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ABSTRACT: W orldw ide tran sfe r a n d  in troduction  of n.on-indigenous spec ies in  b a lla s t w a te r causes 
sign ifican t env iro n m en ta l a n d  econom ic im pact. O ne w ay to ad d re ss  th is p ro b lem  is to rem ove or 
inactiva te  o rgan ism s th a t a re  fo und  in  ballast w ater. In  this study, 3 experim en ts  w ere  conduc ted  in 
P u g e t Sound, W ashing ton , USA, u sin g  a  p ro to type  ozone tre a tm en t system  in s ta lled  on a  com m ercial 
oil tanker, th e  S /T  Tonsina. T rea tm en t consisted  of ozone gas d iffused  into a  b a lla s t tan k  for 5 and  
10 h. T rea tm en t a n d  contro l tan k s  w ere  sam pled  during  th e  ozonation  period  for chem istry, cultur- 
ab le  bacte ria , p h y to p lan k to n  a n d  Zooplankton. S e lec ted  fish a n d  in v e rteb ra te s  w e re  p laced  in  cages 
d ep loyed  in  th e  tre a tm e n t a n d  contro l tanks. O zone in tro d u ced  in to  seaw a te r rap id ly  converts b ro ­
m ide (B r) to b ro m in es (H O B r/O B r), com pounds th a t a re  d is in fectan ts. T hese  w e re  m easu red  as total 
re s id u a l ox idan t {TRO). O zone tre a tm en t inac tiva ted  la rg e  portions of cu ltu rab le  bacteria , p h y to ­
p lan k to n  an d  Zooplankton. T he h ig h es t reductions ob serv ed  w ere  99.99 % for th e  cu ltu rab le  bacteria, 
> 99%  for d ino flagella tes an d  96%  for Zooplankton. C ag ed  an im al resu lts  v aried  am ong  tax a  and  
locations in  th e  b a lla s t tan k . S h eep sh ead  m innow s an d  m ysid sh rim p  w ere  m ost suscep tib le , shore 
crabs an d  am ph ipods th e  least. D istribution  of ozone in  th e  tre a tm e n t tan k  w as n o t hom ogenous 
d u ring  experim en ts, as su g g e s te d  by the  observed  TRO concen tra tions and  low er efficacies for 
inac tiva ting  th e  d iffe ren t taxa  in  se lec ted  ballast tan k  locations, Low concen tra tions of brom oform , a 
disinfection byproduct, w ere  fo und  in  tre a te d  ba lla st w ater.
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Brom ine • Total re s id u a l ox idan t
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INTRODUCTION

W orldw ide tran sfe r a n d  in tro d u c tio n  of non-ind ige- 
nous species (NJ.S) by  h u m a n  activ ities has significant 
ecological, econom ic a n d  h u m a n -h e a lth  im pacts (Wil- 
cove et al. 1998, P im en te l e t  al. 2000). M ost atten tion

has focused on invasions in te rre s tr ia l and  freshw ate r 
hab ita ts , b u t N IS invasions h a v e  also becom e a po ten t 
force ch an g in g  coasta l m arine  ecosystem s. A t leas t 400 
m arine a n d  es tu a rin e  NIS a re  e s tab lished  in  N orth  
A m erica a n d  over 200 of these  spec ies can  occur in  one 
estuary  (C ohen e t al. 1995, Ruiz e t al, 1997, 2000). Some
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of these  species have  b ecom e num erica lly  or func­
tionally dom inant, an d  h av e  sign ifican t im pacts on 
population, com m unity and  ecosystem -level processes 
(C loern 1996, Ruiz e t al. 1999, G rosholz  e t al. 2000).

T he N ational Invasive S pecies A ct of 1996 (NISA) 
crea ted  a  p rog ram  w hereby  v esse ls  arriv ing  from  ou t­
side of th e  Exclusive Econom ic Z one (EEZ) volun tarily  
conduct open-ocean  ballast w a te r  e x ch an g e  (BWE), or 
u se  an  app roved  a lte rn a te  tre a tm e n t of b a llast w ater 
perm itting  ba lla st tan k s to be  d isch a rg ed  in  US ports. 
Recently, ind iv idual s ta tes  (e.g. C alifornia, M aryland, 
O regon, W ashington an d  V irginia) p a ssed  an d  im p le­
m en ted  sim ilar law s, som e m a k in g  BWE m andatory . 
BWE can  usually  be  im p lem en ted  a n d  does n o t requ ire  
re tro fitting  or in sta lling  n e w  technology , b u t it is often 
v iew ed  as a 's top -gap ' m easu re . BWE h as  som e signif­
ican t lim itations, inc lud ing  ship  safe ty  issues, costs of 
com pliance and  variab le  e ffec tiveness (W oodw ard et. 
al. 1992, N ational R esearch  C ouncil 1996, W aite 2002, 
M atheickal & R aaym akers 2004). Follow ing ru le  m ak ­
in g  in 2004, b a llast w a te r m a n a g e m e n t is n ow  m a n d a ­
tory for all a reas of th e  U n ited  S ta te s  (Code of F edera l 
R egulations, Title 33, P a rt 151, S u b p arts  C an d  D). 
Indiv idual sta tes (e.g. C alifornia, M ary land , O regon, 
W ashington  and  V irginia) p a sse d  an d  im plem en ted  
sim ilar law s, som etim es m ak in g  BWE m an d a to ry  even 
for coastal traffic th a t w ou ld  n o t a rrive  from  b eyond  the 
EEZ. T he U nited  S tates does n o t re q u ire  vessels to 
dev iate  from its voyage or de lay  its voyage  to  conduct 
a  BWE. Ind iv idual US sta tes  m ay  im pose  d iversion  and 
delay  by req u iring  sh ips to p e rfo rm  BWE 50 nau tica l 
m iles from shore.

A  num ber of ba lla st tre a tm e n t m ethods a re  being 
explored  as a lte rna tives to BWE, but. th e ir  ev a lua tion  is 
a t an early  s tag e  (N ational R esearch  C ouncil 1996, 
H allegraeff 1998). P resen tly , th e  US C oast G uard 
(d irected  by NISA) req u ire s  a lte rn a tiv e  trea tm en ts  to 
b e  at leas t as effective as BWE, M ore recen tly , the  
In ternational M aritim e O rg an iza tio n  (IMO) (2004) 
adop ted  tre a tm en t s tan d a rd s  a n d  the  s ta te  of W ash ing­
ton  also e stab lished  in te rim  tre a tm e n t s tandards 
(W ashington D ep artm en t of F ish  a n d  W ildlife 2002).

O zone has b e e n  u sed  as a d is in fec tan t since th e  late 
1800s, is u sed  w idely  in  E u ro p e  and , to  a  lesser extent, 
in  the  U.S in  d rink ing  w a te r  tre a tm e n t (H oigné 1998), 
It is biocidal ox idan t th a t is u n s ta b le  in  w a te r (Langlais 
e t al. 1991). O zone chem istry  in  s e a w a te r  differs from 
th a t in  freshw ater b ecau se  of th e  p re sen ce  of b rom ide 
ion (O em cke & v an  L eeu w en  1998). B rom ide ion  cat- 
alytically decom poses ozone (Fig. 1) (von G u n ten  e t al. 
1996, von G un ten  & O liveras 1998, S alh i & von  G unten  
1999, von  G un ten  & P in k e rn e ll 2000, P in k e rn e ll & von 
G unten  2001, G allard  e t al. 2003, G u jer & von  G un ten  
2003, von G un ten  2003a, b). In  seaw ater, th e  prim ary  
brom inated  com pounds fo rm ed  by ozone a re  hypobro-

Fig. 1. R eaction  p a th w a y s  fo r decom position  of o zone in 
s e a w a te r  sh o w in g  fo rm a tio n  of h y p o b ro m ite  (O B r), hypo- 
b rom ous ac id  (HOBr), a n d  d isin fec tio n  b y p roducts b róm ate  
ion  (BrO.-f) an d  b ro m o fo rm  (CHBr3). N O M  = n a tu ra l o rganic 
m a tte r. (A d ap ted  from  D rie d g e r  e t  al. [2001] w ith  perm ission  
from  E lsevier). T h ic k  lin es: p re fe rre d  s te p s  in  se aw a te r  
su g g e s te d  by sh ip b o a rd  ex p e rim e n ts  p e rfo rm e d  onboard  
S /T  Tonsina ; th in  lines: p a th w a y s  fo u n d  in  b ro m id e -co n ta in ­
in g  w a te r  ; d o tted  lines: re a c tio n  s te p s  invo lv ing  free  rad icals

m ous acid  (HOBr), w h ich  is in  equ ilib rium  w ith  hypo­
brom ite  (O B r). T h ese  com pounds h av e  disinfection 
properties. B rom oform , a d isin fection  byproduct, is 
fo rm ed  by  a reac tio n  w ith  n a tu ra l o rgan ic  m a tte r  in  th e  
w ater.

T he chem istry  of ozone in  se aw a te r is com plex 
(Fig. 1). In  th e  p re se n c e  of am m onia, H OBr/OBr" will 
re ac t rap id ly  to  form  m onobrom am ine (Johnson & 
O verby 1971, H a a g  & H o igné  1984, Y ang e t al. 1999, 
Lei e t al. 2004, P errins e t al. in  p ress). M onobrom am ine 
can  d isp ropo rtiona te  to  N H B r2  an d  N H :i (e.g. Lei e t al. 
2004) or w ith  excess H O B r/O B r it can  re a c t fu r th e r to 
form  N 2  an d  b rom ide (e.g. B runetto  e t al. 1989, Hof­
m an  & A ndrew s 2001). M onobrom am ine is unstab le  
an d  will decom pose  to  am m onia an d  b rom ide ion (Hof­
m an  & A ndrew s 2001).

In  th is study, w e  exam ined  th e  chem istry, biology 
a n d  toxicity of a  p ro to type  tre a tm e n t system  th a t dif­
fu sed  ozone in to  a  sh ip 's b a lla s t ta n k  con ta in ing  se a ­
w ater, W e co n d u cted  3 experim en ts  on a com m ercial 
oil ta n k e r  du rin g  S ep tem b er a n d  N ovem ber 2001 in 
P u g e t Sound, W ashington, USA.

MATERIALS AND METHODS

S /T  Tonsina, and prototype ozon e system . T he S/T
Tonsina (since sold  a n d  re -nam ed) w as a 265 m  (869 ft) 
A m erican-flagged  oil ta n k e r  o p e ra ted  by A laska 
T anker C om pany  (Portland, O regon) transporting  
cru d e  oil m ain ly  b e tw een  V aldez, A laska, and  re finer­
ies on th e  west, coast of the U n ited  S tates. T he ship had  
a capacity  of 4.16 x 10? 1 or 4.16 x  IO4 m 3  in  12 ballast

HOBr C H B ra
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tanks, an d  807 000 barre ls (1.28 x IO5  m 3) of c ru d e  oil in 
12 cargo  tanks. The ship  w as doub le-hu lled , w ith 
sp ace  b e tw een  th e  hulls d iv ided  tran sv erse ly  for c a rry ­
in g  ballast w ate r w h en  th e  sh ip  w as em pty  or partia lly  
loaded . T hese  ballast tan k s w ere  a lo n g  th e  o u te r hull 
an d  double bo ttom  area.

In fall 2000, a p ro to type  N u te c h -0 3  (M cLean, V ir­
ginia) ozonation  system  w as in s ta lled  on  th e  S /T  Ton­
sina. T his proto type, know n as th e  SCX 2000, fit in  a 
s tan d a rd  ISO 20 foot (6.1 m) con tainer, w h ich  w as in ­
sta lled  on  the  stack  deck, an  ex terio r location  on th e  
sh ip 's stern . O zone w as p ro d u ced  by in jec tin g  oxygen- 
en riched  com pressed  a ir th ro u g h  a series of w ater- 
cooled  elec trodes. In each  e lec trode , a  h ig h  vo ltage  
corona d ischarge  (electric arc) w as c rea ted , u sing  a 
s tan d a rd  ship 's 480 V p o w er tran sfo rm ed  to m ore th an  
10 000 V. A fraction  of th e  oxygen-rich  a ir passing  
th rough  each  co rona g ap  w as co n v erted  in to  ozone, 
w hich w as collected  a n d  p ip ed  into one  of th e  ballast 
tanks, th ro u g h  a system  of flow  m ete rs  an d  sta in less 
s tee l p ipe. O zone w as d is trib u ted  in to  th e  tan k  th ro u g h  
custom  d esig n ed  ceram ic co a ted  sto n e  diffusers, 
a rran g ed  to  m axim ize th e  d is tribu tion  a n d  con tac t tim e 
of th e  ozone in  th e  ballast w ater.

Ballast tank sam pling. T he No. 3 p o rt (3P) and 
n um ber 3 sta rb o ard  (3S) ba lla st tan k s  w e re  u sed  for 
ozonation  a n d  controls, respec tive ly  (Fig. 2). T he 3P 
tan k  w as d iv ided in to  A (fore) a n d  B (aft) sections, and  
th e  3S tan k  into C (fore) an d  D (aft) 
sections for dup lica te  sam pling. S ec­
tions A, B, C, a n d  D w ere  sam p led  in 
E xpt 1 an d  Sections A, B, an d  C w ere  
sam p led  in  Expts 2 a n d  3. For all sam ­
p les  excep t Zooplankton an d  caged  
anim als (see la te r subsection), w a te r 
from  each  tank  section  (A B, C, or D) 
w as sam pled  a t 3, 9 a n d  15 m  below  
th e  sh ip 's  deck  using  a  5 1 N isk in  
w ate r sam p ler (G enera l O ceanics).
Both th e  experim en ta l a n d  contro l b a l­
last tan k  sections w ere  sam p led  befo re  
ozonation  b eg an  (0 h) a n d  a t 2.5 an d  
5.0 h  du ring  ozonation  for E xp t 1, an d  
a t 2.5, 5.0, 7.5, and  10.0 h  d u ring  
ozonation  for E xpts 2 a n d  3.

Chemistry. G en eral w a ter  ch em ­
istry:  Subsam ples from  th e  N iskin  
w a te r sam plers w ere  p lace d  in  c lean  
N a lg en e  containers, an d  an a ly zed  (fol­
low ing th e  instructions) w ith  th e  H ach  
DREL/2010 W ater Q uality  L aboratory  
k it (H ach C om pany), pH  w as d e te r­
m in ed  using  a  H ach  P o rtab le  pH  
M eter. D issolved oxygen  (DO) w as 
m easu red  w ith  a  M odel 21800-022

Traceable® DO m e te r th a t w as a ir ca lib ra ted  and  
ad ju s ted  to  com pensa te  fo r salinity, Salinity  w as m e a ­
su red  using  a conductiv ity  m e te r w ith  a  ran g e  of 0  to 
80 PSU (H ach C om pany). T em p era tu re  w as d e te r­
m ined  using  a fie ld  th erm o m eter. Sam ples for ino r­
gan ic  nu trien ts (o rthophospha te , n itrite , n itra te , am ­
m onia, silicic acid) a n d  d isso lved  o rgan ic  carbon  
(DOC) w ere  frozen on b o a rd  ship  an d  sto red  frozen 
un til analyzed . In o rg an ic  n u trien ts  an d  d issolved DOC 
w ere  analyzed  a t th e  M arin e  C hem istry  L aboratory  in 
th e  School of O ceanog raphy , U niversity  of W ash ing­
ton, u sing  a T echnicon  M odel AAII an d  a  S h im adzu  
TOC5000, respective ly  (Parsons e t al. 1984).

O zone chem istry: TotaJ. residual oxidant {TRO). TRO 
w as d e te rm in ed  using  a s tan d a rd  DPD colorim etric 
analysis for to tal ch lo rine  (APPIA 1998). H ach  Accu- 
Vac® A m pules w ere  su b m e rg e d  a n d  filled w ith  w ate r 
im m ediately  a fte r th is w as  co llected  from  th e  ballast 
tank , and  th en  an a ly zed  on a  H ach  DREL/2010 w ater 
quality  labora to ry  sp ec tro m e te r on  th e  ship, T he 
am pou les h ad  a  ran g e  of 0 to 4.5 m g L 1 as Br2  w ith  a 
sensitivity  of 0.1 m g  L 1 a s Br2. TRO is a m easu re  of 
h a logen -con ta in ing  ox idants. A s described  in  the 
'In troduction ', ozone qu ick ly  reac ts  w ith  b rom ide ion 
in  seaw ater, fo rm ing  hypobrom ous acid  th a t is in  eq u i­
librium  w ith  hypobrom ite . T ogether, th ese  com pounds 
a re  re fe rred  to  as b rom ines an d  they  constitu te  TRO 
m easu red  in  th e  ozonation  of seaw ater.
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Fig. 2. D iag ram  of S /T  Tonsina  sh o w in g  locations of p o r t a n d  s ta rb o a rd  ballast, 
ta n k s . S am ples w ere  co llec ted  from  fo re  and  aft se c tio n s in tre a tm e n t ba llast 
ta n k  (A a n d  B) a n d  con tro l b a llast ta n k  (C and  D). C ircles: access h a tc h e s  for 
tre a tm e n t an d  control tanks; d a s h e d  lines: b o u n d a ry  b e tw e e n  fore a n d  aft 
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Ozone. O zone w as m e a su re d  using  th e  ind igo  colori­
m etric  tech n iq u e  (APUA 1998), Sim ilar to th e  TRO 
m easu rem en t, AccuVac® A m pules w ere  u sed  w ith  
fresh ly  co llected  sam ples a n d  analyzed  u sin g  a  H ach  
DREL/2010 w a te r quality  labora to ry  spectrom eter. T he 
am pou les h ad  a ran g e  of 0 to  1.5 m g-1, w ith  a sens itiv ­
ity of 0 . 1  m g  I- 1  ozone.

Oxidation reduction potential (ORP). ORP w as m e a ­
su red  u sin g  an  O rion 290A  pH  m ete r w ith  a  Cole- 
Palm er C om bination  ORP p ro b e  (Pt e lec trode , A g/ 
A gCl re fe ren ce  cell). ORP w as m easu red  in  mV.

Brómate. Sam ples for b ró m ate  ion  analysis w e re  co l­
lec ted  in  150 m l w ide-m outh  N a lg en e  HDPE bottles. 
T hey  w e re  s to red  on  ice  an d  sh ip p ed  to analy tica l la b ­
oratories im m edia te ly  a fte r th e  en d  of each  sh ipboard  
experim en t. We used  th e  US EPA M ethod  317.0 R evi­
sion 2.0 (EPA 815-B-01-001), w h ich  m easu res  b róm ate  
ion from  2 to 40 p g  I"1,

For E xpt 1, sam ples h a d  a b róm ate  concen tra tion  
b e low  th e  m eth o d  d e tec tion  lim it of 2 p g  I-1. D uring  
the first se t of analyses, w e  observed  tha t control sam ples 
sp iked  w ith  b róm ate  w e re  'u n recoverab le '. T he su b ­
seq u en t ev a lua tion  of b ró m ate  s tan d a rd s  p re p a re d  in  
d istilled  w a te r show ed  good  recovery. E xperim ents 
show ed  th a t a t h ig h e r concen tra tions (i.e. a t th e  m g L 1 

level), sp iked  b róm ate  could  b e  recovered , S u b ­
sequently , all ballast w a te r sam ples w ere  d ilu ted  to 2 0  % 
of th e ir  orig inal concen tra tion  ( 1  p a r t ba lla st w ater:
4 parts  d istilled  w ater) in  d istilled  w ater. W ith  this 
d ilution, w e d e te rm in ed  th a t ad e q u a te  b róm ate  ion 
recovery  could b e  ach ieved  a t th e  50 pp b  level.

B ased on  b róm ate  recovery  follow ing a 1:4 dilution, 
all b a llast w a te r sam p les for Expts 2 a n d  3 w ere  
dilu ted . This d ilu tion  e n a b le d  d e tec tion  of 10 p g  L 1 

bróm ate, w h ich  is th e  m ax im um  co n tam in an t level 
(MCL) e stab lish ed  for b ró m ate  in  d rink ing  w a te r (EPA 
816-F-01-010).

Bromoform. Sam ples for brom oform  analysis w ere  
co llected  in  40 ml volatile  o rgan ic  analysis (VOA) vials 
con ta in ing  a  sulfite fixative. T hey  w e re  s to red  on ice 
an d  sh ip p ed  to th e  ana ly tica l labo ra to ry  im m edia te ly  
after com pletion  of e a c h  experim en t. B rom oform  w as 
ana lyzed  using  a p u rg e  a n d  trap  gas ch rom atog raph  
follow ing US EPA M eth o d  524.2 (EPA 600-R-95-131), 
using  a  T ekm ar M odel LSC-2000 liqu id  sam p le  co n ­
centrator, in te rfaced  w ith  a T ekm ar M odel 2016 
au to sam p le r system , co u p led  to a H ew lett P ack ard  
5890 Series II gas ch rom atog raph . T he ch rom atog raph  
w as e q u ip p e d  w ith  a 30 m  V O C O L cap illa ry  colum n, 
HP 3396A  in teg ra to r/p r in te r and  flam e ionization  
detector. U ltra p u re  ca rr ie r-g rad e  he lium  gas w as u sed  
for sp a rg in g  sam ples. Brom oform  s tan d a rd  w as 
o b ta ined  from  U ltra Scientific  (N orth K ingstow n, 
R hode Island), T he d e tec tio n  lim it for b rom oform  w as
5 pg  I- 1  a n d  s tan d a rd s  w e re  p re p a re d  to 200 p g  L 1.

B iology. C ulturable h e te ro tro p h ic  bacteria: V iable 
he te ro troph ic  bac te ria  w e r e  quan tified  using  a culture- 
b a sed  m icrobiological p ro c e d u re . For enum eration , a 
11 sam ple from  th e  N isk in  sam pler w as p laced  in  a 
sterile N algene  p lastic  b o tt le  a n d  held  on ice. Sam ples 
w ere  tran sp o rted  on  ice to  th e  U niversity  of W ashing­
ton  labora to ry  an d  m a in ta in e d  on  ice u n til p rocessed . 
Sam ples w e re  p ro c e sse d  w ith in  24 h  of collection. 
N um bers of cu ltu rab le  h e te ro tro p h ic  b ac te ria  w ere 
d e te rm in ed  on m arin e  R 2A  agar. This m ed ium  is a 
m odification of R2A a g a r  (Difco), w h ich  is com m only 
recom m ended  for f re sh w a te r  sam ples (APHA 1998). 
We p re p a re d  th e  m arin e  R2A ag a r using  ONR se a ­
w a te r salts. T he form ula fo r  this m arine  sa lt solution at 
concentrations I. ' " 1 was: N aC l, 22.79 g¡ N a 2 S 0 4, 3.98 g; 
KC1, 0.72 g ; NaBr, 0 .083  g ; N a H C 0 3, 0.031 g ; 
H 3 BO 3 , 0.027 g ; NaF, 0 .0026 g ; M gC l2 -6H 2 0 ,  1.12 g ; 
C aC l2- 2H 2 0 ,  0.15 g¡ S rC l2 -6H 2 0 ,  0.0024 g ; FeC l- 
4FI2 0 , 0.0080 g. T he sa lts  w e re  p re p a re d  in  3 sep a ra te  
solutions: a  lOx so lu tion  of 7 com pounds (NaCl, 
N a 2 SO„, KC1, NaBr, N a H C 0 3, H3BO3, NaF), a  50x solu­
tion  of th e  d ivalen t com pounds (M gCl2, C aC l2, SrCl2), 
an d  a  200x solution  of FeC l. T he lOx solution w as 
m ixed  w ith  R2A agar, p H  w as ad ju s ted  to  7.6, and  the 
m ed ium  w as sterilized  b y  au toclav ing  a t 121°C. The 
m ed ium  w as cooled  in  a w a te r  b a th  to 50°C. D ivalent 
cations solu tion  (20.0 m l I- 1  of a  sterile  50x solution of 
M gC l2 -6H 2 0 ,  C aC l2- 2H 2 0 ,  SrC l2 -6H 2 0 )  a n d  FeC l2  

solution  (5.0 ml T 1 of a sterile  200x solution of 
F eC l-4 H 2 0 )  w ere  ad d ed  a n d  m ixed  in to  th e  m olten 
m edium . T he d ivalen t ca tions and  iron  w ere  ad d ed  
after au toclav ing  to m in im ize th e  fo rm ation  of p rec ip i­
ta te  in  th e  m edium . B acteria  w ere  en u m era ted  using  2 
m ethods. A liquots of b a lla s t w a te r w ere  inocu lated  
onto th e  ag a r su rface  using  th e  sp read -p la te  m ethod, 
or a  la rg e r volum e of se aw a te r w as filte red  th rough  
Pali Metricel® B lack M em b ran e  Disc F ilters (47 mm 
diam eter, 0.45 pm  p o re  size). F ilters w ere  p lace d  on  the 
su rface of M arine R2A ag a r in  a  50 m m  d iam ete r p la s ­
tic  petzi p la te . Filters w ere  ro lled  onto th e  a g a r  surface 
to  p rev en t a ir b u b b les  from  fo rm ing  b e tw een  th e  filter 
an d  ag a r surface. L arger 100 m m  d iam ete r p e tr i dishes 
w e re  u sed  for th e  d irectly  in o cu la ted  sp read -p la te  
m ethod. Sam ples w ere  in o cu la ted  in  trip licate  for each  
dilution, excep t for som e filte red  sam ples th a t w ere 
in ocu la ted  in  dup licate . Inocu la ted  m ed ia  w ere  in cu ­
b a te d  a t room  tem p era tu re  (approxim ately  2 2 °C) in  
th e  dark . B acteria l colonies w e re  co u n ted  on  the 
sp read -p la te  ag a r surfaces a n d  m em b ran e  filters after 
4 d, w h en  th e  colonies w ere  la rg e  en o u g h  to  see, bu t 
w ere  no t overlapping,

P hytoplankton  and m icroflagella tes: Subsam ples 
(11) from  th e  N iskin  sam pler w e re  p re se rv ed  on board  
ship  in  L ugol's iod ine  and sh ip p ed  to th e  Sm ithsonian  
E nv ironm enta l R esearch  C e n te r  in  M ary land  for
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analyses. In e ach  subsam ple, th e  n um ber of cells p re ­
sen t for e ach  phy to p lan k to n  an d  m icroflagella te  sp e ­
cies (or low est taxonom ic unit) w as coun ted  directly  
u n d er a com pound  m icroscope. First, 200 ind iv idual 
cells w ere  co u n ted  for each  of 20 fields at 500x m ag n i­
fication; th is p rov ided  d a ta  for th e  n u m b er of cells for 
sm all spec ies (e.g. m icro flagella tes and  dinoflagel- 
lates). Second, 20 fields w e re  also exam ined  a t 312x 
m agnification , to  estim ate  th e  n u m b er of la rg e r and  
less num erous forms.

To m easu re  th e  effect of ozone trea tm en t, ch an g es in  
concen tration  (before an d  follow ing 5 an d  10 h  of t r e a t­
m ent) in  th e  tre a tm en t a n d  contro l tan k s w ere  com ­
pared . C ounts w e re  po o led  across taxa  for 3 m ajor 
groups: d inoflagella tes, m icroflagella tes an d  diatom s. 
Species-level in fo rm ation  w as collected, b u t only 
effects on m ajo r taxonom ic g ro u p s w ere  com pared, 
because  th e re  w as  h igh  spec ies com position varia tion  
both  w ith in  rep lica tes a t a  s ing le  collection tim e and 
am ong sam pling  periods. T his h ig h e r tax a  level 
app roach  w as sim ilar to  th e  leve l of analysis for Zoo­
p lank ton  a n d  m icrobio logy  study  com ponents.

M esozoop lan k ton : A  0.3 m  d iam eter, 73 p m  m esh  
Zooplankton n e t w as u sed  for Zooplankton collections. 
T he n e t w as lo w ered  th ro u g h  h a tch es into T rea tm en t 
Colum ns A a n d  B and  C ontro l C olum ns C an d  D, to 
w ith in  0.25 m  of th e  ta n k  bottom  an d  slow ly retrieved, 
to  th e  surface. W e took 3 rep lica te  vertical hau ls 
from  each  h a tc h  befo re  ozone trea tm en t, a fter 5 h 
(all experim ents), an d  a fte r  10 h  (Expts 2 a n d  3). 
Sam ples w ere  gen tly  w a sh e d  w ith  filtered  seaw a te r 
from th e  n e t collecting  b u c k e t in to  a  p lastic  specim en 
ja r  and  k e p t cool by  p lac in g  th e  ja r  on ice. Sam ples 
w ere  im m edia te ly  ex am in ed  on th e  sh ip  u n d e r a d is ­
secting  m icroscope. A  fie ld  of v iew  a t 25x m ag n i­
fication w as exam ined . A nim al activity  w as scored  as 
follows: an im als m ov ing  or show ing  an  escape  re ­
sponse w h en  p ro b ed  w ith  a fine  n e e d le  (a 0 0 0  size 
in sect p in  m o u n ted  on a w o o d en  stick), w ere  scored  
as 'live'; those  th a t w e re  n o t m obile, b u t exh ib ited  
in ternal or ex te rn a l m ovem ent, w ere  scored  as 'm ori­
bund '; those  w ith  no in te rn a l or ex te rn a l m ovem ent 
w ere  sco red  as 'd e a d '. S uccessive  fields of v iew  w ere  
exam ined  u n til 1 0 0  o rgan ism s h a d  b e e n  exam ined. 
In  addition, qua lita tive  observa tions w ere  reco rded  
abou t d om inan t taxa, a n d  any  tax a  th a t a p p e a re d  to 
b e  m ore or less a ffec ted  b y  th e  trea tm en t.

T oxicology. C a ged  a n im a ls : C ag ed  organ ism  ex p e r­
im ents w ere  d e s ig n ed  to  e v a lu a te  th e  effect of ozone 
trea tm en t on a ran g e  of aqu a tic  o rganism s, som e th a t 
a re  typically  u se d  in  aq u a tic  toxicology experim ents. 
The o rganism s inc luded : m ysid  sh rim p  Americamysis 
bahia, sh e e p sh e a d  m innow s Cyprinodon variegatus, 
purple sho re  crabs H em igrapsus nudus  an d  am phi- 
pods Rhepoxynius abronius. T hey  w e re  chosen  b ased

on  the ir k now n  sen s itiv ity  or h a rd in ess  to a varie ty  of 
aqu a tic  tox ican ts an d  th e i r  use as 's tan d a rd ' laboratory  
te s t organism s. M ysid  sh rim p  an d  sh eep sh ead  m in­
now s w ere  o b ta in ed  f ro m  A quatic  Biosystem s (Fort 
C ollins, C olorado). S h o re  crabs an d  am phipods w ere 
co llec ted  from  P u g e t S o u n d  n e a r  A nacortes, W ashing­
ton , All o rgan ism s w e re  acclim ated  to P uge t Sound 
se aw a te r an d  m a in ta in e d  u n d e r  e ither static  or flowing 
se aw a te r conditions a t W es te rn  W ashington  U niver­
sity 's S h an n o n  Poin t M a rin e  Laboratory, A nacortes, 
W ashington. Prior to  te s tin g , o rganism s w ere  p laced  in 
ind iv idual exposu re  c h a m b e rs  an d  tran sp o rted  to th e  
S /T  Tonsina in  ice chests  con ta in ing  ae ra te d  seaw ater. 
A nim als a n d  cages w e re  n o t p re -se lec ted  for a tre a t­
m en t or contro l ba llast ta n k . For th e  am phipods, 3 in 
situ  cham bers w ere  p u t in to  a  b u c k e t con ta in ing  sand  
a t th e  bo ttom  to ac t as a n  anchor, an d  w ere  lo w ered  to 
th e  bottom  of th e  b a lla s t ta n k  (15 m). E ach cham ber 
co n ta in ed  10 am ph ipods. A m phipod  cham bers w ere  
sim ilar to th o se  of T ucker & B urton  (1999), consisting  of 
5 cm  d iam ete r c lea r p las tic  tu b es approxim ately  12 cm  
long  enclo sed  at each  e n d  w ith  po lypropy lene caps, 
w ith  tw o 3 x 5  cm  ports m a d e  of 1 m m  m esh. C ham bers 
w ere  so ak ed  in  bo th  fre sh w a te r an d  seaw a te r for 
24 h  to  d issipate  any  con stru c tio n -re la ted  toxicity. For 
m ysid  shrim p an d  sh e e p sh e a d  m innow s, 1 0  individuals 
of each  spec ies w ere  p la c e d  inside  cham bers (as d e ­
scribed  above) con ta in ing  2 rec tan g u la r w indow s (3 x 
5 cm) covered  w ith  750 p m  m esh  for m ysid  shrim p and 
1m m  m esh  for sh e e p sh e a d  m innow s, For shore crabs, 
1 0  ind iv iduals w e re  p la c e d  in to  com m ercially  availab le  
plastic  crab  ba it b u ck e ts  (11 cm  h ig h  x 9 cm  d iam eter) 
th a t  w ere  drilled  w ith  n u m ero u s  8  m m  holes. G roups of 
3 cham bers, 1 for each  species, w ere  p lace d  in  coarse- 
m esh  p o ly e thy lene  nets and  a tta c h e d  to th e  te th e r  rope 
w ith  clam ps, an d  d ep loyed  a t specific d ep th s in  th e  
b a llast tank .

G roups of c a g e d  organ ism s w ere  p laced  in to  the 
con tro l an d  tre a tm e n t tan k s . E ach exposu re  group 
consisted  of a p lastic  b u ck e t con tain ing  sand  and  
co nnec ted  to a te th e r  rope. B uckets w ith  am phipod  
exposu re  ch am b e rs  w ere  a t th e  bo ttom  of th e  ballast 
tan k , w ith  cham bers  for th e  o ther 3 species be ing  
su sp en d ed  from  th e  te th e r ro p e  a t approx im ate ly  1 , 6  

an d  12 m) from  th e  ballast w a te r  surface. A t th e  com ­
p le tion  of th e  5 or 10 h  ozone trea tm en t, cages w ere  
rem o v ed  an d  th e  num ber of live, m oribund  or dead  
o rganism s w as recorded . A m phipods w ere  classified 
as m oribund  if th ey  failed to re b u ry  in  the  sand.

W hole efflu en t tox icity  (WET) testing. Sam ples of 
o zo n e-trea ted  w a te r  w ere co llec ted  a t th e  en d  of each  
ozone tre a tm en t for labora to ry  toxicity testing  of w hole 
effluen t toxicity  (WET). W e p e rfo rm ed  2 stan d ard  
acu te  toxicity  tests: m ysid sh rim p  Americamysis bahi 
48 h  static  a cu te  toxicity test, a n d  topsm elt Atherinops
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affinis 48 h  static a cu te  toxicity test. T hese  species are 
am ong th e  m ost sensitive  to toxic chem icals in  seaw a­
te r (Suter & R osen 1988), an d  a re  com m only  u sed  to 
evalua te  th e  toxicity of effluen ts d isch arg ed  into 
m arine w aters. All toxicity te s ts  w e re  p e rfo rm ed  in  
accordance w ith  s ta n d a rd  reg u la to ry  p ro ced u res (US 
E nvironm ental P ro tection  A g en cy  1993, 1999). The 
seaw ate r u sed  as controls an d  for d ilu tion  of ballast 
w ate r sam ples w as p re p a re d  u sin g  labo ra to ry  w ater 
( 1  pm  filtered) an d  com m ercially  av a ilab le  seaw a te r 
salts (H aw aiian M arine Mix). T h e  se aw a te r salinity 
w as 30 ±2 PSU.

M ysid shrim p w ere  o b ta in ed  from  A quatic  Biosys­
tem s (Fort Collins, C olorado). W e exposed  5-d-old 
m ysids for 48 h in  a  sta tic  te s t to  5 d ilu tions of ozonated  
ballast w ater: 6.25, 12.5, 25, 50 a n d  100% , an d  to a 
dilution w ater control. A  w a te r  te m p e ra tu re  of 25 ± I oC 
and  a 16:8 h lig h h d ark  cycle w e re  m ain ta ined . Test 
solutions w ere  no t a e ra te d  a n d  m ysid  shrim p w ere  no t 
fed  during th e  tests. W e u se d  4 rep lica te  te s t solutions 
con tain ing  5 to 10 sh rim p  p e r  ch am b e r a t each  tre a t­
m en t level in  a ll tests. P rocedu res  for th e  topsm elt tests 
w ere  sim ilar to those  for th e  m ysid  shrim p. W e exposed  
15-d-old topsm elt la rv a e  o b ta in ed  from  A quatic 
Biosystem s for 48 h  in  a  s ta tic  te s t to 5 dilutions of 
ozonated  ballast w a te r sam ples: 6.25, 12.5, 25, 50 and 
1 0 0 % ballast w ate r and  to a  d ilu tion  w a te r  control.

RESULTS

Chem istry

O zone delivery

T able 1 sum m arizes th e  w a te r  vo lum e capacity  of 
bo th  sections of th e  ozone tre a tm e n t ta n k  (No. 3 port 
ballast tank) an d  n u m b e r of ozone diffusers in  each  
section, as w ell as th e  ca lcu la ted  ozone-load ing  ra te  in  
each  section  for e ach  of th e  3 experim en ts. N ote th a t 
the  'Port, vertica l po rtion ' row  in  T ab le  1 g ives infor­

m ation  p e rta in in g  to  th e  vertica l w in g  tan k , tha t is th e  
portion  from  w h ich  sam p les  for our experim en ts w ere  
taken . T he o zo n e-lo ad in g  ra te  in  th is w ing tank  
in c reased  by  22%  b e tw e e n  E xpts 1 an d  2, and  then  by 
87.5%  b e tw e e n  E xpts 2 a n d  3. This increase  in  ozone 
load ing  is g en e ra lly  re f le c ted  in  the  chem ical and  b io ­
logical d a ta  p re se n te d  below .

S ea w a te r chem istry

T he ba lla st w a te r u se d  in  th e  experim en ts w as col­
lec ted  by th e  S /T  Tonsina in  n o rth e rn  P u g e t Sound and  
in  th e  S traits of J u a n  de  F uca, n e a r  th e  Pacific O cean. 
O bserved  salin ities v a ried  by less th a n  1 PSU in  each  
experim en t. Salin ities w e re  33.3 to 33.7 PSU in  E xpt 1,
35,0 to 35.9 PSU in  E xp t 2, an d  33.9 to  34.4 PSU in  Expt 
3. Salinity d id  no t ch an g e  in  any  ta n k  during  the ex p er­
im ents.

W ater tem p e ra tu re s  w e re  slightly  h ig h e r in  E xpt 1 
th a n  in  th e  o th e r 2 experim en ts. In E xpt 1, w a te r tem ­
pe ra tu re s  w e re  12.7 to 15.5°C, w h ile  in  th e  N ovem ber 
ex perim en ts  th e  te m p e ra tu re s  w ere  9.4 to 11,8°C. The 
tem p e ra tu re  e ith e r rem a in ed  th e  sam e or decreased  
slightly  in  all tanks.

T he pH  for all sam ples w as typ ica l of seaw ater, ra n g ­
ing  from  7.4 to 7,9. In  E xpt 1, th e  pH  w as no t as p re ­
cisely m e a su re d  as in  th e  la te r  experim en ts. T here  w as 
no pH  d ifference  b e tw een  th e  tre a tm en t and  control 
tan k s a n d  it d id  n o t vary  w ith  tim e during  th e  experi­
m ents.

DO in  th e  ba lla st w a te r  w as re la tive ly  h igh  a t the 
b eg in n in g  of th e  experim en ts, a t > 8  m g  I” 1 in E xpt 2 
an d  > 6  m g  T 1 in  E xpt 3. DO w as no t m easu red  in  Expt 
1. DO g en era lly  in c rea sed  d u rin g  ozonation  and  m ax i­
m um  levels 2 to  3 tim es those  of in itia l levels (approx. 
20 m g I"1) w ere  fo und  at th e  en d  of th e  trea tm en t. In 
th e  contro l tanks, th e  oxygen concen tra tion  did not 
increase  d u ring  th e  experim ent.

D OC m easu red  a t th e  beg in n in g  of e ach  experim ent 
w as sim ilar am ong  all the experim en ts, an d  for th e

T ab le  1. E stim ated  ozone p ro d u c tio n , d is tr ib u tio n  an d  load in g  in  th e  total, h o rizon ta l a n d  vertica l p o rtio n s of tre a tm e n t ta n k
in  E xp ts 1, 2, a n d  3 p erfo rm ed  o n b o ard  S / T  Tonsina

E xperim en ta l 
b a llast tan k  
(No. 3)

V olum e 
(m3 x IO3)

N o. of 
D iffusers

D iffuser d ensity  
(m3 d i f f u s e r 1)

O zone p ro d u c tio n
(g h-1)

O zo n e  d istribu tion  
(%)

O zone lo ad in g  ra te  
(m g r 1 h_l)

e x p t 
1 2 3 1 2 3 1 2 3

Port 3.11 72 4.32 x  IO1 1460 1760 1660 0.47 0.56 0.53

Port, horizontal 
portion

1.88 56 3.36 x  10l 50 40 0 0.39 0.38 0.00

Port, vertical 
portion

1.23 16 7.69 x IO1 50 60 100 0.59 0.72 1.35
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experim en ta l a n d  contro l sam ples co llec ted  w ith in  
each  experim en t. D OC concen tra tions ra n g e d  from 
0.7 to 1.1 m g I-1. P hosphate  ra n g e d  from  0.06 to 
0.07 m g I '1, silicate from 1.3 to 1.5 m g I-1, n itra te  from 
0.2 to 0.4 m g I '1, and  n itrite  from  0.004 to  0,006 m g  I"1; 
am m onium  ra n g e d  from  0.03 m g  I- 1  in  E xpt 1 to  abou t 
tw ice th a t concen tra tion  (0.07 m g  I-1) in  E xpts 2 an d  3.

O zone chem istry

In each  experim en t, TRO an d  ORP in c re a se d  during  
th e  period  of ozonation  in th e  tre a tm e n t ta n k  (T able 2). 
TRO an d  ORP increases w ere  n o t as g rea t in  E xpt 1 
w ith  5 h  of ozonation, as in  E xpts 2 an d  3 w ith  10 h  of 
ozonation. Som e of the  concen tra tions ex c e e d e d  th e  
capacity  for th e  colorim etric assay, i.e. w e re  g rea te r 
th an  5 m g  I ' 1 m easu red  as Br2. In  E xpt 1, th e  h ig h es t 
TRO level found  (0.26 m g  I-1) w as in  th e  A15 location 
(C olum n A, 15 m  from  surface) a t 5 h . T he h ig h es t TRO

in C olum n B w as ap p ro x im a te ly  one-half th is value, In 
Expts 2 and  3, th e  TRO le v e ls  ex ceed ed  5 m g I" 1 follow ­
ing  7.5 to 10 h  of o zo na tion . T he TRO levels increased  
m ore quickly in  C o lum n  A  th a n  in  C olum n B in  th e  
tre a tm en t tank . TRO le v e ls  w ere  n e a r  0.0 m g I" 1 for all 
sam ples co llected  in  th e  con tro l ba lla st tank . T he TRO 
ach ieved  is a  p ro d u c t of th e  ozone load ing  ra te  (Table 
1 ) an d  th e  len g th  of tim e  th a t  a  co lum n  of seaw a te r w as 
trea ted , As d escribed  ab o v e , th e  ozone load ing  ra te  
w as h ighes t in  E xpt 3 a n d  low est in  E xpt 1, Sam ples 
w ere  no t collected  from  C olum n D in  th e  contro l b a l­
last ta n k  during  E xpts 2 a n d  3,

S eaw ater in  th e  b a lla s t tan k s  w as w ell oxygenated  
a t th e  s ta rt of th e  s tu d y  an d  h a d  v e ry  positive ORP 
values, m easu red  as mV. Follow ing ozonation, th e  
ORP values rap id ly  in c re a se d  from  approxim ately  
100 m V  to over 600 mV. M axim um  ORP values w ere  
b e tw een  780 a n d  799 mV. ORP v a lues in  th e  control 
tan k  fluc tua ted  b e tw e e n  97 a n d  439 m V  w ith  a 
m ean  of 260 mV.

T ab le  2. T ota l re s id u a l ox id an t (TRO) a n d  o x id a tio n  red u c tio n  p o ten tia l (ORP) of tre a te d  a n d  con tro l b a lla s t ta n k s  in  E xpts 1, 2 and 
3 p e rfo rm ed  o n b o ard  S /T  Tonsina. Location: le t te r  re p re se n ts  co lum n in  b a llas t tan k s , n u m b e r  r e p re se n ts  d is tan ce  (m) from  
b a llas t ta n k  surface. W h ere  2 v a lu e s  a re  g iven , th e s e  a re  for d u p lica te  analyses. >5.00 (TRO > 5.0 m g  Br2 1"1) = ou t of ra n g e  for

assay , n s  = no t sam pled

Location S am p le  tim e 
(h)

T o ta l re s id u a l ox id an t (mg Br2 1“') O x id a tio n  re d u c tio n  p o ten tia l (mV)

1
1-A.pt

2 3 1
.uxpi

2 3

A3 0.0 0 .00, 0.00 0.06, 0.07 0.07, 0.01 129.5 77.1 71.6
2.5 0.21, 0.43 2.74, 2.80 4.02, 4.07 372.4 725.1 767.3
5.0 0.23, 0.26 2.39, 2.37 >5.00, >5.00 718.9 774.3 761.6
7.5 ns >5.00 >5.00, >5.00 ns 781.7 782.1

10.0 ns >5.00 , >5.00 >5.00, >5.00 ns 789.5 794,9
A9 0.0 0 .00 , 0.00 0.06, 0.04 0 .02 , 0.02 140.2 69.4 75,6

2.5 0.08, 0.00 2.70, 2.78 3.62, 3.77 363.7 738.3 750.7
5.0 0.20, 0.03 2.84, 2.15 >5.00, >5.00 738.6 782.6 785.1
7,5 ns >5.00, >5.00 >5.00, >5.00 ns 793.2 791.7

10.0 ns >5.00, >5.00 >5.00, >5.00 ns 796.4 788.2
A15 0.0 0 .00 , 0.00 0.06, 0.05 0 .00 , 0.01 136.8 72.5 95.7

2.5 0.15, 0.14 0.37, 0.3.9 0.32, 0.31 289.7 629.3 574.8
5.0 0.24, 0.26 2.42, 2.39 2.68, 2.72 753.0 792.0 713.9
7.5 ns 4.70, 4.62 4.53, 4.80 ns 787.4 785.5

10.0 ns >5.00 , >5.00 >5.00, >5.00 ns 797.5 793.2
B3 0.0 0 .00 , 0.01 0 .02 , 0.00 0 .00 , 0.00 115.7 74.3 89.3

2.5 0.00, 0.00 0.57, 0.56 0.70, 0.59 217.0 297.1 637.5
5.0 0.10, 0.01 >5.00 , >5.00 2.90, 3.80 385.7 748.2 754.2
7.5 ns 3.89, 3.94 4.83, 4.72 ns 774.7 781.4

10.0 ns >5.00, >5.00 >5.00, >5,00 ns 784.7 793.2
B9 0.0 0.05, 0.02 0 .01 , 0.00 0 .00, 0.01 144.6 77.0 92.6

2.5 0.03, 0.01 0.85, 0.84 1.00 , 1.08 217.3 981.0 721.1
5.0 0 .02 , 0.00 >5.00 , >5.00 3.98, 3.96 506.6 765.6 774.6
7.5 ns 4.40, 4.37 >5.00, >5.00 ns 776.2 786.3

10.0 ns >5.00, >5.00 >5.00, >5.00 ns 785.5 798.7
B15 0.0 0.01, 0.03 0.00, 0.03 0 .00 , 0.00 162.2 75.7 95.8

2.5 0 .01 , 0.00 0.63, 0.61 0.96, 1.04 339.9 672.3 716.9
5.0 0.09, 0.17 >5.00, >5.00 4.14, 4.12 495.6 762.6 772,9
7.5 ns 3.91, 3.96 >5.00, >5.00 ns 779.0 790.9

10.0 ns >5 .00 , >5.00 >5.00, >5.00 ns 793.9 799.0
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D isinfection b y p roduc t chem istry

We an a ly sed  2 d isin fection  byproducts of possib le 
concern, b ró m ate  an d  brom oform . B róm ate w as 
alw ays below  th e  m eth o d  detec tion  lim it in  all 
sam ples. W hen  b róm ate  w as sp iked  into th e  tre a ted  
sam ples in  th e  laboratory , th e  sp ike  w as n ev e r r e ­
covered  fully, ind ica ting  b róm ate  d em an d  in  th e  w ater. 
T he cause  of th is ap p a re n t d em an d  w as no t u n d e r­
stood; how ever, it m ay  h av e  been  re la ted  to th e  h igh  
concen tration  of 'ac tive ' b rom ine (i.e. H O B r/O B r-) in 
th e  sam ples.

In all 3 ex perim en ts , b rom oform  concen tration  
increased  over th e  ozonation  period, w ith  the m ax i­
m um  found  a t th e  last sam pling  (Table 3). W here  a 
d irec t com parison  w as possib le  (i.e. from  one ex p e ri­
m en t to an o th e r a t th e  sam e tim e point), it w as clear

th a t th e  concen tra tion  of b rom ofo rm  in c rea sed  m ore in 
E xpt 1 th an  in  e ith e r E x p ts  2 or 3, particu larly  in  sam ­
p les  collected  from  C o lu m n  A. In E xpt 1, th e  m axim um  
concen tra tion  of b ro m o fo rm  found  w as 145 p g  I-1, in 
E xpt 2 it w as 98 p g  T \  a n d  in  E xpt 3 it w as 107 p g  I-1. 
In E xpt 3, th e  q u a n titie s  of brom oform  w ere  very  
com parab le  b e tw e e n  C o lu m n s A and  B.

B io lo g y

C ultu rab le  h e te ro tro p h ic  bacte ria

T he n u m b er of cu ltu ra b le  b ac te ria  w as de te rm ined  
u sing  e ith e r th e  d irec t sp re a d -p la te  m eth o d  or the 
m em b ran e  filtration  m e th o d  for each  sam ple. The 
num bers  p re se n te d  (T able  4) w ere  se lec ted  from  the

T ab le  3. B rom oform  d a ta  in  b a llas t ta n k  tre a te d  w ith  ozone 
(Colum ns A a n d  B of b a lla s t tanks). All sam ples co llec ted  
from  contro l b a lla s t ta n k  (C olum ns C a n d  D) w e re  below  
m ethod  d e tec tio n  lim it. L ocation: le tte r  re p re se n ts  co lum n in 
b a llas t tan k s , n u m b e r  re p re se n ts  d is tan ce  (m) from  ballast 
ta n k  surface. < 5.0  (b rom oform  <5.0  p g  I"1) =  below  m eth o d  

d e tec tio n  lim it, n s  = no t sa m p le d

Location Sam ple
T im e

(h)

Brom oform  (pg I-1)
-------------- E x p t----------------

1 2 3

A3 0.0 <5.0 <5.0 <5.0
2.5 35.0 62.0 74.6
5.0 136.0 77.4 77.7
7.5 ns .91.2 93.0
10.0 ns 92.2 90.1

A9 0.0 < 5.0 <5.0 <5.0
2,5 30.0 68.4 80.0
5.0 145.0 76.0 90.3
7.5 ns 94.0 94.7
10.0 ns 98.0 105.6

A15 0.0 <5.0 <5.0 <5.0
2.5 104.0 35.1 29.3
5.0 ns 75.2 75.2
7.5 ns 80.3 94.6
10.0 ns 82.4 96.1

B3 0.0 <5.0 <5.0 <5.0
2.5 <5.0 32.9 42.5
5.0 24.0 53.8 73.7
7.5 ns 73.6 96.5
10.0 ns 76.1 107.0

B9 0.0 <5.0 <5.0 <5.0
2.5 <5,0 44.6 55.5
5.0 47.2 70.4 70.6
7.5 ns 75.7 96.5
10.0 ns 83.0 103.0

B15 0.0 <5.0 <5.0 <5.0
2.5 <5.0 40.4 46.2
5.0 35.8 58.7 87.1
7.5 ns 74.8 79.0

10.0 ns 79.4 105.0

T ab le  4. E n u m e ra tio n s  of c u ltu ra b le  h e te ro tro p h ic  bacte ria  
from  tr e a te d  a n d  contro l b a lla s t tan k s in  E xp ts 1, 2, and  
3 p e rfo rm e d  o n b o a rd  S /T  Tonsina. Location: le t te r  r e p re ­
sen ts  co lum n  in  ballast, tan k s , n u m b e r  re p re se n ts  d is tan c e  (m) 
from  b a llas t ta n k  su rface . 'S a m p le  e n u m e ra te d  in  duplicate; 
o th e r  sam p les w e re  e n u m e ra te d  in  trip lica te , ns = not 

sa m p le d

Location T im e
(h)

C o lo n y  fo rm ing  un its (CFU) I"1

1 2 3

A3 0.0 4.70 x  IO6 1.30 x IO6 4.10 x  10s
2.5 1.00 x  IO4 1.00 x  10’ 1.00 x  10'
5.0 <3.00  x  IO3 4.00 x  IO1 5.00 x 10° '
7.5 ns <3,00  x  10° 5.00 x 10° '
10.0 ns <3.00 x  10° <5.00 x 10° '

A9 0.0 2.70 x  IO6 9.20 x  IO5 2.40 x 1 0 s
2.5 3.00 x  IO3 3.00 x  IO1 7.00 x  10°
5.0 < 3.00  x  IO3 3.00 x 10° <5.00  x  10° *
7.5 ns 3.00 x 10° <5.00  x  10° '
10.0 ns <3.00 x 10° 5.00 x  10° '

A15 0.0 2.30 x  10e 9.30 x IO5 3.20 x  IO5
2.5 <3.00  x  IO3 5.80 x IO2 6.00 x  IO2
5.0 <3.00  x IO3 <3.00  x  10° 2.00 x IO1 '
7.5 ns 1.00 x  IO1 <5.00  x 10° *
10.0 ns <3.00  x 10° 5.00 x 10° '

B3 0.0 1.64 x  IO7 9.40 x  IO5 3.60 x  10s
2.5 1.09 x  IO6 9.00 x IO2 1.20 x  IO3
5.0 3.00 x IO3 4.00 X 10' 5 .00 x  10° ’
7.5 ns 1.00 x IO1 <5.00  x  10° '
10.0 ns 1.00 x IO1 <5.00  x  10° '

B9 0.0 3.20 x IO6 8.70 x IO5 3.20 x  10s
2.5 6.40 x  10s 5.00 x IO2 1.30 X IO3
5.0 <3.00  x IO3 3.00 x  10' 7 .00 x  10°
7.5 ns <3.00  x  10° 5.00 x  10° '
10.0 ns <3.00  x  10“ <5.00  x  10° '

B15 0.0 1.10 x  IO6 8.50 x  IO5 5.20 x  IO5
2.5 2.40 x  IO5 3.00 x  IO2 1.10 x  IO3
5.0 3.00 x IO3 4.00 x  IO1 7 .00 x  10°
7.5 ns 1.00 x IO1 5 .00 x  10° '
10.0 ns <3.00  x  10° <5.00  x  10° '
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T ab le  4 (continued)

Location T im e 
(h)

C o lony  fo rm in g  u n its (CFU) I"1

1
n x p i

2 3

C3 -  control
0.0 2.30 x  IO6 1.10 x  10° 7.00 x  10s
2.5 1,10 x  IO6 3,70 x  IO7 6.40 x  10s
5.0 6.00 x  IO5 8.40 x i0 s 7,20 x  10s
7.5 ns 7 .90 x10s 6.70 x  1.0s

10.0 ns 7.60 x  10s 6.20 x  10s

C9 -  control
0.0 1.70 x IO6 7.70 x  10s 2.30 x 10s
2.5 9.00 x IO5 3.30 x  IO7 6.60 x  10s
5.0 8.00 x  10s 7 .90 x  10s 5 .70 x  10s
7.5 ns 7.70 x10s 6.00 X 10s
10.0 ns 7.40 x  10s 6.30 x  10s

C 15 -  control
0.0 9.00 x  IO5 7.60 x 10s 3.20 x  10s
2.5 7.00 x  IO5 8.70 x  10s 7.40 x  1.0s
5.0 5.00 x  IO5 8.90 x  10s 6.60 x  10s
7.5 ns 7 .80 x  10s 6.70 x  10s
10.0 ns 8.80 x  10s 7.60 x 1.0s

D3 -  control
0.0 9.00 x  10s ns ns
2.5 7.00 x  IO5 ns n s
5,0 8.00 x  10s ns ns
7.5 ns ns ns
10.0 n s ns ns

D9 -  control
0.0 8.00 x  IO5 ns ns
2.5 5.00 x  IO5 ns ns
5.0 6.00 x IO5 ns ns
7.5 ns ns ns

10.0 ns ns ns
D 15 -  control

0.0 5.00 x  IO6 ns ns
2.5 5.00 x  IO5 ns ns
5.0 4.00 x  IO5 ns ns
7.5 n s ns ns
10.0 n s ns ns

m ethod  th a t p ro v id ed  th e  b e s t ra n g e  of countab le  
colonies for the  sam ple. For exam ple , for th e  ozonated  
seaw a te r sam ples, th e  ozone tre a tm e n t m ethod  w as 
very  effective in  in ac tiv a tin g  cu ltu rab le  he te ro troph ic  
bacteria. T herefore , if 100 p i  a liquo ts of tre a te d  seaw a­
te r w ere inoculated  onto  th e  su rface  of m arine  R2A 
ag ar by th e  sp read -p la te  m ethod , typ ically  no colonies 
w ould b e  found. T herefo re , th e  cu ltu rab le  m icroorgan­
isms w ere  co n cen tra ted  by  u s in g  a  m em b ran e  filtration 
m ethod so th a t th e  sensitiv ity  of th e  en u m era tio n  assay 
could be increased , T he n u m b ers  in  T able  4 a re  an  
average  of the  p la tin g  p e rfo rm ed  in  trip licate  or dupli­
cate for each  aliquot.

T he n u m b er of cu ltu rab le  m icroorgan ism s w as 
b e tw een  IO5  a n d  IO6  CFU  I ' " 1 b e fo re  ozonation  in  tre a t­
m ent tanks and  th ro u g h o u t th e  experim en ts  in  th e  con ­
trol tan k s (Table 4). A  few  sam p les h a d  h ig h er levels.

W ith ozonation , th e  n u m b e r  of v iab le  b ac te ria  had  
dec lin ed  b y  th e  first 2.5 h  sam ple. E xcept for th e  A15 
sam ple co llec ted  in  E xp t 1, all of th e  2.5 h  sam ples col­
lec ted  from  th e  tre a te d  ta n k  in  E xpts 2 an d  3 h ad  low er 
num bers  of cu ltu rab le  b ac te ria  th a n  those  from  E xpt 1.

A fter 10 h  of tr e a tm e n t (Expts 2 and  3), the  b ac ­
te ria  p opu la tion  in  th e  t r e a te d  ta n k  h a d  d ec reased  to 
<5.0 CFU I-1. O n e-th ird  o f th e  sam p les con ta ined  levels 
below  th e  ex p e rim en ta l d e tec tio n  lim its (3.0 and
5.0 CFU  I- 1  for E xpts 2 an d  3, respectively). Sam ples 
co llec ted  a t 7.5 an d  10 h  con ta in ed  few  if any v iable 
b ac te ria l cells. T h ere fo re , ozonation  using  our m ethods 
red u c e d  cu ltu rab le  m icroorgan ism s > 99.99% .

O n e-th ird  of th e  sam p les  collected  after 5.0 h  of 
ozonation  co n ta in ed  levels be low  th e  experim ental 
d e tec tion  lim its (3.0 a n d  5.0 CFU 1' 1 for Expts 2 an d  3, 
respectively . Sam ples co llec ted  a t 7.5 an d  10 h  con ­
ta in e d  few , if any, v iab le  b ac te ria l cells. T herefore, 
ozonation  using  o u r m ethods re d u c e d  th e  cu ltu rab le  
m icroorgan ism s by >99.99% .

P hy to p lan k to n  a n d  m icroflagella tes

Since cells w e re  p re se rv e d  on  b o ard  ship, our 
m eth o d  could  n o t b e  u se d  to de te rm in e  viability. 
Instead , d inoflagella te , d ia tom  a n d  m icroflagellate 
densities w e re  estim ated , assum ing  th a t decreases 
w ere  d u e  to  cell d ea th . D uring  b o th  Expts 2 an d  3 
w h en  they  w ere  collected, d ino flagella te  populations 
ex h ib ited  sh a rp  d ec reases  in  bo th  colum ns (A an d  B) in 
th e  ozone tre a tm en t tan k  re la tiv e  to  C olum n C in  the 
control ta n k  (Table 5). In E xp t 2, sam p les  collected  10 h 
after ozone tre a tm e n t w ere  red u c e d  by 82 to 1 0 0 % in 
C olum n A  (w ith concen tra tion  in c reas in g  w ith  in c reas­
ing  dep th ) an d  by 100%  in  C olum n B. For E xpt 3, 
d ino flagella tes w ere  no t d e te c te d  a fte r th e  1 0  h  tre a t­
m ent, re su ltin g  in  a > 9 9 %  reduction . In contrast, 
d ino flagella tes d id  no t dec line  in  any  of th e  control 
tanks.

In itial con cen tra tio n  of m icro flagella tes ran g ed  from  
2 x  IO3  to  3 x 10s cells I' 1 in  th e  tre a tm e n t tank . Sim ilar 
to d inoflagella tes, m icroflagella tes dec lined  b e tw een  
70 an d  99%  in  C olum n A a n d  b e tw e e n  93 an d  98%  in 
C olum n B during  E xpt 2. N o sp a tia l varia tion  w as ev i­
d en t in  E xpt 3, a n d  m icroflagella tes declined  by 96 to 
99% . T h e  in itia l concen tra tion  of m icroflagellates 
ra n g e d  from  2 x IO5  to 4 x IO5  cells I- 1  in  th e  control 
tan k . In  E xpts 2 an d  3, m icroflagella tes d id  no t decline 
in  th e  contro l tank .

D iatom  resu lts  w e re  m ore variab le . C oncentrations 
v aried  from  17 to 135%  of th e  in itia l concentrations in 
E xpt 2 a n d  from  20 to 120% of th e  in itia l concen tra ­
tions in  E xpt 3 a fte r  10 h ozonation . N o decline w as 
ob serv ed  in  th e  con tro l tank.
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T ab le  5. T ota l n u m b ers  oí d ino flagella tes, d ia tom s, a n d  m icro flagella tes found  in  E xp ts 2 a n d  3. S a m p le s  w e re  p re se rv e d  on b o ard  
S /T  Tonsina  a n d  la te r  e n u m e ra te d  in  labo ra to ry . Location: le tte r  rep re sen ts  colum n in  b a lla s t ta n k , n u m b e r  re p re se n ts  d istance

(m) from  b a lla s t ta n k  surface, n d  = no  d a ta

Location T im e
(h)

■p-v-Tït *3 f r - r ï l l c-----------------------------------C A j J l  Z  I  ) ------
D in o flag e lla tes  M icro flagella tes D iatom s

izxpi o ^ceiis i j ■
D in o flag e lla te s  M icro flagella tes D iatom s

A3 0.0 1.79 x  IO4 2.71 x 10s 1.11 x 10s 1.08 x IO4 2.96 x 10s 1.24 x 1 0 s
5.0 9.62 x  IO2 3.30 x  IO4 1.76 x 10s 0 1.20 x IO4 1.28 x 10s
10.0 0 3.16 x  IO3 3.71 x IO4 0 6.44 x IO3 6.95 x  IO4

A9 0.0 5.92 x  IO3 2.70 x  10s 8.34 x  IO4 1.20 x  IO4 2.57 x 10s 6.74 x  IO4
5.0 1.02 x  IO3 1.65 x  IO4 5.66 x IO4 0 4.76 x IO3 6.77 x  IO4
10.0 8,80 x  IO2 8.10 x  IO4 1.13 x  10s 0 9.06 x  IO3 1.25 x  10s

A15 0,0 4.82 x  IO3 1.85 x  10s 1.24 x  10s 1.13 x  IO4 3.06 x  10s 9.15 x  IO4
5.0 1.86 x  IO3 2.44 x  IO4 3.84 x IO4 1.03 x IO3 9.24 x  IO3 6.88 x  IO4
10.0 8.76 x  IO2 3.54 x  IO3 2.12 x IO4 0 1.83 x  IO4 1.82 x  IO4

B3 0.0 1.27 x  IO4 2.84 x  10s 1.52 x 10s 1.10 x  IO4 2.63 x  10s 5.34 x  IO4
5.0 0 1.06 x IO4 5.82 x IO4 1.20 x  IO3 1.58 x  IO4 1.01 x  10s
10.0 0 1.97 x  IO4 2,94 x IO4 0 5.89 x  IO3 6.84 X IO4

B9 0.0 1.20 x  IO4 1.90 x 1 0 s 1.35 x IO5 2.86 x  IO4 3.24 x  10s 8.84 x  IO4
5.0 0 3.10 x  10s 2.50 x IO5 1.07 x IO3 3.21 x  IO3 6.01 x  IO4
10.0 nd n d nd 0 8.86 x IO3 5.86 x  IO4

B15 0.0 1.02 x  10" 2,67 x  10s 3.27 x  IO1 8.47 x IO3 2.36 x 10* 7.57 x  IO4
5.0 0 2.05 x  IO4 6.25 x  IO1 2.32 x  IO3 2.35 x IO4 5.04 x  IO4

10.0 0 6.21 x  IO3 1.62 x  IO4 0 3.14 x IO3 4.49 x  IO4
C3 -  control

0.0 4.28 x  IO3 1.73 x  10s 1.51 x 10s 9.91 x  IO3 3.30 x 10s 9.78 x IO4
5.0 4.92 x  IO3 3.04 x  10s 8.00 x  10; 1.35 x  IO4 2.82 x  10s 6.74 x  IO4
10.0 8.35 x  IO3 2.34 x  10s 5,98 x  IO4 1.85 x  IO4 2.61 x  10s 1.25 x  10s

C9 -  control
0.0 1.88 x  IO4 3.10 x  10s 9.79 x  IO4 1.19 x IO4 2.82 x  10s 8.67 x  IO4
5,0 6.99 x  IO3 2.16 x  10s 7.66 x  IO4 9.18 x IO3 2.79 X IO5 1.33 x  10s
10.0 1.44 x  IO4 2.47 x  10s 1.06 x 10s 3 .76 x  IO4 4.38 X IO5 8.87 x  IO4

C 15 -  contro:
0.0 5 .74 x IO3 2.26 x 10s 1.20 x 10s 8.12 x  IO3 2.98 x  10s 9.37 x  IO4
5.0 5.52 x  IO3 2.47 x  10s 7.88 x IO4 6.05 x  IO4 4.14 x  10s 1.11 x  10s
10.0 9.95 x  IO3 1.93 x  10s 1.69 x  10s 5.70 x  IO3 3.77 x  IO5 1.46 x 1 0 s

M esozooplankton

In th e  5 h  ozone exposu re  (Expt 1), th e  average  
p e rcen t of an im als alive w as un iform ly  h ig h  (range 
94 to 97% ) in  p re - tre a tm en t sam p les (Table 6 ). M or­
tality  after 5 h  w as 91%  in  C olum n A and  47%  in  
C olum n B.

T he Zooplankton assem b lag e  in  E xpt 1 w as dom i­
n a te d  by  the  calano id  copepod  Paracalanus sp., b u t 
also h ad  severa l o ther re la tive ly  n u m ero u s  copepods 
an d  la rvae  of barnacles, p o ly ch ae te s  an d  o ther a n i­
m als. In qua lita tive  observations, 2 ta x a — th e  cyclo- 
p o id  copepod  Corycaeus anglicus a n d  la rg e  C irriped ia  
(barnacle) naup lii — a p p e a re d  re la tiv e ly  unaffec ted  
afte r 5 h  ozone trea tm en t. O n  th e  o th e r h an d , sm all 
ca lano id  copepod  naup lii la rv a e  w e re  observed  to 
h av e  h ig h e r m ortality  th a n  o th e r m esozoop lank ton .

Similarly, in  E xpt 2, m orta lity  a t 5 h  w as d ifferen t 
b e tw een  th e  2 trea tm en ts  (A a n d  B) (Table 6 ). In  con­
trast to th e  E xpt 1 co n d u c ted  in  S ep tem ber, survival 
w as h ig h e r in C olum n A  th a n  in  C olum n B. In. addition,

5 h  m ortality  w as low er th a n  in  E xpt 1 (20 % in  C olum n 
A, 6 6 % in  C olum n B). A fter 10 h  trea tm en t, m ortality 
increased , b u t th e  d ifference  b e tw een  th e  trea tm en t 
colum ns persisted .

In E xpt 3, m ortality  d ifferences b e tw een  th e  2 tre a t­
m en t colum ns w e re  m u ch  less a n d  m ortality  w as m uch 
h ig h e r a t bo th  sam pling  tim es (5 an d  10 h) th a n  in  the 
o ther experim en ts (Table 6 ); > 96%  of th e  m esozoo­
p lank ton  w ere  k illed  by  1 0  h.

In  Expts 2 an d  3 conducted  in  N ovem ber, diversity was 
m uch  low er th a n  in  S ep tem b er (Expt 1). As in  E xpt 1, 
th e  Zooplankton assem b lag e  w as d o m in a ted  by the 
calanoid  copepod  Paracalanus sp. (m ostly juveniles), 
b u t th e re  w ere  fa r few er of th e  o th e r taxa. In terestingly, 
in  E xpt 2 w e observed  a few  Pseudodiaptomus marinus, 
a n  exotic A sian  ca lano id  copepod , in  m ost sam ples. As 
th is species w as n o t found in  p lan k to n  tow s from  the 
b allast source w a te r ta k e n  in  P o rt A ngeles ha rb o r both  
day and  night, it w as assum ed  th a t th ey  rep re sen ted  
ballast w a te r rem n an ts  from  th e  sh ip 's la s t voyage to 
Long B each harbor, w here  P. marinus is estab lished .
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T ab le  6 . E ffec t of ozone tre a tm e n t on  m eso zo o p lan k to n  in 
E xpts 1, 2 a n d  3 (n = 3). Location: le tte r  re p re se n ts  co lu m n  in 

b a lla s t ta n k

This species, th e  harpactico id  copepod  M icrosetella  sp. 
an d  n em ato d e  w orm s a p p e a re d  to be  m ore re s is tan t to 
ozone tre a tm e n t th a n  th e  dom inan t Paracalanus sp., 
a lthough  overall m ortality  w as very  high.

T oxico logy

C ag ed  anim als

D ifferent m ortalities w ere  ob serv ed  for d ifferen t 
species of c ag ed  anim als. For o rgan ism s su sp en d ed  in 
th e  w a te r colum n, sh e e p sh e a d  m innow s usually  h ad  
g re a te s t m ortalities, sho re  crabs least, an d  m ysid 
shrim p in te rm ed ia te  m ortalities. T here  w ere  also d if­
ferences b e tw e e n  experim en ts  an d  w ith in  a g iven  
tre a tm en t tan k . In  E xpt 1, th e  organ ism s w ere  exposed  
in  2  ozonated  colum ns in  1  b a llast tan k  an d  in  2  control 
colum ns in  th e  contro l ta n k  for 5 h. Survival of control 
o rganism s w as a lm ost 100%  (only 1 of 30 am phipods 
died, b u t 3 ex p o su re  ch am b e rs  in  C olum n C of the 
tre a tm en t tan k  w ere  u n fo rtuna te ly  lost) (Table 7);

su rv ival w as also 100%  f o r  a ll species in  C olum n B. In 
tre a tm en t C olum n A, d e a d  and  m oribund  m ysid 
sh rim p  ra n g e d  from 80 to  1 0 0 %; m oribund  an d  d ead  
sh eep sh ead  m innow s r a n g e d  from  80 to 100% . S ur­
vival for b o th  these  s p e c ie s  w as d irectly  re la te d  to 
dep th : th o se  closest to t h e  bottom  an d  n ea re s t the 
ozone d iffusers suffered  h ig h e s t  m ortality. In  C olum n 
A, m ost of th e  m ysid sh r im p  and  sh eep sh ead  m innow s 
d ied , excep t for m ysid  sh rim p  a t th e  1  m  d ep th  
(Table 7).

In E xpt 2, te s t o rg an ism s w ere  exposed  to a  10 h 
ozonation  period  in  3 tr e a tm e n t colum ns (A, AB— m id­
w ay  b e tw een  A an d  B —  an d  B) an d  in  1 control 
colum n (D). C ontro l su rv iv a l w as alm ost 100%  for all 
species (1 of 30 m ysid  sh r im p  died), an d  none  show ed 
adverse  effects (Table 7). F o r  m ysid shrim p in  C olum n 
A of th e  tre a tm en t tan k , p e rc e n t d e a d  v aried  (10 to 
100% ). In contrast, 100%  of th e  sh eep sh ead  m innow s 
d ied  an d  1 0 0 % of th e  sh o re  crabs an d  am phipods 
lived. T he p a tte rn  in  th e  m id d le  of th e  tan k  (Colum n 
AB) w as som ew hat sim ilar, w ith  100%  m ortality  for 
sh eep sh ead  m innow s, 50 to  100%  for m ysid  shrim p 
an d  1 0 0 % for sho re  c rab s (excep t those  n ea re s t th e  
ballast surface). In  E xpt 2, su rv ival of all anim als w as 
g rea te s t in  C olum n B, w ith  sh e e p sh e a d  m innow s aga in  
hav in g  th e  g re a te s t m ortality . In  E xp t 2, all shore crabs 
su rv ived  an d  am phipods h a d  only sligh t m ortality 
(Table 7).

In E xpt 3, all test o rg an ism s w ere  exposed  to ozone 
for 10 h  in  C olum ns A, AB, a n d  B an d  to contro l condi­
tions in  1 colum n (D). C o n tro l su rv ival for this experi­
m en t w as 1 0 0 % an d  n o n e  of th e  contro l anim als 
show ed  signs of stress (T able  7). H ig h est m ortalities 
w ere  o b serv ed  in  th e  tre a tm e n t tan k  in  E xpt 3, 
S h eep sh ead  m innow s h a d  100%  m ortality  for all 
colum ns a n d  depths; m ysid  shrim p, 1 0 0 % for all sam ­
ples co llec ted  in  C olum n AB, 100%  for 2 of th e  dep th s 
in  C olum n A  an d  1 d e p th  in  C olum n B; sho re  crabs, 0 % 
(but th e  sho re  crabs w ere  m oribund); am phipods, 7% . 
All su rv iv ing  shore crabs in  th e  tre a tm en t tan k  w ere  
sluggish , an d  classified as m oribund , In E xpt 3, there  
w as no  obvious tren d  in  su rv ival ra tes w ith  dep th  
(although  only m ysid  sh rim p  h a d  p a rtia l kills, so d a ta  
for th is ty p e  of com parison w as sparse). As in  Expts 1 
an d  2, su rv ival of m ysid  sh rim p  w as h ig h es t in  C olum n 
A, an d  am phipods h a d  only sligh t m ortality  (Table 7).

WET (acute toxicity) tes ting

Tests conducted  on m ysid sh rim p  a n d  topsm elt w ith 
contro l w a te r  sam ples (i.e. n o n -o zo n a ted  ballast w ater 
from  th e  S /T  Tonsina) exh ib ited  no or m inim al toxicity 
(i.e. <10%  m ortality) in  all tests. For m ysid  shrim p, 
m ed ian  le th a l concen trations ran g ed  from  approxi-

Location T im e
(h)

% alive 
avg. SD

% m oribund  
avg. SD

% d e a d  
avg. SD

E xpt 1
A 0.0 93.7 0.6 5.7 1.5 0.7 1.2
B 0.0 95.3 1.2 3.7 2.1 1.0 1.0
C -  control 0.0 97.0 2.0 1.7 0.6 1.3 1.5
D -  contro l 0.0 95.7 1.5 3.0 1.0 0.3 0.6
A 5.0 1.7 0.6 7.3 3.1 91.0 3.0
B 5.0 25.0 4.0 27.7 0.6 47.3 3.5
C -  contro l 5.0 92.3 1.5 5.3 2.3 2.3 1.5
D -  control 5.0 92.7 2.9 6.0 2.6 1.3 0.6

E xpt 2
A 0.0 96.3 1.2 3.0 0.0 0.7 1.2
B 0.0 93.7 1.5 4.0 1.7 0.3 0.6
C  -  contro l 0.0 97.3 2.1 1.3 1.2 1.7 2.1
A 5.0 40.3 3.2 39.7 8.5 20.0 6.2
B 5.0 13.7 2,5 20.0 6.0 66.3 8.5
C -  contro l 5.0 97.7 1.5 2.3 1.5 0.0 0.0
A 10.0 13.7 1.5 19.3 8.7 67.0 9.6
B 10.0 1.7 1.2 1.0 1.0 97.3 2.1
C -  control 10.0 94.3 3.8 5.0 3.6 0.7 0.6

E xp t 3
A 0.0 89.7 7.0 6.0 2.6 7.7 6.8
B 0.0 94.7 2.5 2.3 1.5 3.0 1.0
C -  control 0.0 93.3 4.0 3.7 0.6 3.0 3.6
A 5.0 7.7 5.7 8.3 4.2 84.0 7.0
B 5.0 1.7 1.2 6.0 2.0 92.3 3.1
C -  contro l 5.0 97.0 1.0 1.0 1.0 3.3 1.2
A 10.0 1.3 2.3 2.0 2.0 96.7 3.1
B 10.0 0.0 0.0 0.7 1.2 99.3 1.2
C -  contro l 10.0 93.3 1.5 2.3 0.6 4.3 1.5
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Table 7. M ysid sh rim p  A m e ric a m y sis  bahia, sh e e p sh e a d  m innow s C yprinodon  variega tus, sh o re  c rab s  H em ig ra p su s nudus, 
an d  am phipods R h e p o xyn iu s  abronius. P e rcen tag e  live an d  m o rib u n d  in  E x p t 1 fo llow ing  5 h  ozonation  an d  in  E xpts 2 a n d  3 
follow ing 10 h  ozonation . L ocation: le tte r  re p re se n ts  colum n in  b a llas t ta n k s  (A, B, AB, C, D) n u m b e r  re p re se n ts  d istan ce  (m) 

from  b a llas t ta n k  su rface . C o lum n  AB w as lo ca ted  b e tw e e n  C olum ns A an d  B in  t re a tm e n t  tan k , n d  =  no  data

Location M ysid  sh rim p  

Live M o rib u n d  D ead

S h e e p sh e a d  m innow s 

L ive M oribund  D ead

S h o re  c rabs 

Live M oribund D ead

A m phipods 
(avg. of 3 cages) 

L ive M oribund  D ead

Expt 1
AÍ 10 50 40 20 10 70 100 0 0
A6 0 40 60 0 20 80 100 0 0
A12
A15

20 0 80 0 0 100 100 0 0
100 0 0

BÍ 100 0 0 100 0 0 100 0 0
B6 100 0 0 100 0 0 100 0 0
B12
B15

100 0 0 100 0 0 100 0 0
100 0 0

C l  -  control 100 0 0 100 0 0 100 0 0
C 6 -  control 100 0 0 100 0 0 100 0 0
C 1 2 -  control 
C15 -  control

'100 0 0 100 0 0 100 0 0
n d  n d  nd

D1 -  control 100 0 0 100 0 0 100 0 0
D 6 -  control 100 0 0 100 0 0 100 0 0
D 12 -  control 
D 15 -  control

100 0 0 100 0 0 100 0 0
97 0 3

Expt 2
AÍ 0 0 100 0 0 100 100 0 0
A6 27 0 73 0 0 100 100 0 0
A12
A15

90 0 10 0 0 100 100 0 0
100 0 0

AB1 40 0 60 0 0 100 10 0 90
AB 6 0 0 100 0 0 100 100 0 0
AB12 
AB 1.5

50 0 50 0 0 100 100 0 0
80 0 20

B l 56 22 22 0 30 70 100 0 0
B6 63 25 12 0 0 100 100 0 0
B12
B15

80 10 10 20 60 20 100 0 0
97 0 3

D l -  control 100 0 0 100 0 0 100 0 0
D 6 -  control 100 0 0 100 0 0 100 0 0
D 12 -  control 
D15 -  control

90 0 10 100 0 0 100 0 0
100 0 0

E xpt 3
A l 100 0 0 0 0 1.00 0 100 0
A6 0 0 100 0 0 100 0 100 0
A12
A15

0 0 100 0 0 100 0 100 0
93 0 7

ABI 0 0 100 0 0 100 0 100 0
AB6 0 0 100 0 0 100 0 100 0
AB12 
AB 15

0 0 100 0 0 100 0 100 0
93 0 7

B l 0 0 100 0 0 100 0 100 0
B6 0 80 20 0 0 100 0 100 0
B12
B15

100 0 0 0 0 100 0 100 0
93 0 7

D l -  control 100 0 0 100 0 0 100 0 0
D 6 -  contro l 100 0 0 100 0 0 100 0 0
D 12 -  control 
D 15 -  control

100 0 0 100 0 0 100 0 0
100 0 0
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T ab le  8 . M ysid sh rim p  A m e ric a m y s is  bah ia  a n d  topsm elt 
A th e rin o p s  affinis. Survival a n d  m e d ia n  le th a l  co n cen tra tio n  
(EC50/LC50 as % b allast w ater) in  a c u te  tox ic ity  W ET (w hole 
e ffluen t trea tm en t) tes ts  w ith  sam p les from  E x p ts  1,2  an d  3. 

S am ples co llec ted  fo llow ing ozonation

m ately  50 to 70%  in  o zo n e -trea ted  w ater. T opsm elt 
w ere  slightly  m ore sensitive, w ith  m ed ian  le th a l 
concen trations ran g in g  from  app ro x im ate ly  30 to  80%  
in  ozone-trea ted  w a te r (T able 8 ). T re a te d  w a te r from 
E xpt 3 a p p ea red  m ore toxic (i.e. h a d  low er m ed ian  
le th a l concentrations) th a n  in  th e  o th e r experim ents.

DISCUSSION

T he im pact of ballast, w a te r  tre a tm en ts  o n  th e  chem ­
istry, bio logy and  toxicity of th e  w a te r  m u s t b e  u n d e r­
stood before a po ten tia l tre a tm e n t w ill b e  accep ted  by 
th e  sh ipp ing  industry, reg u la to ry  ag en c ies  a n d  o ther 
stakeholders. T he expecta tions a n d  reg u la to ry  env iron­
m en t for ba llast w a te r tre a tm e n t a re  still b e in g  d ev e l­
o p ed  a t th e  state, fed e ra l a n d  in te rn a tio n a l level. Re­
sults of only a  few  ballast w a te r  tre a tm e n t system s on 
ships a re  d ocum en ted  in  p ee r-rev iew ed  lite ra tu re . A 
few  additional publications describe  re su lts  of full-scale 
tre a tm en t system s th a t w e re  e v a lu a ted  a t te s t b ed  facil­
ities, bu t these  a re  g en era lly  no t as co m prehensive  as 
our sh ipboard  study. S ince w e co n d u c ted  our sh ipboard  
sam pling  in  2 0 0 1 , in te rn a tio n a l an d  n a tio n a l tre a tm en t 
s tan d ard s have  b een  p ro p o sed  a n d  w ill p robab ly  in ­
fluence fu tu re  m ethods u sed  in  b a lla s t w a te r  tre a tm en t 
experim ents.

C hem istry

W ater chem istry  w as hom ogeneous an d  sim ilar 
b e tw een  th e  t r e a te d  a n d  contro l tanks, an d  w ith  
d ep th  in  each  w a te r  co lum n  befo re  th e  ozone tre a t­
m en t began . Follow ing ozonation , DO increased . 
This in c rease  w ou ld  p ro b a b ly  no t b e  detrim en ta l to 
locations w h ere  ba lla st w a te r  is d ischarged , b u t 
it could acce le ra te  co rrosion  of s tee l in  ba llast tanks 
w h ere  ta n k  coa ting  is d e te r io ra ted  a n d  stee l is 
exposed. D eoxygenation  is su g g es ted  as a m ethod  
for reduc ing  corrosion  (T am burri e t al. 2002) an d  for 
e lim inating  o rganism s in  ballast w a te r (see la ter 
subsection).

Initially it w as th o u g h t th a t  th e  ozone itself w ould 
b e  th e  prim ary  b iocidal ag en t. H ow ever, it becam e 
a p p a re n t th a t b rom ine  (H O B r/O B r) resu lting  from 
th e  rap id  reaction  of ozone w ith  b rom ide ion w as th e  
effective oxidant. B rom ine is k now n  as an  excellent 
b iocide w ith  re s id u a l p ro p e rtie s , th a t is, it rem ains in 
solution for an  ex te n d e d  tim e (Johnson  & O verby 
1971, C recelius 1979). T his a ttrib u te  is im portan t for 
b a llast w a te r tre a tm e n t th a t is p e rfo rm ed  in  ballast 
tan k s du rin g  a voyage  b ecau se  b rom ine can  p re ­
c lude th e  re b o u n d  of o rgan ism s w ith  h ig h  rep ro d u c­
tive potential.

It w ill be  im p o rtan t to m onito r the fa te  of b iocides in 
ballast, w ate r trea tm en ts . In  th e  case  of ozonation, both  
ORP an d  TRO w e re  considered . R esults show ed  th a t 
TRO in c rea sed  w ith  in c reas in g  ozonation  tim e, bu t 
ORP in c rea sed  in itially  an d  th e n  ap p ro ach ed  a  m a ­
xim um  v a lu e  th a t w as n ea rly  in v a rian t w ith  tim e 
of ozonation. T h ese  resu lts  coup led  w ith  th e  m ain te ­
n ance  req u irem en ts  of ORP elec trodes d u e  to  tank  
in te rm itten t d ry /w e t cycles, le d  to  e lim ination  of ORP 
as a m onitoring  tool, M easu rin g  TRO is a sim ple and  
s tan d a rd  m ethod , w ith  w ell-deve loped  fie ld  te s t p ro ce­
dures. T esting  TRO is also fast, re liab le , an d  relatively  
inexpensive . It is o ften  u sed  to contro l an d  m onitor 
d isinfection  p ro cesses  in  w as tew a te r trea tm en t. A uto­
m a ted  flow -th rough  analyzers could be  u sed  for fe ed ­
forw ard  or fe ed b ack  control of ozone dosage , and 
could  be  in co rpo ra ted  in  th e  in itia l d e s ig n  of fu ture  
ballast w a te r tre a tm e n t system s.

O ur TRO chem istry  and  b io log ical resu lts  ind ica ted  
th a t the  d iffusers d id  not hom ogeneously  d istribute 
ozone th ro u g h o u t th e  ballast ta n k  on  th e  ship, e ither 
vertically  or horizontally . H e te ro g en e ity  of the  ozone 
d istribu tion  w as a  significant p rob lem  w ith  th e  p ro to ­
type tre a tm en t system . O ne re a so n  is th a t b a llast tanks 
w ith in  la rg e  sh ip s h av e  a significant am oun t of in ternal 
s truc tu re  and  platform s. T hese stru c tu res  a re  designed  
to s tren g th en  th e  hu ll of the sh ip  an d  p rov ide  baffling 
so ballast w a te r m ovem ent is m in im ized  w ith in  the 
tank . W hen  ba lla st w ate r w as tre a te d  by  bubb ling

E xposure  eone.
(% b a llas t w ater) E xpt 1

/o su rv iv a l 
E xp t 2 E x p t 3

M ysid sh rim p  A m erica m y sis  bahia
0 100 90 97.5
6.25 95 100 97.5
12.5 100 95 97.5
25 100 95 75
50 100 95 0
100 0 0 0

E C 50 (95 % Cl) 70.4 70.7 49.5
(69.5-71.3) (50.0-100) (27.0-37.7)

T opsm elt A th e rin o p s a ffin is
0 76a 100 100
6.25 80 95 95
12.5 88 100 100
25 92 100 80
50 100 47.5 0
100 20 7.5 0

Leso (95 %  Cl) 78.4 55.4 30.8
(71.1-86.5) (47.8 -63 .1 ) (28.1-33.9)

aS urv ival b e low  m in im um  crite ria  fo r a c c e p ta b le  control 
survival
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ozone from  th e  diffusers, tre a te d  w ate r did  no t easily  
c ircu late  a n d  m ix w ith in  th e  tre a tm en t tank . A lte rn a ­
tive m ethods of in jec ting  ozone should  be  exp lo red  to 
p rov ide  a  m ore hom ogeneous d is tribu tion  of ox idan t 
an d  biocide in  ba lla st w ate r tanks. In  fu tu re  research , 
som e m em bers of our re sea rch  te am  w ill exam ine  the  
efficacy of an  ozone tre a tm en t system  th a t in jects 
ozone th ro u g h  a  v en tu ri in s ta lled  in -line w ith  th e  b a l­
last pum p  pipe.

D isinfection  byproduct chem istry

In this study, w e exam ined  th e  form ation  of 2 d is in ­
fection  byproducts, b róm ate  a n d  brom oform  (Fig. 1). 
B róm ate w as n o t d e tec ted  in  an y  sam ples. T he p re s ­
ence of b rom oform  p rov ided  ev idence  th a t th e  oxidan t 
res idua l w as b rom ine, HOBr/OBr". Brom oform  w as 
fo rm ed in  all 3 sh ipboard  experim en ts, b u t w as found 
in  g rea te s t concen tra tion  in  E xpt 1. Two m ajor factors 
th a t m ay  affect th e  crea tion  of brom oform  are  D OC 
(part of N O M  [natu ral o rgan ic  m atter] p re se n te d  in  
Fig. 1) an d  tem p e ra tu re  (G arcia-V illanova e t al. 1997, 
A bd E l-Shafy & G runw ald  2000, N iko laou  & Lek- 
kas 2001). For all 3 experim en ts, th e  D OC w as n ea r
1  m g  I" 1 an d  d ifferences w ere  th e re fo re  p robab ly  no t 
re la ted  to D O C  concentrations. H ow ever, th e  te m p e ra ­
tu re  in  E xpt 1 w as d ifferen t th a n  in  E xpts 2 a n d  3, an d  
th is m ay b e  th e  reason  for th e  low er concen tra tion  of 
brom oform  in  th e  N ovem ber experim en ts. W hen  b ró ­
m ate  w as sp ik ed  in to  th e  tr e a te d  sam ples in  th e  lab o ­
ratory, th e  sp ike  w as n ev e r re co v ered  fully. T he cau se  
of this a p p a re n t d em an d  is unknow n , b u t m ay  b e  
re la ted  to th e  h ig h  concen tra tion  of 'ac tive ' b rom ine 
(i.e. H O B r/ OBr") in  th e  sam ples,

If TRO rem ains in  seaw ater, it is likely  th a t ozonated  
ballast w a te r  w ill con tinue to  in c rease  in  b rom oform  
concentration . A lite ra tu re  rev iew  suggests th a t th e  
levels of b rom oform  fo und  in  ou r study  w ill not 
adverse ly  affect m arine  o rganism s. Toxicity d a ta  a re  
availab le  for phy to p lan k to n  Skeletonem a costatum, 
Thalassiosira pseudonana, Glenodinium  halli and  
Isochrysis galbana (Erickson & F reem an  1978), m ysid  
sh rim p  Am ericam ysis bahia (US E nv ironm enta l P ro ­
tec tion  A gency 1978), b ro w n  sh rim p  Penaeus aztecus 
(A ndersen  e t al. 1979), A tlan tic  m e n h a d e n  Brevoortia 
tyrannus (A ndersen  e t al. 1979), a n d  sh e e p sh e a d  m in ­
now  Cyprinodon variegates (H eitm uller e t al. 1981, 
W ard 1981), D ata  for th e se  spec ies su g g es t th a t  th e  
quan tity  of brom oform  produced, d u ring  our sh ip b o ard  
experim en ts  w as n o t acu te ly  toxic w ith  IC 5 0  (50 % in h i­
b ition  concen tration ), LC 5 0  (50%  le th a l concentration), 
or N O EC  (no o b serv ed  effect concentration) v a lues 1 to
2  o rders of m ag n itu d e  h ig h e r  th a n  th e  quan tities w e 
observed.

B io lo g y

M echanism s for rem oval a n d  inactivation of organism s

O zonation  of s e a w a te r  in ju res, kills, or lyses cells 
th ro u g h  th e  in terac tion  of o zo n e  or th e  res idua l oxidant, 
(hypobrom ous acid  an d  so d iu m  hypobrom ite) w ith  m ol­
ecu les w ith in  an d  on th e  su rface  of cells. For m icroor­
ganism s, in te rac tion  w ith  a  significant level of an  oxi­
d an t m ay  cause  th e  lysis of the  cell. In o ther studies 
(data  no t show n), w e o b se rv e d  a d ec rea se  in  to ta l n u m ­
b ers of m icroorganism s in  s e a w a te r  sam ples exposed  to 
ozone th a t w ere  s ta in ed  w ith  a nucleic  acid  sta in  and 
exam ined  by ep if lu o re scen ce  m icroscopy or flow  cy­
tom etry. V issers e t al, (1998) exp la ined  the  m echan ism  
of hu m an  red  cell lysis b y  h ypob rom ous ac id  by sta ting  
th a t it reac ts  w ith  m e m b ra n e  lipids an d  proteins. O zone 
has b e e n  u sed  for m any  y e a rs  to m a in ta in  w ate r quality  
in  seaw a te r aq u acu ltu re  se ttin g s. A  low  level of re s id ­
ual ozone is beneficial, b u t slightly  h ig h e r levels (> 0 . 1  

m g T 1) causes d am ag e  to  gili m em b ran es  of fish. In 
g enera l, fish m ay  b e  m o re  sensitive  to re s id u a l ozone 
th an  in verteb ra tes  such  as sh rim p  (Reid & A rnold  1994).

C u ltu rab le  h e te ro tro p h ic  b ac te ria

From  our results, ozone w as cap ab le  of e lim inating  
>99 .99%  of b ac te ria  in  b a lla s t w ater. W e a ttribu te  the 
toxicity of th e  tre a te d  s e a w a te r  to  th e  form ation of 
b rom ines (m easured  in  th is  study  as TRO). If a  signifi­
can t am oun t of TRO rem ain s  in  ba lla st w ate r during  a 
voyage, w e conclude th a t h e te ro tro p h ic  m icroo rgan ­
ism s w ould  con tinue  to  b e  inh ib ited . H ow ever, m ore 
recen t labo ra to ry  stud ies h a v e  sh o w n  th a t w hen  TRO 
d isappears, m arine  h e te ro tro p h ic  m icroorgan ism s can 
rap id ly  reb o u n d  in  n u m b er (H erw ig  e t al. 2004).

W h ethe r m icroorganism s, su ch  as th e  hetero troph ic  
b ac te ria  en u m era ted  in  our study, shou ld  b e  regu la ted  
is som ew hat con troversial (Dobbs & R ogerson 2005). 
For in terim  app rova l in  th e  s ta te  of W ashington, a 
tre a tm en t m ust red u ce  b ac te ria  by  99 % (W ashington 
D ep artm en t of F ish & W ildlife 2002). T he IMO (In ter­
n a tio n a l M aritim e O rganization) C onven tion  ignores 
m ost bacteria, o ther th a n  those  of pub lic  h e a lth  signifi­
cance  inc lud ing  Vibrio cholerae stra ins O l and  0139 , 
fecal coliform s, an d  fecal en terococci (IMO 2004). We 
d id  no t a ttem p t to en u m era te  b ac te ria  of public  h ea lth  
sign ificance in  o u r sh ipboard  study.

P hy top lank ton  and  m icroflagella tes

O ur resu lts  su g g es ted  tha t ozone h ad  a strong  effect 
on v eg e ta tiv e  cells of d inoflagella tes an d  m icroflagel-
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lates. T he observed  dec line  w as  p robab ly  due  to lysis 
of v eg e ta tiv e  cells cau sed  by  ozonation. P a rt of the 
observed  decline could b e  from  cells se ttling  out, and  
w e did no t m easu re  th e  accum ulation  of cells or resting  
stages a t th e  bottom . H ow ever, b ecau se  se ttling  w ould 
also have  occu rred  in  th e  contro l ba lla st tan k , m ortality  
w as still th e  m ost likely  ex p lana tion  for red u ced  
densities of d inoflagella tes a n d  m icroflagella tes in  the  
trea tm en t tank .

A lthough ou r resu lts  su g g es ted  th a t ozone m ay be  
m uch less effective for d iatom s com pared  to dinofla­
gella tes an d  m icro flagella tes, th is p robab ly  re p re ­
sen ted  a lim itation  of m icroscopic m ethods used. 
D iatom s w ere  iden tified  b a se d  on  th e  sh ap e  an d  p a t­
terns of th e ir  silica cell w alls (frustules) th a t do not 
quickly d eg ra d e  an d  d isap p ea r afte r ozonation. Thus, 
a lthough  co u n ted  in  re la tive ly  h ig h  num bers  following 
treatm ent, o u r m eth o d  could  no t d is tingu ish  betw een  
live and  d e a d  individuals. We reco m m en d  th a t ano ther 
m ethod for quan tify ing  an d  d e te rm in in g  ph y to p lan k ­
ton  (and particu larly  diatom ) v iab ility  be  developed.

O verall, our resu lts  sh o w ed  th a t ozone has prom ise 
for rem oving m uch  of th e  ph y to p lan k to n  from  ballast 
w ater, In fu tu re  tests, th e  m easu rem en t of chlorophyll 
a should  b e  con sid ered  for assessing  th e  im pact of 
trea tm en t on  to tal p h y to p lan k to n  biom ass. This assay 
is re latively  easy  to perfo rm  u s in g  filtra tion  an d  ex trac­
tion  w ith  a so lven t (H o'lm -H ansen & R iem ann 1978),

Z oop lank ton

A lthough m ortality  w as  v a riab le  a n d  re la ted  to the 
ozone delivery  efficiency, o u r re su lts  in d ica ted  th a t 
ozone tre a tm e n t e lim in a ted  m ost Zooplankton from, 
sh ip 's ballast. W hen ozone delivery  w as g rea te s t in  
E xpt 3, > 9 6 %  of th e  Z ooplankton  w as d ead  after 10 h. 
E ven in  experim en ts  w h e re  ozone delivery  w as less 
efficient, la rg e  p ropo rtions of th e  Zooplankton w ere  
classified as m o rib u n d  an d  th e se  p robab ly  w ould  not 
have  survived. A s w ith  m icroorgan ism s, th e  p resence  
of residual TRO w ould  b e  ex p ec ted  to continue su p ­
pression of any  rem a in in g  ind iv iduals.

The concen tra tions of a ll ta x a  w ere  greatly  
decreased  by  ozone, b u t w e  qualita tive ly  observed  
several th a t a p p e a re d  m o re  re s is tan t to th e  trea tm en t, 
including a  k now n  Z ooplankton invader, th e  calanoid  
copepod  Pseudodiaptom us marinus. L aboratory  meso- 
scale experim en ts w ith  ozone u s in g  th ese  taxa, inc lud­
ing  grow ing ou t tre a te d  w a te r  a fte r  d issipation  of TRO, 
w ould be  b enefic ia l in  fu r th e r iden tify ing  resistan t taxa 
an d  u n d ers tan d in g  how  m u c h  ozone is req u ired  to 
elim inate them .

U nlike th e  sam p les co llec ted  a t d iscre te  dep th s in  
th e  ballast ta n k  for m icrobio logy  a n d  chem istry  a n a ­

lyses, Zooplankton sam p le s  w e re  an  in teg ra tion  of 
o rgan ism s p re s e n t in  co lum ns of ba llast w ater. The 
o bserva tiona l m ethod  u s e d  to exam ine m esozooplank- 
ton  w as very  in ten siv e  in  th a t  sam ples co llected  h a d  to 
b e  qu ick ly  p ro cessed  a n d  ob serv ed  onboard  ship. The 
in tensity  of th is analysis lim ited  th e  to ta l n um ber of 
o rgan ism s th a t cou ld  be  o b se rv ed  in  o rd e r th a t all col­
lec ted  sam p les could  b e  p ro c e sse d  w ith in  a reasonab le  
tim e. In add ition , o b serva tions w ere  lim ited  by  the  
m esh  size of th e  p la n k to n  net, For our study, a  73 pm  
m esh  w as used . T he d iag o n a l m easu rem en t for this 
m esh  is ab o u t 1 0 0  pm , tw ic e  th e  len g th  su g g es ted  by 
th e  IM O  an d  p en d in g  leg is la tio n  in  th e  U nited  S tates 
(see last subsec tion  below ). B ased  on our experience  
w ith  th is m ethod , de te rm in a tio n s of live, d e a d  or m ori­
b u n d  Z ooplankton a n d  iden tifica tion  of taxa  becom es 
m ore  difficult w h en  a  sm a lle r m esh  is used.

T oxico logy

C a g e d  anim als

O ur cag ed  experim en ts  re p re se n t a  novel approach  
for ev a lua ting  sh ip -sca le  b a lla s t w ater tre a tm en t 
effects. M ortality  of c ag ed  organ ism s exposed  to ozone 
w as variab le , w ith  the  le a s t m ortality  ex p erien ced  by  
sho re  crabs an d  am phipods. T he m echan ism  for m or­
tality  w as likely  to h av e  b e e n  re la te d  to dam ag e  to gili 
tissues and  th e  an im als ' re sp ira to ry  system . As no ted  
earlier, fish te n d  to be  m ost sensitive  to inactivation  
by  ox idizing b iocides (Reid & A rnold  1994). A nim als 
th a t a re  c ap ab le  of m in im izing  the ir re sp ira tion  or 
ex ch an g e  w ith  toxic w a te r  m ay  avoid or delay  the  
ce llu la r d am ag e  cau sed  by  ex p o su re  to biocides.

Shore  crabs a n d  am phipods dem o n stra ted  th e  g re a t­
e s t re s is tan ce  to ozone tre a tm en t. This outcom e m ay 
b e  re la te d  to th e ir  na tu ra l h is to ry  and  physiology, P u r­
p le  sho re  crabs H em igrapsus nudus  h av e  a w ide g eo ­
g rap h ic  ran g e , b e in g  found  on th e  w est coast from 
A laska  to M exico. This c rab  lives in  th e  in tertida l 
reg io n  in  an d  ou t of w a te r a n d  is capab le  of w ith s tand ­
in g  a  w ide ra n g e  of tem p era tu re , salinities an d  d esic­
cation. H. nudus  is an  osm oregulatory  organ ism  and 
can  to le ra te  b o th  hypo- and  hyper-osm otic  conditions 
(Kozloff 1993, O 'C la ir & O 'C la ir 1998). T he am phipod  
Rhepoxynius abronius is a  m a rin e  ben th ic  organ ism  
th a t is w idely  u se d  in  sed im en t b ioassays (Sw artz et al. 
1988, ASTM  1998). In teresting ly , th is am ph ipod  d e ­
m o n s tra ted  m u ch  g rea te r re s is tan ce  to ozone tr e a t­
m en t th an  th e  o ther c ru s tacean  u sed  in th e  sh ipboard  
tests, th e  m ysid shrim p.

M ortality  for th e  cag ed  an im als varied  w ith  location 
in  th e  ba lla st tan k , co rroborating  ev idence  from  other 
m e a su re d  p a ram ete rs  tha t ozone w as no t ho m o g e­
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nously  d is tribu ted  in  th e  tan k . T he sh ip 's  sch ed u le  only 
allow ed for relatively  short experim en ts, an d  caged  
organism s th a t d id  no t show  sign ifican t m ortality  after 
1 0  h  of exposure m ay  hav e  d ied  a fte r ex ten d e d  ex p o ­
su re  to th e  trea ted  w ater. C on tro lled  toxicology lab o ra­
tory experim en ts (see n ex t subsection) w ou ld  help 
answ er questions ab o u t ex ten d e d  ex p o su re  to oxidiz­
ing  b iocides and de lay ed  m ortality , b u t our experience  
w ith  th e  caged  an im al exp e rim en ts  su g g es t th a t this 
protocol should  be  co n sid ered  in  fu tu re  sh ipboard  
experim ents w ith  biocide b a lla s t w a te r  trea tm en ts.

W ET (acute toxicity) tests

A lim ited n um ber of W ET tests  w e re  perfo rm ed  w ith  
w a te r sam ples co llected  from  b a lla s t tan k s  of th e  S /T  
Tonsina. For experim en ts co n d u c ted  in  Port A ngeles, 
W ashington, w e w ere  g en era lly  u n ab le  to  hav e  the  
W ET sam ples d e liv ered  to  th e  toxicology labora to ry  
w ith in  24 h, so th e  am oun t of TRO p re s e n t in  th e  sam ­
p led  w ate r w as red u ced  by th e  tim e of analysis. In a 
sep a ra te  study  (Jones e t al. in  p ress), th e  efficacy of 
ozone trea tm en t w as ex am in ed  in  th e  labo ra to ry  using 
ad u lt m ysid shrim p Am ericam ysis bahia, juven ile  
topsm elt Atherinops affinis, sh e e p sh e a d  m innow s 
Cyprinodon variegatus, a n d  ad u lts  of 2 b en th ic  am ph i­
pod  species Leptocheirus p lum ulosus  a n d  Rhepoxynius 
abronius. Results from  th is w ell-con tro lled  laboratory  
study  show ed  a sim ilar p a tte rn  of sensitiv ity  to  ozone- 
tre a te d  seaw a te r as th a t se e n  in  ou r sh ip b o ard  caged  
an im al experim ents. Ju v en ile  to p sm elt and  sh e e p s ­
h e a d  m innow s w ere  th e  m ost sensitive  to oxidant 
exposure, w hile th e  m ysid  sh rim p  w as th e  m ost sen s i­
tive inverteb ra te . In con trast, b en th ic  am phipods w ere  
th e  leas t sensitive of all spec ies te s ted . M ortality  from 
ozone exposure  o ccu rred  qu ick ly  w ith  m ed ian  le thal 
tim es rang ing  from  1 to  3 h  for th e  m ost sensitive sp e ­
cies, although  add itional m orta lity  w as  ob serv ed  1  to 2  

d  follow ing ozone exposu re  (Jones e t al. in press),

Shipboard and fu ll-scale testing  o f ballast w ater  
treatm ent system s

Few  pub lished  stud ies d escribe  th e  resu lts  of full- 
scale trea tm en t system s e v a lu a te d  o n  sh ips or a t test 
b ed  facilities. T hese  inc lude  s e q u e n tia l hydrocyclonic 
an d  u ltraviolet ligh t system s (S u th e rlan d  e t al. 2003, 
W aite e t al. 2003), deo x y g en a tio n  tre a tm e n t (Tam burri 
e t al. 2002), and  h e a t (Rigby e t al. 1999). T he biological 
efficacy of th e  p ro to type ozone tre a tm e n t system  
insta lled  on  th e  S /T  Tonsina g en e ra lly  com pared  w ell 
w ith  previously  d esc rib ed  tre a tm e n t technologies. 
Specific results a re  no t d irec tly  co m p arab le  b ecau se

th e  m ethods u sed  for d e te rm in in g  tre a tm en t efficacies 
w ere not sim ilar. Som e investiga to rs  took  th e  strategy  
of ad d in g  a few  re p re se n ta tiv e  o rgan ism s to ballast 
w a te r a n d  o thers ex a m in e d  only  a  few  specific taxa 
th a t a re  p re se n t in  seaw a te r . In  p rev ious studies, b a c ­
teria l popu la tions w ere  usua lly  no t en um era ted . For 
our sh ip b o ard  tests, w e a ttem p ted  to perform  a m ore 
com prehensive  ex am in a tio n  of th e  o rganism s p resen t 
in  ba llast w ater.

In  re c e n t exp erim en ts  on deoxygenation , an  inert 
gas g en e ra to r w as u sed  to  strip ba lla st w a te r  of oxygen 
and  to in tro d u ce  c a rb o n  d iox ide an d  low er th e  pH  
(T am burri e t al. 2003). In  th e  in itia l tests, 3 invasive 
inverteb ra tes, Ficopomatus enigmaticus  (serpulid 
polychaete), Carcinus m aenas  (E uropean  g reen  shore 
crab) an d  Dreissena polym orpha  (zebra m ussel) w ere 
exposed  to  hypoxic cond itions for 2 or 3 d  in  a ballast 
tank. P e rcen t survival of all 3 species w as reduced  
com pared  to controls, b u t th e  p o ly ch ae te  an d  zebra 
m ussels d em o n s tra ted  n ea rly  2 0 % survival in  the 
tre a te d  w ater. A co m prehensive  lite ra tu re  review  
(Tam burri e t al. 2002) su g g es ts  th a t a varie ty  of aquatic 
in v e rteb ra te s  a n d  v e rte b ra te s  can  to le ra te  hypoxia or 
anoxia  for a  few  days, a n d  th is tre a tm e n t m ay  therefore  
not b e  su itab le  for short voyages. T herefo re , deoxy­
gena tion  m ay  n o t b e  su itab le  for coastal voyages such 
as on  th e  w est coast of th e  U n ited  S tates, w h ere  travel 
b e tw een  ports m ay  only  be  a  few  days. R ather than  
w aiting  a few  days to o b serv e  th e  le thality  of ozone 
trea tm en t, all o u r exp e rim en ts  w ere  perfo rm ed  w ithin 
5 to 10 h, d u rin g  w hich  tim e the  tre a tm en t rapidly  
k illed  a w ide  varie ty  of organism s.

W aite e t al. (2003) d esc rib ed  la rg e -sca le  experim ents 
using  com m ercially  ava ilab le  units: a  hydrocyclone, a 
se lf-clean ing  50 p m  screen , a n d  an  u ltrav io let (UV) 
unit. In experim en ts  co n d u c ted  on B iscayne Bay 
(Florida) Z ooplankton, phyto p lan k to n , m icrobiology, 
ATP an d  p ro te in s w ere  analyzed . R esults show ed  th a t 
hydrocyclonic sep a ra tio n  w as ineffective an d  th a t th e  
50 pm  sc reen  rem oved  m ost of th e  Zooplankton. UV 
trea tm en t in itially  red u ced  th e  v iab le  counts of 
m icroorganism s, b u t bacte ria l reg ro w th  w as observed  
in  sam ples h e ld  for 18 h. U n like  m ost biocides, UV 
trea tm en t does no t p rov ide  a  re s id u a l toxicity in 
tre a te d  w ater. W aite  e t al. (2003) conc luded  th a t only 
the  50 p m  sc reen  w as effective in  rem ov ing  organism s, 
especially  po ten tia l invaders such  as la rg e r Zooplank­
ton  an d  in v e rteb ra te  larvae. In  ou r experim en ts, b ac te ­
rial reg ro w th  w as n o t observed  a n d  Zooplankton w ere 
largely  e lim inated , b u t as d e sc rib ed  earlier, a  residual 
TRO m ust b e  m ain ta ined  d u rin g  a vo y ag e  to p reven t 
the g row th  of bacte ria .

S u th e rlan d  e t al. (2001) e v a lu a ted  a  sim ilar system , a 
cyclonic first s tag e  follow ed b y  a  UV p h ase , in  British 
C olum bia, C an ad a , Sam ples w e re  co llected  from dif-
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fe ren t s tag es  of the  trea tm en t. In v e rteb ra te s  w ere  
a ssessed  im m edia te ly  after collection  w hile p h y to ­
p lan k to n  w ere  in cu b a ted  for 'g ro w  ou t'. Follow ing 
trea tm en t, d ead  an d  m oribund  copepods w ere 
observed , b u t low  densities a n d  h ig h  v a rian ces p re ­
c lu d ed  sta tistica l analyses of them . P hy top lank ton  
analyses focused  on 3 d iatom  species, Skeletonem a  
costatum, Thalassiosira sp. and  Chaetoceros gracile. 
Low est concen tra tions and  g row th  ra te s  of th e se  taxa 
w ere  usua lly  observed  follow ing UV trea tm en t, w ith  
C. gracile b e in g  the  m ost sensitive  species. O ur re ­
sea rch  te a m  is in te res ted  in  perfo rm ing  'g ro w  o u t’ 
experim en ts for phy top lank ton  in  fu tu re  tre a tm en t 
tests, ra th e r th a n  enum era ting  ph y to p lan k to n  in  p re ­
se rv ed  sam ples, W hile th e  grow  ou t m eth o d  can  d e te r­
m ine  v iability  of phy top lank ton , th e  incuba tion  period  
m ay last severa l w eeks.

In a n  o cean  trial, R igby e t al. (1999) co n d u c ted  a 
sh ip b o ard  exp erim en t using  h e a te d  w a te r  from  th e  
sh ip 's m ain  eng ine , flushed  th ro u g h  a b a llast tank, 
w hich  re su lted  in  com plete  elim ination  of Zooplankton 
and  lim ited  su rv ival of phy top lank ton , T he effect on 
b ac te ria  w as no t repo rted , S m all-scale labo ra to ry  w ork  
could  b e  p e rfo rm ed  to de te rm in e  th e  m in im um  tem ­
p e ra tu re s  an d  exposu re  tim es re q u ire d  to inactiva te  
o rganism s fo und  in  ballast w ater.

B allast w ater treatm ent standards

W hen w e  d es ig n ed  our sam pling  a n d  analysis p ro to ­
cols for th e  sh ip b o a rd  experim en ts on  th e  S /T  Tonsina, 
few  reg u la to ry  agencies or g o vernm en ts  h ad  d ev e l­
oped  or p ro m u lg a ted  s tan d ard s for b a lla s t w a te r tre a t­
m ent. For exam ple, th e  s ta te  of W ash ing ton  tre a tm en t 
s tan d a rd s  w ere  re le a se d  in  2001, a n d  calls for 'in ac ti­
vation  or rem oval of n inety-five p e rc e n t of Zooplankton 
organism s an d  n in e ty -n ine  p e rc e n t of phy to p lan k to n  
an d  b ac te ria  o rgan ism ' (W ashington D ep a rtm en t of 
F ish & W ildlife 2002). T he U nited  S ta tes has no s ta n ­
dard s for trea tm en t, b u t leg isla tion  is p e n d in g  befo re 
th e  US C ongress . IM O (2004) a d o p ted  a  convention 
th a t recom m ends m em b er s ta tes  a d o p t th e  follow ing 
d ischarge  s tan d a rd s  for tre a te d  b a lla s t w ater: 'Ships 
conducting  ba lla st w a te r m an ag e m en t shall d ischarge  
less th an  10 v iab le  o rganism s p e r  cub ic  m e tre  g rea te r 
th an  or eq u a l to  50 m icrom etres in  m in im um  d im en ­
sion and  less th a n  10 v iab le  o rgan ism s p e r  m illiliter 
less th a n  50 m icrom etres in  m in im um  d im ension  and  
g rea te r th a n  or e q u a l to 10 m icrom etres in  m inim um  
dim ension; an d  d isch a rg e  of th e  in d ica to r m icrobes 
shall not ex ceed  th e  specified  concen tra tions.' IMO 
stan d ard s w ere  also su g g es ted  for se lec ted  b ac te ria  of 
public  h e a lth  significance, T he conven tion  w ill com e 
in to  force 12 mo afte r 30 countries, re p re se n tin g  35%

of th e  w orld 's sh ipp ing  to n n a g e , ra tify  th e  convention, 
So far, only 1 country  h a s  ra tified  th e  convention  and  7 
o thers have  s ta ted  th a t th e y  in ten d  to  ratify it (M arine 
E nv ironm enta l P ro tec tio n  C om m ittee  2005). O bvi­
ously, scientists an d  e n g in e e rs  w ho a re  evalua ting  
po ten tia l trea tm en ts  m u s t ad ap t th e ir  sam pling  and  
analysis m ethods to s ta n d a rd s  th a t a re  cu rren tly  ava il­
ab le  or will be  en fo rced  in  th e  fu ture. T he de te rm in a ­
tion  of viability for all th e  d iversity  of taxa  p re sen t in  
seaw a te r th a t includes m icroo rgan ism s, phy top lank ton  
a n d  Zooplankton is n o t a  sim ple task . T he p roposed  
IM O stan d ard s req u ire  a  h ig h  le v e l of sensitivity  an d  
do no t d ifferen tia te  b e tw e e n  taxonom ic or functional 
g roups. N um bers a re  fo r a ll o rgan ism s p re se n t in  th e  
se lec ted  size fractions.

We recom m end  th a t reg u la to rs , scientists an d  en g i­
n ee rs  en g ag ed  in  b a lla s t w a te r  re se a rc h  reach  a  con­
sensus ab o u t su itab le  p ro toco ls for en u m era tin g  o rg an ­
ism s and  de te rm in ing  th e i r  viability; o therw ise, th e  
resu lts  from  d ifferen t re s e a rc h  g roups an d  technology 
vendors w ill b e  difficult to  com pare. Perform ing a com ­
p reh en s iv e  evalua tion  of th e  biology, chem istry  and  
toxicology of a  p o ten tia l tre a tm e n t system  o nboard  a 
sh ip  is a challeng ing  task . A com m ercial vesse l m ay 
no t b e  th e  idea l p la tfo rm  fo r perfo rm ing  experim ents 
w ith  tre a tm en t system s, p articu la rly  if th e  voyage p a t­
te rn s  and  routes a re  n o t k n o w n  w ell in  advance . C om ­
m ercia l vessels do no t h a v e  sp ace  d ed ica ted  for p e r­
form ing re sea rch  or for so p h istica ted  analy tica l and  
bio logical analyses. T he p rim ary  effort of th e  ship 's 
c rew  is to safely  o p e ra te  th e  vesse l an d  transport 
cargo. Ship officers a n d  crew s a re  often v e ry  busy 
w h en  the ir sh ip  is in  p o rt an d  du rin g  a voyage, so it is 
difficult for th em  to  le n d  a la rg e  am o u n t of assistance 
to a  sc ience  team . If ba lla st w a te r tre a tm en t re sea rch  is 
to be  successfully  co n d u c ted  o n b o ard  com m ercial ves­
sels, th en  reg u la to ry  ag en c ies  a n d  governm en ts m ust 
p rov ide  incen tives to  th e  sh ip p in g  industry  so this can 
p a rtic ip a te  an d  prov ide  vesse ls for the  developm ent of 
ba lla st w ate r tre a tm en t technology.

A c k n o w le d g e m e n ts . T h e  co o p era tio n  of A laska  T a n k e r C or­
p o ra tio n  w as e s se n tia l to th e  successfu l com pletion  of this 
p ro jec t. W e th a n k  th e  C a p ta in  a n d  th e  c rew  of th e  S / T  T on­
sina  fo r th e ir  coopera tion  in e v e ry  a s p e c t of perfo rm ing  th e  
sh ip b o a rd  re sea rch . R. M ue lle r a n d  sta ff from  th e  N o rth east 
T ech n ica l S erv ices C om pany  o p e ra te d  th e  N u te c h -0 3  ozone 
g en e ra to r. G. M. D etloff p ro v id ed  h e lp  w ith  th e  collection  of 
sam p les fo r toxicology analysis. S. Sulkin, N. S chw arck , G. 
M cK een  an d  A. O lah  p ro v id ed  ass is ta n ce  w ith  th e  c a g e d  a n i­
m al s tud ies. O. K aia ta  p ro v id e d  tech n ica l a ssis tan ce  in  th e  
iden tifica tion  of Z ooplankton from  th e  S / T  Tonsina. BP T rans­
p o rta tio n  (Alaska) a n d  N u tech  0 3 , p ro v id ed  p a r tia l fu n d in g  
for th is pro ject. R esearch ers  from  th e  U niversity  of W ash ing ­
to n  w e re  su p p o rte d  in  p a rt from  a  US Fish an d  W ildlife 
re se a rc h  g ra n t (98210-0-G738). T h e  R egional C itizen 's A dvi­
so ry  C ounc il of P rince W illiam  S o u n d  also  p ro v id ed  sup p o rt



54 M ar Ecol Prog Ser 324: 37-55, 2006

for G.M.R. a n d  h is sta ff from  th e  Sm ithson ian  E nv ironm en ta l 
R esearch  C en te r. W e th a n k  th e  N O A A  S ea G ra n t P rogram  
(NA16RG2251, N A 16RG 1681, NA16RG1044) an d  th e  US Fish 
an d  W ildlife S erv ice  (98210-0-G 738) for re sea rch  su p p o rt d u r ­
in g  th e  la tte r  s ta g e s  of th is s tudy . W ash ing ton  S e a  G ran t P ro ­
gram  p ro v id ed  p a rtia l s a la ry  su p p o rt to R.P.H.
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