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Abstract

Due to the ecological importance of estuaries, it is necessary to understand the
biological effects that potentially toxic contaminants induce in bioindicator species. A
key aspect is whether effects at lower levels of biological organisation transfer
through the system to higher levels. In understanding such processes, characterising
multivariate relationships between contaminants, sediment toxicities and
detoxification processes are important. Worddsd{ste diversicolor) and sediments
were collected along the Humber Estuary, England, and inorganic and organic
contaminants were quantified. Sediment toxicities and glutathione S-transferases
(GSTs) activity in the ragworm were analysed. Concentrations of metals were highest
near urban and industrial areas, whereas organic contaminants appeared at upstream
locations. GST activity correlated with heavy metals. The genotoxicity, estrogenicity,
dioxin and dioxin-like activity were higher at upstream locations. Estrogenicity
correlated with alkylphenols and some organochlorines, whilst genotoxicity correlated
with organochlorines and heavy metals. Despite this, higher level biological responses

could not be predicted, indicating that homeostasis is operating.

Key Words: Trace metals; organic pollutants; GST; sediment toxicity; environmental

homeostasis; Humber estuary



1. Introduction

Estuaries are highly productive ecosystems, important nursery and recruitment
areas for many species and support dense populations of invertebrates, which act as
key prey species for higher animals (McLusky and Elliott, 2004; Dauvin, 2008). As
they are characterised by fine grained and organic rich sediments, they act as sink for
contaminants and they are therefore priority areas for identifying potential bio-
indicator species and biomarkers of pollution (Ducrotoy, 2010).

Direct and diffuse (agricultural and urban run-off, riverine inputs) inputs to
catchments have long degraded estuarine ecosystems worldwide. Many key
contaminants such as metals, organochlorines and endocrine disrupting chemicals are
well-characterised and increasingly regulated and monitored, thus the occurrence of
lethal toxic effects and a number of higher level sub-lethal effects, such as severe
impacts on reproductive success, are now rare. However, much less is known about
combined effects of mixtures of contaminants at the biochemical and molecular level
in relation to chronic, lower level exposure, and the link between these effects and
those at higher ecological levels (i.e. populations, communities and ecosystems).
Previously it has been assumed that an impact on the lower levels of biological
organisation (the cell and individual) would, if the stressor had not been removed or
reduced, been transferred through to higher ecological levels (Lawrence and
Hemingway, 2003). However, it is now hypothesised that because of the system
complexity, changes at lower levels may get absorbed through the system or the
organisms could accommodate the changes such that there are no concomitant
changes at higher levels — a feature described at environmental homeostasis (Elliott
and Quintino, 2007). It was suggested by Elliott and Quintino that estuaries are

environmentally variable and their organisms adapted to that variability such that



stress is more difficult to detect in whole estuarine systems. Hence there is a need to
disentangle these factors when assessing environmental impacts.

Several metals and metalloids are known to produce oxidative stress with
biological effects such as lipid peroxidation and genotoxicity (Bocchetti et al., 2004,
Sun and Zhou, 2008). Metals, and other persistent contaminants, often bio-accumulate
and may bio-magnify through the food chain with the potential to affect human health
(McLusky and Elliott, 2004, Luoma and Rainbow, 2008). Stable synthetic organic
compounds are considered persistent, bioaccumulative and toxic contaminants (PBT).
Among them, xeno-estrogens, nonylphenols (NP), octylphenol (OP) and bisphenol A
(BPA) and organochlorines (PCBs and some pesticides) may also act as endocrine
disruptors (EDCs) at concentrations found in estuarine systems (Lutz and Kloas,
1999). They are also oxidative stressors and genotoxic to many organisms (Nice et al.,
2003).

Species respond specifically to these challenges with different mechanisms of
detoxification that can in turn be used as biomarkers. Detoxification enzymes are used
widely to detect pollution in aquatic environments, and include the glutathione-s-
transferases (GSTs) which comprising a superfamily of multifunctional proteins with
fundamental roles in the detoxification of a wide range of compounds (Frova, 2006,
Davies, 1985, Bainy et al., 2000). Additionally, peroxidase and isomerase activities
have been described for GST enzymes, enabling their use as biomarkers for oxidative
stress (Sheehan et al., 2001). GST has been employed in biomonitoring and impact
assessments of heavy metals, organic contaminants including EDCs (Pérez-LOpez, et
al., 2002, Martin-Diaz et al. 2008, Moreira et al., 2006, Berglund et al., 2007, Solé et
al., 2009). In polychaetes, the use of GST as a biomarker of oxidative stress has been

demonstrated in Hediste (Nereis) diversicolan Portuguese (Moreira et al., 2006) and



French estuaries (Durou et al., 2007), and in the exposwxitiaf (Nereis) succinea

to copper (Rhee et al2007) and to the xeno-estrogen nonylphenol (Ayoola et al.,
2010). The ragwornH. diversicolor was used as a sentinel species in the present
study given its success as an estuarine species as shown by large and widespread
populations in European estuaries and its previously reported use as a biomarker
(Pocklington and Wells, 1992, Poirier et al., 2006, Sun and Zhou, 2008). As they have

a variable feeding mode covering both deposits and suspensions, they are exposed to
and can bio-concentrate and bio-accumulate persistent contaminants (Gray and Elliott,
20009).

Inorganic and organic contaminants in sedimentary sinks reflect inputs to the
aquatic environment. However, the partitioning in surface waters shows that the
concentration of metals and the hydrophobic organic compounds in particulate
material exceed the water soluble concentration by orders of magnitude (Luoma and
Rainbow, 2008). Sediments from both the catchment and the sea accumulate at the
mouth of rivers and in estuaries, which become sinks for such toxic chemicals. Fine
sediments accumulate and create organic films, which also attract and accumulate
contaminants (Gray and Elliott, 2009), thus estuarine organisms are assumed to be
excellent sentinels for pollution detection, in particular those that live at the sediment-
water interface such as the infaunal H. diversicolor

Given the complex nature of these relationships, employing multivariate
approaches is essential to link the concentration and composition of contaminants to
their individual and synergistic toxicities, detoxification and tolerance in specific
environments such as estuaries. This work tests the hypothesis that only an integrative
approach can be used to analyse the relationships between the concentration of

contaminants, toxicities such as genotoxicity, cytotoxicity, estrogenicity and dioxin-



like activity in the sediments, and GST activity as a general biomarker of stress;
furthermore this approach is required to understand more fully toxic effects and
biological responses in complex natural environments. These aspects were analysed in
samples obtained from the north shore of the Humber Estuary system in Eastern

England.

2. Materials and Methods
2.1. Humber as a case study area

The Humber Estuary, Eastern England (UK) is one of the largest basins in the
British Isles with a key role in bird conservation (Archer, 2000). It has historically
received industrial and urban waste from a large catchment area (Jaffe and Walters,
1977, Oguchi et al., 2000) and its sediments have a relatively uniform grain size and

chemical composition, including some metals (Grant and Middleton, 1993).

2.2. Sample collection

Sediment samples and worms were collected from 12 sampling points
covering 4 different zones along the north bank of the Humber Estuary (Figure 1):
Kilnsea (1, 2 and 3) located downstream close to the mouth of the estuary; Paull (4, 5
and 6) and Hessle (7, 8 and 9) close to urban and industrial zones and Blacktoft (10,
11 and 12) at the confluence of River Ouse with the Humber. The 3 sampling points
at each site may be regarded as field replicates.

Samples were taken during the low tide in the upper intertidal zone during
May 2007. The upper 5 cm layer of brownish oxidised sediment and ragworms were
transported in a cool box at 8 °C to the University of Hull. Sediments were dried and

stored at -20 °C. Wormsl( diversicolor) were dried with absorbent paper, weighed,



fast frozen in liquid nitrogen and stored at -80 °C until analysis. Sediment organic
content was measured as percentage loss on ignition (dry sediment kept at 550 °C for
3 hours). Salinity was obtained from measuring sodium (Na) concentration by optical
emission spectroscopy (Optima 5300DV, Perkin Elmer) in dry sediment. Sediment
moisture was calculated and concentration of Na per interstitial water volume was

estimated.

2.3. Trace elements analysis

The sediment samples were dried at 60 °C for 72 hours before being ground
and sieved (100 um mesh size) and 1 g of each sample was taken for extraction in 55
ml PFA Teflon digestion vessels with 10 ml nitric acid in a microwave digestion
system (MARS Xpress), heated at 200 °C for 15 min. The digests were then analysed
using an optical emission spectrometer- mass spectrometer (OES-MS). The
concentrations of the elements in the digests were calculated in the original dry solid

in pg g* of sediment.

2.4. Organic contaminants

The organochlorines (PCBs and pesticides) and the Xxeno-estrogens,
nonylphenol, octylphenol and bisphenol A (BPA) were extracted from the sediments
using Sohxlet apparatus and analysed by gas chromatography electron capture
detector (GC-ECD) and GC-mass spectrometry (GC-MS). Organochlorine standards
(Mix 71) and individual PCBs standards were purchased from Dr. Ehrenstofer
Laboratories, Germany and Accute Standards, USA. Nonylphenol (technical mixture

isomers), octylphenol 99 %, Bisphenol A 99+ %, the internal standard 4-(3,6-



dimethyl-3-heptyl)phenol (rind2Ce)® ([13C6]-363 NP) and derivatising agent
MSTFA, were obtained from Sigma-Aldrich, Poole, UK.

The determination of PCBs and organochlorines was according to Munshi et
al. (2004). Sediment samples (25 g) were extracted with acetone:hexane (1:1 v/v, 250
ml) during 8 hours. Extracts were analyzed using a GC (Perkin Elmer Clarus 500)
equipped with an ECD, using a DB-5 column (30 m x 250 pum x 0.25 um). The
detection limit (LD) for pesticides and PCBs was 5 Haglgy weight.

Determination of xeno-estrogens was according to Ayoola et al. (2010)
adapted for sediments. Five grams of sediment was spiked with 100 pl of internal
standard ([13C6]-363 NP) and extracted with 90 ml hexane:isopropanol (85:15, v:v)
during 6 hours at 60 °C. Samples were evaporated, re-dissolved in 200 pl of acetone
and derivatised with 25 pl of MSTFA at room temperature. A sample volume of 1 pl
was injected into the GC-MS for analysis using an Agilent 6890N gas chromatograph
directly connected to an Agilent 5973 inert mass selective detector in a selective ion
mode (SIM). In most cases, the recoveries of detected organic pollutants ranged
between 80 and 98 %. The DL were 3.1 and 2.2 hgirgy weight fro OP and NP

respectively.

2.5. Genotoxicity and cytotoxicity assay — GreenScreen G¥

Genotoxicity was assessed using the GreenScreél 83ay from Gentronix
Ltd. which uses a DNA repair-competent strain of the yeZaicharomyces
cerevisiae. The reporter consisted of a fusion of the DNA damage-inducible promoter
from an endogenous DNA repair gene, RAD54, with a gene encoding a yeast
enhanced green fluorescent protein (YEGFP). RAD54 is known to be specifically up-

regulated by the cells in response to DNA damage, and thus on exposure to a



genotoxic agent the cells become increasingly fluorescent as GFP accumulates.
Simultaneously cytotoxicity was assessed by the reduction in cell proliferation during
incubation compared to a vehicle-treated control. Cell density was quantified by
optical absorbance. Methyl methanesulfonate (MMS, Sigma Aldrich) was used as a
genotoxic standard, methanol was used as a cytotoxic standard and 2 % (ag.) DMSO
(for molecular biology, Sigma Aldrich) was used as the diluent for all samples and
standards. The protocol has been previously reported (Cahill et al., 2004). In brief,
sediment samples were dried at 60 °C and 200 mg was re-suspended with 1 ml 100%
dimethyl sulfoxide (DMSO), vigorously vortexed 3 times for 5 min and centrifuged at
8000 g. 40 pl of DMSO solution was transferred to a tube containing 960 pl of double
distilled water. Extracts were added to the yeast in proprietary growth media at serial
dilution in a 96 well microplate, together with the standard chemicals and vehicle-
treated controls, incubated overnight (16 — 20 hours) and then optical absorbance (450
nm) and fluorescence (excitation 485 nm, emission 510 nm) were monitored using a
microplate reader POLARstar OPTIMA (BMG Labtech, UK). Fluorescence and
optical absorbance data were processed using Excel based software provided by
Gentronix. The LEC (lowest effective concentration) in g'nsl the lowest test
concentration at which the significance threshold for genotoxicity or cytotoxicity is

exceeded.

2.6. CALUX assays

Estrogenicity (ER-Caldy and Dioxin-like activity (DR CaluX)
measurements were performed according to Houtman et al. (Z&dijnents were
dried and then 5 g extracted using an accelerated solvent extraction system with 100

ml hexane/acetone. A concentration series,¢ff&r ER-CALUX) or 2,3,7,



8-tetrachlorodibenzo-p-dioxin (TCDD, for DR-CALUX) was employed as standards
and the analyses were performed in the BioDetection Systems laboratories
(Amsterdam, Netherlands). Sediments were extracted, desulphurised and cleaned up
prior to analysis, and then dissolved in DMSO and the activity determined after 24
hours exposure. Measurements were in pg EE@fgsediment for ER-CALUX and

as polychlorinated dibenzofurans (PCDD/F)-PCBs-toxic equivalent quantity (TEQ) g

! for DR-CALUX.

2.7. GST activity analysis and protein quantification

One gram of worms (10 worms of approximate 100 mg each) per sampling
point was homogenized using an ultrasonicator (Soniprobe, 7533A) in cold buffer
solution (100 mM potassium phosphate buffer, pH 6.5, containing 2 mM EDTA). The
tissue homogenates were immediately centrifuged at 15,000 g for 15 mfcC.aflde
supernatants were collected and aliquots of the supernatants were storedGit -80
prior to use. The protein extracts were used to quantify the GST activity and
normalised with the total protein concentration calculated using the Bradford method
with bovine serum albumin as a standard.

The activity of GST was determined according to the method developed by
Habig et al. (1974), adapted to a microplate reddéebrief, this involves measuring
the increment in absorbance generated by the conjugation of 1-chloro-2,4-
dinitrobenzene with reduced glutathione in the presence of GSTs at 340 nm using a
microplate reader. Dulbecco phosphate buffer saline, 2 mM reduced glutathione and 1
mM 1-chloro-2, 4-dinitrobenzene were added to the aliquots and the enzyme activity

was recorded by following the rate of change in optical absorbancé')(atiB40 nm
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for 5 min. GST from equine liver (Sigma-Aldrich, #G6511) was employed as a

positive control. The results were calculated in nmolnig* of protein.

2.8. Statistical analysis

The variables were regarded as environmental (independent) factors (locality,
salinity and organic matter), inorganic contaminants (metals and metalloids),
organochlorines (principally pesticides), xeno-estrogens (OC, NP and BPA) and the
potential dependent (biological response) variables (GST activity diversicolor,
dioxin and dioxin-like activity, estrogenicity, genotoxicity and cytotoxicity). Initially
the intra- and inter-group correlations (using two-tailed Pearson test) were obtained
between the independent variable groups using the following factors: distance
downstream, salinity and organic matter content (after testing for normality). The
linear and non-linear relationships were explored to determine which of the variables
were correlated with, and thus be responsible for, the sediment
chemistry/contaminants/biological response data. Principal component analysis
(PCA) was performed to identify relationships between GST activity, sediment
toxicity, organic matter content and salinity, related to each specific group of
contaminants according to chemical similarity. After obtaining a main factor
representing the contaminants with major effects in the total variance, the factor
coordinates of cases, based on covariance, were also correlated with biological
effects. In general, a linear model was used by default and quadratic relationships
were used when these models explained more than 20 % of the variance in
comparison to the linear models. Exploratory correlation analyses and multivariate
analysis (PCA) were performed using SPSSv17 and PRIMERvV6 (Clarke and Gorley,

2006). Given that all the variables have had different units, these were standardised
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and normalised using the Brodgar formula, according to Zurr et al., (2007) before
plotting the PCA. GST activity irH. diversicolor from different locations in the

Humber Estuary was compared by one-way analysis of variance (ANOVA) followed
by Tukeys test post-hoc comparisons after prior normalisation using log-

transformation (significant level p < 0.05).

3. Results

The organic content in the sediments ranged between 6.31 (location 9) and 10.79
% (location 3) representing relatively little difference between locations. Salinity
range were from 1.96 to 19.78 at the most downstream location (table 1S). The
abundance and the variability (max. and min. values) of each contaminant analysed
are also shown in Table S1. The 14 PCB congeners analysed were below the detection
limit (< DL) so were not significantly higher than the blanks. In addition, several
organochlorine compounds were below the limit of detection (Quintozene; Heptachlor

exo-epoxide; Heptachlor endo-epoxide; alpha-Endosulfan and beta-Endosulfan).

3.1. Element traces in sediments
The relative abundance of the elements analysed was:
Al>Zn>Pb>Cr>Cu>Ni>>Co>As>Cd. The relative distributions of almost all elements
were positively correlated thus showing similar distributions and accumulation in the
sediments (Fig. S1).
Several elements showed their highest values in mid-estuary locations
(corresponding to Paull and Hessle) and thus the quadratic model provides a good fit

to their data. Hence the elements show a quadratic pattern in relation to the locations,
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and although they did not correlate with the interstitial salt concentration, in most

cases they were positively correlated with organic matter content (Fig. 2).

3.2. Organic contaminants

Almost all organochlorines analysed were found being positively correlated,
indicating a similar distribution and accumulation process (Fig. S2). Endrin and
Aldrin showed the highest concentrations being found in upstream locations at 201 +
9.5 and 127 + 4.5 ng grespectively. In relation to environmental parameters,
organochlorine distributions differed, some in relation to distance and therefore
salinity, whilst other pesticides correlated well with the organic matter content (Fig.
3). For instance, the antifungal hexachlorobenzene was concentrated in downstream
sediments, alpha HCH was higher at middle stream locations, whilst all other
organochlorines were present at their highest concentrations in the upstream locations
(Fig. 3).

As with some organochlorines, xeno-estrogens were more abundant in the
sediments at the upstream locations. Concentrations of alkylphenols (NP and OP)
were also higher at the upstream points and were therefore negatively correlated with
salinity and interesting, with organic matter content (Fig. 4). NP was detected at a
maximum concentration of 1.29 pd avhile OP at the same location was at 0.38 g
g’. BPA was detected at lower concentrations (highest value was 0.038) jagdy
close or below the limit of detection in the other sampling locations (Table S1).

The potential toxic elements and the organic contaminants were in general negatively

associated with each other or no relationship was observed (Fig. S3).

3.3. Glutathioine-S-transferase (GST) activity in H. diversicolor

13



The GST activity in worms differed with locations with those at Paull
(downstream of the city of Hull) showing the highest values of 56.27 + 6.23 nmol
min? mg* of protein which were significantly different (One way ANOVAz Ry
6.029,p < 0.05) from other zones of the estuary. The lowest values were close to the
mouth of the estuary (Kilnsea, locations 1 to 3) with 41.21 + 2.17 nmét mit* of

protein. Moreover, the GST activity showed a positive correlation with As and Cu

(Fig. 6).

3.4. Sediment toxicity

In general, sediment toxicity was higher at upstream locations, except for
cytotoxicity which was highest in sediments in downstream areas (Fig. 5).
Genotoxicity clearly increased towards upstream locations with no genotoxicity being
detected in the most downstream points (Fig. 5). Upper-Middle locations 7 to 9
(Hessle) showed the highest response and the LEC was 1.3 mg of sediment per ml of
culture, and also higher in the upstream locations 10 to 12 (Blacktoft), the LEC value
was 2.5 mg mt. However, the stations 4 to 6 (Paull) close to industrial sources
showed the lowest genotoxicity (LEC = 5.0 mg'nl Cytotoxicity was highest in
samples from station 3 (Kilnsea) and, in contrast to the genotoxicity results, in
downstream sediments (LEC = 1.3 mg'nm both cases). Low cytotoxicity was
detected in the upstream location (LEC = 2.5 mg)rahd Paull (LEC = 5 mg i),
indicating higher cytotoxicity in the outer estuary, although the absolute values
indicate that the cytotoxicity is relatively low throughout the Humber without any
correlation with environmental variables (Fig. 5).

The estrogenicity of sediments also varied among the locations. Mid and upstream

locations (Hessle and Blacktoft) showed the highest values with 320 and 346 pg EEQ
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g* of sediment respectively, while sediments from Kilnsea and Paull showed 191 and
171 pg EEQ g of sediment respectively. No correlation was observed with organic

matter content (Fig. 5).

The DR-CALUX test showed a very low response at all locations, suggesting no
significant dioxin-like pollution in sediments of the Humber Estuary and reflecting
the low levels of PCBs measured in the sediments. Upstream sediments (Blacktoft
and Hessle) showed the highest dioxin and dioxin-like PCB response, which
negatively correlated with salinity (Fig. 5). Samples from Hessle had the highest value
71 pg PCDD/F-PCB-TEQ Yof sediment and Blacktoft 52 pg PCDD/F-PCB-TE® g
of sediment while Paull and Kilnsea showed 23 and 25 pg PCDD/F-PCB-TEQ g
respectively. None of the biological responses were associated with the organic matter

content (Fig. 5).

3.5. Relationship between contaminants, sediment toxicities and detoxification in
H. diversicolor

Given the spatial complexity in the contamination and biological response
variables described above, it is necessary to interrogate the interrelationships. There
were no other relationships between toxicities and metals/metalloids other than a
positive correlation of As and Cu with the GST activity. It is of note that none of the
organic contaminants analysed in this study showed significant correlations with the
GST activity in ragworms (Fig. 6). The PCA plot suggests that Alpha-HCH and the
expected heavy metals appeared associated with GST activity (Fig. 7). The
organochlorines (i.e. aldrin, dieldrin and the factor coordinates of cases of the main

factor obtained on the PCA of total organochlorines) correlate with genotoxicity (Fig

15



6 and 7). In relation to estrogenicity, aldrin, dieldrin, endrin, alkylphenols (NP and
OP) and the factor coordinates of cases of the main factor obtained on the PCA of
total organochlorines and xeno-estrogens correlated well (Fig. 6) and are very
consistent with the multivariate analysis (Fig. 7).

Analysing the combined effect of all the contaminants together with the GST
activity (PCA) and sediment toxicity, the main component was found to be
determined by two clear groups: trace metals and the organic contaminants, with
some exceptions such as HCB and Apha-HCH which are involved in explaining the
second component (Fig. 7). The biological responses found in worms and sediments
suggest potential synergism or additive response of some contaminants explained with
the main component such as genotoxicity, DR-Calux and ER-Calux (Fig 7). These
results suggest a possible interaction between the different chemicals and thus specific
biological responses depending on the prevailing contaminant regime. Furthermore,
the distribution for some chemicals were not related to any environmental parameters
measured in this work, indicating the general uniformity of the physico-chemical

characteristics of the macrotidal Humber estuary.

4. Discussion

In this study, most of the inorganic contaminants in sediment samples were in
general at low concentrations and the sum of all elements analysed was similar to
those found in clean British estuaries and lower compared with historically polluted
ones (Bryan et al.,, 1985). The low level of PCBs and the distribution confirmed
previous work on PCBs in the Humber estuary (Tyler and Millward, 1996).
Organochlorine pesticides were all at trace levels and low amounts of xeno-estrogens

were detected (Table S1).
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However, significantly higher GST activities lih diversicolor were found at stations

4 to 6 corresponding to Paull area, indicating the bioavailability of xenobiotics and a
potential toxicity on ragworms. Our results (Fig. 6 and 7) suggest that metals such as
Cu could be directly related to this biological response.

The highest percentages of organic matter in the intertidal mudflat corresponded
to mid- and down estuary locations, especially those at Kilnsea at Spurn (near the
mouth of the estuary) and Hessle where there is a creek (Haven) coming from an
urbanised area. The mudflats are wider here reflecting a less energetic water flux on
the upper shore compared to the steeper, narrower mudflats in the upper estuary.
Several elements correlated with the organic matter content of the sediments, although
(Fig. 2). In particular, dissolved Cu and Cd have high affinity for sewage-derived
particulate matter (Comber et al., 1995) and are expected to increase its concentration
in organic-rich sediments.

The upper limit for copper was 62.6 g, gorresponding to a moderately-high
contaminated range (50-200 pg)gaccording to Luoma and Rainbow (2008).
Concentrations of Cd, which is a toxic and genotoxic element, were elevated (up to
9.35 pg §) when compared with other British estuaries (Luoma and Rainbow, 2008
after Bryan et al., 1985). Due to its increasing use, it is not unexpected to find
elevated concentrations of Cd in estuarine sediments. The concentrations observed
here are higher than those measured in British estuaries 20 years ago (see Luoma &
Rainbow, 2008) and specifically for the Humber, the uniform distribution of metals
described previously for intertidal sediments (Grant and Middleton, 1993) has been
modified over the past 2 decades. In addition, water samples from the Humber

Estuary presented the highest concentration of Cd with an average of 0.68nug |
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subsurface waters of British estuaries (Law et al., 1994) and similar concentration of
Cd was determined in surface waters (Comber et al., 1995). The highest concentration
of elements analysed in sediments were found in mid-estuary locations (Paull and
Hessle) suggesting the proximity to contaminant inputs and/or settlement and sink
areas. The presence of quadratic models rather than linear models indicates, for
example, that in relation to the locations, there is either a potential point source within
the area or a differential accumulation along the estuary’s north bank (Fig. 2).

Concentrations of Zn appeared significantly higher in mid-estuary locations
and could reflect discharges from both current and past industrial activity, which is
the main source of Zn in estuarine sediments (Joslin, 2000, Luoma and Rainbow,
2008). Zn is used worldwide for its corrosion-resistance properties on ferrous metals
implicating its anthropogenic distributions (Gordon et al., 2003). However the
absolute concentration values do not represent a contaminated system as occurred in
other historical polluted estuaries (Luoma and Rainbow, 2008). Two potential toxic
elements (As and Cu) appeared related to GST activity in ragworms (Fig. 6)
suggesting be stressors that can increase the GST activity in polychaetes.

The bioavailability and therefore the toxicity of metals decreases with an
increasing salinity and an increase in oxic properties of the sediments (McLusky et
al., 1986, Du Laing et al., 2008) so toxic effects of metal traces are more likely in
upstream sediments compared to the marine-influenced zone. Since the distribution of
most of the elements analysed occurred in middle locations of the Humber, no
correlation were observed with salinity (Fig. 2).

Humber sediments are dominated by silicate clay minerals that readily adsorb part
of the organic fraction including many contaminants (Jarvie et al., 1997). Organic

contaminants such as organochlorines, have a greater ability to adsorb to the organic
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fraction than to the clays, therefore we expected to find higher concentration of the
congeners which contain more” Gbns, since they are more hydrophobic. Many
pesticides are organochlorine compounds which are PBT chemicals. Endrin and
Aldrin, both now banned substances, were the most abundant organochlorines found
in upstream locations suggesting an input coming from past agricultural activity in the
catchment (Table S1, Fig. 3).

Xeno-estrogens appeared at moderate levels in comparison to other estuarine
sediment analysed (Bennett and Metcalfe, 1998Kawahata et al., 2004). As expected,
the strongest estrogenic compounds OP and NP, correlated well with the estrogenicity
of the sediments (Fig. 6). Although estrogenic signalling have been clearly observed
in nereid polychaetes (Garcia-Alonso et al. 2006, Durou and Mouneyrac, 2007, Keay
and Thornton, 2009) and that xeno-estrogens induced GST in a closely related species
(N. succinea, Ayoola et al., 2010) GST activity did not correlated with xeno-estrogen

in H. diversicolor on this study.

Genotoxicity appeared higher at mid-estuary (Hessle) and upstream locations
(Blacktoft) with an LEC of 0.0013 and 0.0025 g mkspectively, decreasing along
the sampling sites until no genotoxicity was observed in downstream points (Paull and
Kilnsea). This may be the result of a pool of inorganic and organic contaminants as
suggested in Fig. 7; further chemical analyses are required to better understand this
sediment toxicity.

Whilst the present study has quantified the concentrations of metal ions, and these
include metal ions with known genotoxic and carcinogenic properties (i.e. chromium,
as dichromate, nickel and cadmium), there is limited direct correlation between
genotoxic activity and the concentration of any particular metal or combinations of

metal ions. Since sediments are complex mixtures, simple correlations between
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mutagenic potential and the presence and concentrations of known sample
components are often not possible since genotoxicity arises through the synergistic
activity of several contaminants present in low concentration, or through complex
interactions between contaminants. The GreenScreen GC assay clearly discriminates
between cytotoxic and genotoxic endpoints and has been shown to demonstrate a high
specificity in the assessment of genotoxicity, i.e. samples do not produce a positive
result for genotoxicity in this assay as a result of cytotoxicity alone (Cahill et al.,
2004). Genotoxic contaminants can arise from a number of anthropogenic sources and
include diverse organic chemicals such as organochlorine pesticides from
agrochemical run off (Bull et al., 2006, Poletta et al., 2009) among other chemicals
(Claxton et al., 1998, White and Rasmussen, 1998). In addition, dredging should also
be considered as sediments which are re-located within the estuary may contain
historic contamination which is re-liberated and re-distributed around the system
(Gray and Elliott, 2009).

Dioxin activity is present in the Humber sediments at very low level. Even
though, there is a clear gradient of response — suggesting that this assay could also
respond to furans or dioxins, which were not measured in this work. Estrogenicity
was positively associated with the concentrations of NP and OP but not with BPA
which is a weak estrogenic chemical (Fig. 6 and 7). Also, estrogen responses appear
associated with pesticides such as aldrin, eldrin and dieldrin (Fig. 6), which may have

some effects in activation of the estrogen receptor transcription factor.

The Humber estuary has been shown to be moderately polluted with Cu and As
which levels have been reported to induce certain tolerandd. idiversicolor

(Nedwell, 1997, Jones et al., 2000). Accordingly, the GST activity was highest in
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worms at the mid-estuary pointg  0.05) in contrast to the upstream and
downstream sites. This detoxification activity appeared very well associated with the
concentration of metals in general, includings Cu and As (Fig. 8). Cu was found at
toxic level in Paull, and is a well known oxidative stressor. Moreover,. Rhee et al.
(2007) demonstrated that concentration as low as 12*uaf ICuCh induces the
activity of GST in nereids. Cu appeared at a toxic level in mid-estuary sites, reaching
an average of 55.5 ug-gupporting the hypothesis of metals as an oxidative stressor
in H. diversicolor. The multivariate approach advocated here describing the
association of contaminants and GST confirms the individual correlation with Cu and
As in the mid-estuary locations, but also a pool of metal and Alpha HCH
contaminants could explain an additive effect in the deteoxification response of the
worms by GST (Fig. 7).

In particular, the cytotoxicity of sediments is the most intriguing characteristic
even though and it is not clearly related to any of the individual contaminants
analysed here. Given the distinction between contamination (as enhanced levels of
substances) and pollution (implying a biological health response) (McLusky and
Elliott, 2004) then cytotoxicity of sediments is of high relevance here despite not
being related to any single contaminant analysed here. Biological effects observed in
the field (i.e. de facto pollution), the association with their causde (facto
contaminants) and the link with subtle ecological consequences are poorly understood
or lacking completely, including in very well studied estuarine systems (Langston et
al. 2010). As shown here, despite the presence of well-studied contaminants, the
specific pollutant responses should occur but often do not, as the case of some metals
and genotoxicity in this work. Similarly, locations which had specific pollutant

responses were not contaminated by potential pollutants such as Dioxin-like
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substances and PCBs. Hence this implies that often, the different approaches could
give false positive results, that the responses are not sufficiently strong or that the
complex system has the ability to absorb the change, i.e. environmental homeostasis
(Elliott and Quintino, 2007). The latter suggests the ecosystem has the ability to
absorb changes such that changes at the genetic or cellular levels do not follow
through the system and do not lead to higher level changes at the individual,
population or community levels. If the system can be subject to a stressor but there is
no resulting effect at higher biological levels then the system has absorbed the stress
ergo environmental homeostasis (Elliott and Quintino, 2007).

Consequently, we can indicate the sequence of changes at the lower levels of
biological organisation based on the results here to show the relationship between
contaminants and toxicities from our results and the potential outcome. Despite this, it
is not yet possible to show the consequences of these at the higher levels of biological
organisation. The presence of differential biological responses to the presence of
contaminants along the estuary may have some influence on population tolerance,
survival or adaptatione(g. GST activity) and these harmful effects produced by
contamination, and thus constitutirde facto pollution, should be included in
environmental risk assessments. For example, there are small areas of the Humber
where the benthic communities are impoverished as a direct result of industrial
discharge (e.g. Mazik and Elliott, 2000). Such severe impacts are highly localised and
there have been significant efforts (through the Environment Agency’'s Review of
Consents) to improve effluent quality throughout the estuary in order to further
minimise or eliminate such impacts (Mazik and Elliott, 2007).

To date, no links have been found between cellular, genetic or biochemical

responses and population/community level responses. As such, there is no way of
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knowing whether the apparently healthy invertebrate communities in the Humber are
functioning normally or whether their ability to grow and reproduce has been
jeopardised as a result of exposure to contaminants. Similarly, there is no information
regarding the degree of lower level biological responses which may have led to
population and community changes in areas of high impact. An understanding of this
would greatly increase the value of biochemical and molecular methods of detecting
biological response to pollution and would give these assays greater meaning as early
warning indicators of higher level impacts.

In conclusion, the concentrations of contaminants found in the upper intertidal
sediments appear to be related to different biological responses. The highest
concentrations of toxic metals were found in the sediments close to industrial and
urban areas. Cu was present at toxic levels in some areas and Cd appeared at
relatively high levels in the sediments. The biomarker of exposure, the GST activity,
used in detoxification processes was significantly higher in worms in certain sites and
appears to be affected by the presence of some metals such as Cu. Of course other
chemicals not analysed here, could be involved in the sediment toxicities and further
interrogation of correlations between contaminants and toxicities (Fig. 10) will
investigate the cause-effect relationships and indicate which chemicals and
synergisms or additive responses could be involved in different types of toxicities in

estuarine sediments.
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Figure Legends
Figure 1. Locations of the sediment and ragworHediste diversicolor) samples
collected along the north bank of the Humber Estuary. Sampling was carried out at

three parallel points at each location.

Figure 2. Relationships between the concentration of metals and metalloids and
environmental parameters found in the intertidal sediment of the Humber Estuary.
Significant correlations (p < 0.05) are shown with curves. Al, aluminium; As, arsenic;

Cd, cadmium; Co, cobalt; Cr, chromium; Cu, copper, Pb, lead; Zn, zinc, Ni, nickel.

‘Locations’ represents the distance from station 1 (Downstream) to the remaining 11
locations, until location 12 (Upstream). ‘Organic matter’ is represented as a
percentage of the total sediment weight. Significant relationships (p < 0.05) are shown

with curves.

Figure 3. Relationships between the concentrations of organochlorines and
environmental parameters found in the intertidal sediment of the Humber Estuary.
‘Locations’ represents the distance from station 1 (Downstream) to the remaining 11
locations, until location 12 (Upstream). ‘Organic matter’ is represented as percentage
of the total sediment weight. Significant relationships (p < 0.05) are shown with

curves.

Figure 4. Relationships between the concentration of xeno-estrogens (NP, OP and
BPA) and the distances between sampling points, salinity and organic matter content
found in the intertidal sediment of the Humber Estuary. NP, nonylphenol; OP,

octylphenol; BPA, biphenol A. ‘Locations’ represents the distance from station 1
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(Downstream) to the remaining 11 locations, until location 12 (Upstream). ‘Organic
matter’ in percentage of the total sediment weight. Significant relationships (p < 0.05)

are shown with curves.

Figure 5. Toxic responses in relation to environmental parameters. Relationships
between the Glutathione-S-transferase (GST) activity in nmof: mig* of protein

from Nereis diversicolor and sediment toxicities with locations, salinity and organic
matter. ‘Locations’ represents the distance from station 1 (Downstream) to the
remaining 11 locations, until location 12 (Upstream). Significant relationships (p <

0.05) are shown with the best fit correlation curves.

Figure 6. Significant relationships (p < 0.05) between metal concentrations,
organochlorine and xeno-estrogens and main component extracted from PCA in
sediments vs GST activity iNereis diversicolor and sediment toxicities from the
Humber estuary. OP, octylphenol; NP, nonylphenol. GST, glutathione-S-transferases;
F1 Xeno, main factor from PCA of xeno-estrogens; F1 Organo, main factor from

PCA of organochlorines.

Figure 7. PCA showing the associations between contaminants (green), biological
responses (black) and salinity and organic matter content (blue). Biological responses
(GST activity in ragworms and sediment toxicities) are in dashed lines, normalised
within the two main components and the contaminants (solid lines) within the two
main PCA. Numbers indicate the locations. HCB, hexachlorobenzene; HC,

Heptachlor; OP, octylphenol; NP, nonylphenol; BPA, bisphenol A.

34



ACCEPTED MANUSCRIPT

Fig. 1

Paull
Blacktoft Hessle

g o

7 4

12 11 10 9 8

Kilnsea

35



Fig 2

Al

As

Cd

Co

Cr

Cu

Pb

n

Ni

o o o
o o o
o ° o o o
o o o
8 oS o
0 o0 o ©
]
o o o
o % © o e}
o €] Q o Q o
o o @ o
e} o o
& o 8
0
o o o
o o @ o
o o o
8] 9
8 g
o o
o
o o
8 8 o
om & o o 8 o
o © ° o) o
o o o
o o
9 ° o
o o ° o o oo ao o
8 0 © o ©
o o )
o o o
o o
o 5] aP
o o o
o 00 e o o
8 foxd ° o
o o
6 0 &
S e} o [eXe} o
8 0 © o ©
o o
8 ¢]
o o)
o o
o
o o

U
Locations

Salinity Organic
Matter

36



Fig. 3

a-HCH

Hexachloro- |

benzene

B and yHCH:

Heptachlor |

Aldrin

DDE + Dieldrin |

Endrin

4,4-DDT

r o o o o o
| o o o ° o
o o
t o 0 o)
o o O o] o (o)
o o
(o) (o) o
o (e} (e}
[e) [e] [e) o) [e]
o SAY o
o 8 o o %
o o
] (o)
o g o 3 o
o 8 o 8 8 oo o w o aP
o o
o S}
o 9 SN ° IS 9
[e] [e)
e} o] [e) [e) [e)
] (o)
o o
o o o
o o
) 6 oo ®
o o w 00 o
o o
(o)
o
] ° o o >
le) [e) o] o o felie) O (0] (o)
o o
+ ] O
[ o o) o o
| o o ° ©o 00™~QO0 o) o
] (o)
o o ©
[e) [ee) (@]

r o

Locations

Salinity

Organic
Matter




Fig. 4

NP

OoP

BPA

w, o
o

@0

Locations

U

Salinity

Organic
Matter

38




Fig. 5

GST

Genotoxicity

Cytotoxicity

DR Calux

ER Calux

© . ° °© ’ ° ) o ¢
" - 5 o o o o [ee]e) o
8 8
8
@ @ o OO O9 o
0 ©°
) R OO OO o
D U i
_ o Organic
Locations Salinity Matter

39




Fig. 6
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Fig. 7
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Electronic supplementary material

Table S1. Mean, median, minimum and maximum concentrations of metals and
metalloids, PCBs, organochlorines, xeno-estrogens ({{j genotoxicity and
cytotoxicity (LEC in g mf"), DR-Calux (PCDD/F-PCB-TEQ and ER-Calux (pg

EEQ g% of sediment; GST activity (nmol minmg* of protein) and organic matter
content (% of dry weight), in sediment and worms samples (n = 12) collected at the
Humber estuary. <DL, below the quantitation limit.

Chemicals Names Mean Median Minimum Maximum
Elements Aluminium (Al) 31790.95 32157.38 21241.54 43818.85
Arsenic (As) 10.53 10.97 7.60 14.62
Cadmium (Cd) 7.67 8.29 5.68 9.35
Cobalt (Co) 11.19 11.85 8.58 13.90
Chromium (Cr) 60.95 66.07 44.61 75.34
Cooper (Cu) 33.54 28.59 19.67 62.60
Lead (Pb) 64.70 56.83 38.46 125.51
Zinc (Zn) 148.38 141.17 90.45 227.32
Nickel (Ni) 29.47 31.19 21.76 39.05
Organochlorines Alpha-HCH 0.009 <DL <DL 0.049
Hexachlorobenzene 0.045 <DL <DL 0.136
beta-HCH + gamma-HCH 0.005 <DL <DL 0.032
Heptachlor 0.007 0.006 <DL 0.034
Aldrin 0.014 <DL <DL 0.055
4,4-DDE + Dieldrin+2 0.009 <DL <DL 0.062
Endrin 0.008 <DL <DL 0.051
4,4-DDT 0.009 <DL <DL 0.062
Xeno-estrogens Nonylphenol (NP) 0.510 0.383 0.186 1.294
Octylphenol (OP) 0.050 0.033 0.019 0.138
Bisphenol A (BPA) 0.015 0.012 0.005 0.039
Biomarker GST activity 47.336 46.167 39.633 63.667
Toxicity tests Genotoxicity 0.0047 0.0085 0.01 0.0013
Cytotoxicity 0.0025 0.0025 0.005 0.0013
DR Calux 42.750 37.500 22.000 73.000
ER Calux 257.583 256.000 170.000 347.000
Environmental Salinity 7.89 6.84 1.96 19.78
Organic matter 8.926 9.157 5.982 12.189
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Figure S1. Correlation analyses within the elements found in the intertidal mudflat of
the Humber estuary. Significant correlations (p < 0.05) are shown with curves. Al,
aluminium; As, arsenic; Cd, cadmium; Co, cobalt; Cr, chromium; Cu, copper; Pb,

lead; Zn, zinc and Ni, nickel.
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Figure S2. Correlation analyses between the organochlorines found in the intertidal

mudflat of the Humber estuary. Significant correlations (p < 0.05) are shown with

curves.
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Figure S3. Correlation analyses between the organic and inorganic chemicasl found

in the intertidal mudflat of the Humber estuary. Significant correlations (p < 0.05) are

shown with curves.
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