Paper Summary:

Toxicity of Ozonated Seawater to Marine Organisms: I. Effects of Short-Term
Batch Ozonation

This paper was written for submission to Environmental Toxicology and Chemistry by
members of Nutech O3, Inc.’s scientific team. The purpose of this paper was to
supplement the shipboard testing on the S/T Tonsina with lab based studies. The goal of
this study was to quantify oxidant loading rates and ozone toxicity to approximate the
concentrations of 0zone necessary to eliminate an acceptable percentage of organisms
from ballast water tanks. Adult mysid shrimp, larval topsmelt, juvenile sheepshead
minnows, and adult amphipods were tested.

This paper supports Nutech O3, Inc.’s belief that ozone is and effective ballast water
treatment method and that TRO is the most useful measurement to determine this
effectiveness.

Our results indicate that marine invertebrate and fish species can be effectively
eliminated following short-term (i.e., less than 5 hours to 100% mortality) ozonation at
TRO concentrations less than 1 mg/l as bromine, and that ozone-produced oxidants can
accumulate and remain toxic in closed containers for at least two days. Benthic
invertebrates, such as blue crabs may be relatively tolerant of ozone-produced oxidants,
and so may require other control methods to prevent introductions from ballast water
discharge. These organisms rarely find their way into ballast tanks due to the filters in use
on the pumping systems on ships.

Although laboratory conditions differ significantly from ballast water tanks onboard
ocean vessels, applying these data on a much larger scale could be useful in
approximating TRO concentrations needed to remove an acceptable percentage of NIS
from ballast water. Furthermore, laboratory toxicity data could be used to help evaluate
how far TRO concentrations might have to be decreased prior to discharge to ensure the
safety of indigenous organisms in receiving waters. Ozone-produced oxidant
concentrations will decrease in ballast waters prior to discharge by natural decay
processes (e.g., time, mixing, or sunlight exposure, or instantaneously if required by the
addition of reductants such as sodium thiosulfate to eliminate toxicity.



APPENDIX 2

Toxicity of Ozonated Seawater to Marine Organisms

Submitted to Environmental Chemistry and Toxicology

Correspondence should be addressed to:
Robert W. Gensemer

Parametrix, Inc.

33972 Texas Street, SW

Albany, Oregon 97321, U.S.A.

T 541-791-1667

F 541-791-1699

rgensemer@parametrix.com

Total words in document: 6167

41

41



42

TOXICITY OF OZONATED SEAWATER TO MARINE ORGANISMS. I:
EFFECTS OF SHORT-TERM BATCH OZONATION

"*Robert W. Gensemer, "William A. Stubblefield, *Adam C.J ones, "Eric Van Genderen, YGail G.

Dethloff, and *William Cooper.

" Parametrix, Inc., Albany, Oregon, U.S.A.
! Center for Marine Science, University of North Carolina at Wilmington, North Carolina, USA

Y ENSR International, Fort Collins, Colorado, U.S.A.

* To whom correspondence should be addressed (rgensemer@parametrix.com).

42



10

12

14

16

43

Abstract - The toxicity of ozone gas bubbled into artificial seawater (ASW) was determined for
five species of marine organisms in short-term (i.e., < 5 h) batch exposures to evaluate the use of
ozone for removal of non-indigenous species (NIS) from ballast water. Juvenile topsmelt and
sheepshead minnows (Atherinops affinis and Cyprinodon variegatus) were the most sensitive to
oxidant exposure, with the mysid shrimp Americamysis bahia being the most sensitive
invertebrate. In contrast, benthic amphipods (Rhepoxinius abronius, and Leptochirus
plumulosus) were the least sensitive of all species tested. Mortality from ozone exposure
occurred quickly with median lethal times ranging from 1 — 3 h for the most sensitive species,
although additional mortality can occur 1 — 2 d following ozonation. Because ozone does not
persist in seawater, toxicity most likely resulted from oxidation of bromide to bromine species
(HOBr, OBr’) which persist and continue to induce mortality even after 1-2 d storage. Therefore,
ozonating seawater in short-term batch exposures to generate TRO concentrations ranging from
0.3 — 1.7 mg/L as Br, may effectively remove significant portions of marine NIS populations,
although some tolerant benthic crustaceans may require additional treatment for adequate

removal. (this is 187 words, we have 200 max)

Keywords: ozone, non-indigenous species, marine invertebrates, fish, toxicity, bromine
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INTRODUCTION

The introduction of non-indigenous species (NIS) through human activities is having
severe consequences on global ecosystems, causing economic injury, and creating threats to
human health (USOTA, 1993; Vitousek, et al., 1997; Wilcove, et al., 1998; Pimentel, et al.,
2000). Although the negative effects of NIS in terrestrial and freshwater habitats are well
documented (e.g., Gordon 1998; Horvitz et al. 1998; Lee, 1999; Mack et al., 2000), it is evident
that NIS invasions have also changed coastal marine environments (e.g., Bax, et al., 2001).

Some marine species have become dominant and significantly altered ecosystem-level processes

(Cloern, 1996; Ruiz, et al., 1999; Grosholz, et al., 2000).

Shipping has been identified as the vector responsible for most invasions in coastal areas,
where organisms are carried on the hulls of ships and within ballast water tanks (Carlton, 1979;
Carlton and Geller, 1993; Cohen and Carlton, 1995; Hewitt, et al., 1999; Ruiz, et al., 2000).
Mid-ocean exchange of ballast water is currently the only viable management strategy available for
reducing the quantities of NIS before reaching port (NRC, 1996). However, it is generally viewed
as a “stop-gap” measure to reduce the risk of invasions. Structural and health-safety risks exist
when conducting ballast water exchange in bad weather and/or high seas, and data supporting the
effectiveness of the procedure are limited (Taylor et al., 2002; Murphy et al., 2004).

Despite efforts to develop alternatives to ballast water exchange (e.g., NRC, 1996;
Hallegraeff, 1998), other treatment options have yet to receive regulatory acceptance. One
method currently under evaluation is the use of ozone gas as a chemical oxidant that would kill
NIS prior to ballast water discharge (Cooper et al. 2002, Herwig et al., unpublished data). Ozone
has been used as a disinfectant since the late 1800s and is commonly used for drinking water

disinfection in Europe and, to a lesser extent, in the United States (Langlais, et al., 1991; Hoigné,
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1998). While ozone itself is an effective disinfection agent owing to its strong oxidizing
properties, it can react with other chemical components in water that may disinfect after
becoming oxidized by ozone. As a result, ozone toxicity and disinfection is most often
expressed as a function of total residual oxidants (TRO), rather than as O3 per se (Crecelius,
1979).
A preliminary study testing ballast water ozonation was recently conducted onboard the S/T
Tonsina (Cooper et al. 2002, Herwig et al., unpublished data), a 265 m, double hull oil
tanker containing multiple segregated ballast water tanks with a total capacity of
41,365,000 L. Use of a prototype ozone system for 5-10 h resulted in a 71-99 % reduction
of selected marine phytoplankton, zooplankton, and bacteria. At the end of these ozonation
experiments, TRO concentrations exceeded 5 mg/L as Br, but it was not possible to
quantify effective doses to any individual species with any precision in these field-scale
studies.

Because of the inherent challenges in performing shipboard testing of ballast water
ozonation, lab-based studies are an effective way to simulate exposure to several surrogate
marine species, and to verify toxicologically effective doses of TRO. Our goal was to quantify
oxidant loading rates and ozone toxicity to approximate the concentrations of 0zone necessary to
eliminate an acceptable percentage of NIS from ballast water tanks. To accomplish this, we first
monitored oxidant formation with ozone treatment over time. Next, we attempted to simulate the
shipboard testing system onboard the Tonsina using batch-ozonation as a disinfection strategy
with five marine organisms: adult mysid shrimp (Admericamysis bahia), larval topsmelt
(Atherinops affinis), juvenile sheepshead minnows (Cyprinodon variegatus), and adults of two

amphipod species (Leptocheirus plumulosus and Rhepoxinius abronius). The toxic effect of
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short-term ozone exposure was then tested by observing post-exposure mortality of juvenile
Americamysis bahia. The persistence of ozonation byproducts was also determined by

conducting toxicity tests with aggressively ozonated water that had been stored from zero to 48

h.

MATERIALS AND METHODS
Organisms

For acute batch ozone toxicity studies, adult Americamysis bahia, larval Atherinops
affinis, juvenile C. variegatus, and adult L. plumulosus were obtained from Aquatic Biosystems
(ABS, Fort Collins, CO, USA), while adult R. abronius were collected in the field near
Anacortes, WA, and shipped overnight to the testing laboratory. Juvenile Americamysis bahia
(10 d) were also received from ABS for tests concerning post ozonation exposure and the

persistence of ozone byproducts. All organisms were in good condition before beginning testing.

Testing apparatus and equipment

All toxicity tests were conducted in glass aquaria (either 10 or 20 L) containing artificial
seawater (ASW; Forty Fathoms Crystal Sea and deionized water) at 28-30 ppt. Prior to testing,
aquaria were filled with ASW, placed in a water bath, and equilibrated overnight to test
temperature. Small pieces of nylon mesh were placed as substrate in aquaria used to conduct
toxicity tests with L. plumulosus and R. abronius.

Ozone was dispensed using a Model SC-10 ozone generator (Nutech 03 Inc., McLean,
VA). Total flow through the system was 2500 mL/min. Flow to each chamber was controlled

with an NO12-10 flow meter with a glass float (Gilmont Instruments, Barrington, IL). Ozone gas
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was distributed to the chambers using Kynar tubing and ozone tolerant diffusers (Aquatic

88  Ecosystems).

90  Chemical analysis
TRO measurements were obtained using an N, N-diethyl-1,4
92  phenylenediammonium/potassium iodide (DPD/KI) indicator and a Pocket Colorimeter (Hach,
Loveland, CO). This procedure was equivalent to USEPA Method 330.5 for wastewater and
94  Standard Method 4500-Cl1 G for drinking water. TRO concentration (mg/L) measurements were
calculated and expressed as equivalent concentrations of bromine (Brz, 1 mol Cl; = 0.44 mol

96 Brz).

98  Rate of oxidant formation
Three 20-L aquaria containing ASW at 28-30 ppt salinity were treated with ozone at a flow
100 rate of 61.6 ml/min over a period of 24 h. A 20-L control aquarium received compressed
air at the same flow rate. Similarly to methods used on the Tonsina by Cooper et al.
102 (2002), TRO measurements were obtained from all chambers at 0.5 h intervals from 0 to 6
h.
104
Ozone toxicity
106 Ozone toxicity experiments for larval Atherinops affinis, juvenile C. variegatus, and adult
R. abronius were conducted in 20-L aquaria, while experiments with adult Americamysis bahia

108  and adult L. plumulosus were performed in 10-L aquaria. All experiments used a total of five
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chambers each containing ten organisms, with one chamber tested per treatment. Chambers
containing all organisms except R. abronius (15 + 2 °C) were maintained at 23 + 2 °C.

Total gas flow rates for 20-L chambers were 97.5, 63.2, 38.6, and 20.0 mL/min. These
flow rates corresponded to nominal ozone supply rates of 0.43, 0.28, 0.17, and 0.09 mg
O3/L/min. Controls received compressed, ambient air at 97.5 mL/min (i.e., maximum flow rate).
Total gas flow rates for 10-L chambers were 38.6, 28.3, 20.0, and 13.1 mL/min (0.34, 0.25, 0.17,
and 0.11 mg O3/L/min; control air flow = 38.6 mL/min). Experiments were run for a maximum
of five h. TRO measurements were recorded with biological observations (mortality and motility
of survivors) at 0.5-, 1-, 2-, 3-, 4-, and 5-h following test initiation. Experiments were terminated

within the 5-h exposure period if all organisms in a treatment died.

Effects of short-term ozone exposure on longer-term survival

Juvenile Americamysis bahia (10 d) were placed in five 20-L glass aquaria (19 £ 2 °C, ten
organisms per chamber). Total gas flow rates for 20-L chambers were 97.5, 63.2, 38.6, and 20.0
mL/min (0.43, 0.28, 0.17, and 0.09 mg Os/L/min; control air flow = 97.5 ml/min). TRO
measurements were taken both before initiating ozone treatment and after 75 min of exposure.
After 90 min of exposure, surviving organisms from each chamber were removed and placed
into beakers of clean seawater maintained in a water bath at 19 + 2°C, and fed Artemia
franciscana (0.1 mL per beaker). The shrimp were examined at 24 h after terminating exposure
for mortality, and dead organisms were removed. Surviving organisms were again fed Artemia

franciscana, and examined again for mortality at 48 h after exposure.

Toxicity of residual oxidants over time
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A 20-L glass aquarium containing ASW at 19° C was treated with ozone at 97.5 ml/min
(0.43 mg Os/L/min) until targeted TRO values (> 4.0 mg/L) were reached (1.5 h; see results). A
portion of the treated water (2.5 L) was obtained for immediate use, while the remainder was
transferred from the aquarium to 20-L low-density polyethylene Cubitainers (Hedwin
Corporation, Laporte, IN) and stored in darkness without container headspace at 12° C. Toxicity
experiments were initiated with the ozone-treated water at 0, 24, and 48 h following this
exposure period.

A range of TRO concentrations were achieved by mixing the ozonated water with fresh
ASW. Concentrations of ozonated water used in toxicity tests were 100 % (ozonated water
only), 75 %, 50 %, 25 %, and 0 % (ASW only). Three, 300 ml replicates of each concentration
in 500 ml beakers were used for each test and maintained at 19 & 2°C in a water bath. TRO was
measured for each treatment concentration. Ten juvenile Americamysis bahia (8 d) were used in
each replicate, and were fed 0.2 ml Artemia franciscana at test initiation. The shrimp were
examined at 24 h for mortality, and dead organisms were removed. Surviving organisms were

again fed A. franciscana, and examined again for mortality at 48 h after the beginning of the test.

Data analysis

Toxicity endpoints were expressed either as median-lethal concentrations (LC50) at
specific exposure times ranging from 1 — 48 h, or as median-lethal times (LT50) as a function of
ozone gas loading rates. In addition, 95 %-lethal concentrations (LC95) were calculated to
estimate time-specific TRO concentrations associated with nearly complete mortality. All
endpoints were calculated using the Trimmed Spearman-Karber method (e.g. Hamilton et al.

1977), or by linear interpolation if acceptable trim values were exceeded. All endpoint
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calculations were conducted using the Comprehensive Environmental Toxicity Information
System (CETIS V1.0, Tidepool Scientific Software, McKinleyville, CA). LC50 and LC95 values
for batch ozone toxicity tests were obtained from measured TRO concentrations and the total
number of mortalities observed at each time period following test initiation. LC50 and LC95
values for experiments testing the toxicity of residual oxidants over time were expressed as a

function of TRO concentrations measured immediately after test initiation.

RESULTS
Oxidant formation over time

Ozonation of ASW in glass aquaria over 5 h during the acute batch toxicity tests
indicated a gradual increase of TRO over time without saturation. An example plot of TRO
concentrations at each ozone flow rate as a function of time for the L. p/umulosus tests is
presented in Figure 1. At lower flow rates (0.11 — 0.17 mg O3/L/min), TRO concentrations
reached 1.9 — 3.6 mg/L, whereas concentrations reached 4.6 — 5.6 mg TRO/L at higher flow
rates. Thus, at any given exposure period, increasing ozone gas delivery rates generated

increasing instantaneous TRO concentrations in ASW.

Effects of short-term ozone exposure on survival

LC50 values for all organisms ranged from 0.31 to > 5.63 mg/L, with 100 % mortality of
each species except L. plumulosus occurring in less than 5 h (Table 1). The juvenile topsmelt
(Atherinops affinis) was the most sensitive organism tested, with LC50 values of 0.38 and 0.31
mg TRO/L after only 1 and 2 h of ozone exposure, respectively. Juvenile sheepshead minnows

(C. variegatus) were nearly as sensitive, but it took up to 4 h to reach a similar final LC50 (0.35
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mg TRO/L). In contrast, all three invertebrates tested were significantly more tolerant of ozone
exposure, with juvenile Americamysis bahia reaching a lowest LC50 of 0.62 mg TRO/L at 3 h,
and adult R. abronius reaching a lowest LC50 of 0.94 mg TRO/L after 4 h. This same trend in
relative species sensitivity was also evident at 2 h (i.e., the longest exposure period with less than
100 % mortality for all species) with the two juvenile fish having the lowest LC50s (0.31 and
0.44 mg TRO/L), and the invertebrates Americamysis bahia and R. abronius exhibiting
significantly higher LC50s (1.37 and 1.72 mg TRO/L, respectively; Table 1). 95 %-lethal effect
concentrations (LC95) were approximately two to three-fold higher than LC50 values for all
species and time values testing (Table 2). No significant mortality was observed in the amphipod
L. plumulosus at any TRO concentrations tested up to 5.63 mg TRO/L after 5 h of batch

ozonation (Tables 1 and 2).

To indicate the time needed to induce significant mortality via batch ozonation, LT50
values were derived for the three most sensitive species (Figure 2). Similarly to the LC50 results,
juvenile topsmelt (Atherinops affinis) were the most sensitive to ozone exposure in ASW with
median lethal times ranging from 84 — 38 min at the lowest to highest ozone loading rates,
respectively. Both the mysid shrimp (Admericamysis bahia) and sheepshead minnows (C.
variegatus) exhibited longer median lethal times ranging from 139 — 184 min at the lowest ozone
loading rate to 86 — 60 min at the highest ozone loading rates. LT50 data could not be derived for

either of the less sensitive amphipods, R. abronius or L. plumulosus.

Effects of short-term ozone exposure on longer-term survival
When juvenile mysids (Americamysis bahia) were removed from ozonated ASW after

1.5 h, only 30 — 60 % mortality had occurred at the two highest ozone loading rates (Figure 3).
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However, mortality continued to occur even after organisms were transferred to clean ASW.
202  Mortality ranged from 20 — 100 % in organisms previously exposed to the highest three ozone
loading rates after 24 h, and from 60 — 100 % in organisms previously exposed to all four ozone

204  loading rates after 48 h.

206  Toxicity of residual oxidants over time
After 1.5 h of ozonation at 0.43 mg O3/L/min, TRO reached 2.24 mg/L which, when

208 diluted with clean ASW, created a dilution series ranging down to 0.59 mg TRO/L at 25 %
ozonated ASW (Figure 4). Relatively little TRO loss occurred after ASW storage with a

210 maximum concentration of 2.13 mg TRO/L at 24 h, and 1.66 mg TRO/L at 48 h. As a
result, dilution series generated an acceptable range of TRO concentrations for deriving

212 median lethal effects levels in Americamysis bahia when measured at the time of test
initiation (Figure 4).

214 LC50 values for Americamysis bahia in waters tested immediately following ozone
treatment were 0.70 and 0.47 mg TRO/L at 24 h and 48 h, respectively (Table 3). For both

216 24-h and 48-h mortality data, LC50 values tended to decline slightly with increasing
storage time, but these differences were not statistically significant (i.e., 95 % confidence

218 limits all overlapped). 95 % effect concentrations exhibited similar trends with 24-h LC95s
ranging from 1.06 — 0.75 mg TRO/L, and 48-h LC95s ranging from 1.03 — 0.74 mg TRO/L

220 (Table 3).

222 DISCUSSION
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The goal of this study was to quantify the time- and concentration-dependent toxicity of
ozone-produced oxidants to better understand whether ozone disinfection could be an
effective means of controlling marine NIS. Our acute batch ozone exposure experiments
indicated that topsmelt and sheepshead minnows (Atherinops affinis and C. variegatus)
were the most sensitive to short-term oxidant exposure, with the mysid shrimp
Americamysis bahia being the most sensitive invertebrate, and the amphipod (L.
plumulosus) being the least sensitive of all species tested. LC50s as low as 0.31 — 0.35 mg
TRO /L were observed, but the topsmelt reached this value after only 2 h of ozonation vs. 4
h for the sheepshead minnow. Americamysis bahia was the next most sensitive organism
with a 3 h LC50 of 0.62 mg TRO/L, and R. abronius was more tolerant with a significantly
higher 3 h LC50 of 1.37 mg TRO/L. In contrast, no mortality was observed in the second
amphipod, L. plumulosus, even after 5 h of ASW ozonation which generated up to 5.63 mg
TRO/L.

Mortality from ozone exposure occurred quickly with complete mortality occurring for all
but L. plumulosus in less than 5 h at ozone loading rates as low as 0.1 mg Os/L/min.
Median lethal times also indicated rapid onset of mortality with LT50 values less than 1.5 h
for juvenile topsmelt, and ranging from 1 — 3 h for sheepshead minnows and mysid shrimp.
But even these short-term indicators of toxicity from ozonated ASW probably
underestimate eventual mortality levels, as indicated by mortality continuing to increase in
Americamysis bahia in 24 — 48 h after only 1.5 h of exposure to ozonated seawater.
Seawater ozonation thus can induce rapid mortality in marine organisms, but organisms can

still succumb 1-2 d later from sub-lethal exposures to ozonated seawater for relatively brief
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periods of time. Delayed mortality has also been observed for the fast acting oxidant
chlorine (Brooks and Seegert 1977, Latimer et al. 1975, USEPA 1985).

While LC50 values are useful for characterizing relative toxicity among different species,
removal of NIS from ballast water tanks would likely require mortality rates substantially
greater than 50 %. For example, the State of Washington has set an interim ballast water
discharge standard of 95 % inactivation or removal of zooplankton organisms (State of
Washington, 2002), and so we derived 95 % lethal effect concentrations where possible
(Tables 2 and 3). Most LC95s were about 2-fold higher than their corresponding LC50s,
with LC95s of 0.59 — 1.46 mg TRO/L for the more sensitive juvenile fishes, and LC95s for
Americamysis bahia ranging from 1.14 — 1.67 mg TRO/L for short-term exposures (i.e., 2-3
h), and 0.74 — 1.06 mg TRO/L for 24 — 48 h exposures. This 2-fold difference in LC50 and
LC95 values denotes steep dose-response curves, which has also been observed with other
fast-acting oxidants such as chlorine (USEPA 1985). The more resistant R. abronius
exhibited less steep dose-response curves with LC95s about 3-fold higher than LC50s.
Other studies confirm that seawater ozonation can induce rapid mortality to marine
organisms, but comparisons of specific effect concentrations are complicated by the variety
of exposure times and oxidant measurement methods used in each study. Ozone has been
reported to be toxic against a number of marine organisms, including phytoplankton and
crab larvae (Toner and Brooks 1975), striped bass eggs and larvae (Morone saxatilis, Hall
et al. 1981), and white perch (M. americana, Block et al. 1978; Richardson et al. 1983)". In
these studies, 100 % mortality was induced in 24 — 96 h following relatively short-term

exposures (less than 10 min in some cases) to ozone-produced oxidant concentrations

" While LC50 values expressed in these cases were originally reported as mg Cl,/L, we have converted them to mg
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ranging from 0.18 — 0.44 mg TRO/L as Br; for most species, with mortality observed in
some crab larvae and white perch early life stages at concentrations as low as 0.04 mg
TRO/L as Br; (Toner and Brooks 1975, Hall et al. 1981). Continuous exposures to
ozonated seawater also induced LC50 values ranging from 0.03 — 0.18 mg TRO/L as Br; in
striped bass, depending on the life stage and exposure duration (Hall et al. 1981). Our
results indicate that higher oxidant concentrations may be necessary for the immediate
removal of some planktonic larvae and juvenile fish, although we did not evaluate
mortality at time periods longer than 5 h except for Americamysis bahia. We found no
other studies with marine organisms that were consistent with the high level of resistance
that we observed in the benthic amphipod L. plumulosus.

While these data confirm that ozone is toxic to marine organisms, ozone per se is not likely
to be the chemical species directly responsible for toxicity in seawater. Ozone has a very
short chemical half-life in seawater (approximately 5 seconds, Haag and Hoigné, 1984), and
disappears quickly following the introduction of ozone gas (Crecelius, 1979). The
presence of bromide ion (Br’) changes the chemistry of 0zone decomposition when
compared to freshwater systems (Oemcke and van Leeuwen, 1998). Ozonation of seawater
oxidizes bromide ion to bromine (hypobromous acid [HOBr] and hypobromite ion [OBr’]
with a pKa of 8.8 as HOB1r/OBr',) that may lead to bromate ion (BrO;") (Haag and Hoigne,
1983; von Gunten and Hoigné, 1992, 1996; von Gunten and Oliveras, 1997, 1998;
Pinkernell, et al., 2000; von Gunten and Pinkernell, 2000; Hofman and Andrews, 2001).
Additionally, the presence of organic material may result in reactions with HOBr to

produce bromoform (CHBr3).
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Of these three brominated species, bromine is most likely to be rapidly toxic at
concentrations similar to those reported in the present study. For example, standard acute
toxicity tests were conducted with bromine chloride (BrCl) for eight marine organisms
(including larval fish, bivalves, and crustaceans), with LC50 values ranging from 0.11 —
0.80 mg/L (Burton and Margrey 1978, Roberts and Gleeson 1978). In contrast, both
bromate ion and bromoform are substantially less toxic than bromine, and so are unlikely to
contribute any significant toxicity. Bromate ion LC50 values range from 30 mg/L for the
pacific oyster Crassostrea gigas to 512 mg/L for the chum salmon Oncorhynchus keta
(Crecelius 1979), and bromoform LC50 values range from 7.1 mg/L for C. variegatus
(Ward et al. 1981) to 26 mg/L for the brown shrimp Penaeus aztecus (Anderson, et al.,
1979). In the studies onboard the Tonsina, bromate ion was never detected and bromoform
was found to occur at concentrations below 1 mg/L (Cooper et al., 2002, Herwig et al.,
unpublished data).

In seawater treated with ozone, TRO measurements are an effective means of quantifying
oxidant production. Bromine as HOBr/OBr™ may be the only component of TRO
measurements on the basis of proposed reaction pathways (e.g., Driedger et al., 2001).
Therefore HOBr/OBr- can accumulate in ozonated seawater, and based on the observed
persistence of toxicity for at least two days in the present study, it is likely the oxidant
primarily responsible for toxicity.

The difference in oxidant sensitivity observed among organisms used in the present study
may be explained by the potential for ozone-produced chemicals to oxidize biological
membranes. Because fish gill membranes can be easily damaged (Richardson et al. 1983),

this could explain the extreme sensitivity of the larval fish relative to the invertebrates
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tested in the present study. This is also consistent with marine fish being among the most
sensitive to chlorine in seawater (with the exception of the copepod Acartia tonsa and the
Eastern oyster Crassostrea virginica; USEPA 1985). By comparison, benthic crustaceans
in our study were the most tolerant of ozone exposure, perhaps because their respiratory
structures are not as readily exposed to ambient water. This is also consistent with the
toxicity of chlorine to marine organisms, with amphipods and crabs being among the most

acutely tolerant species (USEPA 1985).

Conclusions

Our results indicate that several marine invertebrate and fish species can be effectively
eliminated following short-term (i.e., less than 5 h) ozonation at TRO concentrations less than 1
mg/L as Br,, and that ozone-produced oxidants can accumulate and remain toxic in closed
containers for at least two days. However, benthic crustaceans may be relatively tolerant of
ozone-produced oxidants, and so may require other control methods to prevent introductions
from ballast water discharge. Although laboratory conditions differ significantly from ballast
water tanks onboard ocean vessels, applying these data on a much larger scale could be useful in
approximating TRO concentrations needed to remove an acceptable percentage of NIS from
ballast water. For example, in companion studies we demonstrate that effective TRO
concentrations to Americamysis bahia are similar in several natural seawaters collected from
different locations (Jones et al. 2005, this issue), and that TRO concentrations of > 1 mg/L were
associated with high levels of mortality in natural zooplankton assemblages in mesocosms
(Perrins et al, unpublished data) and actual ballast water tanks (Cooper et al. 2002, Herwig et al.,

unpublished data). Furthermore, laboratory toxicity data could be used to help evaluate how far
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TRO concentrations might have to be decreased prior to discharge to ensure the safety of
indigenous organisms in receiving waters. Ozone-produced oxidant concentrations will decrease
in ballast waters prior to discharge by natural decay processes (e.g., time, mixing, or sunlight
exposure; Perrins et al. unpublished data), or by the addition of reductants such as sodium

thiosulfate (Na,;S,0;) to eliminate toxicity (Jones et al. 2005).

Acknowledgements - We thank Paul Dinnel at the University of Western Washington for field
specimen collection, and Nutech O3 for supplying the ozone generators and providing technical
assistance. This study was conducted with support from BP Transportation (Alaska) Inc., and the
support of NOAA Sea Grant (University of North Carolina Wilmington, NA16RG2251 and
University of Washington, NA16RG1044) and the US Fish and Wildlife Service (University of
North Carolina at Wilmington, 98210-1-G062 an the University of Washington, 98210-0-G738)

are gratefully acknowledged.

58



350

352

354

356

358

360

362

364

366

368

370

59

REFERENCES

Aiken A. 1995. Use of ozone to improve water quality in aquatic exhibits. /nt Zoo Yb 34: 106-
114.

Anderson DR, Bean RM, Gibson CI. 1979. Biocide by-products in aquatic
environments. Quarterly progress report covering period October 1 through
December 31, 1978 (US NTIS PNL-2941). Pacific Northwest Lab.

Block RM, Burton DT, Gullans SR, Richardson LB. 1978. Respiratory and osmoregulatory
responses of white perch (Morone americana) to chlorine and ozone in estuarine waters.
In Jolley RL, Gorchev H, Hamilton DH, Jr., eds, Water Chlorination: Environmental
Impact and Health Effects. Ann Arbor Science, Ann Arbor, MI, pp. 351-360.

Brooks AS, Seegert GL. 1977. The effects of intermittent chlorination on rainbow trout and
yellow perch. Trans Am Fish Soc 106:278-286.

Burton DT, Margrey SL. 1978. An evaluation of acute bromine chloride toxicity to grass shrimp
(Palaemonetes spp.) and juvenile blue crabs (Callinectes sapidus). Bull Environ Contam
Toxicol 19:131-138.

Carlton J, Geller JB. 1993. Ecological roulette: the global transport of nonindigenous marine
organisms. Science 261: 78-82.

Carlton JT. 1979. Ph.D. Dissertation. History, biogeography, and ecology of the introduced
marine and estuarine invertebrates of the Pacific Coast of North America. UC Davis,
Davis, CA.

Carlton JT. 1985. Transoceanic and interoceanic dispersal of coastal marine organisms: the

biology of ballast water. Oceanogr Mar Biol Ann Rev 23: 313-371.

59



372

374

376

378

380

382

384

386

388

390

392

60

Ciambrone DF. 1975. Ozone treated sewage for oyster culture. In Blogoslawski WJ and Rice
RG, eds, Aquatic Applications of Ozone. International Ozone Institute, pp. 81-86.

Cloern JE. 1996. Phytoplankton bloom dynamics in coastal ecosystems: A review with some
general lessons from sustained investigations of San Francisco Bay, California. Rev
Geophys 34: 127-168.

Cohen AN, Carlton JT. 1995. Nonindigenous species in a United States estuary: a
case study of the biological invasions of the San Francisco Bay and delta. U. S. Fish
and Wildlife Service and National Sea Grant College Program.

Cooper WJ, Cordell JR, Dethloff GM, Dinnel PA, Gensemer RW, Herwig RP, House ML, Kopp
JA, Mueller RA, Perrins JC, Ruiz GM, Sonnevil GM, Stubblefield WA, VanderWende E.
2002. Full-scale ozone ballast water treatment for removal of marine invasive species.
Final/Technical Report. Nutech O3, Inc, Arlington, VA. Report available at:
www.nutech-o03.com/files/2002junel5_finalreport.pdf

Crecelius EA. 1979. Measurements of oxidants in ozonated seawater and some biological
reactions. Journal of the Fisheries Research Board of Canada 36: 1006-1008.

Driedger A, Staub E, Pinkernell U, Marinas B, Koester W, von Gunten U. 2001. Inactivation of
Bacillus subtilis spores and formation of bromate during ozonation. Water Res 35: 2950-
2960.

Erickson SJ, Freeman AE. 1978. Toxicity screening of fifteen chlorinated and brominated
compounds using four species of marine phytoplankton. In Jolley RL, Gorchev H and
Hamilton DH, Jr., eds, Water Chlorination: Environmental Impact and Health Effects.

Ann Arbor Science, Ann Arbor, MI, pp. 307-310.

60



394

396

398

400

402

404

406

408

410

412

414

61

Grosholz ED, Ruiz GM, Dean CA, Shirley KA, Maron JL, Connors PG. 2000. The impacts of a
nonindigenous marine predator on multiple trophic levels. Ecology 81: 1206-1224.
Haag, W.R., Hoigné, J. 1984. Kinetics and products of the reactions of ozone with various forms of

chlorine and hypobromous acid in water. Ozone Science and Engineering 6, 103-114.

Hall LW Jr., Burton DT, Richardson LB. 1981. Comparison of ozone and chlorine toxicity to the
developmental stages of striped bass, Morone saxatilis. Canadian Journal of Fisheries
and Aquatic Sciences 38: 752-757.

Hallegraeff GM. 1998. Transport of toxic dinoflagellates via ships' ballast water: bioeconomic
risk assessment and efficacy of possible ballast water management strategies. Mar Ecol
Prog Ser 168: 297-309.

Heitmuller PT, Hollister TA, Parrish PR. 1981. Acute toxicity of 54 industrial chemicals to
sheepshead minnows (Cyprinodon variegatus). Bulletin of Environmental Contamination
and Toxicology 27: 596-604.

Hewitt CL, Campbell ML, Thresher RE, Martin RB, eds. 1999. Marine biological
invasions of Port Phillip Bay, Victoria. Technical Report No.20. Centre for Research
on Introduced Marine Pests. Hobart, Australia.

Hoigné J. 1998. Chemistry of aqueous ozone and transformation of pollutants by ozonation and
advanced oxidation processes. In Hubrec J, eds, The Handbook of Environmental
Chemistry Quality and Treatment of Drinking Water. Springer, Berlin, pp. 83-141.

Langlais B, Reckhow DA, Brink DR, eds, 1991. Ozone in water treatment: Application and

engineering. Lewis Publishers, Boca Raton, Florida.

61



416

418

420

422

424

426

428

430

432

434

436

62

Latimer DL, Brooks AS, Beeton AM. 1975. Toxicity of 30-minute exposures of residual chlorine
to the copepods Limnocalanus macrurus and Cyclops bicuspidatus thomasi. J Fish Res
Board Can 32:2495-2501.

Moffett WL, Shleser RA. 1975. Ozone as a potential disinfectant for lobster culture. In
Blogoslawski WJ and Rice RG, eds, Aquatic Applications of Ozone. International Ozone
Institute, pp. 98-102.

National Research Council. 1996. Stemming the tide: Controlling introduction of non-indigenous
species by ships' ballast water. National Academy Press, Washington, D.C.

Oemcke DJ, van Leeuwen J. 1998. Potential of ozone for ballast water treatment.
CRC Reef Research Centre. James Cook University, Australia.

Pimentel D, Lach L, Zuniga R, Morrison D. 2000. Environmental and economic costs of
nonindigenous species in the United States. Bio Science 50:

Pinkernell U, Nowack B, Gallard H, von Gunten U. 2000. Methods for the photometric
determination of reactive bromine and chlorine species with ABTS. Water Res 34: 4343-
4350.

Pinkernell U, von Gunten U. 2001. Bromate minimization during ozonation: mechanistic
considerations. Environ Sci Technol 35: 2525-2531.

Richardson LB, Burton DT, Block RM, Stavola AM. 1983. Lethal and sublethal exposure and
recovery effects of ozone-produced oxidants on adult white perch (Morone americana
Gmelin). Water Research 17: 205-213.

Roberts MHJ, Gleeson RA. 1978. Acute toxicity of bromochlorinated seawater to selected
estuarine species with a comparison to chlorinated seawater toxicity. Mar Environ Res

1:19-30. [Available on microfilm in UNCW library]

62



438

440

442

444

446

448

450

452

454

456

458

460

63

Ruiz GM, Carlton JT, Grosholz D, Hines AH. 1997. Global invasions of marine and estuarine
habitats by non-indigenous species: mechanisms, extent, and consequences. Am Zool 37:
621-632.

Ruiz GM, Fofonoff P, Carlton JT, Wonham MJ, Hines AH. 2000. Invasions of coastal marine
communities in North America: Apparent patterns, processes, and biases. Ann Rev Ecol
Syst 31: 481-531.

Ruiz GM, Fofonoff P, Hines AH. 1999. Non-indigenous species as stressors in estuarine and
marine communities: assessing invasion impacts and interactions. Limnol Oceanogr 44:
950-972.

Salhi E, von Gunten U. 1999. Simultaneous determination of bromide, bromate and nitrite in low
pg/L levels by ion chromatography without sample pretreatment. Water Res 33: 3239-
3244.

State of Washington. 2002. Interim ballast water discharge standard approval process. WAC
220-77-095. Final/Technical Report. Olympia, WA.

Toner RC, Brooks B. 1975. Effects of ozone on four species of phytoplankton, crab zoea and
megalops and the Atlantic silverside, Menidia menidia. In Blogoslawski WJ and Rice
RG, eds, Aquatic Applications of Ozone. International Ozone Institute, pp. 154-160.

U.S. Congress Office of Technology Assessment. 1993. Harmful non-indigenous
species in the United States. OTF -F-565. U.S. Government Printing Office.
Washington, D.C.

U.S. Environmental Protection Agency. 1978. In-depth studies on health and
environmental impacts of selected water pollutants. Contract No. 68-01-4646. U.S.

Environmental Protection Agency, Duluth, MN.

63



462

464

466

468

470

472

474

476

478

480

482

64

U.S. Environmental Protection Agency. 1985. Ambient water quality criteria for chlorine — 1984.
EPA 440/5-84-030. Final/Technical Report. U.S. Environmental Protection Agency,
Washington DC.

von Gunten U, Hoigne J. 1994. Bromate formation during ozonation of bromide-containing
waters: interaction of ozone and hydroxyl radical reactions. Environ Sci Technol 28:
1234-1242.

von Gunten U, Hoigné J. 1992. Factors controlling the formation of bromate during ozonation of
bromide-containing waters. Aqua 41: 299-304.

von Gunten U, Hoigné J. 1996. Ozonation of bromide-containing waters: bromate formation
through ozone and hydroxyl radicals. In Minear RA and Amy G, eds, Disinfection By-
products in Water Treatment, the Chemistry of Their Formation and Control. CRC Press,
Boca Raton, LA, pp.

von Gunten U, Oliveras Y. 1997. Kinetics of the reaction between hydrogen peroxide and
hypobromous acid: Implication on water treatment and natural systems. Water Res 31:
900-906.

von Gunten U, Oliveras Y. 1998. Advanced oxidation of bromide-containing waters: bromate
formation mechanisms. Environ Sci Technol 32: 63-70.

von Gunten U, Pinkernell U. 2000. Ozonation of bromide-containing drinking waters: A delicate
balance between disinfection and bromate formation. Water Sci Technol 41: 53-59.

Ward GS, Parrish PR, Rigby RA. 1981. Early life stage toxicity tests with a saltwater fish:
Effects of eight chemicals on survival, growth, and development of sheepshead minnows

(Cyprinodon variegatus). Journal of Toxicology and Environmental Health 8: 225-240.

64



65

Wilcove DS, Rothstein D, Dubow J, Phillips A, Losos E. 1998. Quantifying threats to imperiled

484 species in the United States. Bio Science 48: 607-610.

486

65



99

€9°6 < 1T < €9°¢ < €6'7< YOI < §9°0 < snsojnund sn.12y201doT
(6¥'1°LTT)  (68°€°9L°0)
v6°0 LET oLl IS°1 < 8%°0 < SnIU0AqD SnIUIXOdayy
(s80¢z0)  (0S0°‘6£0)  (SI'TET'D)
SE0 el el €'l o< SnID3214DA UOPOULIAAD)
(L¥'0‘1€°0)
1€°0 8€°0 60 < swffp sdouriaypy
(S¥'1°6T1)
90 LE'T Tl < 60< p1ypq S1SCUDI1IULY
LES 8% q¢ Uz LR qs0 sarvadg

ag se T/OdL 3w (1D % $6) 0SOT

-o1nsodxo Jo owr} [830} 0} FUIPI0ddE pajuasald ale eje “AJN[BLIOUW 9 ()] SIOUIP SANJBA INOYIIM S[[3D)

*2Ins0dxd QUOZO WLI)-}I0YS SUIMO[[0] BX.) QULIBW A1) J0] (21 Se T/OY.L Sw ul 0g)T) SUOHBIIUIIUOD 109JJ9 [BYIS[-UBIPIIA | 9[qeL

99



L9

£9°¢ < [TV < €9°¢ < €6'< YTl < o0 < snsopnun)d sna1oys03do
6'C 99°C WT< [6'1< 870 < SHIU0.GD SniuIxodoyy
£€9°0 'l Z8°0 €Il < wWwo< SnIp321404 UOpouLIdd)
650 SI'l 6'0< Stuyfp sdouidyyy
148! L9 < 60< p1ypq SISQuUDILLUY
LES Ut L L4 LR 7SO0 sa10adg

ag se /0L SW (TD % S6) S601

"2Insodxd Jo aw 1801 03 SUIPI0dOE PAUASAId d1e BlR( “AJ[EMOW 9, ()] IOUIP SAN[BA JNOYIM S[[O))

*21ns0d X9 QUOZO WiId}-110YS SUIMO[[O} BXE) QULIBW AL J0J (YIg Se T/OY.L Sw ur G6)T) SUOHRIUIOUOD J93JJ [BYIA[-%, S6 T 9Bl

L9



68

Table 3. Median- and 95 %- lethal concentrations (LC50 and LC95 in mg TRO/L as Br)
for Americamysis bahia exposed to freshly ozonated ASW (0 h), and ozonated ASW that

had been stored for 24 and 48 h.

Storage time (h) 24-h LC50  48-h LC50  24-h LC95  48-h LC95

0 0.70 0.47 1.06 1.03
(0.63,0.78)  (0.27,0.90) (1.06,1.06)  (0.91, 1.09)
24 0.50 0.43 0.83 0.82
(0.47,0.54)  (0.36,0.51) (0.83,0.83) (0.81,0.82)
48 0.43 0.32 0.75 0.74

(0.38,0.48)  (0.23,0.43) (0.74,0.76)  (0.70,0.77)
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Figure 1. Observed trends in oxidation-reduction potential total residual oxidant (TRO in
mg/L as Bry) in control and all four ozone treatments. Data are from the 5-h toxicity test

conducted with L. plumulosus.

Figure 2. Median lethal times (LT50 in min) for Atherinops affinis, C. variegatus, and
Americamysis bahia as a function of ozone loading rates (in mg O3/L/min). Curved lines

represent best-fit power function equations for each species.

Figure 3. Percent mortality of 10-d-old Americamysis bahia following transfer of
organisms to clean ASW after ozone exposure for 90 min. Biological observations were

made at 0, 24, and 48 h following transfer of organisms.

Figure 4. Initial TRO concentrations (mg/L as Br,) for toxicity tests using Americamysis
bahia in ozonated seawater stored for 0, 24, and 48 h following ozonation. Treatments
for each toxicity test were made in a 50 % dilution series from the same batch of

ozonated water.
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Figure 4
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