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Abstract

Water, sediments and gill and digestive gland tissues of adult common shore crab (Carcinus maenas), collected at Noss Marina, Sandquay
(Britannia Royal Naval College), the Dartmouth Pier, Warfleet Cove and Sugary Cove in the Dart estuary, Devon, UK, were analysed for
major, minor and trace elements in spring 2004. Total acid-available measurements analysed included the truly dissolved component and
acid-available sediments. Trace metal concentrations are associated largely with particulate and micro-particulate/colloidal phases, the latter
being able to pass through standard filter papers. Wide ranges of chemical concentrations were found in the water, sediments and tissues at all
the locations. In the water column, 48% of the variance is linked to the sea-salt component (Cl, Na, K, Ca, Mg, B, Li and Sr) and the
sediment-associated acid-available fractions are linked to Fe-rich lithogenous materials (Ba, Co, Cu, Fe, Mn, V and Zn). In the sediments,
trace elements of Cd, Co, Cr, Fe, Pb, Mn, Ni and V are correlated with the sea salts and associated with the fraction of fine sediments within
the total sediment. In the gills and the digestive gland tissues of crabs, high concentrations of Al, Cu and Fe are found and there are correlations
between acid-available trace metals of Cu, Cr, Fe, Mn, Ni, Sr and Zn. The relationships between trace metal contaminants, their site-specific
concentrations, their temporal and spatial variability and the effects of human activities, such as moorland/agriculture with historic mining
and recreational activities in the lower Dart estuary, are discussed.
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Introduction

For over a century, the effects of pollution on estuarine
organisms have been observed, and concerns have grown
significantly, both nationally and globally, in recent years
(Schuwerack, 1994; Linville et al., 2002; Matthiessen and
Law, 2002). Severe oxygen depletion and increased inputs
of untreated organic matter from urbanisation following the
industrial revolution have had a deleterious effect on the
aquatic biota (Neal, 2001; Burton, 2003). Notwithstanding
the introduction of sewage treatment works (Clean Rivers
(Estuaries and Tidal Waters) Act 1960; Control Pollution
Act 1974), continuous and sporadic impacts on fish and
invertebrates have persisted in many UK rivers and estuaries.
Contaminants can exert toxic effects and sub-lethal changes
in aquatic biota, and complex water-sediment-biota
interactions occur on both micro and macro scales in the
environment. Legislation has been produced in the UK and
within the European Community as a driver for combating
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ecological deterioration (e.g. the Environmental Protection
Act 1990 and European Community Directive on Integrated
Pollution, Prevention and Control (96/61/EEC)).
Furthermore, to minimise the impacts on the aquatic
environment, the concept of Integrated Pollution Control
was introduced (Schratzberger ef al., 2000; Matthiessen and
Law, 2002; Schuwerack, 2002). Yet, in 1998, the National
Monitoring Programme (NMP), in its first report, concluded
that pollutant concentrations had decreased and rejected the
link between pollutants and a decline in fisheries and wildlife
(Matthiessen and Law, 2002). Indeed, estuary quality has
been deemed to have improved over time with only nine
UK estuaries still being classified as ‘bad’ or ‘poor’.
However, the classification scheme describing the water
quality of an estuary is crude, based as it is only on dissolved
oxygen concentrations, aesthetic quality and basic biological
quality (EA, 1999; Matthiessen and Law, 2002). At the same
time, the fishing industry, blamed for the decline in fish and
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shellfish in many coastal areas, has removed, annually, 30
to 40% of the biomass in the North Sea (Parret, 1998; EA,
1999). This compounded the view that, because many
contaminants had decreased since the industrial revolution,
contaminant impact was minor when compared to that of
fishing. Nonetheless, little consideration was given either
to the diversity of riverine habitats or to the wide range of
pollutant types within polluted rivers and estuaries.

Contamination within rivers and estuaries can relate to
historic and contemporary sources (Neal, 2001). Indeed, for
substances such as micro-organics, there may be a legacy
of pollution, while some new compounds are
environmentally problematic and for metals there are issues
of leakage from spoil tips and decommissioned mines (Neal,
2001, 2003). Furthermore, the analysis was at best naive
owing to the complex interactions of the topography of the
river and estuary and physico-chemical factors governing
the bioavailability and the wide range of ‘target species’ to
be considered (Schuwerack et al., 2001; Matthiessen and
Law, 2002). For example, in the more quiescent areas of a
river and estuary, dissolved contaminants at high
concentrations in the water column may be adsorbed in high
concentrations to fine-grained sediments, while at low
concentrations sediment-bound contaminants may enter the
water column (Matthiessen and Law, 2002; Lakhan ef al.,
2003; Zhou et al., 2004; Wu et al., 2005). Routine
monitoring of water quality and sediments may miss areas
of particularly high contaminant concentrations, so that the
overall classification may be inappropriate. Indeed, the EU
Water Framework Directive, focused as it is on the
catchment scale, does not consider sediment quality and
quantity to be an issue (EA, 2005; Westrich and Forstner,
2005). Furthermore, the effects of bioturbation and
diffusional gradients within the sediments. associated with
diverse behaviours throughout the aquatic food chain such
as scavengers and filter-feeders, often have not been
considered (Paarlberg ef al., 2005). Thus, measuring only
dissolved contaminants excludes the fraction of trace
contaminants adsorbed to sediments and may lead to
erroneous conclusions over flux transfers, critical pathways
and environmental risks (Long ef al., 1998; Newman et al.,
2002).

Contaminants, their bioavailability and their effects on
aquatic communities or ecosystems may be identified by
examining the responses of sedentary benthic species, the
choice of which depends upon their availability, position
and niches within the food web (Attrill and Depledge, 1997;
Schuwerack er al., 2001). Macrobenthic invertebrates are
suitable bioindicator species, due to the site fidelity of such
benthic feeders (Warwick 1986, 1993; Gray et al., 1990).
The uptake via food or water has been studied extensively

in marine crustacea (Eisler, 1987; Schlekat et al., 2002;
Schuwerack, 2002). However, uptake and accumulation of
contaminants vary according to their availability, i.e. their
speciation in the aquatic environment and the physiological
state of the organism (Bryan, 1979; Engel ef al., 1981;
Schlekat er al., 2002; Schuwerack, 2002). Trace metal
accumulation in the biota can often be highly variable from
species to species and with diurnal and seasonal cycles
(Bryan, 1979; Engel et al., 1981; Schuwerack, 2002). Metal
uptake and accumulation may differ with the nutritional
state, age, size and sex of the animal (Leung and Furness,
2000; Schuwerack, 2002), while metal fluctuations in
crustaceans exhibit periodisms due to their moult cycle
(Bryan, 1979; Engel and Brouwer, 1987; Taylor and Anstiss,
1999). Although the uptake of contaminants via food or
water has been studied extensively in marine crustacean
species (Eisler, 1987; Depledge and Rainbow, 1990), studies
of bioaccumulation in UK estuaries must be advanced
(Bryan and Langston, 1992; Matthiessen and Law, 2002)
before serious environmental risks can be assessed and
remediation strategies determined.

Multidisciplinary research on the effects of complex
interactions between meteorological, physical, chemical and
geological processes on the aquatic biota is currently limited
and does not encompass sufficient environmental variables
that interact with the biota. Ecotoxicological data are often
variable and in the past, this variability has often been played
down. However, in the 1990s, ranges of responses, as
opposed to mean response, were used by some workers to
explain the intra- and inter-specific variability in benthic
organisms, but the cause remained unexplained. To date,
few studies give insight into the processes integrated within
aquatic systems or the mobility of trace metals and other
chemicals and their combined effects on these ecosystems
(Schuwerack, 2002; Matthiessen and Law, 2002; Gueiros
et al., 2003; Westrich and Forster, 2005).

This paper describes a case study of a major UK river
estuary in S.W. England, the Dart. Its catchment comprises
an upper half of steep sided topography with moorland
draining granitic rocks and a lowland agricultural half on
carboniferous shales and sandstones (IH, 1998). In the upper
catchment, historical contamination from mining activity
occurs and this was associated with mineralisation from the
granite to the adjacent country rock (Duff, 1992).
Subsequently, much of the mining spoils have been fluvially
transported as suspended sediments. In addition to the
ecosystem damage from mining, anthropogenic inputs from
local communities, farming and recreational activity, such
as moored boats in summer, are thought to be the prime
source of the elevated concentrations of trace metals and
other chemicals in the Dart. There have been few scientific
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studies in the Dart and chemical analyses for water and
sediments are patchy and outdated (Thain ef al.,2004). Apart
from the long-term deployment in situ of a remote data
logging system, there is no clear evidence of the fate of
these pollutants or of any pollution in the Dart estuary;
information is limited to currents, tidal streams, grain size,
topography of the riverbed and borders (Thain ef al., 2004),
or bioavailability and bioaccumulation in the Dart and its
estuary. The present study examines the relationship of
major, minor, trace elements and nutrients in the water and
sediments as well as in the uptake and storage organs of the
common shore crab, the benthic macro-invertebrate,
Carcinus maenas, in the lower Dart estuary.

Study area

The River Dart in South Devon rises on acidic moorland
overlying granite on Dartmoor, almost 600 m a.s.l. Its
catchment area overall is approximately 500 km?and its
average annual rainfall is over 2000 mm yr~'. The acidity of
the 250 km? of moorland soils in the upper catchment may
be exacerbated by atmospheric inputs (nitrogen and sulphur
oxides) and by changes in land use (EA, 1998). The lower
Estuary of the River Dart comprises a ria, formed during
flooding of the Dart valley in the Holocene with subsidence
of the landmass. (Kelly, 1982; Thain ef al., 2004). In width,
the Dart is less than 100 m near Totnes, 200 m at the steep-
sided river estuary and 250-350 m at its lowest reaches.
The river is generally less than 14 m deep, with pools up to
25 m deep in the lower reaches near Dartmouth (Fig. 1)
(Thain et al., 2004).

The tidal estuary extends inland as far as the weir at Totnes,
17 km from Castle point at the mouth of the Dart estuary.
Mean flow velocity varies from less than 1 m?sec™'to a mean
annual freshwater flood 0f229.5 m*sec'at Austin’s Bridge
mid-way along the river. Annual rainfall and runoff are
1841 mm and 1410 mm, respectively, and the base flow
index is 0.53 (IH, 1998). In summer, freshwater inflow to
the estuary has been as low as 2 m’ sec™ and, in March,
flow rates have been typically 15-20 m’sec!(Thain ef al.,
2004). The Dart has an asymmetric macro tidal regime with
a spring and neap range of 5.2 m and 1.8 m, respectively.
The duration of the flood tide is typically six and a half
hours, with a characteristic flow velocity of 0.6 m s™ at
spring tides and 0.3 m s™ at neap tides. The ebb tide duration
is almost six hours and hence the flow exhibits marked ebb
dominance (Thain ef al., 2004). A v-shaped transient tidal
intrusion front forms in the upper estuary during spring tides.
This front may influence horizontal dispersion and residual
circulation throughout the estuary and affect biological
processes (Kuo et al., 1990; Thain et al., 2004).
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Strong wave action at the entrance to the Dart’s estuary
can occur with continuous strong southerly, south-easterly
and easterly winds. Just above the estuary, the significant
bends in the river limit the transmission of strong wave
action although a longer wavelength swell regularly makes
its way into the harbour. The bedrock of the Dart catchment
consists largely of granite and Devonian slates. The shores
in the estuary and the river are predominantly rocky and
steep. The middle and inner parts of the estuary are
characterised by intertidal mudflats, narrow shingle shores
and some bedrock outcrops. Along Dartmouth and
Kingswear up to Noss, the shores are almost all vertical
man-made walls.

The river and its tributaries contain recent alluvium and
gravel deposits and large amounts of sand, silt and clay
derived from the breakdown of the catchment’s bedrock,
the cliffs and the local seabed. Mineralised zones in the area
are distributed in concentric belts around the granite
intrusion in the upper part of the catchment. There is
variation in the extent and nature of the mineralisation that
is related to the thermal gradient at the time of the
emplacement of the granite (Kelly, 1982). Percolating
rainwater carrying carbon dioxide has caused secondary
alterations of lode minerals above the water table and these
zones have generally been eroded away or worked. While
metalliferous mining and other mining activity at
Whitecleaves Dolerite Quarry at Buckfastleigh have ceased,
weathering of spoil tips of the ores of iron, copper, lead,
zinc, tin, nickel and cobalt may release small amounts of
metals into the drainage system (Kelly, 1982). However,
Linhay Limestone Quarry at Ashburton still contributes high
levels of suspended solids to local water sources (EA, 1998).
Mean grain diameter correlates negatively with distance
from the head of the estuary, indicating that the finer
sediments were nearer the mouth of the Dart estuary (Kelly,
1982). Grain size distribution of clastic sediments is
influenced by the physical processes of transportation and
deposition. In riverine and estuarine sediments, with rapid
shifts between erosion and deposition processes, variations
in grain size are usually large. Increased trace metal sorption,
often found with decreased grain size (Kelly, 1982, Lakhan
et al., 2003; Westrich and Forster, 2005), may not occur in
the Dart.

With the exception of Totnes, Dartmouth and some small
villages, most of the land along the lower Dart is used for
agricultural purposes (barley, maize and wheat to vines,
orchards, cattle, sheep and pig grazing) with organic and
inorganic fertilisers being used (Allen, 2001). The river and
its estuary are used for recreational purposes, including
sailing and other water sports, river cruising, fishing and
crabbing (EA, 1997; Allen, 2001). Tributyltin (TBT)



The Dart estuary, Devon, UK: a case study of chemical dynamics and pollutant mobility

Fig. 1. The River Dart estuary
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pollution in the 1970s caused the closure of several oyster
farms along the Dart and commercial growth of both oysters
and mussels has had to be re-established in the last few years.

Materials and methods

Water, sediments and crabs were collected from mid-tide
level (MTL) at five sites (Fig. 1) in the Dart estuary on two
calm days, the 9" and 10™ April 2004. Sites 1 to 3 are furthest
up river at Noss Marina (50°21.56’N, 3°34.64’W),
Sandquay (50°20.56°N, 3°34.7W) and Dartmouth Pier
(50°21.65°N, 3°34.6°’W), respectively. Warfleet, Site 4
(50°20.05°N, 3°34.35°W) and Sugary Cove, Site 5,
(50°20.42°N, 3°34.04’W) lie within the river entrance to
the estuary (Fig. 1).

Near the shore, water samples were collected 10 cm below
the water together with 3 cm deep sediment cores from the
surface of the riverbed. In addition, both female and male
adult crabs (weight > 40 g, carapace width 5.0 + 0.8 cm)
were caught at the same locations, using small nets, baited
with salmon and haddock fish pieces, attached to a fishing
line. Sampling at each site was in triplicate. Background
sediment and biology surveys were also made. The water,
sediment and tissue sampled from the gills and digestive
glands of the crabs were stored separately at 4°C in sterile
polyethylene bottles for subsequent analyses. Each bottle
was weighed to an accuracy of 0.1 mg prior to and after
addition of water, sediments and tissues. Water samples were
acidified to 1% v/v with concentrated Aristar grade nitric
acid to allow acid leaching. The total acid-available fraction
was determined. This fraction represents the truly dissolved,
the microparticulate/colloidal component and the acid-
available particulate fraction (Neal ef al., 1997). Ten and 5
ml of 50:50 v/v ultra-pure water/concentrated Aristar grade
nitric acid was added to each bottle containing, respectively,
sediments and gill/digestive gland tissues. The samples were
kept undisturbed in a cool place for several days to allow
equilibration and the supernatant was subsequently analysed
by inductively coupled plasma optical emission
spectroscopy, using a Perkin-Elmer Dual View instrument
to obtain major and minor element and trace metal
concentrations. The instrument was calibrated with
commercially available standards. Analytical quality control
(AQC) samples were included at the beginning and end of
each batch of samples, while other standards were run after
every tenth sample to check for instrumental drift. The
laboratory participates in several UK and international
proficiency testing exercises such as that run by Aquacheck
Ltd. For the sediments and tissues, concentrations are
presented as g I"! or mg I"' wet weight respectively.
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Results

The rocky shore of Sugary Cove (Site 5, Fig. 1), is biodiverse
with a typically fucoid-dominated community and diverse
types of green, red and brown algae, including Ulva,
Enteromorpha spp., Codium, Cladophora in the littoral zone
and Laminaria and Chorda spp. in the sub-littoral zone.
Other predominant species in the littoral and supra-littoral
zone included barnacle spp., chitons, sea anemones and snail
spp.: Monodonta turbinata, Littorina spp. and Gibbula spp.
A well-developed community of lichens was also present
in the supra-littoral zone (Davies, 1991). The other four sites
(Warfleet Cove, the Pier, Sandquay and Noss Marina;
Fig. 1), are mudflats with a low species richness and a high
biomass component.

The chemical analysis of water, sediments and tissues
showed a high degree of variance in chemical concentrations
(Tables 1-5).

CHEMICAL CONCENTRATIONS IN THE WATER OF
THE LOWER DART ESTUARY

The total acid-available concentrations in the water column
show high variability across all the sites (Table 1). Being
estuarine waters, they are saline as reflected by the sea-salt
components (CL, Na, K, Ca, Mg, B, Li and Sr). The sea-salt
concentrations generally decrease with distance from the
river entrance due to dilution of the sea-water by the river
water and their concentrations are highly correlated
(p<0.001; Table 1). However, their concentrations were
lowest at Warfleet cove (Site 4: Table 1). Factor analysis
reveals that 48% of the variance is explained by the sea-salt
components and, in all water samples, their concentrations
vary systematically by a factor of three. Chloride
concentrations, for example, vary between about 7.3 and
20.6 g 1! while the corresponding range for Na is 3.89 and
10.3 g 1" (Table 1). Sea-salt concentrations are
approximately normally distributed with the average and
the median values being similar (Table 4).

In contrast to the sea-salts, the concentrations of the trace
constituents are highly variable and the data are skewed,
with median values typically much lower than the averages
(Table 5). Aluminium and Fe have the highest averages,
medians and ranges in concentration (2.1, 0.7 and 0.1 to
10.9mgl™", and 3.2, 1.0 and 0.1 to 17.8 mg I!, respectively).
Strong linear relationships (p<<0.001) occur between the trace
metals that are associated with Fe and Al oxides in particulate
matter (Al, Co, Cu, Fe, Mn, V: Fig. 2) and factor analysis
indicates that 27% of the variance is explained by this group.
There is correlation between the sea-salt and the trace metal
groups (Fig. 2) and there are two distinct linear trends in
the relationship. Among the trace metals, there is also a
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Table 3c. Chemical concentrations in gill (G) and digestive gland (H) tissues of female (F) and male (M) Carcinus maenas from Noss Marina, (N), the lower Dart Estuary, Devon, UK.

Note: CW

tissue weight

carapace weight and TW

Cd Co Cu Cr Sr Fe Mn  Pb Ni V Zn

Li

Ba

Mg Al

Ca

Cw TW Na K

Sample

TRACE ELEMENTS (mg kg')

MAJOR ELEMENTS (g kg/)

16
23

034 0.7

17.0 2.0

243

31
50
36

36

0.7

0.4
0.4

0.7

3.7
6.8

1.0

2.2
5.5

61

1.94 0.16

0.74 7.88 1.29
10.52 1.93 3.29 0.21
10.67 1.84

0.7

NF1 -G 4.7
NF2 -G 4.9

072 2.5

279 6.4
8.9

774
986

51 0.4
0.7

34

1.4
0.3

0.4
1.7

179
243

1.7 18

102 0.68

7.5

1.50 0.23

0.73

NF3 -G 4.8

35
37
29

2.11 0.6

0.9
0

5.7
12.1

146 03 160 91
40 227
44

0.9

0.6

73

0.3

19.61 0.34
25.25 0.42

0.83 4.05 2.96
0.64 422 391
0.77 4.03 243

NF1-H

92 235 04
1.3

0.4
0.3

1.2
0.3

0.8

8.2

0.4

NF2-H

0.3

11.0 03

114

138

1.6

0.3

1.0 3.6

19

11.13 0.21

NF3-H
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55 05 05 25
3.1

21.1
8.0
3.7

513
225
73

0.5 30
42

52
66

0.5

5.5
3.6
2.4

2.0

0.9
1.3

142

0.20

1.71

9.78 2.21

0.5

NM1 -G 4.4

45

0.44 0.6
0.22

0.4
0.2

0.9

0.2

0.4
0.4

0.56 7.96 2.00 3.02 0.17

NM2 -G 4.3

1.1 21

0.7

14

16

43

1.56 0.79 0.14

1.14 9.18

NM3 -G 5.5

22
78

218 47 1.5 148 0.8
351 11.3 3.1

0.6
0.6
1.3

0.6 25

0.3

7.7

0.6

0.84 3.23 320 28.15 0.39
0.4

NMI1-H

377 04

163
113

18
928

0.6

119 0.6 0.6

0.6

25
18

2.83 3.96 41.75 0.63

10.14 8.04 31.88 0.61

NM2-H

144

329 04

10.5 2.6

323

2.0

105 0 0.7

0.7

0.38

NM3-H

Table 4. Averages, medians and ranges for the major elements
in water, sediments and C. maenas tissues in the lower Dart
estuary, Devon, UK.

Sample Na K Ca Mg Cl SO,
WAaTER (g ')
Avg 7.88 040 034 098 156 2.07
Median 883 045 036 1.10 174 240
Min 389 0.18 0.18 047 730 090
Max 103 052 045 127 206 280
SEDIMENT (g kg ')
Avg 1.76  0.25 1.47
Median 1.55  0.19 1.20
Min 1.08  0.09 0.33
Max 3.05 0.56 4.49
TOTAL CRAB TISSUE (g kg ')
Avg 572 230 105 0.26
Median 5.01 198 542 0.21
Min 212 0.80 056 0.08
Max 11.6 103 664 1.44
CRAB DIGESTIVE GLAND (g kg™!)
Avg 4.07 3.09 188 036
Median 354 247 146 029
Min 2,12 1.52 221 0.11
Max 11.6 103 664 1.44
CRAB GILLS (g kg ')
Avg 742 148 192 0.15
Median 7.18 138 157 0.15
Min 401 080 056 0.08
Max 1.6 287 959 027

correlation between Pb, Ni and Zn (p<0.001); 11% of the
variance is explained by this group). Ammonium
concentrations were highest at Warfleet Cove (Site 4), the
Pier (Site 3) and at Noss Marina, while the highest sulphate
and phosphate levels were found at Sugary and Warfleet
Cove, respectively (Table 1).

CHEMICAL CONCENTRATIONS IN SEDIMENTS OF
THE LOWER DART ESTUARY

The sediments are sea-salt and trace element bearing (Table
2). The sea-salt components are positively correlated with
each other, the data are approximately normally distributed
and vary by about a factor of three in concentration (e.g. Na
varies between 1.08 and 3.05 g kg™' wet wt: Table 4). There
are also strong correlations between many of the trace
metals, including Al, Co, Cd, Cr, Ni, Fe and V: these too are
correlated with the sea-salts (Table 2; Fig. 3). This combined
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Fig. 2. The concentration relationships between Cl and B and total
acid available Fe with Mn, Fe with Zn and Pb with Zn in the water
of the lower Dart estuary, Devon, UK.
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Fig. 3. The concentration variation of total acid available Mg with
B, Cu with Zn, Fe with Co and Mg with Fe in the sediments of the
lower Dart estuary.

group explains 65% of the variance. Concentrations of the
trace metals are highly variable and skewed to the lower
end of the concentrations. The main trace elements are Al
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Fig. 4. The variation in total acid-available K and Mg, Fe and Al,
Fe and Zn and Ca and Sr in the gills (G) and the digestive gland (H)
of Carcinus maenas.

and Fe; the average, median and range are 1.19, 0.51 and
0-4.73 g kg'wet wt and 2.26, 0.43 and 0-8.17 g kg™ wet
wt, respectively. There are also strong correlations between
Cu and Zn and between Ba and Sr (Table 2; Fig. 3).

The average and range in concentration in the sediments
are probably associated with the proportion of fine-grained
sediments: the sea-salt components reflect the water
entrained in the pore water and the metals link to the Al and
Fe oxides/hydroxides within the fine grained sediments
(Tables 2, 4 and 5).

CHEMICAL CONCENTRATIONS IN TISSUES OF C.
MAENAS IN THE LOWER DART ESTUARY.

In tissues of C. maenas, concentrations of Na were twice as
high in the gills compared with the digestive gland, whereas
the concentrations of K and Mg were twice and Ca seven
times higher in the digestive gland compared with the gills.
Except for Al, concentrations of trace elements were higher
in the digestive gland than in the gills (Table 5). Sea-salts
and trace element concentrations in the gills and the digestive
gland show patterns similar to those associated with the
sediments (Table 3a-c; 4 and 5). For example, the
concentrations of the sea-salt components vary by a factor
of three or more, while the trace elements show a much
greater range as well as a greater skew to lower
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Table 5. Averages, medians and ranges for the trace element concentrations in water, sediments and C. maenas tissues of the lower

Dart estuary, Devon, UK.

Sample Al Ba B Li Cd Co Cu Cr Sr Fe Mn Pb Ni V Zn
WATER (mg [)
Avg 2.1 0.01 3.79 0.14 0.01 0.00 0.0 0.0 5.5 32 0.07 0.04 0.04 0.01 0.23
Median 0.7 0.01 425 0.15 0.01 0.00 0.0 0.0 6.1 1.0 0.02 0.04 0.03 0.00 0.14
Min 0.1 0.01 197 0.08 0.00 0.00 0.0 0.0 2.7 0.1 0.01 0.00 0.02 0.00 0.08
Max 10.9 0.02 5.03 0.19 0.01 001 0.2 0.0 7.2 17.8 035 0.11 0.15 0.03 0.96
SEDIMENT (mg kg™)
Avg 1186 4 9 4 0 1 14 2 83 2257 52 16 3 2 82
Median 508 3 6 1 0 1 4 1 50 428 40 11 2 0 20
Min 0 1 1 0 0 0 0 0 22 0 4 0 0 0 0
Max 4729 15 31 18 2 6 68 9 220 8170 180 62 16 14 444
TOTAL CRABS TISSUE (mg kg ')
Avg 78 3 21 0 2 1 88 2 99 4631 21 10 2 1 32
Median 33 1 4 0 1 1 37 0 56 126 7 2 1 1 25
Min 2 0 1 0 0 0 6 0 10 15 1 0 0 0 7
Max 1001 47 846 3 42 11 928 70 581 >10° 583 358 33 9 168
CRAB DIGESTIVE GLAND (mg kg ')
Avg 32 3 35 0 2 1 142 3 167 8172 28 13 3 1 46
Median 17 1 5 0 1 1 68 0 138 94 7 1 2 1 37
Min 2 0 1 2 0 0 14 0 30 15 2 0 0 0 16
Max 266 47 846 1 42 11 928 70 581 >10° 583 358 33 9 168
CRrAB GILLS (mg kg™!)
Avg 125 3 6 0 1 1 31 1 30 968 13 6 0 1 18
Median 77 1 4 0 0 0 31 0 28 234 8 3 0 1 16
Min 7 0 1 0 0 0 6 0 10 19 1 0 1 0 7
Max 1001 40 37 3 10 2 72 3 141 10451 87 37 2 3 45

Table 6. The respective ratios of sea-salt and trace metals to Na
and Fe in water, sediments and C. maenas tissues in the lower

Dart estuary, Devon, UK, based on median concentrations.

Elements  Water Sediment Tot. Crab Digest. Gills
gland

SEA SALTS Ratio to Na

K 0.051 0.121 0.395 0.699 0.192
Ca 0.041 0.000 1.081 4.122 0.218
Mg 0.125 0.773 0.042 0.083 0.020
TRACE METALS Ratio to Fe

Al 0.735 1.188 0.265 0.178 0.331
Ba 0.010 0.007 0.007 0.006 0.006
Li 0.153 0.002 0.001 0.000 0.001
Cd 0.010 0.000 0.005 0.007 0.002
Co 0.000 0.002 0.005 0.008 0.002
Cu 0.000 0.010 0.295 0.731 0.132
Cr 0.000 0.003 0.003 0.004 0.001
Mn 0.020 0.093 0.059 0.078 0.035
Pb 0.041 0.026 0.014 0.009 0.014
Ni 0.031 0.005 0.009 0.020 0.002
\" 0.000 0.000 0.005 0.006 0.003
Zn 0.143 0.046 0.199 0.400 0.068

concentrations. The correlations between the sea-salts and
the trace metals remain but the scatter in the data is greater
and there are correlations between acid-available Cu, Cr,
Fe, Mn, Ni, Sr and Zn. (Fig. 4); of the trace metals, Al, Fe
and Cu have the highest concentrations (Table 5). The
median values for Al, Fe and Cu are, respectively, 77, 234
and 31 mg kg™ wet wt in the gills and 17, 94 and 68 mg kg
wet wt in the digestive gland (Table 5). Also, Sr is present
in significant amounts, especially in the digestive gland,
and is highly correlated with Ca (Fig. 4). Correspondingly,
for the sea-salts, Ca, Mg and K are enriched relative to Na.

ELEMENT RATIOS OF CHEMICAL
CONCENTRATIONS.

Variations in sea-salts and trace metals were compared in
water, sediments and crab tissues by using ratios to Na and
to Fe, to explore how the sea-salt and trace metals vary
between the water, sediment and crabs (Table 6). The Na
and Fe are tracers for the sea-water and the fine-grained
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sediments, respectively. For the sea-salts, K and Mg were
enriched in the sediments, probably due to leaching from
K- and Mg-bearing clays and other mineral phases. Mg
concentrations in crab tissues were low relative to the water
and the sediment, while concentrations of K and Ca were
high, especially in the digestive gland of crab tissues.
Concentrations of Ca were two and five orders of magnitude
higher in the digestive gland and in the gills, respectively.
In addition, the K/Na ratio was three times higher in the
sediments than in the water. The corresponding values in
the crabs are four and 12 times higher in the gills and the
digestive gland, respectively. The trace metal ratios to Fe
indicate increased metals concentrations in the crab tissues
relative to the water and sediments; Co and Cu
concentrations were four and 73 times higher. The ratios of
trace metals to Fe for Al, Li and Pb are low.

Discussion

Species diversity varies considerably within the Dart estuary
(Davies, 1991). The particularly high species richness and
abundance in biomass reflected a balanced healthy
ecosystem at Sugary Cove, Site 5. In contrast, species
diversity and biomass were particularly low at the Pier (Site
3) due to extensive mooring, passenger ferry transport,
crabbing and other recreational activities (EA, 1997; 1999;
Ley, 2000; Allen, 2001). Few species dominated at sites 1,
2 and 4 and were therefore highly adapted to the changing
and harsh estuarine environment.

THE DYNAMICS OF CHEMICALS IN THE WATER OF
THE LOWER DART ESTUARY

Estuarine environments are highly dynamic with huge sub-
daily tidally induced changes in flow, sea-salt and suspended
sediment concentrations, with associated mobilisation of
trace metals and other chemicals (Mattiessen and Law, 2002;
Priestley and Thain, 2003; Thain et al., 2004). In this study,
wide ranges in total acid-available concentrations occurred
in the water, sediments and crab tissues, with strong
correlations for the sea-salts and many trace metals. The
average concentrations of sea-salts decreased with distance
from the river entrance, but there were large variations in
concentration around the mean. The study was undertaken
at the start of low water during spring tides in April 2004
when dense saline water flooded the Dart estuary for 6.7
hrs and then an ebb tide, which lasted 5.7 hrs. This would
have contributed to an increased sea-salt component in the
water at the beginning of the low spring tide, especially at
sites in the seaward end of the estuary. The markedly lower
Na and CI concentrations at Warfleet were associated with
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greater dilution from a nearby freshwater input which is
adjacent to the boat slipway in the Cove and enters the Dart
at right-angles to the main water flow in the estuary.

Several trace metals, including Co, Cu, Mn and V, were
bound to Fe and Al oxides in particulate matter; and in places
there was contamination from Pb, Ni and Zn. The
concentrations of sea-salt and sediment-associated
components in the water fluctuate with changing physico-
chemical factors in the water column. Prior to the sampling,
strong winds and increased wave action led to considerable
mixing in the water column, and increased turbulent flow
and shear along the riverbed in the lower Dart estuary. Under
such conditions, sediments were mobilised into suspension,
which generally leads to increased bioavailability
(Schuwerack et al., 2001; Matthiessen and Law, 2002;
Westrich and Forstner, 2005).

THE DYNAMICS OF CHEMICALS IN THE
SEDIMENTS OF THE DART ESTUARY

Analyses of sediments and specifically sediment cores, play
an important part in the risk assessment of aquatic pollution,
and provide a historical record of various impacts on aquatic
systems by indicating both the natural and anthropogenic
inputs of substances over time (Westrich and Forstner,
2005). The sediments provide historic or secondary pollutant
sources, which become mobilised at the water/sediment
interface during the combined action of storms and waves
(Schuwerack et al., 2001; Waeles et al., 2005; Westrich and
Forstner, 2005). The present study shows high
concentrations of chemicals associated with the suspended
and bottom sediments. Many of the trace metals are strongly
correlated with each other. In rivers and estuaries, sediments
can become coated with micro-algal films/mats with
different degrees of thickness according to the flow rate.
Trace metals and other chemicals, adsorbed to these algal
films and allochthonous particles, can become desorbed and
re-suspended in the water column when wind energy is
transferred into the water column. The variations are
seasonal and affect bioavailability (Schuwerack et al.,2001;
Matthiessen and Law, 2002; Waeles et al., 2005; Westrich
and Forstner, 2005).

The spatial variability in the sea-salt component of the
sediments is linked to the proportion of fine-grained
sediments within the total sediment; this is greater near the
mouth of the River Dart because the mean grain diameter
was found to be correlated negatively with distance from
the head of the estuary (Kelly, 1982; Lakhan et a/., 2003).
Increased wave action over shallow estuarine and coastal
waters alters the wave-induced flow and thus the shear. It
also changes the near-bed wave orbital diameter and
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sediment transport and thus influences the mobilisation of
sediments, their spatial distribution (Davies and Thorne,
2002) and adsorbed trace metal concentrations (Zhou et al.,
2004; Westrich and Forstner, 2005).

Overall, the total acid-available concentrations in the Dart
estuary are linked to the proportion of fine-grained
components within the water column and the sediment. In
areas of reduced tidal flow, sediments often develop into
trace metal sinks at the micro-scale (Kelly, 1982, Lakhan et
al., 2003; Matthiessen and Law, 2002; Wu et al., 2005),
from which multiple pollutants with diverse concentrations
become bioavailable due to increased shear at the water
sediment interface at high tide.

THE RELATIONSHIP BETWEEN CHEMICAL
CONCENTRATIONS IN GILLL AND DIGESTIVE
GLAND TISSUES OF C. MAENAS AND IN WATER
AND SEDIMENTS

The gills of benthic macro-invertebrates are a suitable bio-
indicator for short-term elevated trace metal concentrations
in water (Warwick 1986, 1993; Schuwerack, 2002), because
of'the site fidelity of these benthic feeders (Gray ef al., 1990;
Warwick, 1993). Trace metals in water become adsorbed
and incorporated into lamellar crystal deposits and increase
in thickness on the gill cuticle with increasing metal
concentration in suspension (Schuwerack and Lewis,
2003a). Long-term low-level pollution in the water column/
sediment and uptake through diet may lead to elevated
concentrations of trace metals in benthic invertebrates. These
may bind to proteins, such as metallothionein, in the hepatic
cytosol (Engel and Brouwer, 1987; Depledge and Rainbow,
1990; Schuwerack, 2002; Schuwerack et al., in press) and
become incorporated into P/Ca granules of the digestive
gland, the storage organ for trace metals (Mason and Jenkins,

1995; Schuwerack and Lewis, 2003b). In the present study,
most major and trace elements in the gills and digestive
gland tissues behaved similarly to those in the sediments of
the lower Dart estuary. This indicates not only that their
uptake is linked predominantly to the diet of the crabs but
also that elevated metal concentrations in the water originate
in the sediments. An increased chemical concentration, such
as Al, associated with the gills as opposed to the digestive
gland, is indicative of a pollutant assault in situ as opposed
to a dietary uptake. The major and minor trace element
concentrations showed higher variations in the crabs than
in the water and sediments. As the crabs’ diet is linked
closely to the sediments, the variations in total acid-available
concentrations in the tissues of the crabs reflect the
heterogeneity in the sediments (Watzkin et al., 1997).
Concentrations of some metals, including Al, Fe and Cu
were considerably higher in the gill than in digestive gland
tissues and this is linked to an in situ exposure through
mobilised sediments and pollutants. The highest Na, K, Ca,
Mg, Sr, Mn, Co, Zn, V, Cd, Cr, Ni and Pb concentrations in
the digestive gland of a female at the Pier were associated
with varying concentrations of metals adsorbed to micro-
algal mats and heterogeneous sediments and associated diet.
High trace metal concentrations were found in the sediments
at Warfleet, the Pier and Noss Marina. Copper in particular
is found in antifouling paint that is used regularly at the
Pier and Noss Marina.

Environmental stress can also induce the moult cycle of
crabs, which may lead to changing partitioning of essential
(Cu and Ca) and non-essential (Al and Pb) metals in the gill
tissues to the exoskeleton (Taylor and Anstiss, 1999;
Schuwerack, 2002). The moult cycle in C. maenas seems
to be sex-specific in terms of timing for the Dart: the moults
occur in May for the males and in June for the females (Ley,
2000). This may well have affected the variability in trace

Table 7. Ratios of trace elements to Fe in sediments of the lower Dart estuary
and Eastern UK rivers as collected within the LOIS programme and related
research (Neal and Robson, 2000; Neal and Davies, 2003).

Trace DART ESTUARY

EAsTERN UK RIVERS

Element All rivers  Rural Agricultural  Industrial
Al 1.188 0.219 0.276 0.172 0.186
Ba 0.007 0.070 0.091 0.018 0.031
Cr 0.003 0.003 0.002 0.001 0.004
Co 0.002 0.001 0.001 0.000 0.000
Cu 0.010 0.014 0.019 0.012 0.015
Pb 0.026 0.025 0.038 0.009 0.011
Mn 0.093 0.174 0.206 0.091 0.095
Ni 0.005 0.009 0.009 0.007 0.007
Zn 0.046 0.093 0.141 0.031 0.037
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metal concentrations between male and female crabs during
the study period. Furthermore, in crustacea, high
concentrations of Cu are associated with the oxygen-binding
protein, haemocyanin (Taylor and Anstiss, 1999). With
increased metal concentrations in the water column, crystal
deposits on the cuticle of the gill lamellae lead to decreased
O, uptake and ion exchange and subsequent respiratory
impairment and increased levels of haemocyanin and Cu in
gill tissues in crabs. This has been observed in the freshwater
crab Potamonautes warreni; respiratory impairment has also
been observed in Cancer pagurus when exposed to water-
borne Cu and Zn (Spicer and Weber, 1992; Schuwerack,
2002; Schuwerack ef al., in press).

THE RIVER DART ESTUARY COMPARED OTHER UK
RIVERS AND EARLIER STUDIES OF THE DART

When the data are normalised to Fe (Table 7), the acid-
available particulate concentrations in the sediments of the
Dart estuary are similar to those for many UK rivers, except
for Al in which the Dart is enriched due to the nature of the
bedrock geology. The highest Pb/Fe ratios are found for the
rural eastern UK rivers, linked to historic mining activity
and contamination of the floodplain, especially that of the
River Swale. In this sense, the Dart sediments are also
perhaps moderately enriched.

The Environment Agency classifies much of the Dart
River as good or very good in terms of biological and
chemical characteristics (EA; 1997; Allen, 2001); failure to
meet river quality objectives on several stretches of the river
has been attributed either to low pH, diffuse pollution from
agricultural practices and/or emissions from sewage outfalls.
The majority of pollution incidents recorded by the EA in
the catchment area is thought to originate from fishing or
agricultural practices. Screened sewage, previously
discharged into the Dart estuary from Dartmouth and
Kingswear has been redirected inland to a new treatment
works on a brown field site at Old Mill Creek (South West
Waters, 2002). However, this will not rid the Dart estuary
of historically elevated concentrations of trace metals in the
sediments (Schuwerack, 1994). Over the past thirty years,
the lower Dart has become highly favoured by tourists and
yacht-owners during spring, summer and autumn holiday
periods. Regularly, boat owners tie up at the pier sampling
site of this study to coat their yachts with antifouling, which
ensures sediment enrichment of chemicals, including Cu
and Al, especially near to the Dartmouth Pier. The lower
concentrations in sea salts at Warfleet reflect a freshwater
outflow from the beach/slipway and this resulted in
increased suspended trace metals in the water at this site.
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Wider comment

Limited information is available on how the meteorological,
geological, physical and chemical oceanographic processes
interact and affect estuarine biota. Greater emphasis is
required to comprehend the dynamics of contaminant
mobility in estuarine and coastal marine water, rather than
relying on fixed temporal and spatial measurements. Further,
there is great need for a more holistic understanding about
ecosystem dynamics and their sustainability. Meteorological
factors, such as increased wind action, may lead to increased
wave action, turbulent mixing and shear at the river estuarine
bed or in coastal regions. The study of sediment grain size
distribution and sediment dynamics with mixing and shear
at the water/sediment interface within individual estuaries
and coastal regions will further aid the understanding of the
mobilisation of contaminated particles, their re-suspension
into the water column and their bioavailability.

This study provides an insight into trace metal
distributions in the water and sediments and associated tissue
concentrations in C. maenas in the Dart estuary. Most of
the variability in chemical concentrations in the water,
sediments and gill and digestive gland tissues of the crabs
are linked to the sea salt and key metal oxides, including
Fe-, Al-rich lithogenous material and a heterogeneous grain
size in the sediments. Despite this simplicity, the great
heterogeneity in the Dart estuary indicates the need for a
more detailed examination of the complex interacting factors
which cause the spatial and temporal changes in contaminant
concentrations and their bioavailability.
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