Chapter 10
Biological Effects of Tributyltin on the
Caprellidea (Crustacea: Amphipoda)

Madoka Ohji

10.1 Introduction

During the past several decades, butyltin compounds (BTs), one of the representative
groups of organotin compounds (OTs), have been widely used as an antifouling agent
in paints for boats, ships, and aquaculture nets (Fent 1996, Champ and Seligman
1996), thus these compounds have been found in a variety of marine organisms,
often at concentrations exceeding acute or chronic toxicity levels (Bryan and Gibbs
1991; Alzieu 1996). The hazardous effects of antifouling paints containing BTs in
marine ecosystem have become a significant environmental issue all over the world
(Champ and Wade 1996; Bosselmann 1996). To prevent the destruction of marine
ecosystems, BT application to small boats and fish farming equipment has been
banned or regulated in developed countries since the late 1980s (Champ and Wade
1996; Bosselmann 1996). Nevertheless, significant accumulation of BTs has been
noted at various trophic levels in the marine food chain including plankton, algae,
crustaceans, fishes and cetaceans, indicating that BTs impact continues to be felt
in marine ecosystems.

Tri-organotins, tributyltin (TBT) are reported to be the most toxic compounds,
and at nanogram-per-liter levels, TBT has adverse effects on many aquatic organ-
isms, for example, producing retardation of regenerative growth, delayed molting,
reduction in burrowing activity and deformities in limbs in the fiddler crab (Weis
and Perlmutter 1987; Weis et al. 1987; Weis and Kim 1988), impairment of egg
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production in the calanoid copepod (Johansen and Mghlenberg 1987), reduction
in larval growth in the silverside (Hall et al. 1988) and avoidance reactions in the
Baltic amphipod (Laughlin et al. 1984). Recently, a relationship between metabolic
capacity, accumulation and toxicity of BTs in marine organisms has been reported
in terms of comparisons of BT residue levels in organisms at various trophic levels in
the food chain (Fent 1996; Takahashi et al. 1999; Ohji et al. 2002a). The results
indicate that though BTs accumulated in most organisms at levels up to 70,000
times higher than those in seawater, no significant biomagnification was observed
in the higher levels of the food chain (Takahashi et al. 1999). High concentrations
have, however, been found in lower trophic animals such as caprellids. It seems that
TBT accumulates specifically for the caprellids in the marine ecosystem regardless
of the trophic level in the food chain, and it can be a break point for the disturbance
in the natural food chain structure. It is considered causing them to accumulate BTs
at elevated concentrations because of their lower metabolic capacity to degrade
TBT (Ohji et al. 2002a). The BTs seem to be accumulated in a species specific
manner. Thus, studying the implications of species-specific accumulation and the
biological effects of BTs on caprellids may provide some clues to understanding
the accumulation mechanisms in the coastal ecosystem as well as the mode of
action of BTs in organisms.

Caprellid amphipods are small crustaceans (1-3cm in body length), and are
distributed worldwide, living especially in algae beds, on buoys, and on aquacul-
ture nets of the subtidal zone in temperate regions (McCain and Steinberg 1970).
Caprellids are an important trophic link, as one of the dominant secondary pro-
ducers between unicellular algae and fish in coastal water ecosystem and form an
important prey resources for small fish in coastal water ecosystems (Fuse 1962,
Caine 1989; Holbrook and Schmitt 1992). The generation length and life span
of Caprella have been well investigated (Takeuchi and Hirano 1991). Caprella
danilevskii has a short generation duration of 25.6 days which includes the incuba-
tion time of embryos and maturation time of hatched juveniles, and has a shortened
life-span of 1-3 months. Therefore, caprellids may prove to be a convenient and
important model for the study of the biological effects of TBT in coastal ecosys-
tems. Recently, use of caprellids to monitor small temporal and spatial changes
in baseline concentrations of BTs was proposed — ‘Caprella watch’ (Ohji et al.
2002a). However, little information is presently available regarding TBT’s biologi-
cal effects on such characteristics as sex ratio, survival, growth and reproduction.
The determination of such effects is a prerequisite to reliable biomonitoring of the
state of coastal ecosystem using C. danilevskii as a model.

TBT has had marked effects on the development of imposex in female dog
whelks during exposure experiments after hatching (Gibbs et al. 1988). Several
hypotheses have been proposed concerning the imposex induction mechanisms,
such as those involving cytochrome P450—mediated aromatase inhibition, testoster-
one excretion—inhibition, functional disorder of female cerebropleural ganglia, and
involvement of a neuropeptide—APGWamide (Bettin et al. 1996, Ronis and Mason
1996, Féral and Le Gall 1983, Oberdorster and McClellan-Green 2002, 2003).
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Recently, it has been reported that TBT and TPT are high affinity ligands for the
human retinoid X receptors (hRXRs) and that the natural ligand of RXR signifi-
cantly caused the development of imposex in female rock shells (Nishikawa et al.
2004). It is reported that intersex individuals in the caprellid were observed in coastal
waters (Takeuchi 1990). Therefore, sex disturbance might also occur in response to
TBT exposure after hatching in the caprellids. However, the action mechanism of
TBT may differ among organisms and the effects of TBT exposure might also differ
according to developmental stage. Therefore, in the present study, two periods of
TBT exposure were investigated, including post-hatching and during the embryonic
stage in order to examine the biological effects of TBT on the caprellid.

This chapter summarizes experiments to examine: the sensitivity to TBT, capacity
to metabolize TBT, and biological effects, on the caprellid amphipods. Compared
to the caprellids, similar acute toxicity experiments were conducted on the
gammarids, which have a similar ecological niche, habitat, body size and life his-
tory (Fuse 1962; Myers 1971; Dahl 1977; Imada et al. 1981; Hiwatari and Kajihara
1988; Hong 1988; Sedberry 1988; Takeuchi and Hirano 1991; Holbrook and
Schmitt 1992; Horinouchi and Sano 2000). Population-level effects of chemical
pollutants are evaluated in terms of decrement of mean extinction time of popula-
tions based on LC, values, and estimating extinction risk of populations is utilized
for the conservation of wildlife (Tanaka and Nakanishi 2000). Furthermore, the
biological effects of TBT exposure at ambient water levels on the caprellid amphi-
pod, Caprella danilevskii Czerniavski were examined after hatching and during the
embryonic stage. The results form the basis of discussions on the biological impact
of TBT on caprellids and the fluctuation of abundance of this species in the coastal
ecosystems.

10.2 Acute Toxicity

10.2.1 Materials and Methods

10.2.1.1 Specimens

Five species of caprellids, Caprella equilibra, C. penantis R-type, C. verrucosa,
C. subinermis and C. danilevskii, and three species of gammarids, Jassa slatteryi,
Cerapus erae and Eohaustorioides sp. were collected by SCUBA and dredging
from Otsuchi Bay, northeastern Japan (Fig. 10.1). Specimens were used for the
experiment within 2 h after collection.

In order to clarify the metabolic capacity to degrade TBT, BT accumulation and
the proportions of TBT and its derivatives (DBT and MBT) were analyzed in each
species collected at the same time and from the same location as the samples used
in the acute toxicity tests. Immediately after collection, the samples were placed in
polyethylene bags and frozen at -80°C until chemical analysis.
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Fig. 10.1 Map showing the sampling locations in Otsuchi Bay, Japan. ® and X indicate the sam-
pling sites of specimens and seawater, respectively. ICRC indicates the location of International
Coastal Research Center, Ocean Research Institute, The University of Tokyo

10.2.1.2 Seawater and Tributyltin Solution

The seawater for control and dilution was collected from St. W4 10m below the
surface where TBT was anticipated to be low (Fig. 10.1).

Test solutions of tributyltin chloride (TBTCI) were made as follows. Prior to
TBT exposure experiments, the seawater was filtered through a 0.47-um Millipore
filter. A primary solution of 500ug TBTCI ' was made by adding 0.5ml of
2,000mg TBTCI I"! in acetone solution to 21 of seawater and was then stirred for
12h by a magnetic stirrer. A solution of 0.05ml acetone 1! was used as the control,
and dilution was also made by adding 0.1 ml of acetone to 21 of seawater. After
stirring, the bottle was plugged and stored at 4°C. The highest concentration test
solution (100 ug TBTCI 1-') was prepared from the primary 500 ug TBTCI 17! solu-
tion, which was diluted with filtered seawater. The other five test concentrations
(0.001, 0.01, 0.1, 1 and 10 TBTCI pg 17') were prepared by diluting the 100 g
TBTCI 17! solution with 0.05ml I=! acetone solution.

To determine the concentrations and proportions of BT residues in the seawater
of Otsuchi Bay, seawater samples were collected at a depth of 0.5m at Sts. W 1-3
with 11 polycarbonate bottles (Fig. 10.1). The seawater collected was immediately
acidified with 1 ml of 12M HCI and stored at 4°C in the dark until chemical analy-
sis. The seawater for control and dilution collected at a depth of 10m at St. W4
outside the bay was also analyzed and stored in a 201 poly tank.

10.2.1.3 Acute Toxicity Experiments
The acute toxicity test was modified from the ecological effect testing method in

the risk assessment program of the Organization for Economic Cooperation and
Development (OECD) (OECD 1998).
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Two deep Petri dishes (9cm in diameter, 6cm in height) containing 250ml of
each test solution were prepared 6h prior to the experiments. Three glass rods
(0.1cm in diameter, 3cm in length) in each Petri dish were used as substrates.
Caprellids and gammarids collected from Otsuchi Bay were immediately brought
back to the laboratory, and seven or eight individuals were maintained in each Petri
dish at 20°C without food. Survival rates at each test concentration were observed
for 48 h. After the experiment, organisms were fixed in 10% formalin. Body lengths
were measured from the basal part of antenna I on the head to the posterior end of
pereonite VII in caprellids and urosome III in gammarids, respectively.

10.2.1.4 Chemical Analysis

Analysis of BTs was conducted by GC-FPD after derivatization using a Grignard
reagent “n-propyl magnesium bromide” (Ohji et al. 2002a). This method was
slightly modified from previously reported methods (Harino and Fukushima 1992;
Iwata et al. 1994; Environment Agency Japan 1990). Briefly, for seawater samples,
acidification with HCI and extraction with 0.1% tropolone-benzene was performed.
The moisture in the solvent was removed with anhydrous Na SO,. BTs in the
extract were then propylated by adding n-propyl magnesium bromide as a Grignard
reagent. After decomposition of the excess Grignard reagent with 1M H, SO,, the
derivatized extract was transferred to 10% benzene-hexane. The extract was then
passed through a Florisil packed glass column (eluting with hexane). The final
hexane elute from the column was concentrated to 5ml and subjected to GC quan-
tification. For biological samples, 1-2 g (wet wt) of the whole bodies of crustaceans
were homogenized with 0.1% tropolone-acetone and 2M HCI. The homogenate
was centrifuged at 3,000 rpm, and BTs in the supernatant were transferred to 0.1%
tropolone-benzene. The other steps were similar to those for seawater.

Sample extracts were analyzed by capillary gas chromatography with flame
photometric detection (GC-FPD: Hewlett-Packard 5890 Series II gas chromato-
graph with a DB-1 capillary column). Tributyltin chloride, dibutyltin dichloride
and monobutyltin trichloride of known amounts (0.1 g each) spiked into uncon-
taminated seawater and krill containing undetectable levels of BT residues were
concurrently run with samples through the whole analytical procedure as external
standards for seawater and biological samples, respectively. Procedural blanks were
included with every batch of samples to check for interfering compounds. The con-
centrations refer to TBT, DBT and MBT as corresponding ion. The concentration
of TBT* corresponds to 0.89 times that of TBTCI.

10.2.2 Results

10.2.2.1 Tributyltin Concentration in the Test Seawater Solution

The average TBT concentration which was produced for 100 g TBTCI I-! before the
experiments was 104 + 8. 7ug TBTCI 17! (Mean + SD) (n = 7). This confirmed
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the accuracy of the test concentration in the medium. In addition, four other test
concentrations (0.1, 1, 10 and 100pug TBTCI 1) were also analyzed after the
experiments, and average TBT concentrations were 0.079 = 0.01, 0.90 + 0.10, 8.6
+ 0.78 and 95 + 49ug TBTCI I'! (n = 2), respectively. This confirmed that the
concentrations remained approximately the same even after 48 h. Therefore, the pos-
sibility of TBT adsorption on the surface of the glass containers and any evaporation
during preparation of solutions could be eliminated.

10.2.2.2 Acute Toxicity in Amphipods

The 48-h LC,, values determined for five species of caprellids ranged from 1.2 g
TBTCI 1! in Caprella penantis R-type to 6.6 ug TBTC1 17! in C. equilibra (n = 5)
(Fig. 10.2). These values for caprellids were significantly lower than those for the
three species of gammarids which had LC,; values ranging from 17.8 ug TBTCI
I"! in Jassa slatteryi to 23.1ug TBTCI I'! in Eohaustorioides sp. (n = 3) (Mann-
Whitney U-test, p < 0.05). The body lengths of the five species of caprellids were
4.9-8.0mm, while those of the three species of gammarids were 3.2—-6.2 mm.

10.2.2.3 Residue Profile of Butyltins in Seawater
Butyltins were detected in seawater collected from Sts. W1 to 3 (Table 10.1). At St. W3,

TBT was the predominant compound at a concentration of 19ng 1!, accounting for
63.1% of the total BTs (XBTs = TBT + DBT + MBT), followed by MBT, 5.8ng I
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Fig. 10.2 Comparison of 48h-LC, values for TBTCI in caprellid and gammarid amphipods
(Crustacea). Bars indicate 95% confidence intervals. The left figure shows the dose-response
curve for 48h-LC, of Caprella verrucosa as a representative. Mann-Whitney U-test, *p<0.05
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Table 10.1 Butyltin concentrations of the seawater (ng 1!) and caprellid and gammarid amphipods
(Crustacea) (ng g~! wet wt) collected from Otsuchi Bay, Japan

Medium TBT DBT MBT XBTs
Seawater
St. W1 <2.0 <3.0 6.2 6.2
St. W2 <2.0 <3.0 <5.0 -
St. W3 19 5.3 5.8 24
St. W4 <2.0 <3.0 <5.0 -
Caprellidea
Caprella equilibra 55 8.6 7.4 64
Caprella penantis R-type 38 <1.0 9.9 38
Caprella verrucosa 81 12 11 93
Caprella subinermis 29 7.2 10 36
Caprella danilevskii 29 <1.0 16 29
Gammaridea
Jassa slatteryi 6.8 4.9 14 12
Cerapus erae 9 11 29 20
Eohaustorioides sp. 30 24 46 54

ZBTs =TBT + DBT + MBT

(19.3%) and DBT, 5.3ng I"! (17.6%). Concentrations of TBT, DBT and MBT in
seawater from St. W4 were below the detectable levels.

10.2.2.4 Accumulation Profile of Butyltins in Amphipods

Concentrations of ZBTs in caprellids collected from Otsuchi Bay were 45-105ng
¢! wet wt (n = 5), which were comparable to those in gammarids (26-100ng g™
wet wt) (n = 3) (Table 10.1). In caprellids, TBT was the predominant compound
and accounted for 72% of the ZBT concentrations (n = 5) (Fig. 10.3). In contrast, in
gammarids, TBT was less than 25% and the breakdown products, DBT and MBT,
were the predominant compounds contributing to 75% of the XBTs (n = 3).

10.3 Chronic Toxicity — Exposure After Hatching

10.3.1 Materials and Methods

10.3.1.1 Specimens

Caprella danilevskii was collected by SCUBA from the rocky shore in Ostuchi Bay,
northeastern Japan, and the specimens were brought back to the laboratory and kept
in an aquarium provided with running seawater. Premature females and mature
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Fig. 10.3 Butyltin speciation in the seawater of St. W3 and the whole body of caprellid and gam-
marid amphipods (Crustacea) collected from Otsuchi Bay, Japan

males were sorted and provided for the experiments (Fig. 10.4). These specimens
were kept in deep Petri dishes (6¢cm in diameter, 6cm in height) which contained
filtered seawater with a Teflon mesh piece (2 x 2cm) as substrate, and maintained
at 20°C under a 12:12h light: dark photoperiod. One ovigerous mature female was
allocated per dish, and a total of four females were prepared for an exposure experi-
ment (20 females in five concentration-exposure experiments). Diatom colonies
Chaetoceros calcitrans (Paulsen) Takano were added once a day to each Petri
dish; this amount was more than sufficient to meet the daily dietary demands of
the caprellids. The seawater in each dish was changed every day, and Petri dishes
and Teflon mesh pieces were replaced every 2 days. After the confirmation that
premature females had reached the mature stage, mature females were allowed to
copulate with males, thus stimulating the release of eggs in the brood pouch. After
releasing eggs into the brood pouch, mature males were transferred to other Petri
dishes, and ovigerous mature females were held within the filtered seawater. The
condition of mature females such as hatching and the emergence of juveniles was
observed under a binocular microscope at 12h intervals each day.

10.3.1.2 Seawater and Tributyltin Solution

The seawater used for these experiments was collected at 10m depth outside
Otsuchi Bay, where TBT concentrations at 0.5 and 10m deep were confirmed to
be less than the detection limit (Ohji et al. 2002a), and stored in a 201 polyethylene
tank. The tributyltin-seawater solution and the control seawater that contained only
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acetone were made in the following procedure. Prior to the TBT exposure experi-
ments, the seawater was filtered through a 0.47um Millipore filter. A solution
of 10,000ng TBTCI 1! was made by adding 5ul of 2,000mg TBTCI 1-! acetone
solution to 11 of seawater, and thereafter the solution was stirred for 12h. Control
and diluent solutions were prepared using 5l acetone 17! seawater. In the present
study, five test concentrations of TBTCI (0, 10, 100, 1,000 and 10,000ng 1-!) were
prepared by dilution of the stock solution. These solutions were freshly prepared
each week. The five test concentrations of TBTCI were measured to confirm the
accuracy of TBTCI present in the test solutions during the experiment in the pre-
vious report (Ohji et al. 2002a). The concentrations remained the same between
pre- and post-experiments.

10.3.1.3 Exposure Experiments After Hatching

After hatching from the brood pouch, juveniles were transferred into Petri dishes
containing the TBTCI solution at each concentration with Teflon mesh pieces set as
a substrate, and were continued to rear. Two juveniles were allocated per dish, and
a total of 20-27 specimens were used for the exposure experiment (122 juveniles in
five exposure experiments). The juveniles that emerged from the brood pouch were
classified as instar I. Their body lengths were measured from the basal part of the
antenna I on the head to the posterior end of pereonite VII. The sex was determined
from instar II. The maturity of the females was divided into three stages: immature,
premature and mature based on the morphology of the oostegites on pereonites I11
and IV.

Mature females were allowed to copulate with mature males collected from the
field and to release eggs in the brood pouch. The number of eggs in the brood pouch
was counted at the same time each day. In the present study, oogenesis in the pre-
mature stage, and embryo development and new oogenesis in the mature stage were
distinguishable under the binocular microscope. Males and females that survived
over 50 days were fixed with10% formalin, as were the animals that died during the
experiment period. The sex of the hatched juveniles was determined from the pres-
ence of oostegites in females and the development of gnathopod II and the presence
of abdominal appendages in males.

10.3.2 Results

10.3.2.1 Sex Ratio

Sex ratio of male to female was 55.0% and 45.0%, respectively in the control
(Ong TBTCI 1™") (Fig. 10.5). The ratio was almost constant in spite of increasing
of the TBTCI concentrations ranging from 50.0% (1,000ng TBTCI1!) to 55.6%
(100ng TBTCI I") for males and ranging from 44.4% (100ng TBTCI I") to
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50.0% (1,000ng TBTCI 17") for females, although all specimens died in the
10,000ng TBTCI 17! experiment because of acute toxic concentration for this
species (Ohji et al. 2002a). No significant differences were found in the sex
ratio between the control and other three concentrations of TBTCI (chi-squared
test, p>0.5).

10.3.2.2 Survival

As the TBTCI concentrations were increased, survival rates within 50 days after
hatching decreased, 25.0% in 10ng 17!, 11.1% in 100ng 1! and 8.3% in 1,000 ng 1!
(Fig. 10.6). All specimens died in 10,000ng TBTCI 17! within 4 days after hatching,
while all control specimens survived (100%). Significant differences were found in
the survival rate between the control and the other four concentrations of TBTCI
(log-rank test, p < 0.0001).

10.3.2.3 Growth

In each concentration of TBTCI except for 10,000ng 17!, body length increased as
the organism became older (Fig. 10.7). However, significant differences were seen in
body length between the control and 100ng TBTCI I-' and between the control and
1,000ng TBTCI 17! in each instar after instar II of either males or females (Mann-
Whitney U-test, p < 0.05). No significant difference was found in the body length
between the control and 10ng TBTCI I in each instar of either males or females
(Mann-Whitney U-test, p > 0.05). This indicates that a decrease in growth rate
results after exposure to 100 and 1,000ng TBTCI 17! in spite of the organism’s sex.

The number of days required between hatching to the instar X, which corresponds
to the experimental period in the control, 10 and 100ng TBTCI11-!, was approximately

m Male O Female

Control n=9
10ng ™ n=11
100 ng I"* n=12
1000 ng I”* n=12
_ﬁllgenll(l)eg efgisﬁiﬁf?ma 10000 ng I” ND
after hatching. ND indicates 0 20 20 50 30 100

no data because of the death ]
of all specimens Sex ratio (%)
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Fig. 10.7 Body length at each instar of specimens exposed to TBTCI after hatching

50 days for both males and females. Although all male specimens died after instar
VII and females died after instar IX in 1,000ng TBTCI 1! (Fig. 10.8), a significant
difference was found in the day required from hatching to each instar between the
control and 1,000ng TBTCI I"! in both males and females (Mann-Whitney U-test,

p < 0.05). However, no significant differences were found between other combina-
tions (Mann-Whitney U-test, p > 0.05).
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Fig. 10.8 Days required from hatching to each instar of specimens exposed to TBTCI after hatching

Table 10.2 Instar and the days required from hatching to maturation of juve-
niles exposed to TBTCI after hatching

Concentration (ng TBTCI 1-!) Instar Day
Control VIII = 0.5 33+1.6
10 VIII = 1.0 39+14
100 VIII = 0.6 39+23
1,000 X 42
10,000 ND ND

Numerical data and ND indicate mean and standard deviation and no data
because of death of all specimens, respectively

10.3.2.4 Maturation and Reproduction

The instar and day required from hatching to maturity in the female caprellid ranged
from VIII to IX and from 33 to 42 days, respectively (Table 10.2). Significant
differences were seen in the day required from hatching to maturity between the
control and 10ng TBTCI 17! and between the control and 100ng TBTCI 17! (Mann-
Whitney U-test, p < 0.05), while no significant differences were seen in the instar
required from hatching to maturity for all other combinations (Mann-Whitney
U-test, p > 0.05). Though all specimens were observed to mature completely during
instar VIII and instar IX in the control, several specimens died at premature and
immature stages during those instars and instar X in other TBTCI concentrations.
This suggests that a delay in the day required from hatching to maturity is caused
by exposure in TBTCI.

After maturation, the number of eggs in the brood pouch, the number of juve-
niles hatched and the period from spawning to juvenile hatching ranged from 2.0 to
2.7, from 0.3 to 2.7 and from 5.0 to 6.0 days in the increasing TBTCI concentration
(Table 10.3). A significant difference was found in the number of juveniles hatched
between control and 100ng TBTCI 17! (Mann-Whitney U-test, p < 0.05).
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Table 10.3 Reproductive conditions of mature females exposed to TBTCI after hatching

Number of Number of Incubation
Concentration embryos juveniles period of Duration
(ng TBTCI 1Y) spawned hatched embryos of instar
Control 2.7x1.7 2.7+ 1.7 5.0+0.0 7.0+0.9
10 20+£28 0.5+0.7 6.0 7.5+2.1
100 2.7+3.1 03+0.6 6.0 9.7+2.1
1,000 ND ND ND ND
10,000 ND ND ND ND

Numerical data and ND indicate mean and standard deviation and no data because of death of all
specimens, respectively

Molting interval after maturation ranged from 7.0 to 9.7 days in each TBTCI
concentration. A significant difference was seen between the control and 100ng
TBTCI 1™ (Mann-Whitney U-test, p < 0.05). This indicates that a delay in the molting
interval is caused by exposure to TBTCI.

The decrease in the number of eggs because of eggs dropping from the brood
pouch (brood loss) was found in one of two females that reached the mature stage,
while the other did not succeed in egg formation in 10ng TBTC1 1. In 100ng TBTCI
17!, brood loss was found in two of three females that reached the mature stage and the
other one did not succeed in egg formation. The percentages of hatching success after
spawning were decreased as the TBTCI concentration increased except for 1,000 and
10,000ng 17!, i.e. 100% in the control, 25.0% in 10ng 1" and 12.5% in 100ng 1-". In
1,000 and 10,000ng 17!, all specimens died before or after reaching maturation.

10.3.2.5 Morphological Alterations

During the experiment period, morphological alterations such as loss of gill, con-
traction of gill, necrosis and loss of pereopod, cramp of pereopod (mis-clinging
to the substrate with pereopod), molting disorder, and substances attached on the
surface of the body were observed, and their occurrence increased as the TBTCI
concentration increased (Fig. 10.9).

10.4 Chronic Toxicity — Embryonic Exposure

10.4.1 Materials and Methods

10.4.1.1 Specimens

Caprella danilevskii was collected by SCUBA from the rocky shore in Uchiura
Bay, Japan, after which specimens were immediately brought to the laboratory and
kept in an aquarium provided with running seawater. Premature females and mature
males were sorted and provided for the experiments (Fig. 10.4).
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10.4.1.2 Seawater and Tributyltin Solution

The seawater used for the present experiments was collected from a depth of 10m
outside Otsuchi Bay.

A tributyltin-seawater solution and the control seawater were made according
to our previously described method in the section of TBT exposure after hatch-
ing. In the present study, five test concentrations of TBTCI (0, 10, 100, 1,000 and
10,000 ng 1) were prepared using dilute solution. These solutions were made every
week. The five test concentrations of TBTCI were measured to confirm the accu-
racy of TBTCI present in those test solutions during the experiment in the previous
report (Ohji et al. 2002a). The concentrations remained the same between pre- and
post-experiments.

10.4.1.3 Embryonic Exposure Experiments

After confirmation that premature females had reached the mature stage, these
parental females were allowed to copulate with males, and spawning was stimulated
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Fig. 10.9 Occurrence of morphological alterations of specimens exposed to TBTCI. Numerical
data and ND indicate number of specimens and no data because of the death of all specimens,
respectively
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(first mature stage in parent) (Fig. 10.4). After spawning in the brood pouch,
ovigerous mature females were transferred to Petri dishes (6cm in diameter, 6¢cm
in height) containing each concentration of TBTCI, respectively, with a Teflon
mesh piece (2 x 2cm) as a substrate; specimens were then maintained at 20°C and
a 12:12h light: dark photoperiod. One ovigerous mature female was allocated per
dish, and a total of 11 females were used for the exposure experiment (55 females
in five exposure experiments). Colonies of diatom Chaetoceros calcitrans (Paulsen)
Takano were added to each Petri dish once a day; this amount was sufficient to
supply the daily dietary demands of the caprellids. The seawater in each dish was
changed every day, and Petri dishes and Teflon mesh pieces were replaced every
2 days. The condition of ovigerous parental females and egg number in the brood
pouch were observed each day at the same time under a binocular microscope.

Specimens were exposed to five concentrations (0, 10, 100, 1,000 and 10,000 ng
I"Y) of TBTCI for 5 days, which corresponded to the period of embryonic develop-
ment. After being released from the brood pouch, the juveniles were transferred
into the filtered seawater containing neither TBTCI nor acetone. Two juveniles
were allocated per dish, and a total of 11-25 specimens were used for the exposure
experiment (68 juveniles in five exposure experiments). The juveniles released
from the brood pouch were classified as instar I. At each instar, the body length of
every juvenile was measured. The sex was determined from instar II.

Furthermore, parental females were also transferred to the filtered seawater. After
molting, these females recopulated with a mature male that was collected from the
field. After spawning (second mature stage in parent), the eggs were counted at each
concentration of TBTCI to examine the effects of TBTCI on the oogenesis stage.

After reaching maturity, female juveniles exposed to TBTCI during the embry-
onic period were allowed to copulate with mature males collected from the field,
and spawning was stimulated (first generation of offspring). The eggs in the brood
pouch were counted at the same time each day. After juveniles were released from
the brood pouch, these juveniles were continued to rear until instar II, and the sex
was determined under the light microscope (second generation of offspring). Males
and females that survived over 50 days were fixed with 10% formalin. The animals
that died during the experiment period were also fixed with 10% formalin.

10.4.2 Results

10.4.2.1 Condition of Parental Females

Eleven ovigerous females were allocated to each concentration compartment of
TBTCI (0, 10, 100, 1,000, and 10,000ng 17"). The number of eggs per female
ranged from 2.3 + 1.7 (mean + SD) to 3.5 = 2.2 in the brood pouch (Table 10.4).
No significant differences were found in the number of eggs spawned between the
control and the other four concentrations of TBTCI (Mann-Whitney U-test, p>0.1).
A number of deaths of ovigerous females exposed for 5 days were observed at more



10 Biological Effects of Tributyltin on the Caprellidea (Crustacea: Amphipoda) 177

Table 10.4 Reproductive conditions of mature female exposed to TBTCI during the 5 days which
corresponds to the first mature stage

Number of embryos Number of juveniles

Concentration (ng TBTCI ') spawned hatched
First spawning

Control 23+1.7 23x1.7

10 24+13 1.6+1.6

100 35+22 1.3+19

1,000 29+23 1.0£13

10,000 27+14 0.0
Second spawning

Control 3.1+1.8 -

10 14+14 -

100 1.3+19 -

1,000 1.0+1.0 -

10,000 ND -

Numerical data, ND and bar indicate mean and standard deviation, no data because of death of all
specimens, and no observation, respectively

m Normal ® Broodloss 0O Death

Control
I

10 ng

100 ng I

1000 ng I’

10000 ng I’ n=11

0 20 40 60 80 100 (%)

Fig. 10.10 Condition of the parental female in the first mature stage after 5-day exposure to TBTCI

than 100ng TBTCI I! (Fig. 10.10) and all specimens died at 10,000ng TBTCI I
due to the acute toxic concentration for the species (Ohji et al. 2002a). Brood loss
of the females also occurred at concentrations higher than 10ng TBTCI 1!, ranging
from three to six specimens, while no brood loss was observed in the control (Ong
TBTCI1 1) (Fig. 10.10).

The number of eggs per female spawned in the brood pouch in the second mature
stage ranged from 1.0 £ 1.0 to 3.1 + 1.8 (Table 10.4). Significant differences were
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Fig. 10.11 Changes in the survival rate during spawning and sacrifice in offspring exposed to
TBTCI during the embryonic stage and thereafter reared in seawater with no TBTCI added. Arrows
indicate the days required from hatching to maturation in females. Log-rank test, *p < 0.0001

found in the number of eggs between the control and three concentrations (10, 100
and 1,000ng 1) of TBTCI (Mann-Whitney U-test, p<0.05-0.01). Furthermore,
significant differences in the number of eggs were found between the first and
second mature stages at 100 and 1,000ng TBTCI I-' (Wilcoxon’s signed-rank test,
p<0.05) (Table 10.4).

10.4.2.2 Survival in the First Generation of Offspring

The embryo survival rate (estimated from the amount of brood loss, the number of
eggs in the brood pouch in dead specimens, and the total number of eggs) during
the TBTCI exposure period decreased as the TBTCI concentrations increased, i.e.
69.2% at 10ng 1!, 36.8% at 100ng 1!, 34.4% at 1,000ng 1I-' and 0% at 10,000ng 1!
(Fig. 10.11). Significant differences were found in the embryo survival rates between
the control and the other four concentrations (log-rank test, p < 0.05-0.0001).

The number of juveniles hatched per female was 2.3 + 1.7 in the control.
However, it decreased as the TBTCI concentrations increased, ranged from 1.6
+ 1.6 at 10ng I"! to 0 at10,000ng 1-'. Significant differences were found between
control and 1,000ng TBTCI 17! and between the control and 10,000ng TBTCI 1!
(Mann-Whitney U-test, p < 0.05-0.0001). Furthermore, significant differences
were found between the number of eggs spawned in the brood pouch and the
number of juveniles hatched at 100, 1,000 and 10,000ng TBTCI 1! (Wilcoxon’s
signed-rank test, p < 0.05-0.01) (Table 10.4).

At all concentrations, the survival rate in offspring continued to decrease despite
the movement of hatched juveniles into seawater that did not contain both TBTCI
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Fig. 10.12 Sex ratio in offspring of the first generation exposed to TBTCI during the embryonic
stage. Chi-squared test, *p < 0.05. ND indicates no data because of the death of all specimens

and acetone (Fig. 10.11). Significant differences were found in the survival rate
between the control and the other four concentrations (log-rank test, p < 0.0001).
The survival rate of females at maturity decreased to 38.5% at 10ng TBTCI 17,
21.1% at 100ng TBTC1 1, 15.6% at 1,000ng TBTCI1 1" and 0% at 10,000ng TBTCI
17!, although the survival rate in the control was 100%. The drastic change in survival
rate was observed twice, at 10-15 days and during 3545 days after spawning.

10.4.2.3 Sex Ratio in the First Generation of Offspring

The female proportions were 36% in the control (Fig. 10.12), corresponding to
previous field observations (Takeuchi and Hirano 1991). However, as the TBTCI
concentrations increased, the proportion of females increased, i.e. 55.6% at 10ng 17,
85.7% at 100ng 1! and 81.8% at 1,000ng 1~'. Significant differences occurred in the
sex proportion between the control and 100ng TBTCI I7! and between the control
and 1,000ng TBTCI 1! (chi-squared test, p < 0.01).

10.4.2.4 Growth, Maturation and Reproduction in the First
Generation of Offspring

In the present study, no significant differences were found in the body length in
each instar and in the time taken for each instar from hatching between the control
and each concentration of TBTCI in either males or females (Mann-Whitney U-test
p > 0.05). These results suggest that no growth or molting inhibition occurs after
hatching in response to exposure to TBTCI in the embryonic period.

The instar and day required from hatching to maturity in the female caprellid
ranged from VIII to IX and from 37 to 45 days, respectively (Table 10.5). Significant
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Table 10.5 First instar and the day required from hatching to maturation of
juvenile exposed to TBTCI during the embryonic period

Concentration (ng TBTCI 1) Instar Day
Control VIIIL + 0.4 37+£26
10 IX+0.5 39+43
100 IX+0.0 39£25
1,000 IX+0.8 45+ 12.1
10,000 ND ND

Numerical data and ND indicate mean and standard deviation and no data
because of death of all specimens, respectively

differences were seen in the instar required from hatching to maturity between the
control and 10ng TBTCI 17!, between the control and 100ng TBTCI I-! and between
the control and 1,000ng TBTCI 1! (Mann-Whitney U-test, p < 0.05-0.01), while
no significant differences were seen in the day required from hatching to maturity
for all other combinations (Mann-Whitney U-test, p > 0.05).

In the first mature stage in offspring, oogenesis inhibition and brood loss were
observed at 100 and 1,000ng TBTCI 1. Three of six mature females exhibited
apparent oogenesis inhibition at 100ng TBTCI 17" and three of five at 1,000ng
TBTCI I"!. Brood loss was apparent in one of six mature females at 100ng TBTCI
17" and in two of five at 1,000ng TBTCI 1-'. These abnormal ratios during the mature
stage increased as the TBTCI concentrations increased, i.e. 0% at the control and at
10ng TBTC1 17, 66.7% at 100ng TBTCI I"! and 100% at 1,000ng TBTCI 1.

10.4.2.5 Sex Ratio in the Second Generation of Offspring

The proportion of females in the control and at 10, 100 and 1,000ng TBTCI 1! were
28.6%, 28.6%, 22.2% and 33.3%, respectively. No significant differences in the sex
proportion between control and other concentrations of TBTCI were observed (chi-
squared test, p > 0.5). These results suggest that TBTCI exposure in the embryonic
period does not affect the sex proportion in the second generation.

10.5 Discussion

10.5.1 Differences in Sensitivity and Metabolic
Capacity to Degrade Tributyltin Between Caprellid
and Gammarid Amphipod

In the present study, the 48-h LC,, values in caprellids and gammarids, which
belong to the same order, Amphipoda Crustacea, were compared in order to elu-
cidate the acute toxicity of TBT. The 48-h LC,, values in caprellids, 1.2-6.6ug
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Table 10.6 Review of the 48-h LC, for TBT in various marine organisms

Concentrations Temperature

Organism Compound (ug 1) (°C) Reference
Bacillariophyceae
Skeletonema costatum TBTO 15.6 ND Walsh et al. (1985)
Mollusca
Crassostrea gigas (adults) TBTO 1874 ND Thain (1983)
Crassostrea gigas (larvae) TBTO 1.6 ND Thain (1983)
Ostrea edulis TBTO >312 ND Thain (1983)
Mpytilus edulis (adults) TBTO 312 ND Thain (1983)
Mytilus edulis (larvae) TBTO 2.5 ND Thain (1983)
Copepoda
Acartia tonsa TBTO 1.2 20 Bushong et al. (1987)
Eurytemora affinis TBT 2.5 20 Hall et al. (1988)
Amphipoda: Caprellidea
Caprella equilibra TBTCI 6.6 20 Ohji et al. (2002a)
Caprella penantis R-type ~ TBTCI 1.2 20 Ohji et al. (2002a)
Caprella verrucosa TBTCI 1.3 20 Ohji et al. (2002a)
Caprella subinermis TBTCI 4.6 20 Ohji et al. (2002a)
Caprella danilevskii TBTCI 5.9 20 Ohji et al. (2002a)
Amphipoda: Gammaridea
Jassa slatteryi TBTCI 17.8 20 Ohji et al. (2002a)
Cerapus erae TBTC1 21.2 20 Ohji et al. (2002a)
Eohaustorioides sp. TBTCI 23.1 20 Ohji et al. (2002a)
Decapoda
Crangon crangon (adults) TBTO 7.4 ND Thain (1983)
Crangon crangon (larvae) TBTO 6.9 ND Thain (1983)
Fish
Agonus cataphractus TBTO 27.1 ND Thain (1983)
Oncorhyunchus mykiss TBT 23.0 20 Alabaster (1969)
Solea solea (adults) TBTO 91.5 ND Thain (1983)
Solea solea (larvae) TBTO 8.8 ND Thain (1983)

The concentrations were converted into TBTCI
ND indicates no data

TBTCI I!, were significantly lower than those in gammarids, 17.8-23.1ug TBTCI
I!. Moreover, in the comparison of the 48-h LC,; values for TBT among various
trophic level organisms (Table 10.6), caprellids belong to a sensitive group of
organisms. Hayakawa (1976) tested the acute toxicity of the antifouling paint
for steel ship’s bottoms, which contained TBTO as a dominant component, and
reported that Caprella penantis was more sensitive than fish, Atherion elymus
and shrimp, Leander serrifer. These facts indicate that caprellids have low resist-
ance to the acute toxicity of TBT. The ecological risk assessment evaluated in
terms of LC, values may present a possibility for interpreting the ecological risk
of chemical pollutants in the context of population vulnerability (Tanaka and
Nakanishi 2000). The concentration at which the intrinsic rate of natural increase
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corresponds to zero has a highly significant relationship to that of LC, values
(Tanaka and Nakanishi 1998). The extinction of a keystone species such as caprel-
lid occupying an influential ecological niche in the food web may induce instability
in the coastal ecosystem.

Results for the chemical analysis of field-collected crustacean and seawater
samples showed that TBT predominantly accumulated in caprellids and that the
proportions of BTs in these organisms were similar to those found in seawater from
St. W3 (Fig. 10.3). In contrast to caprellids, TBT’s breakdown products, DBT and
MBT, were predominant in gammarids (Fig. 10.3). Thus, as with the above acute
toxicity, there was a difference in the proportion of TBT among caprellids and
gammarids, nevertheless both these groups of amphipods belong to similar trophic
levels (Imada et al. 1981; Sedberry 1988; Holbrook and Schmitt 1992; Horinouchi
and Sano 2000) and share a similar habitat (Imada et al. 1981; Hong 1988) and are
similar body size (Myers 1971; Dahl 1977; Hiwatari and Kajihara 1988; Takeuchi
and Hirano 1991) and life history (Myers 1971; Hiwatari and Kajihara 1988;
Takeuchi and Hirano 1991; Takahashi et al. (1999) also reported that caprellids
accumulated BTs with a significantly high proportion of TBT compared to gam-
marids. These results suggest that the metabolic capacity of caprellids to degrade
TBT is lower than that of gammarids.

It has been known that differences in BT residue levels and the proportion of
TBT in organisms are related to environmental and physiological factors. It seems
that physiological and ecological characteristics, such as metabolic capacity and
trophic levels of each organism, are important factors which influence the pattern of
TBT accumulation. Therefore, the results in the present study suggest that the dif-
ference in sensitivity to TBT among the amphipods is related to the species-specific
capacity to metabolize TBT.

Generally, it is known that several groups of aquatic organisms, e.g. the
Annelida, Arthropoda and Mollusca, have the metabolic capacity to degrade TBT
(Maguire et al. 1984; Maguire and Tkacz 1985; Lee et al. 1987, 1989; Francois
et al. 1989; Thain et al. 1990) and that metabolic capacity varies in different organ-
ism groups (Langston 1990; Laughlin et al. 1986; Lee 1986). For example, the crab
Callinectes sapidus, the fish Leistomus canthurus, and the shrimp Penaeus aztecus
are able to metabolize TBTO, while the oyster Crassostrea virginica show only
a limited ability to metabolize TBTO (Lee 1986). TBT is known to metabolize
by a detoxifying system involving two phases in vivo. The phase-one reactions
involve the cytochrome P-450 dependent mixed-function oxygenase (MFO) system
which hydroxylates TBT to alpha-, beta-, gamma-, and delta-hydroxydibutyltin
derivatives (Fish et al. 1976). The phase-two reactions conjugate sugars or sul-
fate to hydroxybutyldibutyltin, and these highly polar conjugates are then rapidly
eliminated from the organism. The MFO system of vertebrates and invertebrates
is associated with the endoplasmic reticulum of the cell and is a multicomponent
enzyme system composed of phospholipid, cytochrome p-450, and NADPH cyto-
chrome P-450 reductase (Lu 1976; Lee 1981; Stegeman 1981). Thus, metabolism
of a compound generally reduces persistence, increases elimination, and reduces
toxicity (Lee 1996). The Mollusca have low cytochrome P-450 content and mixed



10 Biological Effects of Tributyltin on the Caprellidea (Crustacea: Amphipoda) 183

function oxygenase activity (Lee 1981; Anderson 1985; Livingstone and Farrar
1985). In addition, it is also considered that differences between organisms in terms
of metabolic capacity occur due to the inhibition of the cytochrome system by TBT.
The binding of TBT to glutathione S-transferase and cytochrome P-450 results in
the inhibition of these two detoxifying enzyme systems (Henry and Byington 1976;
Rosenberg and Drummond 1983). Therefore, it is believed that the cause of the
different levels of susceptibility to the acute toxicity of TBT in the two groups of
amphipods in the present study (Fig. 10.2) are related to differences in metabolic
capacity. Further study is necessary to provide evidence of the linkage of TBT
metabolites and TBT metabolizing enzyme systems to the observed effects.

10.5.2 Growth and Morphological Alterations

In the TBT exposure experiments after hatching, the marked delay in growth and
molting during the early developmental and mature stages was found to occur regard-
less of gender in Caprella danilevskii (Ohji et al. 2003a) (Fig. 10.13). However, no
significant difference was found in the growth and molting inhibition in the embry-
onic exposure experiments (Ohji et al. 2002b). These considerations suggest that
effects on sensitive stages by exposure to TBT may extend over a long period after
hatching in the caprellids. Similar growth delays induced by exposure to TBT have
also been reported in various other organisms, e.g. the mysid Acanthomysis sculpta
(Davidson et al. 1986), American oyster Crassostrea virginica (Thain 1986), blue
mussel Mytulis edulis (Strgmgren and Bongard 1987) and American lobster Homarus
americanus (Laughlin and French 1980). Furthermore, several morphological altera-
tions caused by TBT exposure after hatching were observed during the growth of C.
danilevskii, though no morphological alterations were observed in response to TBT
exposure during the embryonic period (Fig. 10.13). The morphological alterations
resulting from exposure to TBT such as imposex in the gastropod Nucella lapil-
lus (Bryan et al. 1986; Gibbs and Bryan 1986, 1987), shell thickening in the oyster
Crassostrea gigas (Thain and Waldock 1986) and deformities in regenerated limbs
of the crab Uca Pugilator (Weis and Kim 1988) have also been reported. Exposure to
TBT after hatching may also have induced the cramp of the pereopod observed in this
study, since TBT is known to be neurotoxic (Watanabe 1980). Collectively evidence
suggests that TBT might act as a developmental toxicant or teratogen, affecting the
processes of differentiation and morphogenesis during growth.

10.5.3 Maturation and Reproduction

Conspicuous inhibition of maturation and reproduction occurred in mature
females even at nanogram-per-liter levels of TBT exposure (corresponding to
present TBT levels in the coastal environment) both after hatching and during
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the embryonic stage, although such inhibitions were not apparent in control
treatments for Caprella danilevskii (Ohji et al. 2002b, 2003a) (Fig. 10.13). In
gastropods, masculinization (imposex) by TBT exposure is the superimposi-
tion of male sex organs (development of a penis and vas deferens) on female
individuals, with this condition leading to reproductive failure and consequently
population decline (Bryan et al. 1986, Gibbs and Bryan 1986, 1987; Bettin et al.
1996; Matthiessen and Gibbs 1998) (Fig. 10.13). Therefore, TBT exposure might
also affect the maturation and reproduction systems of the caprellids, although
no external morphological alterations of reproductive organs were observed in
the present study. In caprellids, TBT might not induce morphological alterations
in the reproductive organs but cause disruptions in the internal physiological
mechanisms concerning maturation and reproduction over the whole life stages.
A similar phenomenon of impairment of egg production has been reported in the
copepod Acarita tonsa (Johansen and Mghlenberg 1987) and in the sea urchin
Paracentrouts lividus (Girard et al. 1997, 2000) in response to TBT exposure.
The cytotoxicity of TBT often results in an arrest of cellular dynamics, leading
to apoptosis (Stridh et al. 1999) or a blocking of cell division (Girard et al. 1997)
primarily occurring through an alteration of macromolecular syntheses (Snoeij
et al. 1988; Girard et al. 1997) or membrane-mediated processes controlling cell
signaling. These processes consist primarily of a disruption of calcium homeo-
stasis (Chow et al. 1992; Matsuoka and Igisu 1996) or calcium signaling (Corsini
et al. 1997; Girard et al. 1997). Girard et al. (1997, 2000) have found that TBT
inhibits sea urchin egg cleavage by altering many of the cellular events related to
cell division. Furthermore, Girard et al. (2000) have suggested that the inhibition
occurs in response to a few hours of TBT exposure and is sufficient to damage
the organism during its embryonic life. A similar inhibition related to egg cleav-
age might occur in caprellids, resulting in brood loss and oogenesis inhibition
in the species. In the present study, impaired reproductive success also occurred
in both short- and long-term exposure to TBT. Therefore, our data suggest that
nanogram concentrations of TBT similar to those encountered in coastal waters
can directly affect reproduction in the caprellids, and that this phenomenon is an
environmentally realistic scenario in the coastal ecosystem.

10.5.4 Sex Disturbance by Tributyltin Exposure in Caprellids

It is noteworthy that no significant differences were seen regarding change in the sex
ratio by TBT exposure at all levels after hatching in the present study (Ohji et al.
2003a) (Fig. 10.13). However, an increase in the female ratio in hatched juveniles
was found in embryonic exposure experiments with Caprella danilevskii (Ohji et al.
2002b). As TBT concentrations increase, the proportion of females were found
to increase to 55.6% at 10ng 17!, 85.7% at 100ng 1! and 81.8% at 1,000ng 1-..
Although the sex ratio in the present study was altered in response to TBT exposure,
the number of females was almost constant (9—12) regardless of increases in TBT
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concentrations. Accordingly, males seem to have a higher sensitivity to TBT than
females. However, the survival rate in response to exposure to TBT has been found
to be similar regardless of sex in the juvenile stage (Ohji et al. 2004, 2005). These
considerations suggest that sex disturbance may be induced during the embryonic
stage in caprellids. This phenomenon contrasts with results for gastropod molluscs
in which TBT exposure after hatching induced imposex in females (Matthiessen and
Gibbs 1998). TBT had marked effects on the development of imposex in the dog
whelk in exposure experiments after hatching (Gibbs et al. 1988). Several hypoth-
eses have been proposed about the imposex induction mechanisms, such as those
involving cytochrome P450 — mediated aromatase inhibition (Bettin et al. 1996),
testosterone excretion — inhibition (Ronis and Mason 1996), functional disorder
of female cerebropleural ganglia (Féral and Le Gall 1983), and involvement of
a neuropeptide — APGWamide (Oberdorster and McClellan-Green 2002, 2003),
although the exact physiological/biochemical pathway was still unclear. Recently, it
is reported that TBT and TPT bind the hRXRs with high affinity and that injection
of 9-cis retinoic acid (RA), the natural ligand of hRXRs, into females of the rock
shell Thais clavigera induces the development of imposex (Nishikawa et al. 2004).
Cloning of the RXR homologue from 7. clavigera revealed that the ligand-binding
domain of rock shell RXR was very similar to vertebrate RXR and bound to both
9-cis RA and to organotins. These results suggest that RXR plays an important
role in the induction/differentiation and growth of male genital tracts in female
gastropods. Since this phenomenon differs from our results, it is suggested that the
mode of action of TBT may differ among organisms. Furthermore, as the factor of
difference of phenomenon among organisms, it is also considered that the effects of
TBT exposure might differ according to the developmental stage of the organism. In
gastropods, TBT induces sex disturbance after sex determination, while, in contrast,
TBT appears to induce sex disturbance prior to sex determination in caprellids. Sex
differentiation in crustaceans, i.e. amphipods, isopods and decapods, is known to
control by a hormone secreted from the androgenic gland (Charniaux-Cotton 1954;
Katakura 1960; Taketomi et al. 1996). It is known that the androgenic gland is pro-
duced during the embryonic period. In our previous study, sex disturbance caused by
TBT was induced in an earlier embryonic stage in the caprellid (Ohji et al. 2003b).
Therefore, it is considered that TBT might affect the production of the androgenic
gland or the secretion of androgenic hormone in the caprellid.

Furthermore, as mentioned above, TBT is known to be metabolized by the
two phases detoxifying system involving the cytochrome P-450 dependent MFO
system. The binding of TBT to glutathione S-transferase and cytochrome P-450
results in the inhibition of two detoxifying enzyme systems. Furthermore, cyto-
chrome P-450 systems control the conversion of cholesterol into a variety of
hormones. Inhibition or stimulation of cytochrome P-450 systems can result in
changes in hormone production or clearance (Levin et al. 1974; Kupfer and Bugler
1976). Therefore, TBT may conceivably affect androgenic hormone production in
the caprellids. Further experiments are needed to clarify TBT action in the endo-
crine systems in this genus.



10 Biological Effects of Tributyltin on the Caprellidea (Crustacea: Amphipoda) 187

10.5.5 Survival and Biomass of Caprellids
in the Coastal Ecosystem

It is reported here that TBT affects the caprellid community at present. The biomass
of the caprellids inhabiting sea grasses communities in the inner of the Otsuchi
Bay (49.8-125.0 individuals m=) were a tenth of that near the mouth of the bay
(1112.5 individuals m=?) (Takeuchi and Hino 1997). This significant difference in
caprellid biomass between inner and mouth of the Otsuchi Bay might be induced
by the difference in TBT concentrations at each site, since TBT concentrations
were higher in the inner bay (3.9-19ng 17!) than at the mouth (less than the detec-
tion limit) (Takahashi et al. 1999; Ohji et al. 2002a). Furthermore, prior to 1960,
an extremely high biomass of the caprellids was reported from Japan (Fuse 1962).
Seasonal fluctuation of the epifaunal animals living in the Sargassum zone in
Kasaoka Bay, Japan, from 1956 to 1958 were studied, and it was reported that the
biomass of the caprellids was 1.3kg wet wt m=. In the past decade, such a high
biomass and density of caprellid amphipods has not been reported in the coastal
waters of Japan or of those of other developed countries. The biomass of caprel-
lids inhabiting the Sargassum zone in Otsuchi Bay, Japan, from1993 to 1995 was
estimated at 100g wet wt m= (Takeuchi 1998). Although a reduction in TBT
contamination was recorded after the ban (Environment Agency Japan 1995),
TBT concentrations in Japanese coastal waters still persist, ranging from below
the detectable level to 160ng 17! (180ng 17! as TBTCI) (Takeuchi et al. 2001) and
averaging 10ng I”' (11 ng I"' as TBTCI). Furthermore, the high TBT contamination
in marine organisms and seawater continues in the coastal waters of Spain, France
and Canada (Chau et al. 1997; Morcillo et al. 1997; Michel and Averty 1999), as
well as in Asian and Oceanian countries (Kannan et al. 1995; Kan-antireklap et al.
1997) where no restrictions have been imposed. In small estuaries, marinas and
moorings contribute significantly to TBT load, ranging from 24ng I"' (27ng 1"
as TBTCI) to 2,440ng 7' (2,740ng "' as TBTCI) (Lau 1991; Batley 1996). In the
present study, a drastic decrease in the survival rate was observed in response to
TBT exposure in both short- and long period even at 10ng TBTCI 1!, which cor-
responds to mean concentrations in the coastal waters (Ohji et al. 2002b, 2003a)
(Fig. 10.13). Regarding survival rate throughout the whole life history, based on
the results of the TBT exposure during the embryonic period (Ohji et al. 2002b)
and after hatching (Ohji et al. 2003a), significant differences were also seen in the
survival rate between the control and the other four concentrations of TBTCI (Fig.
10.14). The survival rate over 55 days (5 days in the embryonic period and 50 days
from juvenile stage to mature stage after hatching) after spawning decreased in a
range from 0% (10,000ng TBTCI 1) to 17.3% (10ng TBTCI 1) (2.9% in 1,000 ng
TBTCI 17! and 4.1% in 100ng TBTCI I7!) except for the control (100%). These
considerations all lead to the conclusion that TBT exposure threatens the survival of
caprellids through their whole life history, and may have contribute to the decrease
in the caprellid biomass in the coastal ecosystems.
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Fig. 10.14 Survival rate throughout whole life history in specimens based on the results of the
TBT exposure after hatching (Ohji et al. 2003a) and during the embryonic period (Ohji et al.
2002a). The number of eggs at the beginning of the experiment was calculated as 100%. Log-rank
test, “p < 0.0001

10.6 Conclusions

In acute toxicity tests, the 48-h LC, values for caprellids were significantly lower
than those for gammarids. This suggests that caprellids are more sensitive to TBT
than gammarids. Furthermore, in the caprellids, TBT was the predominant com-
pound accumulated, which reflected the BT ratio in seawater, while in the gamma-
rids, TBT’s breakdown products (DBT and MBT) predominated. This difference
suggests that caprellids have a lower metabolic capacity to degrade TBT than
gammarids. Therefore, the difference in sensitivity to TBT among these amphipods
could be related to the species-specific capacity to metabolize TBT. Moreover, in
the comparison of 48-h LC, values for TBT among various trophic level organ-
isms, the caprellids belong to one of the more sensitive groups of organisms. In
chronic toxicity tests, even at ambient water concentrations, exposure to TBT after
hatching (50 days) influences survival, growth, maturation, reproduction and mor-
phological alterations in the caprellids. Adverse effects on sex ratio, reproduction,
and survival of caprellids have also been observed after TBT exposure only with
exposure during the embryonic stage (5 days) at ambient water concentrations.
Remarkably, the proportion of females increased dramatically in response to expo-
sure to TBT in the embryonic period, though no significant difference was observed
in the sex ratio in response to long-term exposure to TBT at these levels after
hatching. These findings suggest that sex disturbance might therefore be induced
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during the embryonic stage in caprellids. It has been reported that caprellids have a
lower metabolic capacity to degrade TBT and therefore accumulate BTs at higher
concentrations than other organisms in the coastal ecosystem. Accordingly, TBT
exposure, both short- and long-term, in the coastal environment might critically
damage the life history characters of caprellids. The impaired reproductive success
of a keystone species affects the entire population of species due to drops in the
reproductive output below the critical level required for maintaining the popula-
tion’s survival, thus leading to changes in the ecosystem around keystone species.
Since caprellids link primary producers to higher consumers in coastal waters, the
high ecological risk to caprellids due to their high sensitivity to TBT over their life
history may result in a disturbance in the coastal water ecosystem.

References

Alabaster J S (1969) Survival of fish in 164 herbicides, insecticides, fungicides wetting agents and
miscellaneous substances. Int Pesticide Control 2:287-297

Alzieu C (1996) Biological effects of tributyltin on marine organisms. In: de Mora S J (ed)
Tributyltin: case study of an environmental contaminant. pp 167-211, Cambridge University
Press, Cambridge

Anderson R S (1985) Metabolism of a model environmental carcinogen by bivalve molluscs. Mar
Environ Res 17:137-140

Batley G (1996) The distribution and fate of tributyltin in the marine environment. In: de Mora
S J (ed) Tributyltin: case study of an environmental contaminant. pp 139-166, Cambridge
University Press, Cambridge

Bettin C, Ochlmann J, Stroben E (1996) TBT- induced imposex in marine neogastropods is medi-
ated by an increasing androgen level. Helgol Meeresunters 50:299-317

Bosselmann K (1996) Environmental law and tributyltin in the environment. In: de Mora S J (ed)
Tributyltin: case study of an environmental contaminant. pp 237-263, Cambridge University
Press, Cambridge

Bryan G W, Gibbs P E (1991) Impact of low concentrations of tributyltin (TBT) on marine organisms:
areview. In: Newman M C, MclIntosh A W (eds) Metal ecotoxicology: concepts and applications.
pp 323-361, Lewis Publishers, Michigan

Bryan G W, Gibbs P E, Hummerstone L G et al. (1986) The decline of the gastropod Nucella
lapillus around south — west England: evidence for the effect of tributyltin from antifouling
paints. ] Mar Biol Ass UK 66:611-640

Bushong S J, Hall, W S, Johnson W E et al. (1987) Toxicity of tributyltin to selected
Chesapeake Bay biota. In: Proceedings of the Organotin Symposium, Oceans ‘87 Conference,
pp 1499-1503, Halifax, Nova Scotia, Canada

Caine E A (1989) Caprellid amphipod behavior and predatory strikes by fish. J] Exp Mar Biol Ecol
126:173-180

Champ M A, Seligman P F (1996) An introduction to organotin compounds and their use in antifouling
coatings. In: Champ M A, Seligman P F (eds) Organotin: environmental fate and effects. pp 1-25,
Chapman & Hall, London

Champ M A, Wade T L (1996) Regulatory policies and strategies for organotin compounds. In: Champ
M A, Seligman P F (eds) Organotin: environmental fate and effects. pp 430458, Chapman &
Hall, London

Charniaux-Cotton H (1954) Découverte chez un Crustacé Amphipode (Orchestia gammarella)
d’ une glande endocrine responsible de la différenciation des caracteres sexuels primaries et
secondaires males. CR Hebd Séances, Acad Sci, Paris 239:780-782



190 M. Ohji

Chau Y K, Marguire R J, Brown M et al. (1997) Occurrence of butyltin compounds in mussels in
Canada. Appl Organomet Chem11:903-912

Chow S C, Kass G E N, McCave M J et al. (1992) Tributyltin increases cytosolic free Ca** con-
centration in thymocytes by mobilizing intracellular Ca?*, activating a Ca** entry pathway, and
inhibiting Ca** efflux. Arch Biochem Biophys 298:143-149

Corsini E, Viviani B, Marinovich M et al. (1997) Role of mitochondria and calcium ions in trib
utyltin-induced gene regulatory pathways. Toxicol Appl Pharmacol 353:136-143

Dahl E (1977) The amphipod functional model and its bearing upon systematics and phylogeny.
Zoologica Scripta 6:221-228

Davidson B M, Valkirs A O, Seligman P F (1986) Acute and chronic effects of tributyltin on the mysid
Acanthomysis sculpta, Crustacea, Mysidacea. In: Proceedings of the Organotin Symposium,
Oceans ‘86 Conference, vol. 4, pp 1219-1225, Washington, DC

Environment Agency Japan (1990) Analytical method for butyltin and phenyltins. Heisei
Gan-Nen Do. Technical Report for the Development of Analysis of Artificial Chemicals.
Environmental Health and Safety Division, Environmental Health Department, Environment
Agency, Tokyo, pp 127-137

Environment Agency Japan (1995) Chemicals in the environment. Environmental Health and
Safety Division, Environmental Health Department, Environment Agency, Tokyo

Fent K (1996) Ecotoxicology of organotin compounds. Crit Rev Toxicol 26:1-117

Féral C, Le Gall S (1983) In: Lever J, Boer H H (eds) Molluscan Neuro-endocrinology.
pp 173-175, North-Holland Publishing, Amsterdam

Fish R H, Kimmel E C, Casida J E (1976) Bioorganotin chemistry: reactions of tributyltin deriva-
tives with a cytochrome P-450 dependent monooxygenase enzyme system. J Organomet Chem
118:41-54

Francois R, Short F T, Weber J H (1989) Accumulation and persistence of tributyltin in eelgrass
(Zostera marina L.) tissue. Environ Sci Technol 23:191-196

Fuse S (1962) The animal community in the Sargassum belt. Physiol Ecol 11:23-45

Gibbs P E, Bryan G W (1986) Reproductive failure in populations of the dog-whelk, Nucella
lapillus, caused by imposex induced by tributyltin from antifouling paints. J Mar Biol Ass UK
66:767-777

Gibbs P E, Bryan G W (1987) TBT paints and the demise of the dogwhelk Nucella lapillus,
Gastropoda. In: Proceedings of the Organotin Symposium, Oceans ‘87 Conference, vol. 4, pp
14821487, Halifax, Nova Scotia

Gibbs P E, Pascoe P L, Burt G R (1988) Sex change in the female dogwhelk, Nucella lapillus,
induced by tributyltin from antifouling paints. J Mar Biol Ass UK 68:715-731

Girard J P, Ferrua C, Pesando D (1997) Effects of tributyltin on Ca?* homeostasis and mechanisms
controlling cell cycling in sea urchin eggs. Aquat Toxicol 38:225-239

Girard J P, Szpunar J, Pedrotti M L et al. (2000) Toxicity of tri-n-butyltin to sea urchin eggs
and larvae: relation to bioaccumulation at the nanomolar level. Environ Toxicol Chem
19:1272-1277

Hall L W, Bushong S J, Ziegenfuss M C et al. (1988) Acute and chronic effects of tributyltin on
a Chesapeake Bay copepod. Environ Toxicol Chem 7:41-46

Harino H, Fukushima M (1992) Simultaneous determination of butyltin and phenyltin compounds
in the aquatic environment by gas chromatography. Analytica Chimica Acta 246:91-96

Hayakawa Y (1976) An estimate of the permissionable limits of the number of boats moored in
Moroiso Cove. Bull Japan Soc Fish Oceanogr 29:15-29

Henry R A, Byington K H (1976) Inhibition of glutathione S-aryltransferase from rat liver by
organogermanium, lead and tin compounds. Biochem Pharmacol 25:2291-2295

Hiwatari T, Kajihara T (1988) Experimental studies on the growth and breeding of Hyale barbicornis
(Amphipoda, Crustacea) at different temperatures. Bull Japan Soc Fish Sci 54:39—43

Holbrook S J, Schmitt R J (1992) Cause and consequences of dietary specialization in surfperches:
patch choice and intraspecific competition. Ecology 73:402—412

Hong J S (1988) Amphipod Crustaceans as fouling organisms in Tungnyang Bay, Korea. Mar Fouling
7:1-7



10 Biological Effects of Tributyltin on the Caprellidea (Crustacea: Amphipoda) 191

Horinouchi M, Sano M (2000) Food habits of fishes in a Zostera marina bed at Aburatsubo, central
Japan. Ichthyol Res 47:163-173

Imada K, Hirayama A, Nojima S et al. (1981) The microdistribution of phytal amphipods on
Sargassum seaweeds. Res Crust 11:124-137

Iwata H, Tanabe S, Miyazaki N et al. (1994) Detection of butyltin compound residues in the blubber
of marine mammals. Mar Pollut Bull 28:607-612

Johansen K, Mghlenberg F (1987) Impairment of egg production in Acartia tonsa exposed to
tributyltin oxide. Ophelia 27:137-141

Kan-antireklap S, Tanabe S, Sanguansin J et al. (1997) Contamination by butyltin compounds
and organochlorine residues in green mussel (Perna viridis, L.) from Thailand coastal waters.
Environ Pollut 94:79-89

Kannan K, Tanabe S, Iwata H et al. (1995) Butyltin in muscle and liver of fish collected from
certain Asian and Oceanian countries. Environ Pollut 90:279-290

Katakura Y (1960) Transformation of ovary into testis following implantation of androgenic
glands in Armadillidium vulgare, an isopod crustacean. Zool Jpn 33:241-244

Kupfer D, Bugler W H (1976) Interactions of chlorinated hydrocarbons with steroid hormones.
Federation Proc 35:2603-2608

Langston W J (1990) Bioavailability and effects of TBT in deposit-feeding clams, Scrobicularia plana.
In: Proceedings of the 3rd International Organotin Symposium, pp 110-113. Vienna, Monaco

Lau M M (1991) Tributyltin antifoulings: a threat to the Hong Kong marine environment. Arch
Environ Contam Toxicol 20:299-304

Laughlin R B, French W J (1980) Comparative study of the acute toxicity of a homologous series
of trialkyltins to larval shore crabs, Hemigrapsus nudus, and lobster, Homarus americanus.
Bull Environ Contam Toxicol 25:802-809

Laughlin R B, Nordlund K, Linden O (1984) Long-term effects of tributyltin compounds on the
Baltic amphipod, Gammarus oceanicus. Mar Environ Res 12:243-271

Laughlin R B, French W, Guard H E (1986) Accumulation of bis(tributyltin) oxide by the marine
mussel Mytilus edulis. Environ Sci Technol 20:884-890

Lee R F (1981) Mixed function oxygenase (MFO) in marine invertebrates. Mar Biol Lett 2:87-105

Lee R F (1986) Metabolism of bis(tributyltin)oxide by estuarine animals. In: Proceedings of the
Organotin Symposium, Oceans ‘86 Conference, pp 1182—1188, Washington, DC

Lee R F (1996) Metabolism of tributyltin by aquatic organisms. In: Champ MA, Seligman P F
(eds) Organotin: environmental fate and effects. pp 369-382, Chapman & Hall, London

Lee R F, Valkirs A O, Seligman P F (1987) Fate of tributyltin in estuarine areas. In: Proceedings
of the Organotin Symposium, Oceans ‘87 Conference, pp 1411-1415, Washington, DC

Lee R F, Valkirs A O, Seligman P F (1989) Importance of microalgae in the biodegradation of
tributyltin in estuarine waters. Environ Sci Technol 23:1515-1518

Levin W, Welch M W, Conney A H (1974) Increased liver microsomal androgen metabolism by
phenobarbital: correlation with decreased androgen action on the seminal vesicles of the rat.
J Pharmacol Exp Ther 188:287-292

Livingstone D R, Farrar S V (1985) Responses of the mixed function oxidase system of some
bivalve and gastropod molluscs to exposure to polynuclear aromatic and other hydrocarbons. Mar
Environ Res 17:101-105

Lu AY H (1976) Liver microsomal drug metabolizing enzymes: functional components and their
properties. Fed Proc 35:2461-2463

Maguire R J, Tkacz R J (1985) Degradation of the tri-n-butyltin species in water and sediment
from Tronto Harbor. Environ J Agric Food Chem 33:947-953

Maguire R J, Wong P T S, Rhamey J S (1984) Accumulation and metabolism of tri-n-butyltin
cation by a green alga, Ankistrodesmus falcatus. Can J Fish Aquat Sci 41:537-540

Matsuoka M, Igisu H (1996) Induction of c-fos expression by tributyltin in PC12 cells: involve-
ment of intracellular Ca**. Environ Toxicol Pharmacol 2:373-380

Matthiessen P, Gibbs P E (1998) Critical appraisal of the evidence for tributyltin-mediated endo-
crine disruption in molluscs. Environ Toxicol Chem 17:37-43



192 M. Ohji

McCain J C, Steingerg J E (1970) Amphipoda I. Caprellidea I. Fam. Caprellidae. In: Gruner H E,
Holthuis L B (eds) Crustaceorum Catalogus. Pars 2, pp 1-78, SPB Academic Publishing,
Amsterdam

Michel P, Averty B (1999) Contamination of French coastal waters by organotin compounds: 1997
update. Mar Pollut Bull 38:268-275

Morcillo Y, Borghi V, Porte C (1997) Survey of organotin compounds in the Western Mediterranean
using molluscs and fish as sentinel organisms. Arch Environ Contam Toxicol 32:198-203

Myers A A (1971) Breeding and growth in laboratory-reared Microdeutopus gryllotalpa Costa
(Amphipoda: Gammaridea). J Nat Hist 5:271-277

Nishikawa J, Mamiya S, Kanayama T et al. (2004) Involvement of the retinoid X receptor in
the development of imposex caused by organotins in gastropods. Environ Sci Technol 38:
6271-6276

Oberdorster E, McClellan-Green P (2000) The neuropeptide APGWamide induces imposex
induction in the mud snail, /lyanassa obsoleta. Peptides 21:1323-1330

Oberddrster E, McClellan-Green P (2002) Mechanisms of imposex induction in mud snail,
Ilyanassa obsoleta: TBT as a neurotoxin and aromatase inhibitor. Mar Environ Res
54:715-718

OECD (1998) Fish, short-term toxicity test on embryo and sac-fry stages. OECD guideline for
testing of chemicals, proposal for a new guideline 212, pp 1-20

Ohji M, Takeuchi I, Takahashi S et al. (2002a) Differences in the acute toxicities of tributyltin between
the Caprellidea and the Gammaridea (Crustacea: Amphipoda). Mar Pollut Bull 44:16-24

Ohji M, Arai T, Miyazaki N (2002b) Effects of tributyltin exposure in the embryonic stage on sex ratio
and survival rate in the caprellid amphipod Caprella danilevskii. Mar Ecol Prog Ser 235:171-176

Ohji M, Arai T, Miyazaki N (2003a) Chronic effects of tributyltin on the caprellid amphipod
Caprella danilevskii. Mar Pollut Bull 46:1263-1272

Ohji M, Arai T, Miyazaki N (2003b) Timing of sex disturbance caused by tributyltin exposure
during the embryonic stage in the caprellid amphipod, Caprella danilevskii. ] Mar Biol Ass
UK 83:943-944

Ohji M, Arai T, Miyazaki N (2004) Effects of tributyltin on the survival in the caprellid amphipod
Caprella danilevskii. ] Mar Biol Ass UK 84:345-349

Ohji M, Arai T, Miyazaki N (2005) Acute toxicity of tributyltin to the Caprellidea (Crustacea:
Amphipoda). Mar Environ Res 59:197-201

Ronis M J J, Mason A Z (1996) The metabolism of testosterone by the periwinkle (Littorina lit-
torea) in vitro and in vivo: Effects of Tributyl tin. Mar Environ Res 42:161-166

Rosenberg D W, Drummond G S (1983) Direct in vivo effects of bis(tri-n-butyltin)oxide on
hepatic cytochrome P-450. Biochem Pharmacol 32:3823-3829

Sedberry G R (1988) Food and feeding of black sea bass, Centropristis striata, in live bottom
habitats in the South Atlantic bight. J Elisha Mitchell Sci Soc 104:35-50

Snoeij N J, Bol-Schoenmakers M, Penninkis A H et al. (1988) Differential effects of tri-n-butyltin
chloride on macromolecular synthesis and ATP levels of rat thymocyte subpopulations obtained
by centrifugal elutriation. Int J Immunopharmacol 10:29-37

Stegeman J J (1981) Polynuclear aromatic hydrocarbons and their metabolism in the marine
environment. In Gelboin H V, Ts’o P O P (eds) Polycyclic hydrocarbons and cancer vol. 3, pp
1-60, Academic, New York

Stridh H, Orrenius S, Hampton M B (1999) Caspase involvement in the induction of
apoptosis by environmental toxicants tributyltin and triphenyltin. Toxicol Appl Pharmacol
156:141-146

Strgmgren T, Bongard T (1987) The effect of tributyltin oxide on growth of Mytilus edulis. Mar
Pollut Bull 18:30-31

Takahashi S, Tanabe S, Takeuchi I et al. (1999) Distribution and specific bioaccumulation of
butyltin compounds in a marine ecosystem. Arch Environ Contam Toxicol 37:50-61

Taketomi Y, Nishikawa S, Koga S (1996) Testis and androgenic gland during development of
external sexual characteristics of the crayfish Procambarus clarkii. J Crust Biol 16:24-34



10 Biological Effects of Tributyltin on the Caprellidea (Crustacea: Amphipoda) 193

Takeuchi I (1990) A preliminary note on a hermaphroditic abnormality of Caprella danilevskii
Czerniavski (Crustacea: Amphipoda). Ann Rep Mar Ecosystems Res Ctr 10:29-30

Takeuchi I (1998) Dry weight, carbon and nitrogen components of the caprellid amphipods
(Crustacea) inhabiting the Sargassum yezoense community of Otsuchi Bay, northeastern Japan.
Mar Biol 130:417-423

Takeuchi I, Hirano R (1991) Growth and reproduction of Caprella danilevskii (Crustacea: Amphipoda)
reared in the laboratory. Mar Biol 110:391-397

Takeuchi I, Hino A (1997) Community structure of caprellid amphipods (Crustacea) on seagrasses
in Otsuchi Bay, northeastern Japan, with reference to the association of Caprella japonica
(Schurin) and Phyllospadix iwatensis Makino. Fish Sci 63:327-331

Takeuchi I, Takahashi S, Tanabe S et al. (2001) Caprella watch; a new approach for monitoring
butyltin residues in the ocean. Mar Environ Res 52:97-113

Tanaka Y, Nakanishi J (1998) Ecological risk estimation based on life table evaluation of chronic
toxicity. J Japan Soc Water Environ 21:589-595

Tanaka Y, Nakanishi J (2000) Mean extinction time of populations under toxicant stress and eco-
logical risk assessment. Environ Toxicol Chem 19:2856-2862

Thain J E (1983) The acute toxicity of bis (tributyl tin) oxide to the adults and larvae of some marine
organisms. ICES, CM E, 10

Thain J E (1986) Toxicity of TBT to bivalves: effects on reproduction, growth and survival.
In: Proceedings of the Organotin Symposium, Oceans ‘86 conference, vol. 4, pp 1306-1313.
Washington, DC

Thain J E, Waldock MJ (1986) The impact of tributyltin, TBT antifouling paints on molluscan
fisheries. Water Sci Technol 18:193-202

Thain J E, Waldock M J, Finch J et al. (1990) Bioavailability of the residues in sediments to animals.
In: Proceedings of the 3rd International Organotin Symposium, pp 84-86, Vienna, Monaco

Walsh G E (1986) Organotin toxicities studies conducted with selected marine organisms at EPAS
environmental research laboratory, Gulf Breeze, Florida. In: Proceedings of the Organotin
Symposium, Oceans ‘86 Conference, vol 4, pp 23-25, Washington, DC

Watanabe I (1980) Organotins. In: Spencer P S, Schaumburg H H (eds) Experimental and clinical
neurotoxicology. pp. 545-557, Williams & Wilkins, Baltimore, MD

Weis J S, Perlmutter J (1987) Effects of tributyltin on activity and burring behavior of the fiddler
crab, Uca pugirator. Estuaries 10:342-346

Weis J S, Kim K (1988) Tributyltin is a teratogen in producing deformities in limbs of the fiddler
crab, Uca pugirator. Arch Environ Contam Toxicol 17:583-587

Weis J S, Gottlieb J, Kwiaikowski J (1987) Tributylyin retards regeneration and produces deformites
of limbs in the fiddler crab, Uca pugirator. Arch Environ Contam Toxicol 16:321-326





