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ABSTRACT: Marine macroalgae provide both food and habitat for a range of other organisms in near- 
shore coastal areas. The effect of contaminants upon macroalgae is therefore a n  important aspect to 
consider in the regulation of marine effluent discharges. Unfortunately, a lack of standardized bioassay 
protocols has limited the extent to which macroalgae have been used in routine toxicity testing. In the 
present study, the effect of selected reference toxicants (hexavalent chromium, copper and zinc) upon 
germination and growth of zoospores of the marine macroalga Ecklonia radiata (C.Ag.) J.Ag. was 
investigated in 48 h bioassays. E. radiata is often a dominant member of near-shore subtidal communi- 
ties in temperate Australia, New Zealand and South Africa, regions m which toxicological data for 
native species are lacking. Release of zoospores was induced in the laboratory and settled spores were 
exposed to the metals. Zoospores from 3 different populations in Western Australia and 1 population in 
Victoria were tested to evaluate geographic variation in response. There were no significant ddfer- 
ences in 48 h EC,, values between the populations tested. At 20°C, EC,, values for germination ranged 
between 54.9 and 65.1 mg 1-' for chromium, 320 and 470 pg I-' for copper and 18.1 and 18.6 mg 1-' in 2 
bioassays conducted with zinc. Germination of control zoospores was greater than 90% in all bioassays. 
Germination tube growth was the more sensitive of the 2 endpoints examined. ECS0 values for growth 
ranged between 31.8 and 47.5 mg I-' for chromium and 180 and 210 pg 1-' for copper. Coefficients of 
variation for ECS0 values from tests with chromium or copper were between 24 and 47% for 
germination and 11 and 54 % for germination tube growth. With its wide distribution, ecological sig- 
nificance and simple bioassay methodology. E. radiata is well suited for use in routine marine toxicity 
testing. 
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INTRODUCTION 

Marine environments in developed coastal areas 
commonly receive discharges from a range of indus- 
trial and municipal sources. If the integrity of coastal 
marine systems is to be maintained, the discharge of 
this waste must be effectively monitored and regu- 
lated. It is widely recognized that thls regulation 
should rely on biological effects data (from laboratory 
toxicity tests or field studies) in addition to the chemi- 

cal criteria which have been used in the past to set dis- 
charge limits (Cairns & Pratt 1989). 

Toxicity tests have been more commonly used to 
investigate the effects of effluent discharges in fresh- 
water systems, with marine and estuarine bioassay 
protocols available for only a few species of phyto- 
plankton, crustaceans and fish (Richardson & Martin 
1994). The application of these bioassays to regions in 
which the test organisms are not endemic has been 
criticized, and the need to expand the range of marine 
test methods to include more locally relevant species 
has been identified (Anderson et al. 1990). 
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Marine macroalgae have only recently been used in 
routine toxicity testing and bioassay protocols are lim- 
ited (Thursby & Steele 1995). The majority of these 
tests focus on germination of early hfe stages or sexual 
reproduction. Macroalgae are ecologically important 
to many near-shore marine communities, providing 
food and habitat to a range of other marine organisms. 
Tests using these algae are both sensitive and rela- 
tively easy to conduct. 

This paper describes a bioassay method which uti- 
lizes the zoospore stage of the brown alga Ecklonia 
radiata (C.Ag.) J.Ag. (Phaeophyta: Laminariales). E. 
radiata is a common subtidal species in temperate Aus- 
tralia, a region in which toxicity data for native aquatic 
species is generally lacking. In an adaptation of bio- 
assay methods initially developed for the giant kelp 
Macrocystis pynfera (Anderson & Hunt 1988), germi- 
nation and initial growth of E. radiata zoospores were 
used as endpoints in 48 h bioassays with hexavalent 
chromium, copper and zinc. 

METHODS 

Zoospore release. Like Macrocystis pyrifera, Ecklo- 
nia radiata exhibits a heteromorphic alteration of gen- 
erations, with free swimming haploid zoospores 
released from a diploid sporophyte. Zoospores were 
obtained as described by Jennings (1967) and 
Novaczek (1984). Fertile blades of E. radiata (as deter- 
mined by the presence of spore-producing sori) were 
collected by SCUBA divers from 8 to 10 plants in each 
of the populations sampled. The blades were wrapped 
in moist paper towel and transported back to the labo- 
ratory on ice. In the laboratory, the blades were rinsed 
with freshwater and sections containing sori were cut 
into segments of approximately 4 X 4 cm. These sec- 
tions were dried at room temperature (20 to 23OC) for 
30 min and placed in filtered (1 pm) seawater for 
10 min. During this initial soaking, the kelp may pro- 
duce a copious amount of mucilage; this was removed 
by lightly brushing the frond segments. Release of 
zoospores was initiated by an additional soaking in 
fresh seawater for 30 min at 20°C. Maximum zoospore 
release occurred during this second phase of soaking. 
Zoospore density was monitored with a hemocytome- 
ter and, upon reaching 20000 spores ml-l, the blade 
sections were removed. The remaining 'zoospore solu- 
tion' was filtered through a 10 pm mesh before initiat- 
ing the bioassay. 

Bioassay protocol. The bioassay protocol is similar to 
that developed for Macrocystis pyrifera by Anderson & 
Hunt (1988). Tests were conducted in 100 m1 poly- 
ethylene cups which contained a glass coverslip on 
which zoospores would settle, germinate and grow. 

Four replicate chambers were used for each toxicant 
concentration and the control. Bioassays were initiated 
by placing 20 m1 of the zoospore solution into each of 
the test chambers. After 1 h to allow the zoospores to 
settle, the remaining solution was removed and 20 m1 
of test solution was added. Removal of the zoospore 
solution significantly reduced the amount of debris 
which accumulated on the coverslip and facilitated 
scoring settled zoospores at the end of the test. Bioas- 
says were run for 48 h at 20 * 1°C in a constant tem- 
perature water bath. Illumination was maintained on a 
12:12 h 1ight:dark cycle with cool white fluorescent 
tubes (1 10 PE m-2 S-'). At the end of the test period, the 
coverslips were removed and 50 randomly selected 
zoospores were scored for the presence of a germina- 
tion tube using a compound light microscope at a mag- 
nification of 200x. An additional 10 zoospores were 
randomly selected on each cover slip and their germi- 
nation tubes were measured to the nearest 0.1 pm with 
an ocular micrometer. Criteria used to assess germina- 
tion was development of a germination tube which was 
at least 1 spore radius in length (-1.5 pm). This is con- 
sistent with methods used to assess germination in 
Macrocystis spp. (Anderson & Hunt 1988, Burridge et 
al. 1996). Bioassays were conducted between April and 
October of 1995. 

Interpopulation variability. In order to assess differ- 
ences in sensitivity between isolated populations of 
Ecklonia radiata, sporophytes were collected from 4 
different Australian populations: North Mole, located in 
Fremantle, Western Australia (WA) (32" 3'S, 115'43' E); 
Cottesloe, WA (31'59' S, 115"44' E); North Beach, WA 
(31°51'S, 115'45' E); and Queenscliff, Victoria (38" 
16' S, 144" 39' E).  The Western Australian populations 
were at least 2 km apart. Based on local currents along 
that part of the coast, it is highly unlikely that exchange 
of zoospores occurred between the populations. 

Test solutions. Toxicant stock solutions (1000 mg I-') 
were prepared with analytical grade (Aldrich Chemi- 
cals) hexavalent chromium (K2Cr207), copper (CuS04) 
and zinc (ZnS04). Filtered seawater was used as the 
dduent in all tests. For the bioassays conducted in 
Western Australia, seawater was collected from 
Marmion Marine Park and stored in a 1000 1 fibreglass 
tank prior to use. Seawater used for the Queenscliff 
tests was collected near the Queenscliff Marine Labo- 
ratories and similarly stored. Dissolved oxygen, pH, 
salinity and temperature were measured in each test 
concentration at the start and end of the bioassays and 
ranged from 7 to 8 mg I-', 7.4 to 8.1, 34 to 35 and 20 to 
22.5"C, respectively. 

Statistical analyses. Data were expressed as a pro- 
portion of the control and ECS0 values (concentration of 
toxicant causing an effect on 50% of the test popula- 
tion) were generated using the trimmed Spearman- 
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Karber method (Hamilton et al. 1983). The No 
Observed Effect Concentration (NOEC) was calcu- 
lated as the highest concentration in which either ger- 
mination or growth were not significantly different 
from the control at a = 0.05. To determine the NOEC, 
percent germination data were arcsine transformed 
prior to analysis of variance (ANOVA). Multiple com- 
parison to determine differences between control and 
treatments was conducted using Dunnett's tests (Zar 
1984). 

RESULTS 

Zoospores began to settle onto the glass coverslips 
within 1 h of release and noticeable growth of the ger- 
mination tubes was evident within 4 to 6 h. After 48 h, 
germination success of zoospores was greater than 
90 % in controls and average germ tube length was 9 to 
11 pm (Fig. 1). Based on these observations, it was 
determined that a 48 h test period was suitable to allow 
measurable change in either endpoint under the test 
conditions described. 

Based on comparison of EC,, values and associated 
confidence intervals, there were no significant differ- 
ences in sensitivity to chromium or copper between the 
Ecklonia radiata populations tested, regardless of 

I -+- Trial 2 I 

Time (h) 

Fig. 1. Ecklonia radiata. Growth of germination tubes over 
48 h. Each point is the average of 10 replicate measurements. 

Error bars = z 1  SEM 

which endpoint was used (Tables 1 & 2). In bioassays 
with chromium, average 48 h EC5, values for germina- 
tion ranged between 54.9 and 65.1 mg l-', while those 

Table 1. Ecklonia radiata. Mean 48 h EC,, values for germination and growth of zoospores exposed to hexavalent chromium 

Location Endpoint Mean EC50 95 % confidence Range Coefficient of 
(mg I-') interval vanation (%) 

North Mole, WA Germination 58.3 46.7-70.0 44.2-80.7 (n = 7) 24 
Growth 31.8 1.1-62.5 16.4, 47.2 (n = 2) - 

North Beach, WA Germination 57.0 42.3-71.7 19.3-76.9 (n = 10) 37 
Growth 47.5 42.7-52.3 39.4-56.8 (n = 7) 12 

Cottesloe, WA Germination 54.9 40.0-69.8 40.0-81.3 (n = 5) 27 
Growth 46.9 17.5-76.3 10.5-82.4 (n = 4) 54 

Queenscliff. Vic. Germination 65.1 49.0-80.4 31.5-97.8 (n = 12) 30 
Growth Not measured 

Table 2. Ecklonia radiata. Mean 48 h ECsO values for germination and growth of zoospores exposed to coppeI 

Location Endpoint Mean ECso 95 % confidence Range Coefficient of 
(PS I-') interval variation (%) 

North Mole, WA Germination 
Growth 

North Beach, WA Germination 
Growth 

Cottesloe, WA Germination 
Growth 

Queenscliff, Vic. Germination 
Growth 

443 391-584 160-776 (n = 9) 29 
200 140-261 151-292 (n = 3) 30 

351 252-472 193-657 (n = 9) 47 
180 160-200 120-221 (n = 6) 11 

470 331-605 210-730 (n = 5) 32 
210 140-290 127-341 (n = 4) 34 

320 210-440 200-538 (n = 12) 37 
Not measured 
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for germ tube growth ranged between 31.8 and 
47.5 mg 1-' (Table 1). While the ECS0 values for growth 
in these tests were consistently lower than the corre- 
sponding values for germination, confidence intervals 
for the 2 endpoints did overlap (Table 1). 

The zoospores were significantly more sensitive to 
copper than chromium. Average 48 h ECS0 values for 
germination in the copper bioassays ranged between 
320 and 470 pg 1-' (Table 2). Growth of the germination 
tube was again the more sensitive endpoint, with ECS0 
values ranging between 180 and 210 pg 1-l. In these 

tests, confidence intervals did not overlap with those of 
the corresponding germination value. 

Coefficients of variation (CV = standard deviation/ 
mean X 100%) for the EC,, values generated from the 
chromium bioassays ranged from 24 to 37 % and 12 to 
54 % for germination and growth, respectively. For the 
copper tests, CVs ranged from 29 to 47 % for germina- 
tion and l l to 34 % for growth. 

Combined test data from each population were used 
to generate the concentration-response curves shown 
in Fig. 2. Some between-population differences in 
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Fig. 2. Ecklonia radiata. Response curves for (a, c) germination and (b, d) growth of zoospores in bioassays with (a, b) chromium 
and (c, d) copper. Each point represents the average value for all bioassays conducted with the population. Error bars = i 1  SEM 
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response to the reference toxicants became apparent 
when comparing NOEC values. For example, the 
NOEC for germination in the chromium bioassay was 
12.5 mg 1-l for the 3 Western Australian populations 
and 25 mg 1-' for the Queenscliff, Victoria tests (Fig. 
2a). The NOEC for germination tube growth in the 
chromium tests was <12.5 mg 1-' for the North Mole 
and North Beach zoospores and 12.5 mg 1-' for those 
from Cottesloe (Fig. 2b). For bioassays with copper, the 
NOEC for germination was 62.5 pg 1-' for all 4 popula- 
t i o n ~ ,  although variability between the populations 
increased at the intermediate test concentrations 
(Fig. 2c). The germination tube growth data from the 
copper bioassays were confounded to some degree by 
the high variability in the lower metal concentrations 
of the Cottesloe and North Beach tests. In some bioas- 
says, growth of the germ tube was stimulated at 
62.5 pg I-', while in other tests growth was depressed 
as compared to controls. The North Beach data were 
also affected by reduced growth in some of the control 
trials. This led to a reduced average germ tube length 
for the combined controls (Fig 2d). The NOEC for cop- 
per tests from Cottesloe and North Beach was 125 pg 
1-l, while that for the North Mole tests was 62.5 pg 1-' 
(Fig. 2d). 

Two bioassays with zinc were conducted with 
zoospores from the North Mole. In these tests, 48 h 
ECS0 values of 18.1 (16.8 to 18.9, 95% confidence inter- 
val) and 18.6 mg 1-' (17.7 to 21.3) were generated in 
these tests. The NOEC was 6.25 mg 1-' in both tests. 

DISCUSSION 

The pattern of settlement and growth of Ecklonia 
radiata zoospores in the present study was similar to 
that observed by Jennings (1967), who reported set- 
tling and formation of germination tubes within 6 h of 
release and growth of the germ tubes to approximately 
10 pm within 48 h. Zoospores of Macrocystis pyrifera 
appear to grow faster than those of E. radiata, attaining 
germination tube lengths of 14  to 17 pm in 48 h 
(Anderson & Hunt 1988, Anderson et al. 1990, Pillai et 
al. 1992). 

Interpopulation variability 

When germination and growth data were expressed 
as a percentage of the controls and analyzed by 
regression to produce an ECS0, there were no signifi- 
cant differences in response to the reference toxicants 
between the 4 populations of Ecklonia radiata sam- 
pled. In a similar study which examined the effect of 
copper on germination and growth of zoospores from 

Macrocystis pyrifera, Anderson et al. (1990) also ob- 
served general agreement in the responses of 4 popu- 
la t ion~ of kelp collected off the California coast (USA). 
In their study, some of the inter-population variability 
was attributed to longer storage of sporophylls from 
one of the populations examined. 

Differences in NOEC values and levels of variability 
in response to certain metal concentrations were 
observed between the Ecklonia radiata populations 
examined in the present study. Previous exposure to 
contaminants and/or differences in water quality could 
affect the performance of organisms which are col- 
lected from the field and used in toxicity tests. With 
regard to E. radiata, differential survival of zoospores, 
gametophytes or young sporophytes due to the selec- 
tion pressure imposed by toxicants could ultimately 
lead to a more resistant population of kelp which 
responds differently in toxicity tests than a correspond- 
ing population in cleaner water. Genetically based 
variation in tolerance to contaminants has been 
observed in a number of different taxa, including 
macroalgae (Hall et al. 1981, Reed & Moffat 1983, 
Nevo et al. 1986, Chagnon & Guttman 1989). When 
using field-collected organisms in bioassays to develop 
site-specific regulations, prior exposure to pollutants is 
one of the factors which becomes integrated in the 
response of the resident population being examined. 
However, this issue obviously becomes more critical 
when the goal is to standardize test protocols and 
assess inter-laboratory variation in bioassay results. 

Intrapopulation variability 

Environment Canada (1990) recommends frequent 
testing with reference toxicants when developing test 
protocols with new organisms, stating that a desirable 
level of consistency is indicated by a coefficient of vari- 
ation of 30% or less for 5 to 10 bioassays. Cherr et al. 
(1994) state that a CV of 35% or less indicates an  
acceptable level of repeatability for EC5, values. For 
bioassays with Ecklonia radiata, CVs for EC50 values 
ranged between 11 and 54 %. It is expected that vari- 
ability estimates will fall within acceptable limits as 
reference testing is continued. When utilizing E. radi- 
ata for toxicity testing, monthly reference testing is 
recommended to monitor the conditions of the natural 
populations which are used as sources for zoospores. 

The bioassays with Ecklonia radiata were not con- 
ducted over a long enough period to allow adequate 
comparison of temporal variability. However, this is an 
important aspect to consider and will be examined in a 
future study. Gunthorpe et al. (1995) observed sea- 
sonal variation in a fertilization assay with the brown 
alga Horrnosira banksia, an effect attributed in part to 
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increasing summer temperatures and stress upon this ences in sensitivity between initial germination and 
intertidal species. Anderson et al. (1990) also observed germ tube growth may thus be due to the differential 
temporal variability in tests of copper which were con- effect of toxicants upon the mechanisms (development 
ducted with Macrocystis pyrifera. They attributed this of microtubules/microfilaments, formation of charge 
variation to factors such as seasonal fluctuation in the gradients; Anderson et al. 1990) associated with these 
general health of the parent plants and levels of chelat- phases. 
ing compounds present in the dilution water. 

Endpoint comparison 

Growth of the germination tube was generally a 
more sensitive endpoint than germination alone, a 
trend which has been observed in other studies with 
macroalgae. Anderson et al. (1990) observed a similar 
trend in bioassays with Macrocystis pyrifera, but ulti- 
mately found sporophtye production (reproduction) to 
be the most sensitive of the endpoints examined. Gar- 
man et al. (1994) reported nuclear migration through 
the germination tubes of M. pyrifera zoospores was a 
significantly more sensitive endpoint than either ger- 
mination or growth. Chung & Brinkhuis (1986) found 
that germination of zoospores from Laminaria saccha- 
rina was the least sensitive of the endpoints they mon- 
itored in bioassays of copper, while growth of young 
sporophytes was most sensitive. Whilst endpoints 
which are more sensitive than germination and germ 
tube growth can be monitored, they may require a 
longer testing period or greater technical expertise to 
evaluate. As such, 48 h toxicity tests which monitor 
germination and growth of kelp zoospores may be 
more practical for routine testing (see also Thursby & 
Steele 1995). Anderson et al. (1990) commented that 
while germination tube growth of M. pyrifera was 
more sensitive than germination, the ecological rele- 
vance of germination may be clearer; if zoospores do 
not germinate, they will not develop and no sporo- 
phyte recruitment will occur. 

The difference in sensitivity to toxicants between 
germination and growth could be attributed to ener- 
getic or mechanistic factors. It appears that kelp 
zoospores rely on stored energy for germination and 
initial growth (Arnsler & Neushul 1991). It may take 
less energy to form the initial protrusion of the germi- 
nation tube (and so qualify as germinated) than it does 
to reach the 10 pm length which control E. radiata 
zoospores achieved in 48 h. Zoospores may have a suf- 
ficient energy store to germinate with the added ener- 
getic cost imposed by the toxicant, but not enough to 
achieve germ tube growth which is comparable to con- 
trols. Pillai et al. (1992) have previously demonstrated 
that germination, germ tube elongation (growth) and 
nuclear division and migration were temporally and 
mechanistically distinct events in the early develop- 
ment of Macrocystis pyrifera garnetophytes. Differ- 

CONCLUSION 

Since sensitivities to a toxicant may vary among spe- 
cies, a suite of different organisms which represent a 
broad range of sensitivities should be used in a bioas- 
say program (Rand et al. 1995). Ecklonia radiata is well 
suited for use in such a testing scheme since it has a 
wide distribution, is ecologically significant in near- 
shore benthic communities and has a comparatively 
simple bioassay methodology. Future studies to char- 
acterize seasonal variability, compare sensitivity 
between additional populations and examine the 
response to complex effluents will be undertaken to 
extend the existing toxicity database for this species. 
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