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ABSTRACT

Ballast residual samples were collected from ships from APEC economies, on both
trans-pacific, and coastal voyages. Analysis of samples indicated that invertebrate
abundance and taxa were directly correlated with ballast residual turbidity. It appears
that ballast residuals may act as a repository for organisms within the constraints of
ballast tank structure. These findings are consistent with previous studies examining
biodiversity within ballast sediments. One would anticipate that efforts to decrease both
residuals and sediments should be correlated with a decreased risk of non-indigenous
invasions. Flushing in this regard can be seen as a positive operation for ships in no
ballast on board conditions (NOBOB). This procedure may be carried out in non-
productive oceanic regions similar to mid-ocean exchange (MOE) regulations with due
attention to sensitive and/or exempt areas under safe shipping practices. In conducting
these studies it was found that mid ocean flushing/exchange activities on some vessels
departing Asian APEC economies were undertaken in areas of shoaling sea ridges and
seamounts, rendering the potential for a contaminated exchange process. This activity
may result in the uptake of a diverse taxa community and/or the discharge of potential
AIS on sensitive habitats. It is suggested that the IMO requirements be adjusted to
recommend flushing/exchange in areas of sufficient distance and depth to avoid these
scenarios. The IMO standard of 200 metres depth for exchange around sea- ridges and
sea mounts does not seemed to have been sufficiently protective. In addition, further
information regarding start locations of MOE activities should be required to allow for a
closer examination of the impact of MOE on potential AIS transfers within the APEC

communities.



EXPERIMENTAL OVERVIEW

Liquid ballast residual or “swish” samples were collected from ships from APEC
economies, on both trans-pacific, and coastal voyages. Approximately 72 % of the ships
investigated in this project contained ballast “swish” medium upon port discharge which
represented material available for transport under NOBOB conditions. These ships were
categorized according to exchange type with 9 ships belonging to a trans-oceanic group
undergoing mid-ocean exchange (Trans), 7 ships belonging to an intra-coastal group
undergoing coastal exchange (CE), and 5 ships belonging to an intra-coastal group
carrying un-exchanged ballast water (CNE). Invertebrate abundance and taxa were
directly correlated with ballast-swish turbidity suggesting that highly-productive coastal
source waters as well as ballast tank retention/exchange processes may both be
contributing to this trend. In turn, invertebrate abundance increased with increasing
invertebrate taxa. Additional studies carried out by the Canadian Aquatic Invasive
Species Network revealed that eggs collected from sediment containing rotifer,
cladoceran, copepod, and bryozoan taxa were observed in both trans-oceanic and
coastal voyages. (Briski et al. 2009). A Principal Component Analysis revealed that
length of voyage (port-to-port) appeared to be inversely related to Invertebrate
abundance for the trans-oceanic category, relative to ballast water age (post-MOE). It
appears that ballast “swish” may act as a repository for ballast water organisms within
the constraints of the tank-floor compartments. Within the coastal voyage category,
voyage length and ballast water age (MOE) tended to be of the same magnitude and
were directly correlated with both crustacean and nematode taxa. Caution should be
taken when MOE coordinates are carried out over shoaling searidges and seamounts
rendering contaminated exchange processes or facilitating non-indigenous invasions to
sensitive habitats. Coastal voyages, not undergoing ballast exchange and undertaking a
direct river-to-river route, are considered high risk if the source waters contain
established invasive species. Regulatory groups may consider exemptions to shoaling
oceanic habitats and revisit intra-coastal exchange exemptions facilitating direct river-to-
river AIS transportation. Future considerations include strong international efforts to
acquire representative samples from a variety of APEC ports to increase the data base

and knowledge surrounding AIS in the pacific region.



INTRODUCTION

In order to estimate the risk associated with biological invasions, it is important to
identify significant gaps and uncertainties, identify potential vectors of introduction, and
guantify terms associated with these pathways of introduction. Studies conducted on
marine and freshwater systems have demonstrated that ship ballast water may be an
important vector of aquatic invasive species (Ruiz et al. 2000; Bailey et al. 2005).
However, few investigations have been carried out on ballast liquid residuals or
sediments, which examined a narrow taxonomic range (Hamer et al. 2000; McGann et
al. 2003) or considered a limited geographic scale (Duggan et al. 2006). Furthermore,
the majority (> 90%) of ballast sediment studies that resulted in peer-reviewed papers to
date (approx 15) focused on freshwater ports (Great Lakes) and arose from only 2 or 3
independent projects. Information on the biological load of sediments in ships at a
regional scale, such as those trading amongst APEC economies, is scant. Thus,
difficulties arise when developing national standards for conducting biological risk
assessments.

The International Convention for the Control and Management of Ship’s Ballast
Water and Sediments sets international standards for the discharge of ballast water and
timelines for implementation of treatment aboard vessels to a specified standard.
Unfortunately the Convention is not in force at this present time. Until such time, ballast
water exchange, as required by legislation and regulations in various APEC economies,
is the most protective standard. Since little data exist on the effect of ballast tank flushing
on sediment productivity, additional scientific knowledge is necessary to develop best
management practices aimed at reducing invasion risk from shipping associated vectors
(e.g. US Coast Guard 1993; IMO, 2004). This project is relevant to the management of
invasive species and their impact on the environmental, habitat, and fisheries science.
Specifically, detailed information on the role of sediment in ballast water discharge and
the transfer potential of aquatic invasive species (AIS) will help with the development of

a risk-assessment model of marine bio-invasions.

OBJECTIVE

The primary objective of this study was to assess the transfer potential of
sediment-associated AIS in ships travelling between APEC ports. Special attention was
placed on the existing knowledge gap concerning “residual” ballast as a vector for the
transfer of AIS. Ballast residual consists material that resides in a ballast tank following

ballast-water discharge (mid-ocean or port-side) prior to cargo load mobilization in
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preparation for a NOBOB journey (no ballast on board). Ballast residual or “swish” is
made up of a mixture of ballast water and sediment that is created during 1) high-
velocity and turbulent conditions associated with discharge processes in the tank-bottom
environment and 2) mixing processes occurring under NOBOB conditions during coastal
and trans-oceanic journeys (in-tank seiche waves). Sediment swish or slurries may also
exist under BOB conditions as a turbid particle-rich nepheloid layer that “rafts” above
compact sediment and act as an interface within the water-sediment continuum. The
results from this project can eventually be related to those of a CAISN project (Canadian
Aquatic Invasive Species Network) as results become available, since congruent water,
sediment, and residual slurry samples were collected under similar conditions.
Preliminary results associated with invertebrate diversity associated with consolidated
sediment samples are available from Elizabeth Briski (Briski et al. 2009). These
analyses revealed that eggs associated with rotifer, cladoceran, copepod, and bryozoan

taxa were observed in both trans-oceanic and coastal voyages.

METHODS

Sample collection: An effort was made to collect up to 60 samples across
various APEC ports to assess the potential risk associated with aquatic invasive species
in ship-board ballast tanks. Due to logistical and time constraints associated with the
collection and evaluation of ballast samples, 29 ships were investigated and 21 samples
were evaluated as part of this study. Ballast water sources were identified as the “last
port of call” and were located in Japan, China, Korea, Mexico, and the United States
(Figures 1-4). For each sample collection, the details of ballast management practices
were obtained where possible: Port co-ordinates, date/location of ballasting and ballast
water exchange, salinity of flushed tanks, residual sediment, total ballast capacity,
voyage duration, ballast cleaning. Ballast samples were categorized according to
journey and exchange type as outlined in Table 1.

Ballast residual samples were collected from ballast tanks where possible
according to IMO and CAISN safety management protocols. When NOBOB (no ballast
on board) conditions were not available, residual slurry samples were collected from
ballast tanks of BOB ships drained at the final port of call. Upon retrieval from the
drained ballast tanks, the 1-Litre residual slurry bottles were wrapped in dark garbage
bags to avoid the potential for “light shock” to the biota. The slurry samples were then

transported to the CAER laboratory under dark and cool conditions and stored at 5 C in



a dark environmental chamber. A subsample (100 mis) was preserved in 95% ethanol
for invertebrate enumeration.

Ballast residual sample attributes: ~ The concentration of suspended particulate
matter (SPM) and organic material of the ballast residuals were determined from dry and
ashed weight estimates of filtered samples. These samples were oven-dried for at 55T
to a constant weight and then combusted at 550C for 2 hours using a Thermolyne 1400
muffle furnace. The samples were desiccated for 2 hours following oven treatments prior
to weight determinations. Salinity readings were determined from the filtrate of the slurry
samples using a hand-held refractometer.

Invertebrate enumeration of preserved samples: A 100 ml slurry subsample
was preserved for invertebrate enumeration using a ratio of 100 ml slurry : 20 ml 95%
Isoproponol. Invertebrates were extracted from the preserved samples using a technique
described by Warwick and Buchanan (1970). A Rose Bengal stain was added to the
sample to facilitate in the identification of invertebrates. The 100 ml slurry samples were
transferred to a 1-Litre graduated cylinder and filled to a volume of 850 ml using filtered
seawater (0.45 um filter membrane). The sample was suspended in the cylinder column
and left to stand for 60 seconds to allow for the settlement of large particles. The
supernatant was decanted onto a 0.063 pum sieve and the organisms retained for
enumeration purposes. The sample resuspension and decantation procedure was then
repeated 3 times. The invertebrates of the “supernatant” sample (light fraction) and
“settled” sample (heavy fraction) were then scanned under 10x and 40x magnification
using a Leica Wild M3Z microscope. The organisms were enumerated using standard
taxonomic keys and invertebrate abundance was standardized according to the volume
of slurry collected.

The term “introduction effort” or “propagule pressure” has been recently used to
describe the invasive potential of introduced species (Wiliamson and Fitter, 1996).
These estimates rely on the integration of information pertaining to the number of
invasive organisms, the volume of ballast media, and the frequency of de-ballasting
vessels into a recipient environment. Considering that ballast tanks are discharged of
water and possible slurry prior to sample collection, it would be difficult to standardize
the invertebrate concentrations according to estimates of tank slurry volumes in total. As
a result, the data presented in this report were standardized per Litre of slurry collected

in order to make cross-ship and cross-exchange comparisons.



RESULTS AND DISCUSSION

To date, ballast transport studies have focused on either water or sediment as a
vector for invasions of aquatic species (Levings et al. 2004; Duggan et al. 2006;
Humphrey, 2008). This study has focused on a particle-rich ballast “swish” or ballast
residual that may reside in tanks following ballast discharge processes and persist
during NOBOB journeys. This slurry medium exists within a sediment-water continuum
and may potentially harbour a high-concentration of both benthic and pelagic organisms.
Similar to natural settings, this ballast “swish” layer may develop by rafting over the floor
of ballast tanks and scavenging particles from both sediment and ballast water through
sedimentation and resuspension processes. In ballast tanks, the particle load of slurry
media is likely a combined result of 1) the source water attributes, 2) in situ particle
deposition under full ballast conditions, 3) mixing between residual sediment and
overlying water during during voyage (ie. storm, seiche waves), and 4) disturbance of
consolidated sediments during high-velocity and turbulent discharge processes. Ballast
residual slurries can become retained in the sloped-floor compartments of wing-tanks or
top-sided tanks during ballast water discharge and NOBOB conditions. The retention
and resuspension of particle-laden slurries during subsequent ballasting procedures may
facilitate further transport and invasion of aquatic invasive species.

A significant number of ships sampled in this project contained ballast residual-
swish material (72.4%; Table 1). The remaining ships that were inspected contained only
consolidated sediments exposed to air that was not associated with “swish” (26.6%).
The latter samples are under investigation by the CAISN project and will provide a future
opportunity for swish-sediment comparisons upon project completion. The residual-
containing ships were categorized according to exchange type with 9 ships belonging to
a trans-oceanic group undergoing mid-ocean exchange (Trans), 7 ships belonging to an
intra-coastal group undergoing coastal exchange (CE), and 5 ships belonging to an
intra-coastal group carrying un-exchanged ballast water (CNE). Ballast sources for each
voyage-exchange category are shown in Figures 1 (Trans), 2 (NOBOB), 3 (CE), and 4
(CNE). The highest ballast-residual salinities were observed for trans-oceanic voyages
that underwent mid-ocean exchange (MOE), while the lowest salinities were observed
for coastal voyages not undergoing exchange practices. The ballast water associated
with the latter category (CNE) typically contained freshwater collected from riverine ports

(Table 2). Figures 4 and 5 show the exchange locations for both trans-oceanic and



coastal voyages, while Figure 6 shows the variation in the length of exchange transects
for voyages taking place prior to 2003.

It is difficult to identify the source and/or process that played a major role in the
retention of sediment and aquatic organisms in ballast tanks due to the complex
interaction between shipping and exchange practices, variations in source-waters, and
tank specifications. Both invertebrate abundance and richness are directly related to
SPM (turbidity), suggesting that the uptake and/or retention of turbid waters in ballast
tanks coincides with an increase in invertebrate diversity (Figure 7). In turn a strong
relationship was observed between invertebrate taxa and abundance (Figure 8).
Although the correlation between turbidity, taxa and abundance may initially rely on the
uptake of highly productive and turbid coastal or freshwater sources, it may also be
driven by the retention of particles in the near-bottom tank environment and the
subsequent formation of a benthic habitat conducive to invertebrate survival. The results
of a Principal Component Analysis (PCA) revealed that 1) salinity is strongly correlated
to exchange practices across Trans, CNE, and CE categories, 2) total journey time (port-
to-port) is inversely related to both invertebrate taxa abundance and MOE journey time
(MOE-to-port) for trans-oceanic crossings, 3) MOE and total journey time are directly
correlated and, in turn, inversely related to crustacean abundance for coastal exchange
journeys, and 4) crustacean abundance is responding to ballast residual salinity for non-
exchange coastal category made up largely of riverine ports (Figure 9). The remainder of
this report will discuss the trends within each voyage and exchange category.

Trans-oceanic voyages: Trans-oceanic voyages were largely made up of ships
traveling from Asian ports (China, Japan, and Korea) to the west coast of North America
(Figure 1). NOBOB conditions were observed on a ship travelling between Korea and
Australia. Total journey time (days) exhibited a strong and indirect relationship with both
invertebrate richness and abundance. Although Cordell et al's (2008) study focused on
ballast-water zooplankton, they observed a decline in zooplankton densities with
increasing ballast water age. Post-MOE journey time did not play a significant role in
describing invertebrate abundance/richness and appeared to have a direct relationship
with invertebrate diversity. This trend may lead one to think that invertebrates retained in
ballast residuals 1) may not be susceptible to the physical exchange processes
associated with MOE and/or 2) may benefit from renewed ballast water properties of
mid-ocean waters. Although a decrease in both taxa abundance/richness is observed
with increasing journey time in the current study (Figure 12), a larger data set is required

to accurately address the impacts of journey time on invertebrate diversity. One would
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expect a large scatter in invertebrate diversity and undergoing a minimum trans-oceanic
crossing time given the large variation in coastal properties and ballast-tank retention
efficiencies.

The highest invertebrate abundance and richness estimates observed in this
study were found in sample WCSED-030 (Figure 13). The WCSED-030 ship took up
ballast water between the last port of call (Figure 1: Kinuura, Japan) and the MOE
location (Figures 1 and 5). Crab larvae (megalops - Malacostracas) were also observed
in sample WCSED-030 on voyage to Vancouver, Canada, from Kinuura, Japan (Figure
14). Given the concern regarding the spread of green crab invasions, this voyage may
be considered high risk id one considers the cumulative impact of ballast water histories.
While the MOE end-point locations for samples WCSED-030 and WCSED-038 are
relatively close together (Figure 5), the ballast sources and invertebrate diversities are
different, supporting the notion that differences in invertebrate biodiversity relies more on
source waters and journey time than the MOE process for trans-oceanic voyages
(Figure 10). Further differences are found in the presence of AIS: WCSED-030
contained an invasive calanoid copepod (Pseudiaptomus marina) when considering its
port destination (Canada), while WCSED-038 contained a harpacticoid copepod
(Ectinosomatidae) which may have qualified as a potential AIS if further taxonomic
evaluation deemed possible (damaged organism).

The inclusion of MOE start location data within the International Maritime
Organization ballast water reporting forms would aid in determining the primary factors
responsible for invertebrate density in ballast tank residuals (ie. ballast source history,
total journey time, and MOE conditions). For example, it is possible that the high-density
WCSED-030 voyage may have been initiated MOE over the partially-submerged and
seamount-laden Iwo-Jima ridge upon departure from Kinuura and continued on until
reaching the MOE end location (Figure 5). Examples of historical MOE transects
traversing the shoaling Iwo-Jima ridge as well as the Aleutian islands are shown in
Figure 6 (Levings et al 2004). While the shallow nature and emerging islands associated
with seamount and searidge features may be at risk of AIS they may also serve as a
source of AIS if they do not meet the distance and depth criteria associated with MOE
regulations (IMO regulation: 200 m from shore, 200 m in depth; Transport Canada
regulation: 200 nm from shore, 2000 m depth). Figure 8 provides a close-up view of the
Iwa-Jima ridge with a 200 mile white line showing the IMO regulation distance required
to carry out MOE. Given the emergence of islands across this ridge the 200 mile

shoreline and 200 m depth limit, exclusion zones may have to be considered to avoid
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the potential uptake or invasions of AIS within these highly productive islands. Foreman
and Levings (2004) recommended exclusion zones be developed for shallow areas of
the Bowie Seamount which rises from a depth of 25 m from 3100 seamounts. Circulation
patterns associated with seamounts are often characterized by a semi-permanent eddy
which may act to entrain or retain organisms within the shallow environment.

Copepods were observed to be the most abundant taxa group within the
crustacean taxa group, promoting their use as potential indicators of source and
exchange water types (Figure 14). The relatively high percentage of harpacticoid
copepods in sample WCSED-030 supports the idea that ballast water was collected over
a coastal or shallow environment and/or is the product of an inefficient exchange
process (Figure 15). Of the trans-oceanic samples that contained copepods, 3 out of 4
samples contained harpacticoid copepods. It may be that slurry avoids the
discharge/exchange processes through protection from the stringer-bound
compartments along the sloped floor of the ballast tank and may serve to concentrate
organisms. The taxonomic analysis associated with “invasive potential” of the NOBOB
sample collected following the return trip between Korea and Australia has not been
completed at the time of this report.

Coastal voyages undergoing oceanic exchange: Coastal voyages included 7
ships travelling from United States and Mexican ports to Vancouver, British Columbia,
Canada (Figure 2). The ports of origin in this category were located south of Cape
Blanco, Oregon. The WCSED-050 sample contained a planktonic harpacticoid
(Euterpina acutifrons) which has not been reported north of California on the west coast
of North America to date, even though it inhabits many parts of the world. Although this
sample contained low numbers of this species following coastal exchange practices, it
may still be considered a risk (Figure 15). The highest larval concentrations of both
bivalves and gastropods were observed in the ship sample, WCSED-064, which
travelled from Los Angeles, California, USA, to Vancouver, British Columbia, Canada. In
order to address risk it is important to investigate the history of ballast water sources,,
since species identification of larval forms is not possible. Comparisons of departure and
destination ports need to be considered to identify a potential invasive species. Larval
stages of bivalves and gastropods arising from ports with know invasive species should
be labeled as “potential invaders”.

Coastal voyages with no oceanic exchange: Coastal voyages included 5
ships travelling from ports located on the northwest coast of the United States (north of

Cape Blanco, Oregon) to Vancouver, British Columbia, Canada (Figure 4). High
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concentrations of copepods (crustaceans) were observed in the sample WCSED-055
(Figure 14). Pseudodiaptomus forbesi made up over 90% of the copepod population
observed within the sample. This species is an Asian invasive calanoid copepod, which
first established on the west coast of North America in the San Francisco estuary and
was recently introduced to the Columbia River estuary (Cordell et al., 2008a). Given that
P. forbesi dominates the late summer plankton in the lower Columbia River estuary and
that the WCSED-055 sample was picked up at a Columbia River port (Kalama,
Washington) on August 30, 2008, it is not surprising that this sample is predominantly
made up of this invasive species. A comparison of ballast swish to ballast sediment
revealed that the swish sample contained a higher number of invasive copepods relative
to that of sediment sample, suggesting that calanoid copepods (planktonic) will survive
better in a slurry medium than consolidated sediment. These scenarios provide high risk
conditions when AlS-laden ballast water is transported directly to a similar receiving
environment (river to river transport) without undergoing oceanic exchange (Humphrey,
2008). The salinity of the receiving waters of Vancouver Harbour will hopefully act as a
deterrent for this invasive copepod that came from a freshwater source with a salinity of
1 psu (Table 2). Coastal ports may act as hotspots or sources for further “up coast”
invasions given the frequency of local shipping traffic. In addition, discharging ballast
water at port terminals for sampling purposes only may facilitate the invasive potential or

propagule pressure.
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FUTURE CONSIDERATIONS

1) Obtain ballast samples directly from APEC ports to compare with those samples
collected from Canadian, American, and Korean ports.

2) Carry out a comparison of “swish residual” and sediment samples to determine “live
fraction” of ballast benthic load to aid in risk assessments.

3) Carry out a comparison of methodologies used to evaluate ballast water, swish, and

sediment samples and develop a standard protocol document for ballast tank
assessments.
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Table 1: Ship specifications. Trans-E = Trans-ocean ic exchange, CNE = Coastal no
exchange, CE = Coastal exchange, FPT= Fore-peak tan Kk, TST= Top-side tank, WT
= Wing tank. (75.9% of ships sampled contained acce  ssible residual samples).

Ship Category Ballast Source Previous Port Tank
Number Type
WCSED-029 | Trans-E Zhoushan, China Zhoushan, China TST#4S
WCSED-030 | Trans-E Kinuura, Japan Kinuura, Japan TST#2S
WCSED-031 | Trans-E Fukuyama, Japan Fukuyama, Japan TST#5S
WCSED-032 | Trans-E No residual present TST#SP
WCSED-033 | Trans-E Caofeidian, China Caofeidian, China TST#4P
WCSED-035 | Trans-E Lanshan, China Lanshan, China TST#3S
WCSED-037 | Trans-E Kushro, Japan Kushro, Japan TST#SP
WCSED-038 | Trans-E Qingdao, China Qingdao, China TST#4P
WCSED-048 | Trans-E No residual present TST#SP
WCSED-A Trans-E China China -
WCSED-B Trans/NOBOB | Pohang Port, Korea Pohang Port, Korea -
WCSED-041 | CE Los Angeles, CA, USA Los Angeles, CA, USA | TST#4P
WCSED-047 | CE Sacramento, Ca, USA Sacramento, Ca, USA | TST#4P
WCSED-049 | CE Manzanillo, Mx Manzanillo, Mx TST#3P
WCSED-050 | CE Los Angeles, Ca, USA Squamish, BC WBT#4P
WCSED-057 | CE Los Angeles, Ca, USA Vancouver, Wa, USA | WBT#3S
WCSED-061 | CE No residual present ST#EP
WCSED-064 | CE Los Angeles, Ca, USA Los Angeles, Ca, USA | WT#2P
WCSED-065 | CE No sample available WT#4S
WCSED-067 | CE Stockton, Ca, USA Stockton, Ca, USA TST#1S
WCSED-069 | CE No residual present TST#4S
WCSED-039 | CNE Portland, Or, USA Portland, Or, USA TST#2P
WCSED-052 | CNE Portland, Or, USA Portland, Or, USA TST#2S
WCSED-055 | CNE Kalama, Wa, USA Kalama, Wa, USA TST#3S
WCSED-062 | CNE No residual present WT#5P
WCSED-066 | CNE No residual present TST#1P
WCSED-071 | CNE Everett, Wa, USA Seattle, Wa, USA TST#2S
WCSED-072 | CNE Longview, Wa, USA Longview, Wa, USA TST#2S
WCSED-073 | CNE No residual present TST#1P
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Table 2: Slurry sample attributes (psu = practical salinity units; SPM = suspended
particulate matter; Trans-E = Trans-oceanic exchang e; CNE = Coastal no
exchange (north of Cape Blanco); CE = Coastal excha nge (south of Cape Blanco);
Pres = preserved sample.

Ship Exchange Ballast Source Salinity SPM Organic
Number type (psu) (L™ matter (%)

WCSED-029 Trans-E Zhoushan, China 35 3.93 111
WCSED-030 Trans-E Kinuura, Japan 36 366.69 13.8
WCSED-031 Trans-E Fukuyama, Japan 19 66.46 10.6
WCSED-033 Trans-E Caofeidian, China 26 45.61 9.6
WCSED-035 Trans-E Lanshan, China 29 29.46 16.1
WCSED-037 Trans-E Kushro, Japan 34 3.35 14.0
WCSED-038 Trans-E Qingdao, China 31 28.00 131
WCSED-A Trans-E China Pres

WCSED-B NOBOB Pohang Port, Korea Pres

WCSED-041 CE Los Angeles, Ca, USA 31 13.35 20.3
WCSED-047 CE Sacramento, Ca, USA 31 16.72 11.0
WCSED-049 CE Manzanillo, Mx 29 18.47 10.1
WCSED-050 CE Los Angeles, Ca, USA 30 6.25 9.5
WCSED-057 CE Los Angeles, Ca, USA 26 34.03 8.9
WCSED-064 CE Los Angeles, Ca, USA 34 130.71 11.4
WCSED-067 CE Stockton, Ca, USA 20 4.88 19.4
WCSED-039 CNE Portland, Or, USA 2 7.89 8.4
WCSED-052 CNE Portland, Or, USA 3 1.08 23.1
WCSED-055 CNE Kalama, Wa, USA 1 30.19 8.6
WCSED-071 CNE Everett, Wa, USA 30 18.52 10.9
WCSED-072 CNE Longview, Wa, USA 4 3.40 12.9
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Figure Legend

Figure 1: The locations of ballast sources involved in trans-oceanic voyages departing
from Chinese (Caofeidian, Qingdao, and Lanshan, and Zhoushan), Japanese
(Fukuyama, Kinuura, and Kushiro) and Korean ports (Port Pohang).

Figure 2: The locations of ports involved in a trans-oceanic voyage (return-trip) between
Pohang Port, Korea, and Dalrymple Bay, Australia. Ballast water was taken up by the
ship in Port Pohang and discharged prior to a cargo load pick-up in Australia. Ballast
residual samples were collected following the NOBOB trip.

Figure 3: The locations of ballast sources involved in coastal-exchange voyages
departing from California (Los Angeles, Sacramento, Stockton) and Mexico (Manzanillo).
These ports are located south of Cape Blanco, Oregon.

Figure 4: The locations of ballast sources for voyages departing from Oregon (Portland)
and Washington (Everett, Kalama, and Longview). These ships did not undergo coastal
exchange and are located north of Cape Blanco, Oregon. The ballast source from
Everett, Washington, was of marine origin, while those from the remaining ports were of
freshwater origin.

Figure 5: End-point locations for mid-ocean exchange carried out during trans-oceanic
voyages between Asian ports and Canadian destinations.

Figure 6: End-point locations for ballast exchange processes carried out for coastal
voyages originating south of Cape Blanco, Oregon.

Figure 7: The locations of mid-ocean and coastal exchange transect lines for voyages
taking place between prior to 2004 (Levings, 2004). Open circles mark the start position
of the exchange process, while closed circles mark the end location.

Figure 8: The white line marks the regulated 200 mile boundary running the length fo a
searidge arising from the coast of Japan. Note the emerging islands located along the
length of the searidge.

Figure 9: The relationship between suspended particulate matter (SPM) vs. invertebrate
abundance and taxa richness for ballast residual samples. Note that the invertebrate
abundance data has been log transformed.

Figure 10: The relationship between taxa richness and invertebrate abundance for
ballast residual samples. Note that the invertebrate abundance data has been log
transformed.

Figure 11: Principal Component results for the entire data set (top left graph), trans-
oceanic MOE voyages (top right graph), coastal exchange voyages (bottom left graph),
and coastal non-exchange voyages (bottom right graph).

Figure 12: The relationship between journey time of trans-oceanic voyages and
invertebrate abundance and richness.
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Figure 13: Taxa richness for ballast residual samples collected for trans-oceanic and
coastal voyages undergoing ballast water exchange as well as coastal voyages not
under-going ballast water exchange.

Figure 14: Relative abundance and percent of invertebrate taxa groups for ballast
residual samples collected from trans-oceanic and coastal voyages.

Figure 15: Relative abundance and percent of crustacean taxa groups for ballast
residual samples collected from trans-oceanic and coastal voyages.

Figure 16: Relative abundance and percent of copepod taxa groups for ballast residual
samples collected from trans-oceanic and coastal voyages.

Figure 17: The abundance of eggs in ballast residual samples.
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Figure 1: The locations of ballast sources involved in trans-oceanic voyages

departing from Chinese (Caofeidian, Qingdao, and La nshan, and Zhoushan),
Japanese (Fukuyama, Kinuura, and Kushiro) and Korea  n ports (Port Pohang).
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Figure 2: The locations of ports involved in a tran s-oceanic return-trip voyage
between Pohang Port, Korea, and Dalrymple Bay, Aust  ralia. Ballast water was
collected in Port Pohang and discharged prior to a cargo load pick-up in Australia,
rendering the return voyage as NOBOB conditions.
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Figure 3: The locations of ballast sources involved in coastal-exchange voyages
departing from California (Los Angeles, Sacramento, Stockton) and Mexico

(Manzanillo). These ports are located south of Cape  Blanco, Oregon.
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Figure 4: The locations of ballast sources for voya  ges departing from Oregon
(Portland) and Washington (Everett, Kalama, and Lon  gview). These ships did not
undergo coastal exchange and are located north of C ~ ape Blanco, Oregon. The
ballast source from Everett, Washington, was of mar ine origin, while those from
the remaining ports were of freshwater origin.
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Figure 5: End-point locations for mid-ocean exchang e carried out during trans-
oceanic voyages between Asian ports and Canadian de  stinations.
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Figure 6: End-point locations for ballast exchange carried out for coastal voyages
originating south of Cape Blanco, Oregon.
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Figure 7: The location of mid-ocean and coastal exc  hange transect lines for
voyages taking place prior to 2004 (Levings, 2004).  Open circles mark the start
position of the exchange process, while closed circ les mark the end location.
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Figure 8: The white line marks the regulated 200 mi  le boundary running the length
of a searidge arising from the coast of Japan. Note the emerging islands located
along the length of the searidge.
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Figure 9. The relationship between suspended particulate matter (SPM) vs.
invertebrate abundance and taxa richness for ballast residual samples. Note that
the invertebrate abundance data has been log transformed.
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Figure 10: The relationship between taxa richness and invertebrate abundance observed
in ballast residual samples. Note that the invertebrate abundance data has been log
transformed.
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Figure 11: Principal Component results for the entire data set (top left graph), trans-
oceanic MOE voyages (top right graph), coastal exchange voyages (bottom left graph,
and coastal non-exchange voyages (bottom right graph).
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Figure 12: The relationship between journey time of trans-oceanic voyages and
invertebrate abundance and richness.
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Figure 13: Taxa richness for ballast residual samples collected for trans-oceanic and
coastal voyages undergoing ballast water exchange as well as coastal voyages not
under going ballast-water exchange.
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Figure 14: Relative abundance and percent of invertebrate taxa groups for ballast

residual samples collected from trans-oceanic and coastal voyages.
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Figure 15: The relative abundance and percent of crustacean taxa observed in ballast
residual samples collected from trans-oceanic and coastal voyages.
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Figure 16: Relative abundance and percent of copepod taxa groups for ballast residual

samples collected from trans-oceanic and coastal voyages.
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Figure 17: The abundance of eggs in ballast residual samples
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