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INTRODUCTION 

Coral reefs are important features of many tropical islands. Reefs have provided 

fisheries resources for subsistence as well as providing a valuable place for reinforcing family 

ties and values in many tropical island societies (Richmond, 1994). Much of the nutrition, 

welfare, culture, employment, and recreation for tropical islanders is based on the living 

resources associated with coral reefs (Gillet, 1999; Hawkins and Roberts, 1994). 

Coral reefs are exposed to many anthropogenic stresses which have increased in impact 

and range over the past decade (Dubinsky and Stambler, 1996; Done, 1992). Coastal 

construction is common in many tropical islands to improve infrastructures and to attract more 

visitors. Coastal development sometimes has a greater negative impact on coral reefs than 

economic benefits (Maragos, 1993). Edinger et. a1. (1998) and Yap (1992) examined some of 

the problems threatening coral reefs in developing regions. Land based pollution is a major 

problem that many tropical coral reefs experience regularly. Runoff carries a wide range of 

pollutants that can disrupt the life cycle of many reef organisms. Discharges from mining 

operations in Thailand, Malaysia, Indonesia, and the Carribean basin have been suggested as the 

most obvious potential threat to nearby coral reefs (Howard and Brown, 1984). Destructive 

land practices such as land clearing, deforestation and road grading also threaten coral reefs. 

A common threat facing coral reefs that has attracted increasing attention is coastal 

pollution from heavy metals (e.g., Johannes, 1975; Bryan, 1976). Most studies on the effects of 

heavy metals on marine organisms have concentrated on the more toxic heavy metals such as 

mercury, copper, cadmium, nickel, and zinc (Table 1). These studies demonstrated the stressful 



effects of heavy metals on marine organisms, including negative impacts on fertilization, 

embryonic development, feeding activity, survival and growth. 

Tablel. Summary of some studies on the effects of heavy metals on selected marine organisms. 

species tested metals( concentration) effects/ (duration) Author 

gastropod Cd (0.075-0.25 J.lM) growth and survival Allah et. aI., 1997 
Biomphalaria glabrata Pb (0.25 -100 J.lM) 

Hg (0.25 - 1 J.lM) (6 weeks) 

gastropod Cu (0.02 -0.20 ppm) movement and burrowing Cheung and Wong, 
Babylonia lutosa activity 1999 

(4 weeks) 

sea urchin Cu (7 J.lg/I) embryonic development Coglianese and Martin, 
Echinometra mathaei (2 days) 1981 

reef coral Cu (20 J.lgll) fertilization Reichelt-Brushett and 
Goniastrea aspera (5 hours) Harrison, 1999 

reef coral Cu (.01-1000 J.lgll) fertilization Negri, AP. and AJ. 
Acropora millepora (4hours) Heyward, 2001 

larval metamorphosis 
(24 hours) 

Marine organisms may be susceptible to stressors resulting from anthropogenic sources. 

Therefore, evaluating how different types of stress affect the life cycle and dynamics of field 

populations of marine organisms is important for understanding the current decline of coral reef 

health. Studies on the effects of stress, i.e., sediment and turbidity (Houk, 1999), pollution 

(Brown and Howard, 1985), and sewage (Pastorok and Bilyard, 1985) on coral reefs have 

measured coral cover and diversity because these are easily quantified estimators of coral reefs 
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health. However, with the increasing threat of pollution from heavy metals (Brown, 1987~ 

Guzman and Jimenez, 1992) and the continued decline of coral cover, there is increasing 

concern about the early developmental stages of marine organisms which are typically more 

sensitive than the adult stage. Survival of the early developmental stages of coral may be an 

important indicator of stress because they have a direct bearing on future field populations. 

Toxicity is a useful tool for evaluating the effects of pollutants on these early developmental 

stages (Peters et. aI., 1997). 

There is little published information on the toxicity of pollutants to adult corals and even 

less information is available on early developmental stages. Most studies on the effects of 

pollutants on the early developmental stages of corals were evaluated on brooding corals 

because of the ease of obtaining their larvae. Edmonson (1946) examined the effects of 

freshwater (reduced salinity) on planula larvae of Pocillopora damicornis, Cyphastrea oce/tina, 

and Dendrophyllia manni and found that exposure to a dilution of 1 part seawater- 3 parts 

freshwater caused cessation of movement in 15-20 minutes. Furthermore, larvae did not recover 

when returned to normal salinity. 

Others have examined the effects of the most toxic trace metals on survival and 

recruitment of planula larvae. Goh (1991) found that survival and recruitment of planula larvae 

of P. damicornis were significantly affected by exposure to 1000 Ilgil of nickel. Esquivel (1986) 

examined the effects of copper on the larvae of P. damicornis and found the Ee 50 to be 120, 

115,90, and 63 Ilgil at 12,24,48, and 96 hours exposures, respectively. These studies were 

limited to the effects of pollutants on survival and recruitment of planula larvae and did not 
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consider the effects on fertilization. This was largely due to a limited understanding of coral 

reproduction and how to obtain viable coral gametes for experiments. 

However, with increasing knowledge of coral reproduction and the discovery that many 

scleractinian corals release their gametes into the water column during limited periods annually 

(Heyward, 1988~ Richmond and Hunter, 1990) it is now possible to perform toxicity tests of 

pollutants on coral gametes using laboratory based bioassays. Toxicity tests have often been 

used to determine the effects of pollutants on organisms and are generally performed on 

indicator species within a community (Peters et. aI., 1997). Scleractinian corals are dominant 

organisms and key components of coral reef ecosystems, and therefore are useful organisms in 

determining the dose-response effect of potential pollutants to marine environments. 

Most scleractinian corals release gametes into the water column, where external 

fertilization occurs. Fertilization occurs minutes to hours after the gametes are released. 

Fertilization will therefore be greatly affected by water quality. Richmond (1993) found that 

reproductive success inA. digiti/era was affected by coastal runoff. He found a 38% decrease 

in fertilization success in salinity of28.5 ppt and lateritic suspended solids of 1.28 gil. He also 

found that reducing salinity to 28 ppt inhibited fertilization rate to 25% compared to 88% at 34 

ppt salinity. Others have demonstrated that the presence of pollutants, such as petroleum-based 

products and heavy metals can inhibit fertilization and recruitment in spawning corals 

(Heyward,1988; Reichelt-Brushet and Harrison, 1999~ Negri and Heyward, 2000~ 2001). 

A variety of pollutants have been tested against marine organisms. Copper has received 

considerable research attention. Copper is an essential element to all living things but has been 

found to be toxic to many marine organisms (Heslinga, 1976; Coglianese and Martin, 1981 ~ 
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Mance, 1987~ Ringwood, 1992). Still, there is little information available on the toxicity of 

copper to corals. The effect of copper on corals is of environmental concern because there are 

numerous sources of copper to coral reefs. Copper is a major component of antifouling paints 

(Claisse and Alzieu, 1993), is found in sewer discharges (Pastorok and Bilyard, 1985), is a 

component of fungicides and herbicides that are used on coastal agricultural crops (Cremlyn, 

1979), is used to treat wood used as construction materials for coastal waterfront structures 

(Brown and Eaton, 2001), and is used in heat exchangers in power plants ( Stupnisek-Lisak et. 

aI., 1998). The concentration of copper in pristine marine environments is between 

0.01-0.03 ~gli (Sadiq, 1992). Given its wide use, copper poses a potential threat to marine 

organisms (Fang & Hong, 1999~ Mance, 1987~ Schmidt, 1978~ Brown, 1987). Therefore, 

evaluating copper's effect on corals is of interest to reef management and preservation. 

Heyward (1988) studied the effects of copper and zinc sulphate on fertilization rates in 

Favites chinensis and Plagygyra ryukyuensis. He found that a nominal concentration of 100 

~gli of copper reduced fertilization success in F. chinensis to less than 50%, but had no 

inhibitory effect on P. ryukyuensis fertilization. Reichelt-Brushett and Harrison (1999) found 

that a nominal copper concentration of 20 ~gli reduced fertilization in Goniastrea aspera by 

41 % and concentration of 200 Ilgl1 inhibited fertilization by 99%. A similar trend was observed 

in a bioassay with gametes from Acropora millepora. It was found that copper inhibited 

fertilization with an EC 50 (concentration at which fertilization is inhibited to 50%) of 17.4 Ilgl1 

(Negri and Heyward, 2001). These studies demonstrated that copper can have an inhibitory 

effect on fertilization rates in a few species of spawning corals. Further investigation is needed 

to evaluate the effects on other important reef - building spawning corals. 
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Since spawning periods in reef corals coincide with heavy rainfall in the tropics, it is 

important to evaluate how coastal runoff, which may carry a variety of pollutants including 

copper, can affect coral reproduction and recruitment. Most published toxicity studies in 

spawning corals have been evaluated on massive corals, such as Platygyra ryukyuensis and 

Favites chinensis (Heyward, 1988), Goniastrea aspera (Reichelt-Brusshett and Harrison, 1999), 

and Goniastrea reli/ormis (Leota, 2000). Few published studies (e.g., Richmond, 1993 for A. 

digiti/era; Reichelt-Brushet and Harrison, 1999; Negri and Heyward, 2001 for A. millepora) 

have evaluated the effects of pollutants on branching Acropora, which include many of the 

major reef building coral species. The present study set out to address the effects of copper on 

fertilization and larval development, settlement, and metamorphosis in Acropora surculosa. 

These early developmental stages may be good indicators of the effects of pollutants on corals 

because they represent critical links in the life cycle of corals. 

A. surculosa is found primarily at shallow depths on coral reefs throughout the Pacific. 

On Guam, this species inhabits reef areas close to shore where the risk of exposure to pollutants 

is high. It is therefore a good indicator species for evaluating the effects of pollutants on 

fertilization, larval development, settlement and metamorphosis in corals. 

This study address the following questions: (1) Will copper affects fertilization rate 

when gametes are exposed to copper for 5 hours?, (2) Will embryogenesis be affected when 

gametes are exposed for 12 hours?, (3) Will exposure to copper for 48 hours affect larval 

survival, and will the larvae recover and be able to settle and metamorphose? (4) Will 

concurrent exposure of larvae and substrate affect the settlement and metamorphosis process? 
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MATERIALS AND METHODS 

Deionized water was obtained from the Water and Environmental Research Institute 

(WERI) of the University of Guam. Seawater used for bioassays was filtered using 0.45 J.lm 

cellulose nitrate filters. All glassware used was pre-cleaned by soaking in 10% nitric acid 

overnight, washed with Alconox detergent, rinsed in running tap water, and then rinsing with 

deionized water prior to use. 

All chemicals used in this study were reagent grade. The chemical form of copper that 

was used to make the copper stock solution was CuS04 + 7 H20 . Nitric acid (HN03) that was 

used as preservative (adjusting pH) was a metal analysis grade. Copper was extracted from 

seawater by first chelating it using pyrrolidinedithiocarbamate ammonium salt (APDC). APDC 

binds to dissolved copper in solution and allows it to be extracted by organic solvent. Methyl 

isobutyl ketone (MIBK) was used as a solvent for extracting copper from seawater. It was also 

used as a solvent for making copper standards for calibrating the flame atomic absorption 

spectrometry (AAS) (Denton, WERI, UOG pers. comm). 

Contaminant preparations 

A stock solution of copper (4 mgll Cu = 15 mg CuS04 in lL of deionized H20) was 

prepared and analyzed by AAS against calibration standards to determine the exact 

concentration. The measured concentration was 3.98 mgll. One ml ofHN03 was added to the 

solution as a preservative. The range of copper concentrations chosen for the experiment was 

based on Reichelt-Brushett and Harrison (1999). The following concentrations were used: 

10 ppb, 25 ppb, 50 ppb, 75 ppb, 100 ppb, and 200 ppb (ppb = J.lglI). These copper 
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concentrations were made by adding an appropriate amount of copper from the copper stock 

and deionized water into a 1L volumetric flask and adding filtered seawater (FSW) to volume. 

The addition of appropriate amounts of deionized water to each desired concentration resulted 

in a 5% reduction in salinity from a normal salinity of35 ppt. Deionized water was added to 

achieve the same salinity in all treatments because the addition of the appropriate amount from 

copper stock to make the highest concentration of solution (200 J..lgll) resulted in 5% reduction 

in salinity. The control had a 5% reduction in salinity was well. FSW with no addition of 

copper was used as a reference treatment to test for the possible effect of reduced salinity on 

the developmental stages. In this bioassay, "concentration" refers to the nominal 

concentration of copper unless stated otherwise. The actual concentration of copper was 

determined only for the 12 hour exposure bioassay due to time constraints and limited 

glassware for keeping water samples. 

Spawning and gamete collection 

Experiments were conducted at the University of Guam Marine Laboratory. On Guam 

the mass spawning period of reef corals occurs among the 51h and the 10lh nights after each 

monthly full moon from June through August (Richmond and Hunter, 1990). Gravid colonies 

of A. surculosa were collected at least one week before the predicted coral spawning periods in 

June and July, from Double Reef, Shark's Hole, Pago Bay, and Janum Point (Figure 1). To 

make sure that gravid colonies were collected, a branch of each colony was broken-off and 

examined for the presence of colored eggs. Colonies were maintained in aerated flow-through 

seawater tanks in the laboratory. 
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Pacific Ocean 
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Figure 1. Map of Guam showing collecting sites. 
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Before a coral releases its gametes (eggs and sperm clusters), they become visible on the 

polyp within the corallite which is an indication that the coral is ready to spawn its gametes. 

This usually happens 15 - 30 minutes before a coral releases its gametes. When gametes are 

visible, each colony was isolated in a 14 I plastic tub filled with unfiltered seawater. After 

gametes were released, they were collected by gentle suction from the water surface using a 5 

ml wide mouth plastic pipette (Leota, 2000). 

Fertilization bioassay 

Acropora surculosa is a simultaneous hermaphrodite, with little or no evidence of self

fertilization. To maximize the sensitivity of the assays, two colonies were selected for 

experiments. Both colonies provided eggs and sperm. Fertilization assays were carried out in 

50 ml glass jars with screw on lids. Each jar contained 30 ml of the desired concentration of 

copper solution and 16 egg-sperm clusters ( 8 from each colony). Six replicate jars were used 

for each treatment and for the control. Jars were covered with lids and gently agitated by 

hand every hour for the first 3 hours to break apart the clusters. 

Bioassays were performed at an ambient air temperature of -28°C for 5 hours to 

allow for maximum fertilization and early cell cleavage (Heyward, 1988). Development of 

fertilized eggs was terminated by the addition of 1 ml of a fixative (10 gil sodium 

~-glycerophosphate, 4% formaldehyde buffered at pH 7), which maintained embryo integrity 

(Negri and Heyward, 2001). The eggs and embryos were assessed for fertilization the following 

morning under a dissecting microscope. The categories of unfertilized eggs and fertilized eggs 

(Figure 2 A & B) were used to assess the bioassay. 
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A B 

c D 

Figure 2: Categories of eggs and embryos used to assess the fertilization bioassays. 
(A) unfertilized eggs, (B) fertilized eggs (3 hours) 2 & 4 cell division, (C) embryos at the blastula 
stage (12 hours after eggs/sperm were combined, and (D) dead embryo (12 hrs). 
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(A) unfertilized eggs, (B) fertilized eggs (3 hours) 2 & 4 cell division, (C) embryos at the blastula 
stage (12 hours after eggs/sperm were combined, and (D) dead embryo (12 hrs). 

11 



Embryonic development bioassay 

Fertilization experiments for estimating the effects of copper on embryonic 

development were carried out in 250 ml beakers. Gametes were exposed to the different 

copper solutions and allowed to fertilize and undergo development for 12 hours. Embryonic 

development was assessed in terms of the survivorship of embryos after 12 hours of exposure. 

Survivorship was defined in terms of viable embryos. Total mortality was defined as 

unfertilized eggs and dead embryos. Six replicate beakers were used for each treatment. Each 

beaker contained 200 ml of the desired test solution and 30 egg-sperm clusters (15 clusters from 

each of the two colonies used). Each replicate beaker was covered with parafilm and was 

maintained at an ambient air temperature of - 28°C for 12 hours. After 12 hours, embryonic 

development was terminated by the addition of 3 ml fixative. The bioassay was 

scored immediately under a dissecting microscope. The following categories of eggs and 

embryos were used to score the bioassay: unfertilized eggs (Figure 2A), viable embryos (Figure 

2C), and dead embryos (Figure2D). 

Copper analysis 

Twenty ml of the test solution in each replicate beaker was pipetted into a 25 ml 

volumetric flask before gametes were put into the beakers. Four replicates of each treatment 

were sampled for copper analysis. The samples were preserved for later analysis by adding 4.8 

III HN03 and refrigerated. This procedure was repeated 12 hours later. Water samples were 

taken before the addition of the fixative. 

Copper was extracted into an organic solvent for analysis of copper in the seawater 

samples. Copper concentration was determined by AAS following solvent extraction. Briefly, 
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20 ml of the test solution were extracted with 0.5 ml of3% APDC and 2 ml ofMIBK in a 25 ml 

volumetric flask as previously described (Denton, WERI, VOG pers. com). After addition of 

the reagents, the volumetric flask was touched to a vortex mixer for 3 minutes to complete the 

extraction. Extraction of copper from seawater into 2 ml of solvent concentrated the copper 

concentration by ten times. 

Deionized water was added to each flask to bring the solvent into the neck of the flask 

after mixing for easier aspiration by AAS. The samples were left for 12 hours to maximize 

extraction. After 12 hours, the organic top layer of the sample was aspirated and analyzed by 

AAS. 

Since copper was extracted into an organic solvent, the AAS had to be calibrated with 

organic calibrating standards. A commercially available stock solution of copper in mineral oil 

was used to prepare the following calibration standards: 0.25 ppm, 0.5 ppm, 1 ppm, and 2.5 

ppm (ppm = mg/l) in MIBK in a 100 ml volumetric flask. MIBK with no addition of copper 

was used as a blank. 

Larval culture 

Following spawning, gametes were collected and mixed in 141 tubs filled with UV 

sterilized seawater to enable cross-fertilization. The seawater in the tubs was aerated to allow 

for good mixture of eggs and sperm and covered with aluminum foil to prevent evaporation. 

Semi- continuous water changes in the cultures were done every day for 5 days until the larvae 

were competent to settle. These cultures provided larvae for recruitment bioassays. 
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Larval development bioassay 

The larval development bioassay was performed in a 250 ml beaker. Six replicate 

beakers were used for each concentration to be tested. Each replicate beaker contained 200 ml 

of the desired test solution and 50 embryos that were at the blastula stage (approximately 18 

hours post-fertilization). The bioassay was kept outside at an ambient air temperature of 28 °C 

during the night and 30 °C during the day for 24 hours. After 24 hours, the embryos had 

developed into ciliated larvae. Healthy larvae were counted initially under a dissecting 

microscope. The bioassay was left for another 24 hours, for a total of 48 hour exposure to 

copper, and then reassessed. Healthy embryos were counted in each replicate beaker by visual 

examination only. Healthy larvae were transferred to filtered seawater. Larvae in clean 

seawater were maintained outside at ambient air temperature for another 48 hours. By then 

the larvae were five days old and were competent for settlement. The number of larvae in each 

replicate beaker was counted and the seawater changed. The larvae were then given a suitable 

substrate (Figure 3A) for settlement. The bioassay was again maintained outside at ambient air 

temperature for 48 hours. Forty-eight hours after the addition of a substrate was chosen as a 

timely endpoint for metamorphosis. Previous observations indicated that 48 hours after larvae 

were given a suitable substrate, any would-be settlers had settled and metamorphosed in 

laboratory bioassays (S. Victor pers.obs). At this time larvae had attached and primary polyps 

developed (Figure 4 D). The bioassay was scored by counting the settled and metamorphosed 

larvae under a dissecting microscope. 
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A 

B 

Figure 3: Two types of substrate used for settlement and metamorphosis bioassays. 
(A) Natural substrate (the quarter is used for scale) and (B) artificial substrate (4.5 cm x 0.75 
cm x 6 cm). On the left is the substrate before it was soaked in seawater and on the right is after 
3 weeks in seawater. 
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Figure 4. Categories oflarvae. (A) free- swimming, (B) settled but not attached, (C) settled and 
attached to the substrate, and (D) recruit. 
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Settlement and metamorphosis assays 

Preparation of natural substrate - Pieces of rubble were collected off the Pago Bay Reef flat 

in eastern Guam (Figure 1). Rubble pieces were of varying sizes. However, only rubble of 

almost the same size were used (Figure 3 A). Rubble pieces were covered with crustose 

coralline algae. Prior to use in the bioassay, rubble was cleaned by brushing off sediments and 

epiphytes with a toothbrush. 

Preparation of artificial substrate - Plexiglass recruitment tiles (Figure 3 B) were prepared 

prior to spawning and soaked in a seawater tank with flowing aerated seawater. Tiles were 

soaked for approximately three weeks until they were used. After three weeks, 30%-50% of 

each tile was covered with crustose coralline algae. 

Settlement and metamorphosis bioassay- The experiments were carried out in 250 ml 

beakers. Eight replicates were used for each treatment. Each replicate beaker contained 200 

ml of test solution, 30 larvae, and the artificial or the natural substrate. A bioassay was carried 

out first with 4-day old larvae using natural substrate. The next day, a bioassay with 5-day old 

larvae using artificial substrate was conducted. The bioassay was maintained outside at 

ambient air temperature for 48 hours. The bioassay was scored based on the following: free

swimming larvae (Figure 4A), settled but not metamorphosed (Figure 4B & C), and settled and 

metamorphosed (Figure 4D). 

Data analysis 

The numbers of fertilized eggs, viable embryos, mortality (unfertilized eggs + dead 

embryos) and settlement and metamorphosis were converted to percentages. Fertilization and 

mortality data was analyzed using I-way ANOV A. Before analysis, they were arcsine 
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transformed and analysis was run using Number Crunching Statistical Software (NCSS, 2000). 

Transformation of the data was necessary to make the data fit assumptions of ANOV A. Post

hoc tests using Tukey-Kramer were carried out to examine differences between means. 

Comparison of fertilization rate for 5 hours vs. 12 hours among treatments was carried out 

using analysis of covariance (ANCOVA). T -test between the means for 5 hours and 12 hours 

within each treatment was carried out after ANCOV A. 

Since in the larval development assay, the same individuals were measured over time it 

would have been appropriate to use a repeated measure ANOVA on the data if it had met the 

assumption of constant variance. It did not, so a non-parametric equivalent of I-way ANOV A 

was used. Since the data were collected at three different times during the experiment, they 

were separated with respect to the time they were collected and analyzed. The data were 

separated based on the following: 1. Exposure for 48 hours, 2. recovery period, and 3. 

settlement and metamorphosis. Each part of the data was analyzed using a Kruskal-Wallis test. 

Post-hoc tests using the Kruskal-Wallis Z-test were carried out to examine difference between 

means. 

Total number of settled and metamorphosed larvae for the bioassays with natural and 

artificial substrates were analyzed using a Kruskal-Wallis test. Multiple comparison among 

means were carried out using Kruskal Wallis Z-test. Friedman's test was used to test for the 

effect of treatment and the different regions on substrate on settlement and metamorphosis. 

Kruskal Wallis Z-test was used to examine differences among percent settlements on the 

different regions. The Sheirer-Ray-Hare Extension of the Kruskal-Wallis test was used to test 

for interaction between the two types of substrate on settlement and metamorphosis. The test 
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rank the data and then analysis of Two-Way ANOVA is carried out (Sokal and Rohlf, 1995). 

Mean and standard error (SE) values were calculated for each data set and plotted. 

Effective concentration at which 50% of the test subjects are affected (EC so) for fertilization, 

embryonic, and larval development were estimated using probit analysis (NCSS 2000). 
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RESULTS 

Inhibition of fertilization 

Fertilization rates after 5 hours of exposure was 98% in FSW and 99% in the control 

(Figure 5). There was no significant difference in mean fertilization rate between the control 

and FSW suggesting that a 5% reduction in salinity did not have any effect on gametes. There 

was a significant effect of copper treatment on mean fertilization rates (Figure 5). Copper 

inhibited mean fertilization to 10% at the lowest copper concentration (10 J.lglI) tested. This 

was significantly different from the control and FSW (Figure 5). Fertilization rate was inhibited 

to 20% and 10% in 100 J.lgli and 200 J.lglI, respectively. There was no significant difference in 

mean fertilization rate between the two highest concentrations of copper. Copper inhibited 

fertilization in 50% of A. surculosa gametes relative to the control at a nominal concentration 

of 38.4 J.lgli (Table 2). 

Table 2. Effective concentration for various developmental stages of A. surculosa. 

ECso ( J.lglI) 95% Conf. limits Stage Time (hours) 

38.4 32 - 43 gametes 5 

12.9 * 11.3 - 14.5 gametes 12 

54.5 44.6 - 67.2 larvae 24 

30.0 23.9 - 36.4 larvae 48 

* = measured concentration. 
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Figure 5. Effect of copper on fertilization rates (mean ± S.E.) on gametes from A. surculosa 
after 5 hour exposure. Significant treatment effect by ANO VA (p<0. 001). Letters above each 
bar show significant groupings by Tukey-Kramer (p<0.05). N is the number of replicate per 
treatment. 
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Effect of copper on embryo mortality 

There was less than 40% embryo mortality after 12 hours of gamete exposure in the 

control and in FSW (Figure 6). No significant difference on mortality was detected between 

the control and FSW. After 12 hours embryos had reach the blastula stage (Figure 2C). 

Embryos that were affected by copper had started to degenerate after 12 hours (Figure 2D). 

There was a significant effect of copper treatments on mortality after 12 hours of exposure 

(Figure 6). It should be noted here that mortality was estimated from the number of unfertilized 

eggs and dead embryos that were fertilized after the first 5 hours of gamete exposure to copper 

solution. Inhibition of fertilization correlates to high mortality because there were no embryos 

to begin with. So the observed effect of copper on mortality may be exaggerated due to 

inhibition of fertilization. Copper killed 50% of gametes and embryos that were fertilized at 

the beginning of gametes' exposure to copper at a measured concentration of 12.96 JlglI 

(Table 2). 

The measured copper concentration in each treatment was between 10-15% more than 

the calculated value based on the copper stock solution (Figure 7). After 12 hours, there was 

about 52-65% recovery of copper in all concentrations, except 10 ppb, where 90% of dissolved 

copper was recovered (Figure 7). 

The fertilization rate estimated for the 12 hours exposure was not significantly different 

from fertilization rate for the 5 hours exposure of gametes, except for the mean fertilization 

rates for the 200 Jlgli treatment (Figure 8). However, none of the fertilized eggs in the 12 hour 

exposure bioassay developed into embryos. 
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Figure 6. Effect of copper on embryo mortality (mean ± S.E.) after 12 hour exposure. 
Significant treatment effect by ANOVA (p<O.OOl). Letters above each bar show significant 
groupings by Tukey-Kramer (p<O.05). N is the number of replicates per treatment. 
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Figure 7. Loss of copper (mean ± S.E.) over 12 hour period as determined by AAS. 
N is the number of samples analyzed per treatment. 
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Figure 8: Comparison of fertilization rate by time and treatment ANCOVA (p=O,199). 
* indicate significant difference on fertilization rate by time by t-test (p<O.05). 
N is the number of replicate per treatment. 
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Effect of copper on larval survival 

In many species of Acropora, the embryo becomes a ciliated larva 24 hours after 

fertilization (Babcock, and Heyward, 1986). In this bioassay, 12 hour old embryos (blastula 

stage) were exposed to copper treatments. Embryos in the 200 j.lgll copper treatment all died 

within the first 24 hours of exposure. However, in all the other treatments embryos developed 

into ciliated larvae. 

There were 86% and 78% survival rate in the control and FSW, respectively after the 

first 24 hours. There was statistically significant treatment effect on the development of the 

embryos into larvae (Figure 9). There was no significant difference of copper treatment at 10 

j.lgll and 25 j.lgll on larval development compared to the control. Copper at 50 j.lgll significantly 

decreased survival of embryos during exposure. Less than 10% of the embryos successfully 

developed into the ciliated larval stage in 75 j.lgll and 100 j.lgll ( Figure 9 ). The observed effects 

of copper were (1) abnormal development of larvae (2) larvae were not ciliated compared to the 

healthy ones, (3) contraction, and (4) dead. The ECso for 24 hour and 48 hour exposure to 

copper was 54.5 j.lgll and 30.0 j.lgll, respectively (Table 2). 

Larvae that survived 48 hours of exposure to copper were returned to normal seawater 

for another 48 hour to estimate their recovery rate. There were 80% and 70% recovery of larvae 

in the control and in FSW, respectively (Figure 10). There was significant effect of treatment on 

the recovery of larvae. Recovery rates for all copper treatments above 10 j.lgll were 50% - 66%. 

There was 85% recovery in 10 j.lgll. The recovery rates for larvae that were exposed to 75 j.lgll 

and 100 j.lgll was significantly different from the control (Figure 10). 

After the 48 hour recovery period, larvae were given a substrate to recruit onto for 
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Figure 9. Effect of copper on larval survival (mean ± S.E.) after 48 hour exposure. 
There were 50 larvae at the beginning of the bioassay. Significant treatment effect 
by Kruskal Wallis test (p<0.001). Letter above each bar show significant groupings by 
Kruskal Wallis Z-test (p<0.05). N is the number of replicates per treatment. 
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Figure to. Recovery oflarvae (mean ± S.E.) after exposure to copper. Significant treatment 
effect by Kruskal Wallis test (p<O.OOl). Letters above each bar shows significant groupings 
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Figure 11. Number of larvae that settled and metamorphosed after 48 hours recovery period. 
Significant treatment effect by Kruskal Wallis test (p<O.005). Letters above bar shows 
significant groupings by Kruskal Wallis Z-test (p<O.05). N is the number of replicate 
per treatment. 
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another 48 hours. There were 26% and 28% settlement and metamorphosis in the control and in 

FSW, respectively (Figure 11). There was a significant effect of exposure to copper treatments 

on settlement and metamorphosis(Figure 11). The only significant difference of copper 

concentration on settlement and metamorphosis was observed between the control and 100 J.1g1l. 

Inhibition of larval settlement and metamorphosis 

In the settlement and metamorphosis assay with natural substrates there were 24% and 

30% successful settlement and metamorphosis in FSW and control, respectively (Figure 12 ). 

There was a significant effect of treatment on settlement and metamorphosis. Settlement and 

metamorphosis in 10 J.1g11 was 40%, which was not significantly different from the control. 

Mean settlement and metamorphosis in 25 J.1g11 and 50 J.1g11 did not differ significantly from the 

control but were significantly different from 75 J.1g11 and 100 J.1g1l. There was a significant 

difference in settlement and metamorphosis rate between the control and 75 J.1g11 and 100. 

Settlement and metamorphosis in the bioassay with artificial substrate were 26% and 

18% in the control and FSW, respectively (Figure 13). The number of recruits on natural 

substrate that was used as a reference treatment to test the effect of larval age on settlement and 

metamorphosis was not significantly different from the control with (p>0.05). There was a 

significant effect of treatment on settlement and metamorphosis. Settlement and 

metamorphosis in the 10 J.1g11 was 31 %, which was not different from the control. Mean 

settlement and metamorphosis in 25 J.1g11 and 50 J.1g11 did not differ significantly from the 

control. However, mean settlement and metamorphosis in 25 J.1g11 was significantly different 

from 75 J.1g11 and 100 J.1g1l. Mean settlement and metamorphosis in 25 Ilgl1 and 50 J.1g11 did not 
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Figure 12. Effect of copper on larval metamorphosis (mean ± S.E.) on natural substrate. 
Significant treatment effect on number of metamorphosed larvae by Kruskal Wallis test (p<O.OOl). 
Letters above each bar shows significant groupings by Kruskal Wallis Z-test (p<O.05). 
N is the number of replicates per treatment. 
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Figure 13. Effect of copper treatment on larval metamorphosis (mean ± S.E.) on artificial substrate. 
Significant treatment effect on the number of metamorphosed larvae by Kruskal Wallis test (p<O.OOl). 
Letters above each bar shows significant groupings by Kruskal Wallis Z-test (p<O.05). N is the number 
of replicates per treatment. 
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differ significantly from the control but were significantly different from 75 J.1g11 and 100 J.1g11. 

There was a significant difference in number of recruits between the control and 75 J.1g11 and 

100 J.1g11. 

The majority of recruits in both bioassays was found on the undersurface of the 

substrate (Figures 14 and 15). There was no significant effect of treatment on where larvae 

settled and metamorphosed on the substrate surface (p = 0.105 - natural and = 0.215 - artificial 

substrate). However, there was significantly high number of recruits on undersurface of the 

plexiglass compared to the numbers on the side and bottom (Figure 15). This trend was not as 

obvious on natural substrate. There was no significant difference on mean settlement and 

metamorphosis between the two types of substrates at each treatment level (Figure 16). 
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Figures 14 A-C. Comparison of the number of recruits in 
different regions of the substrate (natural substrate) by 
Friedman's test. A. Number of recruits by treatments 
(p=O.105). N is the pooled samples size for each treatment 
by orientation. B. Number of recruits by where they settled 
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significant grouping by Kruskal-Wallis Z-test (p<O.05). N is 
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sample size for each treatment. 
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Figures 15 A-C. Comparison of the number of recruits in 
different regions of the substrate (artificial substrate) by 
Friedman's test. A. Number of recruits by treatments 
(p=O.213). N is the pooled sample size for each 
treatment by orientation. B. Number of recruits by 
where they settled on the substrate (p<O.OOI). 
Letter above each bar indicate significant groupings 
by Kruskal-Wallis Z-test (p<O.05). N is the pooled 
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C. Comparison of settlement by site and orientation. 
N is the sample size for each treatment. 
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DISCUSSION 

Inhibition of fertilization 

The U.S. Environmental Protection Agency (USEPA) guidelines state that the total 

recoverable copper to protect saltwater aquatic life is 4 IJg/I as a 24 hour average. In addition 

the concentration should not exceed 23 IJg/I at any time (USEPA, 1980). In open ocean or 

unpolluted seawater, copper concentration has been found to be 0.33 IJg/I or less (Schmidt, 

1978) but in polluted water values as high as 29.2 IJg/I have been reported (Sadiq, 1992). Heavy 

metal discharges into the marine environment associate with sediments and accumulate to 

concentrations higher than in the water column (Lee and Jones, 1984). Elevated copper levels 

have been reported in sediments around Australian coral reefs (Reichelt and Jones, 1994). 

Disturbance to these sediments can mobilize copper into the water column and may affect 

aquatic organisms (Calamano et. aI., 1992). Copper has been shown to inhibit fertilization in 

various marine organisms (Table 3). 

Table 3. Comparison of ECso for fertilization in some marine organisms. 

species EC so Authors 

sea urchin (E. mathaei) 14 IJg/I Ringwood, 1992 

bivalve (/. californucum) 55 IJg/I Ringwood, 1992 

coral (G. aspera) 14.5 IJg/I Reichelt-Brushett & Harrison 1999 

fish (A. affinis) 109 IJg/I Anderson et. aI., 1991 
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The result of this shows that copper exerted a significant effect on fertilization rate in 

A. surculosa. The result is consistent with what has been found in previous studies using 

gametes from other coral species (Heyward, 1988~ Reichelt-Brushett and Harrison, 1999~ Negri 

and Heyward, 2001. However the estimated ECso for gametes in A. surculosa in this study is 

twice the concentration for other coral species that have been tested (Table 4 ). 

Table 4. Comparison of ECso for fertilization in different coral species. 

Species EC so exposure time Author 

Goniastrea aspera 14.5 J-lgll 5 hours Reichelt-Brushett & 
Harrison, 1999 

Acropora millepora 17.4 J-lgil 4 hours Negri and Heyward, 
2001 

Acropora surculosa 38.4 J-lgil 5 hours This study 

The differences in the ECso may result from species differences in sensitivity to copper 

and/or the variation in methodology. In bioassay used in this study gametes were exposed to 

copper and allowed to separate and fertilize as bundles from the two colonies used for the 

bioassay. In previous studies, bundles were separated outside of the test container and then 

exposed to copper, and combined 30 minutes later for fertilization. This method would have 

allowed for longer handling of gametes which may stress them and render them susceptible to 

pollutants. In this bioassay the handling artifact was avoided by combining gametes immediately 
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after they were spawned into the test container with the copper solution and allowed to separate 

by gentle agitation. This method may be more ecologically relevant because gametes may be 

exposed to pollutants as bundles in the natural environment. The type of method used could 

have an effect on sensitivity of gametes to copper and may lower the estimated ECso value. 

This may happen because when eggs/sperm bundles are exposed to copper, the sperm are inside 

the egg cluster. So the copper may adhere to the eggs and lowering the concentration at which 

the sperm may be exposed to when the bundles break apart. 

The toxicity of copper to aquatic organisms is related to the copper free ion (Crecilius 

et. aI., 1982~ Eriksen et aI., 2001; Young et. aI., 1979). However, copper may be complexed to 

carbonate and hydrogen ions (pagenkopfet. aI., 1974) and organic matter (Bately and Gardener, 

1978). Its toxicity will therefore be reduced in seawater and in the presence of organic matter, 

such as the egg. Copper has been shown to damage sperm of other species through oxidative 

stress (Loyd et. aI., 1997) but this mechanism has not been demonstrated in corals. This 

mechanism needs further investigation to ascertain whether direct exposure of sperm to copper 

would have had an effect on the estimated ECso. This may help in separating out the effects due 

to variation in methodology and the actual species differences in sensitivity to copper. 

Fertilization in broadcast spawning corals reach maximum rate between four and six 

hours after the gamete bundles have separated (Oliver and Babcock, 1992). For this reason, 5 

hours seems an appropriate endpoint to determine the effect of pollutant on fertilization rate. 

However, 5 hours is a rather acute measure of the effect ofa pollutant on early developmental 

stages since fertilized eggs have to go through several stages before they are recruited into a 

population. Although fertilization itself is an important determining factor for successful 
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reproduction in corals, development of embryos and subsequent larval maturation and 

competency are just as important in determining the fate of the success of reproduction. 

However, there is a lack of toxicity data about these developmental stages for spawning corals. 

Fertilization and embryo development 

The result of this experiment showed that prolonged exposure of gametes during 

fertilization and embryogenesis for 12 hours in copper solution had a significant effect on 

number of embryos that survive to the blastula stage (Figure 6). This may be more of an effect 

on the inhibition of fertilization than toxicity to embryos. The ECso estimated for the 12 hour 

exposure was 12.9 ~gll (Table 2). This value is three times lower than the value for five hours 

exposure and suggests that exposure time exerts a significant effect on copper toxicity in early 

developmental stages. Studies with other invertebrates report lower ECso to embryos and larvae 

than gametes following a longer exposure to pollutants (Ringwood, 1992; Vaschenko et. aI., 

1999). A longer exposure time may be ecologically relevant because there are coral reef areas 

where there is less water movement and matter residence time exceeds 5 hours. Up to 45% of 

material, such as larvae and sewage may still be present 10 days after they are released in a 

typical reef as predicted by a model proposed by Black et. aI., 1990. 

The fertilization rate estimated from the 12 hour exposure was not significantly 

different from mean fertilization rate for the 5 hour exposure bioassay (Figure 8). Although, 

there was a significant difference in fertilization rate at the 12 hours vs 5 hours exposure for the 

highest copper concentration (200 ~gll), all fertilized eggs were not able to undergo cleavage. 

There were higher proportions of unfertilized eggs than fertilized eggs at concentrations above 

25 ~glI. It appears that sperm were not able to successfully fertilize the eggs. This may not be 
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an effect of sperm dilution because there were very high fertilization rates in controls having the 

same number of gametes as the treatments. This seems to reinforce the theory that toxicity of 

copper to coral gametes lies within the sperm. The effect of heavy metal on the fertilization 

capability of spermatozoa in marine organisms have been demonstrated (Vaschenko et. aI, 1999~ 

Anderson et. aI, 1991). If the sperm becomes stressed as a result of being exposed to copper, it 

would be less likely to successfully fertilize an egg. This is shown in the higher concentration 

where there were sign of fertilization but the fertilized eggs didn't undergo successful cleavage. 

The sperm must penetrate the egg's membrane to fuse with its nucleus in successful fertilization 

(Alberts et. aI., 1983), but if the sperm is oxidatively stressed, it may not have the ability to reach 

the nucleus. 

Reduced salinity did not have significant effect on number of embryos that survived 

after 12 hour gamete exposure. However, the 5% reduction in salinity may have had an effect on 

the total dissolved copper (Figure 7) thus affecting its toxicity. More copper ions becomes bio 

available as salinity is reduced due to the presence of less chloride ions. It has been shown that 

reduction in salinity correlates with increased copper toxicity (Ozoh, 1994 ~ Bugenyi and 

Lutalo-Bosa, 1990~ Anderson et. aI., 1995). 

The very high mortality of embryos resulting in the treatments may be an added effect 

of the experimental set up and the effects of copper. Since fertilization was inhibited when 

gametes were exposed to copper, lower fertilization rates correlated to high mortality. A more 

appropriate method for estimating the effect of copper on mortality of embryos alone would be 

to expose fertilized eggs to copper treatments. The result of this bioassay nevertheless 

demonstrate that duration of exposure and concentration of copper would exert a significant 

41 



effect on the early developmental stages in corals and would possibly have detrimental effects 

on populations and coral reef ecosystems. 

Effect of copper on larvae 

Larval development has been studied in brooding coral, P. damicornis, which is a 

zooxanthellate larvae that may respond differently to copper than azooxanthellate larvae. In a 

study using P. damicornis planulae. Esquivel (1986) showed that the larvae is more resistant to 

copper than the adult colony. In another study, Negri and Heyward (2001) found that the 

fertilization process in A. millepora was more resistant than larval metamorphosis process to a 

petroleum products. Different coral species may respond differently to pollutants in their 

developmental stages. 

Delayed development of larvae has been reported for other invertebrates as a result of 

exposure to pollutant (Coglianese and Martin, 1981; Mortimer and Miller, 1994; Nice et. aI., 

2000). In this study, it was observed that copper had an effect on larval development and 

survival after 48 hour exposure as blastula embryos (Figure 9A). The copper seemed to have 

slowed the development process of the blastula into larvae, so after 48 hour exposure, the 

affected larvae have not formed cilia and the body appeared deformed. Esquivel (1986) 

studied the effect of copper on larvae of P. damicornis and found the same response of larvae to 

copper, where larvae contracted and lose motility after exposure. Others have reported similar 

response of coral larvae to other pollutants (Epstein et. aI., 2001; Rinkevich and Loya, 1979). 

The mechanism of copper toxicity to coral larvae is not clearly understood. However, it has 

been suggested that one possible effect is that copper may absorb to the membrane and interfere 

with respiratory exchange and osmoregulation (Esquivel, 1986). This seems plausible given that 
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larvae are lecithotrophic (rely on own energy reserve), so the uptake of copper via food material 

does not represent a significant metal input. 

Exposure to pollutants has been shown to affect recovery oflarvae (Goh, 1991). In this 

bioassay, recovery was not significantly affected after exposure to copper at each treatment 

level. It should be clarified here that treatment had a significant effect on the survivorship of 

larvae and therefore significant difference on the mean between treatments was observed. 

However, the mean number of larvae that recovered at each treatment level compared to the 

number of larvae that survived the exposure to copper did not differ significantly. This seems to 

suggest that the larvae that survived the exposure to copper seemed to offer some resistance. It 

is known that marine organisms have detoxifying mechanisms that allows them to regulate 

heavy metals (Mouneyrac et. al., 1998). 

The result of this bioassay suggests that coral larvae are less sensitive to copper than 

gametes and embryos. This conclusion is generally applicable to other pollutants. It has been 

shown that sensitivity of aquatic organisms to pollutant decreases as the developmental stage 

becomes more developed. This has been demonstrated in other organisms, such as sea urchins, 

shrimp, crabs, fish, gastropod (Chen and Lin, 2001; Coglianese and Martin, 1981; Connor, 

1973; Heslinga, 1976; Johnson, 1988; Mortimer and Miller; 1994; Nice et. al., 2000). It should 

be noted that here that a reported ECso may for larvae may be lower than gametes but it must be 

understood that exposure time will significantly affect the toxicity of copper to larvae. 

Larval settlement and metamorphosis 

Settlement and metamorphosis in this bioassay was below 40% in the control (Figures 

10 & 12). Similar levels of recruitment were observed in other laboratory bioassays studying the 
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effects of pollutants on coral settlement (Epstein et. aI, 2000; Reichelt-Brushett and Harrison, 

2000). Copper significantly affected larval settlement in the bioassays with natural and artificial 

substrates relative to controls at 75 and 100flglI. This observed effect of copper on larval 

settlement and metamorphosis was also observed in a study with A. millepora where copper 

inhibit metamorphosis at 80 flg/l (Negri and Heyward, 2001). In a study withA. fenuis, larval 

settlement was inhibited at much lower concentration ( 42 flgll-measured concentration) 

(Reichelt-Brusshet and Harrison, 2000). It is important to note at this point that there was no 

observed direct effect of copper on larval metamorphosis. It has been shown that larval 

metamorphosis can be affected by pollutants (Epstein et. aI., 2000). All the larvae that settled 

successfully metamorphose as described by Negri and Heyward (2001) as a firmly attached with 

obvious mesenteries radiating from the mouth region. The only effect that was observed in this 

bioassay is toxicity of copper to larvae. 

Other studies have investigated the effect of different pollutants on coral larval 

settlement, including nutrients and sedimentation ( Hunte and Wittenberg, 1992); petroleum 

products (Epstein et. aI., 2000; Rinkevich and Loya, 1977, 1979; Te, 1991); nickel (Goh, 

1991). All these studies showed that larval settlement was inhibited as a result of toxicity of 

pollutant to the larvae, where the larvae became deformed, lost normal swimming behavior, 

contracted, and the tissue started to degenerate after exposure to pollutant. These responses of 

coral larvae to pollutants reduce their ability to find settlement sites and subsequent 

metamorphosis is therefore inhibited. The observed effect is directly at the larval viability to 

successfully survive. Wisely (1963) suggested that the terms pre- attachment mortality and post

attachment mortality be used to describe the effect of copper observed on larval settlement. 
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Because there is no obvious evidence that has been shown that copper inhibits metamorphosis or 

repel larvae from potential settlement sites. 

Although, substrate had no effect on the total number of larvae that successfully settled 

and metamorphosed (Figure 14), the site on the substrate at which the larvae recruited was 

significantly different. In the natural substrate, there was no obvious difference on where the 

larvae recruited (Figure 11) but in the bioassay with artificial substrate, majority of the larvae 

recruited to the undersurface (Figure 13). Although, it is a known phenomenon that larvae will 

preferentially settle and metamorphose on the undersurface of a substrate ( Birkeland et. aI, 

1981~ Goreau et. aI., 1981.), the obvious trend observed in the natural substrate may be due to 

the effect of the substrate itself The natural substrate was flat and smooth on both surfaces, but 

on the undersurface a small piece of plexiglass was glued to it as a spacer to allow for space 

between the substrate and the bottom of the beaker. Most of the recruits were found on that 

piece, which seems to suggest that the larvae may not like the flat surface and may prefer 

substrate that are rough and provide micro-habitats. The preferential settlement of larvae on 

rough surfaces has been demonstrated in field a field experiment where coral recruits correlated 

positively with surface irregularity (Carleton and Sammarco, 1987). 

Conclusion and future research 

This study provides a look at the effect of copper on gametes, embryos, larval 

development, settlement and metamorphosis of a common spawning Pacific coral, A. surculosa. 

Past studies have examined only the effect of copper on gametes, settlement and metamorphosis 

in a few spawning corals. The differences in ECso between this study and the previous studies 

may be a result of species differences in sensitivity to copper and/or the variation in 
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methodology. Nonetheless, the results show that coral gametes are highly sensitive to copper in 

seawater. It is therefore, suggested that corals be used as indicator species for testing the effect 

of variety of potential pollutants to marine environments. 

The mechanism on toxicity of copper to coral gametes is not clearly understood, yet. It 

has been suggested that toxicity may lie within the sperm cells. Therefore, future research 

should expose sperms cells to copper and combine with clean eggs for fertilization. The vice 

versa should be done to determine wether exposure of eggs alone will have any effect on the 

fertilization process. 

Although, the result of the embryo bioassay shows almost the same sensitivity of 

embryos to copper as the gametes, the embryo may be less sensitive than gametes. The way the 

bioassay was set up may have exaggerated the effect of copper on embryo mortality. The very 

high mortality in all treatments may be correlated to inhibition of fertilization. Mortality was 

defined by pooling the numbers of unfertilized eggs and dead embryos. Since exposing gametes 

to copper solution resulted in inhibition of fertilization, there were few embryos to begin with 

that may have resulted in high mortality. It is suggested that a more appropriate experimental set 

up to test the effect of copper on embryogenesis and mortality would be to exposed fertilized 

eggs to copper solution. 

The use of artificial substrates in a laboratory bioassay is a relatively new approach. 

However, it has proven its usefulness by providing a standardized substrate where the effect of 

pollutant can be quantified. This is particularly important because some pollutants are 

hydrophobic and therefore will adhere to the substrate and may affect the necessary cues that 

coral larvae must sense before it settles and metamorphose. Since natural substrates are not 
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uniform, the quantity of a potential pollutant that may adhere to them may vary and therefore the 

effect will be different. Future research using on settlement and metamorphosis should 

investigate the competency period for a given species to determine the appropriate time for 

setting up settlement and metamorphosis bioassays. Modification of the substrate used in this 

study to provide micro-habitats and soaking for longer period of time for colonization of 

coralline algae may help in increasing the number of coral settlement. 
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