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Abstract Copper is an active ingredient in many anti- 
fouling products, and pleasure boats are estimated to 
be the major single source of copper pollution in 
Swedish coastal waters. For this reason, the effects of 
copper were studied on egg volume, fertilization, germi- 
nation and development of apical hairs of Baltic Sea 
Fucus vesiculosus L. Germination was the most sensi- 
tive stage and was studied at different concentrations of 
copper, different salinities and different ages of zygotes. 
Low concentrations of copper, 2.5 gg Cul-1,  added to 
natural brackish water before fertilization, adversely 
affected germination at the ambient, suboptimal salin- 
ity of 6 %o, suggesting that as little as a doubling of the 
copper levels in the studied area will severely affect the 
germination frequency of F. vesiculosus. The addition 
of 20 ~tgCu1-1 caused about 70 to 80% decline in 
germination at 6 %o S but also at 20 %o S which is 
higher than optimum. At a salinity close to optimum 
(14 %o S) no negative effect was noticed on germination 
when 20 btg C u l - i  was added. The results suggest that 
the degree of salinity stress acting upon the zygotes is 
a more important factor for the response to copper 
than the influence of salinity on metal availability. 
When 2.5 to 60 pgCu1-1 was added to the medium 
24 h after fertilization, the zygotes were more resistant, 
resembling the response of adult marine fucoid tissue. 

Introduction 

In the larger part of the Baltic Sea, the bladderwrack, 
Fucus vesiculosus, usually dominates the total plant 
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biomass and is a "key-species" of great importance to 
the hard bottom ecosystem (Kautsky 1989; Kautsky et 
al. 1992). Since there is no other perennial alga that can 
replace this beltforming seaweed in its ecological func- 
tion, the disappearance of the bladderwrack would 
most likely result in long lasting and severe problems to 
the Baltic Sea. The F. vesiculosus belt offers a place for 
foraging and shelter for many organisms, including fish, 
and the plants also function as substratum for epi- 
phytes. A decline in population size, and even dis- 
appearence at some localities, has been noticed during 
recent years, and chemical pollution is one of the pre- 
sumed possible reasons (Kautsky et al. 1992; Andersson 
et al. 1992). 

Intertidal Fucales were observed to be as sensitive to 
copper as they are to mercury, and both these metals 
were far more toxic than zinc, lead or cadmium (Str6m- 
gren 1980a). Therefore, although copper is not among 
the most critical metals in the Baltic Sea as identified by 
the anthropogenic loading factor (Lithner et al. 1990), it 
nevertheless seems to be a critical one to brown algae. 

Russian, eastern Baltic and Polish rivers are major 
sources for transport of copper into the Baltic Proper 
(Lithner et al. 1990). Copper is used in antifouling 
products, that is to control growth on underwater 
surfaces, and the Swedish National Chemical Inspec- 
torate (Debourg et al. 1993) has estimated that in 
Swedish inland and coastal waters pleasure boats are 
the major single source (about 30%) of the total copper 
burden. Newly painted pleasure boats are launched in 
large numbers just before or during the time for major 
gamete release of Baltic Sea Fucus vesiculosus in 
May-June (Andersson et al. 1994). Prior to the present 
study, nothing was known about how elevated copper 
concentrations may affect the reproductive processes of 
the species. In addition, there are reasons to believe 
that young zygotes are more sensitive to heavy metal 
pollution than adult plants. In a study of the localiza- 
tion of cadmium in F. vesiculosus, Lignell et al. (1982) 
found the highest metal concentrations in the physodes 
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and in the cell walls. The cell walls of brown algae 
contain alginate and fucoidan, polysaccharides that 
can bind cations. Alginic acid has a strong affinity to 
copper (see Lobban et al. 1985), and it can be expected 
that the effect of copper is more detrimental to zygotes 
which are exposed to metals before the development of 
a protecting cell wall that can adsorb some of the copper 
and thereby reduce the amount of metal taken up. 

There are few studies on the effect of copper on 
brown seaweed reproduction. Chung and Brinkhuis 
(1986) report that 10 to 50 ggCu1-1, added to natural 
seawater, inhibits development of Laminaria saccharina 
(L.) Lamour gametophytes and young sporophytes. 
Settlement and germination of meiospores were not 
affected up to 500 ~tgCul-1. As for adult seaweeds 
there are some reports concerning heavy metal effects 
on growth, but the use of different experimental condi- 
tions, exposure time and parameters in which the ef- 
fects are measured must be taken into account, and it is 
therefore often difficult to compare results from differ- 
ent studies. However, Str6mgren (1979, 1980a, b,c) 
studied the effect of various metals on the growth of 
intertidal Fucales. The metals were added to natural 
seawater during a period of 10 d. Fucus vesiculosus was 
found to show a significant reduction in growth rate 
when 50 gg Cu 1 - 1 was added to the background of 1 to 
5 gg Cu 1-1. Pelvetia canalicuIata (L.) Dec. et Thur., F. 
spiralis L., and F. serratus L. were more sensitive while 
Ascophyllum nodosum (L.) Le Jolis. showed a higher 
resistance capacity. When different metals are com- 
pared after 10 d exposure, a 50% reduction of growth 
rate occurs at 60 to 80 gg C u l - i ,  100 to 200 gg Hgl -1  
and 5000 to 10000 ~tgZn1-1, respectively. Cadmium 
and lead showed marked differences in toxicity between 
species. For example, after 10d exposure to 
810 gg Pb 1-1, the growth of P. canaliculata was signifi- 
cantly above the control. For F. spiralis, F. serratus 
and A. nodosum, a near 50% reduction was found at 
2600 ~tgPbl-1. Cadmium showed a similar pattern 
with relatively low toxicity or, in some species, even 
enhanced growth. 

Salinity in the archipelago of Stockholm is ~ 6 Too 
during the reproduction season of Fucus vesiculosus. In 
earlier experiments (Andersson et al. 1992), a studied 
population of Baltic Sea F. vesiculosus was found to 
suffer from salinity stress at 6 Too, resulting in reduced 
germination and a lower growth rate of young em- 
bryos. This salinity stress is likely to further increase the 
negative effects of additional stress factors acting upon 
reproductive processes. Copper release from pleasure 
boats coincides to a large extent with the release period 
of gametes, and thus the low salinity in the Baltic Sea is 
hypothesized to increase the effect of antifouling paints 
on fertilization and germination in F. vesiculosus. The 
aim of our study was to investigate the response to 
copper on different reproductive stages of Baltic Sea 
F. vesiculosus and also to study how different salinities 
affect this response. 

Materials and methods 

Ripe receptacles of Fucus vesiculosus L. were collected in the archi- 
pelago of Stockholm during the reproduction seasons of 1993 
(18~ 59~ ') and 1994 (18~ 59~ This change of collec- 
tion area was necessary since a period of extremely low water 
destroyed most of the plants at the locality used in 1993. The 
influence of year (and locality) on the results were analyzed using 
analysis of variance (ANOVA). As no significant influence was 
found, the results refer to both localities. Gamete release in Baltic 
Sea F. vesicuIosus is controlled by a lunar related rhythm (Andersson 
et al. 1994). Therefore receptacles were collected before the expected 
gamete shedding, stored in moist condition at 4 ~ and used within 
4 d. The two gamete suspensions were filtered through 100 and 
20 gm plankton nets, respectively, to separate oogonia and an- 
theridia from free gametes. The diameters of 60 eggs were measured 
after 2 h exposure to different copper concentrations. The egg vol- 
umes were calculated according to the formula for a sphere and the 
result was analyzed using ANOVA and the non-parametric Krus- 
kal-Wallis rank-sum test. In fertilization and germination experi- 
ments, spermatozoids were added to the eggs in excess with about 
1 egg:700 spermatozoids. Germination of marine F. vesiculosus is 
reported to be "saturated" at ~ 1:500 (Bolwell et al. 1977). Fertiliza- 
tion was determined by the development of a cell wall (see Anders- 
son et al. 1992) and studied at different copper concentrations with 
and without exposure of the eggs before addition of spermatozoids. 
Zygotes derived from the fertile tissue were cultured at 14 ~ under 
long-day conditions (17 light: 7 dark cycle, 120 gE m-2s -1 )  in 5 cm 
glass petri dishes containing 10 ml of medium. The medium used was 
natural brackish water (6 ~oo S), and samples from 7 and 27 June 
1994 were analyzed by atomic absorption spectrophotometry for 
background levels of copper by MILAB (J/irf~illa, Sweden). In- 
creased salinities were obtained by addition of NaC1 to natural 
brackish water, and copper was added as CuSO4. To avoid density 
dependent differences in germination frequency and development 
rate, the egg density was held at about 3000 eggs per petri dish in 
each experiment. Except for the fertilization study, the experiments 
in the present study were performed in triplicate with a total number 
of 600 zygotes counted for each treatment. The results were analyzed 
using one- and two-factor ANOVA. Equal variances were tested 
using Cochran's test. In the fertilization study without pre-exposure 
of the eggs to copper, triplicates were used and the results were 
analyzed as above. The influence of copper on fertilization of pre- 
exposed eggs was studied in two different, not replicated, experi- 
ments. 400 eggs were counted for each treatment and experiment. 
The results were analyzed using Chi-square test. 95% confidence 
limit was calculated according to t x x / ~ / n ,  t = 1.96. On the basis 
of the low germination frequency of eggs fertilized in the presence of 
copper, the effect of pre-exposure on fertilization frequency was not 
further investigated. 

The effect of copper on germination was studied at different 
copper concentrations, different salinities and different ages of 
zygotes as follows: the effect on germination was studied at 6 ~o S 
on zygotes derived from eggs fertilized in the presence of different 
copper concentrations and also on zygotes which were exposed 
to copper 24 h after fertilization. At 14 ~ 14 %o salinity was close 
to the germination optimum and 6 and 20 %o salinity reduced 
germination to about the same extent, to between 20 and 30%. 
Therefore, 6, 14 and 20~o were used to study the effect of 
20 gg Cu 1-1 added to these media, representing two different kinds 
of salinity stress and about optimum salinity conditions, respective- 
ly. Fertilization occurred in the respective media. Since the male 
receptacles were kept in ambient salinity (6 %0), the addition of 
spermatozoids slightly lowered the final salinity to 13-14 and 
19 20 %~ Germination frequency was determined from the develop- 
ment of primary rhizoids, and the experiments reflect the influence 
on germination separately as only actually fertilized eggs were 
counted. 
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The development of apical hairs was studied at 6 %~ S. These hairs 
are suggested to be involved in nutrient uptake (Hurd et al. 1993) 
and develop after about 14 d. 

Results 

The background concentration of total copper in the 
medium was found to be about 2 to 3 gg Cu l -a  (i.e. 
1.7 + 0.1, 7 June, and 3.2 + 0.6, 27 June 1994). 

No significant effect (p = 0.7221 Kruskal-Wallis 
rank-sum test, p = 0.3137 ANOVA) of the tested cop- 
per concentrations on egg volume (n = 60) was noticed 
after 2 h exposure. Mean egg volume ranged from 
3.11 x l0 s to 3.39 x l0 s I.tm 3. 

The influence of copper pollution on fertilization, 
measured as cell wall formation, seems to be dependent 
on the exposure time of the unfertilized eggs. When 
spermatozoids and copper were added at the same time 
to the egg suspension, fertilization ranged from 91.8 to 
94.8% and no significant copper effect was observed. 
However, a 30 rain copper exposure of the eggs before 
the spermatozoids were added, resulted in a signifi- 
cantly lowered fertilization frequency in both experi- 
ments with the addition of 10/.tgCu1-1 medium. 
A near 50% reduction was noticed when 10 and 
20 gg Cu 1- a were added, respectively (Fig. 1). 

Although fertilization seems to be unaffected when 
the unfertilized eggs are not previously exposed to the 
tested copper concentrations, most of the resulting 
zygotes will never germinate when cultured in these 
media. At 6%oS, the addition of as little as 
2.5 gg Cu 1 - a medium, which was the lowest concentra- 
tion tested, raising the total copper level by about 
a factor of 2, caused about 40% decline in germination 
frequency and when 20 gg Cu l -a  was added about 70 
to 80% of the zygotes died (Fig. 2). Thus, among the 
tested young developmental stages, germination was 
the most copper sensitive. Eggs exposed to copper 
during fertilization showed a higher sensitivity than 
eggs which had developed a cell wall before copper was 
added to the medium. When zygotes were exposed after 
24 h, addition of 20 ~tg Cul-~  did not affect germina- 
tion significantly. A near 50% decline in germination 
was noticed when 60 ~tgCu1-1 was added (Fig. 3) 
which was the highest concentration tested. This is in 
agreement with results for adult tissue of marine fucoid 
plants (Str6mgren 1980a). Earlier experiments at 11 ~ 
suggested that 1-d-old zygotes are slightly more sensi- 
tive to copper pollution at lower temperatures, with 
a 50% decline in germination at 20 to 40 ~tgl-1 me- 
dium (Andersson unpublished data). 

In the combined copper salinity experiment, a two- 
factor ANOVA showed a significant effect of both 
copper (***) and salinity (***), and also significant 
interaction between these factors (***). When fertiliza- 
tion occurred in media of different salinities, germina- 
tion declined relative to 14 %0 salinity in both the 
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Fig. 1 Fucus vesiculosus. Fertilization (% of control) of eggs at 
different copper concentrations, 6 %0 S. Eggs were pre-exposed to 
the different copper concentrations for 30 rain in two different 
experiments. �9 Experiment 1: 0, 10, 20, 40 and 80 ~tgCu1-1 added 
to natural brackish water. [] Experiment 2: 0, 2.5, 5, 10 and 
20 gg Cu1-1  added to natural brackish water. 400 eggs were 
counted for each treatment and experiment. Error bars show 95% 
confidence limit 
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Fig. 2 Fucus vesiculosus. Germination of eggs (% of control), fer- 
tilized and cultured at five different copper concentrations in natural 
brackish water, 6 %0 S. 600 eggs (200 for each replicate) were counted 
for each treatment. Error bars show standard error 

ambient salinity of 6 %0 and in 20 %0 salinity, that is, 
when zygotes were exposed to sub- and supraoptimal 
salinity conditions, respectively. Also in 6 and 20 %0 
salinity, addition of 20 gg C u l - l  caused about 70 to 
80% decline in germination. In 14 %0 S, there was no 
effect on germination when 20 gg Cu 1-1 was added 
(Fig. 4). 

Apical hair frequency after 16 d was not significantly 
affected by copper pollution up to 20 gg 1-1 medium 
under the used conditions. Mean percentage germlings 
with apical hairs ranged from 62.2 to 69.2. 
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Fig. 3 Fucus vesiculosus. Germination of eggs (% of control), fer- 
tilized in natural brackish water (6 %o S) without copper addition, 
and exposed to seven different copper concentrations 24 h after 
fertilization. Only actually fertilized eggs were observed for deter- 
mination of germination frequency. 600 eggs (200 for each replicate) 
were counted for each treatment. Error bars show standard error 
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Fig. 4 Fucus vesiculosus. Germination of eggs (%), fertilized and 
cultured in media of different salinities (6, 14 and 20 %~ with [] and 
without �9 addition of 20 IzgCu t-1, respectively. Only actually fer- 
tilized eggs were observed for determination of germination fre- 
quency. 600 eggs (200 for each replicate) were counted for each 
treatment. Error bars show standard error 

Discussion 

In this work the most copper sensitive of the tested 
reproductive stages of Fucus vesicutosus was germina- 
tion. The results indicate that as little as a doubling of 
the copper levels in the studied area (6 %o S) will severe- 
ly affect the germination frequency of F. vesiculosus. 
Since the anthropogenic loading of heavy metals is high 
in the archipelago of Stockholm, this could have re- 
sulted in a change in genotypes in favour of more 
resistant plants, and it is possible that plants from more 
unpolluted areas would have shown an even higher 
sensitivity to copper than exhibited by the plants in this 

study. Also, the control plants were incubated in natural 
brackish water with somewhat elevated copper levels, 
and the effect of additional copper is compared to 
the effect in this control medium. Already the lowest 
concentration tested, i.e. 2.5 gg C u l -  1 added before 
fertilization, resulted in about 40% decrease of germin- 
ation as compared to the control, and addition of 
20 gg Cu 1-t caused 70 to 80% decline. From this result 
we cannot exclude the possibility that copper concen- 
trations, in the archipelago of Stockholm, have already 
reached levels that affect the reproduction of F. ves- 
iculosus negatively. It should also be kept in mind that, 
in addition to the early lethal copper effects on zygotes, 
there is likely to be sublethal or even lethal long term 
responses that might affect the plants and the popula- 
tion significantly. Among the possible ecological effects 
of copper pollution are not only a change in the genetic 
diversity but also a decrease in F. vesiculosus primary 
production as a result of lower recruitment and growth. 

To our knowledge, there are no reports on the 
physiological effects of copper on seaweeds while the 
effects on phytoplankton have been reviewed by Soren- 
tino (1979). Copper(II) ions cause a loss of K +, and 
changes in cell volume, a response that was not de- 
tected in our study on Fucus vesiculosus eggs. When 
transported to the chloroplasts Cu 2 + inhibits electron 
transport to NADP +. As reviewed by Chung and 
Brinkhuis (1986) copper is believed to affect the iron 
transportation into plastids or the incorporation of 
iron into iron-binding enzymes and may also be re- 
sponsible for peroxidative degradation of chloroplast 
membrane lipids. Shioi et al. (1978) suggest that copper 
acts by direct inactivation of ferredoxin and also by 
blocking a site between the reaction center of Photosys- 
tern II (PS II) and the water splitting system. Pandey et 
al. (1992) report a copper induced inhibition of 14CO2- 
fixation and PS II activity in the cyanobacterium Nos- 
toc calcicola Br6b., and a decline in the activity of PS 
I and ATP content was also observed. 

When 1-d-old zygotes were exposed to copper, no 
significant effect was noticed on germination frequency 
at 20 ~tg Cu 1 - 1. Although much of the protein synthesis 
in Fucus spp. during the first hours after fertilization 
seems to rely on maternal mRNA stored in the eggs, 
zygotic transcription as well as translation are neces- 
sary for germination and division (Kropf et al. 1989). 
Inactivation of ferredoxin is not only likely to affect 
photosynthesis but also the process of nitrate reduction 
since it provides electrons used to reduce NO2 to 
NHZ in the chloroplasts (Salisbury and Ross 1985). 
Using 5 to 50 tzgCu1-1, Harrison et al. (1977) found 
that copper inhibits nitrate uptake and synthesis of 
nitrate reductase in phytoplankton. However, the de- 
gree of copper tolerance was related to ambient copper 
concentrations. Assuming a similar action in seaweeds, 
copper may affect one or several steps necessary for 
protein synthesis, thereby inhibiting germination. In 
marine Fucus spp. proteins required for germination 
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are synthesized during the first 11 to 13 h after fertiliza- 
tion (see K r o p f  et al. 1989). Baltic Sea Fucus vesiculosus 
have a slow pronuclear  migrat ion rate (Serr~o et al. 
1994) and germinate more  slowly than marine Fucus 
vesiculosus (Andersson personal  observation) which 
could mean that a longer time is also required for 
protein synthesis. However,  the necessary proteins are 
likely to be present after 24 h. This could, in addit ion to 
the presence of cell walls, be a reason for the lower 
sensitivity of the older zygotes. 

When 20 gg Cu 1 - 1 was added to media of different 
salinities, again, at 6 Too S, germinat ion decreased by 
about  70 to 80%. This was the result at 20 Too S as well, 
while at 14 Too S no negative effect of copper  was no- 
ticed. In contrast  to what  was found at 11 ~ (Ander- 
sson et al. 1992), 14 %0 S was close to op t imum for 
germinat ion under  the used conditions (14 ~ and the 
results suggest that  the most  impor tan t  factor for the 
response to copper  stress is the pre-existing stress 
level of the zygotes rather  than the influence of salinity 
on metal  availability. This is supported by results 
concerning the influence of temperature  on copper  
toxicity on the brown alga Undaria pinnatifida (Harv.) 
Suringar (Laminariales), where Lee et al. (1989) found 
max imum germinat ion of U. pinnatifida meiospores at 
10~ When the effect of copper  was studied under  
a t empera tu re~r rad iance  gradient, meiospore germi- 
nat ion was affected at all tested temperatures  except for 
10 ~ 

The physiological reason for the higher copper  toler- 
ance of Baltic Sea Fucus vesiculosus at 14 %o S is not  
known. In marine F. vesiculosus eggs, Brawley and Bell 
(1987) noticed initiation of cell wall format ion about  
10 min after addit ion of sperms. This has been observed 
to take longer in F. vesicuIosus from the Baltic Sea 
(Serrfio unpublished). It is likely that the lower develop- 
mental  rate of the Baltic Sea F. vesiculosus, including 
the delay in the secretion of metal binding polysac- 
charides during cell wall formation, is caused by un- 
favourable salinity conditions. If so, a relatively lower 
amount  of copper  can be expected to be taken up at 
op t imum salinity, leading to a less detrimental  effect 
on enzymatic activity. 

Although the loading factor and sediment content  of 
several metals is higher in the Baltic Proper ,  measure- 
ments of, for example, cadmium levels in biota showed 
higher values in Bothnian Sea organisms (see Lithner  et 
al. 1990). The lower metal  content  in the Baltic P roper  
biota might to some extent be caused by the higher 
salinity but  also by a "dilution" effect due to the higher 
product ivi ty  in the Baltic Sea. Eut rophica t ion  is one of 
the most  significant large scale problems in the Baltic 
Sea today and is thought  to be the reason for the 
declining vertical distribution of the Baltic Fucus ves- 
iculosus popula t ion  that  has been noticed since the 
1940s (Kautsky et al. 1986; Kautsky  et al. 1992). Thus, 
an improvement  of the eutrophicat ion situation in the 
Baltic Sea should be combined with a decreased an- 

thropogenic  metal  loading. In our  study, the copper  
concentra t ion in the water was elevated by about  
1 txg Cu 1 - 1 from 7 to 27 June, that is, within the critical 
time for F. vesiculosus reproduction.  The elevated 
copper  concentrat ion is most  likely due to leakage from 
pleasure boats treated with antifouling products  
and might influence the reproduct ion of F. vesiculosus 
negatively. 

Acknowledgements We thank B. Ganning for letting us use the 
laboratory facilities at the Department of Zoology, Stockholm Uni- 
versity. We are also greatful to A. Johnsson for placing his boat and 
time at our disposal. The study was financially supported by the 
Swedish Environment Protection Agency. 

References 

Andersson S, Kautsky L, Kalvas A (1994) Circadian and lunar 
gamete release in Fucus vesiculosus L. in the atidal Baltic Sea. 
Mar Ecol Prog Ser 110:195-201 

Andersson S, Kautsky L, Kautsky N (1992) Effects of salinity and 
bromine on zygotes and embryos of Fucus vesiculosus from the 
Baltic Sea. Mar Biol 114:661-665 

Bolwell GP, Callow JA, Callow ME, Evans LV (1977) Cross- 
fertilization in fucoid seaweeds. Nature, Lond 268:626-627 

Brawley SH, Bell E (1987) Partial activation of Fucus eggs with 
calcium ionophores and low-sodium sea water. Devl Biol 122: 
217 226 

Chang IK, Brinkhuis BH (1986) Copper effects in early stages of the 
kelp, Laminaria saccharina. Mar Pollut Bull 17:213-218 

Debourg C, Johnson A, Lye C, T6rnqvist L, Under C (1993) 
Antifouling products. Pleasure boats, commercial vessels, nets, 
fish cages and other underwater equipment. Kemi report No. 2. 
The Swedish National Inspectorate, Solna, Sweden 

Harrison WGA, Eppley RW, Renger EH (1977) Phytoplankton 
nitrogen metabolism, nitrogen budgets and observation on 
copper toxicity: controlled ecosystem pollution experiment. Bull 
mar Sci 27(1): 44~57 

Hurd CL, Galvin RS, Norton TA, Dring MJ (1993) Production of 
hyaline hairs by intertidal species of Fucus (Fucales) and their 
role in phosphate uptake. J Phycol 29:160-165 

Kautsky H (1989) Quantitative distribution of plant and animal 
communities of the phytobenthic zone in the Baltic Sea. Contri- 
butions from the Ask6 Laboratorium No. 35. University of 
Stockholm, Sweden 

Kautsky H, Kautsky L, Kautsky N, Kautsky U, Lindblad C (1992) 
Aspects of the Fucus vesiculosus community in the Baltic Sea. 
Acta Phytogeogr suec 78:33-48 

Kautsky N, Kantsky H, Kautsky U, Waern M (1986) Decreased 
depth penetration of Fucus vesiculosus L. since the 1940s 
indicates eutrophication of the Baltic Sea. Mar Ecol Prog Ser 28: 
1-8 

Kropf DL, Hopkins R, Quatrano RS (1989) Protein synthesis and 
morphogenesis are not tightly linked during embryogenesis in 
Fucus. Devl Biol 134:452-461 

Lee J-A, Sunwoe Y-I, Lee H-J, Park I-H, Chung I-K (1989) The 
effects of copper on the early stages of Undaria pinnatifida (Harv,) 
Suringar (Laminariales, Phaeophyta) under temperature- 
irradiance gradient. Korean J Phycol 4:41 53 

Lignell A, Roomans GM, Peders6n M (1982) Localization of ab- 
sorbed cadmium in Fucus vesiculosus L. by x-ray microanalysis. 
Z PflPhysiol 105:103-109 

Lithner G, Borg H, Grimgs U, G6thberg A, Neumann G, Wrfidhe 
H (1990) Estimating the load of metals to the Baltic Sea. Ambio 
7:7-9 



176 

Lobban CS, Harrison PJ, Duncan MJ (1985) The physio- 
logical ecology of seaweeds. Cambridge University Press, 
Cambridge 

Pandey PK, Singh CB, Singh SP (1992) Cu uptake in a cyanobac- 
terium: fate of selected photochemical reactions. Curr Microbiol 
24:35 39 

Salisbury FB, Ross CW (1985) Plant physiology. 3rd edn. Wads- 
worth Publishing Company, Belmont, California 

Serrgto E, Kautsky L, Brawley SH (1994) Fertilization ecology of 
Fucus vesicuIosus in the Baltic Sea. The Phycologist (Newsl Br 
phycol Soc) 37: p 37 

Shioi Y, Tamai H, Sasa T (1978) Inhibition of photosystem II in the 
green alga Ankistrodesmus falcatus by copper. Physiologia P1 
44:434-438 

Sorentino C (1979) The effects of heavy metals on phytoplankton 
- a review. Phykos (Inst Oc6anogr d'Alger, Alger-Bourse) 18: 
149 161 

Str/Smgren T (1979) The effect of zinc on the increase in length of five 
species of intertidal Fucales. J exp mar Biol Ecol 40:95-102 

Str6mgren T (1980a) The effect of lead, cadmium and mercury on the 
increase in length of five intertidal FucaIes. J exp mar Biol Ecol 
43:107-119 

Str6mgren T (1980b) The effect of dissolved copper on the increase 
in length of four species of intertidal fucoid algae. Mar envirl Res 
3:5-13 

Str6mgren T (1980c) Combined effects of Cu, Zn, and Hg on the 
increase in length of Ascophyllum nodosum (L.) Le Jolis. J exp mar 
Biol Ecol 48:225-231 


