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a b s t r a c t

This study investigates the use of a weight of evidence (WOE) approach to evaluate fish health status and
biological effects (BEs) of contaminants for assessment of ecosystem health and discusses its potential
application in support of the Marine Strategy Framework Directive (MSFD). External fish disease, liver
histopathology and several BEs of contaminant exposure including 7-ethoxy resorufin O-de-ethylase
(EROD), acetylcholinesterase (AChE), bile metabolites, vitellogenin (VTG) and alkali labile phosphates
(ALP) were measured in two flatfish species from four locations in Ireland. Contaminant levels in fish
were generally low with PCBs in fish liver below OSPAR environmental assessment criteria (EAC). There
were consistencies with low PCB levels, EROD and PAH bile metabolite levels detected in fish. Dab from
Cork, Dublin and Shannon had the highest relative prevalence of liver lesions associated with the
carcinogenic pathway. An integrated biomarker response (IBR) showed promise to be useful for evalu-
ation of environmental risk, although more contaminant parameters in liver are required for a full
assessment with the present study.

Crown Copyright © 2017 Published by Elsevier Ltd. All rights reserved.

1. Introduction

The Marine Strategy Framework Directive (MSFD) [2008/56/EC]
adopts an ecosystem based management approach to marine
monitoring. The Directive aims to achieve and maintain “good
environmental status” (GES) for the marine environment by 2020
(European Commission, 2008). To achieve GES, a total of 11 quali-
tative descriptors have been devised including, but not limited to,
biological diversity, fisheries, food webs, marine litter and envi-
ronmental contaminants. Descriptor 8 of the MSFD states that
contaminants must not be detected at concentrations that give rise
to pollution effects and Commission Decision 477/2010 (European
Commission, 2010) sets indicators for concentrations in environ-
mental matrices and effects. To evaluate this, a robust set of

monitoring and assessment tools are required (Lyons et al., 2010;
Hylland et al., 2017).

The integration of chemical, whole organism, tissue and cellular
level biomarkers facilitates a weight of evidence approach for
assessing the biological effects (BEs) of contaminants and provides
the opportunity to apply weight of evidence (WOE) approaches
when making such assessments of environmental health. To this
end, the International Council for the Exploration of the Sea (ICES)
Study Group on the Integrated Monitoring of Contaminants
(SGIMC) has developed an integrated monitoring framework de-
tailing protocol methodologies, assessment criteria, confounding
factors and supporting information (ICES, 2012; Vethaak et al.,
2017) for numerous pollutant and BE based techniques. These
techniques can be used to measure and assess tissue chemistry,
sub-cellular, tissue and whole organism responses in fish and
shellfish, in the context of contaminants and environmental quality.
This integrated framework uses toxicological thresholds to estab-
lish assessment criteria that are used to classify geographical re-
gions as background, elevated response/above background or
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significant response/unacceptable effects. Within this framework, a
traffic light system (blue < green < red) is proposed by ICES,
providing a visual indication of whether contaminant effects and
concentrations are at background levels or whether they exceed
ecological/toxicological thresholds. This approach has been used
successfully to show a suitable robust approach for supporting the
determination of GES under MSFD descriptor 8 (Lyons et al., 2017;
Vethaak et al., 2017; Hylland et al., 2017).

Several fish-based techniques have been proposed under the
SGIMC integrated approach (ICES, 2012), including the measure-
ment of, polycyclic aromatic hydrocarbons (PAH) bile metabolites,
7-ethoxy-resorufin-O-deethylase (EROD), acetylcholinesterase
(AChE), vitellogenin (VTG) and fish diseases including liver histo-
pathology and external disease as well as intersex. The measure-
ment of bile metabolites in the gall bladders of fish has previously
been used as a biomarker of exposure to PAHs in both lab and field
studies (Aas et al., 2000; Pointeta and Milliet, 2000; Vuorinen et al.,
2006; Da Silva et al., 2006; Kammann et al., 2017). Storage of bile in
the gall bladder permits a degree of accumulation of metabolites
and hence higher concentrations of PAHs if present. The presence of
metabolites in bile is the final stage of biotransformation of these
compounds after which they are finally passed from the organism
in bile or urine (Ariese et al., 2005). 7-ethoxy-resorufin-O-deethy-
lase (EROD) has previously been used as a biomarker of mixed
function oxygenase (MFO) system activity, which is involved in the
detoxification of planar organics such as polychlorinated biphenyls
(PCBs) and polycyclic aromatic hydrocarbons (PAHs) following
exposure (Kirby et al., 1999; Beyer et al., 1996; Eggens et al., 1996;
Sulaiman et al., 1991; Rotchell et al., 1999). The decreased activity
of the enzyme, acetylcholinesterase (AChE) activity has been used
as a biomarker of neurotoxicity after exposure to organophosphate
and carbamate insecticides in fish in many field studies (Bocquen�e
and Galgani, 1998; Kirby et al., 2000; Fulton and Key, 2001). These
compounds block the breakdown of acetylcholine (ACh) by the
enzyme, AChE which can result in a build-up of ACh causing over-
stimulation of sensitive neurons at the neuromuscular junction and
can lead to spasm and tremors in the organism. This biomarker has
also been reported to respond to other contaminant groups such as
heavy metals, hydrocarbons, detergents and algal toxins (Zinkl
et al., 1991; Payne et al., 1996; Guilhermino et al., 1998). While
indicative of pesticide exposure, AChE is not considered a specific
biomarker of exposure thus the importance of incorporation of this
biomarker into a WOE approach. Elevated levels of the egg yolk
precursor protein VTG has been used as a biomarker of endocrine
disruption in the blood plasma of male fish in both lab and field
studies (Kirby et al., 2004; Scott et al., 2007; Barucca et al., 2006;
Tyler et al., 1996; Gronen et al., 1999). An increasing number of
contaminants including pesticides, PCBs and PAHs (Tarrant et al.,
2005) are being recognised as endocrine disruptors (Sumpter and
Jobling, 1995) and in particular, sewage effluents have been re-
ported to be a major source of endocrine disrupting contaminants
(Sumpter and Jobling, 1995; Hansen et al., 1998). Vitellogenin has
been measured indirectly with vitellin like proteins using the alkali
labile phosphate assay in invertebrates (Gagn�e et al., 2003; Quinn
et al., 2004) and fish liver (Hallgren et al., 2009; Dias et al., 2014).
Laboratory exposures of estrogenic compounds such as estradiol
(E2) and 17a-ethinylestradiol (EE2) in Nile tilapia (Oreochromis
niloticus) and other estrogen mimicking compounds such as a PCB-
77 and p,p,-DDE exposed to the common Goby (Pomatoschistus
microps) have been reported to significantly elevate ALP proteins
(De S�a Salom~ao and Marques, 2014; Dias et al., 2014).

Fish disease monitoring has been undertaken since the 1980's in
the OSPAR region of the North Sea, United States and other regions

around the globe (Dethlefsen et al., 1987; Stentiford et al., 2009,
2010, 2014; Vethaak et al., 2009, 2013; Myers et al., 1998; Al-
Zaidan et al., 2015). Externally visible diseases, macroscopic liver
neoplasms and liver histopathology encompass the three elements
of fish disease monitoring. While many of these diseases have
multifactorial causes, liver neoplasms are classified as a direct in-
dicator of historical contaminant exposure (Stein et al., 1990; Myers
et al., 1998; Stentiford et al., 2014). Lang et al. (2017a) have applied a
fish disease index (FDI) towild fish data and recommended this as a
strong tool for indication of health of the ecosystem in the context
of disease data analysis and assessment.

This study uses the OSPAR/ICES integrated WOE approach to
make an assessment of the environmental quality and ecosystem
health of Irish waters. The common dab (Limanda limanda) and
plaice (Pleuronectes platessa) are assessed for fish health and as
bioindicators of contaminant exposure at four locations around
Ireland. This is further supported by contaminant occurrence in
muscle and liver tissues. A complete application of aWOE approach
was not possible in this study with the absence of some contami-
nant data in the liver tissue of the fish.

2. Materials and methods

2.1. Sampling and survey details

Sampling dates, global positioning system (GPS) coordinates,
water temperature, salinity and depth are presented in Table 1 and
a map of sampling locations for dab and plaice at four Irish coastal
locations is presented in Fig. 1. Fish (15e25 cm) were collected
(using established protocols) on a number of surveys in 2010.
Despite considerable efforts to retrieve flounder, dab and plaice
were the dominant species sampled.

Fish were collected from Dublin Bay in July 2010 on the Cefas
Endeavour as a part of the annual Irish Sea monitoring program.
Fish were collected off Dublin Bay and Wexford in Oct 2010 and off
Cork in Apr and Nov 2010 on the Celtic Voyager during research
surveys. A chartered trawler was used to collect dab in the Shannon
estuary in Sep 2010. On the Cefas Endeavour, a Granton trawl was
used for two 30min tows (6.5knt and 4Knt/hr). On the Celtic
Voyager, fish were captured using a 3 m beam trawl, towed at 3
knots/hour for 20e30min. On the chartered trawler, a 2 m beam
trawl was used for 30e60 min trawls (2 knots/hr).

Once on board, fish were kept alive in tanks containing fresh
running seawater. In line with ICES guidelines (ICES, 2012) fish
above 20 cm were chosen for analysis with some exceptions of
between 15 and 20 cm for some male fish. Dissections were per-
formed within 1 h of capture with the exception of the Shannon
estuary fish where they were euthanised and dissected within 2 h
of capture. Fish for biological effects analysis were sampled sepa-
rately than fish for contaminants.

Fish length, weight, gender and external diseases were recor-
ded. External fish disease assesment was carried out following
standard methodologies developed by ICES (Bucke et al., 1996) and
through the Biological Effects Quality Assurance in Monitoring
(BEQUALM) programme (www.bequalm.org).

Following euthanasia, blood was immediately sampled using
heparin coated syringes, and centrifuged at 3000g for 5 min.
Separated plasmawas transferred into cryogenic vials and stored in
liquid nitrogen prior to analysis. Muscle and brain tissues were
dissected for AChE analysis whilst a sub sample of liver was
dissected for analysis of EROD. For measurement of PAH bile me-
tabolites, the gall bladder containing bile was dissected. All
biomarker samples were transferred into cryogenic vials, snap
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frozen in liquid nitrogen and stored in �80 �C freezer prior to
analysis. Otoliths were extracted for age analysis and stored at 4 �C
until analysis. Further details on methodologies follow.

2.2. Histopathology

Fish liver was inspected for macroscopic lesions and following
this, a standardised section (3 mm) was taken longtitudinally with
a razor blade and samples of gonad and liver were fixed in histology
cassettes in 10% neutral-buffered formalin for 24 h followed by
transfer to 70% industrial methylated spirit. Fixed samples were
processed to wax in a vacuum-infiltration processor using standard
protocol (Feist et al., 2004). Sections were cut at 3e5 mmon a rotary
microtome and mounted onto glass slides before staining with
haematoxylin and eosin. Stained sections were examined micro-
scopically for gender and liver histopathology as per Feist et al.
(2004).

Liver histopathology including identification of normal liver and
five liver histopathology categories (NNT: non-neoplastic tox-
icopathic; NSI: non-specific inflammatory; FCA: foci of cellular
alteration; BN: benign neoplasm; and MN: malignant neoplasm)
were identified as per Feist et al. (2004). Quality control between
laboratories was carried out with slide reading by two histopa-
thology experts.

2.3. Acetylcholinesterase, 7-ethoxy-resorufin-O-deethylase, bile
metabolites, alkali labile phosphates and vitellogenin analysis

AChE was performed in accordance with Bocquen�e and Galgani
(1998) on 100 mg of muscle/brain tissue. Tissues were homoge-
nised 1:5 in a Tris-sucrose buffer (pH 7.2) and then centrifuged at

10,000g for 20 min at 4 �C. The supernatant (S9) was used to
determine AChE activity based on the method of Ellman et al.
(1961) with adaptation to microplate by Bocquen�e and Galgani
(1998). Following euthanasia the livers and gall bladders from up
to 20 fish with gender balance as much as possible per sampling
station were collected and analysed for both EROD and bile mea-
surements following standard protocols published in the ICES
Techniques in Marine Environmental Sciences Series at the Cefas
laboratories in Weymouth, UK. EROD activity was determined in
liver tissue using a fluorescent assay (Stagg and McIntosh, 1998). A
200 (±10) mg sample of liver was homogenised and analysed for
EROD activity using the standard ICESmethod as previously used in
UK monitoring surveys. A Perkin-Elmer LS50B fluorescence spec-
trometer set at 535 nm excitation and 580 nm emission wave-
lengths with a cuvette stirring function was used. EROD and AChE
activity were normalised to protein content as per Bradford (1976)
and determined using a plate reader modification of the Bradford
method and a bovine serum albumin standard. Bile samples were
analysed for fluorescent bile metabolites using synchronous fluo-
rescence spectrometry (SFS), as described by Ariese et al., (2005).
Briefly, bile samples were thawed in an ultrasonic bath and diluted
with ethanol/water (50:50 v/v). The SFS spectraweremeasured in a
1 cm quartz cuvette using a Perkin Elmer LS50 spectrofluorimeter.
For quantification, the net peak area from excitation wavelength
323e423 nm was measured and expressed as mg kg�1 wet weight
1-hydroxypyrene (1-OH pyrene) equivalents. Fish vitellogenin
measurement in male fish was also conducted by Cefas labora-
tories, in accordance with Scott and Hylland (2002). The ALP assay
which was used previously for mussels as per Quinn et al. (2004)
was carried out in fish gonad tissue with the following modifica-
tions. Gonad tissue was homogenised in a 10 mM Hepes-NaOH

Table 1
Sampling dates and locations of fish tows at Dublin Bay, Cork, Wexford and Shannon. Global positioning system coordinates, water temperature, salinity and water depth are
presented where available.

Date Location Tow number Start point End point Code Tow time (mins) Water temp (�C) Salinity (ppt) Depth (m)

01/04/2010 Cork Harbour 1 51�4903146 N unknown CO-2 30 8.3 32
008� 1603574 W

07/07/2010 Dublin Bay 1 53�120945 N unknown DB-2 20
005� 560455 W

07/07/2010 Dublin Bay 2 53�140980 N unknown DB-2 20
005� 560 899 W

28/10/2010 Dublin Bay 1 53� 16.3109 N 53� 15.3183 N DB-1 21 12.65 31.9 33
06� 04.1649 W 06� 04.1337 W

28/10/2010 Dublin Bay 2 53� 16.6618 N 53� 15.4892 N DB-1 20
05� 56.8612 W 05� 56.3444 W

28/10/2010 Dublin Bay 3 53� 15.0944 N 53� 14.8346 N DB-1 8
05� 56.8717 W 05� 56.8860 W

28/10/2010 Dublin Bay 4 53� 15.0944 N 53� 14.8346 N DB-1
05� 56.8717 W 05� 56.8860 W

20/11/2010 Cork Harbour 1 51� 49.2535 N 51� 50.0835 N CO-1 20 10.32 28.36
08� 16.2535 W 08� 15.8932 W

30/10/2010 Wexford 1 52� 15.9706 N 52� 17.0635 N WX-1 25
06� 19.2162 W 06� 20.6439 W

30/10/2010 Wexford 2 52� 17.0635 N 52� 19.0655 N WX-1 20
06� 20.6439 W 06� 19.2569 W

30/10/2010 Wexford 3 52� 17.6979 N 52� 16.6229 N WX-1
06� 20.4147 W 06� 20.7683 W

30/10/2010 Wexford 4 52� 16.0397 N 52� 17.2516 N WX-1
06� 19.3007 W 06� 21.1879W

21/09/2010 Shannon 1 52� 32.51 N 52� 31.65 N SE-1 45
09� 42.20 W 09� 44.66 W

21/09/2010 Shannon 2 52� 32.88 N 52� 32.145 N SE-1 60
09� 50.87 W 09� 47.29 W

21/09/2010 Shannon 3 52� 30.84 N 52� 32.28 N SE-1 70
09� 47.41 W 09� 51.70 W

21/09/2010 Shannon 4 52� 32.32 N 52� 31.61 N SE-1 60
09� 51.50 W 09� 47.43 W
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buffer (pH 7.4) at 4 �C and centrifuged at 20,000g for 20 min at 4 �C.
One hundred microlitres of S12 supernatant was added to 54 ml of
100% acetone and the S6 supernatent was removed. One hundred
microlitres of NaOH was added and mixed for 30 min at 60 �C. The
following solutions were then added in succession to a microplate:
125 ml ultrapure H2O, 5 ml TCA (100%), 25 ml ammonium molybdate
(8 mM), 20 ml heated S6 solution and 25 ml ascorbate (0.05 M). The
absorbance of samples and KH2PO4 standards were read at 815 nm
and at 444 nm. Results were expressed as mg ALP mg protein�1.
Protein was determined on all tissue homogenates as per Bradford
(1976) using bovine serum albumin as standard.

2.4. Age analysis

The Marine Institute protocol for aging plaice (Marine Institute,
2007) and Cefas age determination manual (Etherton, personal
communication) were used as a guide for aging dab flatfish oto-
liths. To improve the clarity of the otolith for reading, otoliths were
cleaned with distilled water and lightly rubbed on a damp cloth to
remove any remaining blood or tissue from the macula and
otolithic membrane (Secor et al., 1992) and dried at room tem-
perature for up to a week before reading. Otoliths were aged by
viewing whole on a black background under a light reflecting mi-
croscope at�24magnification. The number of hyaline (translucent)

rings were counted from the first annual ring, which is the first
largest translucent band (or annulus) near the centre, to the final
outer ring, which represents the last winter growth (Williams and
Bedford, 1974).

2.5. Condition factor

Fulton's condition factor (K) was measured as per Ricker (1975).
Length was measured with a fish measuring board while weight of
each fish was recorded from an onboard balance. Fulton's K con-
dition factor was measured as an indication of the energy reserves
of animals. Animals with a low condition factor presumably suf-
fered from adverse environmental conditions, poor feeding con-
ditions or parasitic infections. Fulton's K condition factor was
calculated as follows, K¼ 100(W/L3) whereW is wet weight (g) and
L is length (cm). Hepato-somatic index and gonad somatic index
(GSI) were not determined as the balance onboard was not sensi-
tive enough. Weight and length data was lost for the Cefas
Endeavour cruise.

2.6. Contaminant analysis

Contaminant analysis was performed on grouped fish separate
to the BE study. Following euthanasia of fish, the weight and length

Fig. 1. Map of sampling locations for dab and plaice at four Irish coastal locations including Dublin, Wexford, Cork and Shannon.
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were measured. Muscle and liver samples (between 20 and 50 in-
dividuals) were collected and pooled. All biota were collected in
accordance with OSPAR Co-ordinated Environmental Monitoring
Programme (CEMP) sampling protocols (OSPAR, 1999). Tissue for
metals analysis was homogenised, freeze dried and frozen
at �30 �C whereas tissue for organics analysis was homogenised
and frozen at �30 �C prior to analysis.

Metals analysis was completed in fish muscle by LGC (http://
www.lgcgroup.comUK) using accredited methods to ISO 17025.
Subsamples (0.5 g) were microwave digested using 7 ml of
concentrated nitric acid and 1.5 ml of hydrogen peroxide. Sample
digests were diluted to 50 mLwith water prior to measurements by
inductively coupled plasma mass spectrometry (ICP-MS) and
inductively coupled plasma optical emission spectrometry (ICP-
OES). Quantification was performed by external calibration with
standards prepared in the same diluents as the samples. Analyses
were supported where appropriate by full quality control checks
including use of blanks, positive and negative controls and refer-
ence materials.

Quantification of PCBs, PAHs and a range of organochlorine
compounds (OCs) was performed at the Marine Institute using an
Agilent 6890 gas chromatograph (GC) coupled to a 5973 N mass
spectrometric detector (MSD) run in splitless mode with a 60 m
0.25 mm � 0.22 mm DB-5ms column run in electron ionisation (EI)
mode with helium as a carrier gas.

2.7. Assessment procedure

Species specific assessment criteria for EROD, PAH bile metab-
olites, VTG, AChE and liver histopathology as per ICES (2012) were
used for assessment. For BE data, the mean þ 95% confidence in-
terval was compared. Contaminant assessment criteria in fish was
applied as per OSPAR (2009). All assessment criteria used in this
study are outlined in Table 2.

An integrated biomarker response (IBR) index was used on both
contaminant and BE data and was developed based on method by
Beliaeff and Burgeot (2002) and adapted with the following mod-
ifications. For contaminant data, lipid normalised values were used
for comparison to assessment criteria. Only contaminantswhere AC

were available were used for assessment as per Table 2. Only scores
were derived for available contaminant data in liver tissue. This
included PCB data only as other data for metals etc. were not
available. A score for each contaminant at each site was calculated
by how many times it exceeded the EAC. The parameter which
exceeded the EAC to the greatest extent was designated a score of
“10”, with other site/sample scores assigned a pro-rata score rela-
tive to the highest one. Finally a score was created for each indi-
vidual PCB, groups of PCBs and an overall score for the sample/site
was obtained by using a method described by Beliaeff and Burgeot
(2002) as follows [(B1 � B2)/2] þ [(B2 � B3)/2] þ … [(Bn-1 � Bn)/
2] þ [(Bn � B1)/2]} where B1, B2,…, Bn are the derived scores for the
contaminants and divided by n parameters. In order to generate a
score for BE data, this method was repeated with the exception of
AChE where initial scores were calculated by how many times the
EAC exceeded the AChE value. Only bile metabolites and AChE
could be used to generate a score for each site since there were no
EAC available for EROD or VTG. Scores were normalised for missing
values by dividing by n parameters. Both contaminant and
biomarker scores were ranked based on the highest score being
most contaminated.

2.8. Statistics

The R Studio version 1.0.44 programby RStudioTeam (2015) was
used for twoway analysis of variance (ANOVA) to detect differences
between gender and seasons. Regression analysis was also
completed with RStudio. Linear correlation coefficients were
calculated between length and age in male and female fish. The
PRIMER 6 and PERMANOVA þ software was used to investigate
between and among-group differences across measured endpoints
and principal components analysis (PCA). Between and among
group differences were examined using analysis of similarity
(ANOSIM) on a normalised, Euclidean distance resemblance matrix
for both BE and fish liver pathology data. A complete dataset was
not available for all species (dab and plaice) and therefore some
data points were missing which meant that it was only possible to
consider dab in a single multivariate analysis and not plaice for the
BE data while both species were considered for the multivariate

Table 2
Assessment criteria as detailed in ICES (2012) for biological effects monitoring and available assessment criteria for chemical determinants in fish (OSPAR, 2009). Fish (mgkg�1

wet weight), except EACpassive lipid weight, ECa max food limit. X denotes not available and NA denotes not applicable.

<BAC <EACpassive <ECa

Metals

Cd 26 X X
Hg 35 X 500a

Pb 26 X X

PCBs

CB 28 0.1 64 X
CB52 0.08 108 X
CB101 0.08 120 X
CB118 0.1 24 X
CB138 0.09 316 X
CB153 0.1 1600 X
CB180 0.11 480 X

Biological effects Species Sex <BAC <EAC

EROD (pmol min�1 mg protein �1) dab F 178 X
M 147 X

EROD (pmol min�1 mg protein �1) plaice M 9.5 X
PAH bile metabolites (pyrene type ng ml�1); synchronous scan fluorescence dab N/A 150 22000
AChE activity nmol min�1 mg protein�1 (muscle) dab 150 105
Fish Disease dab As described by Stentiford et al. (2009)

a Caution should be taken here as this value is a seafood maximum limit rather than a value linked to toxicological response in fish (Regulation, 1881/2006).
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Fig. 2. Biometric data including (a) length, (b) weight, (c) condition and (d) age in dab from Dublin Bay (DB-1 and DB-2), Wexford (WX-1), Cork (CO-1 and CO-2) and Shannon (SE-1)
with prefix for dab (-LL) and plaice (-PP); Male depicted with grey and female with white. Significant differences between gender denoted with p < 0.05: *, p < 0.01: **; p < 0.001:
***.
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Fig. 2. (continued).
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analysis with the fish liver pathology data. Where ANOSIM sug-
gested a significant difference between groups, a PCA was run to
investigate which BEs/pathologies were important in describing
the differences. Biological effect data was transformed log (xþ1)
and fish liver pathology data was transformed using the presence/
absence function in PRIMER 6 and PERMANOVAþ.

3. Results

3.1. Fish biometric data

Biometric fish data including length, weight, condition and age
are displayed in Fig. 2 (a,b,c,d respectively). Cork (CO-1) female dab
and Dublin (DB-1) female plaice were significantly longer than
males (p < 0.05). There were significant differences in length

between locations and species and between autumn and spring
samples (p < 0.001). Cork (CO-1) and Wexford (WX-1) female dab
and Dublin (DB-1) plaice were significantly heavier than males
(p < 0.05). There were also significant differences in fish weights
between locations and also between species at Cork, Dublin and
Shannon.

Condition of fish significantly differed between Cork dab (CO-1)
and all other locations with dab and plaice. There were no signifi-
cant differences in condition detected between gender. Shannon
(SE-1) dab were significantly older than Cork (CO-1), Dublin (DB-1)
and Wexford (WX-1) dab. There were no significant differences in
age of fish between gender at any of the locations. There were no
significant correlations detected between length (size) and age in
male or female dab. This indicates that larger dab were not
necessarily older and vice versa indicating that the growth of dab

Table 3
Contaminant levels of organochlorine compounds polychlorinated biphenyls (mg kg�1) and inorganic contaminants (mg kg�1) in both flesh and liver tissue (wet weight) in
flatfish species sampled from four locations around Ireland. NA denotes no data available.

Location SE-1 DB-1 WX-1 CO-1 CO-1 SE-1 DB-1 WX-1 CO-1

Species Dab Dab Dab Dab Plaice Dab Dab Dab Plaice

Tissue Muscle Muscle Muscle Muscle Muscle Liver Liver Liver Liver

Organochlorine compounds
2,40-DDD <0,010 0.03 <0,010 <0,010 <0,010 0.12 0.39 0.15 0.13
2,40-DDE <0,010 <0,010 <0,010 <0,010 <0,010 <0,017 0.069 0.051 0.037
2,40-DDT <0,010 <0,010 <0,010 <0,010 <0,010 0.33 0.22 0.15 <0,019
4,40-DDD 0.012 0.092 <0,010 0.016 0.02 0.29 1.4 0.98 0.56
4,40-DDE 0.069 0.25 0.12 0.094 0.13 4.1 4.6 7.8 1.9
4,40-DDT <0,010 0.053 <0,010 <0,012 <0,010 0.33 0.98 0.77 0.097
Aldrin <0,050 <0,050 <0,050 <0,050 <0,050 <0,085 <0,050 <0,20 <0,050
alpha-Chlordan 0.012 0.018 <0,010 <0,010 <0,010 0.088 0.13 0.46 0.064
alpha-Endosulfan <0,050 <0,050 <0,050 <0,050 <0,050 <0,085 <0,050 <0,20 <0,050
alpha-HCH <0,010 <0,010 <0,010 <0,010 <0,010 0.27 0.14 0.25 0.023
beta-Endosulfan <0,050 <0,050 <0,050 <0,050 <0,050 <0,20 NA <0,050 <0,050
beta-HCH <0,010 <0,010 <0,010 <0,010 <0,010 n.a 0.097 0.19 0.034
cis-Heptachlorepoxide 0.015 0.023 0.012 0.012 <0,010 0.2 0.46 1.2 0.083
delta-HCH <0,010 <0,010 <0,010 <0,010 <0,010 <0,017 0.028 <0,040 0.027
Dieldrin 0.073 0.22 0.055 0.086 0.033 2.6 4.1 4.8 1.3
Endosulfan-Sulfat <0,050 <0,050 <0,050 <0,050 <0,050 <0,20 NA <0,050 <0,050
Endrin <0,010 <0,010 <0,010 <0,010 <0,010 0.037 0.029 0.044 0.036
gamma-Chlordan <0,010 <0,010 <0,010 <0,010 <0,010 0.025 0.019 <0,040 0.016
gamma-HCH <0,010 <0,010 <0,010 <0,010 <0,010 0.17 0.22 0.26 0.055
Heptachlor <0,050 <0,050 <0,050 <0,050 <0,050 <0,085 <0,050 <0,20 <0,050
Hexachlorbenzol 0.044 0.044 0.052 0.042 0.025 1.1 1.2 2.1 0.097
Mirex <0,010 <0,010 <0,010 <0,010 <0,010 <0,017 0.032 0.092 0.027
Octachlorstyrol <0,010 <0,010 <0,010 <0,010 <0,010 <0,017 0.033 0.051 0.036
Oxichlordan <0,010 <0,010 <0,010 <0,010 <0,010 <0,025 0.19 0.52 0.028
Pentachlorbenzol <0,010 <0,010 <0,010 <0,010 <0,010 0.071 0.053 <0,045 <0,012
Toxaphene Parlar 26 <0,030 <0,030 <0,030 <0,030 <0,030 <0,072 0.083 0.26 <0,030
Toxaphene Parlar 50 <0,050 <0,050 <0,050 <0,050 <0,050 <0,085 0.13 0.53 <0,050
Toxaphene Parlar 62 <0,10 <0,10 <0,10 <0,10 <0,10 <0,18 <0,061 <0,37 <0,10
trans-Heptachlorepoxide <0,050 <0,050 <0,050 <0,050 <0,050 <0,085 <0,050 <0,20 <0,050
trans-Nonachlor 0.011 0.023 <0,010 <0,010 <0,010 0.22 0.55 0.87 0.097
Polychlorinated biphenyls
PCB 101 0.024 0.17 0.042 0.045 0.06 0.98 2.4 2.2 0.86
PCB 118 0.028 0.16 0.075 0.06 0.083 1.5 2.9 5.2 1.1
PCB 138 0.054 0.3 0.15 0.077 0.11 3.2 5.9 7.8 1.7
PCB 153 0.054 0.34 0.18 0.089 0.13 5.7 5.7 8.6 2
PCB 180 0.022 0.13 0.055 0.037 0.053 1.6 2.2 3 1.1
PCB 28 <0,050 0.096 <0,050 <0,050 <0,050 0.26 0.79 1.2 0.22
PCB 52 <0,020 0.12 0.031 0.036 0.04 0.49 1.1 0.96 0.35
Inorganic contaminants
Cr 0.047 0.114 0.157 0.126 NA NA NA NA NA
Ni <0.16 <0.16 0.201 <0.16 NA NA NA NA NA
Cu 0.74 0.60 0.50 0.51 NA NA NA NA NA
Zn 18.64 19.07 18.26 17.05 NA NA NA NA NA
As 55.85 48.87 32.98 24.98 NA NA NA NA NA
Ag <0.018 <0.018 <0.018 <0.018 NA NA NA NA NA
Cd 0.001 0.002 <0.001 <0.001 NA NA NA NA NA
Hg 0.421 0.324 0.372 0.265 NA NA NA NA NA
Pb 0.051 0.082 0.048 0.016 NA NA NA NA NA
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from different areas could be reliant on different food and nutrient
availability.

3.2. Contaminant levels

Contaminant levels in fish muscle and liver tissue are presented
in Table 3. In fish livers, only levels of PCBs could be compared with
available assessment criteria. These concentrations are presented in
Table 4 along with the scoring index calculated with the IBR for-
mula, overall rank and colour code as per comparison to assess-
ment criteria. Levels of PCBs including 101,118,138,153,180, 28 and
52 (the ICES 7) in dab from Shannon, Dublin, Wexford and Cork
locations were determined to be above the BAC but below the EAC.
Levels of OCs were in the flesh of fish from all locations were low.
Levels of PCBs in the flesh were lower in all sites compared with the
liver concentrations and levels of inorganic contaminants in the
flesh of fish were also at a low level with levels of mercury below
the EC food level (0.5 mg kg�1) in dab from Shannon, Dublin,
Wexford and Cork. Caution should be used here as this value is a
seafood maximum limit rather than a value linked to adverse
toxicological response.

3.3. 7-Ethoxy-resorufin-O-deethylase activity

Mean EROD data for flatfish sampled from each estuary are
presented in Tables 5 and 6 and Fig. 3. Summary supporting data of
fish for all BEs are presented in Table 6. At the four locations, EROD
activities in dab were all below the background criteria and there
were significant differences between sites (p < 0.01) and between

gender (p < 0.001). Wexford had significantly higher EROD than
Shannon (p < 0.01). Most locations with the exception of Dublin Bay
(DB-1) showed significantly elevated EROD responses compared
with Shannon. Highest EROD activity was recorded in Wexford
where male dab showed significantly elevated EROD responses
(p < 0.05) compared with female dab. EROD in male fish at Dublin
Bay (DB-2) were also significantly elevated (p < 0.01) compared
with female dab. Male plaice from Dublin Bay (DB-2) were deter-
mined to be above the BAC. There were no significant differences
determined in EROD in dab between autumn and summer samples.
Although samples were elevated all fish measured for EROD were
below the BAC.

3.4. 4Bile (1-hydroxypyrene) metabolite data

Mean bile metabolite data reported as 1-hydroxypyrene
equivalents in dab from each estuary are presented in Tables 5
and 6 and Fig. 4. Bile metabolites were significantly (<0.01)
elevated in dab from Wexford, compared to the Shannon estuary
site. Bile metabolites in Dublin Bay dab and plaice (DB-2) were
significantly lower than metabolites in Cork (CO-1) dab (p < 0.001
and p < 0.05 respectively). There were no significant differences
between gender at any of the locations. Seasonal differences were
detected between autumn samples (p < 0.001) but not between
bile metabolites in dab or plaice between the summer and autumn
samples. Bile metabolites in dab samples, reported in this study
were all determined to be significantly below the EAC (22 pyrene
type mg ml�1) at the four sites monitored. There are no assessment
criteria available for plaice.

3.5. Acetylcholinesterase activity

AChE activities in muscle of dab and plaice at different locations
and between species are presented in Tables 5 and 6 and Fig. 5. For
AChE activity in dab brain tissue (Table 6) there were no significant
differences determined between locations or season and there
were no significant differences determined between genders. For
AChE activity in dab muscle tissue there were significant differ-
ences in enzyme activity between locations (p < 0.001) and an
interaction between gender and location (p < 0.05) but not be-
tween gender alone. Shannon dab showed significantly lower ac-
tivity comparedwith Dublin (DB-1),Wexford (WX-1) and Cork (CO-
1) and also there were significant differences between species of
dab and plaice at Cork (CO-2) (p < 0.001) with dab showing lower
activity. There were significant differences between species and
locations between spring and autumn.

Table 4
PCB liver concentrations in dab and plaice (lipid normalised data, mg kg�1), calcu-
lated scores and overall ranking. Classified as per OSPAR (2009) blue (<BAC), green
(>BAC < EAC) and red (>EAC).

Location SE-1 DB-1 WX-1 CO-1
Species Dab Dab Dab Plaice
Tissue Liver Liver Liver Liver
PCB 101  0.98 2.4 2.2 0.86
PCB 118  1.5 2.9 5.2 1.1
PCB 138 3.2 5.9 7.8 1.7
PCB 153  5.7 5.7 8.6 2
PCB 180  1.6 2.2 3 1.1
PCB 28 0.26 0.79 1.2 0.22
PCB 52 0.49 1.1 0.96 0.35
Overall score/n 65 217 342 26
Rank 3 2 1 4

Table 5
Hepatic EROD (pmol min�1 mg protein �1 in S9 fraction), bile metabolite concentrations as 1-hydroxypyrene equivalents (ngml�1) and acetylcholinesterase (nMol ACTCmin�1

mg protein�1) in dab and plaice from four locations around Ireland. Assessments are based on estimating the 90 t h percentile of lognormal distribution based on sample mean
and standard deviation and compared to criteria as per ICES, 2012 i.e. <BAC (Blue) and >BAC < EAC (Green), >EAC (Red). Integrated response scores and overall ranking also
included.
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Table 6
Hepatic EROD in liver, acetylcholinesterase in muscle and brain tissue, bile metabolites (1-hydroxypyrene) in bile, alkali labile phosphate in liver and vitellogenin in blood plasma of dab and plaice ± 95% confidence intervals in
flatfish from four locations around Ireland.

Location
Species

EROD
(pM mg protein-1 min-1)

AChE in muscle
(nMol ACTC min-1 mg protein-1)

AChE in brain nMol
ACTC min-1 mg
protein-1

Bile 1-OH pyrene (ug ml-1) ALP (mg ALP mg protein-1) VTG (ng ml-1)

CO-1 All M F All M F All M F All M F All M F All M F
Dab 21.7 ± 8.5 14.8 ± 8.9 24.2 ± 10.9 125.8 ± 8.2 133.9 ± 10.9 22 ± 10.4 618.7± 611.2± 174.6± 0.328 ± 0.07 0.442 ± 0.16 0.279 ± 0.07 4.36 ± 0.51 3.52 ± 1.17 4.65 ± 0.5 0.2 ± 0 827.9 ± 811.2

n ¼ 19 n ¼ 5 n ¼ 14 n ¼ 23 n ¼ 6 n ¼ 17 n ¼ 23 n ¼ 6 n ¼ 17 n ¼ 20 n ¼ 6 n ¼ 14 n ¼ 23 n ¼ 6 n ¼ 17 n ¼ 6 n ¼ 3

CO-2 NA NA NA 45.8 ± 6.9 NA 13.2 ± 7.5 NA NA NA NA NA NA NA NA NA NA NA NA
Dab n ¼ 13 n ¼ 12

DB-1 14.4 ± 5.6 10.3 ± 4.8 17.6 ± 10 152.1 ± 16.5 140.3 ± 21.2 45.3 ± 23.8 636.9± 720.9± 178± 0.244 ± 0.05 0.152 ± 0.10 0.275 ± 0.05 3.53 ± 0.67 3.72 ± 0.99 3.37 ± 0.96 91.3 ± 138.1 NA
Dab n ¼ 18 n ¼ 8 n ¼ 9 n ¼ 23 n ¼ 8 n ¼ 14 n ¼ 23 n ¼ 8 n ¼ 14 n ¼ 15 n ¼ 5 n ¼ 9 n ¼ 23 n ¼ 8 n ¼ 14 n ¼ 8

DB-2 23.2 ± 8.7 22.3 ± 6.3 18.3 ± 10.8 NA NA NA NA NA NA 1.181 ± 0.067 0.203 ± 0.06 0.173 ± 0.02 NA NA NA NA NA 60 ± 63.3
Dab n ¼ 20 n ¼ 9 n ¼ 10 n ¼ 9 n ¼ 17

SE-1 3.3 ± 1.5 2.4 ± 4.3 3.4 ± 1.5 85.1 ± 7.3 76.8 ± 15.8 16.3 ± 8 613.7± 645.4± 104.3± 0.181 ± 0.03 0.182 ± 0.07 0.153 ± 0.02 4.35 ± 0.54 4.11 ± 0.87 4.44 ± 0.67 0.2±2 � 10-17 19.73 ± 13.7
Dab n ¼ 19 n ¼ 5 n ¼ 14 n ¼ 22 n ¼ 6 n ¼ 16 n ¼ 22 n ¼ 6 n ¼ 16 n ¼ 27 n ¼ 4 n ¼ 13 n ¼ 22 n ¼ 6 n ¼ 16 n ¼ 6 n ¼ 16

WX-1 28 ± 18.5 57.4 ± 39.7 9.9 ± 3.9 192.3 ± 80.9* 284.1 ± 195.2 24.9 ± 15.4 576.1± 609.0± 70.9± 0.33 ± 0.13** 0.232 ± 0.11 0.37 ± 0.21 4.19 ± 0.77 3.69 ± 1.13 4.73 ± 1.01 0.79 ± 0.73 NA
Dab n ¼ 18 n ¼ 7 n ¼ 10 n ¼ 18 n ¼ 7 n ¼ 10 n ¼ 18 n ¼ 7 n ¼ 10 n ¼ 20 n ¼ 4 n ¼ 9 n ¼ 18 n ¼ 7 n ¼ 10 n ¼ 7

CO-2 NA NA NA 50.2 ± 12 52.5 ± 16.9 NA NA NA NA NA NA NA NA NA NA NA NA NA
Plaice n ¼ 23 n ¼ 12

DB-1 NA NA NA NA NA NA NA NA NA 0.217 ± 0.04 0.191 ± 0.03 0.242 ± 0.05 NA NA NA NA NA NA
Plaice n ¼ 5 n ¼ 3 n ¼ 3

DB-2 29.8 ± 5.8 27.5 ± 6.9 NA NA NA NA NA NA NA 0.218 ± 0.03 0.199 ± 0.02 0.232 ± 0.02 NA NA NA NA 28.6 ± 36 2.1 ± 2.7
Plaice n ¼ 20 n ¼ 10 n ¼ 20 n ¼ 10 n ¼ 10 n ¼ 10 n ¼ 10

SE-1 NA NA 32.1 ± 9.3 NA NA NA NA NA NA 0.228 ± 0.05 0.237 0.225 ± 0.07 NA NA NA NA NA NA
Plaice n ¼ 10 n ¼ 4 n ¼ 1 n ¼ 3
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3.6. Alkali labile phosphates in fish liver

Alkali labile phosphate (ALP) data are presented in Fig. 6 and

Table 6. There were no significant differences between ALP in fish
livers between locations or between gender.

Fig. 4. Bile PAH (1-hydroxypyrene) metabolites in mixed gender dab sampled from Dublin Bay (DB-1 and DB-2), Cork (CO-1), Shannon (SE-1) and Wexford (WX-1) with prefix for
dab (-LL) and plaice (-PP).

Fig. 3. Mean hepatic EROD activity in female (white) and male (grey) dab sampled from Dublin Bay (DB-1 and DB-2), Cork (CO-1), Shannon (SE-1) and Wexford (WX-1) with prefix
for dab (-LL) and plaice (-PP). Significant differences between gender denoted with p < 0.05: *; p < 0.01: **; p < 0.001: ***.
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Fig. 6. Alkali labile phosphates in mixed gender dab liver in Dublin (DB-1), Wexford (WX-1), Cork (CO-1) and Shannon (SE-1).

Fig. 5. Acetylcholinesterase activities in muscle of mixed gender dab and plaice in Dublin, Wexford (WX-1), Cork (CO-1 and CO-2) and Shannon (SE-1) samples with prefix for dab
(-LL) and plaice (-PP).
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3.7. Vitellogenin in blood plasma

Vitellogenin protein (mgml�1) in the blood plasma of male fish is
presented in Table 6 and Fig. 7. Overall levels of VTG were low at all
sites monitoredwith the exception of plaice and dab sampled in the
summer at Dublin Bay (DB-2) and one male dab sampled in
Autumn (DB-1).

3.8. Fish disease and histopathology

3.8.1. Macroscopic visible diseases
Prevalence (%) of external fish diseases in dab at Cork, Dublin

and Wexford are presented in Table 7 including prevalences of ul-
cerations, glugea, epidermal hyperplasia/papilloma, finrot, scoliosis
and liver nematode presence. Macroscopic liver neoplasms were
noted in one fish each at Dublin Bay and Wexford which were
confirmed as benign i.e. hepatocellular adenoma (HCA). Ulcerations
(mostly healing) were prevalent in Cork andWexford dab (12.2 and
13% respectively). Wexford had a more diverse prevalence of dis-
eases including glugea (7.3%), papilloma (2.4%), scoliosis (4.9%) and
fin rot (4.9%), which were not present at the other sites. Lympho-
cystis, hyperpigmentation, Stephanostomum baccatum, Acan-
thochondria cornuta, lepeophtheirus pectoralis were not recorded in

any of the dab sampled. It should be noted that the numbers of fish
sampled were lower than those required to provide 95% confidence
to detect external fish disease (250 fish required per site). The
actual confidence in the data for CO-1, DB-1 andWX-1 sites are 8.6,
8.6 and 15.6% respectively.

3.8.2. Liver histopathology
Prevalences of liver pathologies in dab and plaice from Dublin

Bay, Cork, Shannon and Wexford and their comparison to assess-
ment criteria are presented in Table 8 with associated images
presented in Fig. 8. Microscopic analysis of liver samples improved
the ability to detect neoplastic and other toxicopathic lesions.
Overall populations of dab and plaice from Cork Harbour, Dublin
Bay, Wexford and Shannon showed high prevalences of no abnor-
malities (NAD) with the lowest prevalence of NAD in Dublin Bay
dab sampled in Oct (26.1%) and the highest prevalence of NAD in
dab from Cork sampled in Nov (82.6%). Both species from all loca-
tions showed low prevalences of NNTs (1.8e8%) and up to 50% NSI
lesions. The highest prevalences of FCA lesions were determined in
Dublin Bay dab in both autumn and summer samples (34.8 and
36.7% respectively) with the lowest prevalences determined in Cork
and Shannon dab. There were low prevalences of BN lesions
determined in Cork, Dublin and Shannon dab. Malignant

Fig. 7. Vitellogenin protein (mg ml�1) in male dab and plaice sampled in Dublin (DB-1 and DB-2), Wexford (WX-1), Cork (CO-1) and Shannon (SE-1) samples with prefix for dab (-LL)
and plaice (-PP).

Table 7
Prevalence (%) of external fish diseases in dab at Cork, Dublin and Wexford. UL: Ulcer with grade 1, 2 or 3; GL: glugea; EP/P: Epidermal hyperplasia/papilloma; FR: Finrot; SC:
Scoliosis; LN: liver nematode.

Location Code n Ul GL EP/P SC FR LN

Cork CO-1 23 13 4
Dublin DB-1 23 8.6
Wexford WX-1 41 12.2 7.3 2.4 4.9 4.9
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neoplasms i.e. hepatocellular carcinoma, were not prevalent in any
of the fishes sampled. All populations of dab sampled were classi-
fied with a Class A disease profile as per Stentiford et al. (2009)
which is the lowest grade for disease prevalence.

3.9. Multivariate analysis

When the BE data (AChE in muscle and brain tissue, bile me-
tabolites, EROD and ALP) were considered together in dab captured
at Cork, Wexford, Dublin and Shannon (ANOSIM, Global-R ¼ 0.305,

p ¼ 0.001), significant differences were determined between
Shannon and Cork (p ¼ 0.001), Dublin (p ¼ 0.002) and Wexford
(p ¼ 0.001) dab samples. A PCA of this data is presented in Fig. 9
where PC1 and PC2 describing 61.9% of the cumulative variation.
The Eigenvectors indicated which biomarker was having an influ-
ence in which direction in the split, with length of line indicating
it's strength. It is clear that EROD and AChE inmuscle (eigenvectors:
0.518 and �0.603) are all influencing the clustering through PC1
and AChE is influencing the clustering along PC2 (0.744). When the
histopathology was considered with both species of dab and plaice,

Table 8
Prevalence of liver pathologies in dab and plaice from Dublin Bay, Cork, Shannon andWexford and comparison to assessment criteria as per Stentiford et al. (2009). NNT: non-
neoplastic toxicopathic; NSI: non-specific inflammatory; FCA: foci of cellular alteration; BN: benign neoplasm; andMN:malignant neoplasm. Colour classified as per Stentiford
et al., (2009).

Fig. 8. Images of fish liver histopathology including (a) dab liver from Wexford showing normal liver tissue NAD ¼ No abnormalities detected; (b) dab liver from Dublin bay
showing numerous melanomacrophage centres (arrows); (c) Large hepatocellular adenoma (HCA) in dab liver sampled from Dublin bay, part-characterised by presence of cellular
compression (arrow) at periphery of lesion into surrounding parenchyma (*); (d) Dab liver from Dublin Bay showing basophilic foci of cellular alteration (*).
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there was no significant difference detected between species. There
were significant differences detected between Cork and Shannon
fish (ANOSIM, Global-R ¼ �0.028, p ¼ 0.022). A PCA of this data is

presented in Fig. 10. Some clustering is apparent along PC2 (33.3%
of the variation described on this axis) with the main influence
being NAD (0.743).
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3.10. Integrated biomarker responses and star plots

For the contaminant level scores, a starplot of the IBR scores for
PCBs is presented in Fig. 11. PCB 153, 180 and 52 were higher in dab
from Wexford, Dublin and Shannon and lower in plaice from Cork
while PCB 138 was more elevated in Dublin dab compared with
other sites. For the BE data, a starplot of the IBR scores for bile
metabolites and AChE in muscle in dab samples is presented in
Fig. 12. Overall, the starplots show that Wexford (WX-1) and Cork
(CO-1) dab had higher levels of bile metabolites compared with
Dublin (DB-1 and DB-2) and Shannon (SE-1). The starplots show
that dab from Shannon displayed lower AChE activity than the
other three sites indicating neurotoxicity in dab from this location
however dab and plaice sampled in Spring from Cork (CO-2)
showed lowest activity overall.

4. Discussion

The effects of pollution in coastal areas is a growing problem.
With levels of disease prevalence increasing (Dethlefsen et al.,
2000), increasing levels of tumour frequencies (Koehler, 2004)
and disturbances of reproductive success (vonWesternhagen et al.,
1981) it is undoubtedly important for a holistic approach to be

applied with monitoring data. Both OSPAR and ICES are tending
towards integrated WOE approaches for assessment of environ-
mental quality. These approaches are very well accepted in inter-
national fora with requirements for a robust toolkit for monitoring
effects and contaminant levels in order to assess quality status.

In the present study, availability of material for contaminants
analysis dictated that analysis was mostly completed on muscle
tissue, however liver contaminant levels were available for some
samples. In dab from locations where liver contaminant analyses
were performed, PCB levels were determined to be above the BAC
but below the EAC. Lyons et al. (2017) reported similar levels of
PCBs in fish sampled around the UK coast with the exception of PCB
118 which was determined to be above the EAC at all UK sites. Lang
et al. (2017b) reported concentrations of Hg in dab from the
German Bight (North Sea), in Icelandic waters and in Mecklenburg
Bight (Baltic Sea) to be 0.001e0.002 mg/kg wet weight which were
lower than those values found in the current study. Assessment
criteria were only available for a limited amount of contaminants
but overall, contaminants in both species were at low levels.

Fish disease measurement has been used as a top-level indicator
of ecosystem health (Stentiford et al., 2009). Many factors may be
responsible for the aetiology of these diseases such as viruses,
bacteria, osmotic stress, anaerobic sediments, crowding and
nutritional deficiencies (Vethaak, 1992), seasonal changes
(Wolthaus, 1984), oxygen deficiency (Mellergaard and Nielson,
1995) and pollution levels (Lerebours et al., 2014) amongst
others. In this study, dab sampled from Cork, Dublin and Shannon
had higher prevalences of liver lesions associated with the carci-
nogenic pathway (FCA and BN) compared with Wexford dab. This
study is the first report of these lesions in dab in Ireland. It is known
that neoplasms in liver can be caused by the presence of PAH
contaminants, which initiate the carcinogenic pathway and could
be related to historic contamination (Collier et al., 2013). Dublin
Bay, being one of Ireland's largest ports with high shipping traffic, a
sewage discharge at Ringsend wastewater treatment plant
(WWTP) (PE 1, 640,000) and a large amount of industry presence,
does have a history of organotin and heavy metal contamination
(Giltrap, 2008). In addition to this Murphy et al. (2016) reported
PAH levels in sediments in Dublin Bay in the range 7e3072 ng g�1

with some stations exceeding the ERL values and higher levels of
PAHs evident closest to the Port and just off Howth while in a
survey conducted in 2004, Giltrap (2008) reported levels in the
inner Alexandra basin to be 6165 mg kg�1 dry weight in the < 2 mm
fraction of sediment for the sum of all PAHs. In addition to this,
Nicolaus et al. (2015) reported spatial and temporal analysis of the
risks imposed by PAHs, PCBs and metals in sediments in UK and
coastal waters and classified the Irish Sea as one of the locations at
risk to marine organisms. In this present study however, Wexford
and Cork dab had higher levels of bile metabolites than Dublin and
Shannon although all levels were below the EAC which shows that
dab were not adversely effected by PAHs from Dublin Bay. The
mouth of the Shannon also comes with pressures such as WWTP
and some industry albeit a lower extent than Dublin. However,
some levels of heavy metals have been found to be elevated in
mussels in the Shannon estuary (O'Leary and Breen, 1998). It is
possible that the fish liver pathologies measured at these two lo-
cations are related to historic contamination. Cork andWexford dab
showed the lowest prevalences of lesions associated with carci-
nogenic pathway. Decreases in fish disease have been reported in
other studies in areas of improved water quality (Vethaak, 2013).

With the exception of Wexford (WX-1) and Cork (CO-2), hepatic
histopathological lesions associated with contaminant exposure i.e.
FCA were prevalent in all sites. Stentiford et al. (2009) assessed
prevalences of liver lesions with a harm score for populations
where higher scores depict higher prevalences. Comparing the
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harm scores for FCA, both samples of dab in autumn and summer
from Dublin Bay fall into the high emid range and Shannon and
Cork fall into the baseline range. For NSI, NNT and BN, all sites fall
into the baseline range. Dab sampled at Shannon were older than
dab at other locatiobs indicating possible longer exposure times to
available contaminants. Stentiford et al. (2010) investigated age at
onset for 10 disease variables including liver neoplasia and re-
ported that age was variable in respect to the onset of disease with
some populations showing increased suseptibility in younger age
classes.

Lower EROD values were determined in male Shannon dab
(2.4 ± 4.3 pmol min�1 mg protein �1) and highest in male Wexford
dab (57.4 ± 39.7 pmol min�1 mg protein �1) but overall, EROD levels
in dab at all sites were determined to be much lower than the BAC.
This was consistent with the contaminant levels of PCBs deter-
mined in dab livers and also with the low levels of PAHmetabolites
in bile determined in this study. EROD levels were determined to be
much lower than a study carried out in UK waters where measured
EROD activity in dab was in the range 579e3207 pmol min�1 mg
protein �1(Lyons et al., 2000). Sleiderink et al. (1995) have also
reported elevated EROD levels in dab in the range
50.0e2230 pmol min�1 mg protein �1 in North sea dab. D�evier et al.
(2013) reported significant effects of sex, age, site and season on
EROD activity in dab with levels of EROD within the range
12.1e196.9 pmol min�1 mg protein �1 and comparable to levels
determined in this study. Kirby et al. (2007) have shown that PAH
induced EROD activity is downregulated by estrogenic compounds.
Estrogenic compounds in fish in this study were determined to be
low (Ronan, 2013) however a downregulation effect of EROD on
females collected in the SeptembereNovember period, although
outside the spawning period, the developing reproductive status
could have been a significant factor in EROD data interpretation.
There were no significant differences determined in EROD in dab
between autumn and summer samples. Male dab at Wexford and
Dublin were significantly elevated compared with females but
Lange et al. (1992) reported no gender dependent differences in
EROD in post spawning dab in the North Sea. Dab are undoubtedly a
relevant indicator species for monitoring EROD however plaice also
proved to be a useful indicator. In a fish survey off Camarthen and
Brides Bay in the UK near the Sea Empress oil spill site by Kirby et al.
(1999) where low numbers of flounder were retrieved, dab and
plaice were used as monitoring species and showed much higher
levels of EROD compared with dab and plaice in this study. Levels of
EROD measured in male plaice at Dublin (DB-2) were in the range
14.97e46.93 pmol min�1 mg protein �1 with all plaice determined
to be above the BAC. In this study, dab and plaice were determined
to be suitable alternatives for monitoring EROD when flounder
could be retrieved in high numbers. Because the fish were collected
during various seasons, the BEs and condition could have differed
between the sites not only due to contamination status but also due
to biological/reproductive status of the fish. Unfortunately there
were no data for GSI and HSI for each fish due to lack of a sensitive
balance while sampling, however it is recommended that future
surveys include these measurements.

Bile metabolites in Cork and Wexford dab were highest in this
study but all samples had levels below the EAC (22 ng mL�1 1-
hydroxypyrene). Kammann (2007) reported values of 1-
hydroxypyrene in concentrations of < 0.7e838 ng mL�1 in the
bile of dab sampled from the North Sea and Baltic Sea. Therewas no
significant difference observed between gender but seasonal dif-
ferences were detected in dab sampled from Dublin Bay in Oct and
July. This was consistent with other studies where D�evier et al.
(2013) and Kammann (2007) reported significant differences in
bile metabolites between seasons indicating that bile synthesis or
release differs between seasons.

Low AChE enzyme activity is indicative of a higher level of
contaminant exposure and resulting neurotoxicity. Acetylcholin-
esterase activity was measured in dab muscle (see Fig. 7) for
comparison to AC with lowest activity observed in Cork dab and
plaice in Spring and in Shannon dab sampled in Autumn (above
EAC). This could be attributed to other groups of contaminants
which have previously been found to elicit an AChE response (Zinkl
et al., 1991) but also could be attributed to seasonal variability in the
AChE response. Seasonal variability of AChE in two freshwater
species of fish brain was reported by Chiang et al. (2012) while
Men�endez-Helman et al. (2015) revealed distinct seasonal differ-
ences in AChE in the freshwater fish Cnesterodon decemmaculatus.
When using AChE in future monitoring programmes, seasonal ef-
fects should be taken into consideration. Higher activity was
observed in Wexford and Dublin dab (lower than BAC), with levels
in Cork dab above the BAC but below EAC. These results were
supported with low PCB levels at Cork, Wexford and Dublin
(Tables 3 and 4). AChE levels were also measured in the brain tissue
of dab with higher enzyme activities determined in male brains
compared with females but this was not significant.

Alkali labile phosphate levels in dab liver (Fig. 6) were not found
to differ between gender or location. Although this measurement
has been successful in fish laboratory exposures to elicit effects
from estrogenic compounds, it was found in this study to be much
less sensitive than VTG. Also there was no correlation between ALP
and VTG indicating that ALP in liver may not be sufficiently sensi-
tive to determine ED effects in dab. Assessment criteria for VTG are
available for flounder only (0.13 mg/mL in male plasma) and not for
dab or plaice. Male dab and plaice sampled in Dublin Bay contained
the most elevated VTG levels (53.45 mg VTG/mL in DB-1 male dab)
although this was due to only one or two individuals. Wexford also
showed slightly elevated VTG levels (0.788 mg VTG/mL) while Cork
(CO-1), Shannon (SE-1) and dab sampled in summer (DB-2) had
low levels mostly below the detection limit (0.02 mg VTG/mL). Scott
et al. (2007) reported similar levels in dab off the UK coast (21 and
750 mg/mL VTG). The elevated levels found in a couple of in-
dividuals in Dublin Bay dab should be further investigated and
higher numbers of male samples retrieved to make a compete
assessment however Ronan (2013) reported levels of EDs to be low
in matrices such as plaice, dab, sediment, passive samplers and
mussels in Irish waters.

The IBR approach was used for integrating data and creating a
scoring and ranking system for environmental data in this study.
The approach used was based on existing methods but also
involved a scoring system based on the number of times the upper
threshold level was exceeded. This approach showed promise in
reflecting environmental risk of both the contaminant and BE re-
sponses and ranking of locations. However the rankings for the
contaminants and BE components were not consistent with each
other. Contaminant ranking (with PCBs only) showed
Wexford > Dublin > Shannon > Cork but this was not reflected in
the biomarker response where the ranking was shown to be
Shannon > Wexford > Dublin > Cork. For this type of approach to
work, it is obvious that the full suite of contaminant data in liver
tissue is required for a complete assessment. Also not all BEs could
be included due tomissing AC data in different species (e.g. EACs for
VTG in dab and plaice and EROD in plaice). This study implemented
where possible the integrated approach advocated by ICES. The
missing liver contaminant data, did not allow for such an assess-
ment but this approach is undoubtedly an important step in future
MSFD assessment tools.

For the BE data in this study, there were significant differences
detected between male and female dab for size (length), weight,
AChE and EROD. Dublin Bay had younger and smaller dab than
Shannon. In general for dab, males were smaller and less abundant
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than females. Overall, levels of contaminants and BEs were low in
dab and plaice from Irish coastal waters and the prevalence of fish
liver pathologies in some areas could be more than likely attributed
to historic contamination. Shannon and Dublinwere determined to
be the most impacted sites however, a diverse range of external
pathologies were determined in Wexford flatfish. External disease
assessment provided a measure of overall fish health and greater
efforts in sampling to achieve appropriate fish numbers should be
made in future monitoring programmes in order to include this
measure at a higher confidence. Dab and plaice were determined to
be suitable indicators for BE assessment and further assessment
criteria in BEs for dab and plaice are warranted. An integrated
monitoring programme (combining both contaminants and BEs) is
required as the most cost-effective support for sustainable man-
agement. The WOE approach is recommended for generalist in-
dicators, but a single failure may be appropriate for specific
biomarkers (e.g. imposex in marine gastropods). Sample analysis
shows that most target substances (OCs, PCBs and PAHs) were low
in fish samples.

Overall this study produced valuable baseline data for applica-
tion of a WOE approach. An IBR was used to evaluate the envi-
ronmental risk at each site. More robust sampling numbers
required to statistically enhance confidence in assessments and to
provide sufficient material for contaminant analysis, however the
toolkit of biomarkers and histopathology used was quite valuable
for the assessment of quality in Irish marine waters. Also, more
precision may be gained and value added to the monitoring pro-
gramme through (a) a coordinated and on-going synthesis of data
to establish and improve reference values; (b) development of
response models (contaminants and environment) for biomarkers
and c) refinement of biomarkers through genetic or proteomic
approaches.

5. Conclusion

There is no doubt that the fish element is an important part of
the ecosystem approach for biomonitoring. This survey was con-
ducted as a pilot study and reports results as such. It is clear from
this survey that there were consistencies with the contaminant
levels and the biomarkers with most levels below assessment
criteria. The WOE approach used in this study provided some
valuable insights into the requirements to support MSFD type as-
sessments of pollution effects. Given the relatively low contami-
nant levels measured, coupled with inherent variability in BE
responses (especially at the environmentally relevant levels
measured in the study), it is advocated that assessment information
provided by single discipline procedures are insufficiently robust
on their own for wider assessment purposes. Integrated, multi-
disciplinary WOE approaches better support management (poten-
tially for MSFD) assessment and decision making tools when
evaluating ecosystem health. Using the integrated biomarker
response approach, there were some inconsistencies with ranking
the locations for both contaminant and biological effects, possibly
due to the missing contaminant data in fish livers for this study. For
a complete assessment, a complete list of ICES recommended
contaminants in liver tissue are warranted and contaminant con-
centrations should be measured in each individual in order to be
able to investigate links between contaminant levels and pollution
effects. For VTG in future Irish monitoring programmes it is rec-
ommended to retrieve higher numbers of males in order to make a
more thorough investigation. The importance of baseline seasonal
changes in BEs should also be considered. The combination of
histopathology and BE analysis using the WOE approach allows a
holistic assessment of many contributing factors of fish health and
provides a good indication of the quality of the environment for

assessment purposes. Although many criteria are available, there is
a further need for development of reference and threshold levels
for contaminants and biological effects in other species.
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