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ABSTRACT: Experiments were conducted to evaluate temporal and geographic variation in sensitivity 
of microscopic stages of giant kelp Macrocystis pyrifera to copper. Spores from kelp sporophylls 
collected from different locations and at different times of the year were exposed to series of copper 
concentrations following a standard toxicity test procedure. After 48 h static exposures, toxicity was 
determined by measuring 2 test endpoints: germination success and growth of germination tubes. The 
sensitivity of these endpoints to copper was also compared with the sensitivity of longer-term reproduc- 
tive endpoints: sporophyte production and sporophyte growth. No significant differences in response to 
copper were found among spores from different collection sites. Variability between 4 tests conducted 
quarterly throughout the year was greater than that between 3 tests done consecutively within 1 mo, 
indicating temporal variability in response to copper. Long-term reproductive endpoints were more 
sensitive to copper than were short-term vegetative endpoints, with No Observed Effect Concentrations 
of < 10 pg 1-' for sporophyte production, 10 yg 1-I for sporophyte growth, 10 yg 1-' for germ-tube 
growth, and 50 yg 1-I for germination inhibition. 

INTRODUCTION 

The majority of California's municipal and industrial 
waste water is discharged into the nearshore coastal 
environment. California waste dischargers are cur- 
rently required to perform chemical and biological 
monitoring of waste effluents. Chemical measurements 
monitor concentrations of specific chemical con- 
stituents, while laboratory biological tests measure 
whole effluent toxicity to aquatic organisms. 

Biological toxicity tests currently in use evaluate 
effluent toxicity generally by measuring short-term 
toxic effects such as mortality using adult stages of 
fresh water fish species. These tests have been consi- 
dered inadequate to protect marine populations 
because they use less sensitive life stages of non- 
indigenous species. In contrast, new toxicity tests 
attempt to estimate chronic toxicity by measuring sub- 
lethal effects such as abnormal development, repro- 
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ductive failure, or growth of sensitive life stages (Bay et 
al. 1983, Lussier et al. 1985, ASTM 1987, Dinnel et al. 
1987, Anderson & Hunt 1988, Middaugh et al. 1988, 
Hunt & Anderson 1989, Martin et al. 1989). By using 
more sensitive early life stages of indigenous species, 
the new tests may better indicate the potential impacts 
of discharged waste on marine populations, although 
there are clear limitations in extrapolating laboratory 
results to the field. Because species have variable sen- 
sitivities to toxicants, new bioassay protocols have been 
developed with species representing a variety of phyla. 

Included in this 'multispecies' approach is the giant 
kelp Macrocystis pyrifera, an important primary pro- 
ducer in near-shore marine communities. M. pyrifera is 
an appropriate toxicity test species because kelp is 
amenable to laboratory culture and relatively sensitive 
to toxicants, and kelp forests provide a significant 
ecological and economic resource to California (Foster 
& Schiel 1985). There is concern over the effects of 
pollution on M. pyrifera and its associated marine com- 
munities because of the proximity of kelp forests to 
nearshore pollution. M. pyrifera has been cultured 
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extensively in laboratory studies and its life history has 
been well described (North 1971, North et al. 1982, 
Liining 1980). Its use in toxicity studies has been 
limited (Smith & Harrison 1978, James et al. 1987, 
Anderson & Hunt 1988). 

Two giant kelp toxicity tests were developed as part 
of an effort by the California State Water Resources 
Control Board to implement new bioassay tests for 
monitoring effluent toxicity: a short-term 48 h test and 
a longer-term 16 to 20 d test (Anderson & Hunt 1988). 
The 48 h test has 2 endpoints: germination of the 
haploid zoospores, and initial growth of the 'germ-tube' 
of the developing gametophyte. The longer-term test 
focuses on sporophyte 'production' and is used for 
comparison with the short-term test. Sporophytes are 
the product of sexual reproduction between male and 
female gametophytes. 

Several aspects of the Macrocystis pyrifera toxicity 
test required further study before the test was 
implemented in the state's regulatory program. Because 
testing laboratories collect kelp reproductive blades 
(sporophylls) from local kelp populations throughout 
the year, it was necessary to evaluate interpopulation 
and temporal effects on test performance. Three experi- 
ments were conducted as a part of this evaluation. The 
first compared results of concurrent tests using 
sporophylls collected from different locations along the 
California coast. The second compared the variation 
among tests conducted quarterly throughout the year 
with variation among consecutive tests conducted du- 
ring the same month. The third compared the sensitivity 
of short-term vegetative endpoints with long-term 
reproductive endpoints. A reference toxicant, copper 
chloride, was used for all experiments. Copper is found 
in high concentrations in municipal sewage (Harrison 
1982, SCCWRP 1986) and power plant effluents (Martin 
et al. 1977, Harrison 1982), and copper has been used in 
previous toxicity tests with other algal species, allowing 
for direct comparisons of sensitivity. 

METHODS 

Facilities. All toxicity experiments were conducted 
between November 1987 and December 1988 at the 
California Department of Fish and Game's Marine Pol- 
lution Studies Laboratory (MPSL), located on the Big 
Sur coast in Monterey County, California, USA. 
Laboratory seawater has been shown to have very low 
background trace metal concentrations (Martin et al. 
1981), and copper concentrations in control seawater in 
this study were below detection limits (< 0.6 yg 1-l). 

Toxicity tests. Motile zoospores were placed in toxi- 
cant solutions and exposed continuously for 48 h in the 
short-term test and 16 to 20 d in  the long-term test. The 

toxicity test methods have been previously described 
(Anderson & Hunt 1988). The short-term test has 2 
endpoints: percent germination, measured by counting 
100 spores and scoring them as either germinated or 
not germinated, and germ-tube growth, measured as 
length from the edge of the spore case to the tip of the 
germ-tube. Growth was measured with an ocular mi- 
crometer on 10 randomly selected spores from each test 
container. Sporophyte production was used to indicate 
toxicity in the long-term tests. Zoospores were obtained 
from mature reproductive blades (sporophylls) col- 
lected by skindivers the day before each test from kelp 
beds at either Granite Canyon or Monastery Beach, 
Monterey County. They were stored at 12°C before 
testing. 

Sensitivity of different kelp populations. To com- 
pare the sensitivity of kelp zoospores from geo- 
graphically isolated Macrocystis pyrifera populations, 
sporophylls were collected from 4 different California 
kelp beds: La Jolla Cove, San Diego County (32"45'N, 
117"15'W); Abalone Cove, Los Angeles County 
(33" 50' N, 118" 30' W) ; Campus Point, Santa Barbara 
County (34" 30' N, 119" 50' W) ; and Monastery Beach, 
Monterey County (36" 32' N, 125" 56' W). Three groups 
of sporophylls were collected on December 8, 1988; 2 
groups (La Jolla and Abalone Cove) were blotted and 
placed in coolers at 9°C and transported overnight to 
MPSL. The third group (Monastery Beach) was stored 
overnight in a refrigerator at 5°C at MPSL. The 
sporophylls from Campus Point were collected on 
December 1, placed in flowing seawater (at ambient 
temperature, ca 15°C) in a greenhouse, then blotted 
and placed in a cooler on December 8, and transported 
overnight to MPSL. 

On December 9, sporophylls from each site were 
rinsed in 0.2 pm filtered seawater, then placed in sepa- 
rate beakers filled with l l of 0.2 pm filtered seawater 
(13°C) for 1 h to allow zoospore release. Zoospores 
were then pipetted into toxicant solutions in test con- 
tainers that held 2 microscope slides. The first mi- 
croscope slide was removed to quantify germination 
and germ-tube growth after 48 h. At this time the 
lights were changed from cool-white fluorescent to 
full-spectrum VitalightsB (50 PE m-' S-', to facilitate 
gametogenesis), and nutrients were added [PES (Pro- 
vasoli 1968), minus EDTA-chelated iron, plus ger- 
manium dioxide to control diatoms (Markham & Hag- 
meier 1982)l. Test solutions were changed on Days 4, 8 
and 12. The second slide was removed after 16 d. 
Sporophyte numbers were counted in three 0.2 X 18.0 
mm transects on each replicate slide at 100 X magnifi- 
cation with a compound microscope. Total numbers of 
sporophytes were counted rather than the percentage 
of female gametophytes with sporophytes because the 
number of female gametophytes was too dense to allow 
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accurate counting (see 'Endpoint comparisons' for 
explanation). Four concentrations and a control (0, 18, 
32, 56, and 100 pg 1-I copper), each replicated 5 times, 
were compared for each test using Analysis of Variance 
(ANOVA) followed by Dunnett's multiple comparison 
test. The percent germination data were first trans- 
formed to the arcsine of their square root. Sporophyte 
counts and length measurements were considered to 
be nested in each replicate for the ANOVA (Under- 
wood 1981). For each test, the No Observed Effect 
Concentration (NOEC) was calculated as the highest 
concentration not significantly different from the con- 
trol at p = 0.05. The 4 tests were compared to each 
other using a 2-way ANOVA (copper concentration 
and population). This was followed by a Student-New- 
man-Keuls multiple comparison test (SNK) to deter- 
mine significant differences between tests (Zar 1974). 

Temporal variability. Four short-term (48 h) copper 
experiments were conducted quarterly in February, 
May, August, and October 1989 to evaluate temporal 
variability. The copper concentrations tested were as 
follows: Test 1 = 0, 56, 100, 180, 320, 560 yg 1-l; Test 2 
= 0, 32, 56, 100, 180, 320 pg 1-l; Tests 3 and 4 = 0, 10, 
18, 32, 56, 100, 180 pg 1-l. 

All data were analyzed using analysis of variance 
(ANOVA) followed by Dunnett's multiple comparison 
test as above. A 2-way ANOVA (copper concentration 
and test date) was used to compare the percent germi- 
nation data from the 4 tests. 

A 3-way nested ANOVA (copper concentration, test 
date, and replicate container) was used to compare 
copper effects on germ-tube length. For the analyses, 
the germ-tube length measurements were considered 
to be nested within the replicate container and test 
date. Only results at matching copper concentrations 
(0, 56, 100, and 180 pg 1-l) were used to compare 
between-test differences. 

Three short-term tests were conducted in October, 
and the results of these 3 tests were compared to the 
quarterly tests. These tests ('consecutive tests') were 
designed to assess a number of factors affecting varia- 
bility, and the methods differed somewhat from those 
used in the quarterly tests. The differences involved the 
source of the sporophylls and the number of spores 
distributed to each test container. For all 3 consecutive 
tests, an adult plant was marked in the kelp bed at 
Granite Canyon and used as the sporophyll source. 
Equal weights (1 16 g) of sporophylls were placed in 2 1 of 
0.2 pm filtered seawater at the start of each test. After 1.5 
h the spore density was calculated and adjusted so that 
ca 3 X 106 spores were pipeted in 0.5 m1 water into each 
test container. After 48 h the test slides were removed 
and the endpoints quantified. Copper concentrations 
were 0, 10, 32, 56, 100, and 180 pg 1-l. An 18 yg 1-l test 
concentration was added to the final test. Only results at 

copper concentrations matching the quarterly tests (0, 
56,100, and 180 yg 1-l) were used to compare between- 
test differences and differences between the 3 consecu- 
tive tests and the 4 quarterly tests. The statistical 
methods were the same as t1 se used in the 4 quarterly 
tests, except that 3 tests were compared instead of 4. 

Endpoint comparisons. One experiment was con- 
ducted to compare the relative sensitivity of several 
endpoints to copper. The initial procedures were the 
same as those used in the 48 h experiments, except that 
3 microscope slides were placed in each test container at 
the start of the experiment. Lighting was provided by 
Vitalightsm (50 pE m-' S-'), nutrients (as above) were 
added during water changes on Days 4, 8, and 12. After 
48 h one slide was removed and germination and germ- 
tube growth were quantified following the standard 48 h 
protocol. After 19 d a second slide was removed and the 
effect of copper on sporophyte production was evalu- 
ated. Sporophyte production was quantified in this 
experiment as the percentage of female gametophytes 
producing sporophytes. This was done to minimize bias 
that might arise from an unequal number of female 
gametophytes on replicate slides. On Day 20, the final 
slide was removed and the effect of copper on 
sporophyte growth was quantified. Sporophyte length 
was measured in microns with an ocular micrometer at 
100 X magnification. The first 10 sporophytes encoun- 
tered in a 0.2 X 18.0 mm transect across the slide were 
measured in each replicate. One-way ANOVA followed 
by Dunnett's multiple comparison test was used to 
determine NOEC's for each endpoint. 

Reference toxicant verification and water chemistry. 
Copper concentrations were measured using samples 
taken at the beginning and end of each test and at each 
water change. One replicate from each concentration 
was sampled and analyzed using a Perkin Elmer Model 
603 atomic absorption spectrophotometer (see Bruland 
et al. 1979 for analytical procedure). Unless otherwise 
noted, all reported copper values are analytically verified 
total copper concentrations. Identical test solutions from 
the same mixing flasks were used in the interpopulation 
experiment, and these were not measured. 

Dissolved oxygen, pH, salinity, and temperature were 
measured at the beginning and end of each experiment. 

RESULTS 

Sensitivity of different kelp populations 

The results of the interpopulation experiment indi- 
cate that there is little difference in response to copper 
between isolated populations of Macrocystis pyrifera. 
There was a significant difference in germination 
between populations (ANOVA, p = 0.05), but this 
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difference was a result of low germination rates in the 
Santa Barbara sporophylls (SNK, p = 0.05; Fig. l a  to c). 
These sporophylls were collected 8 d before the experi- 
ment and this apparently affected germination rates. If 
the germination data is transformed so that all of the 
germination rates are given as a percentage of the 
controls (i.e. the controls for each population are con- 
sidered to be 100 % germinated), then there is no signif- 
icant difference between the populations (ANOVA, p = 

0.11). All of the spores showed slight germination 
inhibition in response to copper, but the only statisti- 
cally significant decrease occurred with the Monastery 
Beach spores exposed to 100 pg 1-I (NOEC = 56 yg 1-l; 
Fig, la).  

The germ-tube growth data showed no significant 

difference between the different spore sources 
(ANOVA, p, > 0.05). The NOEC for germ-tube growth 
was less than the lowest test concentration (18 pg 1-l) at 
Monastery, Santa Barbara, and La Jolla, while Abalone 
Cove had a NOEC of 18 yg 1-l. The response curves 
were similar for the 4 sporophyll sources (Fig. lb).  

Sporophyte production was inhibited at the lowest 
copper concentration (18 pg 1-l) for all of the spore 
sources tested (Fig. lc). 

Temporal variability 

Kelp zoospore germination was inhibited at different 
copper concentrations in the 4 quarterly tests, with 
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Fig. 2. Macrocystis pyrifera. Results of 4 quarterly copper 
experiments conducted in 1989. (a) Germination rates in cop- 
per; (b) germ-tube growth in copper. NOEC: No Observed 

Effect Concentration 

b- - MayNOEC<31.1 Febma~~ NOEC < 40.8 - August NOEC < 10.1 - October NOEC = 18.8 

NOEC's ranging from 99.1 to 19.4 pg 1-I (Fig. 2a, b). 
The germination response to copper was significantly 
different among tests done at different times of the year 
(p < 0.0005), and there was a significant interaction 
between copper concentration and test date (p < 
0.0005). While the results of the February and May 
experiments were not significantly different from each 
other, all other test comparisons showed significant 
differences (SNK, p = 0.05). 

There were significant differences in the inhibition of 
germ-tube growth among the 4 experiments (p < 
0.0005), with NOEC's ranging from < 40.8 to < 10.1 pg 
1-l. There was a significant interaction between test 
date and copper concentration (p < 0.01). Germ-tube 
growth inhibition was not significantly different in the 
February and May tests but all other test combinations 
were significantly different from each other (SNK, p = 
0.05). 

Results of the 3 consecutive copper experiments con- 
ducted in October were less variable than the 4 quar- 
terly tests (Fig. 3a, b). The NOEC's for inhibition of 
germination were 55.8, 94.5, and 54.1 pg 1-I for Tests 1 
through 3, respectively. Though there were differences 
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Test #2 NOEC = 
Test %3 NOEC = 
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Fig. 3. Macrocystis pyrifera. Results of 3 consecutive copper 
experiments conducted in October 1989. (a) Germination rates 
in copper; (b) germ-tube growth in copper. NOEC: No 

Observed Effect Concentration 

in response at the highest copper concentrations, 
differences in germination were not significant 
between the 3 tests (p = 0.1321). There was no statisti- 
cal interaction between test number and copper con- 
centration (p = 0.4918; for the ANOVA's, 'test number' 
in the 3 consecutive tests equated with 'test date' in the 
4 quarterly tests). 

The NOEC's for inhibition of germ-tube growth 
were 8.8, 9.3, and 18.8 pg 1-I for the 3 tests. The 
difference in NOEC's in the growth data may be par- 
tially due to the range of copper concentrations used 
in the 3 experiments. The first 2 tests used a 10 pg 1-I 
but not an 18 pg 1-I (nominal) concentration. There 
was a significant difference in the effect of copper on 
germ-tube growth among the 3 consecutive tests (p < 
0.0005). This difference was less significant, however, 
than among the 4 quarterly tests, based on critical 
values from the respective ANOVA's. The F ratio for 
germ-tube growth data from the 3 consecutive tests 
was 13.44, while the F value for growth data from the 
4 quarterly tests was 26.27. The interaction of test date 
and copper concentration was significant for the 4 
quarterly tests, but there was no significant interaction 
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between concentration and test number for the 3 con- 
secutive tests (p > 0.05). 

Endpoint comparison 

Results of the 20 d long-term experiment comparing 
4 different endpoints showed that sporophyte produc- 

tion was more sensitive to copper than sporophyte 
growth, spore germination or germ-tube growth (Fig. 
4a to d). The percentage of female gametophytes pro- 
ducing sporophytes declined at the lowest test concen- 
tration, 10.2 yg 1-I (NOEC < 10.2 yg 1-l; Fig. 4a). Once 
produced, the sporophytes appeared to grow in the 
lowest copper concentration (NOEC = 10.2 pg 1-l; Fig. 
4b), although the sizes of the sporophytes present were 
variable. There were so few sporophytes present in the 
32 yg 1-l concentration that it was impossible to meas- 
ure an adequate number for a statistical comparison. 
Germination was inhibited at 90.6 pg 1-I copper (NOEC 
= 50.1 yg 1-l; Fig. 4c) and germ-tube growth was 
inhibited at 31.1 yg 1-I (NOEC = 10.2 pg 1-l; Fig. 4d). 

Physical and chemical measurements 

Dissolved oxygen concentration for all experiments 
ranged from 6.0 to 8.0 mg 1-l. Test solution pH ranged 
from 7.8 to 8.3. Salinity ranged from 35 to 37 %O in all 
experiments except one: salinity values in the first 
quarterly copper test were abnormally high, ranging 
from 35 %O at the start of the test to 47 %O at the end. The 
increased salinity in this test resulted from evaporation 
from the open containers over the last 24 h of the test; 
subsequent tests used covered containers. We have 
found Macrocystispyrifera gametophytes to be surpris- 
ingly tolerant to elevated salinities. The results of this 
experiment did not appear to be affected by the 
increase because the spores had germinated and 
grown before the salinities increased. Temperature in 
the experiments ranged from 13 to 15 "C. 

DISCUSSION 

Relative sensitivity of different kelp populations 

Our results indicate no significant difference in cop- 
per sensitivity among the 4 kelp populations compared. 
There was no significant difference among populations 
in the effect of copper on germ-tube growth, and there 
was no significant difference in germination among 3 of 
the 4 populations. The overall germination percentage 
was significantly lower for the sporophylls collected 
from Santa Barbara (due to the longer storage time 
mentioned earlier), but this did not appear to be related 
to copper toxicity because germination rates in the 
controls were low, also. Despite the low overall germi- 
nation of the Santa Barbara spores, there was no signifi- 
cant difference among the 4 populations for germination 
results expressed as percentages of the controls. No 
Observed Effect Concentrations (NOEC's) for germina- 
tion were similar among the 4 spore sources (Fig. la).  
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Although the relative numbers of sporophytes pro- 
duced varied between the different spore sources, the 
inhibition of sporophyte production by copper was the 
same. Sporophyte production was completely inhibited 
in all of the cultures at the lowest test concentration, 18 
pg 1-' (Fig. lc). Because we evaluated the effect of 
copper on 3 different endpoints, each having varying 
degrees of sensitivity, a wide range of copper concen- 
trations were tested. Including more concentrations 
between 0 and 18 pg 1-' would have given more infor- 
mation on inhibition of sporophyte production. 

While the results of this experiment indicate little 
difference in copper sensitivity between different 
populations of Macrocystis pyrifera, it should be noted 
that it was conducted at only one time and with 
sporophylls collected from only 4 locations. It is pos- 
sible that a more extensive experiment with more loca- 
tions tested over the course of a year might reveal 
greater differences in kelp sensitivity. Geographical 
differences in physiology have been demonstrated for 
temperature tolerance by gametophytes (L. Deysher 
unpubl.) and sporophytes (North 1971), and for photo- 
synthesis in sporophytes (Zimmerman 1988). Ecotypic 
differences in physiology have been reported for 
Laminaria saccharina (Gerard 1988), and genetically- 
based variability in tolerance to copper have been 
reported for other macroalgal species (Russell & Morris 
1970, Hall et al. 1981, Reed & Moffat 1983). 

Temporal variability 

These experiments indicate that there is temporal 
variability in the sensitivity of Macrocystis pyn'fera to 
copper. There was greater variability between experi- 
ments conducted over the course of a year than 
between experiments conducted within the same 
month. There were differences in NOEC's in the 4 
quarterly tests and a significant difference in spore 
germination. Germination and germ-tube growth were 
less sensitive in February and May than in August and 
October. All test comparisons other than February and 
May were significantly different (SNK, p > 0.05). There 
was a significant test date-copper interaction in these 
experiments. Between-test variability was lower in the 
3 consecutive October experiments; there was no sig- 
nificant difference in germination between these 3 
tests. 

Germ-tube growth was inhibited at different copper 
concentrations in the 4 quarterly tests (SNK, p = 0.05). 
The interaction of test date and copper effect was more 
significant in the 4 quarterly tests than in the 3 con- 
secutive tests. There was a significant difference 
between the 3 consecutive tests but the effect of test 
number and the interactive effects were less significant 

than in the quarterly tests. Of the 3 consecutive tests, 
only Test 2 was significantly different (SNK, p = 0.05). 

The reason for the greater temporal variability in the 4 
quarterly tests is unknown; few studies have addressed 
this issue. One source of variability may be seasonal 
fluctuations in the general health of adult plants from 
which the sporophylls were collected. Marine algae are 
dependant on ambient nutrients which fluctuate sea- 
sonally. Nitrogen (as NO3- and NH4+) in particular, may 
be limiting during certain times of the year (Jackson 
1977, Gerard 1982). In southern California, nitrogen- 
limiting conditions generally occur in late summer and 
fall when upwelling is reduced (North et al. 1982). In 
central California the water is cooler, upwelling is more 
consistent, and nitrogen-limiting conditions occur less 
frequently (Broenkow & Smethie 1978, Gerard 1982). It 
is possible, however, that seasonal fluctuations in the 
availability of nutrient may have affected the plants at 
our collection site. If the plants were nutrient limited, it is 
reasonable to infer that their spores were likewise 
affected, perhaps increasing their sensitivity to toxic- 
ants. No nutrients were added in the quarterly 48 h 
experiments. 

Another possible explanation for the greater variabil- 
ity in the quarterly tests is variation in the chelating 
capacity of the dilution water used in the experiments. 
Cupric ions, the form of copper toxic to algae (Sunda 
& Guilliard 1976), are bound by particles and dis- 
solved organic compounds (Kuwabara 1983). Natural 
chelators (e.g. surface polysaccharides and poly- 
phenols) released by the sporophylls may also bind 
divalent ions (Haug & Smidsrod 1965, Ragan et al. 
1979). Variation in the amount of chelators present 
could contribute to between-test variability. Total cop- 
per concentration, not cupric ions, was measured, so 
the amount of chelation is unknown. The number of 
spores introduced to the test containers was more con- 
sistent in the 3 consecutive tests, and more care was 
taken to adjust the spore density and the volume of 
water in which the spores were pipeted to the test 
containers. This could affect chelation. For example, 
greater spore numbers might increase chelation. We 
investigated this possibility, however, and found no 
correlation between spore numbers and NOEC's (r2 = 

0.33, N = 4; data not shown). 
The 3 consecutive tests used spores obtained from 1 

plant while the 4 quarterly tests used spores obtained 
from a pooled sample of sporophylls from several 
plants. Because the interpopulation comparisons 
showed no significant differences between plants from 
widely separated areas (Fig. l), differences among 
pooled plants from the same population were assumed 
to be negligible. Also, a mixture of spores from pooled 
sporophylls would presumably dampen any between- 
plant variability. 
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Endpoint comparisons 

Reproduction (sporophyte production) was the most 
sensitive indicator of copper toxicity of the 4 endpoints 
compared. Sporophyte production was inhibited at the 
lowest copper concentration tested (Fig. 4a). The next 
endpoint, sporophyte growth, was variable and was 
significantly inhibited at 32 yg 1-I (NOEC = 10.2 yg 
1-l). Germ-tube growth was significantly inhibited at 
32 yg 1-' (NOEC = 10.2 yg I-'), and germination was 
significantly inhibited at 100 pg 1-I (NOEC = 50.1 pg 
1-l). Other researchers have found reproduction to be a 
more sensitive indicator of copper toxicity than spore 
germination or vegetative growth. Results of experi- 
ments with Macrocystis pyrifera and other laminarian 
algae are consistent. Smith & Harrison (1978) found 
that copper inhibited the vegetative growth of l-wk- 
old M. pyrifera gametophytes at 50 pg 1-l, while pro- 
duction of eggs by female gametophytes was inhibited 
at 30 yg 1-l. Thompson & Burrows (1984) found that 
vegetative growth of Laminaria saccharina sporo- 
phytes was inhibited at 50 pg I-', and reproduction 
(sporophyte production) was inhibited at 10 pg 1-' 
copper. Chung & Brinkhuis (1986) found that the 
release of L. saccharina zoospores, gametophyte 
growth, and gametogenesis were inhibited at copper 
concentrations greater than 50 pg 1-I. Hopkin & Kain 
(1978) found that gametophyte germination in 
Laminaria hyperborea was inhibited at 100 pg 1-I and 
sporophyte growth was inhibited at 10 pg 1-l. 

Although less sensitive than sporophyte production, 
inhibition of germ-tube growth and germination have 
been proposed as routine indicators of effluent toxicity 
because they require considerably less technical exper- 
tise, are relatively reliable in repetitive tests, and take 
only 48 h to evaluate (Anderson & Hunt 1988). The 
drawbacks are that they are somewhat less sensitive 
than the reproductive endpoint, and the ecological 
relevance is less easily defended because it is not clear 
how declines in germ-tube growth affect field popula- 
t ion~.  Copper concentrations inhibiting germ-tube 
growth also inhibit reproduction. Germination is a less 
sensitive and more variable indicator of toxicity, but its 
ecological relevance is more obvious: if spores do not 
germinate they will not develop. 

Copper toxicity 

The primary mechanism of copper toxicity to Mac- 
rocystis pyrifera gametophytes is unknown. We previ- 
ously suggested that metals might inhibit spore photo- 
synthesis or the use of stored photosynthate and thus 
disrupt germination (Anderson & Hunt 1988). Inhibi- 
tion of photosynthesis does not appear likely consider- 

ing Luning's (1980) finding that germination and pro- 
duction of the first gametophytic cell in Laminaria 
species can occur in complete darkness. We have also 
found that M. pyrifera spores can germinate and grow 
in the dark and that copper inhibits these processes in 
experiments conducted in complete darkness (Ander- 
son & Hunt unpubl.). Amsler has demonstrated that the 
photosynthetic rate is only slightly greater than the 
respiration rate in M. pyrifera spores, and suggested 
that stored energy is used for germination (Amsler 
1988, C. Amsler, University California Santa Barbara, 
pers. comm.). 

Research into germination and germ-tube growth of 
pollen grains and Fucus zygotes, cellular systems simi- 
lar to kelp spores, offer an alternative hypothesis. Work 
on factors controlling pollen tube elongation of Trades- 
cantia virginiana by Picton & Steer (1982) and reviewed 
by Steer (1989) show that calcium ion transport across 
the cell membrane plays an essential role in controlling 
tube growth. In their model, Ca2+ ions are pumped into 
the cell and the increase in internal Ca2+ concentration 
results in an electrochemical gradient across the cell 
membrane. This results in a net positive charge, allow- 
ing negatively charged vesicles to be drawn towards 
the growing tip where they fuse. This process, com- 
bined with changes in the structure of cytoskeleton 
microfilaments, results in tip elongation (Picton & Steer 
1982). This model incorporates similar processes 
described by Jaffe et al. (1976) and more recently 
reviewed by Kropf (1989) for rhizoid formation in Fucus 
zygotes. It is possible that the formation of a calcium 
ion gradient also marks the beginning of germination 
of M. pyrifera spores, and this process may be inhibited 
by a variety of toxicants, including copper, perhaps by 
disrupting membrane integrity (Bussler 1981). 

Although total copper concentrations in sewage 
effluent are sometimes within the range toxic to kelp (< 
10 to 100 yg 1-', depending on test endpoint), ambient 
concentrations are considerably lower. Average annual 
copper concentrations compiled for 1988 for 5 major 
southern California municipal sewage effluents ranged 
between 32 and 58 yg 1-l. Flow rates for these effluents 
ranged between 704 and 1408 million 1 d-l (H. Schafer, 
Southern California Coastal Water Research Project, 
pers, comm.). Ambient copper concentrations for 
California coastal waters ranged between 0.5 and 6.0 
yg l-I (Harrison 1982). 
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