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INTRODUCTION 

GENERAL 

Coral r.ets are aft important feature of tropical oceans, 

whether as a habitat for many other organisms, as a region of 

high productivity for the ocean, as a source of protection f6r 
" 

an island from waves. or as an area of recreation for skin 

divers. At one time southern Kaneohe Bay was described as 

an area of magnifioent ooral growth (MacKay, 1915; Edmondson, 

1928)~ Now, ·however, most of the corals there have died and 

disappeared (Banner and Bailey, 1970; Johannes, £~rsonal gommu­

nication). In addition, ooral heads 1ntroduoed to various 

stations in that seotion of the bay die (James Maragos, personal 

oommunioation). The suspeoted oaUse of this mortality 1s pollu-

tion associated W'ith the increased popUlation growth and urban­

ization of the town of Kaneohe (Banner and Bailey, 1970). 

Several types of pollution may contribute to the death 

of corals, such as sedimentation, increased Qutrlent levels, 

alterations of salinity, changes in temperature, pesticides. 

011, sewage, or ohlorine in sewage. Any of these could oon-

ceivably affect either adult oo!als. their larvae, or their 

food. 
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A number of processes may add to sedimentat10n (Banner 

and Ba11ey. 1970), such as dredg1ng (Brock et ~ •• 1966), 

terrestrial erosion, reef eros1on, or the addition of organ1c 

materl~lB as 1n sew~ge. Sedimentation has increased 1n 

Kaneohe Bay in recent years (Fan and Burnett. 1969), ~nd 

several investigators have shown that it affects adult corals 

(Mayer, 1918a: Vaughan, 1919: Mayor. 1924b: Edmondson, 1928: 

Marshall ~nd Orr, 1931; Fa1rbr1dge and Teichert, 1948; 

van Eepoel and Grigg, 1970). Silt has also been shown to 

prevent coral planulae from settling (Metoda, 1939). 

'l'he elevat10n of levels of nutrient elements in water, such 

as nitrogen a.ndphosphorous, accompanies urban1zation of 

nearby areas. While compounds of these elements are found 1n 

the runoff from any tropiQal ecosystem, detergents, fert111zers, 

sewage tre~tment plants. and cesspools form a strong contri­

bution (Banner and Ba11ey. 1970). Such a buildup of nutrients 

has occurred 1n Kaneohe Bay (Tseu, 1952; Bathen, 1968; 

Young ,e.,r; .a.;t. ~. 1969).. This might affect cora,ls in a. n~mber of 

~nf11;r~C;r,i"r~,y's C~8iym~l:'£?'n~ l1~lls;Y >8 1970) ~ iify'Qh ~~ ~fil1ti 1n~ I?l. 

phytoplankton bloom snda consequent 1ncrease in turb1dity. 

This in turn might act on the corals as sedimentation or it 

might reduce the light available for zooxanthellae. A phyto­

plankton bloom might also result in more zooplankton, the food 

of corals, which could be beneficial or could be harmful in 

excess by interfering with the feeding process (Banner and 

Bailey, 1970). 
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Another by-product of population growth is increqsed 

freshwater runoff into the ocean that results from draio'lge of 

cultivated and denuded land. This may cause a lowering of the 

salinity of the seawater during a heavy rainstorm. Banner 

(1968) observed such a phenomenon that seemed to result in the 

death of many corals in Kaneohe Bay, and other investigators 

(Rainford, 1925; Slack-Smith, 19601 Goreau, 1964; Cooper. 1966) 

have reported similar situations in other areas. Laboratory 

studies (Mayer, 1918a; Vaughan, 1919; Edmondson, 1928, 1929) 

have also dealt w1th the effects of altered salinities on 

adult and larval corals. 

Anoth~:rtype of pollution char.t'.tcteristlc of population 

growth is theaddltlon of sewage. The discharge rates of 

sewage into Kaneohe Bay from the Kaneohe Sewage Treatment Plant 

and the Kaneohe Marine Corps Air Station Sewege Treatment 

Plant have increased in recent years (BatheD, 1968). Sewage 

might adversely affeot oorals (Mayor. 1924a) dUe to such 

~ooomp~nylng phenomena as .edlmentat1on~ eutrophloatlon~ looal 

changes in aallnlty. depletion of oxygen. the aooumulat1on of 

toxic compounds, etc. The 96~hour TLm (mean toleranoe lim1t. 

or the concentration necessary to kill half the test orgqnisms) 

of Pocillopora damicornls_planulae to Kaneohe Sewage Treatment 

Plant effluent has been determined to be a 10-15% dilution 

(George Losey, personal communication, OahU Water Quality 

Study) .. 

AlthoUgh not presentl, a problem 1n Kaneohe Bay. thermal 
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pollution. produced by industries which use seawater for cooling 

purposes, may well arise if the proposed power plant for 

Kaneohe Bay is constructed. Edmondson (192S, 1929. 1946) and 

Mayer (1918a: Nayor, 1915b, 1924a) have studied the effects 

of altered temperatu~es on adult and larval corals and have 

found that many are living near their temperature maxima. 

Other investigations on the effects of increased tempeTatures 

on corals of Kaneohe Bay are now being conducted (Paul Jakiel, 

personal communication). 

Certain toxic oompounds, suoh as pesticides carried to 

the ooean by streams, oil spilled into the pcean by industrial 

plants or tankers, or chlorine added to sewage effluents 

discharged into the ocean or added to seawater used in indus­

trial cooling systems mlg~t also affect corals (Lewis, 1971)~ 

While the effect of chlorine on adult and larval corals 1s not 

known w chlorine has been shown to have adverse effects on many 

aquatic organisms. These will be discussed in a later section 

of this paper .. 

USES OF' CHLORINATION IN VIA'rER 

Chlorine is used as a disinfeotant to kill baoteria and 

viruses. Its best-known use has been in the purifioation of 

drinking water which W(:l,$ first begun on an emergency basis 

~urlng epidemio, In 1850 and haa bl.n used on a Qontinuous 

bas1s sinoe 1904 (Sawyer w 1960)~ Generally, in water purlfl~ 

cation a minimum total chlorine residual of 0.2-1.0 mg/l is 
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desirable, most of it in the form of chloramines, as the water 

leaves the plant and enters the distribution system (Behrman, 

1968). Chlorine is also used as a disinfectant in swimming 

pools where free chlorine residuals should be maintained at 

the level of 0.4 mg/l (American Public Health Association 

recommendation, in Fair ~ ~ •• 1968). 

Chlorine has more recently been applied, somewhat less 

effectively, in sewage treatment plants, particulqrly in those 

which discharge into recreational areas (Scott and Van K1eeck. 

1934; Rhines. 1965; Burns and Sproul, 1967). In this process, 

usually liquid or gaseous chlorine is introduced into the 

effluent at the end of primary or secondary tre~tment leaving 

a chlorine residual of apprOXimately 0.5 mg/l as the sewage 

enters the receiving w'ater (Reginald F. Young, personal 

Eommunlcatlog). The Kaneohe Sewage Treatment Plant employs 

such a system as p~rt of the seoondary treatment, and the chlorine I 

residual in the waste as it leaves the contact basin has been 

measuredrit$ 1 .. 1 mg/l (Young and Chan. 1970). Some large 

cities, however~ such as New York, Chicago. and New Orleans, 

are now switching to sodium hypochlorite (NaOCl) to eliminate 

the danger in handling chlorine gas and to decrease the cost 

of eqUipment (Steffensen and Hash, 1967: Baker, 1969). 

Chlorination is also widely employed by power plants 8:1d 

other industries ~o discourage the accumUlation of s11me and 

the attachment of fou11ngorganisms such as mussels in their 

coo11ng circu1ts (Powell. 1933: Estes. 19)8; Martin, 1938; 



page 6 

Dobson, 1946; Turner et al., 1948). Chlorine is generally 

added to the water qt the intake to produce a residual of 

2-5 mg/l, sometimes 10'mg/l (Waugh, 1964). and the water may 

be in the system for 8.bout 15 minutes (Hamilton et a1 •• 1970). 

;rhe effluent from seawater-cooled power plants is often used 

in f1sh-farming experiments, and accumulation of chlorine in 

this water is undesirable (Page-Jones, 1971). 

Chlorine is also used in the shellfish industry to dis­

infect the organisms before they are harvested for food. The 

animals are placed in tanks with water disinfected with 

chlorine. When the chlorine concentration drops to tolerable 

levels. the molluscs take ·it up and thus are cleansed of any 

organisms they may h9.ve ingested (Fair ~ ~ .. , 1968). 

In all the Uses of chlorinatlonmentioned above, it is 

~enerally considered desirable to retain a chlorine residual 

at the end of treatment since the water is apt to have post­

treatment contact with more bacteria, etc. 

CHEMISTRY AND ACTION OF CHLORINE 

The oharacteristic reactions of chlorine in water qre 

due to the fact th9t it is a very powerful oxidizing agent. 

seaus or llquld ohlorine reacts with water itself to 

form hypochlorous acid and hydrochloric acid according to 

th~ equation (Sawyer, 1960; Behrman, 1968): 
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In dilute solution and at a pH above 4, the equilibrium is 

strongly biased to the right-hand side of the reaction, and 

little C12 remains in solution. Hypochlorous acid is a weak 
-8 . 

acid (K = 2.8 x 10 ) wh1ch dissociates to hydrogen ions and 

hypochlorite ions accord1ng to the equation:. 

and the amounts of OC1- and HOCl depend upon the pH. At 

pH 7.5, LOCl-7 = LHOC17. although chloride ions affect the 

equilibrium. As can be seen above, the use of C12 will 

decrease the pH, while the use of OC1- will increase it although 

these effects are generally neutralized by the buffering 

capacity of the surrounding water. Chlorine gas, hypochlorous 

acid, and hypochlorite ion are often referred to as free 

chlorine residuals (Sawyer, 1960). 

Chlorine also reacts with ammonia to form chloramin~s, 

often referred to as combined chlorine residuals. The reactions 

are as follows (Sawyer~ 1960; J:Sehrman. 1968): 

NH] ... Hoel .;;; NH Cl. '2 1- H2O monochloJ:'3mlne 

NH) + 2 HOCI = NHC12 + 2 H2O dichloramine 
f 

NH) + ) HOCl = NC1 3(g) + ) H2O .trichloramine 

The formation of any specific chloramine compound depends upon 

several factors. the most important of which are pH 0.i.1d the 

relative amounts of reactants. At pH 8.) the reaction is most 

rapid; above pH 4.5 dichloramine 1s formed, and above pH 8.5 
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monochloramine is formed (Behrman, 1968). When all the ammonia 

is converted to trichloramine or is oxidized to other g~ses 

such 9.S nitrogen or nitrous oxide, it is called "breakpoint 

chlorination." Theor~tically, this should require a ratio of 

three moles of chlorine gas to one mole of ammonia, but in 

practice only two moles of chlorine gas are needed. Thus, 

S!ome u.nknown reactlonsare alsooccurrlng.. When ohlorine is 

ii4il4edbe,vond th~\n;'ea.kpo1nt ~ 1 t remains as a free ohlor1ne 

resldual (S,'l.wyer~ 1960) .. 

Chlorine also reacts with many reducing agents such as 

++ ++ H2S. Fe ,Mn • N02-, or organic compounds with unsaturated 

linkages (Sawyer, 1960) •. The "chlorine demand lt of water, that 

ls, the difference between the amount of chlorine added and 

the ~mount remaining after a certain time period, results from 

these reactions with inorganio and organic materials. Holland, 

~ .s!:l.(1960) measured the immediate chlorine demand of pure 

seawater'as--0.2 mg/l and the 30-mlnute demand as 4.9 mg/l. 

wr.lek1, ~:qd only when(i this demand is sat is!' ted w al.l, 1ncrease in 

ghlorlne ~g,~~O rllult§ 1n B proportional 1ngr~&~@ in fr@~ or 

combined chlorine residuals (Behrman, 1968)~ 

In water purification, ammonia is generally added at the 

end of the tre~tment to convert the free chlorine to combined 

chlorlne residuals (Behrman, 1968). If desired, dechlorina-

tion can be effected with activated carbon, but chlorine 

geners,lly dlss1pa.tes with time" especlally ln sunlight and 

alr (James, 1941). 
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The bleaching effect of chlorine results from its action 

as a potent oxidizing ~gent; it literally' "burns up" many 

kinds of organic mattert including those responsible for 

colorsy tastes,and odors (Behrman. 1968). Both chlorine gas 

and hypochlorite have this same effect (Baker, 1969). Mono-

chloramine and dichloramine also have disinfecting DO"VTer. 

and although they are more persistent. they are not as 

Btl' a dislnfectant (Behrman~ 1968)~ The bactericidal effects 

of available ohlorine reSiduals were onae bell~ved to re~ult 

from simple oxidatlon~ but it is now suspected that interference 

with vital enzymes is involved (Green and Stumpf. 1946). 

This seems especially plausible since some bacteria are more 

tolerant than others to the effects of chlorine (tvluller. 1967). 

The amount of kill is proportional to the concentration of 

chlorine and the duration of contact (SF.l.wyer, 1960; Burns and 

Sproul. 1967; Kott and Ben-Ar!, 1967). Less import8nt factors 

which lncre.9,ss :!The kllling power are low pH (Hays .§.'t .:11... 196 J) 

Chlorine affects many other organisms in addition to 

bacteriaSlS is well-known by fish hobbyists.. A number of 

19.boratory tests have been performed to determine the toler.'3.nce 

limits of various freshwater organisms to chlorine.. Arthur 

and Eaton (in press) tested the lethal and SUblethal effects 

of chloramines on three-month-old fathead minnows (Plmephales 
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promel9.s) using a continuous-flow system with various dilutions 

of the chlorinated city water supply. In a 72-hour period they 

found 100% mort9.lity at 154 Ag/l. The TLm for this period 

was between 85 and 154 Ag/l. Organisms exposed for 21 

weeks showed ~ sUblethal effect of reduction in egg production. 

This first occurred at 16.5 ~g/l, and, above 85 pg/l almost no 

spa.wning occurred. Arthur and Eaton also follow'ed the survival 

and growth of the larvae from the eggs of the experimental 
I 

fish for the following )0 days and found impairment only at 

108 llg/l. This is in agreement with the findings of Zillich 

(person9.l communic9.tion in Arthur and Eaton, in press), who, 

using continuous flow of chlorinated sewage effluents. found 

partial kills of fathead minnows in 4 days with 50-190 )lg/l 

total residual chlorine. 

Similar studies of the effects of chlorinated efflUents 

on fathead minnows and trout have also been performed by 

Mr. Robert Basch of the Michigan Department of Natural Resources 

(Arthur, personal communication). Merkens (1958) found that 

about half of the experimental trout were killed in a 7-day 

exposure to less than 0.1 to 1 mg/l res~dual chlorine. While 

he f'ound that free chlorine was more tox1c to fish than chlor-

amines. other researchers have found the oPpositi (PouqQroff 

and K~t~. 1950; Holland ~ ~., 1960; McKee and Wolf, 1963). 
I 

The effects of chlorine on sunf1sh. bullheads, a~d trout have 

been studied by C'ovent,ry et.al. (1935). The resistanoe of 

eels to chlorine was stud1ed by V1s1nt1n and Errera (19,8, 
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in Biological Abstracts, 1959). Tsai (1968) found that 

chlorinated sewage in the field reduced fish species diversity 

and abundance greatly near a sewer outfall. but he did not 

study the effects of chlorine alone. 

Fishes are not the only freshwater vertebrates whose 

tolerance levels to chlorine have been determined. Kaplan 

(1962) found that a 10-day expos~re to concentrations of 

8 mg/l or greater of chlorine in a ,hypochlorite solution 

was lethal to all adult leopard frogs (~ pipiens) tested. 

SUblethal effects first appeared at 4 mg/l and increased with 

increasing concentrations. Tnese included subcutaneous 

hemorrhages, ulceration of the skin. and effects on the 

level of activity, muscle tonus, posture, heartbeat, and 

respiratory rate. Reversibility of these signs occurred only 

below 5 mg/l. Gill (1970) observed that brown tree frogs 

(Hyla ewingi)' no longer reproduced in ponds when chlorination 

of the town water supply was initiated although adults st.1ll 

frequented them. In contrast, Panikkar (1960) found bullfrog 

tadpoles to be fairly resistant to chlorine. 

Little work has been done on the effects of ch~orlne on 

freshWater invertebrates. Arthur and Eaton (in press') used 

their fathead minnow test method with freshw,ater amphlpods 

(Gamma,r'U§. :e~~udollm~a.re~~), With ohloramines the 96 ... hour 

TLm wa,s 220 Alg/l. Over a 15 ... week exposure Q red,uctlon of 

young occurred, first at 3.4 ~g/l and completely at 35 ~g/l. 

Another freshwater invertebrate. Daphnia, has been the' subject 
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of preliminary experiments (Biesinger, personal communication 

in Arthur and Eaton, in press) indicating a total kill in a 

3-5-day exposure to 1 flg/l chloramines. 

The effects of chlorine on marine organisms have been 

studied less than on freshwater organisms. Both marine 

plants and animals have been found to be affected, however. 

Laboratory studies with phytoplankton (Hirayama and Hirano. 

1970b) showed that a suspension of Skeletonema costatum 

failed to regain cell multiplication 30 days after a 5- to 

10-minute exposure to 1.5-2.3 mg/l chlorine. Hirayama and 

Hirano concluded that the organisms were killed by the treat­

ment. However, while Chlamydomonas sp. suffered a time lag 

in growth after a 5- to 10-minute ex~osure to chlorine, it 

always recovered within 9 days even in concentrations up to 

20 mg/l. Hamilton, et al. (1970) found that the photosyn-
~ --

thetic rate of a volume of water was reduced 91% during the 

15 minutes it passed through the chlorinated cooling circuits 

of an electric plant. Bacterial densities and concentrations 

of chlorophyll ~ also decreased" While unchlorinated intake 

! 

and effluent samples incubated at the temperature of the effluent 

had higher rates of photosynthesis than those at ambient 

temperature, any such temperature effect was overshadowed by 

the effects of chlorine in the chlorinated effluent samples. 

Considering the magnitude of this reduction in photosynthesls, 

the amount of time the plant chlorinated, and the amount of 

water in the estuary, they estimated a maximum loss of 6.6% 
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in the primary production. of the estuary. 

Preliminary experiments with algae (Schreiber, 1970, 

unpublished) showed th~t a 60-mlnute exposure to hypochlorite 

solution with 15 mg/l residual chlorine resulted in reductions 

in photosynthetic rate of 80% in Macrocystls p,zrlfera (brot-in 

alrs·9.). 70% in ~ lobate. (green alga), and 40% in 

Prionitis lanceolata (red alga). However, a drop in salinity 

of abocit 9% upon. addition of the hypochlorite solution to the 

vessels occurred and might account for some of the reduction 

in photosynthesis. Nevertheless, these effects probably 

occurred at less than 15 mg/l because the chlorine demand of 

the plants incubated in a·small volume of water (5 mI.) would 

reduce the chlorine concentration over the hour. As a part 

of this same project, field studies revealed that the most 

resistant species in the lab, ~ lanceolata,was also the 

dominant algal species near the heavily chlorinated sewer 

outfalls of Pacific Grove and Carmel, California. 

Respiratory rate of algae is also affected by chlorinew 

Yamada (1960, in Hirayama and Hirano, 1970b). found that 

oxygen consumption of seaweeds was increased at conoentrations 

of chlorine less than 20-50 mgll and decreased~at higher 

concentrations. 

Studies of the effects of chlorine on marina animals 

have also been conducted, primarily on those commercially 

important as fouling organl~ms or as food organisms. One 

organism notorious for fouling cooling circuits of industrial 
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plants is the mussel (Dobson, 1946; Turner ~ al •• 1948). 

With a 10-minute exposure, Hauo and Chian (1958; in ~augh, 

1964) determined that a chlorine concentration of 3BO mg/l 

was required to detach a.dult mussels. With continuous treat­

ment, Turner, ~ ale (1948) found that 10 mg/l caused a par­

tial kill of mussels in 5 days and a total kill in 15 days. 

However, both Turner, ~ £1. (1948) and Dobson (1946) suggested 

that low levels of chlorine might affect the larvae. This 

was finally tested in the laboratory by Hirayama and Hirano 

(1970a).Early larval stages of 2-4 cells were shown to have 

a TLm of 1.1-1.2 mg/l for a 5- to 10-minuteexposure. At the 

older trochophore stage, however, while the 10-minute TLm 

was in this same range, a conc~ntration of 2.4 mg/l was re­

quired to kill half the organisms in 5 minutes. This suggests 

that tolerance to chlorine increases with age. In sp1te of 

the sensit1vity of the larvae, however, mussels do appear in 

a chlorinated system. Although only a few may succeed in 

attach1ng, those that do might protect themselves from inter-. 

m1ttent chlor1nation by closing their shells (~urnere~ ~., 

1948). In addition, older mussels could take tip ehlori1'i~ from 

the water and low"er the residual to which the young mussels 

are exposed (Waugh, 1964). 

Another common marine fouling organism is the barn.acle. 

Its naupliar larv.ae are also quite sensitive,to chlorine. 

A 10-minute exposure to a chlor1ne concentration greater than 

0.5 mg/l resulted in many deaths and areductlon in growth 
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rate (Waugh, 1964). Concentrations greater than 2-3 m~/l for 

the same time period caused almost all the larvae to die, and 

the few remaining survivors failed to grow. Waugh suggests 

that the older, pre-settlement cyprid larva.e might be more 

resistant because of their bivalve shell, and this could 

explain how barnacles still settle in cooling pipes. Field 

observations (Holstrom, 1970, unpublished) also.reveal 

that the toxic element of sewage on adult and larval barnacles 

appears to be chlorine. Holstrom found that reproduction and 

larval recruitment were much more drastically reduced around 

a heavily chlorinated outfall than a less chlorinated one. 

Studies of the effects of chlorine have also been prompted 

on a commercially valuable marine organism, the oyster, Its 

larvae are extremely resistant to chlorine (W~ugh, 1964). 

Those exposed to 10 mg/l for 10 minutes could survive and grow 

normally to the pre-settlement stage at which point obser­

vations were ceased. Many could grow at 50-200 mg/l, The 

experimental animals often did better than the controls ~robably 

beCaUse bacterial levels were lowered by the chlorlne~ As 

a result, Walne (personal communication in ~laugh. 1964) now 

routinely exposes the oyster larvae he cultures to 3.0 mg/l 

of" chlorine for 5 min~tes to kill the bacteria on their shells. 

It is probably this shell that 'protects the oyster larvae 

(Waugh. 1964). Waugh also observed that Creuldula larvae and 

Littor1na larvae, which both have a larval shell and operculum, 

were more resistant to chlorine than barnacle nauplli, copepods, 
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and other crustacean and worm larvae. 

Other studies on the effects of chlorine on invertebrates 

includ.e three preliminary investig8.tions with echinoderm 

larvae (Muchmore, 1970, unpublished; Rotkis, 1970, un­

published; Ott, 1970, unpublished). Muchmore found that while 

unchlorinated sewage is a mild fertilization inhibitor. chlori­

nated sewage reduces fertilization rather drastically. The 

effect was primarily on the sperm. Sodium hypochlorite solu­

tions also produced similar results. However, failure to use 

proper controls and to restore the salinit~ of the sewage to 

that of seawater make the interpretation of the data difficult. 

Finally, two studies .have investigated the effects of 

chlorine on marine fish. Holland, et ale (1960), the only 

researchers to use a flowing seawater system with a hypo­

chlorite solution introduced at the intake, found toxic effects 

on yearling chinook salmon first appearing at concentrations 

of chlorine of 0.25 mg/l. A total kill occurred within less 

than an hour with 1 mg/l of chlorine. Another study on fish 

deals with the effects of low levels of chlorine on the eggs 

and larvae of plaice. Pleuronectes platessa (Alderson, 1970). 

OBJEC'rIVES OF THE PRESENT STUDY 

The purpose of this study was to determine the level of 

chlorine present in the field and the effects of chlorine on 

coral planulae. The field studies consisted of measuring the 

chlorine concentration of seawater taken from the v1cinity 
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of two sewer outfa11s in southern Kaneohe Bay, Oahu. Hawaii. 

The laboratory studies involved determining the lethal and 

sUblethal effects of different concentrations of hypochlorite 

solutions for various time periods on the planulae. 
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Three techniques of assaying chlorine were used in this 

study, the orthoto1idine test, the orthoto1idine-arsenite test, 

and the iodometric test (Standard Methods, 1971; see Apnendices 

A, B, and C, respectively). The first two are colorimetric 

methods. If residual chlorine is present in a sample, a 

characteristic yellow ho1oquinone color is produ~ed when the 

s~mp1e is added to the orthoto1idine reagent, and the amount 

of color measured corresponds to a particular concentration 

of chlorine. The orthoto1idine-arsenite test is a modification 

which permits correction for the presence of other oxidizing 

agents besides chlorine in the sample which may react with the 

orthoto1idine reagent. The iodometric technique is a titration 

method. Free iodine is 1iber~ted by chlorine in solution and 

is titrated with sodium thiosulfate using starch as the end­

point indicator. 

Chlorine assays were made near the outfa11s of the 

~~neohe Sewage Treatment Plant and the Kaneohe Marine Corps 
, 

Air Station Sewage Treatment Plant. The outfa11s are about 

600 meters and 200 meters from shore, respectively, and about 

8 meters and 7 meters deep, respectively. Their locations in 

Kaneohe Bay are marked in Figure 1. Water samples were collected 

from the surface boils in a dark glass bottle with a capacity 

of approximately 500 m1. The day of the week and the time of 

the day of collection were recorded. Subsurface samples 

from the bolls were obtained with a Van Doren water sampler. 

Upon collection the samples were placed in the shade and 
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FIGURE 1. Location of the two l' 
sewer outfa. 11s ~n so~t~.e~n.K~n.e.Oh.e . , Bay, Oahu, Hawa~i. K.rl.~.A.~. is 31 
the Kaneohe Marine Corps Air 
Station. 0 icates the location 
of ea.ch outfall. 
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returned quickly to the labor~tory and added to the orthotolidlne 

reagent eXactly 8 minutes later for the orthotolidine test and 

10 minutes later for the orthotolidine-arsenite test. For 

the former technique both the sample and the reference solutions 

(see Appendix A) were then placed in the dark for two minutps 

to minimize interferences by nitrites. Exactly four minutes 

after addition to the reagent, the absorbance of the sample 

relative to the reference was read on a Beckman 109200 Model 

DU-2 spectrophotometer. This absorbance value was corrected 

for turbidity (see Appendix A), and the concentration of 

chlorine corresponding to the corrected ab~orbance value 

was then read from a calibration curve plotted for that day. 

However, the presence of interfering substances in the 

sewage was suspected when two samples were retested 20-25 

minutes after initially being tested, and the apparent chlorine 

concentration in both had not dropped. The determined chlorine 

residual of approximately 0.01 mg/l would not be expected to 

persist in seawater for that period of time (see Table 3). 

Therefore, the orthotolidine-arsenite technique, which does 

allow corrections for interferences, Was used for later tests. 

The absorbance of the sample relative to the reference (see 

Appendix B) was read as above exactly four minutes later, and 

the corresponding chlorine concentration was calculated. 

After the chlorine content was determined by either method, 

the pH of the sample was determined with a Beckman Zeromatic 

(55-) pH meter and the salinity with an American Optical 
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Model 10402 TIC refractometer. 

Laboratory experiments were performed to deter~ine the 

tolerance levels of three species of coral planulae to chlorine 

in solution. Two hermatypic species, Pocillopora damlcornls 

Linnaeus and Cynhastrea ocellina Dana, and one ahermatypic 

species, Tubastrea aurea Quoy and Giamard (= Dendrophyllia 

manni) were used. Each species of planula~ was collected 

by a different method. In Kaneohe Bay ~ damicornis planulates 

naturally for several days dUring full moon throughout the year 

but especially in late summer and fall (June Harrigan. personal 

communication). A few days before this period, sever~l healthy 

coral heads were collected and placed in an aquarium supplied 

with constantly flowing water from the seawater system. A 

tUbe led from the overflow outlet to a container with only 

a screen across the bottom sitting in a finger bowl. Thus, 

as the planulae were released by the parent polyps, they floated 

out of the aquarium and were collected in the container. 

Planulae -were collected from this species daily for each experi-

ment from November 2 to November 5.1971, and again on 

December 5. 1971. 

T..Jhile P. damicornis planulates only at .a certain time 

of the month, ~ocellina planulates almost continuously 

(Edmondson, 1929). Edmondson's method of collecting adult 

corals. placing them in water in a finger bowl. and heating 
o 

them to approximately 33 C. until the polyps released their 

planulae. was used. While he reported th~t plmnulae of this 
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species could be collected every month of the yearj 

Dr. S. Arthur Reed and Dr. Austin Lamberts failed to obtain 

any from August to October. 1971 (personal communication). 

Thus, the only specimens collected for the present experiments 

were obtained on November 2, 1971, by this method~ and these 

were smaller and li~hter in color than are normal ones. 

The third species • .l!. aurea, has been observed to planulate 

only in August and October (Edmondson, 1929). Adults of this 

species were place~ in an aquarium in the seaw~ter system. and 

on October 23. 1971, several plgnulae were released by each 

polyp. These were simply pipetted from the adult's mouth. 

Smaller samples from this .single batch of planulae were used 

for each of the experiments on October 25-28, 1971. There were 

no visible differences among those used on the different 

days. 

Chlorine solutions of varying concentrations werp pre-

pared by adding appropriate amounts of a 5 percent sodium 

hypochlorite solution (Matheson, Coleman, and Bell Company) 

to seawater that had been filtered three times through an 

Aqua Pure filter to remove particulate materials that might 

increase the chlorine demand. The experimental ~essels for 

the different concentrations or exposure times were set up 

in a randomized fashion to avoid bias in selection of planulae 

with respect to age, activity, etc. 

In the experiments with Tubastrea, the 
. E,_!~ .. ""_,.,,,_,., .. ,.t.,.":!L.X _~ .",C,'. _, __ .,,,I!": ' 

technique WaS used to measure the resl :1 cl'11o:rl:ne cont 
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of the 'IJater. 'The times between the varioils steps of this 

procedure were kept constant for all experiments. One minute 

after the solution was mixed, the assay for the concentration 

of chlorine was be~un. One minute later, 100 mI. of the chlorine 

solution were added to a 150 mI. beaker. and 10 planulae were 

plpetted into this from a common source for the day. All the 

planulae in the common source had been judged healthy by their 

dark color and their characteristic spiral swimming pattern in 

the aboral direction. Four minutes after the assay was begun p 

the absorbance of the sample relative to the reference (see 

Appendix A) was read spectrophotometrically, and the concentration 

of chlorine was calculated. Following exposure times ranging 

from 10-60 minutes, the planulae were removed to fresh filtered 

seawater for observation. The chlorine concentration of the 

incubation solution was retested to determine the amount of 

bre~kdown of the chlorine due to the chlorine demand of the 

seawater, any materials in the seawater, any SUbstances in 

the glassware. and the planulae. 

Since :rubas.trea planulae lITere found to be reslstant to 

chlorine cbncentI"ati6ns up to 10 mg/I, the iodometrtc techniqUe 

was employed in the subsequent experiments with Focillonora to 

allow the use of concentrations up to 40 mg/l_ As in the 

previous experiments, one minute after the chlorine solution 

was prepared, the assay was begun. The planulqe were then 

added to the beaker containing 100 mI. of chlorine solution, 

and while they incubated, the titration was performed. 
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Unfortunately. it was impossible to end the assay within 

equal time intervals as was possible with the orthotolidine 

technique. At the end of exposure times ranging from 10-60 

minutes. the planulae in all but one experiment were removed; 

to fresh seawater for observation. In this experiment the 

planulae were transferred every hour for 7 hour~ to new chlorine 

solutions of approximately 5 mg/l before being transferred to 

fresh seawater. The chlorine solution waS not reassayed at 

the end of the exposures for two reasons. First. previous 

experiments with Tubastrea showed that the concentrations of 

5 mg/l and above did not break down appreCiably in 60 minutes. 

Second, a 500 mI. sample was generally required for the titra-

tioD while only 100 mI. of incubation solution were available. 

After removal to fresh seawater, the planulae in all the 

experiments were kept in beakers in natural daylight in an air­

conditioned room with a temperature of 2)0 C. The water in 

the beakers was replaced once a day 'initially and less often 

later after it Was observed that it was not neQ~ssary to change 

it so often~ The animals were examined 24 hours after 

exposure to chlorine for mortalities, and their development waR 

followed for sever,"l days after'ilard. Planulae 1'lere known to be 

dead when they began to disintegrate. InitiallYt planulae 

that appeared to be abnormal were separated to individual 

petri disheS for further observation. but some of t se then 

settled on the plastic whereas the other larvae in the beakers 

were not settling on the, glass. To avoid offering dif~erent 
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substrates for settling to the planulae~ abnormal ones vwre no 

longer isolated. 

Etched slides with an algal film were introduced into the 

beakers in all of the experiments with Poclllopora except the _--' __ •• _. '-. _~ __ M ., 

7-hour one to offer a preferred substrate for settling 

(June Harrigan. Dersonal communication). 
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LEVELS OF CHLORINE PRESENT IN THE FIELD 

The results of the chlorine assays of samples taken-from 

the surface boils from the ~aneohe Sewage Treatment Plant outfall 

and the Kaneohe Marine Corps Air Station outfall are given 

in Tables 1 and 2, respectively. The amounts of.chlorine 

measured with the orthotolidine-arsenite test, which corrects' 

for interfering substances, are lower than those determined 

with the orthotolidine method (Table 1) although it might be 

argued that this is due to the fact that 8 minutes elapsed 

between collection and testing of samples with the ortho­

tolidine technique ~Thereas 10 minutes elapsed with the ortho­

tolldine-arsenite technique. Nevertheless, with either test, 

the levels of chlorine measured in the Kaneohe Sewage Treatment 

Plant and the Kaneohe Marine Corps Air Station Sewage Treatment 

Plant surface boils were 0.01 mg/l or less. 

The pH of the samples ranged from 8.03-8.38. the average 

being 8.17. and this is comparable to the average pH of sea­

water (pH 8.1, Sears, 1961). The salinities ranged from 

34-35 0/00 in the Kaneohe Sewqge Treatment Plant boil and 

32~33 0/00 in the Kaneohe Marine Corps Air StRtlon Sewage 

Treatment Plant boil and these values are only slightly lower 

than the aver~ge range of salinities measured by Bathen (1968) 

in Kaneohe Bay during the months of September and October 

(34.8-35.3 0/00). 

In spite of the fact that fresh ~later. being less dense 
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TABLE 1. Levels of chlorine detected in the surface boil of the 
Kaneohe Sewage Treatment Plant 

(values in parentheses are extra~olated) 

chlorine salinity tidal 
test day time conc~n (ma;/l) t:,lJ (0/00) heig:ht 

,.. 10",,-

OT 1 Mon. 4:03 pm 0.010 1.3 
0" Tues. 10:10 am 0.010 r. t:. .... v~u 

O'r t10n. 9:33 am 0.013 8.08 2.0 
OT 'rues. 9: 19 am 0.012 8.03 2.0 
OT '1'hurs. 10:20 am (0.001) 8.17 35 1.5 
OTA2 Sat. 9:27 am (0.005) 8.38 .35 0.9 
OTA Sat. 12: 20 pm (0.007) 8.35 35 1.3 
OTA Sat. 3:56 pm (0.006) 8.:30 35 0.7 
OTA Sun. 9:45 am 0.010 8.25 34 0 .. 7 
OTA Sun. 11:30 am 0.010 8.25 31.:- 0.9 
OTA Sun. 2:50 pm (0.006 ) 8.29 34 0.8 

10rthoto1idine test 
20rthotolidine-arsenite test 

TABLE 2. Levels of chlorine detected in the surface boil of the 
Kaneohe Marine Corps Air Station Sew:l,ge Treatment x',L.ant 

(values in parentheses are extrapolated) 

!~ 

Orr'A1 
OTA 

OTA 
·O'1'A 
OTA 

day --
'" Sat. 

ldeds. 
T;J ads" 
Thurs. 
Thurs. 

~",,!J .. ITl§l_ 

:lLi pm 
h:1J pm 

12:27 pm 
I. ... / 

l.J-:.lb pm 
2:14 pm 
4:00 pm 

chlorine 
.£.2119.!_n (IQSLll 

~O 
(0.002) 
/" "O~) ~u.u G 
( 0.006 ) 
( 0.002 ) 
(0.004) 

lorthotolidine-arsenite test 

-pH""", 

8.10 

8 .. 0B 
8,,05 
8 .. 05 
B.05 

salinity 
.:ls21oSLL 

33 

33 
33 
32 
32 

tidal 
height --

0,.2 
0.4 
0.9 
0.2 
0.6 
0.0 
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• than salt water, rises to the surface, the salinlti~s measured 

in the boils were ~pproxlmate1y equal to that of 'seawater. 

Thi<:' indicates that considerable mixing of chlorinated sewage 

and seawater has occurred, and so a deep-wa~er sample was ' 

considered necessary. 

However t samples taken at depths of 7m and 5·m " near 

the Kaneohe Sewage Treatment Plant and the Kaneohe Marine Corps 

Air Station Sewage Treatment Plant boils. respectively, had 

salinities of 35 0/00 and 32 0/00, respectively, and both 

had less than 0.01 mg/l chlorine. At the time both samples 

were taken, the water was quite turbulent as it usually 1s 

during the winter, and appreciable mixing had no doubt occurred. 

Because of their salinities, the samples cannot be regarded 

as representing the sew~ge just as it leaves the outfall pipe. 

LABORATORY EXPERIMEN'rS VlITH CORAL PLANULAE 

The assayed chlorine co~centrations and the exposure times 

used in the experiments are given in Table 3 for T. aureq and 

in Table 4, parts A through E, for 1:.:. damicornis. 'rhe 

.£.:. ooe1l1n13. larvae l'rere exposed to the same oondi tions as 

the P. damicornis planulae in Table 4A. As can be saan in 

Table 3. the chlorine levels dropped with time, especially in 

the first 10 minutes and in the lower concentrations. 

Planulae of all species were immobile and contraoted 

throughout the exposure periods in chlorine concentrations of 

0.49 mg/l or greater. In the lower concentrl?,tl..ons the planul.~e 
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TABLE 3. Initial and final concentrations of chlorine in 
experiments with Tubastrea planulae (~xcluding controls) 

concentr'Oltions (mp,:/I) of chlorine 
exposure before Planulae after planulae percent 

eXDeriment time (min .. ) added add (:z,<=! bre8.kdov1n 
1'01111 Oil _'" . "*[ . .-

'T_I 10 0.018 0 100 
'1'-1 10 0.056 0.016 7103 
rr_I 10 0.49 o .L~7 4.09 
'r-I 10 10.0 .10 .. 0 0 

T-II 10 . <'0.010 0 100 
'r-II 10 0.060 <0.010 B3.5 
'r-II 10 0.66 0.59 10.6 
rr_II 10 10.0 10.0 0 

'I'-III 10 '9.2 B.B L~ .35 
'r-III 15 8.2 7.9 ? ,.. 5 ) .. 0 

T-III 20 B.2 7 .. 9 3.65 
T-III 15 0.60 0.58 3.33 
T-III 15 0.66 0.60 9.10 

T-IV 60 4.1 3.6 12.2 
'r-IV 60 5.3 4.6 13.2 
T-IV 60 6.0 5..2 13.3 
T-IV 60 ~~10 ]:.10 
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immediately "balled up," but within a few minutes they began 

swimming. In all the controls the ~ aurea planulae began 

swimming actively immediately after being pipetted into un­

chlorinated seawater, and the other species generally did so 

within a. short time. Recove'ry times in fresh seaW'lter varied 

from approximately 10 minutes after a lO-minute exposure to 

0.49 mg/l chlorine to approximately 70 minutes after a 20-

minute exposure to 8.2 mg/l ch'lorlne, to sever~l hours after 

. longer exposures to higher concentrations. 

In the days following exposure, the general behavior of 

the experimental planulae of all 3 species didr:notdiffer from 

th~ controls. The larvae ·were either elongated, contracted, 

or some intermediate shape. They either floated, attached to 

the container by a thin filament, or swam aborally and/or 

spiraled. they sometimes flattened against the container. 

The ~ aurea planulae tended to be the most active of the 3 

species, ~ damlcornis the least active. The only trend 

noted among all the planulae was that the experimental and 

control ani~als alike tended to become less active after a 

few days although they could generally be induced to swim 

with a blast of air from a pipette~ Such reversible behavior 

has been described as characteristic for many species of coral 

planulae (Edmondson, 1929; A toda, 1947; June Harril~an g .£ersona.l 

communication; S. Arthur Reed. ,}2erson9.1 S~9mrnu.nic9.ti0:t:l) .. 

The appearance, development, and mortality of planulae 

will be described separate1y for each species.. .l!. .8~Ureq 
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planulae are dark orange in color like the adult corals, and 

the aboral half is often lighter than the oral half. A thin 

cle~r ectoderT with many constantly moving cilia can be~seen •. 

No differences in color were noted between the experimental and 

control animals. 

The only distinct changes in development seen in ~ aurea 

planulae 30 days after exposure to chlorine were tentacle 

formation in planulae, settlement of planulae, and mortality 

. of either planulae or the newly-settled polyps. No abnor­
I 

malities in shape, swimming pattern, or development were seen. 

Very few planulae settled or died. The first to settle, 

a control (T-111, 0 mg/l) , did so 3-4 days after the exper~ment 

was set up. Two more planulae settled 20-22 days after exposure 

to the highest concentration for the longest time in the experi­

ments with T. aurea (T-1Vt~lO mg/l, 60 mln .. )~ The only others 
~ " , .F ~ 

to settle 1~ 30 days were 3 more in the same beaker and 5 in 

T-IV, 6.0 mg/l, 60 min. With additional time more pl~nulae 

. began to settle, sometimes collectively near the. water level, 

but no effects of chlorine on settllngwere seen. 

The first two deaths occurred in controls, one newly­

settled polyp, the first to settle (T-111, 0 mg/l). died in 

8-10 days and one planula"· (T-1. 0 mg/l) died in 19-23 days. 

The only other deaths In 30 days, 5 of them, Occurred 27 days 

after exposure to 0.66 mg/l for l5 minutes (T.III). 

Tentacle formation in the free-swimming stage occurred 

in only 3 beakers. Whil~ 3 planulae in T-IV, 6.0 mg/l, 60 
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min. and I in T-III~ 0 mg/l developed tentacles, all 10 of those 

eXDosed 15 minutes to 8.2 mg/l chlorine did. While this latte~ 

case is most interesting, it does not appear to be attributable 

to chlorine. 

The C." ocellina larvae were brown in color due to the 

presence of zooxanthellae. but they were lighter in color than 

p$ damicornis. Chan8:es in development seen in this species 

up to 22 days following exposure to chlorine were larval 

settlement and abnormalities in larval shape. Although all 

of the planulae appeared to be immature due to forced eXDulslon 

from the parent, none of them died in the 22 days. Thirteen 

to fifteen days after a lO-minute exposure to approximately 

5 mg/l and 10 mg/l chlorine, 1 and J planulae settled, respec-

tively. In the next 7 days, 2 settled in the control. During 

the same time, 2 planulae in the hontrol developed very odd 

shapes as did 1 of those that had been exposed to 5 mg/l. 

Short exposures to chlorine up to 15 mg/l thus appear to have 

no visible effects on C~ ocellina planulae. - -- .. ~ 

damicornis larvae are dark brown in color due to many 
~..,...'""'-

zooxanthellae contained in endodermal cells in the interseptal 

areas.. The .8.rrangement of the zooxanthellae results in stria-

tions running the length of the body. While portions of this 

pattern were occasionally bleached in some animals 1 this did 

not occur preferentially among the experimental or control 

organisms" Like.!:. aure8. planUlae a clear ectoderm 'tTi th cilia 

is characteristic of ~ ~~_~~~_~~ 
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Severql events in the development of the experimental and 

control larvSie were observed. Abnormalities -v-rere occasionally 

seen in shape. movement, or development of the mesenteries. In 

the latter instance. while normal planulae would develop twelve 

equal chambers separated by the mesenteries, the abnormal ones 

wo~ld have several normal chambers but a few especiqlly large, 

indistinct, bleached ones. The numbers of mortalities or 

abnormalities in the days following exposure to chlorine were 

noted. While the numbers of deaths were cumulative. the num­

bers of ani~als with abnormalities were not since some died 

and others later appeared indistinguishable from normal orga­

nisms. 

The introduction of settling slides no doubt created 

different conditions in the beakers due to differences in the 

degree of etching and the amount of algal film. Their addition 

may have fouled the water and thus increased the bacterial 

levels and/or depleted the oxygen content. Since the intro­

duction of the slides weakened possible comparisons between 

and within experiments, each experiment WaS treated separately. 

The Kolmogorov-Smirnov test (Tate and Clelland, 1959) 

Was used to indicate deviations from randomness in the numbers 

of abnormalities or mortalities in each beaker on each day. 

This test involves determining the total number un of abnor ... 

malities and deaths each day and calculating the cumulative 

percent of this total occurring in each beaker. The maximum 

deviation (D) from an expected distribution {assuming N to be 
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equally distributed) indicates the probability (p) of random 

deviation from the expected values. The results of this 

test are summarized for each of the 5 experiments with 

p~ damicornis planUlae in Table 40 parts A through E.. The 

expected and observed cumUlative percents are plotted in 

Figure Z, parts A through E. 

As can be seen 1n Table 4 and Figure 2~ very few abnor­

malities and deaths occurred in all of the experiments ini­

tially. This made it more difficult to detect significant 

differences between the experimental and control animals .. 

However, 1n all of the experiments o before the addition of 

the slides. there was no significant deviation from randomness .. 

Only on the first day of observation of experiment P-I was 

there a hint of significance (0.lOL'P<O.15) because one abnor­

mality occurred in each of the 4 highest 6oncentrations. 

However, if the results for the first day of observation of 

experiments P-O. P-I, and P-II are combined (no slides had 

been added yet), the probability of deviation from randomness 

1s greater than 0.20. 

After the slides were added~ the trend of numbers of 

abnormalities and deaths increasing with chlorine concentration 

became more pronounced in experiment P-I until it reversed on 

the sixth day. In experiment PwlI ~bnQrmal1t1e~ and hs 

occurred more frequently in the larVae exposed t9 lower con­

centrations than higher ones after the slides were added, and 

on the seventh day this was significant (PLO.Ol)~ Again. this 
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TA3LE 4~ Cumulative percents of abnormalities and deaths of 
P. damicornis occurring on the days following exposure of planulae 
to chlorine solutions of various concentrations for various times 
(D = maximum deviation. N = number of abnormalities and deaths, 
P = probability of rejection; each value is for one beaker 
with 10 planulae unless otherwise noted) 

A" Experiment p=Ol 

exposure 
time (mtn,,) 10 10 10 10 
chlorine 2 
concen (ID!J;/l ) 0 5 10 15 D N 

days after 
eXDosure 

1 0 50 .. 0 50 .. 0 100 25 .. 0 2 
4 0 50.0 50.0 100 2.5.0 2 
s 1 i d e s a d de d 
8 0 50.0 50.0 100 25 .. 0 2 

10 0 100 100 100 75.0 2 
15 21.4 57.1 71.4 100 7.1 14 

lOnly 5 planulae per beaker 
2Chlorine concentrations not assayed 

B. Experiment P-I 

exposure 
timo (mtn.) 10 
=""'"'~~~~.~~ 

chlorine 
conc'n (m.c:z:/l) a 

days after 
eXDcsure 

1 
s 1 
2 
3 
6 
8 

o 
ide s a 

o 
o 

41..7 
22.2 

10 

o 
d d e d 

o 
o 

41.7 
26.7 

10 

o 

o 
o 

58.3 
37.8 

10 

o 

o 
o 

58.3 
48.9 

10 

o 

o 
o 

58.3 
68.9 

P 

;>0.20 
)0.20 

>0.20 
>0.20 
>0.20 

10 

25.0 

28.6 
20.0 
66.7 
71.1 

cont .. 

next 
page 
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B .. ( cont • ) 

exposure 
time (:Tin.) 10 10 10 -chlorine 
conc~n (Tl1r;.;:/1 ) 26.9 32.9 37.9 D N p 

-'-. 

days :'3,fter 
exposure 

1 50~0 75.0 100 55.5 4 0.10<P<0.15 
s 1 i d e s a d d e d 
2 42.9 71.4 100 55.5 7 O~O 1J< 0.05 
3 40.0 80.0 100 55.5 5 o ~ 05 < P< 0 • 10 
6 83.3 91.7 100 30.6 12 o • 10< P( 0 .20 
8 77.8 86.7 100 13.4 45 > 0.20 

c. Experiment P-II 

exposure 
::" 1 ..... n ~ I yn i ~ '1! 

'\/''''~~~~o(L1\J,· 10 10 1Q 1Q 1Q 10 
chlorine 
conctn (mu:;/l) 0 18.6 23.2 28.1 31.8 38,,5 D N P 

days after 
eXDosure 

1 0 0 50.0 100 100 100 33.3 2 >O.2~ 
2 A 25.0 75.0 100 100 100 33.3 4 > 0 .. 20 v 
s 1 i d e s a d d e d 
5 0 71..4 85.7 100 100 100 3[3.1 7 =O.2~ 
7 7.14 78.6 85.7 92.9 100 100 458) ILl- < O. 01 



D. Experiment P-III 

exposure 
301 601 time ~min.) 10 10 

chlorine 
conc'n (mg!l) 0 5.20 5.20 5.20 

days after 
exposure 

s 1 i d e s add e d 

1 
Two 

1 100 100 100 100 
4 10.5 47.4 57.9 100 
6 14.3 52.4 62.0 100 
9 8.3 45.8 62.5 100 

beakers with 10 planulae each 

E. 

exposure 
time (min. ) 
chlorine 
conc'n (m~L12 

days after 
eXDosure 

1 
2 
3 
4 
6 

1 Experiment P-IV 

4202 4202 

0 4.81±0.82 D 

33.3 100 16.7 
25.0 100 25.0 
25.0 100 25.0 
66.7 100 16.7 
83.3 100 33,,3 

~NO slides added 
Five beakers with 10 pl@.nul~e each 
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D N P 

75.0 1 
17.1 19 )0.20 
13.0 21 )0.20 
16.7 24 )'0.20 

N P 

3 >0 .. 20 
4 ) 0.20 
4 >0.20 
3 ~0 .. 20 
6 >0.20 
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FIGD 2. Expected and 'observed cumulative percents of abnor­
malities and deaths of P. dSMicornis occurring on the days 
fol101d.ng exposure of planuT!3~--toc:hlorine solutions of various 
concentrations for various times (dotted lines represent expected 
values, solid lines represent observed values) 

100 A 
..; ... 

1 

90 1. 
80 
?O 
60 8 

cum. 50 
of 
/0 1.,[.0 

Y' I,J 

20 
1 () 

a 5 16-15 
chlorine concun (mg/l) 

cum~ 

,7X 

'S. Expt. :2-1 

T f/ ~t' .- ' IT ..... f/i!, ~/ ,~ 
:,..c"1':;;',.r ,./ ..... 

I ( ..... --'day '5 . 

Ot ~ 110 --.:;iJ' "2-2~;~- -;;f;:;---;:5 J'~O ,h--T;,i(\ 
-' .' .:J "t." ):J""fV 

chlorine concln (mg/I) 

exposure t jrne 
" I,' ') 
~mln. 

elCOOS11re 
t 1::[1 (hr.) 
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significance may be due to different conditions created by 

the slides. In all of the other experiments with ~ damicornis p 

the addition of slides was accompanied by no significant 

differences in the numbers of abnormalities and deaths between 

the experimental and control organisms (P)0.20). 

Because of the differences between slides. data analysis 

was not performed on the numbers of planulae settled~ Neverthe­

less. many did settle in both experimental and control beakers~ 

initially on the slides and later also on the container as 

the glass acquired a film. The basal plate, septa_ and the 

calyx developed normally. 

Tentacle formation in planulae was also common and has 

previously often been observed in l:..:. .9£tmi corni ~ (Edmonrl son, 

1929; June Harrigan t nsrsonal communication). 

On the days of obServations given in the tables~ only one 

P. damicornis polyp developed buds. One exnosed 10 minutes to 

15 mgll chlorine (P-O) developed 5 buds between the 4th and the 

8th days after planulatlon amd exposure to chlorine. Many 

othe~ experimental and control polyps later developed buds. 
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The assayed chlorine in surface and subsurface water 

samples in boils of the Kaneohe Sewage Treatment Plant and the 

Kaneohe Marine Corps Air Station Sewage Treatment Plant were 

0.01 mg/l or les s. HOI'vever, in the 8-l0-minute period bet'IAreen 

sample collection and testing, the chlorine in the seawater 

containing organic matter may have dropped from about 0.05 mg/l 

(see Table 3). Addition of the sample to the reagent immediately 

upon collection in the field produced no visible color. 

Therefore. since the permanent color standards for concentra-

tions of 0.05 ms/l and above have visible color. the level of 

chlorine in the seawater must be less than 0.05 mg/l. 

The total chlorine r~sidual measured in the Kaneohe Sewage 

Treatment Plant effluent by the orthotolidine method is 

1.1 mg/l (Young and Chant 1970). The chlorine dosage is 

generally kept constant and is not regulated according to 

l08.d (Reginald F. Young, personal comrrunicatlon). Although 

sewage and storm water are often chlorinated together (Camp, 

1961), storm water does not PaSS through the sewage treatment 

plants on OahU (Reginald F. Young, personal communication). 

and thus excessive rainfall would not alter the chlorine residual 

in the efflUent .. 

The level of chlorine drops due to the dilution by the 

lar~e volume of seawater and the reactions with seawater and 

the organic matter in it. .The mixing of chlorinated sewage . -
with the seawater is increased at the Kaneohe out 11 by the 

fact that the outfall pipe has several holes, resulting in ~bout 
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10 boils in a lineo This dilution is greater in the winter 

than the summer because stratification of th~ bay is decreased 

by the waves caused by the strong winter tradewinds (Bathen, 

1968) • 

Very low levels of chlorine are also to be expected in 

the seawater near outfalls from other sewage treatment plants 

on OahU since the reported residuals in the effluents are 

compSl.rable to that of the Kaneohe Sewage Treatment Plant. 

The levels that have been determined are (Young and Chan •• 

1970):. 

Elant residual chlorine (mgLll 

Palisades 1.5 

K.ailua 0.1 

Waipio 1.5 

Wahia~ra 0.2 

M.auna~Tili 0.7 

That all of the speCieS of planulae tested in the labora~ 

tory ware lmmob11a in solutlcn~ of 0.49 mg/l phlorlne or gre~tar 

is of real importance. This indiCates that the planulae are 

sensitive to chlorine although short-term exposures up to 

7 hours do not produce irreversible effects. This suggests 

that they may not recover from long-term exposures t6 chlorine. 

Perhaps the immobilization of the planulae might cause them 

to fall upon an unfavorable substrate such as mud. 



The experiments performed in this study indicate that 

coral planulae are much more tolerant to chlorine than many 

marine forms previously studied. They may have a rAsistance 

comparable to that of oysters (Waugh. 1964). Perhaps this is 

due to the fact that coral planulae are more highly developed 

than many marine larvae such as the 2_4~cell stage or trochophore 

larva of mussels or the nauplius larva'of barnacles. It is 

no doubt a.dvantageous for corals to release their young to 

the environment in this highly devaloped state rather than 

as eggs. Planulae ch~racteristically have two layers of cells, 

the outermost epidermis which includes nerve cells and elastic 

fibers. and the endoderm •. A thin mesogleal layer lies between 

these two (Edmondson. 1929). While the shell of an oyster larva 

may provide that organlsmwlth some protection from the oxi­

dizing action of chlorine, the epithelium of a coral planula, 

composed of many thick. slender columnar cells with numerous 

nematocysts and glands (Edmondson, 1929). might perform a 

similar function • 

. 'ro the. author t s knowledge, mucous product ion has not been 

reported for larval corals as it has been for adults. How­

ever, if this does exist. the oxidizing action of chlorine would 

be spent more on the mucous than the surface of the planulae. 

Rhile solutions of up to 40 rug/l chlorine have no notice­

able effect on coral planulae, chlorine might interact with 

other factors in the field and become more toxic. 'Either the 

action of chlorine itself could be modified by such factors. 
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or the factors could interact by lowering the tolerance of 

organisms to their combined effects. The toxicity of chlorine 

would probably not be increased by the pH or BOD (biochemical 

oxygen demand) of the sewage. however. The pH measured in a 

number of Oahu sewage treatment plant effluents ranged from 

6.50-7.97 (George Losey. personal communlcatlon~ Oahu Water 

Quality Study). In the surface boils from the two sewage 

treatment plants studied v the pH had increased to 8.17. 

and chlorine is less potent in an alkaline solution than in 

a more acidic one (Hays et al., 1963). Chlorine reduces 

BOD (Enslow, 1932; Snow t 1952; Tsai. 1968) and in that respect 

improves water quality. Organisms might~ however. be affected 

by simultaneous exposure to chlorine and other constituents 

of sewage or the low salinity of sewage. For instance, 

Allen 1 et gl. (1946, 1948) found that addition of small amounts 

of chlorine to sewage effluents containing thiocyanate (eNS) 

produced atoxic compound believed to be cyanogen chloride 

(eNCl). Although no chlorine residual was detectable in the 

efflUent. the sewage reduced fish survival much more than 

unchlorinated sewage. 

In addition t chlorine and high temperatures in power 

plant effluents might interact, especially since high temperatures 

enhance disinfection by chlorine (Behrman. 1968). Hirayama 

and Hirano (1970b) tested the effects of chlorine and high 

te~peratures separately on phytoplankton, and Wau~h (~964) 

tested the effects of these two factors combl on oyster 
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larvae. 

However. while coral larvae are quite tolerant of chlorine 

in seawater in the laboratory. adult corals might be more 

sensitive. EdT-ondson (1928. 1929) tested the viability of· 

adult corals and their larvae under various environmental 

condi t ions and found that Cv"C,hastrea ocelll!1:~; and Dendrophyll1a 

mannl (=Tubastrea aurea) planulae endured high temperatures 

better than adults and that C. ocel11na planulae tolerated - -
low salinities better than adults. As a part of the present 

study. preliminary experiments were performed with adult 

Fun~ia scutaria Lamarck individuals exposed to various concen-

trations of chlorine, but it was difficult to tell if any 

individuals of this rather hardy species of coral were dead. 

Several related studies of the effects of chlorine on both 

adult and larval corals are necessary before the role of chlorine 

pollution on coral survival can be fully assessed~ The effects 

on adults and larvae of long-term exposures to low levels of 

chlorine could be studied if the equipment for regulation of 

the addition of the chlorine ~as or hypochlorite solution 

were devised~ Larval settlement. growth~ calcification~ etc. 

could then be followed. Even with short exposures i physiological 

parameters of health could be studied, such as respiratory 

rate~ nutrient uptake~ etc~ 

Sodium hypochlorite rather than chlorine gas WaS chosen 

to make the chlorine solutions in the laboratory experl s 

although the Kaneohe Sewage Trea s" 
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While a steady-state system with chlorine gas bubbling into 

seawater would have been the best approximation to the real 

situation, this was not used due to the difficulti2s inherent 

in settin~ up such a system and the danger involved in working 

with chlorine gas (Joyner and Durel, 1962; El~es and Bell 0 1963). 

Furthermore~ both chlorine gas and sodium hypochlorite undergo 

identical reactions in water. and hypochlorite is the main 

residual (Baker. 1969). The only difference might be in the 

pH of the solution~ However~ in the highest concentration 

of chlorine used in the experiments. 40 mg/l, the pH of the 

sea~ater did not change when the hypochlorite was added. 

However. sewage treatment plants rarely chlorinate to the 

breakpoint, and thus the chlorine in sewage effluAnts is mostly 

in the form of combined re s iduals (Standard I'1ethods ~ 1971). 

Since the concentration of chlorine present in the 

solutions dropped with time, the planulae could not be exposed 

continuously. This was unfortunate because organisms in the 

field are probably exposed to low levels of chlorine over 

long periods of time rather than to high concentrations for 

short periods. Nevertheless t the short exposure times are 

realistic for pelagic larvae which may drift across a sewer 

outfall only to be pushed away by the upsurglng water or for 

larvae which may be passed through the cooling system of a 

pOltJer plant. 

Even short exposures of larvae to low levels of l.orlne 

were hard to achieve in the laboratory since concentrations up 
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to 0.06 mg/l dropped to 0.02 mg/l or less in 10 minutes 

(Table 3). Concentrations below 5 mg/l were especially 

difficult to mix because of the unpredictable reactions with 

the seawatQr and glassware. Waugh (1964) also reported such 

variability in the preparation of chlorine solutions. The 

stability of the chlorine solutions during the exposure period 

could probably have been somewhat improved, however, had they 

been allowed to sit perhaps 5 minutes rather than one minute 

before being assayed and used in the experiments. 

A comparison of the orthotolidine technique with the 

iodometric technique revealed that the latter method charac-

teristically gives higher chlorine residual values. Four 

assays with the orthotolidine method of chlorine solutions 

mixed identically, and six assays with the iodometric method 

yielded average chlorine residUals of 3.60 mg/l and 5.00 mg/l. 

respectively. with standard deviations 0.29 and 0.71, respective­

ly. A similar discrepancy in the metho~s. is also reported in 

Standard Methods (1971) and Zillich (unpublished). The 

differential can be especially marked in samples containing 

a large amount of organic mattei; for instance. a difference 

of 2-5 mg/l is COmmon in settled. sewage (Standard Methods. 

1971). 

In conclusion. chlorine pollution 1s presently not a local 
, 

problem in the marine environment. If much higher levels of 

chlorine are introduced into the seawater, coral planulae will 
I 

most likely remain unaffected, but the possible fate of most 
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other marine organisms remains unknown. 
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The orthotolidine technique is a well-documented, widely-

used colorimetric test for determining the level of total 

available chlorine in unpolluted or grossly polluted water 

(Ellms and Hauser t 1913; Theriault~ 1927; Adams and Buswell~ 

1933; Chamberlin and Glass~ 1943; Standard Methods p 1971). 

The comparison of the color produced by reaction of the chlorine 

and the orthotolidine reagent with the permanent color standards 

may be made visuallYt and this is the basis unon which many 

commercial kits are manufactured for use in swimming poolse 

Such kits are also commonly used in sewage treatment plants 

(Reginald F. Young~ 'rhe comparison 

may also be made on a spectrophotometer for more accuracy. 

In this case the method is sensitive to concentrations from 

0.01 to 10.0 mg/l but is less accurate above 1.0 mg/l. 

Four prerequls1t~a must be satisfied for the correct 

color to be produced~ First$ the ratio of orthotolidine to 

chlorine must be at least three to one (Chamberlih9.nd Gla,ss, 

1943). Second, the acid in the orthotolidine reagent must be 

sufficient to produce a pH 1.3 when the sample 1s added even 

if 1000 mg/l alkalinity in the form of CaC03 is present (Chamber­

lin and Glass~ 1943). Third, the sample must be added to the 

rea.o;ent, not vice versa (Chamberlin and Glass~ 1943). Fourth, 

since the test depends upon the oxid171ng power of chlorina~ 

other oxidizing agents must not exceed the follm>Jing levels 

(Hulbert. 1934; Scott. 1934; Standard Methods) 1971): 



feITic ion 

manganic ion 

-n1 tri te ion 

300 JJ.p;/l 

10 ;Ug/l 

100 }J.g/l. 

Allowing the color to develop in the dark minimizes inter-

ference by nitrites (Standard Methods, 1971). Other substances 

that may interfere are organic iron compounds t lignocellulose, 

and algae (Standard Methods~ 1971). 

The yellow color is produced when the diamine orthotolidine 

dihydrochloride is fully oxidized to a holoquinone according 

to the following equation (Tarvin et 81 •• 1934): 

Cl , 
H-N-H 

~~CH3 
ll) <yeH ] 

H-N~B. 

(;1 

The" color due to the presence of free chlorine appears almost 

immediately while that due to combined chlorine develops more 

slowly. Interferin~ substances. such as iron, nitrites, and 

manganese react even more slowly and may therefore have a 

different mechanism (Tarvin» et .§;1., 1931-1-) ~ F'er each tempera-

ture there is an optimum time to read the absorbance of the 

sample before the color due to chlorine fades and the color 

due to other sUbstances appears. 
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The product ion of color is according to Beer; s La\>J. 

that is, the absorption of light is directly proportional to 

the concentration of chlorine. While temporary color standards 

may be prepared with chlorine. these break down quickly, and 

more permanent ones are made with a chromate-dichromate solution 

in a phosphate buffer (Chamberlin Glass~ 1943; Standar~ 

Methoj~. 1971). In the present study the absorption of light 

by a chlorine solution for concentrations in the range of 

0.01 to 0.10 mg/l vIas read at a vlavelength of 435 J:UU with a 

path length of 10 cm.; in the range of 0.10 to 1.0 mg/l also 

at 435 mu but l"iith a path length of 1 cm.; and in the range 

of 1.0 to 10.0 mg/l at 490 rr,p l"iith a path lene;th of 1 em. 

While this method was not specifically developed for use 

in seawater~ this does not appear to present a problem. The 

acid in the reagent produces a suitable pH as prescribed above 

when a sample of seawater 1s added to it. The levels of 

ferric lon~ nitrite ion. and manganic ion in seawater are within 

the limits .given above (Sears~ 1961)~ Furthermore. lnter-

ferences by materials in seawater may be corrected for by 

reading the absorbance of the chlorinated sample plus reagent 

relative to unchlorihated seawater plus reagent. ThUS, the 
\ 

absorbance of the reference will be due only to lnter-

ferences g while the absorbance of the sample cell will be 

due to interferences plus chlorine. If a sewage outfall sample 

has natural 601or or turb~dity~ the extent to which th~se 

contribute to the absorbance value can be determined by 
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reading the absorbance of the colored and/or turbid sample 

relative to an aliquot of unchlorinated seaw~ter from the same 

source as for the reference cell mentioned above. 

, 
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The orthotolidine-arsenite (OTA) technique for assaying 

chlorine is very similar to the orthotolidine technique 

(Appendix A). Sowever. use of the strong reducing agerit sodium 

arsenite permits the differentiation of free available chlorine, 

combined availa~le chlorine, and interferlng sUbstances 

(Gilcreas and Hallinan, 1944; Hallinan, 1944; Standard Methods. 

1971). Sodium arsenite quickly reduces both free chlorine and 

chloramines but not the interfering substances iron, manganese. 

and nitrite, thereby preventing the chlorine from reacting with 

any orthotolidine reagent added subsequently. Since free 

chlorine characteristically reacts quickly with orthotolidine, 

and combined chlorine and.interfering substances react more 

slowly (Standard ~ethods, 1971), addition of the otthotolidine 

and the sodium arsenite reagents at· different times permits 

the separate measurement of color due to free available chlorine 

alone (by addition of sample to orthotolidine reagent followed 

immediately by addition of sodium arsenite), color due to 

interferences (by addition of sample to sodium arsenite 

fol16wed immediately by addition of orthotolidine reagent), 

or color dUe to total .available residual chlorine 'Plus inter ... 

ferences (by addition of sample to orthotolidine reagent). 

The amount of chloramine in the sample can be determined by the 

difference between total available residual chlorine and free 

available residual chlorine. The absorbances of the three 

solutions are measured on a spectrophotometer. Any natural 

color or turbidity in the sample is present equally in all 
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solutions and thus is not a problem~ 

The timing between the addition of each of the reagents 

and the measurement of the absorbance is critical. In the 

determination of free available chlorine, the chloramine may 

react with the orthotolidine~ resulting in a higher value of 

free chlorine than actually-present. This is minimized by 

cooling the sample bein~ tested for free chlorine to as near 

1° C. as possible and by never allowing it to exceed 20° C. 

For grossly polluted water~ only the distinction between 

total available chlorine and interfering sUbstances is made in 

Thus, the amount of total available 

chlorine plus interferences 1s measured by the additio~ of 

samDle to the orthotolidine reagent 9 while the amount of inter-

ference is measured by the addition of sample to sodium arsenite 

immediately followed by the addition of the orthotolidine reagent~ 



AP~'E0JDI)C c: IODOr~E':rRIC TSCfil'JIQUE 

The iodometrlc technique 1s a well-documented~ wldely-

used titration method for determining the level of total 

available chlorine in unpolluted or grossly polluted water 

(Hallinan and Thompson~ 1939; Stand,ard jVleth01.s.~ 1971) .. 

Chlorine oxidizes iodide in a potassium iodide solution to 

iodine. This is titrated with sodium thiosulfate using starch 

as the endpoint indicator~ The technique is sensitive to 

chlorine residuals as low as 0.04 mg/l~ 

Like the orthotolidine method j this test denends upon the 

oxidizin~ power of chlorine~ and other oxldlzin~ agents such 

as ferrlc~ manganic, and nitric ions may interfere. Although 

a neutral titration minimizes interferences, the acid titration 

1s more accurate o The suggested pH is 3-4 (Standard Methods. 
, - --.. 

1971) .. 

Chlorine gas dissolved in water exists primarily as 

hypochlorite ion (Sawyer~ 1960). 

When a solution of chlorine in seawater is adde4 to an agidi-

fied potasslum iodide solution and the pH.6.8, free iodine is 

liberated (Hallinan and Thompson o 1939)~ 

and 

OC1- + 2 r- + 2 H+ = 12 + H20 + Cl-

When this is titrated with a ~odlum thiosulfate solution. 
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iodide reqppears. 

12 + 2 820::t 2 1- + 84°6 == == 

and 

== 4 = 14 H+ 7 12 + 84°6 ...... 10 H2 O = 8°4 + 1- ..J.. 20 . 

StQrch in the presence of iodine in aqueous soluti6n is bluet 

and disappearance of the blue color indicates the endpoint 

of the titration (Standard Methods. i971). 

Manganese dioxide. ferric oxlde~ and nitrites will also 

oxidize the iodide as follows (Hallinan and Thompson. 1939): 

Hn02 ~r 2 T- ...... 2 H+ = 12 -;0. !¥lnO ...... H2O J.. 

Fe20] -:- 2 I- 4- 2 p+ == 12 ...J.; 2 FeO + H2O u 

2 N02- + 2 r- ...... 4 
-(.. 

P' .1 = 12 + 2 NO -:- 2 H2O 

and may be mistaken for residual chlorine. 

Although this method is not specifically developed for 

use in seawaterg interferences from substances in seawater may 

be corrected for by the use of a blank titration with potassium 

iodide and acid in an unchlorinated seawater sample. 
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