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INTRODUCTION

It is now accepted that the transport of unwanted

organisms due to ships’ ballasting procedures has

jeopardized many of the earth’s natural ecosystems.

Successful invasions have been well documented,

including the European zebra mussel in the US Great

Lakes, Japanese dinoflagellates in Australia, and the

North American comb jellyfish in the Black Sea (Halle-

graeff 1993, Nalepa & Schloesser 1993, Ascherson

1996). Mills et al. (1993) noted that over 140 species

have been introduced to the Great Lakes of North

America alone. More recent data show that the rate of

reported invasions has increased rapidly over the past

200 yr, and that most reported invasive species are

members of the Crustacea and Mollusca. It has also

been noted that in the US, more invasive species are

present along the Pacific Coast than along the Atlantic

and Gulf Coasts (Ruiz et al. 2000a). There has also

been some indication that microorganisms (pathogenic

bacteria) may be spread due to ships’ ballasting opera-

tions. For example Ruiz et al. (2000b) have measured

Vibrio cholerae in planktonic samples collected from

ships. Microorganisms associated with marine diseases

may also be transported via ballast, and Harvell et al.

(2000) have documented several new marine diseases

affecting corals and marine mammals. They report,

however, that where documented, these diseases have
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emerged due to range shifts of hosts, rather than intro-

ductions of new pathogens. 

Management practices to prevent the transport of un-

wanted species of ballast water discharges have been

slow in evolving. International organizations such as the

International Maritime Organization (IMO), through its

Marine Environment Protection Committee (MEPC), are

working to draft a legal instrument to control ballast

water discharges. However, it does not appear that such

an instrument will be approved by the IMO before the

year 2005. In the meantime, individual port states have

initiated their own ballast-water management plans in

an attempt to protect their natural resources. The leader

in this effort has been Australia, which has initiated

ballast-water management scenarios since the early

1990s (AQIS 1994, 1995).

Most recommended and/or required ballast water

management scenarios around the world involve the

exchange or dilution of in-shore ballast waters with

offshore open ocean waters. It is assumed that open

ocean waters are greatly reduced with respect to bio-

mass, or the organisms present pose little threat for

invasion to in-shore communities. Without dilution or

ballast exchange, it has been shown that organisms

collected as in-shore ballast water can survive long

ocean voyages. In a recent experiment, Gollasch et al.

(2000) noted that several planktonic species survived a

23 d voyage from Singapore to Bremerhaven in Ger-

many. It was also noted that harpacticoid copepods

(e.g. Tisbe graciloides) actually increased in abun-

dance by a factor of 100 during the voyage.

While ballast exchange or dilution of in-shore ballast

water may be an effective means of controlling the

transport of unwanted species, it does pose a signifi-

cant safety hazard to ships. In a recent study, the

American Bureau of Shipping (1999) concluded that

because of the complexity of exchange sequences on

many vessels, there were significant safety concerns

associated with ship stability during empty/refill bal-

last exchange. They also noted that ballast exchange

considerations should be included in the design of

new ships to minimize safety issues. Ballast may also

be exchanged via continuous dilution while a ship is

underway, although in these cases it has been noted

that sediments often cannot be diluted as efficiently as

the water, especially in those ships that have short

transit times (Hay & Tanis 1998). However, it has been

demonstrated that if water is well mixed in the ballast

tank, the water can be effectively diluted by continu-

ous pumping (AQIS 1993).

It was concluded early on (National Research Coun-

cil 1996) that the most effective means of controlling

transport of unwanted species due to ships’ ballasting

procedures would be by inclusion of ship-board treat-

ment systems. They noted that ship-board treatment

could be facilitated via ballast water exchange, physi-

cal separation of organisms by filtration, or organism

inactivation by biocide application. The NRC Commit-

tee evaluated the potential efficacy of each treatment

approach and ranked the treatment processes accord-

ing to potential success. According to this evaluation,

filtration processes appeared to have the greatest po-

tential for success in preventing transport of unwanted

species.

Since the publication of the NRC evaluation, several

laboratory and pilot scale experiments have been

undertaken to evaluate different treatment systems for

minimizing the impact of ballast water transport of

unwanted species. Filtration, utilizing self-cleaning

screens, was evaluated in the Great Lakes using vari-

able-size opening screens (25 to 100 µm), and opera-

tional constraints of this system due to excessive pres-

sure drops across the screens were noted (Parsons &

Harkins 2000). Sutherland et al. (2001) reported on

the treatment efficiency of a 2-stage ballast water

treatment system integrating hydrocyclone and UV

treatment. These researchers evaluated the effect of

this combined treatment scheme on selected compo-

nents of the plankton. While the results were some-

what variable, it did appear that the phytoplankton

component was affected by the UV treatment, with

subsequent reduction in growth potential.

Other treatment approaches have been explored at

laboratory- or small-scale. Specifically, the addition of

hydrogen peroxide as an aquatic biocide has been

tested (Kuzirian et al. 2001), as well as the effect of bal-

last water de-oxygenation (Tamburri et al. 2002). In all

these experiments, different parameters of treatment

efficiency were monitored; therefore, it is difficult to

compare the various treatment options. In addition to

evaluating treatment efficacy of ballast-water treat-

ment options, an attempt has also been made to com-

pare the cost of such treatment systems. Rigby & Taylor

(2001) have estimated costs for treatment systems

including filtration, heating, and chemical treatment,

as compared to ballast exchange. In all cases, they

estimate that ship-board treatment will be at least

10-times more expensive than ballast exchange, and

could be significantly higher. It is clear that evaluation

of the different treatment options, as well as cost, is

dependent on the establishment of treatment stan-

dards. Until treatment goals or standards are estab-

lished by either port states or international agencies,

no meaningful comparisons of treatment systems can

be made.

Due to the lack of reliable ballast-treatment effi-

ciency data from common unit processes, a large-scale

investigation of water treatment systems was under-

taken. A dockside test platform operating at 5.7 m3

min–1 (1500 gpm) was fabricated on Biscayne Bay,
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Miami, Florida, USA, and commercially available

treatment systems were installed, including a hydrocy-

clone, self-cleaning screen (50 µm opening), and a UV

treatment system. The effects of the individual primary

treatment processes, as well as the overall treatment

system, were monitored by evaluating a broad spec-

trum of biological and biochemical activity. In addition,

the suspended solids content (turbidity) of the ambient

seawater was augmented by the addition of clay mate-

rials in order to test the treatment capability of the unit

processes under demanding conditions. The intent

was to mimic severe turbid conditions that might be

encountered by ballast-water treatment equipment.

It was assumed that the increased suspended solids

content, and therefore the reduced clarity of the

seawater, would most affect the UV treatment process.

MATERIALS AND METHODS

Description of the ballast water treatment test facil-

ity. A schematic diagram of the test facility, including

pump, injection pump for clay addition, primary treat-

ment units (hydrocyclone or 50 µm screen) and sec-

ondary UV treatment device, together with the appro-

priate catchment reservoirs and sample ports is shown

in Fig. 1. The facility included a dockside pump (Mar-

low Pumps, Model 6E4PEL, self priming), a hydrocy-

clone (Krebs Engineers, Model KSH-20-1437), a self

cleaning screen (Hayward Industries, Model 596,

325 mesh, 50 µm stainless steel element), and a UV

system (WEDECO-Ideal Horizons, Model 1H-60 L).

The hydrocyclone had a centrifugal force of approxi-

mately 13 × g at 5.7 m3 min–1 (1500 gpm). The UV sys-

tem was comprised of 60 low-pressure UV-C germici-

dal lamps (wavelength 254 nm) arranged in an array of

concentric circles within a stainless steel housing. UV

dose was monitored by a sensor probe located on the

chamber wall at the point of greatest water depth away

from the UV lamps. Signal from the sensor was dis-

played as a relative percentage reading from 0 to

100% on the control panel, and the initial UV output at

100% was determined to be 60 mW s cm–2 (60 mJ cm–2)

by the manufacturer. The UV lamps have an opera-

tional life of 9000 h, by which point they have lost

approximately 40% of the initial UV output. Over the

course of this study, the UV lamps were in operation for

less than 20 h. The kaolinite/water slurry used in some

of the experimental runs was mixed in a 130 l (35 gal)

polypropylene tank and injected into a PVC in-line

mixer (Cole Parmer Company) as required. The water

was collected in 760 l (200 gal) polypropylene holding

tanks (Cole Parmer).

Water for the experimental runs was pumped from

Bear Cut (Biscayne Bay, Miami, Florida, USA). The

dock at Rosenstiel School of Marine and Atmospheric
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Fig. 1. Schematic diagram of Ballast Water Test Treatment Facility. The facility included a dockside pump, a hydrocyclone, a self

cleaning screen, and a UV system. The kaolinite/water slurry used in some of the experimental runs was mixed in a polypropy-

lene tank and injected into a PVC in-line mixer as required. The water was collected in 760 l (200 gal) polypropylene holding 

tanks. 1500 gpm = 5.7 m3 min–1
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Science at the University of Miami is located on Bear

Cut, and the filtration and UV treatment devices were

built on an area adjacent to the dock. The water in Bis-

cayne Bay typically has a salinity of 32 ppt (range: 28 to

36 ppt), and temperatures of 18 to 28°C. The inlet for

the pump was at a depth of 3 m below sea surface, and

water flow through the test facility was approximately

5.7 m3 min–1 (1500 gpm). 

Methods. The basic test protocol was to evaluate

changes in natural seawater after each unit process in

the treatment system. Samples were obtained from sam-

ple ports located (1) prior to primary treatment (either

hydrocyclone or self cleaning screen), (2) after primary

treatment, but before secondary UV treatment, and

(3) after secondary UV treatment. Each experimental run

consisted of running water through the treatment train

(hydrocyclone or self cleaning screen followed by UV

treatment) at 1 of 3 turbidities: (1) low — ambient Bis-

cayne Bay water (1 to 5 nephelometer turbidity units;

NTU), (2) medium — ambient Biscayne Bay water with

raised turbidity (30 to 50 NTU), and (3) high — ambient

Biscayne Bay water with greatly raised turbidity (60 to

95 NTU). The turbidity was raised by adding a model

clay, kaolinite, via an injection pump located prior to the

turbidity meter and the inlet to the primary treatment

units. The turbidity was monitored throughout the ex-

periment, and kaolinite added as necessary to ensure

constant turbidity. UV output was also monitored as

described above. Three experimental runs were con-

ducted at each of the 3 turbidity levels (low, medium,

high) and each of the unit processes (hydrocyclone + UV,

screen + UV) for a total of 18 runs. The experimental runs

took place February through May 2001.

For a given test run, representative water samples

were collected in 760 l (200 gal) holding tanks filled

from each sample port. In order to obtain a representa-

tive sample, each sample port was flushed for several

minutes before the water sample was taken. Immedi-

ately after collection of the large volume samples in the

3 holding tanks, whole water samples were taken for

the various analyses as described below. The holding

tanks were then emptied through 35 µm Nitex

mesh plankton nets to concentrate the samples for

zooplankton analyses.

Two sets of samples for the various biological and

microbiological indices were collected during each

experimental run: one set was collected immediately

(0 h), and the second set was held in the holding tanks

for 18 h at ambient temperature prior to analysis to

determine longer-term effects of treatment. While the

tanks were not covered during the 18 h, the storage

period took place primarily during the nighttime hours. 

Biological protocols and statistical analysis. Bio-

chemical analysis for viability of organisms: ATP con-

tent was used to assess the viability of organisms that

were not removed by the hydrocyclone or screen. Size

fractionated (>35 µm and <35 µm) samples were col-

lected on 0.45 µm Durapore filters and immediately

placed in boiling Tris buffer for extraction to avoid

ATPase activity (Cheer et al. 1974). The samples were

generally analyzed within 48 h or frozen until analysis.

Once ATP is released, samples may be frozen with

little loss of activity (Patterson et al. 1970). The ATP

was analyzed with the Luciferin-luciferase assay

(Holm-Hansen & Booth 1966; Method 10200 I, Ameri-

can Public Health Association 1998) using a Turner

TD20/20 luminometer. In order to relate ATP values

to biomass, protein content was also measured on the

same samples analyzed for ATP using a heated Biuret-

Folin assay (Dorsey et al. 1978). 

Microbiological analysis: Microorganisms were

enumerated using American Public Health Association

(1998) protocols. Water samples were analyzed for

total cultivable heterotrophic bacterial counts (Method

9215 D, heterotrophic plate count, membrane filter

method), total coliforms and Escherichia coli (Method

9223 B, enzyme substrate coliform test). For total cul-

tivable heterotrophic bacterial counts, 1 or 10 ml of

seawater sample were filtered through 0.45 µm filters,

and the filters placed on NWRI agar plates. The plates

were incubated for 5 d at 24°C before counting visible

colonies. Total coliforms and E. coli were enumerated

using Colilert 18® (IDEXX Laboratories), a commer-

cially available kit approved by the Standard Methods

Committee for use in Method 9223. While these proto-

cols were not specifically designed for optimizing

growth of marine bacteria, they are used by local and

state health departments for monitoring recreational

waters, including naturally occurring marine environ-

ments. In addition, these protocols are used for compli-

ance monitoring purposes under US Environmental

Protection Agency (USEPA) Surface Water Treatment

Rule (40 CFR 141.74). 

Phytoplankton analysis: In our studies, the amount of

chl a was used as an index of the biomass of viable

phytoplankton. Our method for the analysis of chl a and

phaeophytin was based on Method 445.0 of Arar &

Collins (1992). The stated detection limit was 0.05 µg l–1

for chl a and 0.06 µg l–1 for phaeophytin in marine waters.

Particulate matter was collected by filtration of 3 repli-

cates (sample volume of 200 ml) at a vacuum of 5 inches

Hg (<20 kPa) onto Whatman GF/F filters. If the analyses

could not be conducted immediately, the filters were

stored in individual plastic vials in a dessicator at –20°C.

After chlorophyll and phaeophytin were extracted from

the filters, the extractant was centrifuged at 1000 × g for

5 min to clear the supernatant following the extraction

period. The acetone was transferred to a 4 ml glass

cuvette and fluorescence was measured before and after

acidification (0.1 ml of 0.1 N HCl) on a Turner Designs
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Model 10 fluorometer. The initial reading reflected the

combined contribution of ‘total’ chl a while the final

(acidified) reading was primarily phaeophytin (Smith et

al. 1981). 

Zooplankton analysis: Zooplankton samples were

collected from 35 µm mesh nets suspended in each of

the 3 sample collecting tanks, as described above. The

nets were custom manufactured (Sea-Gear) with a net

mouth diameter of 0.75 m and a length of 1.45 m to

allow suspension in the holding tanks. The sample

cod-ends were rinsed with seawater filtered through a

dual gradient (25 to 1 µm) cartridge (Cole Parmer) into

1 l beakers for subsequent laboratory processing.

In the laboratory each beaker was sub-sampled for

ATP analysis as described above, rinsed into a 500 ml

glass jar, treated with Neutral Red dye (JT Baker) for

several minutes, and then preserved in a 4% buffered

(sodium borate) formaldehyde solution. Neutral Red

dye was selected for staining after several preliminary

experiments in which samples were treated with

Neutral Red, Rose Bengal, or Methylene Blue prior to

and after fixation with formaldehyde. The purpose of

these experimental treatments was to explore the use

of a vital stain that would allow the separation and

enumeration of dead or living specimens in samples

prior to preservation, that were counted after preserva-

tion. Unfortunately, specimens appeared to continue

taking up dye in all 3 cases after the sample was pre-

served (and specimens dead), leaving no indication of

which specimens had been dead and which had been

alive prior to preservation. Apparently in this case,

recently dead organisms absorb the dye similarly to

live organisms. The Neutral Red treatment yielded the

greatest visual contrast between planktonic specimens

and unidentifiable detrital particulate matter when

compared with the 2 other dyes, and hence offered

some advantage in processing samples containing

large amounts of detritus, which the majority of sam-

ples included. All preserved samples were allowed to

stand for at least 2 d prior to taxonomic enumeration to

allow absorption of the stain. In addition, nearly all

zooplankton samples were sub-sampled prior to fixa-

tion for brief microscopic surveys of apparent vitality

of organisms.

Laboratory analyses of samples for taxonomic enu-

meration involved splitting each zooplankton sample

several times in a Folsom splitter to obtain aliquots

containing approximately 200 to 400 individuals.

Three aliquots were counted with the aid of a Leica

Wild M10 or Leica MS5 stereomicroscope for numeri-

cally dominant mesozooplankton taxa and groups.

When an aliquot contained more than approximately

50 specimens of a species or taxon, that taxon was not

counted in subsequent aliquots. The composition and

number of species present determined the size of the

second and third aliquots. For example, if the first

aliquot contained 400 organisms of which 300 were

copepod nauplii, then a larger aliquot was utilized for

subsequent counts in order to obtain greater numbers

of other species or groups. This method has been used

in numerous studies conducted previously by Smith &

Lane (e.g. Smith et al. 1985, Smith & Lane 1988, Flagg

& Smith 1989, Ashjian et al. 1995, 1997) and conforms

in general to other recently published zooplankton

sample enumeration guidelines (Postel et al. 2000).

Previous net samples collected from the dock at the

Rosenstiel School have often been dominated numeri-

cally by various stages of the small calanoid cope-

pods Acartia tonsa and Paracalanus spp., and the

small cyclopoid copepod genus Oithona (P. V. Z. Lane

unpubl. data). We identified these and any other

numerous copepods to the genus level. Other meso-

zooplanktic groups including chaetognaths, appendic-

ularia, pteropods, and larvae of the decapod, echino-

derm, bivalve and polychaete groups were counted if

they were observed in samples. 

Since zooplankton viability was not quantified in any

of the experiments, evaluation of these populations

after UV treatment was not conducted. In addition,

zooplankton populations were not enumerated for the

18 h regrowth experiments because the time frame

was considered too short for substantial growth and

reproduction of zooplankton.

Experimental design and statistical analysis: A stan-

dard paired-sample design was employed in which

samples taken pre- and post-primary unit process, and

pre- and post-UV treatment during a single experi-

mental run were considered as respective sample

pairs. This design is a special case of a randomized

complete block design where each experimental run

is considered as a separate block (Montgomery 1997).

Experimental treatments were the primary unit pro-

cess type (50 µm screen or hydrocyclone) and corre-

sponding UV treatment. The paired-sample block

design was chosen to control for variation in response

variables (e.g. ATP, total coliforms, chl a, etc.) among

experimental runs, since each run was conducted at a

different date and time and the seawater for each run

was drawn from the natural environment. Turbidity

level (low, medium, high) and sample analysis time

(0 and 18 h after sampling) were incorporated as addi-

tional blocking variables in a factorial arrangement. 

For each response variable, statistical analyses

assessed 2 main aspects of unit process performance at

the 0 h time point: (1) the performance of 50 µm screen

and hydrocyclone primary unit processes; and (2) the

additional performance of UV treatment for each

primary unit process. To understand the influence of

sample analysis time, statistical analyses focused on

assessing the change in a given response variable 18 h
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after 3 different levels of treatment, namely (1) no

treatment, (2) primary treatment, and (3) primary

treatment + UV treatment, for each treatment system

(50 µm screen or hydrocyclone). The following addi-

tional aspects of performance were evaluated for both

0 and 18 h time points using a factorial analysis:

(1) comparison of performance between treatment sys-

tems (50 µm screen vs. hydrocyclone), and (2) turbidity

influence on treatment system performance. Statistical

inference and hypothesis testing was conducted using

the general linear model analysis framework (e.g.

ANOVA, linear regression) for normally distributed or

transformed-normal response variables (Neter et al.

1996). The normality assumption was evaluated by:

(1) inspection of frequency histograms of general lin-

ear model error residuals, and (2) application of the

Shapiro-Wilk test (Shapiro & Wilk 1965). When neces-

sary, response variables were corrected for normality

using either the natural logarithm or square-root trans-

formation. All statistical analyses and modeling were

performed using the Statistical Analysis System soft-

ware package (SAS Institute). 

RESULTS

Statistical evaluation of treatment efficiency for the

unit processes tested are presented in Table 1. This

table shows a comparison of the unit processes, as well

as any impact on each unit process due to turbidity

effects. For the paired-sample experimental design,

the main variable used in statistical tests was d, the

difference in response-variable amount before and

after treatment by a given unit process. Statistical sig-

nificance for a unit process indicated that mean d was

different from zero. Statistical significance for turbidity

impact indicated that mean d differed among turbidity

levels (low, medium, high). 

It appeared that the physical separation processes,

i.e. the 50 µm screen and the hydrocyclone, each

behaved differently with respect to reduction in the

number of organisms that were affected by these

systems, namely the zooplankton groups (Acartia

spp., Paracalanus spp., Oithona spp., Harpacticoida,

Copepoda nauplii, Gastropoda and Bivalvia larvae).

A significant reduction in the number of all zooplank-

ton monitored occurred with the screen (p < 0.01).

There was some reduction in both gastropod and

grouped invertebrate larvae counts with the hydrocy-

clone (p < 0.01); otherwise, little removal was

observed.

In all cases, the UV treatment unit appeared to be

capable of significantly reducing (p < 0.01) bacterial

populations (total cultivable heterotrophic bacteria,

total coliforms, Escherichia coli ), and in general, no

turbidity effects were noted. Increased turbidity, hence

decreased UV treatment dose, did not have a signifi-

cant effect on bacterial abundance. 
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Table 1. Response variables vs. efficiency of unit process (time = 0 h). Total bacteria: total cultivable heterotrophic bacteria;

grouped invertebrate larvae: includes gastropod, bivalve, decapod and echinoderm larvae; N: no effect; ND: not determined;

*: significant at <0.05; **: significant at <0.01; ***: significant at <0.001; –: insufficient data for statistical analysis

Unit process

Screen Screen + UV Hydrocyclone Hydrocyclone + UV

Turbidity Signif. Turbidity Signif. Turbidity Signif. Turbidity Signif.

Response variable impact reduction impact reduction impact reduction impact reduction

Total bacteria N N N ** N * N ***

Total coliforms N N N *** N N * ***

Escherichia coli N N N *** N N N ***

Total chl a N N N N N N * **

Total phaeophytin N N N N N N N N

Acartia spp. N *** ND ND N N ND ND

(Order Calanoida)

Paracalanus spp. N ** ND ND * N ND ND

(Order Calanoida)

Oithona spp. N *** ND ND N N ND ND

(Order Cyclopoida)

Order Harpacticoida N *** ND ND N N ND ND

Class Copepoda nauplii N ** ND ND N N ND ND

Class Gastropoda larvae N *** ND ND N ** ND ND

Class Bivalvia larvae N ** ND ND N N ND ND

Grouped invertebrate N *** ND ND N ** ND ND

larvae

Protein (>35 µm) N *** – – N * – –

Protein (<35 µm) – – – – – – – –
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The statistical evaluation for the test system compris-

ing the 50 µm screen plus the UV unit, and considering

the 18 h incubation period after treatment, is presented

in Table 2. There appeared to be no effect from turbid-

ity enhancement on any of the unit processes. Over the

entire test scenario, the only effects were noted for UV

treatment on total cultivable heterotrophic bacteria,

total coliforms and E. coli, and on chl a used as a

surrogate for phytoplankton biomass, and total phaeo-

phytin. Significant increases in bacterial numbers

were observed (p < 0.05) while significant decreases

in phytoplankton biomass occurred during the 18 h

incubation (p < 0.01).

The statistical evaluation of data collected after an

18 h incubation period for the hydrocyclone plus UV

treatment is shown in Table 3. Again, only after UV

treatment were the majority of significant changes in

the measured parameters observed. Similar to the

results reported above for screen plus UV, it was noted

that a significant increase in growth of bacteria, and sig-

nificant decrease in phytoplankton biomass, occurred

after the 18 h incubation. 

The effect of ballast water treatment schemes was

evaluated against bacterial populations and phyto-

plankton biomass in ambient seawater (Fig. 2).

Because there were no turbidity effects (see Tables 1

& 2), the data for bacterial populations or phyto-

plankton biomass were grouped, respectively, for this

analysis. The relative concentrations of total cultivable

heterotrophic bacteria and coliforms remained un-

changed from the ambient seawater through the phys-

ical separation processes (10 to 40 cells ml–1), as shown

in Fig. 2a. This result was expected, as neither of these

processes was intended to remove material the size of

bacteria (1 to 2 µm). UV treatment following the sepa-

ration processes, however, decreased the abundance

of the bacterial indices monitored (less than 5 cells ml–1

for total cultivable heterotrophic bacteria, and below

the detection limit of 10 cells 100 ml–1 for total coli-

forms and Escherichia coli).

Levels of chl a (0.5 to 0.7 µg l–1) were not affected by

physical separation processes, and in contrast to the

observations noted for bacterial populations, only

slightly affected by UV treatment (Fig. 2b). This figure

also shows that phaeophytin levels (about 0.4 µg l–1)

remained constant throughout all analyses. Phaeo-

phytin is composed of a suite of chlorophyll degrada-

tion products and is often used as an index to the
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Table 3. Response variables vs. efficiency of hydrocyclone and UV system (time = 18 h). Total bacteria: total cultivable hetero-

trophic bacteria; I: increase; D: decrease; N: no effect; *: significant at <0.05; ***: significant at <0.001

Unit process

Ambient water Hydrocyclone Hydrocyclone UV

Turbidity Change Turbidity Change Turbidity Change

Response variable impact after 18 h impact after 18 h impact after 18 h

Total bacteria N N D* N N I***

Total coliforms N N N N N I***

Escherichia coli N N N N N I*

Total chl a N N N I* D* D***

Total phaeophytin N D* N N N D***

Protein  >35 µm) N N N N N N

Protein (<35 µm) N N N N N N

Table 2. Response variables vs. efficiency of screen with UV system (time = 18 h). Total bacteria: total cultivable heterotrophic

bacteria; I: increase; D: decrease; N: no effect; *: significant at <0.05; **: significant at <0.01; ***: significant at <0.001; 

–: insufficient data for statistical analysis

Unit process

Ambient water Screen Screen + UV

Turbidity Change Turbidity Change Turbidity Change

Response variable impact after 18 h impact after 18 h impact after 18 h

Total bacteria N I* * – N I*

Total coliforms N N N N N I*

Escherichia coli N N N N N I*

Total chl a N I* N I* N D**

Total phaeophytin N N N D** N D***

Protein (>35 µm) N N N N N N

Protein (<35 µm) N N N D* N N
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detrital or dead material (Smith et al. 1981). It was anti-

cipated that if phytoplankton inactivation occurred,

then perhaps it could be monitored by the appearance

of phaeophytin. We did not observe changes in phaeo-

phytin concentrations, thereby negating its use in our

studies as an indicator of chlorophyll breakdown.

The effect of added turbidity in the test system on

bacterial inactivation and chl a destruction is shown in

Fig. 3a and b, respectively. The dose delivered by the

UV system varied from approximately 60 mW s cm–2 to

25 mW s cm–2 due to added suspended solids. There

was little effect of different UV doses on inactivation of

any of the bacterial groups tested (Fig. 3a). Similar to

the results observed for bacteria, there were no appar-

ent trends with respect to destruction of chl a with

either increasing or decreasing UV dose (Fig. 3b).

Bacterial populations, depicted here as the relative

population present after 18 h, exhibited significant

regrowth after UV treatment, regardless of the dose

delivered (Fig. 4a). In fact, it was noted that the viable

population of all bacterial groups tested after 18 h of

regrowth was between 10 and 100 times the popula-

tion monitored directly after initial UV dose at 0 h.

As observed with bacteria, the amount of chl a and

phaeophytin 18 h after treatment also did not change as

a function of the UV dose delivered (Fig. 4b). As noted

above and with the short incubation times used in our

study, phaeophytin was not a sensitive indicator of dele-

terious effects to the phytoplankton population. This fig-

ure also shows that the remaining chlorophyll in samples

18 h after treatment was approximately half of that at 0 h,

indicating some loss in chlorophyll upon incubation, and

therefore, possible injury to phytopigments due to UV

treatment. Longer phytoplankton incubation times

would be required to determine the extent of biomass

reduction achievable by UV treatment.

In addition to bacteria and phytoplankton, zooplank-

ton assemblages were also monitored as a function of

treatment type and added suspended solids. The zoo-

plankton species observed during our studies were

those most commonly found in Biscayne Bay seawater

samples during the test period. These included gastro-

pod and bivalve larvae, copepod nauplii, members of

the order Harpacticoida and representative species of

the Genera Oithona, Paracalanus, and Acartia. Other

organisms were observed but were not present con-
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Fig. 3. Effect of UV dose on (a) bacterial inactivation, and (b)

phytoplankton destruction. Total Bacteria indicates total cul-

tivable heterotrophic bacteria. The highest turbidities corre-

spond to the lowest UV dose. Samples were collected at 

0 h, immediately after treatment. Error bars represent ±1 SE

Fig. 2. Effect of treatment processes on (a) bacterial abun-

dance, and (b) phytoplankton biomass. Total Bacteria indi-

cates total cultivable heterotrophic bacteria. Samples were

collected at 0 h, immediately after treatment. Error bars 

represent ±1 SE
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sistently or in large enough numbers to be analyzed

statistically. Qualitative microscopic observations of

untreated vs. separation treated (screen or hydro-

cyclone), or separation plus UV treated samples, made

immediately following sample collection, revealed no

apparent loss of vitality by any zooplankton groups

observed in the samples. That is, virtually all samples

contained lively specimens, regardless of the treat-

ment method. These observations suggest that the UV

treatment utilized here was not sufficient to immedi-

ately kill the mesozooplankton. In 4 out of 18 experi-

mental runs, there was reduced vitality of zooplankton

in UV-treated samples held for 18 h. However in the

rest of the 18 h UV-treated samples, lively specimens

comparable to those seen in ambient water and

separation treated samples were noted. It must be

emphasized that these observations are qualitative

and of a subjective nature.

The abundance in Biscayne Bay waters of selected

zooplankton species used to monitor treatment effi-

ciency is presented in Fig. 5. Each figure represents

zooplankton numbers pooled from ambient, pre-

treatment data from both hydrocyclone and self-

cleaning screen test-runs. The typical concentration of

gastropod and bivalve larvae was small, averaging

approximately 2 to 3 organisms l–1 (Fig. 5a). In contrast,

a relatively large number of Copepoda nauplii were

present (>10 organisms l–1) in Biscayne Bay waters

while other copepods were less abundant, quite often

less than 1 to 2 organisms l–1 (Fig. 5b). 

The removal efficiency of both gastropod and bivalve

larvae by screen and hydrocyclonic treatment is shown

in Fig. 6. It is noted that the screen consistently removed

over 90% of the larvae, regardless of the level of sus-

pended solids in the water. Considering that most of the

larvae analyzed during this study were substantially

larger than 50 µm, it was anticipated that the majority of

the larvae would be removed. In contrast, the overall

removal of larvae by the hydrocyclone was low (10 to

40%), although there appears to be an increasing trend

in removal efficiency as a function of suspended solids. 

As with the bivalve and gastropod larvae, the screen

removed 60 to 95% of copepods while the hydro-

cyclone was ineffective (Fig. 7). The copepods investi-
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Fig. 4. Regrowth of (a) bacterial, and (b) phytoplankton popu-

lations after storage for 18 h. Total bacteria indicates total cul-

tivable heterotrophic bacteria. N18/N0 = number of bacteria at

18 h divided by the number of bacteria at 0 h. δ18/δ0 = amount

of chl a or phaeophytin at 18 h divided by the amount at 0 h. 

Error bars represent ±1 SE

Fig. 5. Ambient concentrations of (a) gastropod and bivalve

larvae, and (b) copepod species at the 3 turbidity levels

(NTU = nephelometer turbidity units). Samples were col-

lected immediately after treatment at 0 h. Error bars 

represent ±1 SE
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gated in this study were generally smaller in size than

the gastropod and bivalve larvae; however, they were

still removed by the 50 µm screen. It can also be noted

that although there was variation in the enumeration of

organisms after hydrocyclone treatment, the removal

of organisms via the hydrocyclone was clearly small,

and less than 15%. 

Biochemical analyses (ATP and protein) were also

conducted to evaluate their usefulness in monitoring

treatment efficiency. The intention was to determine

whether these methods could provide an overall esti-

mate of activity and biomass of all plankton in a sam-

ple. Protein and ATP were monitored in 2 different

components (>35 and <35 µm) of seawater. The larger

fraction represents zooplankton groups and other

larger organisms, while the smaller fraction repre-

sents principally the microbiota. Protein concentration

as a function of treatment process for both size frac-

tions is shown in Fig. 8a. There was approximately

5000 times more protein in the smaller vs. the larger

fraction. For that component of the biota larger than

35 µm, there was significant removal of protein by the

screen (p < 0.001) and hydrocyclone (p < 0.05). This

was to be expected, as differences in protein should

only be observed if biomass is removed, as would be

the case after hydrocyclone or screen treatment. It

was not anticipated that a change in protein would be

noted due to UV treatment. For the smaller fraction,

there was little change in protein concentration. This

was also to be expected, as the physical separation

processes were not expected to remove organisms of

this size fraction. Similar to the results for protein,

Fig. 8b shows that for ambient seawater, ATP concen-

trations were approximately 1000 times higher in the

smaller vs. the larger fraction. The amount of ATP

in the larger fraction decreased after the physical

separation processes of hydrocyclone and screen, and

remained constant after UV treatment. ATP concen-

trations in the small fraction did not change after the

physical separation processes, and contrary to expec-

tations, did not decrease after UV treatment. This was

unexpected, as significant decreases were noted in all

bacterial indices monitored after UV treatment. The

large variability encountered in ATP measurements

may partly account for this result; moreover, we were

not able to obtain sufficient ATP data for statistical

evaluation.

DISCUSSION

The results of our study showed that the screen re-

moved the majority of zooplankton, and UV treatment

decreased the abundance of bacteria monitored. Tur-

bidity influence (increased suspended solids) on the unit

processes was also evaluated, with the expectation that

turbidity would likely have the greatest effect on the

amount of UV delivered to seawater. While operational

effects were noted for the screen and hydrocyclone,

there was little effect of increased turbidity on bacterial

abundance. This is likely due to the fact that even at the

highest turbidities, a sufficient UV dose was still avail-

able to inactivate bacteria. Because the UV treatment

system in our experiments was designed to deliver a

dose in excess of 60 mW s cm–2 in ambient seawater,

at the highest suspended solids concentrations (60 to

95 NTU) tested, a UV dose in excess of 25 mW s cm–2

was measured. This dose has been reported in other

60

Fig. 6. Physical removal of gastropod and bivalve larvae

by screen and hydrocyclone at the 3 different turbidity levels

(NTU = nephelometer turbidity units). Samples were collected 

immediately after treatment at 0 h. Error bars represent ±1 SE

Fig. 7. Physical removal of Copepoda species by screen vs. hydrocy-

clone. These data were grouped from all turbidity levels (NTU =

nephelometer turbidity units). Samples were collected immediately 

after treatment at 0 h. Error bars represent ±1 SE
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studies to reduce bacterial numbers significantly

(e.g. Scheible et al. 1983). It also should be noted here

that the test range of added suspended solids (up to

95 NTU) is in excess of any found in the natural envi-

ronment. In general, the most turbid waters naturally

encountered are in the range of 10 to 15 NTU.

The UV system facilitated significant removal of bac-

teria, with essentially all of the coliforms (total and

Escherichia coli) being removed to below detection

levels (10 organisms per 100 ml), and only a small

residual of total cultivable heterotrophic bacteria

remaining in the water. These data indicate that UV

treatment will be effective at significantly reducing

bacterial populations, and that the effects of pretreat-

ment via screens or hydrocyclones will not be required

in order to enhance removal efficiencies of a UV sys-

tem. However, the effectiveness of UV treatment was

short-lived, as bacterial regrowth occurred after the

samples were held for 18 h. One possible explanation

for this result is that bacteria are capable of repairing

genetic damage induced by UV treatment (Kelner

1949, Lawrence & Block 1968, Scheible et al. 1983),

and this phenomenon may have also occurred in our

study. Another possible explanation is that 100% mor-

tality did not actually occur, and the remaining cells

(few yet intact) were sufficient to increase the popula-

tion to higher than ambient levels over an 18 h period. 

It should also be noted that total coliform and

Escherichia coli abundances in Biscayne Bay were

high (2000 cells per 100 ml), and exceeded by 2 orders

of magnitude the USEPA criterion of 35 cells per

100 ml. A possible explanation for the high counts is

that non-coliform bacteria naturally present in seawa-

ter have recently been shown to be responsible for

false positive results in the enzyme substrate method

used for detecting coliforms (Pisciotta et al. 2002).

Although the use of Colilert 18® system (IDEXX Labo-

ratories) has been approved by the USEPA for drinking

water monitoring, it appears that in subtropical sea-

water samples, coliform abundances may be over-

estimated by 1 to 2 orders of magnitude.

All of the data relating to phytoplankton chlorophyll

were grouped in order to compare UV effects as a

function of introduced turbidity. This was possible

because no effects on phytoplankton biomass due to

physical separation treatment were observed. It

appears that the use of UV treatment for destroying

phytoplankton in ballast water would not be an effi-

cient or predictable process, and probably would not

be successful in producing ballast water free of phyto-

plankton. However, it should also be noted that chl a is

effectively a monitor of biomass and may not be a sen-

sitive measure of inactivation of photosynthetic activity

due to UV treatment. It is known that even if a vegeta-

tive cell is inactivated, it takes some time (hours to

days) before the chlorophyll present in the cell is

reduced or disappears altogether. Sutherland et al.

(2001) conducted longer term (16 d) incubation studies,

and found that the starting concentration, growth rate,

and relative abundance of Chaetoceros gracile were

reduced in UV-treated samples. 

Obviously, the issue of regrowth is significant and

must be addressed if UV treatment is to be considered

as a technology to reduce microorganism abundance

in ballast water. It should also be noted that in other

applications (e.g. drinking water treatment), typical

water treatment technologies require that treatment

efficacy be substantial and far in excess of that

required to reduce natural populations of microorgan-

isms by only 2 to 3 orders of magnitude as seen in our

study. For example, if water is to be treated to remove

bacterial populations in the range of 103 organisms per

ml, then treatment to facilitate at least 6-logs reduction

is required in order for the process to be considered

reliable and viable. Thus, if UV treatment is to be used

as a treatment technology, the dose required will

need to be in excess of that utilized in this experiment

(>60 mW s cm–2) to guarantee reliable and predictable
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Fig. 8. Effect of treatment processes on (a) protein, and (b)

ATP of organisms in <35 and >35 µm fractions. These data

were grouped from all turbidity levels (NTU = nephelometer

turbidity units). Samples were collected immediately after 

treatment at 0 h. Error bars represent ±1 SE
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removal of microorganisms. Clearly, the regrowth

issue observed here will mean that the required UV

dose would have to be excessively high to ensure that

all organisms are permanently inactivated.

It is clear that the 50 µm screen was more effective

than the hydrocyclone for removing zooplankton and

larvae monitored in our study. In contrast to the results

obtained by Sutherland et al. (2001) for a hydrocy-

clone-UV treatment system, visual observations indi-

cated no loss of vitality of any zooplankton groups after

treatment. There was, however, a trend of increasing

removal efficiency at higher turbidity levels with the

hydrocyclone. One possible explanation for this obser-

vation is that the added kaolinite clay was aggregating

larvae into a large enough mass to be affected by the

hydrocyclone and therefore, removed. In fact, visual

observation of samples after addition of clay showed

that much of the larvae were indeed aggregated

together. Even with a large load of suspended solids,

with turbidities close to 90 NTU, less than 40% of the

larvae were removed by the hydrocyclone. Consider-

ing that the majority of invasions recorded to date have

occurred because of transport of bivalve and gastropod

larvae (Ruiz et al. 2000b), removal of these particular

components of the zooplankton becomes especially

important. From our studies, it appears that a screen

operating at 50 µm can effectively remove the majority

of larvae present in natural water systems.

While the measurement of biomass can be achieved in

many ways, the determination of organism viability or

activity is a more critical monitor. Other than for organ-

isms such as bacteria, where plate growth studies can be

easily undertaken, it is difficult to determine the viabil-

ity of larger organisms on a routine basis. In order to ad-

dress this issue, ATP was used as a monitor of organism

activity. ATP is an important macromolecule used by live

organisms in carrying out their biochemical processes,

and quickly disappears upon the death of an organism.

ATP analysis provides the only means of determining to-

tal viable plankton biomass (American Public Heath As-

sociation 1998) and has had wide application in estimat-

ing living biomass in sediments (Karl & LaRock 1975),

sludge (Patterson et al. 1970), marine water columns

(Holm-Hansen & Booth 1966, Maranda & Lacroix 1983),

as well as in phytoplankton (Holm-Hansen 1969, Hitch-

cock et al. 1987) and bacterial populations (Lundin &

Thore 1975). Protein was also measured in the same

samples taken for ATP analysis in order to relate viabil-

ity (as measured by ATP) to biomass. The intent was to

explore the use of these relatively easy monitoring meth-

ods, with the idea that they may eventually be used on-

board ships, most of which are not equipped with wet

labs. Kits to measure protein are commercially available,

and the ATP method has the potential to be developed

into a flow-through, online monitoring system. 

ATP values observed in Biscayne Bay water (50 to 120

ng l–1) for the small fraction (<35 µm) were consistent

with that for a subtropical estuarine system. Other stud-

ies have reported ATP concentrations in bacterioplank-

ton from 114 ng l–1 in a coral atoll (Blanchot et al. 1989) to

0.5 to 2 µg l–1 in eutrophic coastal waters near Alexan-

dria, Egypt (Aboul-Kassim et al. 1992). ATP values for

bacterioplankton are typically reported to be greater by

1 order of magnitude than concentrations found for

larger planktonic organisms (Maranda & Lacroix 1983),

and this was also observed in our study. Our results also

indicate that decreased ATP levels were consistent with

biomass removal, thus ATP levels reflected changes that

occurred due to treatment. In the case of ATP concen-

trations in the small fraction, it was noted that ATP levels

remained constant through the physical separation pro-

cesses. This was as expected, since organisms smaller

than 35 µm would not be removed by these processes.

However, ATP concentrations in this fraction remained

high after UV treatment, even though all other monitors

(e.g. bacterial counts) indicated that organism abun-

dance was significantly reduced due to UV treatment.

The preliminary data presented here indicate that ATP

may be a useful tool for monitoring activity of the bio-

mass, as affected by treatment processes. However, more

work is required to refine the procedure so that reliable

and reproducible data can be collected.
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