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ABSTRACT: Juvenile sand gobies Pomatoschistus minutus, plaice Pleuronectes platessa, and sole
Solea solea were exposed to high or low levels of mercury or lead for 45 d in the laboratory. Points on
the otolith corresponding to the core (pre-treatment), the start of exposure, midway through the expo-
sure, and the termination of exposure were sampled and analysed by laser ablation - inductively cou-
pled plasma mass spectrometry (LA-ICPMS). There were significant increases in the metal content of
the goby and sole otoliths after exposure to mercury or lead, and the differences between the treatment
levels for each element were significant. Plaice otoliths showed little increase in metal accumulation,
and the difference between treatments was not significant. The relationship between exposure level,
otolith metal concentration, and the metal concentration in fish muscle tissue was complex. In general,
lead accumulated faster in the otolith and uptake was higher at low exposure levels. Mercury concen-
trations in fish tissue generally paralleled the concentration measured in the otoliths and the exposure

level. Lead concentrations in fish otoliths were inversely related to tissue concentrations.
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INTRODUCTION

Fish otoliths are composed primarily of calcium car-
bonate formed by the accumulation of crystals on an
organic matrix. During formation, trace levels of
numerous other elements are incorporated into either
the organic or inorganic portion of the otolith. The con-
centrations of these trace elements are thought to be
influenced primarily by the environmental conditions
experienced by the fish. For example, variations in the
ratios of strontium to calcium (Radtke & Targett 1984,
Radtke 1989, Radtke & Shafer 1992), iron to calcium
(Gauldie et al. 1980), and the oxygen isotopes '°O to
0O (Kalish 1991b, lacumin et al. 1992) have been
linked to variations in water temperature experienced
by the fish. Changes in these ratios have also been
used to demonstrate the migratory patterns of anadra-
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mous and estuarine-dependent fishes {Nelson et al
1989, Lecomte-Finiger 1992, Northcote et al. 1992,
Secor 1992, Thorrold et al. 1997). Cyclic variations in
the trace element composition across otolith sections
have been used to verify ageing by comparison with
visible annuli (Radtke & Targett 1984, Seyama et al.
1991, Radtke et al. 1993). Radioisotope ratios have also
been measured to determine the age of otolith cores
and thus verify ages determined by visual bands, or to
determine longevity in certain species (Campana et al.
1990, 1993, Fenton & Short 1992, Kalish 1993).

More detailed studies of otolith composition have
made use of analytical techniques with very low detec-
tion limits for a wide range of elements. These studies
have demonstrated that otoliths naturally contain
many trace elements, including heavy metals, and that
there are consistent differences in the composition of
the otoliths for fish inhabiting different areas. This
information is valuable for stock discrimination
(Edmonds et al. 1991, Gunn et al. 1992, Campana et al.
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1994, 1995, Thresher et al. 1994), as well as for exam-
ining the contribution of different nursery ground
populations to recruited populations (Dove et al. 1996,
Gillanders & Kingsford 1996, Milton et al. 1997}.

Much of the work describing the relationship be-
tween otolith composition and temperature or salinity
variation is based on analysis of field collected mater-
lal, and is thus phenomenological in content. Several
recent studies have sought to determine the effects of
various environmental and physiological factors on fish
otolith composition under experimental or controlled
conditions (Kalish 1991a, Gallahar & Kingsford 1992,
Townsend et al. 1992, Fowler et al. 1995a, b, Hoff &
Fuiman 1995).

The concentrations of heavy metals in otoliths have
been related to both spatial and temporal changes in
environmental pollution (Papadopoulou & Moraito-
poulou-Kassimati 1977, Protasowicki & Kosior 1988,
Grady et al. 1989, Dove et al. 1996). Few studies have
investigated either the rate of accumulation of heavy
metals in otoliths under controlled conditions {Mugiya
et al. 1991), or the relationship between exposure rate,
otolith uptake and tissue accumulation of metals.

We analysed the changes in metal concentration
across sections of the otoliths of fish exposed to differ-
ent levels of mercury or lead. The tissue concentrations
of mercury and lead were also determined in order
that the pattern of metal accumulation in the otolith
could be compared with tissue concentrations at the
individual fish level.

METHODS

Plaice and sole were reared from eggs in the labora-
tory. After metamorphosis, the juveniles were held in
1000 1 round black tanks and fed on enriched Artemia
until the start of the experiment. Juvenile gobies were
collected with a fine mesh beach seine from a shallow
sandy bay on the Isle of Man, UK, and transported to
the laboratory. They were held in a 1000 1 round black
tank and fed on enriched Artemia until the start of the
experiment. The holding tanks were supplied with
flowing seawater at 12°C and illuminated with fluores-
cent lighting set to give a photoperiod of 14 h light:10 h
dark.

To initiate the experiment, the fish were removed
from the holding tanks and injected intra-peritoneally
with 0.1 ml alizarin-complexone (100 ppm) to mark the
otoliths. The effective dosage rate was 1 mg g~! fish
weight. The alizarin-complexone did not contain any
metal impurities that would have contributed lead or
mercury to the otoliths or fish muscle tissue. For the
duration of the experiment, 45 d, up to 10 fish of each
species were held in 30 1 round black tanks. Tanks

were randomly assigned to 1 of 5 treatments: control,
high lead, low lead, high mercury or low mercury.
Each treatment was replicated in 2 tanks. Water in the
tanks was changed every 3 d and oxygen levels and
water mixing maintained with gentle aeration. Illumi-
nation was provided by fluorescent lighting set to give
a photoperiod of 14 h light:10 h dark. The fish were fed
with Artemia nauplii and the wild-caught splashpool
copepod Tigriopus spp.

Metal enrichment was achieved by adding either
HgCl, or Pb(NO;), from stock solutions to the water,
with each water change, to achieve high and low
dosage rates of 200 and 100 ug 1! for lead and 20 and
10 pg 1! for mercury. The metal concentrations did not
remain constant, however, as there was some adsorp-
tion onto the walls of the tanks, as well as uptake by
the fish. Water samples were collected weekly, acidi-
fied to pH 2, and UV digested for 3 h before being
analysed by AAS. The final mercury concentrations in
the water were 7.35 + 1.34 pg I'! in the high dose treat-
ment, 2.1 £ 0.3 pg1™' in the low dose treatment, and 1.7
+0.28 ug I'! in the control tanks. The lead levels were
25.0 £ 4.9 ug I"" in the high dose lead treatment, 13.8 =
2.4 ug 1! in the low dose lead treatment, and 2.3 + 1.3
ug I'! in the control treatment,

When the experiment was terminated, all the fish
were removed from the tanks and killed by freezing.
They were then thawed, rinsed in distilled water, blot-
ted dry and weighed individually. The sagittal otoliths
were removed and the fish were refrozen in labelled
vials. To determine metal concentrations in the fish tis-
sue, each fish was cold digested in nitric acid (Analar)
overnight, followed by hot digestion and dilution to
final analytical volume. The reference materials for
both mercury and lead determination were DORM1
(Dogfish muscle) and CRM 278 (Mytilus tissue). Mer-
cury concentrations were determined from 10 ml sam-
ples with a Varian 1275/VGA/AAS using a cold vapour
technique (Leah et al. 1992). The limit of detection
(LOD) for mercury in these samples was 0.04 ug g~
Lead concentrations were determined from 5 ml sam-
ples with a Varian Spectra 600 AAS fitted with a
graphite furnace. The LOD for lead was 0.02 pg g™1.

The sagittal otoliths of each fish were mounted in
epoxy resin (Epothin, Buehler) and sectioned through
the core using an Isomet (Buehler) slow-speed dia-
mond saw. The sections were polished with 1 um alu-
minium paste, and cleaned in distilled water in an
ultrasonic bath.

The concentrations of mercury and lead at discrete
points on the otolith sections were determined by laser
ablation - inductively coupled plasma mass spectrome-
try (LA-ICPMS). This uses a modified, small spot ver-
sion of the standard VG Laser Lab which is based on a
500 mJ Nd:YAG laser. Full instrumental descriptions
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are given in Pearce et al. (1992a). In this configuration,
the laser beam is first apertured and then focused on
the sample using a long working distance compound
objective, to produce ablation craters approximately 20
to 30 pm in diameter. Fracturing of the otolith occurred
often, however, leaving holes up to 50 pym. The
sequence of positions sampled was varied for each
otolith to avoid any sequence-induced bias in the mea-
surements. Visualisation of the otolith was done with a
dissection microscope. This allowed orientation of the
ablation points with respect to the alizarin mark, visi-
ble as a purple band in reflected light, which indicated
the beginning of the experimental metal exposure
(Fig. 1). Eleven isotope peaks were counted: Mg,
42(:&, 43Ca, 44(:6, BBSI‘, ‘13886, ZOOHg, 202Hg’ ZOGPb, 207Pb,
and 2%Pb (Table 1). Mercury and lead concentrations
in the otoliths were calculated by blank subtraction
and comparison with calibration curves derived from
the standards which were analysed before each otolith
block. Background counts of the argon gas were used
as analytical blanks. Additional blanks and calibration
standards (0, 20, and 50 pg g7!) for mercury and lead
were made from spiked carbonate slurry dried and
pressed into round cakes (Pearce et al. 1992, Westgate
et al. 1994). The soda-lime glass, NIST 610, was the
reference material used for lead calibration. Analyte
counts from mercury (*°“Hg) and lead (**®Pb) at each
ablation point were blank-subtracted, standardised to
calcium (**Ca) counts, and the concentration of metal
calculated with reference to the calibration curves.
The resulting values were normalised to constant cal-
cium levels and expressed as ug g~ '. The isotopic ratios
measured were compared to those expected from their
natural abundances to check for any interference.

Fig. 1. Pomatoschistus minutus. Otolith of juvenile sand goby

after sampling for mercury and lead concentrations by laser

ablation - inductively coupled plasma mass spectrometry (LA-

ICPMS). Ablation points are indicated by circles, and the
arrow shows position of alizarin mark

Because the metal concentrations were calculated
directly from external calibration standards, the counts
for the different isotopes were not averaged or
adjusted for natural abundance ratios.

The validity of assuming constant calcium concen-
trations across the otolith was checked by measure-
ment of Ca on 3 otoliths from each species. These
otoliths were repolished, cleaned, and carbon coated
for microprobe (wavelength dispersive x-ray micro-
analysis, WDS) determination of Ca concentration.

Table 1. Summary data for the isotopes measured by LA-ICPMS, including limits of detection, average values measured for the

calibration standards (counts s™!), and the range of values measured in the otolith samples. All values are area counts min

-1

Element Argon Limit of NIST 610 Carbonate Carbonate Carbonate Range % of mea-
/isotope gas detection Pb standard standard standard measured surements
blank (LOD) Ongg! 20 pg g™t 50 pug g! in samples  above LOD
Hg, Pb Hg, Pb Hg, Pb (n =308)
2"Mg 1050.92 320.71 15372.36 675.5 834.5 1046.5 1413-78477 1009,
*2Ca 3612.33 749.42 36187.64 114950.8 127115.8 142406.8 6274-2115540 100%
“Ca 16127 6999.92 13829 20767 23730.75 27019.75 11767-431950 100 %
HCa 5351.83 3611.87 97305 335813.8 370483 404101.5  14819-6882769  100%
#Sr 153320.8 287332 17144817 6189862 6523676 8569072 1071-1803012 87%
14Ba 65.5 59.12 40594.55 849 1082.5 1323 46-327708 1007
“Hg 2636.08 6669.20 103321 24758.25 39644 63660.5 2011-136000 84 %,
““Hg 3396.17 8287.63 133974.7 31651.75 50704 81806 2604-188675 88 %
5Pl 204.67 479.65 24802.09 909.25 1325 2094.75 113-9022 43%
207pp 221.17 502.82 23224.45 668.5 1047.5 1729.75 119-5425 37 %
208pp 280.92 269.03 56505.45 1791 2643.75 4148.75 6-14049 96 %
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Average calcium concentration was 38.26 + 1.08 % and
there was no significant difference in Ca concentration
across the otolith sections (F; ,3= 0.79).

Metal concentrations across the otolith were related
to 4 periods: pre-treatment, initiation of treatment
(identified by the alizarin mark), mid-treatment, and
termination (the otolith edge). The accumulation of
metals by individual fish was compared between treat-
ments by repeated-measures ANOVA, adjusting the
degrees of freedom for position on the otolith with
Greenhouse-Geisser epsilon (SuperANOVA, Abacus
Concepts 1989). Each species was analysed separately.

The relationship between otolith metal concentra-
tion and fish metal concentration was analysed by
regression techniques, using tissue metal concentra-
tion as the independent variable and the metal con-
centration at different points on the otolith as the
dependent variable. Linear regressions between fish
tissue concentration and the metal accumulation
expressed as a linear rate of uptake were also calcu-
lated. In all cases significant differences were judged
at o= 0.05.

RESULTS

Goby survival in the exposure experiments was
higher in the control tanks than in high and low levels
of mercury and lead (Table 2). Plaice and sole experi-
enced higher mortality than the gobies, irrespective of
metal treatment.

Otolith growth was calculated from the measured
distance between the alizarin mark to the edge of the
otolith section. All fish in these experiments had some
detectable otolith growth (67 to 160 pm); the average
increase in otolith size was 27 + 10%.

Both mercury and lead were detected by LA-ICPMS
analysis of the portion of the otolith deposited after the
alizarin mark. On average, the mercury levels were 3
times higher in the otoliths of fish exposed to high mer-
cury levels. Fish exposed to low lead levels had twice
as much lead at the edge of the otoliths than fish in the
control or high lead treatments.

Metal accumulation in the otoliths differed between
species. The increases in otolith mercury concentra-
tion across the otolith sections (Fig. 2a, c) were sig-
nificantly different between treatments for gobies
(repeated-measures ANOVA, F;3, = 2.39) and sole
(Fp26 = 5.57). Mercury levels were highest in the
otoliths of fish from the high mercury treatment. Simi-
larly, lead concentrations increased significantly
across the otolith (Fig. 3a, ¢), and the accumulation
was significantly affected by exposure level for gobies
(F3 = 8.15) and sole (F;¢ = 17.22). However, the
greatest uptake of lead occurred in the low exposure

20 4 a
Mercury levels in goby otoliths
4 (error bars = 1SE)

control
I tow dosage
B Hioh dosage

ZjiiiT

core mark midtreatment edge

Otolith metal concentration (ug/g)

Position on otolith

20 — b

Mercury levels in plaice otoliths
J {error bars = 1SE)

control

P 10w dosage
I high dosage

Otolith metal concentration (ugrg)

N

core mark

midtreatment edge

Position on otolith

Mercury levels in sole otoliths
(error bars = 1SE)

| | control
P 1ow dosage
Il coh dosage

e 1]

0 —
mark midtreatment edge

Otohith metal concentration (ug/g)

Position on otolith

Fig. 2. Pomatoschistus minutus, Pleuronectes platessa and

Solea solea. Concentration of mercury at different positions

across the otoliths of (a) gobies, {b) plaice and (c) sole as deter-

mined by LA-ICPMS. Bar heights show mean values of all fish
in that treatment; error bars show +SE
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level treatment. Increases in metal levels in plaice
otoliths were not significantly different between the
different treatments (Figs. 2b & 3b).

The rate of metal accumulation in the otolith was esti-
mated for each individual as the difference between
the metal concentration at the edge of each otolith and
the concentration measured at the alizarin mark, ex-
pressed as a linear increase (ug g~' d°%; Table 3). There
were no differences between the species in this calcu-
lated metal uptake rate, but the rate was significantly
greater in the high mercury exposure as compared to
control or low mercury exposure (F, ,3 = 4.51) and sig-
nificantly greater at low lead levels than at control or
high lead exposure (F; 35 = 10.68).

Changes in the ratios of Sr:Ca and Mg:Ca across the
otolith were analysed to give an indication of whether
the variations measured in Hg and Pb could be attrib-
uted to physiological stress or ontogenetic effects
rather than directly related to treatment concentra-
tions. Both Sr:Ca and Mg:Ca were significantly lower
at the otolith core, but there were no significant
differences between treatments (repeated-measures
ANOVA: position on otolith Fg;., = 10.8, df 3, p < 0.002,
Fug.ca = 16.2, df 3, p < 0.001; treatment Fs.c, = 0.82, df
12, p=0.6, Fygca=14,df 12, p=0.3). The increases in
Sr and Mg probably reflect the higher temperatures in
the experimental tanks compared with the conditions
experienced by the fish before the experiment.

Mercury concentrations in the fish tissue varied sig-
nificantly between species and in relation to exposure
rate. The concentration of mercury in goby tissue
increased at higher exposure levels (F, 5 = 10.18) and
was inversely related to fish size (F, ;s = 5.80; Fig. 4a),
although the interaction between treatment and fish
size was not significant. The mercury concentration in
sole tissue was not related to either treatment or fish
size. There was no significant effect of exposure level
on tissue concentration of mercury in plaice, but there
was a significant exponential decline in tissue concen-
trations in larger fish (F; 4 = 1237.75; Fig. 4b). Lead con-
centrations in fish tissue were not significantly differ-
ent for gobies exposed to different treatment levels.
Tissue lead concentrations did not vary in relation to
goby size (Fig. 5a). The lead concentration in sole tis-
sue was not related to either treatment or fish size.
Lead concentrations in plaice did not differ with
respect to the level of exposure, but tissue concentra-
tions declined exponentially with fish size (F; s = 79.25;
Fig. 5b).

These experiments provided a unique opportunity to
examine the relationship between the concentration of
metal accumulated in the tissue of a fish and the record
of exposure as indicated by the concentrations mea-
sured at successive points on the otolith. In general,
mercury levels in the fish tissue were positively corre-
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Fig. 3. Pomatoschistus minutus, Pleuronectes platessa and

Solea solea. Concentration of lead at different positions across

the otoliths of (a) gobies, (b) plaice and (c) sole as determined

by LA-ICPMS. Bar heights show mean values of all fish in that
treatment; error bars show +SE
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Table 2. Weights and tissue concentration of metals in gobies, plaice and sole exposed to high or low levels of mercury or lead.

Weight and metal concentrations are means +

1 SD for fish from each treatment, replicates pooled. nd: sample concentration

below LOD
Species Control Jevel Low level High level
(metal) n Fish weight Tissue conc. n Fish weight Tissue conc. n Fish weight Tissue conc.
(q) (hg g ' wet wt) () (hg g ' wet wt) (9) (hg g~' wet wt)
Goby (Hg) 9 0.11+0.06 0.511£0.21 7 0.11x0.06 29.75:18.29 5 0.12+0.09 43.93x13.43
Goby (Pb) 9 0.11+0.06 0.34+0.14 7 0.07+0.04 0.89+0.54 4 0.06+0.02 3.03+£2.19
Plaice {Hg) 3 0.27:0.15 nd 2 0.08+x0.04 50.20+20.36 3 0.25+£0.21 90.01:x40.38
Plaice {Pb) 3 0.27£0.15 nd 4 0.12+0.02 1.66x1.01 3 0.31x0.19 2.29+1.89
Sole (Hg) 1 0.10 nd 3  0.18+0.12 3549:13.28 3 0.13x0.05 5820x21.92
Sole (Pb)) 1 0.10 nd 3 0.12+0.12 1.13+0.71 5 0.29+0.33 2.08+1.59
00— g
Table 3. Rate of metal accumulation (ug g~* d™!) in the otoliths Goby lissue
of gobies, plaice, and sole exposed to high or low levels of i y
mercury or lead. Values shown are the average of all individ- @ control
uals in each treatment, pooled across replicates (mean = 1 SD).
The uptake rate was calculated as the difference between the 50— low
concentration at the edge of the otolith and that measured at ® ® high

the alizarin mark indicating the beginning of exposure,
expressed as a linear rate of accumulation over the duration of
the experiment (45 d). nd = no data

Species Control Low High
(metal)

Goby (Hg) 0.08+0.10 0.04+0.02 0.31+£0.29
Goby (Pb) 0.04+0.03 0.12 £0.05 0.02+0.02
Plaice (Hg) 0.08+0.06 0.04+0.04 0.03
Plaice (Pb) 0.01+£0.01 0.08+0.06 0.03+0.03
Sole (Hg) 0.04 nd 0.11+0.06
Sole (Pb) 0.02 0.0720.07 o.ouo.on

lated with otolith concentrations measured at the mid-
treatment points only (t = 4.78, n = 12, r> = 0.67), not
with concentrations at the otolith edge or the mark
indicating the initiation of exposure (Fig. 6). Lead lev-
els in the fish tissue varied inversely with metal levels
measured at the otolith edge (f = -2.28, n = 30, r? =
0.13). The calculated linear rate of metal uptake in the
otolith varied in parallel with body tissue concentration
for low mercury exposure (Fig. 7a), but varied in-
versely with tissue concentration for high mercury
exposure and for lead (Fig. 7b). This suggests that, for
some period after the initial exposure to mercury, this
metal moves easily into the otolith, and its availability
for deposition depends on the concentrations in the
body. After longer exposure, there are mechanisms
which can detoxify mercury in the body to allow it to
be excreted. Lead, on the other hand, may accumulate
in the otolith in the early days of exposure, but later,
the fish may sequester lead in body tissue, thus remov-
ing it from circulation and making it less available for
deposition in the otolith.
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Fig. 4. Pomatoschistus minutus and Pleuronectes platessa.
Relationship between tissue concentration and weight for
(a) gobies and (b) plaice exposed to 3 levels of mercury; mer-
cury concentrations in plaice tissues in the control treatments
were below the LOD. Points show values for individual fish
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DISCUSSION

The accumulation of heavy metals in fish otoliths
depends on a number of factors, including the concen-
tration in the environment, bioavailability, the physio-
logical state of the individual fish (affecting the
exchange rate between the external and internal envi-
ronments), the mechanisms of different species for
detoxifying different metals, the growth rate of the
individual fish (affecting the rate of accumulation of
otolith material), and the affinity of the calcium car-
bonate otolith for different metals. Because otoliths

grow faster in faster-growing individuals, it is more
likely that the rate of metal accumulation will be
higher in situations where metal contamination is low
enough not to impact fish growth. Where environmen-
tal contamination can be shown to result in reduced
growth rates (Nash 1985, 1988), otolith composition
could actually show reduced levels of metals, because
otolith growth will be slow and the metal concentra-
tions closer to the limits of detection. However, stress-
induced disruptions in otolith growth may be associ-
ated with increased uptake of some metals (Fowler et
al. 1995a).

Changes in the concentrations of different elements
across the otoliths of individual fish can be caused by
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physiological changes during development, as well as
by differences in the environmental conditions experi-
enced. Fowler et al. (1995a) showed changes in com-
position, especially in Sr:Ca, across individual otoliths
for fish raised in constant conditions, but physiological
effects were not as strong as environmental effects on
otolith composition. Developmental effects are un-
likely to have produced the increases in mercury and
lead observed in the fish in this study because the
experimental period did not contain any significant
developmental stages, and the fish were all post-meta-
morphosis at the initiation of the experiment.

It is generally believed that trace elements found in
fish otoliths accumulate because of substitution of cal-

cium by other divalent cations such as Mg?*, Sr?*, Ba*,
Mn?*, Cu?, Zn* and Pb** and smaller monovalent
cations, such as Li* (Fritz et al. 1990). However, it has
also been suggested that Mg?*, and probably larger
cations and anions, can be incorporated by becoming
entrapped within the crystal lattice as crystal inclu-
sions (Fritz et al. 1990, Rosenberg 1991).

Although the metal concentrations in the otoliths of
gobies, plaice and sole exposed to mercury and lead
were generally higher than in fish that were not
exposed to these metals, there was not always a direct
relationship between exposure and rate of metal incor-
poration. Low lead exposure resulted in higher rates of
accumulation in the otolith. There were inverse rela-
tionships between otolith lead concentrations and
body weight, and between the concentration of lead in
recently deposited otolith material and tissue concen-
tration. These results indicate that physiological mech-
anisms operate to regulate lead once it enters the body
and that, at high concentrations, the lead is se-
questered or in some way removed from circulation so
that it does not reach the growing otolith. Lead is eas-
ily incorporated into many types of calcified tissue, and
high lead exposure may in fact result in the shunting of
lead into the skeletal (calcium phosphate) bones of the
fish. This is the case for other vertebrates, including
humans, where evidence of airborne lead incorpora-
tion can be monitored through the analysis of bone
(Borjesson et al. 1997) or tooth composition (Gil et al.
1994, Selypes et al. 1997).

The mechanism of metal accumulation in fish
otoliths has not been well described. especially in con-
trast with metal accumulation pathways in other fish
tissue or the calcareous tissues of invertebrates. There
are at least 2 means by which metals, including cal-
cium, can be incorporated into the growing otolith.
Small crystallising nuclei, calcospheres, have been
observed to be formed and secreted from the otolithic
membrane. These spherules migrate to the surface of
the growing otolith and stick to the organic matrix of
the otolith. Trace elements can be combined with the
spherules within the epithelial cells. Structural evi-
dence has been shown for this mechanism by SEM
examination of shell (Arnold 1992) and histological
studies of the labyrinth and otoliths (Wright 1990).
Metals which are scluble in the blood can be carried to
the epithelial cells and secreted in spherules onto the
growing otolith.

In addition, calcium carbonate can precipitate
directly out of solution and trace elements and metals
which are also in the endolymph fluids can be incorpo-
rated into the growing otolith in this manner. Calcium
reaches the endolymph primarily from the blood
plasma (Wright et al. 1992), and it is likely that other
trace elements can also follow this path. The precipita-
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tion of material from the labyrinth fluid is controlled by
changes in pH (Wright 1991), under hormonal control
(Mugiya 1986, 1987).

The incorporation of inorganic ions by both cellular
secretion and fluid precipitation has been described for
bivalve shells (Fritz et al. 1990}, and differences in the
patterns of accumulation of different metals has been
ascribed to the behaviour of the different elements in
terms of whether they can move directly into the extra-
palladial fluid which bathes the growing shell, or
whether they are metabolised and move into the shell
by cellular secretion within spherules.

If different metals are accumulated into the otolith
by different pathways, then not only will the rate of
accumulation differ, but there are also analytical con-
sequences. When elements precipitate onto the otolith
from extracellular fluid, they may be expected to have
a more homogeneous distribution on the growing sur-
face. However, this has been shown not to be the case
for barium, which can crystallise directly onto the shell
formation layer in discrete barite crystal (BaSO,) clus-
ters (Fritz et al. 1990). Metals which are deposited in
the otolith from cellular secretion may also be incorpo-
rated as discrete crystals, or homogeneously if there is
direct ionic substitution for calcium in the crystal lat-
tice. By progressing to smaller spot sizes for sample
arialysis in order to resolve shorter time intervals, we
may find that spatial heterogeneity at the micron scale
will interfere with the precision of our determinations.

Fish have numerous mechanisms for dealing with
toxic metals in the environment. Some elements may
be metabolised, some sequestered so that they become
biologically inactive, and others detoxified by conver-
sion into other phases which are then excreted. Mer-
cury belongs to the group of elements that induces
metallothionien production, which detoxifies the metal
(Pulsford et al. 1992). High and prolonged exposure
can overwhelm the defence mechanisms, and excre-
tion may not keep pace with accumulation. Thus mer-
cury remained available for incorporation into the
otolith, and its incorporation reflected both tissue con-
centration and exposure level. The inverse relationship
observed between otolith lead and lead concentration
in the body tissues could result from the sequestering
of lead within nodules in body organs, making it less
available for incorporation into the otolith. Sequester-
ing of lead into melanomacrophages is documented for
both fish (Pulsford et al. 1992) and bivalves (Thomson
et al. 1985).

Differences between the 3 species studied here can
be explained by differences in both metabolism and
otolith formation. The otoliths of plaice have higher
levels of protein and lower calcium levels than are
assumed for other species (Zhang et al. 1991). It is not
known how similar the otoliths of sole and plaice are,

in terms of composition or growth rate. Flatfish gener-
ally have small otoliths, and thus the amount of mater-
ial into which metals can be deposited is low. This
would explain why sole and plaice otoliths had less
mercury and lead, in general, than did goby otoliths.
Gobies, on the other hand, have large otoliths, espe-
cially in relation to their small size. Their metabolic
rate is higher than that of juvenile flatfish and thus
their actual exposure to mercury and lead in these
experiments would have been higher.
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