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ABSTRACT. The use of tributyltin (TBT)-based antifouling paints is unregulated in Israel, and levels of 
contamination are high along the Mediterranean coastline there. This is indicated by concentrations of 
butyltins found in the tissue, and by irnposex in the whelks Strarnonita haemastoma and Hexaplex 
trunculus. Both the old (since 1974) and new (since late 1995) marinas we studied are hotspots of pol- 
lution. Imposex indices were very high at the old manna (RPSI > 100, VDSI 4 to 5) ;  all female H. trun- 
culus and some S. haemastoma were sterile within a dlstance of ca 1 km from it. The new marina 
offered a unique opportunity to witness the rapid and intense response of the whelks to TBT pollution 
in an open coastline. Despite a marked decrease in levels of contarnmation at distances of 1 to 2 km 
from both marinas, there were nevertheless detectable levels of butyltins sufficient to cause imposex in 
reference sites far from high shipping activity. There is evidence that TBT contamination affects abun- 
dance and relatlve growth rates, of male and female, of the 2 whelks around the marinas. Differences 
in biological response to TBT were observed between the 2 whelk species: S. haemastoma had higher 
levels of organotins than H. trunculus in most study sites, which may be related to different sensitivity 
or accumulation rates. In S. haemastorna a male-biased sex ratio was revealed around the old Tel Aviv 
marina, which may be derived from either female mortality or from a complete sex change in some 
females. Further development of marinas at coastal resorts is undesirable, certainly in the absence of 
regulations limiting the use of TBT-based antifoulants, and the establishment of such regulations is 
highly recommended. 
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INTRODUCTION 

Tributyltin (TBT) has been used successfully as an 
effective biocide in antifouling paints for more than 2 
decades. It has been described as the most toxic sub- 
stance ever deliberately introduced into the aquatic 
environment (Goldberg 1986), causing damage by 
leaching from the antifoulants used on boat hulls and 
mariculture cages into the water column. The best- 
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documented cases of its impact on non-target organ- 
isms are those concerning the Pacific oyster Cras- 
sostrea gigas and the dogwhelk Nucella lapillus. TBT 
was responsible for malformation of oysters' shells, 
poor spatfall and the near collapse of oyster farming in 
western France in the early 1980s (Claisse & Alzieu 
1993). It also led to a decline in populations of N. lapil- 
lusin southwest England (Bryan et al. 1986). N. lapillus 
females developed the condition known as irnposex, in 
which male characteristics, including a penis and vas 
deferens, become superimposed on their own geni- 
talia. Many of the populations which were surveyed in 
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the 1980s suffered from high female mortality and 
reproductive failure. The worst-affected ones were 
dominated by old males, and the species became 
locally extinct in some pldces (Bryan et  al. 1986, Evans 
et al. 1996). Subsequently, it became evident that 
imposex was widespread and described in at  least 72 
species of gastropods world-wide (Oehlmann et al. 
1991). TBT was also demonstrated to have lethal and 
sub-lethal effects on many other marine taxa (see for 
review Alzieu 1996). 

TBT can be effective at  concentrations close to the 
limits of chemical detection and, consequently, biolog- 
ical responses to it have been developed as indicators, 
including abnormal shell growth in oysters (Dyryanda 
1992) and imposex in gastropods (see above). Gibbs et  
al. (1987) recommended the use of 2 quantitative mea- 
sures of imposex in Nucella lapillus: (1) relative penis 
size index (RPSI), which compares the size of the 
female penis with that of the male as a standard; and 
(2)  vas deferens sequence index (VDSI), which recog- 
nises 6 stages, primarily in the development of the vas 
deferens and penis. Females at VDSI Stages 1 to 4 are  
still capable of breeding, but at Stages 5 and 6 their vas 
deferens occludes the opening of the genital pore, ren- 
dering them sterile. These responses have been used 
widely in a range of surveys, examining a number of 
whelk species (Stroben et al. 1995). 

In view of the toxicity of TBT it is not surprising that 
legislative control aimed at regulating the use of TBT- 
based antifouling paints has been introduced in a 
num.ber of countries, of which France was the first in 
1982. The French government believed small boats to 
be the main source of contamination in coastal waters, 
and prohibited the use of TBT on vessels <25 m in 
length. Similar regulations followed, for example, in 
Britain and  several other European countries, the USA, 
Canada, New Zealand and Australia (Stewart 1996), 
and proved to be highly effective in reducing TBT con- 
tamination. The ambient levels of butyltins decreased 
in the water colunrn, sediment and the tissues of 
molluscs, and since then there has been a substantial 
recovery of the affected populations of oysters and 
whelks (see review by Evans et al. 1995). Centres of 
commercial shipping activity, especially harbours with 
dry docks, are still hotspots of contamination, but the 
impdct is surprisingly local (Evans et al. 1996). How- 
ever, other countries, including Israel, have not regu- 
lated the use of TRT-based antifoulants, and back- 
y l u u ~ ~ d  iriiels irf c ~ f i k a ~ i i i i i i i ~ i i  may already "v high in 
their coclstdl waters. Moreover, it IS feared that the 
situation will worsen with the current and planned 
development of yachting marinas at several coastal 
resorts in Isrdel. To date, there have been relatively 
lew studies of the effects of TBT in the Mediterranean 
Sea, but h iyh  concentrations have been reported in the  

Tyrrhenian Sea, Italy (Bacci & Gaggi 1989), Turkey 
and Egypt during the MEDPOL survey (Gabrielides et  
al. 19901, the Bay of Naples (Cocchieri et al. 1993) and 
the CBte d'Azur, France, even after the introduction of 
regulations (Tolosa et al. 1996). So far. the only evi- 
dence of imposex associated with TBT pollution in the 
Mediterranean comes from the coastal waters of Malta 
(Axlak e t  al. 1995), where severe symptoms were 
found in the whelk Hexaplex trunculus. 

The overall objective of the present study was to 
assess current levels of butyltin contamination along 
the eastern Mediterranean coast of Israel. Particular 
attention was paid to 2 marinas-a well-established 
one in Tel Aviv (commenced operation 1974) and a 
recently constructed one in Herzelia (opened late 
1995) -and to the extent to which contamination orig- 
inating from harbouring yachts pollutes adjacent 
coastal areas. The degree of pollution was assessed 
according to the level of butyltins found in the tissues 
and the severity of imposex, in 2 local whelks, Stra- 
monjta haemastoma and Hexaplex trunculus. The 
accumulated data also enabled us to compare the bio- 
logical responses of the 2 whelk species. 

METHODS 

Field surveys. An initial survey of the Mediterranean 
coast of Israel, based on collections of Stramonita 
haemastoma, was carried out in several sites (Fig 1) 
during September and November 1996. Most popula- 
tions are  located in the infralittoral, and the whelks 
were therefore collected by SCUBA diving, with the 
exception of the mld-littoral population at Akhziv, 
which was collected by wading At each site 10 to 35 
individuals were collected, according to population 
size. Habitat characteristics and proximity to areas of 
boating activity at each site were as follows: (1) Ash- 
qelon, infralittoral boulders and bedrock, to depths of 2 
to 3 m 'below datum, 2.5 km north of an oil jetty; (2) Pal- 
machim, vertical walls of sandstone platforms 2 to 3 m 
deep, no boating activity; (3) Bat-Yam, walls of sand- 
stone platforms 2 to 3 m deep, some activity of small 
boats from an adjacent maritime school; (4) Tel Aviv 
marina, a quarry-rock wave-breaker, 5 m deep,  out- 
side the marina entrance, ca 300 yachts (full capacity); 
(5) Herzelia marina, a concrete-tetrapod and quarry- 
rock wave-breaker, ? m deep, outside of the marina 
-..,..---,. cl,u,,,Lc, cc, 2% yschts [potentia! c;pzci!y of ECC), 
16) Mikhmoret, vertical walls of sandstone platforms, 2 
to 3 m deep,  small number of yachts at  the Maritime 
School; (7) HaBonim, walls of sandstone platforms, 2 to 
3 m deep, a nature reserve with no boating activity; 
(8) Akhziv, midlittoral rocks of incisioned-rock type, 
no boating activity. 
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Fig. 1. Study area and sampling sites along the Israeli Medi- 
terranean coast. Inserts include the Herzelia (top) and Tel 
Aviv (bottom) marinas; numbers represent distances in km 

from the marina entrance 

The second survey included both Stramonita haema- 
stoma and Hexaplex trunculus, and was carried out in 
March 1997 mostly by SCUBA diving. This survey 
included only the yachting marinas at Tel Aviv and 
Herzelia, and 2 reference sites, at Akhziv and 
HaBonim, distant from boating activity. Detailed sur- 
veys were made in areas adjacent to the 2 marinas, 
including the outer walls of the marinas and a series 
of wave breakers at increasing distances from them 
(Fig. 1). The breakers were about 50 m from the shore 
and parallel to it, separated from each other by a sandy 
bottom. We chose 5 sampling sites to the south of Tel 
Aviv marina entrance, at distances of 0.5, 0.7, 1.0, 1.3 
and 1.9 km (bottom depth 5 m), and 4 sampling sites to 
the north at  distances of 0.3, 0.7, 1.3 and 4.5 km (bot- 
tom depth 4 m). We used 2 sampling sites south of 
Herzelia marina entrance outside the wave breaker at 
distances of 0.4 and 0.7 km (bottom depth 7 m), and 3 
to the north at distances of 0.15, 0.3 and 0.5 km (bottom 
depth 4 m). Sample sizes ranged from 5 to 54 for S. 
haemastoma and from 2 to 50 ind. for H. trunculus, 
depending on abundance. Abundance for each species 
was expressed as number of whelks observed per unit 

effort (NUE), i.e. per minute of search time (adopted 
from McClanhan & Muthiga 1992), which according to 
these authors is cost-effective and produces fairly 
reliable population estimates. 

Measurement of imposex. RPSI only was assessed in 
the initial survey of Stramonita haernastoma (Septem- 
ber to November 1996). The whelks were kept in well- 
aerated seawater for 1 wk after collection. They were 
then anaesthetised (relaxed) in a solution of 5 ?L mag- 
nesium chloride in seawater. Shell length was mea- 
sured to the nearest 0.1 mm using vernier callipers. The 
shell was broken, either with a vice or hammer, and 
separated from the soft body. Sex was determined by 
presence or absence of the sperm-ingesting gland and 
the sex ratio was calculated (Spence et al. 1990). The 
length of the curved penis was measured to the nearest 
0.1 mm using a binocular microscope fitted with an eye- 
piece graticule. RPSI was calculated as follows: 

(mean female penis length? 
RPSI = X l00 

(mean male penis length? 

Whelks collected in the second survey (March 1997) 
were transported to the laboratory and frozen to 
-20°C. In April 1997 they were air-shipped to the Dove 
Marine Laboratory (University of Newcastle, UK) for 
imposex analysis. The length of each shell was mea- 
sured and it was then defrosted and the shell broken as 
described above. The mantle was cut and folded back 
to reveal the genitalia. Stramonita haemastoma was 
sexed as described above. Since in Hexaplex trunculus 
the sperm-ingesting gland is almost unnoticeable, sex 
was determined on the basis of the color of the gonads 
(yellow/orange in females and mustard/grey in males), 
and the presence of the capsule gland and genital 
pore. Individuals were determined as sub-adults when 
the gonads could not be distinguished from the diges- 
tive gland (body whorl uniform in color), while these 
organs were easily recognisable in adults (Spence et 
al. 1990). There were no juveniles in the samples of 
either species (see 'Results'). The penis was straight- 
ened before being measured. VDSI was determined 
using categories 1 to 6 given by Gibbs et al. (1987) and 
Fioroni et al. (1991), and were already used for the 2 
species under study by Spence et al. (1990) and Axiak 
et al. (1995). Chi-square test was used to determine 
significant deviations from sex ratio of 1:l for whelks 
grouped from all sites around Tel Aviv and for those 
from the Herzelia area. 

Organotin analysis. Tissue samples of Stramonita 
haemasfoma and Hexaplex frunculus were analysed 
for butyltins by Battelle Ocean Sciences (Duxbury 
Operations, Duxbury, MA, USA). Soft parts of speci- 
mens we had already examined for imposex were air- 
shipped frozen on dry ice. The tissues were homo- 
genised before analysis. Butyltins were extracted from 



232 Mar Ecol Prog Ser 192: 229-238, 2000 

the matrix in subsamples using hexane 
and the chelating agent tropolone. The 
extract was then cleaned through a 
Florinil gel liquid chromatography col- 
umn. The butyltins, including TBT and its 
breakdown products dibutyltin (DBT) and 
monobutyltin (MBT), were quantified by 
gas chromatography with a flame photo- 
metric detector, and using a tin-specific 
photometric filter (Horiguchi et al. 1994), 
and expressed as Sn. The detection limit 
was 1.3 ng g-' dry weight, and the limit of 
quantification was 5 ng g- '  dry weight. 
Concentrations between these 2 limits 
were regarded only as traces. Differences 
in TBT, DBT MBT and total organotin 
(TOT) levels between the 2 whelk species were tested 
for significance using the Wilcoxon signed-ranks test 
for 2 groups arranged as paired observations (n = 16). 

Table 1 lmposex in samples of Stramonita haemastoma obtained during 
November 1996 in different locations from south to north along the Israeli 

Mediterranean coast 

Location Sample Sex Penis length Imposex RPSI 
size ratio in mm (+ SD) (X) (%) 

m/f Female Male 

Ashqelon 20 1.2 4.8 k 2.7 10.6 * 1.5 88 9.2 
Palmachim 25 1.3 2.5 t 1.7 13.1 * 2.6 100 0.7 
Bat-Yam 26 1.2 1 . 2 k 1 . 3  8 3 k 1 . 9  66 0.3 
Tel Aviv marina 35 1.2 7.3 + 1.0 7.6 * 1.1 100 89.4 
Herzelia marina 30 1.1 5.0 t 1.1 8.3 + 2.4 100 22.0 
Mikhmoret 15 1.5 0.5 t 0.5 5 4 i 1 5 67 0.1 
HaBonim 10 1.5 0.6 + 1.2 6.0 * 1.4 25 0.1 
Akhziv 30 0.8 2.4 + 0.9 10.3 * 1.5 100 1.2 

RESULTS 

Irnposex and TBT contamination along the Israeli 
coast 

Imposex was evident in all the samples of Stramonita 
haemastoma and Hexaplex trunculus including those 
from the 2 reference sites at HaBonim 
and Akhziv (Table 1). There were never- 
theless considerable differences in the 
severity of the symptoms recorded at 
the different sites. Imposex was most 
advanced in samples collected from the 
marinas at Tel Aviv and Herzelia and, 
though to a lesser extent, Ashqelon. All 
females examined from the 2 marinas 
and most from Ashqelon displayed im- 
posex (had a penis), and their penises 
were well-developed with RPSI > 9%. An 
increase in RPSI value in S. haemastoma 
was found in the Herzelia marina en- 
trance from November 1996 (22%) to 
March 1997 (36%) ,  while no such in- 
crease was evident in the old Tel Aviv 
marina. Imposex was relatively moderate 
[RPSI < 2'!(#)  in samples from Palmachim, 
Rat Yam, Mikhrnoret, HaBonim dnd 
Alih7iv, hilt m n d  f ~ m a l e r ;  t h p r ~  had 

developed a rudimentary penis. The only 
exception was HaBonim, where only 
2j1::, of the temales demonstrated impo- 
sex. None of the sex ratios proved to be 
significant in a chi-square analysis [prob- 
ably d u e  to the small sample size), how- 

ever males were more abundant than females in 7 out 
of the 8 sites (F= 5.06, p 0.05). 

Concentration of butyltins in tissues of both Stra- 
n~onita haemastoma and Hexaplex trunculus were 
particularly high from the Tel Aviv and Herzelia mari- 
nas; TOTS were >l000 ng g-' dry weight in each case 
(Table 2). There were much lower, but nevertheless 
detectable, levels of butyltin in samples from HaBonim 
and Akhziv. DBT consisted ca 50 to 70 % of all butyltin 
species in most of the samples, while TBT was only 
16% in Tel Aviv marina and 30 to 4 5 %  in Herzelia 
(Table 2). 

Tel Aviv Herzelia 
S haemastoma H. trunculus S, haemasroma H trunculus 

Distance from the marina entrance (km) 
Fig. 2. Strarnonita haen~astoma and Hexaplex trunculus. Levels in ng  g '  dry 
tissue of TBT, its breakdown products. DBT and MBT, and total organolins 

(TOT), around the Tel Avlv and Herzelia mdrinas 
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Gradients of contamination from Tel Aviv Herzelia 
Tel Aviv and Herzelia marinas 

S. haemasroma H. ~runculus S. haemastoma H. lrunculus 

There were marked gradients of 
TBT contamination and its de- 
graded forms, DBT and MBT, 

MS1 m m E 100 

along with symptoms of imposex, 
0 -. 

which decreased progressively 6 

from both the old Tel Aviv marina 
and the newly constructed one at VDSI 
Herzelia (Figs. 2 & 3); however, 

1 - I  symptoms of imposex were more 
0 

I 
advanced in Tel Aviv than in 

;I 
Herzelia. There was a decrease percent loo m m in butyltin contamination at in- sterile 

creasing distances from the 2 females 50 

marinas. The highest concentra- 
0 tions of butyltin were recorded in 

samples collected from the mari- 
nas themselves, or immediately 
adjacent to them (Fig. 2) ,  de- 
creasing progressively at sites 
south- or northward. Concentra- 
tions were roughly 1 order of mag- 
nitude lower at distances > l  to sex 
4 km from Tel Aviv and >0.4 km ratio 
from Herzelia marinas compared (df) 

with the marina entrances. TBT 0 

comprised 14 to 45  % (25.7 * 6.3 %, loo 
n = 32) of the TOT in both whelks Percent 
around the 2 marinas (Fig. 2) .  The sub- 50 

degraded form DBT has the high- adulu 

est value of the 3 butyltin forms 0 .  , - . . 

(Fig. 2). -2 0 2 4 -2 0 2 4 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 

RPSI were high at the marinas Distance from the marina entrance (km) 
and'or at but were Fig. 3. Stramonita haemastoma and Hexaplex trunculus. Imposex indices, RPSI and 

order magnitude VDSI, snail abundance in number per unit effort (NUE) and present sub-adults 
lower >l to 2 km from Tel Aviv around the Tel Aviv and Herzelia marinas 
and >0.3 km from Herzelia 
(Fig. 3). VDSI was high at all sites and there was evi- ered, particularly of Hexaplex trunculus. All females at 
dence of a simllar decrease with distance from the 4 sites adjacent to this marina were sterile, but the 
marina at Tel Aviv only. This trend is even more evi- number of sterile females decreased at greater dis- 
dent from Tel Aviv, if only sterile females are consid- tances (Fig. 3). 

Table 2. Organotin levels (ng g-' dry weight), including TBT, DBT and MBT, in Stramonita haemastoma and Hexaplex trunculus 
from the marina entrances and the 2 reference sites. Percent of TBT, DBT and MBT from TOT is given in parentheses. TOT: total 

organotins; nd: not detected 

Site Stramonita haemastoma Hexaplex trunculus 
TBT DBT MBT TOT TBT DBT MBT TOT 

Tel Aviv marina entrance 258.9 (16) 1142.4 (70) 239.6 (14) 1640.9 499.3 (16) 1732.3 (57) 786.1 (27) 3017.7 
Herzelia marina entrance 447.7 (30) 913.6 (61) 111.3 (9) 1502.6 581.1 (45) 616.8 (49) 70.6 (6) 1268.5 

HaBonim 
Akhziv 
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Tissue concentrations of organotins 
in both species significantly correlated 
(p < 0.001) with the severity of the 
imposex symptoms, measured as RPSI 
or VDSI (Fig. 4 ) .  TBT, MBT, DBT and 
TOT concentrations were significantly 
higher in Strarnonita haeniastoma than 
in Hexaplex trunculusin 12 to 14 of the 
16 sites around the marinas (T j6  = 32, 
p < 0.05; T,, = 19, p < 0.005; T I E  = 28, p < 
0.05 and T,, = 20, p < 0.01, respectively; 
Wilcoxon's signed-ranks test). One case 
in which H. trunculus had higher levels 
was at the Tel Aviv marina entrance 
(Fig. 2), but the measurement here 
was based only on 2 large individuals 
(Table 2 ) .  

Stramonila haemastoma 

:m 
Hexaplex trunculus 

50 

0 

0 500 1000 1500 2000 0 1000 2000 3000 4000 

Total organotins (ng/g dry tissue) 

Fig. 4. Stramonita haemastoma and Hexaplex trunculus. Relationship 
between imposex indices, RPSI and VDSI, and levels of total organotins 

The impact of TBT contamination 
adjacent to marinas 

Stran~onita haen~,astoma and Hexaplex trunculus were 
found at low densities at the Tel Aviv and Herzelia mari- 
nas. In the case of S. haemastoma, numbers tended to 
increase at sampling sites at progressively increasing 
distances south- and northward (Fig. 3). The same trend 
was evident in the abundance of H. trunculus with 
increasing distance to the south of the 2 marinas, but not 
to the north. There was a negative correlation between 
the abundance of S. haemastoma and TOTS in tissue 
samples (r2 = -0.69, p < 0.05), while in H. trunculusit was 
not significant (r2 = -0.28, p > 0.05). 

There was no evidence of recent recruitment of juve- 
niles into populations at any of the sites. In Tel Aviv 
4.7% (20 of 408 whelks) of Strilmonjta haernastoma 
collected were c50  mm in shell length, and 21"h (42 of 
200 whelks) of Hexaplex trunculus were <40 mm. In 
Herzelia 22'%, (87 of 403 whelks) of the S. haemastoma 
collected were <50 mm and 26% (77 of 297 whelks) of 
the H. trunculus were c 4 0  mm. Some sub-adults were 
tound, however, kndicating that recruitment may have 
occurred at some time in the recent past, mainly in 
tIerzelia (Fig. 3).  Nevertheless, their numbers varied 
considerably among sites and there appears to be no 
relat~onship between them and either levels of butyltin 
contamination or the severity of imposex (Figs. 2 & 3).  
Although sex ratio of S. haenlastoma fluctuated around 
!he TP! I ) r ? r i l ~  ~l? i l r i~ l i l ,  there Were mnre than 

fenlales at most sites [Fig. 3). The pooled data were sig- 
nificantly biased towards males in this area (241 and 
178 respectively, F = 9.5, p 0.005), while no signifi- 
cant differpnce in gender numbers was found in either 
the Herzelia area (1 12 and 94) or in H. trunculus from 
Tcl Aviv (149 dnd 154) or Herzelia (135 and 119). 

TBT contamination may have affected the size of 
male and female whelks. Females of Hexaplex truncu- 
lus were significantly larger than males a t  the polluted 
sites of Tel Aviv and Herzelia (means differ by 7.3 and 
7.5 mm respectively). Females of Stramonita haemas- 
toma were significantly larger than males at  Tel Aviv 
(means differ by only 1.5 mm), while there were no sig- 
nificant differences in the sizes of the 2 sexes from the 
reference sites at  HaBonim and Akhziv (Table 3). 
Mean shell length positively correlated with levels of 
TOT in H. trunculus (Fig. 5a), w h ~ l e  no such correlation 
was evident in S. haemastoma (Fig 5b). 

DISCUSSION 

TBT contamination 

Our study presents the first evidence of ~mposex  in 
the eastern Mediterranean, in general, and TBT pollu- 

Table 3. Mean shell length (+ SD) of male and female Stra- 
monita haemastoma and H ~ x a p l e x  trunculus from the 2 mari- 
nas and 'reference' sites. Differences between mean sizes of 
males and females were tested using l-way ANOVA. ns: not 

significanl 

S. haemasfoma 
Males 57.6*5.3 55.7k8.2 46.1k3.6 63.2*5.2 
t-ernales SY.l+S.:I 3 b . l  i8.3 43.8i4.4 b 2 . t l k b . l  

Females 48.4 ? 5.9 47.6 6.9 
0.0001 0.0001 
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Hexaplex rrunculus 
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Bramonira haemasforno 
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TOT (nglg dry tissue) 

Fig. 5 .  Stramonita haemastoma and Hexaplex trunculus. 
Relationship between total organotln (TOT) concentration 

and shell length 

tion in Israel, in particular. TBT contamination in the 
coastal waters of Israel is high and at least as bad as 
that described elsewhere where the use of TBT-based 
paints is unregulated. Butyltin concentrations (> 1000 ng 
g-l) in the tissues of the whelks Stramonita haema- 
stoma and Hexaplex trunculus from the marinas at 
Tel Aviv and Herzelia are generally higher than those 
recorded in H. trunculus from marina and harbour sites 
in Malta (Axiak et al. 1995). Similarly, imposex in our 
samples of S. haemastoma was as well-developed or 
even more pronounced than that described in the same 
species from marinas in the Azores (Spence et al. 1990) 
and commercial harbours in Ghana (Nyarko & Evans 
1997). Imposex in H. trunculus from Israel was shown 
to be as severe or higher than in the same species from 
Malta (Axiak et al. 1995). The situation in these 2 
Mediterranean countries is in marked contrast to 
where regulations limiting the use of TBT-based anti- 
foulants to vessels <25 m in length are in force. Where 
such regulations have been implemented, concentra- 
tions of butyltins have declined in the water column, 
sediment and tissues of molluscs, symptoms of impo- 
sex have decreased, and there has been recovery of 
affected populations of the dogwhelk Nucella lapillus 
and the oyster Crassostrea gigas (for review see Evans 
et  al. 1995). 

Marinas are major hotspots of TBT contamination 
along the coast of Israel, with a marked decrease in 
pollution at  distances of < l  to 2 km from them (Fig. 2), 
presumably due to dilution effects by the open seas. 
Similar localised impact of TBT from centres of boating 
or manculture activity has been reported in several 
studies, such as in the Scottish sea lochs (Davies et al. 

1987), Sullom Voe (Bailey & Davies 1988), Porirua In- 
let and Wellington Harbour, New Zealand (Smith & 

McVeagh 1991), Port Philip Bay, Australia (Foale 1993) 
and Indonesia (Evans et al. 1995, Pandey & Evans 
1996). In the present study, however, butyltin levels 
were still observed to be relatively high 5 km to the 
north of the Tel Aviv marina (ca 200 ng g-' dry tissue), 
and even detected at the reference sites at Akhziv and 
HaBonim, where they were sufficiently high to cause 
imposex in the whelks. The higher TBT/TOT ratio in 
contaminated sites in Israel (25.7 + 6.3 %) as compared 
to those in Malta (9.7 + 6.3 %, recalculated from Axiak 
et al. 1995), and in the Herzelia versus the Tel Aviv 
marina, may be related to the degree of freshness of 
contaminant inputs (Tolosa et al. 1996, Ruiz et al. 
1998). 

The study of the Herzelia marina offered a unique 
opportunity to witness in the field the rapid and 
intense response of whelks to TBT pollution around 
a newly constructed source of contamination in an 
open coastline. Since dilution is probably very intense 
on such an open coast it is quite surprising that TBT 
levels, and consequently imposex intensity, reached 
high values in just 1.5 yr since the marina was opened. 
We have evidence of a rapid development of imposex 
in 3 whelk species near another newly established 
marina located in the south of Israel (Ashqelon, Fig. l ) ,  
which was opened late in 1995. Already in November 
1997 RPSI and VDSI values, respectively, were as 
follows: in Stramonita haemastoma 32.7 and 4 %; in 
Hexaplex trunculus 8.7 and 3 .7%;  and in the Red Sea 
emigrant whelk Thais carinifera 19.4 and 3.5 % (un- 
publ. data). This very rapid imposex response indicates 
high TBT accumulation rates near this newly estab- 
lished marina. Such results are a cause for alarm and 
undoubtedly demonstrate a need for further study. 

Biological impact 

The biological impact of TBT contamination was 
most severe at the Tel Aviv and Herzelia marinas. All 
Hexaplex trunculus females collected within ca 1 km 
of Tel Aviv marina were sterile, and the species was 
rare within this range. This whelk displays direct 
development (Spight 1977), and recruitment can 
therefore not take place as a result of the dispersal of 
larvae from fecund populations elsewhere. Despite the 
presence of a few sub-adults, which indicates some 
recent recruitment, the populations close to these 
marinas can be expected to die out in the near future. 
Local extinction of Nucella lapillus, which has a similar 
life history to H. trunculus, has already occurred in 
several areas of high boating activity in Europe (Bryan 
et al. 1986, Evans et al. 1996). Most females of Stra- 
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monita haemastonla examined in the current study 
were fertile, including 70% at  the Tel Aviv marina 
(Fig. 3). S. haernastoma was also more abundant than 
H. trunculus at the 2 marina sites. The indirect devel- 
opment of this species (Spight 1977, Butler 1985) offers 
a potential supply of recruits from fecund populations 
to polluted areas and is therefore unlikely to suffer 
from local extinction due to TBT contamination. Such 
appears to be the case in Hong Kong and Singapore, 
where Thais spp. is abundant in many areas of high 
shipping activity, despite TBT pollution being high and 
all females being sterile (Evans et al. unpubl.). Our 
finding of a pronounced reduction in abundance of 
both studied species near the marinas (Fig. 3) is thus 
surprising, and might result from a greater mortality of 
larvae as they approach the highly contaminated area, 
or of small juveniles after settlement. This assumption 
appears to be supported by evidence showing that 
larvae and spats of bivalves are susceptible to TBT, 
suffering from high mortality rates and low shell 
growth when exposed to the contaminant (Lapota et  al. 
1993, Ruiz et al. 1994, 1995a,b). 

The absence of juvenile stages of either Stramonita 
haemastorna or Hexaplex trunculus in any of the sam- 
ples collected in the present study is surprising in view 
of their presence in samples of S. haemastoma in 
Louisiana (Brown & Richardson 1987), the Azores 
(Spence et al. 1990) and Ghana (Nyarko & Evans 
1997). This may be related to a general reduction in 
reproduction and/or larval surv~val,  resulting in low 
recruitment rates in the area. Rilov et al. (unpubl.) has 
suggested that recent environmental changes su.ch as 
alteration in salinity and the appearance of a new inva- 
sive medusa, together with TBT pollution, might have 
contributed to the recent reduction in recruitment of 
S. haemastorna. Lack of juveniles may also be due to 
erratic breeding (see Brown & Richardson 1987), al- 
though there is evidence that recruitment has rarely 
occurred among the populations examined for the last 
4 yr along the Israeli coastline (Rilov et al. unpubl.). If 
this is attributable to breeding failure, it is unlikely to 
be  related solely to TBT pollution because it also 
applies to populations of whelks from relatively clean 
sites, such as HaBonim and Akhziv, as well as from 
severely contaminated ones. 

In the present study we found evidence that TBT 
contamination affected the size of Stramonita haema- 
stoma and Hexaplex trunculus (Table 3). Females of 
tlnt_h_ sper!Pr: wore cignifirir_n_t!y !?rgr?.r than ma!pc nr?!:r 
around the contaminated sites in Tel Aviv, and in the 
latter species also in Herzelia. Larger females were 
also found among H. trunculus from Malta, albeit in 
both contaminated and clean areas (Axiak et al. 1995). 
It is possible that in this species size difference be- 
tween sexes is a natural phenomenon which is accen- 

tuated by TBT contamination, while in S, haemasfoma 
it results only from high pollution levels. Gorbushin 
(1997) has described a similar impact on growth in the 
snail Hydrobia ulva as a result of infestation by larval 
trematodes. Heavily parasitised snails grew larger but 
had poorly developed gonads, and the author sug- 
gested that this was the result of an energy reallocation 
from reproduction to somatic growth. Axiak et al. 
(1995) proposed a similar explanation for the increased 
mean size in H. trunculus in highly contaminated 
areas. Similarly, we found a positive correlation be- 
tween organotin levels and mean size in this species. It 
is therefore possible that in our study females of both 
species were larger as a result of higher somatic 
growth due to lower reproductive capability, and that 
the phenomenon is more pronounced In H. trunculus. 
This hypothesis requires manipulative studies of TBT 
exposure for verification. The possibility that differ- 
ences in habitat condition other then TBT levels (e.g. 
food availability) can affect different whelk growth 
should not be excluded. 

In add~t ion to the degree of size difference between 
sexes and the expression of imposex in sterile females, 
i.e. occlusion of the vagina in Stramonita haemastoma 
versus a split in the capsule gland in Hexaplex truncu- 
lus (see 'Methods'), we found 2 other, presumably 
TBT-related differences between the species. The first 
was a shlft in sex ratio from 1 : l  which was evident only 
in S. haemastoma around the old marina in Tel Aviv, 
where pop.ulations generally had more males (see 
'Results'). A similar phenomenon was found by others 
(e.g.  Bryan et al. 1986, Bright & Ellis 1989, Nias et al. 
1993, Nicholson & Evans 1997) and was related to 
severe imposex killing females Such a shift was also 
evident in Thais clavigera from Taiwan (Llu & Chen 
1992), though imposex was not examined there. How- 
ever, in our study male dominance seemed to exist in 
most places where imposex symptoms were relatively 
low and no sterile females were found. It is therefore 
suggested that, if slight male domination is not a nat- 
ural phenomenon in S. haemastoma, high TBT conta- 
mination led to greater female mortality through an as 
yet unknown mechanism. Alternatively, it is possible 
that some femdlcs went through a complete sex 
change, as was evident in some neogastropod spccics 
exposed to TBT contamination (Gibbs et  al. 1988, 1990, 
Oehlmann et  al. 1996) The second difference between 
species was the significantly higher butyltin accumula- 
ting in S h?~rr?;r!clma th;ly! in -H, !_runcc!!!c Sl-!~h dif- 
ferences in butytin levels among CO-occurring species 
were noticed by Oehlmann et al. (1996), who also cor- 
related them to differences in the imposex indices and 
interpreted them as different TBT-sensit~vity of the 
species. Stroben et  al. (1992), however, found no dif- 
ference in TB1  accumulation in exposure experiments 
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with Ninia reticulata and Nucella lapillus. Alterna- 
tively, such differences may be related to differential 
accumulation and/or detoxification rates between spe- 
cies, or to a dietary difference, since some of the TBT 
may have been accumulated through the food chain 
(Stickle 1990) .  

Conclusions 

The results of our study suggest that the newly con- 
structed marinas and the proposed development of 
additional ones along the Israeli coastline could have 
severe environmental consequences. Moreover, since 
the coastline is short - only 190 km- the proposed 
construction of 10 more marinas will produce a series 
of contamination sources which, in turn, will increase 
TBT levels considerably. The main concern is that, 
although such serious biological impact as breeding 
impairment or failure caused by TBT appears to be 
limited to the areas immediately adjacent to marinas, 
butyltin contamination is already evident at sites 
remote from major shipping activity. It should be 
noted that nearshore shipping may have also con- 
tributed to the TBT contamination at these more dis- 
tant sites (Ruiz et al. 1998). Furthermore, we have evi- 
dence that the situation is already worsening: the 
Herzelia marina has the capacity to take up to 800 
yachts, 4 times more than at present, and ambient 
levels of TBT are already similar to those at the old 
manna in Tel Aviv. In addition, measures of imposex 
RPSI at Herzelia increased from 22 to 36% within a 
5 mo period (November 1996 to March 1997), a find- 
ing which may imply that pollution levels have 
increased and that the consequent biological response 
(imposex) developed rapidly. Further monitoring is 
required to confirm this finding. 

The predicted elevation of TBT levels along the 
Israeli coastline should certainly be avoided because, 
despite the surprisingly sparse information on the 
impact of TBT pollution on ecosystems, it is unques- 
tionably known to be toxic to a wide range of marine 
organisms, including microalgae (Beaumont & New- 
man 1986), polychaetes and bivalves (Beaumont et al. 
1989), crustaceans (Rexrode 1987), fish (Wester et al. 
1990) and coelenterates (Mercier et  al. 1996). Regula- 
tions limiting the use of TBT-based antifloulants have 
been successful in reducing TBT contamination in 
Europe (Evans et al. 1995). It is therefore recom- 
mended that regulations either limiting or, once a 
proven safe alternative is available, banning the use 
of TBT-based antifoulants should be introduced in 
Israel. Further development of marinas should cer- 
tainly not be contemplated until such regulations are 
in place. 
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