing of the Rena and 11 months after the previous P. subtriangulata collection (November
2012), higher tPAH concentrations were once again apparent. tPAH concentrations of
between 39.6 and 45.3 ug.kg ' were recorded across the six sampling locations. These con-
centrations were comparable to and in some cases exceeded concentrations recorded in
P. subtriangulata during the 2 months following oil spill. Omanu, Papamoa Reserve
and Papamaoa Domain were sampled again in July 2014 and while tPAH concentrations
were less than those recorded 9 months earlier, concentrations were still comparable to or
greater than concentrations recorded in P. subtriangulata in the 2 months following the oil
spill.

The two-dimensional PCO ordination accounted for 70.8% of the total variance in the
data (Figure 3). 53.1% of the variation was explained by the first factor, or first principle
component axis (PCO1), while 17.6% of the variation was explained by the second factor
(PCO2). Pearson correlation vectors indicated that benzoanthracene, chrysene, benzo-
fluoranthene, benzopyrene, indenopyrene, benzoperylene and dibenzoanthracene were
strongly correlated with the PCO1 axis ( | r | > 0.73; Table 2). Phenanthrene, anthracene,
fluoranthene and pyrene were correlated with both PCO1 ( | r | > 0.65) and PCO2 ( | r | >
0.4) axes. In the PCO ordination, P. subtriangulata samples collected before the arrival of

22 Nov ‘11

[, 0]
M, N, K]
[1,3, P

o
1

% 70ct11
V¥ 18 Oct ‘11
A 22 Nov'1l
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Figure 3. Two-dimensional PCO ordination of the 16 US Environmental Protection Agency priority pol-
lutant polycyclic aromatic hydrocarbons (PAHs) in Paphies subtriangulata collected from Bay of Plenty
Beaches (Waihi, Bowentown, Matakana Pipeline, Omanu, Papamoa Domain and Papamoa Reserve)
prior to (7 October 2011) and following the arrival of heavy fuel oil from the wreck of the MV Rena.
Principle component axis 1 (PCO1) accounts for 53.1% and axis 2 (PC0O2) 17.6% of total variance in
the data. Lines drawn around data points are provided to indicate the P. subtriangulata collection
time series and are of no statistical significance. Refer to Table 2 for identification codes corresponding
to each PAH species.
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Table 2. Identification codes used to label the 16 US Environmental Protection Agency priority
pollutant polycyclic aromatic hydrocarbons (PAHs) in Figures 3 and 4. Also shown are the
correlation values for Principal coordinates analysis axes PCO1 and PCO2 (Figure 3).

Pearson correlation vector

r-values
PAH species ID code for figures PCO1 PCO2
Naphthalene A 0.27 —0.15
Acenaphthylene B 0.13 —0.56
Acenaphthene C 0.10 —0.17
Fluorene D —0.50 —0.42
Phenanthrene E —0.57 —0.62
Anthracene F —-043 —0.83
Fluoranthene G —0.62 —0.65
Pyrene H —0.68 —0.59
Benzo[a]anthracene | —0.95 0.16
Chrysene J —0.95 0.16
Benzo[k]fluoranthene K —-0.83 0.23
Benzo[b]lfluoranthene L —-0.91 0.30
Benzol[a] pyrene M —0.94 0.24
Indeno[1,2,3-cd]pyrene N —-0.93 0.22
Benzo[g,h,i]perylene 0 —0.92 0.32
Dibenzo[a,h]anthracene P —0.94 0.13

oil on Bay of Plenty beaches grouped in the top right corner of the ordination (Figure 3).
P. subtriangulata collected following the arrival of oil (October-December 2011) occupied
the left side and lower left corner of the ordination, predominantly due to greater concen-
trations of PAHs correlated with both PCO1 and PCO2 axes (Table 2). The oiled sand
samples collected from Papamoa and Omanu beaches also occupied the lower left side
of the ordination, positioned in closest proximity to P. subtriangulata collected on 18
October 2011, a week after oil first hit Bay of Plenty beaches. P. subtriangulata samples
collected throughout 2012 occupied a more central position in the ordination due to
decreasing concentrations of PCO1-correlated PAHs, while P. subtriangulata collected
in 2013 and 2014 clustered together in the bottom right of the ordination predominantly
due to greater concentrations of phenanthrene, anthracene, fluoranthene and pyrene and
lower concentrations the PAHs only correlated with the PCO1 axis (Table 2).

Examination of full PAH profiles for P. subtriangulata samples provided further indi-
cation of temporal differences in PAH concentrations and profiles across sampling dates.
Between 13 and 15 of the 16 USEPA priority pollutant PAHs were present in specimens
collected immediately after the Rena oil spill (18 October through 11 December 2011;
Figure 4). Despite being the PAH most abundant in HFO380 collected from the Rena’s
fuel tanks in the days following the grounding (Figure 4), napthalene was not recorded
in either P. subtriangulata or oiled sand collected from the Bay of Plenty coast. Ace-
naphthylene and acenaphthene were only present in the P. subtriangulata sample collected
at Omanu on 18 October 2011, where they were recorded at relatively low concentrations
(2.3% of tPAHs). Phenanthrene, pyrene, benzoanthracene and chrysene were the main
PAHs present in P. subtriangulata making up between 67 and 71% of tPAHs in these
samples by weight. The PAH profiles of the oiled sand collected at Omanu and
Papamoa were similar, with napthalene, acenaphthylene and acenaphthene absent and
phenanthrene, pyrene, benzoanthracene and chrysene accounting for 71 and 74% of
tPAHs.



1000

750

500

250

0.03

Concentration (ug.kg?)

o

(@) Rena oil - Tank 3 (9 Oct 2011)

P. subtriangulata

(b) Oiled beach sand (November 2011)

“m,d HH.deﬂd

s (c) Astrolabe Reef sediment (March 2014)

25

15

0.5

ABCDETFGHIJKLMNOTP

0.5

04

03

0.2

0.1

IS

(d) 7 Oct 2011 (pre oil)

|

14

(9) July 2012

===

| -

(e) 18 Oct 2011

NN

(h) Oct2013

(f) 22 Nov 2011

.|.J[H Jddm“d

ABCDETFGHI JKLMNOTP
Polycyclic aromatic hydrocarbon

y

(i) July2014

o0 i}

ABCDEFGHIJKLMNOFP

Figure 4. Concentrations of the 16 USEPA priority pollutant PAHs (ug.kg~" wet weight) in Paphies subtriangulata, sediment samples and in the Rena heavy fuel il
(HFO). Plot a shows PAH concentrations in HFO taken from tank 3 of the Rena on 9 October 2011. Plot b shows PAH concentrations in oiled sand collected 2 Novem-
ber 2011 by the Rena Recovery Programme (Battershill et al. 2013) at Omanu (grey) and Papamoa (black). In the P. subtriangulata plots (d-i), Papamoa reserve is
shown in grey, Omanu in black and other sampling locations in white (h and i only). Plot ¢ shows PAH profiles of three Astrolabe Reef sediment samples collected
March 2014 (Ross et al. 2016). Y-axis scales vary between plots. Refer to Table 2 for identification codes corresponding to each PAH species.

€9 e HOHY3IS3Y 43LYMHSIH4 ANV INIYVIN 40 TYNINOr ANV1VIZ MIN



64 PM ROSS ET AL.

Similar PAH profiles, although at much lower concentrations, were recorded in
P. subtriangulata collected between January and July 2012, up to 9 months after the oil
spill. While tPAH concentrations were an order of magnitude less, between 7 and 10 of
the USEPA PAHs were still apparent and were recorded in proportions similar to those
observed in earlier P. subtriangulata samples and in oiled sand (Figure 4).

For the 2013 and 2014 P. subtriangulata samples, in which tPAH concentrations were
high, PAH profiles differed from those recorded up until July 2012. In October 2013, only
6 of the 16 USEPA PAHs were recorded, with phenanthrene, pyrene, benzo[a]anthracene
and chrysene accounting for more than 80% of total PAHs (Figure 4). In July 2014
samples, benzo[a]anthracene and chrysene were largely absent while acenaphthylene
and fluorene were recorded for the first time since December 2011. Although pyrene
and phenanthrene were still the dominant PAHs and were recorded in
P. subtriangulata at comparable concentrations to the initial post-spill samples, benzo-
fluoranthene, benzopyrene, indenopyrene, benzoperylene and dibenzoanthracene, which
were present in these early samples, were absent in P. subtriangulata collected in 2014.

Discussion

Because the PAH data analysed here were collected for the purpose of evaluating human
health risks, P. subtriangulata collections were not made in the way one would expect for a
scientific study aiming to assess the accumulation and depuration of hydrocarbons. First,
there is no within-site replication, making it impossible to know whether differences in
PAH content between locations and times are statistically significant. Second, whole
P. subtriangulata (minus the shell) were measured for PAHs, which does not allow for
differentiation between PAHs taken up into the tissue vs. PAHs associated with ingested
particulate matter in the gut which is defecated out again after several hours. This may
have contributed to the rapid depuration of PAHs observed immediately after the Rena
oil spill. Better practice is to measure PAHs in the gut, including contents, and other
tissues separately. However, from the literature, it appears that such protocols are
seldom followed when assessing PAH exposure following oil spills (Soniat et al. 2011;
Xia et al. 2012; Snyder et al. 2014). For the purposes of this discussion, the terms
‘uptake’ and ‘depuration’ are used to refer to changes in PAH concentration for entire
organisms, with no differentiation made between PAHs in the gut vs. tissue body burdens.

The detection of a suite of PAHs in P. subtriangulata at relatively high concentrations
in the days and weeks following exposure to Rena oil, and the observed similarity in PAH
profile between oiled sand and P. subtriangulata tissues, suggests this species may be useful
as a biological indicator of oil pollution. This is fortunate, as for New Zealand’s open soft
sediment coastlines, P. subtriangulata are probably the only candidate species that is
numerous, intertidal (and therefore easily collected), relatively sedentary and suspen-
sion-feeding, all characteristics that are desirable in taxa used as biological indicators of
pollution. Furthermore, P. subtriangulata is an important human food source so by
default should be monitored for contaminants both as a matter of course and following
pollution events.

PAHs may be accumulated in the tissues of marine invertebrates via a number of path-
ways. These include diffusion of waterborne PAHs across gills and integument, through
dietary uptake, and by contact with contaminated sediment allowing diffusion through
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the integument (Meador et al. 1995). Following the Rena oil spill, PAH uptake in
P. subtriangulata was rapid, with maximum concentrations (124 pgkg™ ') recorded 8
days after the first oil hit Bay of Plenty beaches. Although information about in situ
PAH bioaccumulation rates for bivalves has proven surprisingly difficult to come by, lab-
oratory studies, for which both gut and tissues PAH burdens were determined indepen-
dently, have documented rapid accumulation of waterborne hydrocarbons in oysters
(Crassostrea gigas; Bustamante et al. 2012) and estuarine clams (Ruditapes philippinarum,
Liu et al. 2014).

Depuration of hydrocarbons from P. subtriangulata was observed to be equally rapid,
with PAH concentrations in Omanu composite samples decreasing by two orders of mag-
nitude over the course of 4 weeks. Further declines in PAH concentrations were recorded
over the following 6 months. Similarly, rapid depuration was observed following the recent
Gulf of Mexico oil spill for taxa including clams (Snyder et al. 2014), oysters (Soniat et al,
2011; Xia et al. 2012), fish, shrimp, and crabs (Xia et al. 2012). In most of these studies,
PAHs were not recorded above background levels 6 months after the capping of the Deep-
water Horizon wellhead.

The methods by which Tauranga beaches were cleaned following the Rena oil spill may
have contributed to the rapid decline in P. subtriangulata PAH body burdens. Much of the
beach cleaning was done quickly and by hand (Lockwood et al. 2016), removing oil that
might otherwise have been buried by wave action or the weight of heavy machinery
(AMSA 2010; Schiel et al. 2016; de Lange et al. 2016), potentially recontaminating
marine life if resuspended at a later date. A second peak in P. subtriangulata PAH con-
tamination, shortly after the initial oiling (November 2011) was documented in this
study. It is uncertain whether this peak resulted from inundation by fresh oil, recently
released from the foundering ship, or from exposure to weathered oil, previously buried
and resuspended by wave action.

One of the more interesting aspects of this data set is the detection of high PAH con-
centrations in P. subtriangulata more than 2 years after the Rena oil spill. Although it was
initially feared that this was a legacy of the ship’s grounding, the PAH profiles pose some
questions around identifying the source(s) of these more recently recorded contaminants.
More than 30 months after the grounding of the Rena, PAH profiles from sediments col-
lected on Astrolabe Reef, adjacent to the shipwreck, contain the full suite of USEPA PAHs
(Figure 4H). P. subtriangulata collected in 2013 and 2014 from Bay of Plenty beaches do
not. The 2013 and 2014 P. subtriangulata samples differ in their PAH profiles both from
the specimens collected in the 9 months following the Rena oil spill and from each other,
possibly suggesting either some interesting temporal patterns of Rena oil weathering and
resuspension or multiple sources of PAH contamination. Despite the extensive searches
conducted by de Lange et al. (2016), there is no evidence that Rena oil is or was buried
within Tauranga’s beaches. However, in the period since the Rena grounding, there
have been at least two significant oil spills from commercial ships berthed at the Port of
Tauranga, a large but unquantified number of minor petrol and diesel spills from rec-
reational and commercial vessels across the region (pers. obs.) and the discharge of
PAHs derived from vehicle use and industry into the marine environment via storm
water (Brown & Peake 2006).

The limited among-site variability in PAH concentrations recorded in each of the 2013
and 2014 collections lends some support to the notion of regional-scale events such as the
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natural addition of PAHs via geothermal activity (Shane et al. 2006) or pulses of hydro-
carbons carried by storm water during major rainfall events. Brown & Peake (2006) exam-
ined the PAHs in storm water and road debris in southern New Zealand and found the
PAH profiles of run-off from an urban catchment and of sediments accumulating in
the sumps underlying roadside storm water grates were dominated by phenanthrene,
flouranthene and pyrene. These are the same PAHs most prevalent in P. subtriangulata
in collected in 2013 and 2014. PAH concentrations in the P. subtriangulata collected
immediately prior to the Rena oil spill were close to zero. Similarly, low PAH concen-
trations were not recorded in later samples. As there is no pre-Rena time-series, it is uncer-
tain whether the low PAH values recorded in these first P. subtriangulata samples were the
pre-Rena norm, or whether PAH body burdens typically fluctuate with stochastic events
and rainfall induced pulses of hydrocarbons (Brown & Peake 2006).

PAHs are ubiquitous environmental contaminants and are produced from incomplete
combustion of fossil fuels, cigarette smoking and food processing such as smoking, grilling
and toasting (Panalaks 1976; Santodonato 1997; Moret et al. 1999; Stolyhwo & Sikorski
2005). In fact, tPAH concentrations of up to 164 pg.kg™' have been recorded in barbequed
meat (Panalaks 1976). Such concentrations are comparable to and in most cases greater
than concentrations recorded in P. subtriangulata during the worst of the Rena oil
spill. Perhaps somewhat surprisingly, according to the United States Food and Drug
Administration seafood consumption guidelines, in which the concentration thresholds
for concern range from 132 to 1 846 000 pgkg ' for the 16 USEPA PAHs, the
P. subtriangulata collected for this study were at no stage unsafe to eat (Xia et al. 2012).
Much higher tPAH concentrations have been recorded in bivalves elsewhere. For
example, tPAH concentrations of more than 500 ugkg™' were recorded in Coquina
clams in the Gulf of Mexico (Snyder et al. 2014). One possible explanation for the
absence of dangerously high PAH body burdens in P. subtriangulata, is that the Rena
oil reaching the Tauranga coastline, having travelled more than 20 km across open
water, had already lost much of its more volatile and water-soluble/water-accommodated
constituent PAHs (Prince et al. 2003; American Petroleum Institute [API] 2011). Conse-
quently, animals not directly impacted by solid oil patches may have experienced only
limited PAH exposure. The absence of naphthalene, one of the most volatile PAHs ana-
lytes, in beached oil vs. HFO taken from the Renda’s fuel tanks provides support for this
hypothesis. Unfortunately, a lack of within-site sample replicates, sediment samples
associated with each specimen collection, or information about sample proximity to oil
patches, makes it difficult to properly explore this hypothesis.

While it was not definitively assessed, there was no evidence of mass mortality in
P. subtriangulata either during or following the Rena oil spill (Culliford & Fairweather
2013). The data presented here suggest that the PAH body burdens experienced by
P. subtriangulata following the Rena oil spill were not high in an international context
(Soniat et al. 2011; Xia et al. 2012; Snyder et al. 2014) and that Bay of Plenty
P. subtriangulata might experience PAH contamination of a similar magnitude with
some frequency, possibly derived from urban sources via storm water, geothermal activity,
or from more minor vessel related fuel spills (Brown & Peake 2006; Shane et al. 2006). The
apparent robustness of P. subtriangulata to the levels of PAH contamination generated by
the Rena oil spill and the observed accumulation of a suite of PAHs that closely matched
the Rena oil arriving on Tauranga’s coastline suggest that P. subtriangulata have great
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potential as biological indicator of hydrocarbon pollution. However, to be a truly effective
monitoring tool, a better baseline of PAH body burden data is required, as is an under-
standing of the timeframes over which P. subtriangulata accumulate and metabolise
PAHs and the contribution of gut contents to the total PAH burden in the specimens col-
lected. Such information is essential for the interpretation of biological monitoring data
and the development of Mussel Watch-style monitoring regimes (Goldberg et al. 1978;
Melwani et al. 2014) that account for the timeframes over which P. subtriangulata meta-
bolise PAH:s.
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