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Abstract
Research on the combined effects of chlorine,.émmonia and tem-

peratufe on mafiné plankton have been carried out for 20 months. To

dé;e continuous-flow bioassays haye been conducted on lobster larvae
(Homarus americanus), oyster larvae (Crassostrea virginica), copepods
" (Acartia tonst.z)‘, rotifers A(‘Br'achionus plicatilis), thre'ev Ajuvenile
and larval fish, ki11ifish (Fundulus heteroclitus), séyp (Stenotomus
Vveréicolior'), and'.lw‘inter .flounder (Pseudopleuronectes émerica_nﬁs), and
phygoplankton (tﬁé'diatom Phaeodactylum tricornutum). In addition,
studies onlzooplanktda metabolism, filtrationArateé,.and growth were
carried out on‘expoéed organisms. In general, the responses of inver-
tebrates were distinctly different than;héseof fish: 'increasing
mortality with increasing chlorine dose and greater seﬁéitivity to
chloramines than free chlorine in the former, and_a tﬁreshold level
of chloriﬁe and greater sensitivity to free chlorine in:the latter.
" Phytoplankton réSponses indicate thatlchlorine effects on priméry
producers areminimal compared to the seribus effects on zooplankton,
particuiarly larval forms that spawn intefmittentiy.

| The chemistry of éhlorine is exceedingly complex;‘ Bfomine com—"
pounds are formed upon chlorinatioﬁ 6f‘seawgter and the disappearance
of added chloriné is rapidAand occurs iﬁ two phases: ;n‘orgaﬁié de-
mand and .chemical decqmposition of the halites.

The overall conclusion of our studies is that chloriné ;pplica—.

tion at power plants must be carried out with extreme caption and
that Sefious coqsideration should be given to applyingAdechlorination

at all coastal cooling systems.



Introduction

Research has now been in progress for 20 months on Contract No. .
E (11~ 1) 2532 to examine the ‘combined toxicity effects of chlorine,'
ammonia, and'temperature on marine plankton (both zooplankton and
_ phytoplankton). During the first year of work, several key research
‘.areas, not_identified in the original'proposal, werefincluded for
:intensiveVStudy‘during the second year. ‘These included work on the
chemistry of chlorine in seawater, long-term responses of zooplank-
* ton and phytoplankton to short-term chlorine and/or temperature stress,
.'and field studies at local power plants togaugethe relevancy of the
laboratory_hioassays. ‘This new work was in,addition.to the standard
bioassay studies on.a variety of marine plankton thathavebeen carried
out during the entire courseé of the study.

~ The results to date on the narious topics have led'us to the

conclusionvthatdchlorine useagevat power plants must be carried out
) With extreme care. Not only is chlorine extremely toxic to many lar-
val species (many‘of commercial importance), but there still remain B
several unanswered questions regarding the fate and potential toxicity
of chlorinated compounds (both inorganic and organicl formed upon -
‘chlorine‘addition to seawater. |

In this report we summarize our findings to date, and include as
. an appendix copies of our research papers written this past year."In

addition, our- study plan for the balance of the pro;ect (until January

31, 1977) is outlined.



Updated Literature Review

To maintainva proper pérspective of ourkresearch goals and achieve-
ments,'it is néceséary“to keep abreést of fhe currenﬁ literature on
chlorine toxiciiy;- Reviews were included. in the originalipropdsal and
in last yeér's progress rebotf (C00-2532-1) . Duriné the‘pést year a
numbér of new'paperé have come to our atténtion and aie'bfiefly re-
viewea below.

Bruﬁgsl(l976) reééntly'reviewéd‘the entire literature on chlorine
toxicity since 1973 when his earlie; revie& was publishéd (Brungs, 1973).
His overall concluéiﬁns are very similar to our own: nchlofine toxicity
to certéin aquaticAorganisms-iS severe gt'residual levéls below the
limits of analytical’detectability, and the complex and, as yet, poorly
understood chemistry of chlorine in seawater makes»it difficult to assess

the full impact of ‘chlorination on marine life.

The proceedingsiof a conference on the environmental impact of
water chlofinatidn, held in Oak Ridge, Tenn. on October 22?24, 1975 was
published (Jolley,11976). The proceediﬁés_were divided in;o four parts:
.aqueous chemiétry:of_chlorine, bibmedical effects of cHlorination,
environmental traﬁsport and effects, and modeling-aﬁd‘prediction. Con-
spicuously absent ffbm the papers were any new data on toxiciﬁy effects
on marine organisms,_glthbugh Davis and Midaaugh (1976)'reviewed pre-
vious work in this'areg. Carbenter and Macalady (1976) did, however,
present some prelimipary dafa on chlorine chemisﬁry in seéWater, indicat-

ing that Br ions react with chlorine to form bromine compounds and that



these comeUnds are the main oxidants present. Eppleyvét al. (1976),

- using fluorescein dye, showed that bromine compounds were definitely .

formed upon chlorlnation of seawdater. Dove (1970), in a comprehen-
siVe'theoretical and experimental study on chlorine-reactions in sea-

water also showed that bromine compounds were formed in seawater and,

_that in the presence of nitrogen compounds thevdominance'of chloramines
~ or bromamines depended on the relative amounts of chlorine,bromide and
‘ammonia. - Sugam and Helz (1976) developed equilibrium models of chlorin-

ated seawater and concluded that hypobromite and bromamines are more

dominant than their chlorine analogs when the salinity is greater

than about O. 3 /oo. They also made the very important‘p01nts that

traditional chlorination nomenclature Such as '"'free, total or residual

chlorine is misleading in marine studies because the active halogens

. are mostly bromine derivatives. Johnson (1976) also discussed prob-

-1ems're1ated to the formation of bromine and bromamine compounds in

seawater and concluded that the persistence of the haloamines was a

kinetic phenomenon: bromamine compounds appear to be highly unstable.
Improved technlques for measuring halogens in seawater were dis—

cussed by Manabe (1974), Marinenko (1976), Eppley et aZ (1976), and

Midgley (1976). ‘All are variations of the standard ampelometrlc

- titration technique, the procedure recommended for its analytical

sensitivity in Standard Methods_(A.P.H;A., 1974). Although the sen-

sitivity of the technique is good down to <0.01 mg/% chlorine, in sea-

water eignificant "noise" occurs, probably due to the presence of




oxidized metal ions (Fe+3, Cu+2) thét react with I s 1iberating I

2!

thus cdntributing to.thé "recovered" oxidants (Eppley ét:al., 1976).
ﬁence, beldw about 0.05 mg/% titrated chlorine, results in seawatef
may -be an ovef—estimatipn. |

Perhaps, thé‘ﬁost serious shortcoming in our underétanding of
chlorine reactions in seawater is the rapid disappearance of titrate-
able halogens, wﬁiéﬂ cannot all be acéounted for by the OQida;ion of.
orgénics present (Eppiey et al., 1976). Capﬁé;o et aZ. (1976),in
fact,showe& ﬁhat seawéter treatéd for dissolved and particulate organics
removai had a 12-hour chlqrine demand (both free and combined)‘of about
80% of the applied ;hlorine ﬁp to chlorine dosages of é mg/i. Eppley
et al. (1976) fOuﬁd, though, that in short term decay studies (<100
min.) the rate.of‘chloramine decay waé cénsidérably less than forlfree
chlorine. This finding is extremely important because, it suggests
that in coastal receiving waters (where ammopia levels are usually
high) residual hélogen compounds wili persist longer and thus repre-
sent a more sérious threat to marine life than in the absgnce of
ammoﬂia.

vStudies on‘phytoplankton response to chlorine in mériné waters
were .reported by Stone et al. (1973), Briand (1975), Eppley et al.
(1976) and Gentile et al. (1976). Stone et aZf (1973) looked at
phytoplankton photoéynthétic rates of natural-popﬁlatioﬁs from cen-
t;él San Franciééo Bay to chlorinaﬁed, unéhlorinated and dechlorinated

wastewater and found, as did Krock and Mason (1971) in an earlier and




similar'study; that chlorine at rgsidﬁal levels of about 0.06 mg/ L
significantly inhibited photosyntheéis. Briand (1975)lloo?ed at
speciQS'divérsity inithe intake and.discﬁarge of two.30utherh Califarnia
'coastéi éowéf‘plants'and claimed that thefé were measurable changes

in speciés distributiéns after entfainmeﬁ;.‘ Carpenter et al. (1974),

ip contrast, indicated that unless large numbers of plaqkton tpws |
Qeré taken in the &itinity_of power plant discharges, it was virtually
-impossible to eéfimate wi;h statisticai confidence thatlthere»were'
.chaﬁges in both standing crop and diversity.

Eppley found that chloramines were more téxic than free,chldrine
.to phytopiankton photosyntheﬁic rates at identical chlorine dos;gés.
Theyjattfiﬁuted tﬁis.fo the_fact that chlofamines éfe ﬁore persistent in
seawater. In 24 hqur 14C incubation’studies they wéfe unable tb ‘
measure any recovery. Gentile looked at,short»term é;pdsure; (0-1200

: secbnds) of a digtbm Thalassiosira pseudonana to varying levelé of‘
ghldripe dose and found time-dose dependent respoﬁéesin both phbﬁo—
syﬁthetic réte‘and post exposure growth rates. Théy also compared
the relative effecfs of cﬁloriné on 11 species of.marine phytoplankton
and found over j-fold variations in response among species.

ATordate, the'major shortcéming -of most 6f the phytéﬁlaukton
studies_is thgt thgy have been restficted'to short-term responses
éftérAchlorine ekpoéure; virtually no consideragioh Hés beén given
"to the actual impact on fﬁe'feceiving water where the dynaﬁic'factors
of water duality and hydrodynamics play crucial roles'in’determining

1



the ultimate effect on the manine environment.

Séneral articles published in the past year have‘dealt with the
effccts of chlorine on aquatic animals including freshwater, estuarine,_
and marine species. Several of these have been neviewAnnticles_of
past literature summarizing the basic points to date on chlorine
“toxicity. Brocks:and Seegert (1976) reviewed the influence of a
variety of enVifonmentcl conditions on the tokicity of,chlcrine to
freshwater brganiéms; The major factors influencing toxicity are‘
temperature, exposure time, and the chenical nature of feceiving‘
waters. Davis and Middaugh (1976) summarized previous studies in
the marine and>estuarine ecosystems.and current EPA work on chlorine
toxicity. Their conclusions were that much still needs to be known
concerning the chemistry and toxicity of chlorine in marine.waters.
Whitehouse (1975) also reviewed the literature concerning chiorine
effects on aquatic organisms. He reiterated the importance of environ-
mentnl conditions on fhe:toxicity of chlorine but stressed the impor-
tance of additional work to fully understand the impact of chlorina-
tion practices on aquatic ecosystems.

Several research papers have also been published in the past
year, the majority of which have dealt with fish. .Tompkins and Tsai
(1976) determined the survival time and lethal exposure time for
blacknose dace,,Rhinichthys atratulus, exposed to free chlorine
and chloramine. They concluded that chlofamine was more foxic (in

terms of median survival time or median lethal exposure,time) than



.free chlorine at'high concénﬁrationé of total chlqrihe ﬁut lésé-sd at
lbﬁef'concehtraﬁidns. Thaﬁcher et al. (19?6) 1nves;igétéd theleffects
of chiorine.aﬁd pemﬁefature on brook trout, SaZveZiﬁyé~fbntinaZis.
..TheyAfound.that'tgmperature had a significant.SYnefgisfic effect~oﬁ
'Chldrine toxicity 6nly at ZQOC, whereas no effect'of témper;tur; was
'.aééarent atlioo énd 150; chey_alsvoBservéd n§ delayed mortality of
brodk‘trout exposed to chlorine as was evidentlih similar studiés |
with crayfish;i Katz (in press) demonstrated a reduction>o£ acuie
chlorine toxicity to mosquito fish, Gambusia affinis, iﬁ the pré?
sence of varioué ﬁitrogenous compounds including amiﬁo‘écids, nucleo-
tides,.pﬁosphocréatine'and urea. Hoss et al. (in ﬁress) obserjed a
Adecréased tolerance of yoﬁng—of—the-yeaf estﬁarine fish with iﬁbfeases
in both temperature and exposure time. Thevresults of these four -
étudies cqnfirm'earlief findipgs that the toxicity'of.cﬁlorine‘to fish
.is affected by<£em§erature,'exposure time,Aand water quality.
Theiﬁoxic action of chlorine, howevér, is still a mystery. Bass
and Heath (1975) as weli as earlier authors (Ellis, 1937; Dandy, 1972;
Rééeﬁberger, 1971) have suggested that the primary result of chiorine
‘toxiéity in freshwater fish is gill dgmage, leadiqg to-incfeased mucous
production and_impairment oflrespiratory exchange at tﬁe glll sqrfaée.
Fobes (l971);-héﬁever,'found no decrease in oxygen consgmﬁtioﬁ of ex-
cised gill ﬁissue'froﬁ white suckers, Catastomus commersoni eprsed‘

to a lethal concentration of residual chlorine.. Differences in these

studies may be due to differences in the actual chlorine toxicants pro-



duced and different modes of action of the toxicants. Grothe and Eaton
(1975) suggested:that the toxic action of chloraminé on fathead minnows,
»Pimephales promelaé, was an oxidation of red blood ceiis; resulting
in the conversién of hemoglobin to methemoglobin§ as metheméglobin
concentrations increased, sufficient_Oz,could ﬁog be 3u§piied to
tissues and death was a result of asphyxiation. IBass and Heath (1975),
however, found né change in the methemoglobiﬁ levelé'of fish exposed
to free chlorine; their c&nclusions were that the respifatory epithelium
was damaged and égéin death was a ;esult of asphyxiation: Our own
results witﬁ juvenile marine fish are indicétive'of a reduction in
~ oxygen consumption with exposure to eithé; free chlorine or chlora-
mine, suggésting interference with essential hetabolic reactiqns.
Studies dealing with tﬁe effects of chlorine to aquatic inverte-

brates have been“testriéted fq only a few species. Roberts et al.
(1975) investigated-thé toxicity of chlorine to a number of estuarine
species and concluded that bivalve larvée tCrassostPea and Mercenaria)
and the.copepod Aeartia tonsa were the most sensitive species tested
with 48h—LC50 values <0.005 mg/%. Latimer et al. (1975) in a study on
the freshwater copepods Limnocalanus chrurus and Cyclops bicuspidatus
thomasi observed é,significant number of sluggish,'inactive.animals'in
addition to dead énimals‘following'a 30 minute exposure £o'varying
concentrations oflf;ee chiorine. Whereas, inactive animals are not
included in percent_mortality data, they may be regarded as "ecologically

dead" because of their reduced chance for survival in natural ecosystems.



LC50 values at ZOOC for C. b. thomasi were 5.76 mg/%, including only
déad organisms_in this determination, and 3.15 mg/%, including both
dead and ihéctive animals. These data are iﬁ agreement with our o&n

o

findings of reducéd metabolic activity'of lobster larvée (Capuzzo et:

dl;, in press) following exposure to chlorine. Heinle (1976) in a

field study of several poﬁer plants in Maryland concluded that entrain-

‘ment of several species of estuarine copepods resulted in high mor-
tality as a result of chlorination and not thermal and mechanical

stresses of condenser passage.

Gentile et»al;'(l976) studied the effects of chlorine on seVefal
specieé.of estuarine copepods in static laboratory bioassays._'Acartia

tonsa showed an increased sensitivity to chlorine with increases in

~exposure times. Whereas the sensitivity of this copepod was not as

great-asAthat of phytoplankton or larval fish, the authors concluded

that chlorine stress to this species may have a significant impact

on marine or esfuafine ecosystems because of the importépée of Acartia
tonsa as a secéndary producer. |

A major gap in our understanding of chlorine effectslon marine
éfganiSms, partigularly larval species, is that a limited amount of-
data:on~sqblethalAeffects éxists. As indicated in our eéflier progress 
reporﬁ, some mérineiorganisﬁs show severe metabolic inhibition at
chlorine residualéfbeiow the limits of analyﬁical detééfébility. Their

chances for subséquent survival in the environment'after'entrainmgnt

. are severely réduﬁed. In addition, long term effects on growth, répro—

duction, settling; etc. are virtually unknown.



-10-

Research Objecﬁives and Protocols

Ouf ovefall research objective, as outlined in the original pro-
posal, wés to examine the combined effects of chlorine, ammonia, and
temperature on marine plankton in.continuous flow biOgssays. Originally,

.thesg efforts were to be restricted to traditional typg_bioaséays (i.e.;
. LUSO values in 48'6rl96 hr studies), bug as our work prog?essed during
the first year it beqame apparent that gertain modifications aﬁd addi-
,4tioné to the ﬁork plan were in o;der. |

First, it quickly beéame'apparent that fhe chemistryfdf chlorine
in seawater'was_far: more complex than in freshwater. Qne'major per-
plexing problem wés that there was a very significant chlorine demand
in seawater that could not be attributed singﬁlarly toAthe oxidation of

organics. Also, based on the work of others (Dove, 1970; Eppley et al.,
1976; Carpenter and Macalady, 1976), it was clear that bromine compounds, -
whicﬁ were formed_in pléce of chlorine, were the main to#iéapts.

We were fortﬁnatg to have the assistance of Dr. George Wong and
Dr. Peter Brewer of the Chemistry Department.at Woo&sdele Oceanographic Institu-
tion in exploring further these difficult chemistry problems. Dr. Wong,
although funded by the Chemistry Depaftment, spent six weeks working on
these problems, whilé Dr. Brewer served in an advisory cabacity.

A sécond»addition to our program'ihcluded long term studies on
lobster larvae to.exémine whether sublethal exposure to free chlorine
and chloramines had an effect on growth and developmentf' As in all of '

our studies, attempts were made to simulate as closely as possible con-
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'&1tions that might occur at a typical power plant, i.e., sudden and
shdrt?tefm exposure to chlorine and/or heaf increase. The protécols
for'ihese assayslére butiined in detail in Progress Reﬁbrt C00~2532-1.
) To - gauge Ehe vaiidity of our laboratory work, field studies wefé
initiated at thfee logal power plants: two fossil fuel plants, Moﬁ—
- taup Generatiﬁé Station at Somerset, Massachusetts and Cape Cod Canal
-Genefating Station at Sandwich, Massachusetts,_and thefnuclegr plant,
Pilgrim Nuclea;Astétion of Boston Edison, at Plyméuth; ﬁassachusetté.
All three pianté_use chlorine for fouling control. fhe main objectives
in these studies Qere two fold: 1) to look at both the immediate énd
:longe;'ﬁerm effects on zooplankton passing through the plants during
pefiods 6f chiofination; and 2) to detérmine if changes were oécﬁrr;ng
in phytoplankton sﬁéciation after thorination by growing natural
- samples from ;he plants in laboratory batch and contiﬁu0ps cultures.
In addition to these new studies, Qork was contiﬂuéd'on examining
the responses of representiveé zooplankton spécies to chlofine—heét treat-
ments in the aséay systéms described.in the first progress report. |
_During the first year of study work wés.confined to lobster 1érvae
an& three representative larval and juvenile fish (wip;er floﬁnder,
gcup; an& killifish)f The results of these studies ha&é been prepared
"inlfhree manusgriﬁts which have been accepted for public%tion (see
publicatiop list at'énd of report and Papers No. 5—7* iﬁ Appendix).
During the past yeaf further work was condﬁcted on lobster larvae

*Paper numbers used through rest of text refer to order of papers in
Appendix.
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aﬁd ﬁewkwork initiated on three additional zooplankton'orgapisms:
oyeter larvae (Crassostrea virginiea), adult rotifers (Brachionus
plwatzlzs), and adult copepods (Acarma tonsa) .

No additional work through September 30, 1976 was carried out
on juvenile fish beyond that completed in the first year because of
our desire teAconeeetrate on the zooplankton species while they Qere
available, and beeaeee if appeared from our first-year's work that
zooplankfon species were.more sensitive to free and coﬁbined chiorine than
juvenile fish.

Work on ehyfoplankton'was carried out in two phases. The first
phase involved completing a kinetic description of the chrysophyte
Monochrysis Zutherilﬁnder phdsphorus—limiting.conditions; This work
was initially planned to establish the beseline data for examining the
effects of continuous exposure to sublethal levels of chlorine on the
kinetic parameters‘of growth (half saturation coefficient and maximum
growth rate).

iHowever, experimental difficulties in maintaining chlorine.in
solution under-growth conditions that required the contihuous aeration
of the culture fof pH control, and the unexpected duration of the base-
line studieé, led ﬁo.an abandonment of this approach. Fﬁll'atpention
was then difected towards using the continuous culture as a physical
model of a power piant,where, after first establishing a steady state
level of phytoplankton biomass, the organismé c0uid be exposed to a

sudden and short-term exposure Qf combinations of chlorine and tempera-—
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_‘tufé. The extent to which the steady state was disturbed could then
:be‘dséd aé a meaéure of the.impact of the imposed strgss.

iﬁ'additibn to this study, experiments were performed on the
effects of femperatﬁre on phytoplankton species gompetition in méés'
gultureé.- Al;hoggh these studies were-iﬁ part suppb;téd under_anotﬂer
grant tNOAA_Sea’Granﬁ No. 04-6-158-44016), the'resuité.have di;ect
application'fo an understanding of the impact thermal discharges

may have in altering phytoplankton speciation in_receiving waters.

Results Thrvough‘Sep'}tember 30, 1976
- 1; 'Chlorine Chémistry |
| In our first feport we showed a chlorine demand iﬁ natural sea-
i water from Vinéyard ééund, Cape Cod, M#ssachﬁsetts (that had been
ex;ensively freated fér ;he removal of particulate and dissolvéd\
organics) of about 80% of the applied éhlo;ine up to éhlbrine dosages
of aboﬁ; 8 mg/%. These experiments, carried out in the larval aésayA
systems where seaﬁaﬁer and chlorine (free or combined)'wére added
'éimultaneousiy ;nd alléwed'ﬁo equilibrate fof-12 hours,'we;e continuéd
ﬁith chlorine dqsages up to 130 mg/%. As seen in Fig. 1, once égain
chiorine recovery in'seawater was'linear with dosage, but'substantially
'Alesé-than the aﬁbdﬁt'redovered when distilled water was used in pléce
of seawater. -These'resultsvwere unequivocal proof that the ioss

could‘not be attribu;ed to the oxidation of organics; the organic chlorine

demand would have been satisfied with, at most, a few mg/% of chlorine
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because there was virtually no organics present in the seawater tested.
To expand on these findings,:a series of 24 hour static decay
studiES were performed on Vineyard Sound seawater filtered in various

ways (Table 1) and on artificial seawater media (the same used in the

phytoplankton‘studies)4cbnstructed in different ways to determine if

the loss of chlorine could be attributed to a particularfséawater com- -

pohent (Tables 2;5){ .

o With 1ow-lev¢l chlorination (1.0 mg/2) of seawatervthaf had been
fi;pered through_é 1 ym spun-cotton cartridge filter, the chlorine
deﬁand was so rapid that only about one—hélf the added chlorine could
‘be recovered witﬁiﬁ the three minutes it took to extract a sample after
the initial dosage and perform the amberometfic titration;v After 24
hours virtually all the chlorine‘was lost. With more finely filtered
samples (Millipére ﬁembrane filters) the initial losses Wére reduced,
but surprisingly more chlorine was lost.with the 0.22 ymfilters, both
initially and after'24 hours,  then with the 1.2 um fiiters.(Table I).

The suspicion that dissolved.organics were leaching out of the
membrane filtersvduring filtering, (apparently more proqounced in the

0.22 um filters) was cpnfirmed by the fesults of the distilled water
'chlorinapion studies -(Table 2). A significant incréase?in-éhlorine
demand was'observed.in distiiled water samples passed through 0.22 um
filters than in unfiltered samples.

Adding individual.componénts of the artificial seawater media
used invthe phytoplgnkton studies (see receipe in Paper noz 4) to dis-

tilled, deionized and activated carbon treated water prdduced;no demand



Table 1. 24 Hour Chlorine Demand of Natural Seawater*

 ;(Sa1inicy ="30%) .

~ Chlorine Concentration, mg/% .

24 Hour

. Sample = V _v Initial* Final ‘ Demand
1.2 um filtered 0.85 015 0.85
0.22 ym filtered 0.78 006 0.96
1 ym cartridge . - 0.58 " 0.05 S 0.95

filteredi'

-*%Theoretical conc.= 1.0 mg/i. Initial measurements made ~ 3
minutes after added. :




Table 2. 24 Hour Chlorine Demand of Distilled Water
and Individual Constituents of Artificial

Seawater Media.

Chlorine Concentration, mg/%

. : _ . 24 Hour
Sample _ -+ Initdial Final - Demand
Distilled Water. (D.W.)  0.44 0.36 - ~0.08

| O 0 0.40 0.02
0.42 0.35 0.07

. 0.41 0.41 ', 0.00

1.04 ~0.99 o 0.05

1.02 092 - 0.10

D.W. (0.22 upm filtered) 1.67 0.89 : 0.18
1.06 10.79 - 0.27

D.W. & Trace | _ 0.77 0.67 0.10
D.W. & Nanbo3 | | . 0.71 $0.67 . 0.04

. D.W. & MgSO, * 0.7 0.68 - 0.03
D.W. & KBr .40 - 0.35 . 0.05

D.W. &Nacl 0.78 0.70 -~  0.08




Table 3.”724‘Hour Ch1otine Demand of NaCl Plus Other Con-

stituents of Artificial Seawater Media.

Chlorine Cdncentpatipﬂ, mg/4%

o S . ‘ . 24 Hoﬁf
Sample . g - Initial ’ Final - ' Demapd
. Artificial Sea Water 1.04 0.71 0.33
| 0.93 0.71 022
o 0.91 0.72 . 0.19
* NaCl 0.78 0.70 . 0.08
NaCl & Trace . - 1.06 0.83 0.23
| B 1.13 0.88 - 0.25
o 1.02 . 0.83 . 0.19
" NaCl & Na,S10, 0.99 0.74 4' 0.25
- 1.03 '0.85 0.18
1.00 -0.88 - 0.12
1.00 0.88 0.12
| | 1.00° 0.88 . 0.12
NaCl & MgClz" 0.98 0.81 - 0.17
. 1.00 0.80 | 0.20
1.00 .0.81 . . 0.19
- A 1.00 0.83 0.17
NaCl & Trace 1.05 0.72 | 0.33
& Na,510, 1.13 0.76 0.37
1.13 0.73 . 0.40
NaCl & Trace & 0.96 0.73 . 0.23
- NayS10, & MgCl, - 44 0.65 T 0.53
1.09 - 0.70 S 0.39
0.95 0.78 C 0.27
0.93 0.75 -~ : 0.18
0.98 0.80 ©0.18




Table 4. Effect of Elimination of Artificial
Seawater Constituents on 24 Hour

- Chlorine Demand.

Chlorine Concentration, mg/%

Constituent 24 Hour

Eliminated Initial Final = ' Demand
KBr E ' 0.39 0.16 0.23
1 + Trace 0.93 g . 0.77 0.16
2+ Na,s10, 091 0.64 . 0.25
3 + H;BO, 0.9 0.81 . 0.8
4 + KC1. - 0.98 0.79 | 0.19
5 + CaCl, - 1.02 0.83 0.19
6 + MgCl, o 0.96 © 0.86 ‘ 0.10

7+Mgso,.  1.00 0.88 ©0.12




ATéble 5. Effect of Varying Dilutions of Artificial Séawaterb

Media With and Without Bromide on Chlorine Demand.

~ Percent. . : Chlorine Concentration, mg/%
Artificial Percent ‘ ' S A , 24 Hour -
Sample - - Seawa;er'f .KBr Initial _ - Final - i Demand
‘Distilled 0 - - 0 0.44 - O 0.36 '~ 0.08
. Water. - C _ _ C o
0 26.4 0.43 : 0.39 0.04
. 0 - 52.8 0.45 0.37 . 0.08
0 79.2 0.33 0.37 0
| 0 .. 100.  0.40 - . - 0.35 0.05
Artificial 0 = 0 0.42 0.35 0.07.
Seawater. = - . _ o i - :

- 26.4 0 . 0.34 - : 0.28 0.06

52.8 0 0.40 . 0.22 0.18

79.2 0 0.42 . .0.16 0.26

89.9 0 0.40 . 0.13 o 0.27

100 . 0 0.39 0.16 0.23

Artificial . 0 0 0.41 O 0.41 0
Seawater o , ' o

26.4 ., 26.4 _  0.40 S 0.31 0.09

52.8 52.8 0.46 0.32 0.14

- 79.2 79.2 . 0.37 0.22 : 0.15

100 . 100 0.41 - 0.21 ' 0.20
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-over distilled water alone (Table 2), but full strength media had av
demand'éf_ébout 0.1-0.2 mg/2 chloriﬁe over dié;illed_water (Table 3).
Adding'salfs in vafying combinatiohs seemed to have the(samé effect
on chlorine dgﬁan&'as with full component seawater (Téble 3), and sys-
tematic;lly eiiminatiné all salts but NaCl.and-NaHCG3idid not seem
to'éhénge ghe chiofine demand appreciably (Table 4). 'Theée results
provide little evidence as to what seawate¥ cémponent is serving as
a catalyst.or is reacting with chlorine to effect the disappearance
of titratable halogeﬁ.b |
Oné'interesting resultldid surface from these studies, however.
AThe chlorine demand appeared to be more pronounced. in séawater-distilled'
water mixtufes without bromide added than with it included, suggesting
that the brominé.compounds:formed are more persistent than their chlorine
.analogs. ‘ | |
At this point in our work the chemistry studies were turned over
to Dr. Wong. His'efforfS'resultéd in two manuscripts, one on the com-
ponents of the chlorine demand in seawater and the other on the fate
of chlorine in seawater. Both papers are found in the Appendix (Papers

No. 10 and 11).

2. Zooplankton Studies
a. Lobster Experiments. The major lobster study was completed
last year and the manuscript (Paper No. 5) is now in press. Three

supplementary studies were carried out during the Spring, 1976 when
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"~ larvae -were Sbaﬁnéd‘at the Environmenfal éystems'Laboraéory. Thé
reéults:of one of these studies‘are-compiled in Paper No. 9. ATﬁei
‘bther-two‘studies are summarized below. |

i. Chloramine studies on larvae - Our usual}proéedure in.test-
. iﬁg'the'effect-éf chloramine on mariﬁe zooplankton ig to prépare a t
chloramine solution in distilled water from equimolar'éoncentrationé
of NHgOH and NaOCl and a&d a kpown concentration to seawater. In
this study we compared the mortality of stage I 1arvae observedAafterf
ex?osure to qﬁloramine prepared in the usual manner and éhlorémine “
'formed by addingAknown conééntrations of NaOCl to a known concentra-
‘tion of ammonia pre§iously added to seawatér. The results of this
study are p?eéented in Table 6. No significant_differéﬁce invmqrtality
was observed bétween the two situations. Chloramine was more toxic,.
‘to lobster iarvae than either chlorine of,ammonia, results ideﬁtical
to those found in the earlier study (Pépér No. 5);

ii. Stage IV larvae - Stage IV~1§bster larvae werefexposed to
é'wide'range of concentrations of free chlorine and'chlqréﬁihe prior
to their metambrpﬁosis to post—lafval forms. .Orgaﬁiémg_wbre exﬁosed
_for 60‘minﬁtes at 25°C;'mortality was determined 48 h@urs'after expo-
sure andzcomﬁared with control organisms. Respiration rates of fgst
organisms weré monitored 48 hours after exposure wﬁen‘test organismsl
had molted té stage V, the first post-metamorphic form.. The results
frqm this study wérg compared to earlier results with'stégeAI larvae

(Paper No. 5).



Table 6. Chloramine Tokicity'tb'Stage I Lobster Larvae

To#ican;‘ "A _ _ Concentration-mg/% . % Mortality
Control 1 - - 'H o 10
"Applied Cﬁloramine | 0.50 . t I | 35
| | - 1.00 40
1.50 . s
2.50 ‘ 65
5.00 . 100
-Applied Free Chiorine . 1.25 - . ‘ 30
' +VNH3 (5:1 by weight) . - :
| - - 2.00 - .50
2.50 - 60
Applied Free Chlorine :1:00 :‘ 30
| 1.50 . : 33
2,00 35

2,50 ' . : | 40

5.00 . 45
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-~ larvae were spawned at the Environmental Systems Laboratory. The

reéults of one of these studies are compiled in Paper No. 9. _Tﬁe'
-other.two studies are summarized below.

i. Cﬁlpramine studies on larvae - Our usual procedure in'test—
ing the effect';f chloramine on marine zooplankton is to prepare a t
.o ‘ chloramine solution in distilled water from equimolar'éoncentrations
of NH%OH and NaOCl and add a kpown concentration to seawater. In
this study we pompared the mortality of stage I 1§rvae observed after
exposure to cﬁloramine prepared in the ﬁsual manner and chloramine :
formed by adding4known conééntrations of NaOCl to a known concentra-
‘tion of ammonia pfeQiously added to seawater. The results of this
study arebpresented in Table 6. No significant differeﬁce in mortality
was observed between the two situations. Chloramine was more toxic
‘to lobster iarvae ﬁhan either chlorine oanmmdnia, results identical
to those found in the earlier study (Pépér No. 5).

-ii. Stage IV larvae - Stége IV lobster larvae were exposed to
‘é_wide range of concentrations of free chlorine and chlqrémiﬁe prior
to their metambrpﬁosis to post—lafval forms. .OrganiSmé.Were exposed
for 60-minﬁtés at 25°C; mortality was determined 48 h@prs'after expo-
"sure and -compared with control organisms. Respiration rates of fgst
organisms were monitored 48 hours after exposure whenltest organisms
had molted tb stage V, the first post-metamorphic form.- The results
from this study were compared to earlier resuits with s;age I larQae

(Paper No. 5). .




Table 6. Chloramine Toxicity to Stage I Lobster Larvae

To#icant‘ :'A ~ Concentration-mg/% % Mortality

Control - 10
;Applied Chloramine | 0.50 35
- 1.00 v40'

1.50 45

2,50 65

5.00 100

.Applied Free Chiorine 1.25 30

+ NH3 (5:1 by weight) : .

. : : : 2.00 50
2.50 60

Applied Free Chlorine' 1.00 30
1.50 33

2.00- 35

2.50 40

5.00 .45
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Stagé IV. larvae were more sensitive to applied chlpfamine than
applied free chlorine; however, they were less sensitive ‘than stage 1

.lobster'iarvae'(Fig. 2). LC., values, for stage IV larvae, estimated

50
by.log—probit analysis, were 22.10.mg/2 applied free chlorine and
6.50 mg/L appliedlchldramine coﬁpared to 16.30 mg/L free chlorine-
and 2.00 mg/% chloramine for stage I larvae. The standard respira-
tion rates of.bfganisms exbosed to 1.0 mg/% applied free chlorine and
0.5 mg/l'applied ghloraminé were significantly (P<0.0S) ibwer thaﬁ
thé respiratibﬁ'rate of control organiéms (Fig. 3); thére was no
significant difference between chlorine and chloramine éﬁposed
orgénisms. Howevef; the percent reduction in respiration rate of ex-
posed'orgénisms was not as great as reductions measured in stége I
larvae. Hence, older lobsﬁer larvae are more toleraqt 6f'chlorine
st;ess than thé éarlier larval stages, but significant'mefabolic'
stress is still apparent after exposure to low éhlorine~ievels.

b. Oyster Experiments. After initiél difficulties in spawning
oy;ter larvae and maintaining them in the continuoué flow bioéssays;
as outlined in the earlier progress report, the problems were solved
and'quantitativé'ekperiments subsequently éarriéd‘out. This work is
nbw completed(aﬁd]the resuits compile& in Paper No. 8.'

c.. Rotifer‘Experiments. The rotifer Brachionus plicqtilié,A
origiﬁéll& obtaiﬁéd from the léboratory of Reuben Lasker at the National
Marine Fishéries Service in San Diego, California, has been kept in

culture for over one year in our laboratory. Because of its ready
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‘availability; gxperiments have been carried out witﬁ thié orgéniém
intermittently when other, m§re difficult toibbtéin; species were
uﬁévéiiéﬁle;' Thué,.tﬁe studies aIfe.not as yet complete. - g

To date, a seriés of standard 48 hour bioassayé ﬁave'been per-

- formed coﬁparing'fhe effeqts‘of ffee chlorine with chlérémine (30
’mihute exposﬁre);uédmbined with temperatqrg stfesses of AT = 00? 5°
and 7;5°C from an ambient femperature_of 20°C. Adult organisms
j-(75/a§say unit), after being exposed to the 30 minute stress, were ﬁain-(
'.tained for‘48 ﬁours“in the assay chambers_under a low feéding regime
(the digtém Phaéodﬁétylum tricornutum) so aé to prevént hatcﬁing of

a new generatioﬁ. Liveidead enﬁmeration was made at fhg‘ehd of the
study.with ﬁhe neutrai red staining technique.

The results'indicate that chloramine ﬁas more toxic than free
chlp;iﬁe and that temperatﬁre increase haa a synergistic effect on
the toxicity of bothichlorine forms (Fig. 4). 'Studies:are currently .
'undefway to déterﬁine the effects of sublethal cblOrine e#posure on
subsequent egg prodqction, and should be completed shoftiy.v Pre-
liminary results indicate that the reproductive rates. of susiving
organisms are not affected.

d. Copepdd Experiments. Work with the cqpepqd Acartia tonsa
has beenlcafriéd;ﬁn:since lést_winter. ‘ﬁecause the organism has a
wide toierance toﬂtémperéture and is found in waters like Vineyard

Sound from late June through January, major emphasis has Been placed

on comparing seasonal variations in the organism's response to chlorine-
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‘temperature eﬁress. Copepods were originally colleeted'at 8°C.ip
- Vineyard Sound and maintained in the laboratory at 10°¢. Sevefel
etudies Were'earriea,out on these organisms.

Standatd_48 hour biloassays with chlorine 'and chierahine exposure

for 30 minutes were carried out. Temperature shock (AT = 00; 5o

, 10°C)
. was aleo included. Live-dead determinations‘were made after 48 hdure .
5y neutrel red sﬁaining. The results, shown in Figs. 5 and 6,_indicate
that chloramines (as true for all the other invertebraees tested) was
mere toxic than free chlorine. Temeerature increases up to 210°¢C from ,
the‘ambient temperature of 10°C had no effect on the fesuits, suggest-
ing that temperature effects only become important when the organism's
thermal tolerance limit is approached. Identical experiments will be
carried out with organisms acclimated at 20°C to determine if tempera-
ture begins to_aeﬁ synergistically with chlqrine when. the thermal
tolerance limit ieereached at 25°-30°%.

:Also shown in Figs. 5 and 6 is the response of the cbpepod to
chlorinated seawater that was dechlorinated just priorlto addition
of the erganisms. Clearly, a 1lltoxicity was removed upon dechlorina;
tion.

In another experiment filtration rates were determined at IOQC
48 hours after expoeure4to cembinatiops of temperature and free chlorine
or chloramine sefess. The results, shown in Fig. 7; in&icate thaf
_filtration rates:increased significantly after exposure ee either toxi-

cant. A trend of increasing filtration rate with increased temperature
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shock was evident for chloramines and definitely obvious at 20°C for

free chlo;iné.

To determine if copepod biomass was a factor influencing the

.¢hlorine dose-response relationships found in.Figs. 5 and 6, assay

units were stocked with 10, 20, 30, 40, 50, 60 and 75 animals and

exposed to a chlorine dosage of 5 mg/& ('\JLC50 for free chlorine

from Fig. 5). There were no significant differences iﬁ‘ﬁortality,

indicating that total biomass was not a factor influencing toxicant

- response,

3. Phytbplanktonvstﬁdiés

Ph&toplankton studies were carfied out in three phaséss .The
firSt:phasé involved completing the kinetic study on Monochrysis
Lluthert in a phosphate-limiting confinuous culture. 'The expefimehts
took an'exceedingly long time (™ 6 months) and it_Became apparent
that this appfoach for‘stgdying the effects of chlorine éxppsure on
éhyfoplénkton wqula ﬁot be pargicularly fruitful. Thistés’especially'
true because the steady state épproéth wi;h éontinuous.dosage of a
subiethal level of chlorine was far removed frbm the realities of
power plant chlorination practice. Hencé; a neﬁ approach was taken,
that is, using the continuous culture as a physical modél_of a power

plant where the cycles of initial entrainment, short-term exposure to

chlorine-heat combihations, and return to the receiving water could

be simulated. This work is coﬁpleted and the results presenﬁed in
Paper No. 4. The results of the kinetic study, although not directly

applicable to the chlorine studies, are presented in Paper No. 3.
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The third phase-involved studies on the effect of temperatnre
on species-competition in mass cultures of algae.. 'The results, re—.
4ported in Papers No. 1 and 2 have d1rect bearing -on the types of
':responses in terms of species changes)that might occur in heated

receiving waters.

4. Field Studies

| | To- compare the results of our 1aboratory studies with actual
field stituations, we began a sampling program in May 1976 at two

: coastal power statioms in Massachusettsf the Montaup Generating

Station, Somerset Massachusetts, and the Cape Cod Canal Generat-
ing Station, Sandwich Massachusetts. Our studies'werefconcentrated
on the marine copepod Acartia tonsa the dominant zooplankter in |
this area durlng the summer months. Samples of zooplankton were

collected using a_316 um plankton net; two minute tows were taken
at the intake channel and at the discharge hefore and during

chlorination; the temperature of each sample was recorded and

the residual chlorine level of the chlorinated dischargetwaS‘

determined by amperometric titration. Within one honrrafter
rnllection, two repl1rareq of twenty specimens of A. tanSa

were isolated from each sample and placed in 5 ml microrespiro—

- ‘meter flasks with 4 ml filtered seawater. Respiration rates
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of copepods were measured at 22°C at 15 ninute intervals for 96
minutes. The results of these studies are presented in Table 7
' and'Figs} 8 and 9. Copepods’collected in the discharge at the Mon-
taup Plant during May, June and July survived plant passage, but
showed a significant (P<0 05) reduction in respiration rate compared
to'organisms collected at the intake; no significant difference,
however, was observed between crganisms collected before and during
chlorination. The chlorine level never exceeded 0.1 mg/% ‘total
residual chlorine and plént passage was NiO minutes. No live cope-
poas were collected from the discharge at the Cape Cod Canal plant
during July probably because of the high AT of discharge waters.
At later sampling dates, samples collected at both power
’ plants were brought back to the laboratory to determine what effect.
chlorination and piant passage had on the reproductive potential of:
A. tomnsa. Five'peirs of copepods were isolated from each end placed
in 1 liter containers filled with tiltered seawater.  Copepods were
fed daily rations (2 ml - 1 x 10° ce11s/m1) of Phaeodactylum tricornutnm |
for a three week period after which time tne samples were preserved
and the number of adults and juveniles (nauplii and copepodites)
. counted. The results are presented in Fig. 10. A significant de-
creaseA(P_<d.OS)'in_the number of individuals/sample.Was determined
‘1h chlcrinated discharge samples from both power plants. No signifi-
cant decreese was-cbserved between intake sanples and non—chlorinated

discharge samples.



Table 7. _Summary of'Field Data at Coastal Power S;atidns

Power Plant " Date

Location T°C c1, mg/L ‘ 0, Consumption Acartia tonsa
ulzoz/h/animal
Montaup 26/V/76 . Intake 20 - . -0.09
‘ | " Discharge = 21 - . 0.04
- Discharge 21 0.08 - - 0.04
© 9/vVI/76 Intake 21 - | 0.07
| A .Discharge 22 - 0.03
Discharge. 22 0.05 0.03
. 7/V11/76 Intake 25 - 0.07
' Discharge 25 - 0.03 -
. o ~ Discharge 25 0.07 0.02
*30/ViI/76 Intake 22.5 - -
| | Diécharge 32.5 - -
. ‘Discharge 32.5 0.10 -
| %18/VIIT/76 Intake 23.5 . - -
‘ | - Discharge 30.5 - , o -
o . _ Discharge ©30.5 0.06 ‘ =
Cape Cod = 9/VII/76  Intake 15 - | 0.08
Canal | Discharge 31 - - (no live Acartia)
o Discharge 31 '0.05 P "
28/VI1/76  Intake 17.5 - o 0.07
. B Discharge 33 - ‘(no livé‘Acdrtiq)
o Discharge 33 0.05 | B
*19/VII1/76  Intake 17 - -
Discharge 30 - -
' , Discharge 30 0.05 -
*24/1%/76 Intake 17 - -
" Discharge 34 - o -
34 0.10 - -

Discharge

*Samples returned toxlaboratory for determinations of reprdduction potentialﬁ



—23-

From these results, there is an indication.that,‘whereas low

‘level chlorination -has no acute effect on the metabolic éctivity of

A. tonsa, there may be long-term effects on generation time and re-

- productive potential. Further ‘investigations in the laboratory

and 'in.the field are needed. to substantiate these findings. -
Several trips were made to the Plymouth Plant,‘but-on eachi

o¢¢ésion all zooplankton leaving the entrainment were nonviable,

thus making it impossible to carry out experiments similér to those

fperformed at. the other two plants.

The effect of chlorination on phytoplankton speciation is currently

under full investigation. During the past two months samples have been

;aken before and after chlorinafion at both the Montaup and Cape Cod
Canal plants, brought back to the laboratory, and maintained in con-
tinuous cultures fbf extended periods of ‘time. Recovery of ph&;oplankton
growth and chariges in speciation have been measured. Altﬁoqgh the re-
sults have not as yet been analyzed, it éppeérs thét temperature shock
by itself has had little effect on productivity. At both‘plants ambient
Qater temperatures during September-October, 1976 have been N16°—18°C
and AT T 15°-17°C. These results are strikingly éimilarlto ;hose from
the laboratory studytreported in Paper No. 4. Recovery frbm.chlorine
éxposure‘ié slow but does occdr,indicating sevére but nOt'tqﬁal destruﬁ—
tion of entrained cells. There does not appear to be‘a-clear pattern

of shifts in dominant épeqies after chlorination, but repeated sampling
and growth in the lgboratory cultures will be required to subéfantiafe

that preliminary‘obServation.



~24-

~ Basic Findiﬁg§ to Date
h TheAresglts~of the zooplankton bioassays, are éuﬁmarized-in Table .
8 and in Fig.'ll, and for comparative purposes, a sﬁmﬁary of the ass#y
4work on. juvenile fish, taken from laét yéa;é report, is presented'in
Table 9 and Fig. 11.
- The overallbconélusions from our work to date are:

1. The Chémiétry of chlorine in. seawater is perhaps the mést
important unahswered question remaining regarding the impéct of this
toxicant on marine biota. As showq by Wong and Davidsoﬁ in their two
enclosed papers; the dissipation of>titratablé chlorine in seawater
is very rapid-and occurs-in two distinct ﬁhaées; The first phase is
directly attributable to a true orgaﬁic chlprine demand and the
second probabiy due to the rapid formation of hypobromi;e followed -
by its subsquept inorganic decomposition to, as yet, unkﬁqwn productsr
The consumptive caﬁacity of seawater for chlorine and:the.qqickly formed
hypobromite éppeéré to be limitless,'as evidenced by the résults shown.
in fig. 1. |

In trying to assess the true impact of chlorine on marine organisms
it is vital that we be ab;e to idéntify the reaction prodﬁcts of chlorine
-and seawater, aé the potential toxicity of these,cbmpoﬁnds:is unknown.
Clearly though,»théAuse of chlorine residualé alone as a measure .of
tokicity (as is'gommon practice in the enviréﬁmental field} is, by
Hi£Self, a useless parameter with out some knowledge of the mode‘of
chlorine diséipation. The kinetics of chlorine dissipation are the

most important factor influencing the true impact. The presence of




Table 8. Summary of Chlorine -~ Chloramine Toxicity

to Marine Invertebrates.

LCg, - Total Clz‘mg/z_'

4 Tx .Exposure Chlorine '
Species R oC - min. Form Applied Residual
: Acdrt_ia tonsa .10 30 Free chlorine 4.80 '(‘).82
adults .15 | 480  0.82
acclimated at 10°C 20 S | 4.80  0.82
' 10 30 Chloramine 2.10 0.34
15 A .+ 1.50 0.23
_ 20 . 1.50 0.23
Brachionus plicatilis 20 30 Free chlorine  1.20 0.18
adults 25 | | ©0.70 . 0.09
acclimated at 20°C 27.5 . S 0.20 ~  0.01
' ' 20 30 Chloramine . 0.35 0.02
25 _ - -
| - 27.5 | - -
Crassostrea virginica 20 30 Free Chlorine 0.86 -  0.12
7 day larvae' 25 0.63 -0;08
acclimated at 20°C 30 , ' ‘ - -
20 30 Chloramirie ©0.15 0.01
25 : ’ 0.10 <0.01
. \ 30 ] ' - ' C -
Homarus americanus 20 60‘ Free chlorine - -
stage I larvae 25 16.30. - 2.90
- acclimated at 20°C .30 : o 2.50 0.40
: 20 . 60 ' Chloramine 4.10 0.70
25 ” . 2.00 0.30
o 30 | ~0.55  0.05
vStage IV larvae - 4;?5 , 60 Free chlorine 22.10 3.95

3cclimatedlat 20°%¢ 25. - 60 Chldramine 6.50 _ 1.13




Table :9;» Summary of Chlorine - Chloramine Toxicity-to Juvenile Mariné‘Fisha_

- 100% Mortélity

Sﬁresé Observed.

Species - A T°¢ Chlorine Form Appliedb - Residualb Appliedb Residualb
Pseudopleuronectes 25 free 1.35 0.55 | ' O.ZOc 0.20
americanus . °
. chloramine 2.95 2.55 1.70% 1.50
ASteﬁbtomus:bérsicolof 25 free 1.50 0.65 l;ZOC_ 0.50
chloramine 3.60 1 3.10 2.50°¢ 2.20
Fundulus heteroclitus 25  free ©4.00 0.65 2.004 0.32
chloramine 7.00 1.20 - 4.00¢ 0.65
30 free 1.50 0.25 - -
chloramine 5.00 0.85 - -

3From Capuzzo et al..(In press) Est. Coast. Mar. Sci.

bUnits_of mg/% Total Chlorine.

“Stress determined as behavioral aberrations during exposure to the toxicants.

dStress measured as significént changes (P < 0.05) in standard respiration rétes'during exposufe and

48 hours after exposure to the toxicants.
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- ammonia and organic compounds magnifies the prqblem’tréﬁendOusly.

The ¢hloramines, bromamines, énd trace orgaﬁochloriné (and possiﬁly
'érgénbbrbminé)‘ compounds ;haf aré formed are all more persistenf -

‘ than;free ch;orine,'tﬁus incréasing their toxicity ﬁoten;ial. Orgénd-
chloriﬁe coﬁpouﬁdsjin particular are a higﬁly sefious threaﬁ, és‘so,
little is known about their fate, transport throughAthg fbod chain,‘
and degree of toxicity.’ | )

2. There appears to be a general pattern of diffe:ences in

the modes of chlorine toxicity to marine invertebrates and.vertebrates,<as:

clearly seen 'in fig.All. »Ju&enile fish are moré susceptible to free
chlorine than chloramine énd resﬁohd in a step or threéhéid fashion-
~thét is, no death up to a certain toxicant lévei and coﬁpléte deaﬁh
beyond that applieatleﬁél. On tﬁe other hand,'thevvarious inverfe—
bra;e’formsAtested so far are, as a group, more sensitive fé chlora-
minesiand the resﬁonéé to both halogens has.been more ciassiéal; a
morelgradual increase in mortality with increases in'applied halogen
. levels. The que'of action of the two chlorine forms onithe'test
organisms aépears.téibe some form of metabolic inﬁibitioﬁ,'bﬁt the
actual mechanisms are still unknowm. | |

'The complex fate of chlorine and bromine (and the émmoniated
: derivatives)Acombined with the diffefential effects of these com--
pounds on invertebrates and fish adds strong suppoft to our need to
‘integrate and éxpgﬁd'éur undefs;anding of the chemical and biological

effects of‘chlbriﬁation.
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3; Theisynérgistic réle of temperature increase on chlorine
toxigity is compléx{ It aﬁpears that as long as ghe organism is
not subjéctédato a temperature shock great:enoﬁgh so.that the thermal
tolerance 1imi; is reached, the effegt is hardly meésﬁfable. When
the thermal limiflis approacﬁed,then the synergism Bééowes readily
g..aﬁpafent. This efféét seems to be true withzthe zooplénkton as welllas
the,phytoplanktoﬁ,

4, Biomaés blays a crucial role in determining the-chlorine
dose-response 6f,éhytoplankton, but has virtually no effect on zédplankton
resﬁonses.  Differences in the mode of foxic action méy:be the‘key
factor. Resistance to chlorine toxicity does, howéﬁgr, appear tb bé

"related to organism‘maturity. VFor exémple‘Stage'IV lobster larvae
_are more resistant to comparable chlorine doses than are stage I larvae.
5. VChlorination effects on phytoplankton at power plan;s'appear
:to bé a minimél problem compared to effects on larval zdbplanktoﬁ:
entraiﬁed phytopiankton exposed to chlorine'représent only a small
.fraction of tﬁé standing crop, phytoplankton recovery can be féirly
;apid and dhlorine diésipation in the receiving water is rélativeiy
‘fast. 1In contrast, populations of larval species that spawn-inter—_
mittently could be seriously threatened by chlorination. This is
particularly trﬁe when considering the fact<thaf metabolié:activity is
seriously affected at chlorine residualAlevels below theﬂlevel of
.detectability_(<d.01 mg/%). In the presence of more peréisgent and
more toxic éhloramine compounds the effects of power plant”éhlorinatioﬁ

-'could be‘widely felt in the receiving as well as entrained water.
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:-§;A keprodﬁctive'rates of zooplankton and g¥owth rates of larvae
appear to bé.seriousiy retarded after exposure fq sﬁblethal-chldginé
COncentfatiﬁns. Phytoﬁlanktén gfowth fatés of récovered.cells, on
tﬁe other hand, do'not appear to be permangntly affected. TheAimpli-

-cations of theséffindingsAafe self-evident and represent perhaps the
st;ongest condemﬁation of excessive chlorination use at power planté.
ihe practicg of déphiorinationAimmediafely_after entrainment shéuld

be given serious consideration for all coastal cooling systems.

ReSeérch ?ign fo; Balan@é of the Project Year

1._ Larvae,~juvenile fish, and zooplankton studies.’ For tﬁe
“‘balance of this project year, we plan to continue our fééearch on the
aifferential effects of free and combined chlorine to marine larval
and juvenilé forms. ‘Specific experiments curréntly in prbgress or
ﬁlanned for the near future are as follows:

| a. Long-termbeffects of acute exposures to chlorine.or chlora-

‘mine on juvenile scup, Stenotomus versicolor, aré currently under inves-
tigatioh., Parameters being monitored are grpwth rates,rbreathing
rates, and Qsmoréguiation.

b, Acartia'tOnsa; a dominant copepod in Cape Céd watérélfrom
‘June to Decembér,-has a wide thermal tolerance ranging'from ‘SOC to
' 30°C.‘ Inléxperiments with copepods acclimated to 10°C (thié report),
"there was no significant synergistic effect of temperature on the toxi-
city 9f free-chloriné §nd only a slight effect on the‘toxicity of chlora-

miné. It is our hypothesislthat.temperature exhibits a‘syne:giéﬁic
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‘::effect on chlorine toxicity to an.organism when that organism 1is
at ‘the upper limits of its thermal tolerance. To test this hypothesis,

1we will repeat -our chlorine-chloramine experiments with copepods
acclimated to 20°C with AR ASS and AlO C increases in temperature.
Standard respiration ‘rates, filtration rates, and reproduction rates
will also be monitored.

c. Our field work at ‘Montaup Generating Station and Cape Cod
i Canal Generating Station will continue until the end of November,
when these power plants cease their chlorination practices until
4April. |

d. lhe sublethal effects of freelchlorine and chloramine .
tonicity to-the'rotifer Brachionus plicatilis will be investigated.
Parameters to‘he monitored will be reproduction rates‘and respira-~ ‘
tion rates. | |

e. Chlorine-chloramine toxicity to larval winterhflounder,
Pséudbpleuronectesramericanus, will be investigated. In addition
to-assessing toxicity and the effect of temperature,'we will in-
'vestigate theAcomparative responses of different aged larvae and
sublethal effects on metabolic activity.
2.: Phytoplankton Studies |

4 aL Sampling at the Montaup and Cape Cod Canal Power plants will

. continue until chlorination practice ends. Intake and discharge phyto-n
~'p1ankton species will be identified and enumerated Samples will be

used as inocula for laboratory continuous cultures and long term
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gréwth Qill be‘obsefved. The objecfive ;s fo'determine tﬁe effects
of heat ‘and héat plus chloriqe dose on the speciatibn §f developing
'phytoplanktén popula;ions.

b.  During the winter months thevcontinuous>cdlture units will
be uséd to repeat thé fhaeodaétylum exberiments (Paper No. 4) with
other species &Skalétonema costafum, Chaetoceros sé;, Dunqliellﬁ
teriolecta, Thalasgiosira pseudonana) in both mono an&A@ixéd cultures
to déterminé'phe.relative responses of different organisms and to see

if chlorine can alter the outcome of species competition.

Prdjgct Personnel

The principal investigators, Joel C. Goldman and John H. Ryther
have devoted approximately 100% and 25% respectively of their time
to the project and phié time éllotment will continue until the pro-
jecp'ends on January 31, 1977. .

Dr. Judith Capuzzo, after completing her Postdoctoral'Fellowship
in June 1976, joined the project‘as a Postdoctoral Investigator.

The permanent project staff includes John Davidson,'Research
| Assistan; II and Helen Quinby, Researgh Assistant ITI, who replaced
Saréh Lawrence whénvshe returned to graduate studies in September,

'1976.

Travel to Date

1. Joel Goldman and Judith Capuzzo (on Fellowship support) attended
the "Chlorine Workshop" at the University of Maryland, Solomons, Mary- -

land, March 15-18, 1976.
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2. ipéi GoIdmah,,Judith éapuzzo (on Fellowsﬁiﬁ suppbft)Aand John
Dayidsdn atténded the Annual conference of the American Sociétonf
fLiﬁnnggi'and Oceanographj iﬁ Savannah,xGéorgia,'Jﬁné 20-24, 1976.

br. Capuz?qvppésented a paper at'thelméeting. ' |
31A'Joel‘G01dﬁaﬁ‘aﬁd.Judith’Capuzzo (on Feliéwship sﬁf?ort) attendedA 
'ghe Water Pollution Control Federatiqn-Anﬁual Meétiﬁéxin ﬁinne;polis?

'Minﬁesota, October 3—7; 1976.

_ Publiéation Record
1. ﬁanuscripts iﬁ.press:
| Capuzzo, iﬁ.M.,-S.fA. Lawrence, J. A. Davidson.{.Coﬁbined toxicity
of~free chlorine,ﬂchloramine and temperature to stage i 1arvaé‘of the
Amefican lobste; Homarus ameriéanus. Water_Reéearch;
| Cabhzzo;.J. M., J. A.”Davidson, S. A. La@rente, énd'M.‘Libni}
‘The différéntial effects of free and coﬁbingd'chlﬁ;ine 6h 5uvénile
marine fish. Estﬁariné.and Coastal Marine Science. |
Capuzio, J;‘M;; J. C. Goldman, J. A. Davidson and S. A. Lawréncg.
Cﬁlorinated cooliﬂg waters in the marine environment: beQelqpment

of effluent guidelines. Marine Pollution Bulletin.

2, Manﬁscripts~éubmitted for publication:

Goldman, J.;C;A'Biomass production in mass cultures of marine

phytoplankton at Qarying.temperatures. Marine Biology; -
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~ Goldman, J.'C. Témperature effects on phytoplankton growth in

continubus culture. Limnology and Oceanography.

_Goldman, J. C. Steady state growth of phytoplankton in continudus '

culture: comﬁérison of internal and external nutrient models. Journal
of éhycolégy. |

Goldman, J. C. and J. A. Davidson. A physiéai mq&elfof marineA
phytoplankton chlorination'at coastal power plants. Environﬁenﬁal<
Scieﬁceuand Techﬁblogy.

Capuzzo, J. M. gnd S. A.‘Lawrence{ The toxicify of chlorine,
chléramine aﬁd temperature to larvae of the American oyster Crassostrea
vifginica. Marine Biology.

: Caﬁuzzb, J. M. The effects of chlorine and ghloraﬁiﬁe on growth
rates and réspiration rates of larval lobsters (Homqrus americanus) .
Water Research.

Wong, G. T. F. and J. A. Davidson. The "chlorine demandf of
seawater.  Environmenta1 Science and Technology.

Wong, G. T. F. and J. A. ngidson. The fate of chlorine in

seawater. Water Research,

3. Manuscripts in preparation:
Goldman, J. c., J. M. Capuzzo, and G. T. F. Wong. Biological

and Chemical Effects of Coastal Power Plant Chlorination -~ A Review.



'Capuzzo? J. M:, S. A. LaQréﬁce, and J. A. Davidson. -The toxicity
- of frég éhldrine‘and'chloramine to the t@tifer‘Brachioﬁus-
piicatilis aﬁd'the sublethal effects on metéboiié'activity
and fepundity. ' 4 |

. Capuzzo, J. M., S. A. Lawreﬁte, and J. A. Davidson. The effect

of temperature on the toxicity of free chlorine‘and'éhlora;

‘mine to the‘copeppd Aeartia tonsa and the suBletha1>effects
..on métabblicAaétivity, filtrétion rate, and.genéfatiqn time.
* Capuzzo, J. M. Comparative physiological responses of marine

organisms to chlorine.
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Figure Legends

Rélationship‘of total applied chlorine to.total residual

chlorine in dis;illed water and sea water; ciféles'f free

" chlorine in seawater, triangles - free chlofine in distilled

Water;_f;—-— theoretical 1:1 line.
Percent mortality of larval lobsters 48 hours after 60 minute
éxposureAat 25°C to applied free chlorine or chloramine;

circles - stage I larvae; triangles stage IV larvae; open '

. symbols - control mortality.

Respiration rates of larval lobsters 48 hours after 60 minute
exposure at 25°C to applied free chlorine or chloramine; A -

control - stage I and stage V (post-larval); B - 1.0 mg/%

_applied free chlorine; C - 0.5 mg/% appiied chloramine.

Percent mortality of Brachionus plicqtilis‘48.hdu;s af;ef
3Q minu;é exposure to applied free -chlorine or chloramine..
Each point represents the mean value of three replicaté,
samples; circles - ZOOC; triangles - ZSOC; squares - 27,500;

openi symbols - control mortality.

,Percentimortality of Acartia tonsa 48 hours afte:.30 minute

expésure to.applied free chlorine; open circles - control

mortality; open half-circles - dechlorinated before addition

of test organisms.
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Fig. 6. Percent mortality of Acartia tonsa 48 hours after 30 minute
' exposure to applied chloramine; open circles - control mortality;

6pen half-circles - dechlorinated before additioh of test organisms.

Fig.:7; ‘Filtfation fates of AcartiaAtonsa at 10°C 48lhoufs after
30 minute e#§osure‘;o applied free chlorine'or chloramine
(1) control, exposed to 100, 150; and 20°C for‘QQ'minutes,
Améintained at 10° for 48 hours;l(Z) 1.0 mg/2 freelchlorine
exposed At-10°; (3) 1.0 mg/2 free chlofine exposed at 15°;
(4) 1.0 mg/% free chlorine exposed at 200; (5) 0.5 mg/2
chloramine exposed at 100;'(6) 0.5 mg/% chloramine exposed
at 150;.(7) 0.5 mg/% chloréﬁine exposed at 20°. Ranges

are * 1 standard error.

Fig. 8. Temperature of intake (circles) and discharge (ﬁriéngles)
water at Cape Cod Canal Generating Station (A) and Montaup

Generating Station (B).

Fig. 9. Respiration rates of Acartia tonsa at 22°C collected from
the intake and discharge of Montaup Generating Station; A -

Intake; B - Discharge; C - Discharge during chlorination.

Fig. 10. Number of individuals produced from five pairs of Acartia
tonsa collected at the intake and discharge of Cape. Cod

Canal‘Geﬁefating Station (A) and Montaup Generating Station (B);



'O“

—40—.

' Fig 10 (continued)

| . A - Intake' B - Discharge; C - Discharge during chlorina—
-4t10n, white - number of adults; black - number of juveniles'

(nauplii}and copepodite stages).

: Fig. 11. Summary of chlorine - chloramine toxicity. A'AAl‘— Craseoe
’strea ergznzca, 7 day larvae, 30 minute exposure at 20° C;

B, B1 - Brachionus plicatilis, adults, 3Q minute exposure
at'ZOOCj.C, C1 - Acartia tonsa, adults, 30.ninute exposure

at 109C; D, Dl - Homarus americanﬁé, stage I ia:vae,'60
minute‘eprsure at 25°C; E, El —APseydopleuronectes-ameficanus,
_juveniles, 30 minute exposure at 25°C; F, F1 - Stenotomue i
eersicolqr, juveniles, 30 minute exposure at 2506; G, G1 -
Fundulus heteroclitus, juveniles, 30 minute equsure at 

25%.



lllll

1201

o o
- O N © )
N

)]
o

7

o .

ol

— .
pu—

B .

TOTAL CHLORINE RESIDUAL , mg/ ¢
| IS ‘ |
o

7
/

/7

/

"APPARENT

A

2

S P 095
I Yy \\ r .
Ao
| Oo. l 2Lo l | 60 3 100 120

TOTAL CHLORINE APPLIED , mg /¢



100~

MORTALITY =~

%

100

—

l'l I.Iu“]‘

———/A
A_AM

r bl : N RN

05 10 50 100

" APPLIED FREE CHLORINE, mg/ ¢

1]l-lrfl-l' T T I-’llll[‘A

ol L T ey

APPLIED CHLORAMINE, mg/¢

05 10 50 100

500

Fig. 2




| Po‘.

o o
O ®)

wuO2/h /mg

= |

—— e ——

— s el ——




98 T — TTI'II TH AT rTrig 1 .I l,j".'..'Aln.'.ﬂT &ﬁ_r-'_f_”
9Q - a A . ® , | A ° 90  
80 '

70
60
50
40
30
20

0
S

A e | o
| 50

gl v T
>
8]
'41111.1

k& R

To>—

> |' Lo vl l.illj.lll‘r) 1 b Ll ! 1~|l|41¢1..' :
o1 05 10 50" O 05 10 . 50 10.0;._

APPLIED FREE CHLORINE,mg/¢ - APPLIED _:CH(;O/?AM/N5~ mg/L

" Fig. 4

. % MorTALITY



% MORTALITY

 sof

1OOL' — T |'-llll|' T j l~| l-vlllll To

LA 10°C | %
} : - | .’//AA '.
50+ - _ .——:f’ o -

o__ & — *

— —— " o | N T
P 0 © © © |
) | L1 vl l L L1t L
-0 | A R L B B R B 1

' . 'Y
o 7
| B.15°C o _
“®
50| _ee” .
-~ "e* |
6— — —0— 8¢ * | 9
O
R BTN o el 1
0 1 T i R ERRRY 7
o | [ 24
| C.20°C "’/ -
| ./§( | }
e~
o o0 —_— .

1. ——0—0— — o~ ." o -

O o | |
o) 1 1 I llllll 1 11 llljtl ]

Of 05 10 ‘ - 50 100 250

CAPPLIED FREE CHLORINE , mg /€

" Fig. 5



% MORTALITY

100

A f0°C o ° -
e, -
50 0/,/ .
™
F e ® o -
ol T’ : .1 © o © ® 1 1’ | | [
Of ——— | ==H| +— .l/?_% I’AIAII T
B.15°C o )
50} e® i
- . .
oo —°~
e " g
O _
0 R R e el -
\ | L L | | l). ] )
| C.20°C e _
. / 7 '
| T T |
S o—- o | - o
- ol— N R R R NIRRT !
ol 05 . 10 50 100

APPLIED CHLORAMINE, mg /¢

250

 Fig. 6



1.1

FILTRATION RATE (m4/h/ANIMAL )

Fig. 7.




301

10

TEMP, °C

30

20}

1o

_—~
- —

JULY

AUGUST

Fig. 8



wut Op/h/ ANIMAL

Fig. 9

08

06}

04

02

00

} — — — —

[ — — — —

L — — — —f
L — — — —

L - — —

b — — — —

. — — — -

L~ — —

L - — —

- — — —

- — — —

- — — — 4

L — — —

b — — —

- - — — 4

b - — — 4

- — — —




?}'/va OF INDIVIDUALS "
o 1 S - N
1 1 l T
w -

< 01 *814




MORTALITY

%

100 T TTT] T T AT ' l ,.l ] TTTT]
- | | B +
sof — = 4

0 ' N u R 1 1 Llllll- ] | A

01 o5 - 10 50 0} L 05 10

- | APPLIED FREE CHLORINE , mg/¢€

100 llllllll LEELELER ! T LI llllll]
50 4

0 L Ll l ' e . -‘1 1 lll'll'll.

50 Oi .05 10

~ 05 10

APPLIED CHLORAMINE, mg/ ¢




-i-
Appendix

Table of Contents

1. .Goldman, J. C. Biomass production in mass cultures of‘mérine
phytoplankton at varying temperatures.

2. Goldman,‘J.'C. Temperature éffécts on phytoplanktonAgroggh in
cdﬁtinubué'culture.»

3. Goldman, J. C. Steady state growth of phytoplankfon-in coh—
tinuous culture: comparison of internal and external nutrient

’models.

4. Goldman, J. C. and J. A. Davidson. A physical modei of marine

| phytoplahkton chlofinatidn at coastal power plants. o

:5. Capuzzo, J. M., S. A. Lawrence, J. A..Davidsoﬁ. Coﬁbined toxicity
of free chlérine, chloramine and temperaiure to stage I larvae '
of the American lobster Homarus americanus.

6. Capuzzo, J. M.; J. C. Goldﬁan,-J. A. Davidson and S. A. Lawrence.
Chlorinatéd cooling waters in the marine environment: Development
of effluent guidelines.

7. Capuzzo, J. M., J. A. Davidson, S. A. Lawrence and M. Libni.

The differential effects of free and combined chloriné on juvenile
marine fish.

8. Capuzzo, J. M; and S. A. Lawrence. The toxicity of chlorine,
chloramineAahd temperéture to 1aryae of the American Oyster Crassostrea
virginica. a

9. Capuzzo, J. M. 'The effects of chlorine and chloramiﬁe on growth

rates and respiration rates of larval lobsters (Homarus americanus).



. .
. e

10.

11.

Wong, G. T. F. and J. A. Davidson.
seawater.
Wong, G. T. F. and J. A. Davidson.

water.

The '"chlorine demand' of

The fate of chlorine in sea-



