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INTRODUCTION

GENERAL

Coral reefs are an important feature of tropical oceans,
whether as a habltat for many other organisms, as a region of
high productivity for the ocean, 5§ a source of protection for
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 magnificent coral growth (MacKay, 1915; Edmondson,
1928)., Now, -however, most of the corals there have died and
disappeared (Banner and Balley, 1970; Johannes, personal commus
nication). In addition, coral heads introduced to various
staéions in that sectlon of the bay dle (James Maragos, personal

communication). The suspected cause of this mortality 1s pollu-

tion assocliated with the increased populatlion growth and urban-

ization of the town of Kaneohe (Banner and Bailey, 1970).
EFPECTS OF VARIOUS POLLUTANTS ON CORALS

Several types of pollution may contribute to the death
of corals, such as sedimentation, increased nutrient levels,
alterations of salinity, changes in temperature, pesticides,
0il, sewage, or chlorine in sewage. Any of these could con-
celvably affect either adult coréls, thelr larvae, or thelr

food.
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A number of processes may add to sedimentatlion (Bénner
and Bailey, 1970), such as dredging (Brock et al., 1966),
terrestrial erosion, reef eroslon, or the addition of organic
materials s in sewage, Sedlmentation has increased in
Kaneohe Bay in recent ysars (Fan and Burnett, 1969), and
several investlgators have shown that 1t affects adult corals
(Mayer, 1918a; Vaughan, 1919; Mayor, 1924b; Edmondson, 1928;
Marshall and Orr, 1931; Failrbridge and Teilchert, 1948;
van Bepoel and Grigg, 1970). S11t has also been shown to
orevent coral planulae from settling (Motoda, 1939).

The elevation of levels of nutrient elements in water, such
28 nitrogen and phosphorous, accompanies urbanization of
nearby areas, While compounds of these elements are found in
the runoff frqm any trop1¢él ecosystem, detergents, fertilizers.
sewage treatment plants, and cesspools form a strong contri-
bution (Banner and Bailey, 1970). Such a buildup of nutrients
has occurred in Kaneohe Bay (Tseu, 1952; Bathen, 1968;

Young ar al.. 1969). This might affect corals in a number of

ndirest ways (Banner and Balley, 1970}, such as causing a
vhytoplankton bloom and a consequent lncrease in turbidity.
This in turn might act on the corals as sedimentatioﬁ or 1t
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-prqduct of population growth 1is increased
freshwater runoff into the ocean that results from drainage of
cultivated and denuded land. This may cause a lowering of the
salinity of the seawater during a heavy ralnstorm. Banner
(1968) observed such a phenomenon that seemed to résuit in the
death of many corals in Kaneohe Bay, and other investigators
(Rainford, 1925; Slack-Smith, 1960; Goreau, 1964; Cooper, 1966)
have reported similar situations in other areas. Laboratory
studies (Mayer, 1918a; Vaughan, 1919; Edmondson, 1928, 1929)
have also dealt with the effects of altered salinities on
adult and larval corals,

anothey type of pollution characteristic of population
growth is the addition of sewage. The discharge rates of
sewage into Kaneohe Bay from the Kaneohe Sewage Treatment Plant
and the Kaneohe Marine Corps Air Statlion Sewage Treaﬁment
Plant have increased in recent years (Bathen, 1968). Sewage
might adversely affect corals (Mayor, 1924a) due to such
20C0Mpany ing phenomens as sedimentation, eutrophication, local
changes 1in sslinity, devletlon of oxymen, the accumulation of
toxic compounds, ete. The 96~hour TL, (mean tolerance limit,
or the concentration necessary to kill half the test organisus)

of Pocillopora damicornis planulae to Kaneohe Sewage Treatment

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

(George Losey, personal communication, Oshu Water Quality

Although not presently a problem in Kaneohe Bay, thermal
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rollution, produced by industries which use seawater for cooling
rurposes, may well arlse 1f the prorosed rower plant for

Kaneohe Bay 1s constructed. Edmondson (1928, 1929, 1946) and
Mayer (1918a; Mayor, 1918b, 1924a) have studied the effects

of altered temvreratures on adult and larval corals and have
found that many are llving near thelr temperature maxima.

Other investigations on the effects of lncreased temperatures‘
on corals of Xaneohe Bay are now being conducted (Paul Jokiel,

personal communication).

Certain toxic compounds, such as peéticides carried to
the ocean by streams, oll spilled into the ocean by 1ndustr1a1’
plants or tankers} or chlorine added to sewage effluents
discharged into the ocean or added to seawater used in 1ndus-
trial cooling systems might also affect corals (Lewis, 1971).
While the effect of chlorine on adult and larval corals ié not
known, chlorine has been shown to have adverse effects on many
aquatic organisms. These will be discussed in a later section

of thls paper.
USES OF CHLORINATION IN WATER

Chlorine is used as a disinfectaht to kill bacteria and
viruses., Its best«known use has beén in the purification of
drinking water which was first begun on an dmergency basis
juring spidemics in 1850 and has bean used on a continuous
basis since 1904 (Sawyer, 1960). Generally, in water purifi-

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 maintéined at
the level of 0.4 mg/l (American Public Health Association
recommendation, in Fair et al., 1968).

Chlorine has more recently been applied, somewhat less
effectively, in sewage treatment plants, particularly in those
which discharge into recreaticnal areas (Scott and Van Kleeck,
1934; Rhines, 1965; Burns and Sproul, 1967). In this process,
usually liguld or gaseous chlorine 1s introduced into the
effluent at the end of primary or secondary treatment leaving
& chlorine residual of approximately 0.5 mg/l'as'the sewage
enters the receiving water (Reginald F. Young, personal

communication). The Kaneohe Sewage Treatment Plant employs

such a system ag part of the secondary treatment, and the chlorine,

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

measured as 1.1 mg/l (Young and Chan, 1970). Some large

clties, 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 thé cost

of equirment (Steffensen and Hash, 1967; Baker, 1969).
Chlorination is also wldely employed by power plants snd

other industrles to discourage the accumulation of slime and

the attachment of foullng organisms such as mussels in their

cooling circuits (Powell, 1933; Estes, 1938; Martin, 1938;
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Dobson, 1946; Turner et al., 1948). Chlorine 1s generally
added to the water at the intake to produce a residual of
2-5 mg/1, sometimes 10 mg/l (Waugh, 1964), and the water may
be in the system for about 15 minutes (Hamilton et al., 1970).
The effluent from seawater-cooled power plants 1ls often used
in fish~-farming experiments. and éccumulation of ohlorine in
this water is undesirable (Page-Jones, 1971).

Chlorine is also used in the shellfish industry to dis-~
infect the organlsms before they are harvestedvfor food. The
animals are placed in tanks with water disinfected with
chlorine., When the chlorine concentration drops to tolerable
levels, the molluscs take .1t up and thus are cleansed of any.
organisms they may have ingested (Falr et al., 1968).

In all the uses of chlorination mentioned above, it is
senerally considered desirable to retain a chlorine residusl
at the end of treatment since the water 1s apt to have post-

treatment contact with more bacterla, etec.
CHEMISTRY AND ACTION OF CHIORINE

The characteristic reactlons of chlorine in water are
due to the fact that it is a very powerful oxidizing agent.
Either waseous or llguld chlorine reacts with water itself to
form hypochlorous acid and hydrochloric acid according to

the equation (Sawyer, 1960; Behrman, 1968):

Cl, + HyO = HOCL + H' + C1”.
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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 Cl2 remains in solution. Hypochlorous acid is a weak
acid (K = 2.8 x 10-8) which dissociates to hydrogen ions and

hyvochlorite ilons according to the equatlon:
“‘} + - v
HOCl ==H + 0OCl ,

and the amounts of 0C1™ and HOCl depend upon the pH. At
pH 7.5, /0C17/ = /H0C1/, although chloride ions affect the
equilibrium. As can be seen above, the use of 012 will
decrease the pH, while the use of 0Cl”™ will increase it although
these effects are generally neutralized by the buffering
capacity of the surrounding water. Chlorine gas, hypochlorous
acld, and hyrochlorite ion are often‘referred to as free
chlorine residuals (Sawyer, 1960).

Chlorine also reacts with ammonia to form chloramines,
often referred to as combined chlorine resliduals. The reactions

are ac rollows (Sawyer, 1960; Behrman, 1968):

NH4 + HOCL = NH,Cl + Hp0 monochloramine
NH3 + 2 HOC1l = NHCl2 + 2 HZO dichloramine

i
NH3 + 3 HOC1 = NClB(g) + 3 Hy0 trichloramine

The formation of any specific chloramine compound depends upon
several factors, the most important of which are pi =nd the
relative amounts of reactants. At pH 8.3 the reaction is most

ravid; above pH 4.5 dichloramine is formed, and above pH 8.5
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monochloramine is formed (Behrman, 1968). When all the ammonis
is converted to trichloramine or is oxidized to other gases
such as nitrogen or nitrous oxide, it is called "breakpoint
chlorination.”" Theoréetically, this should reguire 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,
some unknown reactions are also occurring. When chlorine 1is
added beyond the breakpolint, 1t remains as a free chlorine
residual (Sawyer, 1960).

Chlorine also rescts with many reducing agents such as

++, NO,™, or organic compounds with unsaturated

H,8, Fe++, Mn
linkages (Sawyer, 1960). The "chlorine demand" of water, that
is, the difference between the amount of chlorine added and

the amount remalining after a certain time period, results from

]

these reactlons with inorganic and organlc materisls., Holliand,

et al. {1960) measured the immediate chlorine demand of pure
seawateras 0,2 mg/l and the 30-minute demand as 4.9 mg/l.
Wiien, and only when, thig demand is satisflied; an increase in
shilorine dosazge results inm s proportional lncrease in Iree or
combined chlorine residuals (Behrman, 1968).

In water purification, ammoniaéis generally added at the
end of the treatment to convert fhe free chlorine to combined
chlorine residuals (Behrman, 1968). If desired, dechlorina-
tion can be effected with activated carbon, but chlorine

generally dlssipates with time, especlally in sunlignt and

alr (James, 1941).
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The bleaching effect of chlorine results from its action
as a potent oxidizing agent; it literally "burns up" many
Kinds of organic matter, including those responéible for
colors, tastes, and odors (Behrman, 1968). Both chlorine gas
and hypochlorite have this same effect (Baker, 1969). Mono-
chloramine and dichloramine also have disinfecting vower,
and although they are more persistent, they are not as
strong &« dlginfectant (Behrman, 1968)., The bactericidal effects
of avallable chlorine reslduals were once belleoved to result
from simple oxidation, but it is now suspected that interference
with vital enzymes 1is involved {(Green and Stumpf, 1946).
This seems especially plausible since some bacteria are more
tolerant than others to the effects of chlorine (Muller, 1967).
The amount of ki1ll is proportional to the concentration of
chlorine and the duration of contact (Sawyer, 1960; Burns and
Sproul, 1967; Kott and Ben-Ari, 1967). Less imvortant factors
which increase the killing power are low pH (Hays et al., 1963)

snd high vemperaturs (Behrmsn, 1968).

FPECTS 0F CHLOELNE O aQUATIC CHGANLISMS

Chlorine affects many other organisms in addition to
hacteria as 1s well-known by flsh hobbyists. A number of
i=zboratory tests have been pverformed to determine the tolerance
limits of varilous freshwater organisms to chlorine, Arthur
and Eaton (in press) tested the lethal and sublethal effects

of chloramines on three-month-old fathead minnows (Pimephales
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promelas) using a continuous-flow system with various dilutions
of the chlorinated city water supply. In a 72-hour pefiod they
found 100% mortality at 154 mg/l. The TL  for this period

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

weeks showed a sublethal effect of’reduqtion in egg production.
This first occurred at 16.5 ug/1, and,abbve 85 ng/1 almost no
spawning occurred. Arthur and Eaton also followed the survival
and growth of the larvaevfrom the eggs of the experimental

fish for thé following 30 days and found impairment only at

108 ug/l. This is in agréement with the findings of Zillich

(personal communication 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 ug/1l
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 residual chlorine, While
he found that free chlorine was more toxic to fish than chlor-
amines, other researchers have found the opposite (Doudoroff
and Katz, 1950; Holland et al., 1960; McKee and Wolf, 196%).
Tﬁe effects of chlorine on sunfish, bullheads, and trout have
been studied by Coventry et al. (1935). The resistance of

eels to chlorine was studled by Visintin and Errera (1958.
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in Bioiogical Abstracts, 1959). Tsai (1968) found that

chlorinated sewage in the field reduced fish specles dlversity
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 exposure to concentrations of
8 mg/l or greater of chlorine in a hypochlorite solution

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

Sublethsal éffects first appeared at 4 mg/l and increased with
increasing concentrations. These included subcutaneous
hemorrhages, ulcération of the skin, and effects on the

level of actiﬁity, muscle tonus, posture, heartbeat, and
respiratory rate. Reversibility of these signs occurréd 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 lnltiated although adults still
frequented them. In contrast, Panikkar (1960) found bullfrog
tadpoles to be falirly resistant to chlorine. |

Little}work has been done on the effects of chlorine on
freshwater invertebrates. Arthur and Eaton (in press) used

their fathead minnow test method with freshwater amphipods

(Gammarus pseudolimnaeus). With chloramines the 96-hour
TL, was 220 ng/l. Over a l5-week exposure a reduction of
young occurred, first at 3.4 mg/l and completely at 35 ug/l.

Another freshwater invertebrate, Daphnia, has been the subject
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of preliminary experiments (Biesinger, versonal communication

in Arthur and Eaton, in press) indicating a total kill in a
3-5-day exposure to 1 ug/l chloramines.

The effects of chlorine on marine organisms have been
studied less than on freshwater organisms. Both marine /
rlants 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 l.5-2.3 mg/l chlorine. Hirayama and
Hirano concluded that the organisms were killed by the tréat~

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

in growth after a 5- to l0-minute exvosure to chlorine, it
always recovered within 9 days even in concentrations up to
20 mg/l. Hamilton, et al. (1970) found that the photosyn-
thetlc rate of a volume of water was reduced 91% during the

15 minutés it passed through the chlorinated cooling circuits
of an electric plant. Bacterial densities and concentrations
of chlorophyll a 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 thls reduction in photosynthesis,
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 that a 60-minute exposure to hypochlorite
solution with 15 mg/l residual chlorine resulted in reductions

in photosynthetic rate of 80% in Macrocystis pyrifera (brown

alga), 70% in Ulva lobats (green alga), and 40% in

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

of about 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 incubétéd in a-small volume of water (5 ml.) 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, P. lanceolata, was also the

dominant algal specles near the heavlily chlorinated sewer
outfalls of Pacific Grove and Carmel, California.

Respiratory rate of algae is also affected by chlorine.
Yamada (1960, in Hirayama and Hirano, 1970b), féund that
oxygen consumption of seaweeds was Increased at concentrations
of chlorine less than 20-50 mg/l1 and decreased at higher
concentrations.

Studles of the effects of chlorine on marine animals
have also been conducted, pfimarily on those commercially
important as fouling organisms or as food organisms. One

organism notorious for fouling cooling circults of industriazl
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plants is the mussel (Dobson, 1946; Turner et al., 1948).
With a 10-minute exposure, Hauo and Chian (1958, in Waugh,
1964) determined that a chlorine concentration of 380 mg/l
was required to detach adult mussels. With conﬁinuous treat-
ment, Turner, et gi.v(l948) found that 10 mg/l caused a par-
tial ki1l of mussels in 5 days and a total kill in 15 days.
However, both Turner, et al. (1948) and Dobson (1946) suggested
that low levels of chlorine might affect the larvae. This
was finally tested.in the laboratory by Hlrayama and Hirano
(1970a). Early larval stages of 2-4 cells were shown to have
a TLy of 1.1-1.2 mg/l for a 5- to 1l0-minute exposure. At the
older trochophore stage, however, while the 1lO-minute TLy
was in thils same range, a concentration 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 spite of
the sensitivity of the larvae, however, mussels do appear in
a chlorihated system. Although only a few may succeed in
attaching, those that do might protect themselves from inter-
mittent chlorination by closing theilr shells (Tufner,gg al.,
1948)., 1In addition, older mussels could take up chlorine from
the water and lower the residual to which the young mussels
are exposed (Waugh, 1964).

Another common marine fouling organism is the barnacle.
Its naupliar larvae are also quite sensitive.to chlorine.
A 10-minute exposure to a chlorine concentration greater than

0.5 mg/l resulted in many deaths and a reduction 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 dle, and
the few remaining survivors falled to grow. Waugh suggests
that the older, pre~-settlement cyprid larvae might be more
resistant because of their bivalve shell, and this could
explain how barnacles stili settle in cooling pipes. rfleld
observations (Holstrom, 1970, unpublished) also reveal
that the toxlc element of sewage on adult and larval barnacles
appears to be chlorine. Holstrom found that reproduction and
larval recrultment were much more drastically reduced around
& heavily chlorinated outfall than a less chlorinated one.
Studies of the effects of chlor;ne have also been prompted
on a commercially wvaluable marine organism, the oyster, Its
larvae are extremely resistant to chlorine (Waugh, 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 probably
because bacterial levels were lowered by the chlarine. As

a result, Walne (personal communication in Wauszh, 1964) now

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

of" chlorine for 5 minutes to kill the bacteria on thelr shells,
It is probably this shell that protects the oyster larvae
(Waugh, 1964). Waugh also observed that Creviduls larvae and
Littorina larvae, which both have a larval shell and operculum,

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

Other studies on the effects of chlorine on invertebrates
include three preliminary investigations with echinoderm
larvae (Muchmore, 1970, unpublished; Rotkis, 1970, un-
published; Ott, 1970, unpublished). Muchmore found that while
unchlorinated sewage is a mild fertilizatlion inhibltor, chlori-
nated sewage reduces fertilization rather drastically. The
effect was primarily on the‘sperm. Sodium hypochlorite solu-
tions also produced similar results. However, fallure to use
proper controls and to restore the salinity of the sewage to
that of seawater make the interpretation of the data difflcult.

Finally, two studles have investigated the effects of
chlorine on marine fish. Holland, et al. (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 chloriné on the eggs

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

OBJECTIVES OF THE PRESENT STUDY

The purpose of thls study was to determine the level of
chlorine present in the field and the effects of chlorine on
coral planulae. The fleld studles consisted of measuring the

chlorine concentration of seawater taken from the vicinity
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of two sewer outfalls in southern Kaneohe Bay, Oahu, Hawaldi.
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 technigues of assaying chlorine were used in this
study, the orthotolidine test, the orthotolidine-arsenite test,

and the lodometric test (Standard Methods, 1971; see Apvendices

A, B, and C, respectively). The first two are colorimetric
methods. If residual chlorine is present in a samvle, a
characteristic yellow hologuinone color is produced when the
sample 1s added to the orthotolidine reagent, and the amount
of color measured corresponds to a particular concentration’
of chlorine., The orthotolidine-arsenite test is =2 modification
whi&h permits correction for the presence of other oxidizing
agents besides chlorine in the sample which may react with the
orthotolidine reagent. The iodometric technique is a titration
method. Free iodine is liberated by chlorine in solution and’
1is titrated with sodium thiosulfate using starch as the end-
roint indicator.

Chlorine assays were made near the outfalls of the
Kgneohe Sewage Treatment Plant and the Xaneohe Marine Corps
Alr Station Sewage Treatment FPlant. The outfalls afé about
600 meﬁers and 200 meters ffom shore, respectivély, and about
8 meters and 7 meters deep, respectively. Thelr locations in
.Kaneohe Bay are marked in Figure 1l. Water samples were collected
from the surface bolls in a dark glass bottle with a capacity
of approximately 500 ml. The day of the week and the time of
the day of collection were recorded. Subsurfaca 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

Bay, Oahu, Hawaii. K.M.C.A.3. 1s -
the Kaneohe Marine Corps Air
Station. Q indicates the location
of each outfall.
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returned guickly to the iaboratory and added to the orthotolidine
reagent exactly 8 minutes later for the orthotolidine test and
10 minutes later for the orthotolidine-arsenite test. For
the former technigue both the samrle and the reference solutions
(see Appendix A) were then placed in the dark for two minutes
to minimize interferences by nitrites. Exactly four minutes
after addition to the reagent, the absérbance of the samvle
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 absorbance value
was then reasd from a callbration 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 bevexpected to
persist in seawater for that perlod of time (see Table 3).
Therefore, the orthotolidine-arsenite technique, which does
allow corrections for interferences, was used for later tests,
The absorbance of thé sample relative to the reference (see
Appendix B) was read as above exactly four minutes later, and
the correspvonding chlorine concentration was calculated,
After the chlorine content was determined by elther méthod,
the pH of thersample was determined with a Beckman Zeromatic

(SS-3) pH meter and the salinity with an American Optical
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Vodel 10402 T/C refractometer.
Laboratory experiments were performed to determine the
tolerance levels of three species of coral planulae to chlorine

in solution. Two hermatyvlic svecles, Pocillopora damicornis

Linnaeus and Cyphastrea ocellina Dana, and one ahermatypyic

species, Tubastrea aurea Quoy and Glamard (= Dendrovhyvllis

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

by a different method. In Kaneohe Bay P. 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 thils period, seversl healthy

coral heads were collected and placed in an asguarium suncvlied
with constantly flowing water from the seawater system. &4

tube led from the overflow outlet to a container with only
avscreen across the bottom sitting in a finger bowl. Thus,

as the pianulae were released by the psrent polyps, they floated
out of the zguarium and were collected in thé container.
Planulase were collected from thils species dally for each experi-
ment from November 2 to November 5, 1971, and again on

December 5, 1971,

While P. damicornis planulates only at a certailn time

of the month, C. ocellina planulates almost continuously
(Edmondson, 1929). Edmondson®s method of collecting adult
corals, placing them in water in a finger bowl, and heating
them to aprroximately 330 C. until the polyps released thelr

planulae, was used. While he reported that planulae of this
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species could be collected every month of the year,
Dr. S. Arthur Reed znd Dr. Austin Lamberts failed to obtain

any from August to October, 1971 {versonal communication).

Thus, the only specimens collected for the present experiments
were obtained on November 2, 1971, by this method, and these
were smaller and lighter in color than are normal ones.,

The third species, T, surea, has been observed to planulate
only in August and October (Edmondson, 1929). Adults of this
specles were placed in an agquarium in the seawater system, and
on October 23, 1971, several planulae were released by each
polyp, These were simply plipetted from the adult®s mouth.
Smaller samples from this single batch of planulae were used
for each of the expveriments on October 25-28, 1971. There were
no visible differences among those used on the different
days.

Chlorine solutions of varying concentrations were pre-
rared by adding appropriate amounts of a 5 pefcent sodium
hypochlorite solution (Matheson, Coleman, snd Bell Company)
to seawater that had been filtered three times ﬁhrough an
Agua Fure fllter to remove particulate materials that might
increasgse the chlorine demand. The experimental vessels for
the different concentrations or exposure times were set up
in a randomized fashion to avoid bias in selection of planulse

with respect to age, activity, etec.

In the experiments wlth Tubastrea, the orthotolidine

technigue was used to measure the residusl chlorine content
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of the water. The times between the various 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 begun. One minute later, 100 ml. of the chlorine
solution were added to a 150 ml. besker, and 10 planulae were
rlvetted 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 thelr characteristic spiral swimming pattern in
the aboral direction. Four minutes after the assay was begun,
the absorbance of the sample relative to the reference (see
Aprendix A) was read spectrophotometricaily, 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
breakdown of the chlorine due to the chlorine demand of the
seawater, any materials in the seawater, any substances in
the glassware, and the planulsae.

Since Tubastrea planulase were found to be fesistant to

was employed in the subsequent experiments with Foclllovnora to

allow the use of concentrations up to 40 mg/l. As in the
previous experiménts, one minute after the chlorine solution
was prepared, the assay was begun. The planulae were then
added to the beaker contalning 100 ml. of chlorine solution,

and while they incubated, the titration was performed.
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Unfortunately, it was imposcsible to end the assay within
equal time intervals as was possible with the orthotolidine
technigue. At the end of exposure times ransing fron 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 hours to new chlorine
solutions of avvroximately 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/1 and above did not break down appreclably in 60 minutes.
Second, a2 500 ml. sample was generally required for the titraz-
tilon while only 100 ml, of incubation solution were.available.
After removasl to fresh seawater, the planulae in =211 the
experiments were kept in beakers in natural daylight in an zir-
conditioned room with a temperature of 23° C, The water in
the beakers was replaced once =z day initially and less often
later after 1t was observed that 1t was not necessary to change
it so often. The animals were examined 24 hours after
exposure to chlorine for mortalities, and thelr development was
followed for several days afterward. Planulae were known to be
dead when they begzan to disintegrate. Initially, vlanulae
~that appeared to be abnormal were separated to individual

o

petrl dishes for further observation, but some of thess then
settled on the plastic whereas the other larvae in the beskers

were not settling on the glass., To avold offering different



substrates for settling to the planulae, abnormal ones were ho
longer isolated.
Etched slides with an algal film were introduced into the

beakers in all of the experiments with Pocillovwora except the

7-hour one to offer a preferred substrate for settling

(June Harrigan, versonzal communication).




LEVELS OF CHLORINE PRESENT IN THE PFIELD.

The results of the chlorine =sssays of samples taken from
the surface boills from the Kaneohe Sewage Treatment Flant outfall
and the Kaneohe Marine Corps Alr 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) althouzh 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 whereas 10 minutes elapsed with the ortho-
tolidine-arsenite techniqué, Nevertheless, with either test,
the levels of chlorine measured in the Kaneohe Sewage Treatment
Plant and the Kaneohe Marine Corps Air Station Sewagze Treatment
Plant surface boils were 0.01 mg/l or less.

The pH of the samvples ranged from 8,.03-8.38, the average
veing 8.17, and this 1s comparsble to the average pH of sea-
water (pH 8.1, Sears, 1961). The salinities ranged from
34~35 o/00 in the Kaneohe Sewage Treatment Plant boil and
32-33 o/00 in the Kaneohe Marine Corps Alr Station Sewase
Treatment Plant boll and these values are only slizhtly lower

than the averaze range of salinities measured by Bathen (1968)

Jode

n Xaneohe Bay during the months of September and October
{34.8-35.3 o/00).

In syite of the fact that fresh water, being less dense
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TAELE 1. Levels of chlorine detected in the surface boll of the
Kaneohe Sewage Treatment Plant '
(values in parentheses are extravolated)
chlorine salinity tidal
test day time conc®n {mg/1) TH {o/00) heizht
ot ¥on. 4:03 pm 0.010 - - 1.3
cT Tues. 10:10 am 0.010 - - 0.6
oT Mon. 9:33 am 0,013 8.08 - 2.0
oT Tues. 9:19 anm 0.012 8.03 - 2.0
oT Thurs. 10:20 am (0.001) 8.17 35 1.5
0742  Sat. 9:27 an (0.005) 8,38 35 0.9
0TA Sat. 12:20 om (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 34 0.9
OTA Sun. 2:50 pm (0.006) 8.29 34 0.8

lorthotolidine test

-

TABLE 2.

Zorthotolidine-arsenite test

Levels of chlorine detected in the
Kaneohe Marine Corps Alr Station Sewage Treatment Tlant

(values in parentheses are extrapolated)

surfasce holl of the

chlorine salinity tidal
test day time conc’n (meg/1) oH {o/oo)  height
orat  sat, 12:18 pn 0 8,10 33 0.2
OTA Satﬁ ) }*!’:13 pﬁ'} (OnOOZ) - - O—Li"
oTa Weds. 12:27 pm (0.00%} 8.08 33 0.9
TA Weds. 4:16 pm (0.,006) 8.05 33 0.2
0T4A Thurs. "2:14 pm {(0.002) 8.05 32 0.6
oTA Thurs. L:00 pm (0.004) 8.08 32 0.0
lorthotolidine-arsenite test
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than salt water, rises to the surféce, the salinities measured
iﬁ the bolls were approximately equal to that of seawater,
This indicates that conslderable mixing of chlorinated sewage
and seawater has occurred, and so a deep-water sample was
considered necessary.

However, samples taken at depths of 7m and 5m. near
the Kaneohe Sewage Treatment FPlant and the Kaneohe Marine Corps
Alr Station Sewage Treatment Planﬁ bolls, respectively, had
salinities of 35 o/oo and 32 o/oco, respectively, and both
had less than 0.01 mg/l1 chlorine. At the time both samples
were taken, the water was quite turbulent as it usually is
during the winter, and appreciable mixing had no doubt occurred.
Because of their salinitlies, the samples cannot be regarded

as representing the sewage just as 1t leaves the outfall pipe.
LABORATORY EXPERIMENTS WITH CORAL PLANULAE

The assayed chlorine concentrations snd the exvosure times
used in the experiments are given in Table 3 for T. aurea and

in Table 4, parts A through E, for P. damicornis. The

C, ocellinag larvae were exposed to the same conditions as

)

~ o
can be sSeen in

w0

the P, damicornis planulae in Table 44. A

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

the first 10 minutes and in the lower concentrations,
Planulae of all specles were lmmoblle and contracted

throughout the exposure periods in chlorine concentrations of

0.49 mg/l or greater. In the lower concentraticns the planulae
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TABLE 3. Initial and final concentrations of chlorine in
exveriments with Tubastrea planulae (excluding controls)

concentrations (mg/l) of chlorine

exposure before Planulae after planulae percent
exveriment time (min.) added _added breakdown
T-X 10 0.018 ' 0 100
T-I 10 0.056 0.016 71.3
T-T 10 0.49 0.47 4,09
I-1 10 10.0 :10.0 0
T-II 10 - <0,.010 . 0 100
T-II 10 0.060 €0.010 83.5
T-II : 10 _ 0.66: 0.59 10.6
T-II 10 10.0 10.0 0
T-III 10 9.2 8.8 L.35
T-III 15 g,2 7.9 3.55
T-III 20 8.2 7.9 3.65
T-III 15 0.60 0.58 3.33
T-I1IX 15 0.66 0.60 9.10
T-IV 60 L,1 . 3.6 12.2
T-1IV 60 5.3 L.6& 13.2
T-IV 60 6.0 5.2 13.3
T-IV 60 210 %10 -



immediately "balled up,” but within a few minutes they began

aurea planulae began

swimming. In all the controls the T,
b

swimming actively immediately after being pipetted into un-
chlorinated seawater, and the other species generally did so
within a. short time. Eecovery times in fresh seawater varled
from approximately 10 minutes after a 10-minute exposure to
0.49 mg/1 chlorine to approximately 70 minutes after a 20-
minute exposure to 8.2 mz/l chlorine, to several hours after
longer exposures to higher concentrations.

In the days following exvosure, the general behavior of
the experimental planulae of all 3 species didrnot differ from
the controls. The larvae were eithef elonrgated, contracted,
or some intermediate shape. They eilther floated, attached to
the container by a thin filament, or swam aborally and/or
spiraled. They sometimes flattened against the container.

The T. zurea planulae tended to be the most active of the 3

specles, P, damicornis the least active. The only trend

———

noted anong all the planulse was that the experimental and
control animals alike tended to become less active after a
few days although they could generally be induced to swim
with a blast of alir from a pipette. Such.reversible behavior
has been described as characteristic for many specles of coral

rlanulae (Edmondson, 1929; Atoda, 1947; June Harrigan, psrsonal

communication; S. Arthur Reed, personsl communicoetion),

The appearance, develovment, and mortality of planulae

will be described separately for each species, I. =

T
I
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pvlanulae are dark orange in color_iike the adult corals, and
the aboral half is often lighter than the oral half. A thin
clear ectoderr with many constantly moving cilias can be~éeeneﬁﬁ
No differences in color were noted between the experimental and
control animals.

The only distinct changes in development seen in T, aurea
planulae 30 days after exvosure to chlorine were tentacle
formation in planulae, settlement of vlanuliase, and mortality
" of either planulae or the newly—settled volyps. No abnor-
malities in shape, swimming pattern, or development were seen.

Very few planulase settled or died. The first to settle,
‘a control (T-III, O mg/l), did so 3-4 days after the experiment
was set ur. 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-IV,210 mg/1l, 60 min.). The only others
to settle in 30 days were 3 more in the same beaker and 5 in
T-IV, 6.0 mg/l, 60 min. With additional time more planulae
beran to settle, sometimes collectively near the.water level,
but no'effects of chlorine on settling were seen.

The first two deaths occurred in controls, one newly-
settled polyp, the first to settle (T-III, O mg/l), died in
8-10 days and one planula-(T-I, 0 mg/1l) died in 19-23 days.

The only other deaths in 30 days, 5 of them occurred 27 days
after exvosure to 0.66 mg/l for 15 minutes (T-III).
Tentacle formation in the free-swimming staze occurred

in only 3 beakers. While 3 planulze in T-1IV, 6.0 mg/l, 60
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min, and 1 in T-III, 0 mg/l develoved tentacles, 21l 10 of those
exvosed 15 minutes to 8.2 mg/l chlorine did. While this latter
case is most interesting, it does not appear to be attributable
to chlorine.

The C. ccellina larvae were brown in color due to the
presence of zooxantheliae, but they were lighter in color than

P, damicornis. Changes in develovment seen in this species

up to 22 days following exposure to chlorine were larval
settlement and abnormallties in larval shape. A&lthough all

of the planulae appeared to be immature due to forced exvulsion
from the parent, none of them died in the 22 days. Thirteen
to fifteen days after a l0-minute exposure to approximately

5 mg/1l and 10 mg/1 cﬁlorine, 1 and 3 planulae settled, respec-
tively. In the next 7 days, 2 settled in the control. During
the same time, 2 planulae in the control 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.

s damicornis larvae are dark brown in color due to many

zooxanthellae contained in endodermal cells in the interseptal
areas. The arrangement of the zooxanthellse results in stria-
tions running the length of the body. Whils portions of this
pattern were occasionally bleached in some animals, this did
not occur preferentislly among the experimental or control
organisms. Like T, aurea planulze a clear ectoderm with cilla

Leornis larvae,

is characteristic of P. dar
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Several events in the development of the experimental and
control larvse were observed., Abnormalities were occasionally
seen in shape, movement, or development of the mesenteries. In
the latter instance, while normal planulae would develop twelve
egqual chambers separated by the mesenteries, the abnormal ones
would have several normal chambers but a few esvecislly 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 animals with abnormalities were not since some died
and others later appeared indistingulishable from normsl orga-
nisms.

The introduction of settling slides no doubt created
different conditlons 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 1ntro%
duction of the slides weakened possible comparisoﬁs between
and within experiments, each experiment was treéted 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 {(N) of abnore
malities and deaths each day and calculating the cumulative
vercent of this total occurrihg 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 randodm
deviation from the exvected values. The results of this
test are summarized for each of the 5 exveriments with

P. damicornis pvlanulae in Table 4, parts A through E. The

expected and observed cumulative pvercents are plotted in
Flgure 2, parts A through E.

As can be seen in Table 4 and Figure 2, very few abnor-
malities and deaihs occurred in all of the experiments inl-
tially. This made it more difficult to detect significant
differences between the experimental and control animals,
However, in all of the experiments, before the addltion of
the slides, there was no sigﬁifioant deviation from randomness.
Cnly on the first day of observation of experiment F-I was
there a hint of significance (0.10<P<0.15) because one abnor-
mality occurred in each of the 4 highest concentrations,
However, 1f the results for the first day of observation of
experiments F-0, P-I, and P-II are combined (no slides had
been added yet), the probability of deviation from randomness
ls 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 1t reversed on
the sixth day. In experiment P11 sbnormalities and deaths
~oceurred more frequently in the larvae exposed to lower cons
centrations than higher ones after the slides were added, and

on the seventh day this was significant (P40.01). Again, this
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TARLE &, Cumulative percents of abnormalities and deaths of

P, damicornis occurring on the days fellowing exvosure of planulse
te chlorine solutions of wvarious concentrations for various times
(D = maximun deviation, N = nunber of abnormalities and deaths,

e

= probability of rejection; each value is for one beaker
with 10 planulae unless otherwise noted)

A. Experiment P«Ol

exposure - ‘
time (min,) 10 10 10 10
chlorine >
conc'n {mg/1) 0 5 10 15 D N P
days after
exposure
1 0 50 @ 5C.0 100 25.0 »0,20
L 0 50, 50,0 100 25.0 2 20,20
g1l ides a d d e d '
8 0 50.0 50.0 100 25.0 2 20.20
10 0 100 100 100 75,0 2 20,20
15 21.4 57.1 71.4 100 7.1 14 »0.20
%Only 5 planulae per beaker
Chlorine concentrations not assayed
B. Experiment Pel
exposure
time {(min,) 10 10 10 10 10 10
chlorine cont.,
conc’n {(me/1) 0 5453 10.2 15.0 22.9 23,0 on
. next
days after : Page
exYposure
1 0] 0 0 0 0 25.0
s 1 14de s added
2 0 0 0 0 0 28.6
3 0 0 0 0 0 20.0
6 L1,7 41,7 58,73 58.73 58.73 66,7
8 22.2 26,7 37.8 L5,9 68,9 71.1



page 36

2., (cont.}

exposure

time {min.) 10 10 10

chlorine

conc'n (meg/1) 26,9 32.9 37.9 D N

td

days after
expogure

100 55.5 4 0,10<P<0,15

1 75.0
s 1l 1ides added
2 : 42 .9 71.4 100 55.5 7 0.0 ®0,05
3 40,0 80,0 100 55.5 5 0.05<2 0,10
6 83.3 91.7 100 30,6 12 0.10<P<0.20
8 77 .8 86.7 100  13.4 45 »0.20
C. Experiment P-II
exposure
time (min, ) 10 10 10 10 10 10
chlorine
conc'n {(mz/1) 0 18,6 23.2 28,1 31.8 38.5 D N P
days after
exposure
1 0 0 50.0 100 100 100 33.3 2 >0.20
2 0 25.0 75.0 100 100 100 33.3 4 »>0,20
s 1l14des added
5 0 714 85.7 100 100 100 38,1 7 =0.,2
7 7.4 78,6 85.7 92.9 100 100 45,3 14 <£0,0u



D. Exveriment P-III

vage 37

exposure , 1
time (min.) 10 10 30 601
chlorine
conc’n (meg/1) 0 5.20 5.20 5.20 D N P
days after
exposure
s 11ides added
1 100 100 100 100 75.0 1 ———
b 10.5 47.4 57.9 100 17.1 19 70.20
6 14.3 524 62,0 100 13.0 21 20.20
9 8.3 45,8 62.5 100 16,7 24 70.20
Two beakers with 10 planulae each
E. Experiment P-IV1
exposure >
time (min.,) 420 B2 02
chliorine
conc’'n (mg/1) 0 4.8140.82 D N
days after
exoosure
1 33.3 100 16.7 3 >0.20
2 25.0 100 25,0 L 20.20
3 25,0 100 25,0 L >0.20
L 66.7 100 16.7 3 70.20
6 83.3 100 33.3 6 20.20

1, .
No slides added
Five beakers with 10

o
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]
=
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FIGURE 2. Exupe uvmilative percents of abnor-
malities snd deat ' occurring on the days
following exrposur che selutions of various
concentrations for vsrious times {dotted lines represent expected
values, so0lid lines represent observed values)
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significance may be due to different conditions created by

the slides., In all of the other exveriments with . damicornis,

the addition of slides was accompanied by no significant
differences in the numbers of abnormalitlies and deaths between
the experimental and control organisms (F>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 exverimental and control beakers,
initially on the slides and later also on the containef as
the glass acquired a film. The bhasal vlate, septa, and the
calyx developed normaslly.

Tentacle formation in planulae was also common and has

oreviously often been observed in P. damicornis (Edmondson,

1929; June Harrigan, versonal communication).

OCn the days of observabtions given in the tables, only one

F. damicornis polyp developed buds. One exrosed 10 minutes to

15 me/1 chlorine {P-0) developed 5 buds between the Lth and the
8th days after planulation and exposure to chlorine, Many

other exrerimental and control polyps later developed buds.
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The assayed chlorine in surface and subsurface water
samples in bolls of the Kaneohe Sewage Treatment Flant and the
Xaneohe Marine Corps Alr Station Sewage Treatment Flant were
0.01 mg/l or less. However, in the 8~1C-minute pericd between
gample collection and testing, the chlorine in the seawater
containing organic matter may have dropped from about 0.05 mg/1
(see Table 3). Addition of the sample to the resgent immediately
upon collecﬁion in the field produced no‘visible color.
Therefore, since the permanent color standards for concentra-
tions of 0.05 mg/l and above have visible color, the level of
chlorine in the seawater must be less than 0.05 mg/1l.

The total chlorine residual measured in the Kaneohe Sewage
Treatment Plant effluent by the orthotolidlne method is
1.1 mg/1l (Young and Chan, 1970). The chlorine dosage is
generally kept oonstantyand 1s not regulated according to

load (Reginald F. Young, personsl comrunication). Although

sewaze and storm water are often chlorinated together (Camp,
1961), storm water does not pass through the sewage treatment

plants on Ozhu (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
larze volume of seawater and the réactions with seawater snd
the organic matter in it. .The mixing of chlorinated sewage

with the seawster is increased at the Kaneohe outfall by the

fact that the outfall pipe has several holes, Tesulting in about
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10 boils in g line. This dilutlion is greater in the winter
than the summer because stratification of the bay 1ls decreased
by the waves caused by the strdng winter tradewinds {(Bathen,
1968} .

Very low levels of chlorine are aslso to be exvected in
the seawster near outfalls from othef sewage treatment plants
on Cahu since the reported residuals in the effluents are
comparable to that of the Xaneohe Sewage Trestment Plant,

The levels that have been determined are (Younsg =znd Chan

¢ ¢

1970):
rlant residual chlorine {mg/1)
Palisades 1.5
Kailua 0.1
Waipio | , 1.5
Waniawa 0.2
Mgunawili 0.7

That all of the species of planulae tested in the lavoras-
tory were immobile in solutions of 0.49 mz/l chlorine or greater
ig 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 to chlorine,
Perhaps the immobilization 6f the planulae might cause them

to fall upon an unfavorable substrste such as mud.
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The experiments verformed in this study indicate that
coral planulse are much more tolerant to chlorine than nany

hey may have a resistance

t
[»]
]

. ..
reviously studied.

ari ¥

=
a

€ rms

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

due to the fact that coral planulase 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 advantageous for corsls to release thelr young to

the environment in this highly devélored state rather than

as egzs, Planulae characteristicslly have two layers of cells,
the outermost epidefmis 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

i

may provide that organism with some protection from the oxiw
vdizin@ actlon of chlorine, the evithelium of a coral pianula,
composed of many thick, slender columnar cells with numerous
nematocysts and glands (Edmondson,\l929), might perform a
similar function.

‘To the author's knowledge, mucous productibn 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 mucoﬁs than the surface of the planulze.

While solutions of up to 40 mg/1l chlorine have no notice-
able effect on coral planulae, chlorine might interact with
other factors in the field and become more toxic. Elther 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 {(viochemical
oxygen demand) of the sewage, however. The pH measured in a
nunber of Ozhu sewage treatment plant effluents ranged fronm

5.50-7.97 (George Losey, personal communication, Cahu Water

Quality Study). In the surface bolls from the two sewage
treatment plants studied, the pH had incre=sed to 8.17,
and chlorine 1is less potent in an alkaline solution.than in
a more acidic one (Hays et z2l., 1963). Chlorine reduces
BOD (Enslow, 1932; Snow, 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, et al. (1946, 1048) found that addition of small amounts
of chlorine to sewage effluents contalining thiocyanate (CN3)
produced a toxic compound believed to be cyanogen chloride
{(CNC1l). Although no chlorine residual was detectable in the
effluent, the sewage reduced fish survival much more than
unchlorinated sewage.

In addition, chlorine and high temveratures 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

I
-y

(@Y
~

temverstures separately on phytoplankton, and Waugh (ﬁ@

tested the effects of these two factors combins. on oyster



vage 44

larvae,

However, while coral larvae are gquite tolerant of chlorine
in seawater in the laboratory, adult corals\might be more
sensitive, Edmondson (1928, 1929, tested the viability of -

a2dult corals and their larvae under various environmental

conditions and fourd that Cyvnhastrea ocellina and Dendrovhyllia

manni (=Tubastrea aures) planulae endured high temperatures

better than adults and that C., ocellina planulae tolerated
low salinities better than adults. As a part of the present
study, prreliminary exveriments were performed with adult

Fungia scutaris Lamarck individuals exposed to various concern-

trations of chlorine, but.it was difficult to tell if any
individuals of this rather hardy svecies 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 zdults and larvae of long-term exposures to low levels of
chlorine could be studied if the equipment fTor regulation of
the addition of the chlorine zas or hypoohlorité solution
were devised. Larval settlement, growth, calcification, etc.
could then be followed. Even with short exposures, physiological
parameters of health could be studied, such as respiratory
rate, nutrient uptske, etc,
Sodium hypochlorite rather than chlorine zas was chosen

to make the chlorine solutions in the laboratory experinments

N
1

R

[O1E

althoush the Kaneohe Sewaze Tre
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While a steady-state systen with chlorine gas bubbling into
seawater would hsve been the best avproximation to the resal
situation, this was not used due to the difficulties inherent

in setting up such a system and the danger involved 1n working

R

with chlorine sas {(Joyner and Durel, 19%52; Elmes and Bell, 1963).
Furthermore, both chlorine zas and sodium hypochlorite undergo
identical reactions in water, and hypochlorite 1s the main
residual (Baker, 1969). The only difference might be in the

pH of the solution. However, in the highest concentration

cf chlorine used in the experiments, 40 mg/l, the pH of the
seawater did not change when the hypochlorite was added.

However, sewage treatment plants rarely chlorinate to the

breakpoint, and thus the chlorine in sewage effluents 1is mostly

in the form of combined residuals (Standsrd Fethods, 1971).

Since the concentration of chlorine present in the
solutions dropped with time, the planulae could not be exposed
continuously. This was unfortunate because organlisms in the
field are probably exposed to low levels of chlorine over
long veriods of time rather than to high concentrations for
short periods. Nevertheless, the short exvosure times are
realistic for pelzgic larvae which may drift across a sewér
cutfall only to be pushed away by the upsurging water or for
larvae wnich may be passed through the cooling system of a
rower plant.

Even short exvosures of larvae Lo low levels of ¢hliorins

A

were hard To achlisve in the Ilaboratory since concentrations wyp



page 46

to 0.06 mz/l dropped to 0.02 mg/1l or less in 10 minutes

(Table 3). Concentrations below 5 me/l were especially
difficult to mix bpecause of the unpredictable reactions with
the seawater and glassware. Waugh (1964 aléo revorted such
variability in the preparation of chlorine solu’cionsn The
stablility 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 experiﬁents.

A comparison of the orthotolidine technigue with the
iodometric technligue revealed that the latter method charzc-
teristically gives higher chlorine residual values. Four
assays with the drﬁhotolidine method of chlorine solutions
mixed identically, and six assays with the iodometric method
vielded average chlorine residuals of 3.60 mz/l and 5.00 mz/1,
respectively, with standard deviations 0,29 and 0.71, respective-
ly. A similar discrepancy in the methods is also reported in

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

differential can be especlally marked in samples contalning
a large amount of organic matter; for instance, a difference

of 2-5 mg/1l is common in settled sewage (Standard Methods,

1971).

In conclusion, chlorine pollution is presently not a local
rroblem in the marine environment. If much higher ievelg of
chlorine are introduced into the seawater, coral planulae will

-

most 1likely remzin unaffected, butl the possiblie fa

S

te of mostT



page 47

other marine organisms remsins unkaown.
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The orth lld*ne technigue is a well-documented, widely-

4

»

used colorimetric teSu for deternining the level of total

avallable chlorine in unpolluted or grossly polluted water

je 5

(Ellms and Hauser, 1913; Therisult, 1927; Adams and Buswell,

1933; Chamberlin and Glass, 1943; Standard Methods, 1971).

The comparison bf the color produced by reaction of the chlcorine
and the orthotolidine reagent with the vermanent color standards
may be made visually, and this is the basls uvon which many
commercial Xits are manufactured for use in swimmin Ng POOLls.
e treatment plants

)e

®

Such kits are also commonly used in sewas
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(Reginald F. Young, versonzl ¢

may a2lso be made on a spectropnotometer for more accuracy.
In this case the method is sensitive to concentrations from
0.01 to 10.0 mg/1 but is less accurate above 1.0 mg/l.

Four preregulisites: must be satisfied for the correct
color to be produced. Flrst, the ratio of orthotolidine to
1943}, Second, the acid in the orthotolidine reagent must be

icient to produce a pH 1.3 when the sample is added even

5—0)

suf
if 1000 mg/1l alkelinity in the form of C’aCO3 is present {Chamber-
lin and Glass, 1943). Third, the sample must be added to the
reagent, not vice versa (Chamberiin and Glass, 1943). Fourth,
since the test depends upon the oxidizing pover of chioriﬁe?
other oxidizing agents must not exceed the following levels

{Hulbert, 1934; Scott, 1934; Standard Methods, 1971):




Ly

'S
m
&
®

ferric ion 300 ug/1
manganic ion 10 ug/1
nitrite ion 100 ng/1.

Allowing the color to develop in the dark minimizes inter-

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

nat may interfere are cvgaric iron compounds, lignocellulose,

and alzze (Standard Methods, 1971).

The yellow color is produced whnen the diamine orthotolidine

O

dihydrochloride 1is fully oxidized to a hologulnone according

(<3

2l., 1934):

to the following eguation (Tarvin

{

HC1 c1
H—N— 3 H—N—%
|

(\ CH3 | /"\/0‘13

@,/‘CH?) § Cll’a
P u )/

Hou Moo rwm

HNCL C1
The color due to the rrquence of free chlorine avpears slmost
immedistely while that due to combined chlorine develops more
slowly. Interfering substances, such as iron, nitrites, and
manganese react even more slowly and may therefore have a
different mechanism (Tarvin, et al., 1934). For each tempera
ture there is an optimum time To read the absorbanca of the
ample before the color due to chlorine Tades and the color

cdue to other substances aprears.
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The production of color is according to Beer®s lLaw,
that is, the absorption of light_is directly proportional to
the concentration of chlorine. While temporary color standards
may be prepared with chlcorine, these break down guickly, and
more permanent ones are made with a chromate-~dichromate solution
in a phosphate buffer {(Chamberlin and Glass, 1943; Standard
Methods, 1971). -In the present study the absorption of light
by a chlorine solution for concentrations in the range of
O;Ol to 0.10 mg/l was read at a wavelength of 435 mu with a
path lenzth of 10 cm.; in the range of 0,10 to 1.0 mg/l also
at 435 mu but with a path length of 1 cm.; and in the range
of 1.0 to 10.0 mg/l at 490 mu with a path lenzth of I cn.

While thls method was not specifically developed for use
in seawater, this does nct appear to present a problem. The
acid in the reagent producés a suitable pH as prescribed above
when a sample of seawater 1s added to. it. The levels of
ferric ion, nitrite ion, and manganic lon in seawater are within
the limits given above (Sears, 1961). Furthermore, inter-

-

ferences hy materials in seawater may be corrscted for by

x

reading the absorbance of the cnlorinated sample plus reagent
relative to unchlorinated seawater plus reagent. Thus, the
absorbance of the refereﬁce will be due only to inter-
ferences, while the absorbance of the sample cell will be

due to interferences plus chlorine. If a sewage outfali sample

nas natural color or turbidity, the extent to which these

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

=3
Y]
jor

es,
relative to an aliguot of unchlorinated seawater from the same

source as For the reference cell mentioned above.



The orthotolidine-~arsenite {(OTA) technique for assaying

-3

chlorine is very simiiar to the orthotolidine technnloue

1e strong reducing azent sodium

o
=
ct

(Appendix A). However, use

ticn of free avallable chlorine,

pei]

arsenite permits the differenti
combined available chlorine, and interfering substances

dard Methods,

:5

(Gilecreas and Hallinan, 1944; Hallinan, 1944; Sts
1971). Sodium arsenite guickly reduces both free chlorine and
chloramines hut not the interfering substances l1lron, manganese,
and nitrite, thereby preventing the chlorine from reacting with
any orthotolidine reagent added subseguently. Since free
chlorine characteristical reacts quickly with orthotolidine,
and combined chlorine and interfering substances resct more

slowly {(Standard Methods, 1971), addition of the orthotolidine

znd the sodium arsenite reagents at different times pernits

the separate measure ment 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

followed immediately by addition of orthotolidihe reagent ),

or color due to total avalilable residual chiérine plus inter-
ferences (by addition of sample to orthotolidine reagent).

The amount of chloramine in the samvle can be determined by the
difference between totzal available residual chlorine and ffee

2

-
Gj

avallable residusl chlorine. The sabsorbances of thne thr

}‘7

solutions are measured on a spectr omﬂctometer, Any natural

A

in all

]

color or turbidity 1n the sanmrls 1s present equally
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solutions and thus 1s not a problen.
ne timing between the additlion of eachh of the reagents
and the measurement of the absorbance 1s critical. In the
determination of free avallable chlorine, the chloramine may
react with the orthotoclidine, resulting in a higher value of
free cnlorine than actually present. This 1s minimized by
cooling the sample beinm tested for free chlorine to ag near
1° ¢, as nossible and by never allowing 1t to exceed 20° ¢C,
For grossly polluted water, only the distinction between
total avallable chlorine and interfering substances is made in

%

Standard Methods (1971). Thus, the amount of tot: available

0
et

chlorine rlus interfererices 1s measured by the addition of
sample to the orthotolidine reagent, while the amount of inter-
ference is measured by the addition of sample to scdium arsenite

immediately followed by the addition of the orthotolidine reagent.
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The iodometric technicue is z well-documented, widely~-
used titration method for determining the level of totsl

avallable chlorine in unpolluted or grossliy polluted water

(Hallinan and Thompson, 1939; Standard Methods, 1971).

o

Chlorine oxldizes iodide in a potassium iodide solution to
todine. This is titrated with sodium thiosulfate uging starch

85 the endpoint indicastor. The technigue 1ls sensitive to

A

chlorine residuals as low as 0.04 ng/l.
Like the orthotolidine method, this test devends upon the
oxidizinz vower of chlorine, and other oxidizinz agents such
as ferric, wmanganic, and nitric ilons may interfere, Although
a neutral titration minimizes interferences, the acid titration

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

1971).
Chlorine gas dissolved in water exists primarily as

hypochlorite ion {Sswyer, 1960).

Cl, + H-C = 2 H + 0C1™ + C17

[AV]

e

{2

When = solution of chlorine in seawater is gdded to an acl
fied potassium iodide solution and the pHES, free iodine is

liberated (Hallinan and Thompson, 1939),

Cl, + 2 I = Ip + 2 C1™
and

OCl™ + 2 1I7 + 2 H = I, + HyO + c1™

When this is titrated with a sodiun thiosulfate solution,
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iodide reappears.

I, + 2 83057 =2 I7 + 5304
and

7 Ip + S,047 + 10 Hp0 = 4 50, + 14 I™ + 20 H*

Starch in the presence of icdine in agueous solution 1s blue,
and disappearance of the blue color indicates the endpoint

of the titration (Standard Methods, 1971).

Manganese dloxide, ferric oxide, and nitrites will also

oxldize the iodide as follows (Hallinan and Thompson, 1939):_

MnO, + 2 I + 2 H' = I, + Mn0 + H,0

V]
—{
1
4
N
e
-

FepOg + = I, + 2 FeO + Hp0

2 NOp™ + 2 I= + 4 H = I, + 2 NO + 2 HyO

and may be mistaken for residual chlorine.

Although this method is not specifically developed for
use in seawater, interferences from substances in seawater may
be corrected for by the use of a olank titration with potassium

iodide 2nd acid in an unchlorinated seawater sample,
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