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ABSTRACT

1. Oceanographic characteristics and the presence of international shipping in Puget Sound, Washington, USA
contribute to its vulnerability to non-indigenous species (NIS) invasions. To evaluate NIS arriving in ballast
water, zooplankton was sampled in 380 ballast tanks of ships after they entered Puget Sound.

2. Taxa were classified into a higher risk group of coastal organisms (including known NIS), and a lower risk group of
largely oceanic species. Most ships reported conducting mid-ocean ballast water exchange (BWE). However, despite state
regulations requiring BWE, and apparent compliance by ship operators, most sampled tanks from both transpacific and
coastal routes had coastal zooplankton densities exceeding internationally proposed discharge standards.

3. BWE efficiency models and controlled before-and-after BWE experiments indicate that BWE consistently
removes most coastal zooplankton. However, this study found that although the empty—refill method of BWE
significantly reduced coastal plankton compared with un-exchanged tanks, the flow-through method did not, and
in either case remaining coastal plankton densities presented appreciable risks of introducing NIS.

4. Densities of high risk taxa were consistently and significantly higher from US domestic trips dominated by
tank ships carrying ballast water from California, and lower in samples from trans-Pacific trips dominated by
container ships and bulk carriers with ballast from Asia. These findings are probably a result of the dense and
diverse NIS assemblages present in California and other US west coast estuaries and the comparatively short
transit times between them and Puget Sound.

5. While it appears that BWE can effectively replace NIS with less risky ocean species, new reporting,
verification, and operational procedures may be necessary to enhance BWE efficacy. In the long-term, the
introduction of ballast water treatment technologies may be required to significantly reduce the discharge of risky
organisms from commercial ships if BWE practices do not become more effective.
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INTRODUCTION

Along with worldwide growth in shipping commerce,
increasing ship speeds and ballast capacities have increased
the risk of introductions of non-indigenous aquatic species
to coastal ports. In the North American Great Lakes there
are 90 known introductions between 1810 and 1959, 43
known introductions between 1960 and 1990, and even
higher discovery rates since 1990 (Mills et al., 1993; Holeck
et al., 2004). A similar but more pronounced pattern occurred
in the San Francisco estuary on the west coast of
North America, where the rate of new species introductions
increased from about one every 55 weeks before 1960
to one every 14 weeks after 1960, for a total of over 200
species (Cohen and Carlton, 1998). The Puget Sound region in
the northwest USA experienced a similar cumulative increase
in successful marine/estuarine non-indigenous  species
invasions, with a documented total of 76 introduced species
(Wonham and Carlton, 2005). Compared with other
locations in the region, Puget Sound and the adjacent
Straits of Juan de Fuca have fewer ballast-mediated
introductions and more introductions associated with
aquaculture imports of the Pacific oyster Crassostrea gigas.
However, oyster imports to the Puget Sound region peaked in
the 1950s and are now rare, and introductions in the region
after the 1980s are thought to be mostly from ballast water
(Wonham and Carlton, 2005).

Puget Sound, located in Washington State, is a fjord-like
estuary comprising four major sub-basins connected to the
Pacific Ocean by the Straits of Juan de Fuca (Figure 1).
The main sub-basin covers about 45% of the area, contains
about 60% of the water, and is the location of the major
shipping ports of Seattle and Tacoma. In 1991, these ports
together ranked 6th among 17 United States ports in the
volume of ballast water discharged, receiving an estimated
2.69 x 108 metric tons (Carlton et al., 1995; Gramling, 2000).
In Washington State as a whole, ships discharge an average of
9.5 x 10°cubic metres of ballast water per year (A. Pleus,
Washington Department of Fish and Wildlife, personal
communication). Ballast water arriving at other locations on
the Pacific coast of North America has been shown to contain
dense and diverse assemblages of organisms (Carlton and
Geller, 1993; Levings et al., 2004; Choi et al., 2005) and is
currently the most frequently cited method for transfer of non-
native organisms worldwide.

Puget Sound is characterized by having several relatively
deep basins separated from each other and from the Straits of
Juan de Fuca by shallow sills (Figure 1). These and other
factors (e.g. drought, Newton et al., 2003) may limit exchange
both among basins and bays in Puget Sound and between
Puget Sound and the ocean. Residence times of water can be
quite long in some parts of Puget Sound (up to 2 months in
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the southern sub-basin, Albertson et al., 2002). These
oceanographic factors and the large ballast volumes and
frequency of possible non-indigenous species inoculations may
enhance the risk of further invasions in Puget Sound.

There is a poor record of eliminating introduced species
once they are established so it is preferable to prevent
introductions through management actions. Oceanic ballast
water exchange (BWE) is currently the only widely approved
method for reducing the transfer of invasive aquatic species in
ballast water. Ballast taken on in coastal ports and containing
risky coastal species is exchanged with oceanic water that
contains low risk species. Ships primarily conduct two types of
BWE: flow-through exchange, in which ocean water is pumped
continuously through a ballast tank to flush out coastal water
from the ballast source port, and empty-refill exchange, in
which a ballast tank is first emptied of coastal water and then
refilled with ocean water. Flow-through exchange usually
involves exchange of at least three times the volume of the
ballast tank. When properly practised, BWE can replace 95%
to 100% of the original source water (Hay and Tanis, 1998;
Rigby et al., 1999). In theory, the process of exchange should
significantly reduce the number of non-indigenous species
introductions. However, in practice, organism removal is a
complex issue that can vary among particular ships, voyages,
seasons, type of BWE conducted, and types of organisms
(Dickman and Zhang, 1999; Rigby et al., 1999; Zhang and
Dickman, 1999; Wonham et al., 2005).

In the USA, federal law requires ballast exchange to be
conducted a minimum of 200 nautical miles from shore for
international voyages. Coastal voyages are exempt from the
federal law, but the states of Washington, Oregon, and
California require ships on coastal voyages to exchange their
ballast a minimum of 50 nautical miles from shore. The
requirement is that ships conduct a single empty—refill
exchange or a three times flow-through exchange (300%
volumetric exchange). At present, BWE verification at state
and federal levels mostly consists of asking ship operators if
they complied with the law. Federal inspectors may board a
ship and measure the salinity of ballast water. If the salinity is
lower than found in the ocean, then the conclusion is that the
ship failed to perform a BWE. Salinity measurements may be
useful for ships ballasting in ports with low salinity waters, but
many ports in western North America or Asia have high
salinities. In addition, there is no clear understanding of how
much reduction in undesirable organisms is achieved by
currently practised BWE techniques, either on individual
ship or aggregated bases. Washington Department of Fish
and Wildlife (WDFW) was given authority to implement the
Washington State ballast management law, and in 2004 began
a systematic collection of ballast exchange data and
zooplankton samples from ships arriving in Puget Sound.
This study examined exchange data and zooplankton from
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Figure 1. Location of Puget Sound, Washington State and its shallow sills, and ports where ballast water zooplankton sampling was conducted.
Numbers in parentheses indicate total number of ballast tanks sampled at each port.

these collections and from previous samples collected
by the University of Washington (UW) beginning in
2001. The goals of this study were to (1) document the
sources and exchange locations of ballast water entering Puget
Sound, as reported on ships’ ballast water reporting forms;
(2) compare zooplankton faunas of those ships that recorded
BWE vs. those that did not; and (3) explore relationships
between zooplankton assemblage structure and density and
factors such as ballast source, ship route, and ship type. The
intent was to better understand the effectiveness of BWE in
reducing the risk of new invasions in Puget Sound and the
Pacific Northwest.
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METHODS

Ship sampling

The UW began sampling ship ballast water on 28 May 2001.
Sampling was conducted on ships entering the ports of Seattle
and Tacoma, Washington. On 22 June 2004, WDFW assumed
the ship sampling in conjunction with ship inspections
conducted as part of implementing ballast water regulations.
On a given day, if a ship from a potentially high-risk domestic
port was available (e.g. San Francisco Bay), it was sampled.
Also, if a ship was previously sampled and was found to
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contain high proportions of coastal or non-indigenous
organisms, it was sampled when it returned to Puget Sound.
Otherwise, ships were sampled randomly as they arrived. Most
of the samples taken by WDFW were in the ports of Seattle
and Tacoma, but several other smaller ports in the Puget
Sound region were occasionally sampled (Figure 1).

In general, zooplankton were collected from a single ballast
tank per ship, although occasionally up to three tanks were
sampled. Tanks were chosen in the following order of priority:
(1) tanks that had undergone a reported BWE; (2) fullest
tanks; (3) easiest tanks to access via manways (wing tanks were
preferred, as they generally had easiest access and most
unobstructed water columns); and (4) arbitrary choice by
master or chief mate of the ship.

We obtained the following information from each ship’s
Ballast Water Reporting Form (BWRF): ship name, IMO
number, owner, ship type, last port, total ballast capacity,
water volume of the sampled tank, total discharge of the ship,
exchange status, exchange method, date source water was
ballasted, exchange date, and exchange location.

Sampling and laboratory methods

Zooplankton were sampled with a conical 30cm
diameter 73 pm mesh plankton net. Three replicate plankton
samples were taken in each ballast tank. Depth was measured
with a 30 m weighted measuring tape, from tank bottom to the
top of the water column. The net was then lowered to the
bottom, and after approximately 15s, it was pulled
to the surface at a rate of approximately 30cms~'. The
water depth sampled averaged 3.85+3.23 (SD) m.
Occasionally, the internal structure of the ballast tank
prevented the net from reaching the tank bottom. Those
cases were noted by the inspector during sampling.
Zooplankton was washed from the cod-end of the net into
plastic sample jars and fixed in 10% buffered formalin. In each
tank near-surface salinity and temperature were measured with
a YSI model 33 salinity—temperature meter (YSI Incorporated,
Yellow Springs, Ohio) or with a handheld refractometer and
thermometer.

In the laboratory, each zooplankton sample was filtered
through a 30um mesh screen and placed into a plankton
counting tray. Zooplankton taxa were counted under a
microscope at 25 x magnification, except for some taxa,
which were removed and identified using a compound
microscope. Larval forms of invertebrates were generally
identified to higher taxonomic levels such as order (e.g.
Calanoida), suborder (e.g. Balanomorpha), or class (e.g.
Bivalvia). Adults were identified to species in most cases.
Based on published taxonomic and distributional literature
(available from the corresponding author), each species
or group was assigned to one of the following categories:
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(1) coastal taxa, which included meroplankton such as larvae
of shallow water invertebrates, plus holoplankton species,
such as copepods not native to the north-east Pacific; and
(2) oceanic taxa, plus those that are cosmopolitan or of
uncertain origin (this category is henceforth referred to as
oceanic). Organisms in the first category were assumed to
represent source port or nearshore ballast water, and those in
the second category represented oceanic (exchanged) ballast
water. It was also noted if a species was known to be non-
indigenous and invasive on the west coast of North America.
Copepoda nauplii were counted but were not included when
calculating zooplankton density since in most cases they could
not be accurately assigned as coastal or oceanic species.

Data analyses

Among the goals of this study was to understand how
zooplankton densities varied according the following
categorical factors: trip type (transpacific vs. coastal
voyages), exchange method (empty-refill vs. flow-through vs.
no exchange), ship type, and ballast water source. To test the
effect of ballast water age on zooplankton density, age bins
(1-5 days old, 6-10 days old, etc.) were used, and average
densities of zooplankton in each bin were compared. In many
cases factors were partially confounded, making it difficult to
assess the effect of each factor on coastal and oceanic
zooplankton density independently. For example, most of
the tanker samples contained California source water, while
most of the bulk carrier samples contained source water from
Japan (Table1). Confounded variables affected the
assumption of statistical tests that the explanatory variables
be independent of one another.

To reduce problems associated with confounding factors, a
composite factor called ‘trip type’ was created that separated
the data into two groups: (1) ships making transpacific voyages
to Puget Sound that typically contained ballast water from
Asia, and (2) ships travelling to Washington State from other
ports on the west coast of North America. Vessels from the
second category typically contained ballast water from
California, Oregon, and British Columbia. These two groups
correspond to major risk factors from coastal organisms from
Asian sources and NIS already established in west coast ports.
Relationships between zooplankton densities and continuous
variables including temperature and salinity were also
examined.

When testing for the effect of BWE on zooplankton density,
any ship whose ballast water source was oceanic (i.e. taken up
in mid-ocean as opposed to in port) was excluded, because the
primary interest of the study was to determine the effectiveness
of exchange in replacing coastal/nearshore organisms with
oceanic ones.
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Table 1. Categorical factors used in analyses. Samples with unknown or oceanic source water were excluded from the exchange method analyses; trip
type for samples with an ‘unknown’ ballast source was determined from exchange coordinates

Categorical factor Categories Transpacific West Coast
Trip type 239 141
Year 2001-2002 9 3
2003 15 —
2004 75 19
2005 57 45
2006 36 32
2007 47 42
BW age (days) 1-5 17 96
6-10 80 26
11-15 85 9
16-20 37 5
21-25 5 2
26-30 4 2
>30 9 1
Unknown 2 —
Exchange method Exchanged —empty-refill 86 47
Exchanged — flow-through 115 51
No exchange 5 28
Unknown or oceanic source water 33 15
Ship type Bulk Carrier 177 13
Container 48 4
General cargo 6 —
Gas carrier 3 —
Product tanker 1 10
Oil tanker 4 38
Integrated Tug/Barge — 30
Articulated Tug/Barge — 46
Ballast source China 49 —
Japan 124 —
Korea 24 —
Pacific 18 —
Sri Lanka 1 —
Taiwan 3 —
Thailand 2 —
Hawaii 4 —
Western Pacific 4 —
Alaska — 1
California — 104
Canada — 2
Oregon — 10
Washington — 9
West Coast of US — 12
Unknown 10 3

Statistical methods

Zooplankton densities from ballast samples were positively
skewed (most of the values were low with relatively few
extremely large outliers) and sample sizes and variances of the
data were heterogeneous across factor levels. In an effort to
normalize the data, equalize variances, and enhance the power
of statistical tests, all zooplankton densities were log (x+ 1)
transformed before statistical analyses. This reduced skewness,
although it often did not completely homogenize variances.

Copyright © 2008 John Wiley & Sons, Ltd.

The main factors of interest (exchange method, ship type,
and ballast water source) were sampled unequally because
WDFW targeted certain ship types and ballast sources, and
because certain ship types visit Puget Sound more frequently
than others. Thus, samples sizes for comparing the main effects
were often unbalanced, especially when looking at interactions
of these factors. This non-factorial design reduced the power
of the study and the overall ability to analyse the data
statistically. Owing to these limitations and basic differences in
characteristics of the two major voyage types (including
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differences in ballast water age, exchange location, ship type,
and ballast water source, Tables 1 and 2) transpacific and west
coast samples were for the most part analysed separately.

One-way ANOVAs were used to test for differences in total,
coastal, or oceanic zooplankton density based on ballast water
age, exchange method, vessel type, and ballast water source. It
was assumed that an effect of any test was significant using an
a priori o level of 0.05. If a main effect was significant, the
Tukey—Kramer post hoc test was used to determine which
factor levels (categories) were different. All statistical tests were
conducted in NCSS (2001 version).

In most cases average zooplankton densities are reported as
geometric rather than arithmetic means because of the largely
skewed data set, and the tendency for arithmetic means to be
greatly influenced by a few large outliers.

RESULTS

Ballast water sources and characteristics
Transpacific voyages

WDFW and UW sampled 239 ballast tanks from ships on
transpacific voyages, beginning 28 May 2001 and ending 20
December 2007. The majority of the transpacific samples came
from bulk carriers (74%) and container ships (20%). General
cargo ships, gas carriers, product tankers, and oil tankers were
also sampled (Table 1). Japan was the largest source of ballast
water (52%) for transpacific ships, followed by China (21%),
and Korea (10%). Transpacific ships also contained ballast
from Taiwan, Thailand, Sri Lanka, Hawaii, and the mid or
western Pacific Ocean. Ballast water in transpacific samples
was on average 12 days old, and the majority of samples (85%)
had ballast aged from 6 to 20 days old. An average of 9 days
elapsed from the time a transpacific tank was ballasted to when
it completed BWE.

Of the samples from transpacific ships, 98% were taken
from exchanged tanks. Of those tanks, 42% were exchanged
using the empty-refill method, while 58% employed the flow-
through method. The location of reported BWE ranged widely
throughout the north Pacific for these ships (Figure 2).
Densities of coastal zooplankton in exchanged ballast water
had a large range, spanning five orders of magnitude (Figure 2).
However, 92% of the transpacific ballast samples had coastal
zooplankton densities less than 1000 individuals m~>, and
15% of the samples contained no coastal zooplankton. Only
one transpacific ballast sample had a coastal zooplankton
density exceeding 10000 individuals m~® (density=13 974
individuals m™>).

The salinity in exchanged transpacific tanks averaged 34 + 3
(SD) PSU. The salinity in unexchanged tanks was lower,
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averaging 25 + 13 (SD) PSU. Water temperatures ranged from
4.7-35.0°C (mean 13.0 + 4.4 (SD)°C) in exchanged tanks and
from 3.7-16.2°C (mean 9.9 + 5.2 (SD)°C) in unexchanged
tanks. Ballast water age ranged from 4 to 377 days for
exchanged ships (measured from date of exchange), averaging
14 + 26 (SD) days. Unexchanged ships contained ballast water
17-181 days old, averaging 73 + 75 (SD) days (measured from
date of ballasting). Transpacific container ships had much
older ballast water compared with other transpacific ship types
(average ballast water age 45 days vs. 14 days or less for other
ship types, Table 2).

West Coast voyages

For ships on west coast voyages, 141 ballast tanks were
sampled between 20 June 2001 and 28 December 2007
(Table 1). The majority of the west coast samples came from
tank ships that included articulated tug/barges (33%), oil
tankers (27%), integrated tug/barges (21%), and product
tankers (7%). Thirteen bulk carriers and four container ships
were also sampled from west coast voyages. California was the
largest ballast water source for west coast samples (74%).
Ships also contained ballast water from waters immediately
offshore of the US west coast (9%), Oregon (6%), Washington
(6%), Alaska (1%), and Canada (1%). The ballast water in
west coast samples was on average 6 days old, where the
majority of the samples had ballast aged from 1 to 10 days
(87% of the samples). On average, 3 days elapsed from the
time a west coast tank was ballasted to when it completed
BWE.

Of the samples from west coast trips, 77% were from
exchanged tanks. Of those samples, 48% were exchanged using
the empty-refill method, while 52% used the flow-through
method. Ships on west coast voyages generally exchanged their
ballast just over 50 nautical miles offshore (Figure 3). Of the
west coast ballast samples, 72% had coastal zooplankton
densities less than 1000 individuals m ™ (Figure 3); 21% of the
samples contained 100010000 coastal zooplankton m>.
Eight exchanged west coast samples (7.5%) contained greater
than 10 000 coastal zooplankton m™. All of the samples taken
from ships travelling along the west coast had at least one
coastal zooplankton m~>.

Salinity in exchanged tanks from west coast voyages
averaged 35 +2 (SD) PSU. The salinity in unexchanged
tanks was lower, averaging 20 + 14 (SD) PSU. Water
temperatures ranged from 6.9-20.9°C (mean 12.9 + 3.3
(SD)°C) in exchanged ships and from 7.8-19.9°C (mean
15.0 + 4.0 (SD)°C) in unexchanged ships. Ballast water age
ranged from 1-38 days for exchanged ships (measured from
date of exchange), averaging 5 + 5 (SD) days. Unexchanged
ships had ballast water 2-21 days old, averaging 7 + 5 (SD)
days (measured from date of ballasting).
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Figure 2. Locations of reported mid-ocean ballast water exchange (end of exchange event) for transpacific trips. Symbols indicate exchange locations
and densities of coastal zooplankton taxa.

Zooplankton assemblages

In total, 124 coastal zooplankton taxa were identified from
transpacific and west coast ballast water samples (Table 4).
The most common coastal taxa in transpacific samples
included bivalve larvae (49.8% of the samples); the
calanoid copepod Acartia (Acartiura) sp. (32.6%); the
cyclopoid copepod Oithona davisae (31.8%); and barnacle
cyprid and nauplii larvae (25.9% and 21.3%, respectively). Of
these, bivalve larvae and O. davisae also had high average
densities.

Common coastal taxa found in west coast trips included
bivalve larvae (72.3% of the samples); the cyclopoid copepods
0. davisae (70.2%) and Dioithona oculata (33.3%); barnacle
nauplii and cyprid larvae (46.8% and 42.6%, respectively);
the harpacticoid Euterpina  acutifrons (46.8%); the
calanoid copepods Acartia (Acartiura) sp. (43.3%), Acartia
californiensis (29.1%), and Pseudodiaptomus marinus (33.3%);
and spionid polychaete larvae (27.7%). O. davisae was the
most abundant coastal taxon in west coast ballast.

Ballast samples had 165 taxa classified as oceanic,
cosmopolitan, or of unknown origin (referred to as ‘oceanic’,
Table 5). Common oceanic taxa in transpacific ballast included
copepod nauplii (88.7%); the cyclopoid copepods Oithona
similis (83.3%), Oncaea sp. (59.4%), and Corycaeus anglicus
(25.1%); the calanoid copepods Pseudocalanus sp. (59.4%);
Paracalanus sp. (41.0%), Metridia sp. (32.2%), and Calanus
pacificus  (26.8%); gastropod larvae (38.5%), and the
harpacticoid copepod Microsetella  norvegica (25.9%).

Copyright © 2008 John Wiley & Sons, Ltd.

Copepod nauplii and O. similis had the highest oceanic
densities in transpacific samples.

Dominant oceanic taxa in ships performing coastal voyages
included copepod nauplii (100%), the cyclopoid copepods
0. similis (86.5%), C. anglicus (73.8%), Oncaea sp. (63.1%),
and unidentified Cyclopoida (36.9%); the calanoid copepods
Paracalanus sp. (74.5%), Clausocalanus sp. (66.7%), Acartia
sp. (63.8%), Acartia tonsa (59.6%), C. pacificus (53.2%),
Pseudocalanus sp. (46.1%), Ctenocalanus vanus (29.8%), and
Metridia sp. (27.7%); Gastropoda larvae (71.6%), unidentified
polychaete larvae (52.5%), the harpacticoid M. norvegica
(48.9%), unidentified Euphausiacea (41.8%); hydrozoans
(35.5%); Sagitta sp. (32.6%); Oikopleura sp. (29.1%); and
Turbellaria (28.4%). Copepoda nauplii and O. similis had the
highest mean densities of oceanic taxa in west coast ballast.

Ballast in ships from west coast trips had more coastal taxa
than ships on transpacific voyages (107 vs. 75 taxa), and 59 of
the coastal taxa occurred in samples from both trip types.
Transpacific samples had 16 species not found in west coast
ballast, and west coast samples had 49 taxa not found in
transpacific ships. For the dominant coastal taxa that occurred
in both trip types, west coast samples usually had higher mean
and maximum densities than the same taxon in transpacific
ballast (e.g. Oithona davisae, Table 4).

The number of oceanic species present in transpacific and
west coast trip types was similar (137 and 138 taxa,
respectively). Transpacific samples had 27 oceanic species not
found in west coast ballast, and west coast samples had 23
species not found in transpacific tanks. Mean and maximum
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Figure 3. Locations of reported mid-ocean ballast water exchange (end of exchange event) for west coast trips. Symbols indicate exchange locations
and densities of coastal zooplankton taxa. Inset shows region of exchange locations.

densities were generally similar for many common oceanic taxa
found in transpacific and west coast ballast (e.g. O. similis),
although not always (e.g. copepod nauplii, Table 5).

Coastal and oceanic zooplankton densities

Temperature and salinity

Coastal and oceanic zooplankton densities were not
significantly related to either ballast water temperature or
salinity (linear regression, data not shown).

Trip type

Mean densities of coastal zooplankton were significantly
greater in samples from west coast trip types (geometric
mean =364 individuals m~>: 95% CL =245 to 542) than in

Copyright © 2008 John Wiley & Sons, Ltd.

those from transpacific trips (geometric mean =24 individuals
m™> 95% CL=18 to 33, Table3, Figure 4). Oceanic
zooplankton densities were also higher in west coast
(geometric mean=2092 individuals m™>: 95% CL=1562 to
2801) compared with transpacific voyages (geometric
mean =296 individuals m~>: 95% CL =221 to 395).

Ballast water age

Total zooplankton densities were significantly different based
on ballast water age: abundances declined with ballast age for
both transpacific and west coast trip types (Table 3, Figure 5).
For transpacific ships, ballast water between 1 and 5 days old
had a geometric mean of 1266 total zooplankton m ™ (95%
CL=576 to 2786), while 26 to 30 day-old ballast had a
geometric mean of 44 total zooplankton m ™ (95% CL=17 to
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Table 3. Results of ANOVA testing main factor effects on total, coastal, or oceanic zooplankton categories. Numbers in bold type
indicate — values <0.05

Main factor Dependent variable P-value
Trip type Coastal zooplankton 0.000
Oceanic zooplankton 0.000
Transpacific West Coast
Ballast water age Total zooplankton 0.000 0.000
Coastal zooplankton 0.379 0.037
Oceanic zooplankton 0.000 0.004
Exchange method Coastal zooplankton 0.208 0.019
Oceanic zooplankton 0.001 0.000
Ship type Coastal zooplankton 0.111 0.171
Oceanic zooplankton 0.006 0.319
Ballast water source Coastal zooplankton 0.001 0.046
Oceanic zooplankton 0.188 0.000

2,000
1,500

1,000

500

Geometric mean density (m™)

m Coastal Zooplankton
O Oceanic Zooplankton

]

West Coast

Transpacific

Figure 4. Geometric mean densities of coastal and oceanic zooplankton in west coast and transpacific trip types.

117). West coast samples with ballast between 1 and 5 days old
had a geometric mean of 4529 total zooplankton m™ (95%
CL=3508 to 5849), compared with 116 total zooplankton m >
(95% CL=89 to 152) for ballast water between 26 and
30 days old. For each ballast water age group (1-5 days, 6-10
days, etc.), total zooplankton densities were higher in west
coast trip type samples than in transpacific trip type samples
(Figure 5).

Mid-ocean exchange

There was no significant difference in coastal zooplankton
density between transpacific ships that performed an exchange
and those that did not (Table 3, Figure 6). Transpacific ships
that conducted empty—refill BWE had a geometric mean of 28
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coastal zooplankton m~> (95% CL=16 to 47). Those that
performed a flow-through BWE had a geometric mean of 29
coastal zooplankton m~* (95% CL =19 to 44). Unexchanged
transpacific ships had a geometric mean of 4 coastal
zooplankton m~* (95% CL=0 to 36).

For ships on coastal voyages, tanks exchanged using empty—
refill BWE contained significantly lower densities of coastal
organisms (geometric mean=227 individuals m™: 95%
CL=119 to 432) than unexchanged tanks (geometric
mean=1150 individuals m™>: 95% CL=442 to 2986;
Table 3, Figure 6). Densities of coastal zooplankton in west
coast ships that conducted flow-through BWE (geometric
mean =421 individuals m~>: 95% CL =220 to 803) were not
significantly different from ships that did not exchange their
ballast water (post hoc analysis).
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Figure 5. Mean densities of total zooplankton by ballast water age for transpacific and west coast trip types; error bars indicate 95% confidence
intervals.
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Figure 6. Mean densities of coastal and oceanic zooplankton by trip type and ballast water exchange method; error bars indicate 95% confidence
intervals.

For both transpacific and west coast trips, exchanged
ballast tanks had significantly higher densities of oceanic
zooplankton than unexchanged tanks. In transpacific ships,
tanks that underwent empty-refill and flow-through exchanges
had similar numbers of oceanic zooplankton, with geometric
means of 337 individuals m™ (95% CL=207 to 549) and
402 individuals m™> (95% CL=282 to 572), respectively.
Unexchanged transpacific tanks contained a geometric

Copyright © 2008 John Wiley & Sons, Ltd.

mean of 11 oceanic zooplankton m~* (95% CL=2 to 56).
For ships making a coastal voyage, tanks that underwent
empty—refill and flow-through had a geometric mean of 2070
oceanic zooplankton m™ (95% CL=1375 to 3118) and
3855 oceanic zooplankton m™> (95% CL=2866 to 5185),
respectively. Unexchanged tanks in coastal ships had a
geometric mean of 673 oceanic zooplankton m~> (95%
CL =243 to 1859).
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Figure 7. Mean densities of coastal zooplankton by trip type and vessel type; error bars indicate 95% confidence intervals.

Ship type

There was no significant difference in the density of coastal
zooplankton found among samples from the different
transpacific ship types, or for those among west coast ship
types (Table 3, Figure 7).

For ship types common to both trip types, those on west
coast voyages had much higher coastal zooplankton densities.
West coast bulk carriers had a geometric mean of 892 coastal
zooplankton m~* (95% CL =266 to 2985) compared with 29
coastal zooplankton m ™ (95% CL =20 to 42) in transpacific
bulk carriers. West coast container ships had a geometric mean
of 238 coastal zooplankton m > (95% CL =25 to 2,192), while
transpacific container ships had 18 coastal zooplankton m~—>
(95% CL =9 to 34) on average. A similar pattern was observed
for oil tankers on transpacific voyages compared with west
coast voyages. Transpacific oil tankers had a geometric mean
of 2 coastal zooplankton m™> (95% CL=0 to 9) compared
with 232 coastal zooplankton m > (95% CL=112 to 480) in
west coast oil tankers. Differences in coastal zooplankton
densities between transpacific and west coast bulk carriers,
container ships, and oil tankers were statistically significant
(z-tests, container ships t=-—1.7, P=0.048; bulk carriers,
t=-5.09, P<0.000001; oil tankers, r=—3.72, P=0.003).

Oceanic zooplankton densities significantly differed among
the transpacific ship types (Table 3). Bulk carriers had higher
densities of oceanic zooplankton than container ships
(geometric mean=395 individuals m~* and 136 individuals
m 3, respectively). Oceanic zooplankton densities were similar
among all west coast ship types (Table 3).

Ballast source region

Coastal zooplankton densities were significantly different
depending on the ballast water source for transpacific

Copyright © 2008 John Wiley & Sons, Ltd.

voyages (Table 3, Figure 8). However, the only significant
difference identified via post hoc analysis was that Japan
had significantly higher coastal organism densities than
China, with geometric means of 44 individuals m—> (95%
CL=29 to 65) and 10 individuals m~> (95% CL=6 to 19),
respectively.

Within the west coast trip type samples, ballast water
sources had similar densities of coastal zooplankton (Figure 8).
Although a marginally significant difference in coastal
zooplankton densities was found among the west coast
sources when compared using a one way ANOVA
(P=0.046, Table 3), a post hoc test contrasting these sources
with each other did not identify any significant differences.

Ballast water from California contained significantly higher
densities of taxa known to be non-indigenous to the west coast
of North America (P<0.0001, Figure 8) when compared with
other west coast sources. Ships carrying California water as
ballast contained a geometric mean of 112 non-indigenous
zooplankton m™ (95% CL=63 to 197), while ships that
ballasted in Oregon, Washington, or off the west coast of the
USA contained non-indigenous zooplankton abundances
ranging from 4 to 9 individuals m™ (95% CL=0 to 70).
This difference was statistically significant when comparing
California with ballast sources from Oregon and the coastal
Pacific Ocean (post hoc analysis).

Coastal zooplankton densities varied significantly when
comparing all ballast water sources simultaneously (i.e. all
transpacific and west coast sources, P<0.0001). California-
sourced ballast water had significantly higher coastal
zooplankton densities than ballast from the Pacific Ocean,
China, Korea, and Japan. For taxa known to be non-
indigenous to the west coast of North America, California
had higher densities than ballast from the mid-Pacific Ocean,
China, Korea, Japan, Oregon, and the Pacific Ocean near the
North American west coast (Figure 8).
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Figure 9. Estimated number of coastal organisms discharged per deballasting event for each ship type.

Ballast discharge

For ships conducting transpacific trips, bulk carriers and oil
tankers had much higher average and maximum ballast discharge
volumes into Puget Sound than container and general cargo ships
(Table 2). Similarly, for ships travelling on coastal trips, bulk
carriers, oil tankers, and integrated tug/barges had higher average
ballast discharge volumes than other ship types.

To estimate roughly the number of coastal organisms
discharged by each ship type, the average density of coastal

Copyright © 2008 John Wiley & Sons, Ltd.

organisms (individuals m™3) for a given ship type was
multiplied by each ship type’s average discharge (m?). Based
on this calculation it appears ships conducting west coast
voyages discharged many more coastal zooplankton per
deballasting event than did transpacific ships (Figure 9). For
example, although transpacific bulk carriers discharged similar
or greater ballast water volumes to bulk carriers on west coast
trips (Table 2), the number of coastal organisms discharged
during deballasting was an order of magnitude greater for the
west coast ships.

Aquatic Conserv: Mar. Freshw. Ecosyst. (2008)
DOI: 10.1002/aqc



J.R. CORDELL ET AL.

DISCUSSION

This study indicates that BWE significantly reduces the density
of coastal taxa that pose invasion risk, while increasing the
density of less risky oceanic taxa in ships that enter Puget
Sound ports. In particular, for west coast trip types, for which
there were adequate sample sizes of exchanged and
unexchanged tanks, ships that had undergone empty-refill
exchange had significantly lower coastal taxa abundances than
those that did not conduct BWE. For transpacific trip types,
there was no significant difference in coastal plankton densities
between exchanged and unexchanged ships. However, the
sample size of unexchanged transpacific ships was very low
(n=15), and tanks from these samples had a mean ballast age of
73 days, probably causing the low observed densities.
Additional sampling of unexchanged tanks from transpacific
trips will be required to understand how they compare with
exchanged tanks.

Despite apparent compliance by ship operators with
regulations requiring BWE (i.e. indicating BWE on reporting
forms), ships entering Puget Sound continue to pose a large
risk of introducing non-indigenous organisms. There were
many cases in both transpacific and west coast trip types in
which ships reported BWE, but still had relatively high
densities of coastal taxa (Figures 2 and 3). Although
densities of these organisms were lower in ships that
conducted BWE, the differences were not statistically
significant in some cases (e.g. for west coast trip types,
densities in flow-through exchanged tanks were not
significantly different from those in unexchanged tanks).
Also, most sampled tanks had densities of coastal plankton
(a subset of total zooplankton) that were well above proposed
discharge standards for total zooplankton. For example, the
International Ballast Water Convention, adopted by member
countries of the International Maritime Organization (IMO),
proposes a ballast discharge standard of less than 10 viable
organisms greater than or equal to 50 um in minimum
dimension, per cubic metre of water (IMO standards
summarized in Gollasch et al., 2007). If this standard is
applied to the study results to read ‘less than 10 coastal
organisms per cubic metre remaining after BWE’, then only 70
of the 201 transpacific ballast samples and 9 of the 98 west
coast ballast samples that recorded BWE would have passed
the standard. This is a conservative application of the
standard, as the net mesh used in this study was 73 pm.

Ballast exchange efficiency models suggest that exchange
can be quite effective at eliminating organism-bearing
water (Armstrong et al., 1999). Furthermore, when
conducted under controlled experimental conditions,
with  before-and-after exchange sampling, BWE is
consistently effective in reducing the density of coastal
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zooplankton (summarized in Ruiz and Reid, 2007).
For example, Wonham et al. (2001) found in an
experimental test of mid-ocean exchange 93 to 100%
of the coastal water and 80 to 100% of the coastal
organisms were removed; Ruiz er al. (2005) found that
BWE conducted on tankers resulted in reduction of non-
indigenous organisms of 70 and 90% for the flow-through
and empty-refill exchange methods, respectively; and Ruiz and
Reid (2007) described removal efficiencies of zooplankton by
empty-refill exchanges of 80%, 90%, and 95% for container
ships, oil tankers and a bulk carrier, respectively. Although
this study did not have before-and-after BWE results
and single-voyage BWE efficacies could not be measured,
the aggregate findings presented here suggest that BWE
did not consistently reduce risk (i.e. the number of
coastal organisms) to the degree predicted by BWE
efficacy experiments. There are several explanations
for this: one possibility is that in some cases BWE
was reported by ship operators, but not conducted, or
incompletely conducted (Harkless, 2003). If this was the
case, it points to the need for enforcement and verification of
existing ballast exchange regulations. A second reason
for relatively abundant coastal assemblages in exchanged
ships is the possibility that open-ocean waters may contain
coastal organisms transported offshore by ocean conditions.
Taylor et al. (2007) found when ships conducted their
oceanic exchanges in the vicinity of coastal river plumes,
BWE appears to replenish tanks with coastal zooplankton taxa
such as bivalve and Cirripedia larvae. A third possibility is that
BWE is less efficient in certain types of ships (Verling et al.,
2005). While some ship types had higher densities of high-risk
taxa (e.g. tug/barges, tankers), confounding of these results
with trip type and ballast age (e.g. most tankers were from
domestic routes which had lower ballast water ages) makes it
impossible to pinpoint riskier ship types with the present
data. Controlled before-and-after BWE experiments on
several ship types conducting similar voyages would help to
answer this question, and provide information to the shipping
industry on ship design components that increase the efficiency
of exchange. Ship owners and operators would like to
transport as little ballast as possible because it does not
directly contribute to revenue. Recently proposed alternative
ship designs could decrease the risk of introductions by
limiting the amount of ballast needed, retaining more ballast
on board, or changing ballast tank internal structure to
facilitate drainage (National Research Council, 1996).
Also, ballast water treatment systems (e.g. chemical biocides,
physical separation, deoxygenation, ultraviolet light) are
currently being developed as an alternative to BWE
(summarized in Matheickal and Raaymakers, 2004). Some of
these systems have been tested and show promise in reducing
organisms in ships’ ballast (Rigby ez al., 1999; Tamburri et al.,
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2002; Sutherland ez al., 2003; Waite et al., 2003; Herwig
et al., 2000).

This study found that densities of high-risk coastal taxa were
significantly higher from west coast trips, which were
dominated by tank ships that obtained ballast water in
California. Furthermore, estimates of the number of coastal
plankton released per discharge suggest that west coast-
sourced ballast contributes far more invasion risk to Puget
Sound than transpacific-sourced ballast. It should be pointed
out, however, that the ships sampled may not reflect the actual
aggregate ship arrivals and discharge routines of ships visiting
Puget Sound, and additional research to integrate shipping
patterns and ballast discharges is needed.

Coastal zooplankton densities and discharges were
lower in samples from transpacific voyages with ballast
sources in Japan, China, and South Korea. From the
results of this study, it is not possible to determine whether
the higher densities of coastal taxa in west coast ships
are due to differences in ballast source, transit times, or the
ship types on these routes, compared with transpacific
ships. However, a likely explanation is a combination
of the dense and diverse NIS assemblages present in
California estuaries and comparatively short transit times
from California to Puget Sound. San Francisco Bay appears to
be a particularly important source of NIS, with at least 212
introduced taxa, many of which dominate their invaded
habitats (Cohen and Carlton, 1995, 1998). It is notable
that for planktonic copepods alone, much of San Francisco
Bay is now dominated by an East Asian fauna (Orsi
and Ohtsuka, 1999). Three of these copepod species have
recently been found in the Columbia River estuary, 1000 km
north of San Francisco Bay, but do not occur in
other west coast US estuaries (Cordell et al., 2008). While they
may have been introduced to the Columbia River via
shipping from Asia, this study suggests that San Francisco
Bay and other California ports were more likely sources: the
data showed much higher abundances of species known
to be non-indigenous in ballast from California than from
any other source region (Figure 8). Higher densities of
zooplankton in west coast trips are also likely related to
transit time. The findings of this study that transpacific trips
were much longer than west coast trips and that zooplankton
density declined as a function of ballast age coincide with
experimental results showing that most zooplankton taxa
decline in ballast tanks over time, sometimes greatly (Lavoie
et al., 1999; Gollasch et al., 2000; Wonham et al., 2001).
It is interesting that given the same ballast water age,
transpacific plankton densities are lower than west coast
densities (Figure 5). This suggests that it is not ballast age
alone that contributes to overall lower plankton densities
from transpacific trips. One explanation for this is that ships
on west coast trip types conduct their BWE closer to shore
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than transpacific ships. Most BWE on west coast trips is
conducted close to the required 50 nautical mile distance
(Figure 3), and local ocean conditions (e.g. onshore—offshore
flow, river plumes, natural plankton distribution) may
result in coastal zooplankton occurring beyond 50 nautical
miles. In contrast, BWE conducted on transpacific trips
is mandated to occur at least 200 nautical miles offshore
(Figure 2). Another factor that could contribute to higher
plankton densities in west coast trip types is related to the
amount of time elapsed before exchange was completed:
transpacific trips averaged 9 days before completing their
exchange. Ships on west coast voyages typically initiate
their exchange immediately upon reaching the 50 nautical
mile line, especially if they are conducting the more
time-intensive flow-through exchange, and on average
complete their exchange 3 days after ballasting. For
transpacific trips, the longer time lag between originally
taking on ballast and the time when the exchange occurs
may result in plankton die-off, lowering the densities of
‘residual” zooplankton after BWE.

The lower average coastal plankton densities in longer
transpacific trips does not mean that NIS introduction risk
from that source is insignificant: coastal taxa often numbered
in the thousands per cubic metre in transpacific samples, well
above proposed and current discharge standards (see
discussion above). Many invasive taxa in US west coast
estuaries are thought to have been originally introduced via
this pathway (Wonham and Carlton, 2005). Thus, transpacific
trips pose the risk of introduction of new non-indigenous taxa
while US west coast trips pose a risk of spreading already
established invasive taxa from highly invaded estuaries (e.g.
San Francisco Bay) to new coastal locations. This is analogous
to what happened in the Caspian Sea after construction of the
Volga-Don canal. Subsequent to its construction in 1952,
several invasive species (including the notorious comb jelly
Mnemiopsis leidyi and the crab Rhithropanopeus harrisii) first
introduced in the western Atlantic to the Black and Azov Seas,
appeared in the Caspian Sea. These species were presumably
moved there via shipping in the canal (Ivanov et al., 2000;
Grigorovich et al., 2003).

In a recent comparison of the Puget Sound region (including
northern Washington State and southern British Columbia
province) with three other north-eastern Pacific coastal
embayments (not including San Francisco Bay), Wonham
and Carlton (2005) found that the Puget Sound region had the
highest number of known NIS. They found that most of these
introductions were invertebrates likely introduced with oyster
seed from the Atlantic and north-west Pacific, but suggested
that this pathway has peaked and that ballast water discharge
is an increasing source of introductions to the region. Similar
to the findings presented here for Puget Sound, Levings et al.
(2004) documented a number of potential planktonic
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colonizers arriving at Vancouver, British Columbia in ships’
ballast. In particular, several planktonic copepods found by
Levings et al. (2004) and also in this study are known NIS
invaders in the region, and are hypothesized (based on
physiological tolerances and native distributions) to be
successful colonizers in the region (Levings et al., 2004). Two
of these species, the calanoid Pseudodiaptomus marinus and the
cyclopoid Oithona davisae were among the most common in
terms of frequency of occurrence and/or abundance in ballast
samples from this study (see Table 4). Despite this high relative
propagule pressure, neither of these species is known to have
successfully established in Puget Sound or other coastal
estuaries of the north-east Pacific (J. Cordell, unpublished
data). Additional autecological case studies of species like
these will help to understand why some species that are
abundant in ballast water discharge become invasive and
others do not.

In addition to copepods, a number of other potentially
invasive coastal invertebrate larvae (e.g. barnacles, bivalves,
polychaetes) were abundant in the ballast samples. Although
little studied, the ecological effects of both planktonic and
benthic invaders can be large in the north-eastern Pacific
(summarized by Wonham and Carlton, 2005). Puget Sound
may be at particular risk of continued ballast-mediated
invasions because of its physical geography and continued
ballast discharges.

RECOMMENDATIONS

Ultimately, for BWE or any other ballast water treatment
method to significantly reduce the risk of new invasions, viable
propagules of non-indigenous taxa must be reduced below a
critical threshold (Choi et al., 2005; Wonham et al., 2005). In
both models and controlled experiments, it has been shown
that BWE can be very effective in replacing potential invaders
with less risky oceanic species (Wonham et al., 2001; Ruiz
et al., 2005; Ruiz and Reid, 2007), and in theory, BWE
can be conducted in ways that significantly reduce propagule
pressure (Wonham et al., 2005). In this study, a number of
ships that conducted BWE had no detectable coastal
organisms (Figure 2). Although it is suggested that
ballast water treatment should eventually replace BWE
as a ballast water management practice, at this time
technologies are in the development stage, and their efficacy,
reliability, and costs are still being evaluated. Thus,
it is recommended that BWE be retained for the time
being in the ballast water management ‘toolbox’. However,
a caveat to this recommendation is that in order to be
effective, BWE will require more regulatory oversight
and compliance verification than is currently practised.
Current BWE verification methods such as ballast exchange
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reporting by ship operators and measuring ballast salinity are
problematic: in the first case, ballast exchange records can be
manipulated or poorly kept, and in the second case, salinity is
a poor predictor of BWE because some ballast source ports are
located in high salinity waters (Murphy et al., 2004). One
verification method that shows potential is the use of chemical
tracers indicative of coastal vs. oceanic waters (Murphy et al.,
2004). Another possible verification method is to examine
water to be discharged for indicator taxa known to occur only
in coastal habitats. As Murphy et al. (2004) suggest, downsides
of a taxonomic verification method include the expertise
required and extremely high temporal variation in abundances
at a given source. However, this method bears more
consideration, and studies should be conducted to determine
(1) whether there are easily identified taxa that can be reliable
indicators of coastal waters, and (2) how seasonal variability in
these taxa affects one’s ability to determine whether or not
BWE was conducted.

At state, federal, and international levels, the importance of
ballast water regulation and management is increasingly
recognized. In Washington State, regulatory activity and
scrutiny has increased in the form of additional ship
inspections, review of ballasting records, and collecting
samples from ballast tanks for zooplankton analysis. Ship
ballast sampling in Puget Sound and elsewhere should be
continued to help understand the effects of ballast
management efforts. For example, some ships may need to
make changes in their ballast pump capacity, intake and
discharge locations within a tank, or modify tanks in other
ways to achieve greater exchange efficiency. Data from this
study comprise a useful baseline for evaluating the
effectiveness of ballast tank design modifications, new
exchange practices, or treatment technologies in removing
coastal species.

To understand if any NIS interdiction effort significantly
reduces invasion risk, much more needs to be known about
what constitutes ‘invasibility’ for a given organism or receiving
ecosystem. While the results of this and similar studies can
offer valuable information (e.g. on ballast management effects
on propagule pressure), such data will be much more useful for
predicting and understanding future invasions when integrated
with information such as physiological requirements of species
of concern, disturbance regimes of receiving locations, and
native ranges of NIS. Although propagule pressure is an
important predictor of invasion success (Lockwood et al.,
2005), models that merge propagule pressure and invasibility
measures may be even more useful (Leung and Mandrak,
2007). Results of additional research to measure invasibility
metrics and join them with propagule pressure data will be
invaluable to resource managers and other stakeholders
concerned with managing NIS and preserving the ecological
functions of coastal ecosystems.
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