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3 Bedford Institute of Oceanography, Fisheries and Oceans Canada, Dartmouth, Nova Scotia, Canada
4 Department of Biology, Mount Allison University, Sackville, New Brunswick, Canada
5 Biology Department, University of New Brunswick, Fredericton, New Brunswick, Canada
6 Centre for Aquaculture and Environmental Research, Fisheries and Oceans Canada, West Vancouver, British Columbia, Canada
7 Institute for Resources, Environment and Sustainability, University of British Columbia, Vancouver, British Columbia, Canada
8 Institut Maurice-Lamontagne, Fisheries and Oceans Canada, Mont-Joli, Québec, Canada
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Abstract
Recent empirical and statistical evidence suggest that propagule pressure (i.e., number of individuals
introduced per event, and the number and frequency of events) and colonization pressure (i.e., number of species
released per event, and the number and frequency of events) are of vital importance to invasion success. To
explore possible changes in propagule and colonization pressure during the transport stage of the invasion
process, we examine abundance and species richness of virus-like particles, bacteria, diatoms, dinoflagellates, and
invertebrates transported in commercial ships—a leading vector for global spread of aquatic nonindigenous
species. We collected 154 ballast water samples from ships that had performed or were exempt from ballast water
exchange (BWE) prior to arrival at Pacific and Atlantic ports in Canada and Laurentian Great Lakes ports. We
found that abundance and species richness varied across taxa and regions, with ships arriving to the Atlantic
region carrying the highest abundance of taxa. The highest species richness of invertebrates and diatoms was
recorded from ships arriving to the Pacific, whereas the richest communities of dinoflagellates occurred in the
Atlantic region. We also found that BWE had no effect on abundance or species richness of most taxa
(dinoflagellates, diatoms, bacteria, and virus-like particles), whereas the effect on abundance of invertebrates was
not clear. Finally, longer voyages resulted in lower abundance of all taxa except dinoflagellates, and lower species
richness of diatoms. Paradoxically, the elevated abundance and species richness of dinoflagellates following BWE
suggest that this group could have enhanced invasion potential when ships manage ballast water by exchange.

The biological invasion process can be divided into a
series of stages: entrainment, transport, introduction,
survival, establishment, and spread, where successful
transition between stages is determined by a number of
factors, including propagule pressure (i.e., number of
individuals; Lockwood et al. 2009; Simberloff 2009),
physiological tolerance during transport and in the
recipient ecosystem, and community interactions (Colautti
et al. 2006b; Simberloff 2009). Recent empirical and
statistical evidence suggest that propagule pressure is of
vital importance for invasion success (Colautti et al. 2006b;
Lockwood et al. 2009; Simberloff 2009). The propagule
pressure model suggests that the probability of successful
invasion is improved by increasing the number of
introduction events (i.e., propagule number) or the number
of propagules released per event (i.e., propagule size),
owing to decreased environmental and demographic
* Corresponding author: elizabeta.briski@dfo-mpo.gc.ca

stochasticity, respectively (Colautti et al. 2006b; Lockwood
et al. 2009; Simberloff 2009). Similarly, the number of
nonindigenous species (NIS) in a system may be a reflection
of colonization pressure (i.e., number of species released;
Lockwood et al. 2009).
Any mechanism for rapid translocation of large volumes
of water over great distances has the potential to facilitate
mass invasions of plankton and other species, rearranging
global biodiversity (Olden et al. 2004). The shipping
industry transports . 90% of the world’s trade (Hulme
2009), with ships’ ballast water being a leading mechanism
for global spread of aquatic NIS (NRC 2008; Hulme 2009).
To reduce invasion risk, regulations requiring ballast water
exchange (BWE) have been implemented in Canada, the
United States of America, and numerous additional
countries (regulation D-1; USCG 1993; IMO 2004;
Government of Canada 2006). BWE requires nearly
complete ($ 95% volumetric exchange) replacement of
coastal water in filled ballast tanks with oceanic water,
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which theoretically should reduce species abundance and,
to a lesser extent, richness by purging individuals out of
tanks and by killing remaining taxa owing to osmotic shock
(IMO 2004). In addition, regulation D-2 is a ballast water
performance standard proposed in an international convention that, if ratified, will require ships to manage ballast
water such that they discharge , 10 viable individuals m23
(ind. m23) that are $ 50 mm in minimum dimension, and ,
10 viable ind. mL21 for species , 50 mm in maximum and
$ 10 mm in minimum dimension, in addition to limits for
indicator bacteria (IMO 2004). As species may respond
differently to changes in environmental conditions during
transport, such as temperature, salinity, phosphate concentration, and dissolved oxygen concentration (Klein et al.
2010; Seiden et al. 2011), propagule pressure and colonization pressure—and invasion risk in consequence—could
be altered by voyage characteristics including voyage length
and ship pathway (i.e., trans-pacific, trans-atlantic, coastalpacific, or coastal-atlantic).
Here we explore changes in propagule and colonization
pressure during the transport stage of the invasion process
by examining abundance and species richness of plankton
in relation to voyage characteristics, in particular BWE,
length of voyage, and ship pathway, using one of the
world’s most comprehensive studies of ships’ ballast water
since regulations were enacted. Our focus was to cover the
complete array of taxa transported in ballast water of ships
arriving to Pacific and Atlantic ports in Canada and to
ports on the Laurentian Great Lakes. Additionally, we
collected port samples to compare abundances of taxa in
ships to that in nature. We test the hypotheses that voyage
characteristics alter both abundance and species richness of
virus-like particles (VLPs), bacteria, diatoms, dinoflagellates, and invertebrates, and that BWE reduces introduction risk of these taxa to Canada.

Methods

Official ballast water reporting forms submitted to
Transport Canada, which included dates and locations of
ballast uptake and discharge, and last port of call, were
used to discern pathways and ship categories.
We collected 24 transoceanic exchanged, 25 coastal
exchanged, and 20 coastal not-exchanged ballast water
samples in the Pacific region, 22 transoceanic exchanged,
22 coastal exchanged, and 21 coastal not-exchanged
samples in the Atlantic region, and 17 transoceanic
exchanged and 3 coastal exchanged samples in the Great
Lakes. Samples of all taxa were collected from the ships’
deck through an opened ballast tank manhole hatch.
Invertebrate samples were collected with a 30 cm diameter,
125 mm Nitex plankton net with flowmeter that was
lowered to the maximum accessible depth inside the ballast
tank and retrieved at a speed of , 1 m s21. Vertical hauls
were repeated until , 1000 liters of ballast water had been
filtered. Samples were concentrated and preserved in 5%
buffered formalin and stored at room temperature until
analysis. Further, using a 5 liter Niskin bottle, water was
collected at four depths (spread evenly between the surface
and 1–2 m above bottom) and mixed together in a 20 liter
carboy. Three 1 liter subsamples were preserved with
acidified Lugol’s solution for analyses of diatoms. At least
13.5 liters of water was further filtered through 73 and
20 mm sieves, with the contents of the latter rinsed into
250 mL glass bottles and preserved with acidified Lugol’s
solution for dinoflagellates. Five hundred milliliters was
preserved with formaldehyde (final concentration 3.7%)
and shipped on ice within 5 d for bacterial analyses.
Finally, one 250 mL whole water sample was collected and
kept on ice for analysis of VLPs. Additionally, we collected
12 port samples in Canada, 4 in Europe, and 1 in Asia. Port
samples were collected in the same ports where sampled
ships had loaded or discharged ballast. All samples were
shipped by commercial couriers to our laboratories for
analysis.

Sampling—Water samples were collected opportunistically between May 2007 and August 2009 from ballast
tanks of ships arriving to ports in Pacific and Atlantic
Canada or on the Laurentian Great Lakes (Table 1). Ships
sampled serviced both domestic and international routes
and originated from four continents (20 countries;
Table 1), with some having performed BWE. Ships arriving
to the Atlantic and Great Lakes regions typically operated
between Atlantic ports, whereas those arriving to Pacific
ports traveled mainly among Pacific ports (Table 1).
Depending on their last port of call and BWE status, ships
were grouped into three categories: transoceanic exchanged, coastal exchanged, and coastal not-exchanged
ships. We aimed to sample 20 ships per category arriving on
each coast and to the Great Lakes. Transoceanic exchanged
ships arrived from any continent except North America.
Coastal exchanged ships arrived from American ports,
south of Cape Blanco, Oregon, on the Pacific coast and
south of Cape Cod, Massachusetts, on the Atlantic coast;
coastal not-exchanged ships arrived from American and
Canadian ports north of these locations and were exempt
from BWE (USGC 1993; Government of Canada 2006).

Density counts and identification—As a part of the
Canadian Aquatic Invasive Species Network, samples
collected simultaneously in this study were processed by
taxon-specific, expert academic and governmental laboratories. Invertebrate samples were counted and morphologically identified to the lowest feasible taxonomic level and
ontogenetic stage (e.g., nauplii) with stereomicroscopy.
Only physically intact individuals were counted; no other
distinction between live or dead individuals was made.
Dinoflagellate samples were kept at 4uC in the dark until
examination in the laboratory. Each water sample was
mixed by overturning by hand . 20 times, and a volume of
50 mL was put in a settling column for 24 h. Dinoflagellate
cells were identified and counted in the settled volume using
a Zeiss Axiovert 100 inverted microscope. When necessary,
calcofluor was used to help identification by coloring the
thecal plates (Fritz and Triemer 1985). The parent solution
was prepared with 0.1 g of calcofluor from Sigma (F-3543)
in 100 mL of distilled water. The working solution was
prepared from 0.1 mL of the parent solution in 50 mL of
distilled water. One to two drops of this solution were
sufficient to color dinoflagellates, which were observed

Atlantic

Great Lakes

Pacific

Region

CNE

CE

TOE

CE

TOE

CNE

CE

TOE

Ship
category

China
Japan
South Korea
Hawaii, U.S.A.
California, U.S.A.
Ecuador
Guatemala
Louisiana, U.S.A.
Mexico
British Columbia, Canada
Oregon, U.S.A.
Washington, U.S.A.
Belgium
Brazil
Colombia
Germany
Greece
Italy
Netherlands
Norway
Spain
United Kingdom
Massachusetts, U.S.A.
New Jersey, U.S.A.
Pennsylvania, U.S.A.
Belgium
Greece
Italy
Israel
Netherlands
Poland
Spain
United Kingdom
Louisiana, U.S.A.
Maryland, U.S.A.
Massachusetts, U.S.A.
New Hampshire, U.S.A.
New Jersey, U.S.A.
New York, U.S.A.
North Carolina, U.S.A.
Pennsylvania, U.S.A.
Maine, U.S.A.
Massachusetts, U.S.A.
New Brunswick, Canada
New Hampshire, U.S.A.
Nova Scotia, Canada

Origin of ballast water
19.8
23.4
20.25
12
8.5
13
12
8
11.8
6
5
4.1
24.3
35
35
17.3
36
50
21
32
18.5
22
8
8
12
16
19
21.3
16
13.6
17
12
11.1
8
5.6
4
3
3
5
3
6
2
1.3
5
1
2.5

Mean total voyage
length (d)
9.6
11.7
8.7
6
4.8
9
6
2
7
na
na
na
10
14
16
10.6
21
20
14
17
11.5
13
6
7
6
13
8
7.3
5
7.2
11
10
5.6
3
1.3
2.3
1.5
1
1.8
2
3.25
na
na
na
na
na

Mean voyage length
after BWE (d)
6
12
5
1
17
1
1
1
5
2
5
13
3
1
1
3
1
1
1
1
2
3
1
1
1
1
1
3
1
6
1
1
8
1
3
3
2
3
5
1
4
4
8
5
1
3

No. of
samples
May, Jul
May, Jun, Aug, Oct
Jun–Aug, Oct
Jul
All months except Oct and Dec
Jul
Jul
Jun
Feb, Jun, Jul
Apr, Nov
Apr–Jun, Aug, Oct, Nov
Apr–Aug, Sep
Jul, Aug, Oct
Jul
Jul
Jul, Sep, Nov
Jul
Aug
Aug
Nov
Aug, Sep
Aug, Oct
Sep
Aug
Oct
Apr
Jun
Apr, May, Aug
Jun
May, Jun, Aug
Jun
May
Apr–Jun, Aug
Jun
May, Aug
June Aug
Jun
Jun, Jul
Jun–Aug
Jul
May, Jun, Aug
Jun, Jul
Jun–Aug
Jul
Jun
Jul

Month when sample was
collected
3
8
1
0
6
1
1
0
3
1
1
6
0
1
0
0
1
0
0
0
1
2
0
0
0
1
0
2
0
0
1
0
0
0
0
2
0
1
1
0
3
0
0
3
0
1

No. of samples
without detectable
dinoflagellates

Table 1. Summary data for ships sampled in three regions (Pacific, Great Lakes, and Atlantic) of North America, by broad geographic route. Ship categories are
transoceanic exchanged (TOE), coastal exchanged (CE), and coastal not-exchanged (CNE). Individual ship transits have been grouped according to country or state of origin
of ballast water and region of arrival. The mean voyage length, mean voyage length after ballast water exchange (BWE), number of samples collected, month when sample was
collected, and number of samples without detectable dinoflagellates are reported, when applicable. na denotes not applicable.
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15 min later using fluorescence microscopy with an
excitation wavelength of 350–380 nm. Cell viability was
not determined in this study, but only cells with clearly
visible cell content were counted and assumed viable.
Diatom samples were concentrated to 20 mL and stored
at 4uC until analysis. Enumeration and identification was
completed on a 10 mL subsample of the concentrate using
an Utermöhl settling chamber (Hydrobios). To restore
chloroplast autofluorescence (quenched by Lugol’s fixative)
saturated sodium thiosulfate solution in distilled water was
added to the sample prior to settling in the chamber.
Counts were carried out using a Zeiss Axiovert 200 light
microscope with epifluorescence illumination (HBO 50/AC,
Mercury Shortarc) and 203 and 403 objectives. Only
fluorescing cells were counted. Cells and spores $ 10 mm in
shortest linear dimension were identified to the lowest
practical taxonomic level, most often to species. Scanning
electron microscopy was used to verify identification when
needed for the most abundant species. For scanning
electron microscopy examination, after light microscopy
counts were completed, the contents of the settling chamber
were transferred to a filtering unit and acid cleaned using
potassium permanganate and oxalic acid. The cleaned
sample was examined using a JEOL JSM-5600 scanning
electron microscope (JEOL USA), operating at 10 kV
accelerating voltage and 8 mm working distance. Further
details of this method may be found in Kaczmarska et al.
(2005) and Klein et al. (2010).
Bacteria samples were filtered onto 25 mm diameter,
0.2 mm black polycarbonate filters (GE Osmonics Labstore) and stained with acridine orange (final concentration
1.872 3 1025 g L21; Kirchman et al. 1982). Slides were
corrected for non-cell staining by counting 5 mL of 0.2 mm
filtered distilled water before each sample filtration. To
eliminate possible bias introduced by prolonged slide
storage, all slides were counted within 1 h after being
made. The slides were observed using an Olympus BH2RFC epifluorescence microscope, equipped with a 1003
1.30 oil objective (12503 total magnification), a 100 W
mercury lamp, and appropriate filter sets (502 nm for
excitation, 526 nm for emission). The optimal cell direct
counting scheme was followed to optimize the accuracy of
the direct count (Kirchman et al. 1982).
Slides for VLP counts were made and enumerated
according to Patel et al. (2007). Using a 12-sample filtration
manifold (Millipore), VLPs were collected from single
800 mL subsamples by filtration onto Anodisc filters
(0.02 mm pore size, 25 mm, Anopore aluminum oxide
filter, Whatman) atop backing filters (0.8 mm, Millipore
MF–MilliporeTM AAWG mixed cellulose ester filter,
25 mm, MilliporeH) to prevent desiccation. Additional
subsamples were also prepared by diluting 10-fold in
0.02 mm filtered 32% f/2 seawater media (Guillard 1975).
Samples were filtered onto the Anodiscs using a vacuum of
, 250 mm Hg. After filtration, deoxyribonucleic acid
present on the Anodiscs was stained by placing the filter on
an 80 mL drop of 253 SYBRH Gold (Molecular Probes,
Invitrogen) for 15 min in the dark. To prevent fluorescence
fading, the filter was then mounted on a glass microscope
slide using 34 ml of 1% v : v of 10% w : v phenylenediamine

(Sigma) and 99% v : v of 50 : 50 phosphate-buffered saline
(137 mol L21 NaCl, 2.7 mol L21 KCl, 10 mol L21
Na2HPO4, and KH2PO4 at pH 7.4) in glycerol. Each filter
was topped with a glass cover slip, sealed using a
nonfluorescing nail polish, and stored at 220uC until
counting. Estimates of VLP abundance were made by
counting VLPs under a Leica epifluorescence microscope
(DM2500 with an I3 filter for epifluorescence: excitation at
450–490 nm, emission at 515 nm). Between 30 and 40 VLPs
were counted in n squares of an ocular microscope grid,
and VLPs in n squares were then counted in at least 10
randomly selected fields of view at 10003 magnification,
totaling . 200 VLPs slide21 (Patel et al. 2007) to achieve
95% confidence in VLP abundance. Control slides were
made from 0.02 mm filtered distilled, deionized H2O and
32% f/2 seawater media. Control slides typically did not
contain VLPs. If this was not the case, then the diluted
samples were not used for VLP enumeration.
As a part of this data has already been published, further
details of methods may be found in DiBacco et al. (2012)
for invertebrates, in Roy et al. (2012) and Casas-Monroy
(2012) for dinoflagellates, in Klein et al. (2010) for diatoms,
and in Sun et al. (2010) for bacteria. Port samples were
analyzed using the same methods as for ballast water
samples. Data for all port samples were grouped together.
Statistical analysis—Data for each taxonomic group
were log-transformed to meet assumptions of parametric
tests. Variation in total abundance and species richness
among sampling regions and ship categories was compared
using two-way multivariate analysis of variance (MANOVA), where taxa (invertebrates, dinoflagellates, diatoms,
bacteria, and VLPs) were the dependent variables and
sampling regions (Pacific, Great Lakes, and Atlantic) and
ship categories (transoceanic exchanged, coastal exchanged, and coastal not-exchanged) were the independent
variables. Four separate MANOVAs were performed using
total abundance, total species richness, NIS abundance,
and NIS species richness. Significance levels for statistical
comparisons were adjusted for multiple pair-wise comparisons by Bonferroni-type correction with a family-wise
error rate of 0.05. Furthermore, to determine if total
abundance or species richness of taxa was related to voyage
length, a series of regression analyses were conducted with
total abundance and species richness as the dependent
variables and voyage length as the independent variable.
The length of voyage was calculated from date of ballast
uptake until date of discharge in recipient port for coastal
not-exchanged tanks, and from date of BWE until date of
discharge in recipient port for transoceanic exchanged and
coastal exchanged tanks. Samples with no detectable taxa
(i.e., 51 dinoflagellate and two diatom samples; Table 1)
were excluded from regression analyses. Finally, to
distinguish between the effect of BWE and other voyage
characteristics on bacteria and VLPs, data collected in the
Atlantic region from transoceanic exchanged ships was
compared to that of transoceanic not-exchanged ships
collected 10 yr ago (Ruiz et al. 2000) using MANOVA
where taxa (bacteria and VLPs) were the dependent
variables and ship category (transoceanic exchanged and
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Table 2. Results of two-way multivariate analysis of variance addressing the effect of region (Pacific, Great Lakes, and Atlantic) and
ship category (transoceanic exchanged, coastal exchanged, and coastal not-exchanged) on total abundance, total species richness,
nonindigenous species (NIS) abundance, and NIS species richness for diversified taxa. Significant p-values after Bonferroni-type
correction are presented in bold. na denotes not applicable.
Total abundance
Variable

Value

p

Total species richness
Value

p

NIS abundance
Value

p

NIS species richness
Value

p

Region
Univariate F-tests
Invertebrates
Dinoflagellates
Diatoms
Bacteria
VLPs
Multivariate test
Wilks’ lambda

0.429

Ship category
Univariate F-tests
Invertebrates
Dinoflagellates
Diatoms
Bacteria
VLPs
Multivariate test
Wilks’ lambda

0.779
0.017
,0.001
na
na

,0.001
0.003
0.050
0.001
0.190
,0.001

0.674

,0.001

0.605

0.875
0.111
0.310
na
na

0.010
0.709
0.744
,0.001
0.001
0.691

,0.001

,0.001
0.023
,0.001
na
na

0.929

0.409

,0.001

,0.001
0.082
,0.001
na
na
0.408

0.103
0.098
0.239
na
na
0.905

0.082

,0.001

0.436
0.019
0.023
na
na
0.811

0.009

Interaction
Univariate F-tests
Invertebrates
Dinoflagellates
Diatoms
Bacteria
VLPs
Multivariate test
Wilks’ lambda

0.296
0.114
0.006
0.418
0.015
0.708

0.005

0.933
0.479
0.009
na
na
0.862

transoceanic not-exchanged ships) was the independent
variable; sampling and analysis methods between the two
studies were sufficiently similar to allow the comparison.

Results
Changes in abundance among regions—Our samples
revealed significant regional variation in total abundance
of invertebrates, dinoflagellates, and bacteria, but not of
diatoms and VLPs (Table 2; Fig. 1). Mean total abundance
sampled from Pacific ships was 1.0 3 104, 2.5 3 104, 4.7 3
107, 8.0 3 1011, and 7.3 3 1012 ind. m23 for invertebrates,
dinoflagellates, diatoms, bacteria, and VLPs, respectively,
whereas that for Great Lakes ships was 6.4 3 103, 3.2 3
104, 1.5 3 106, 7.8 3 1011, and 9.0 3 1013 ind. m23. Finally,
mean total abundance of invertebrates, dinoflagellates,
diatoms, bacteria, and VLPs sampled from Atlantic ships
was 2.4 3 104, 2.7 3 105, 2.3 3 106, 9.8 3 1011, and 7.5 3
1012 ind. m23, respectively. Even though total abundance
of diatoms was an order of magnitude higher in Pacific
ships than in those from the Atlantic and Great Lakes,
there was no significant difference among regions (Table 2;
Fig. 1). Furthermore, mean abundance per species sampled

0.191

0.124
0.082
0.522
na
na

,0.001
0.033
0.172
na
na
0.605

,0.001

0.817

0.062

from Pacific ships was 9.7 3 102, 5.9 3 103, and 4.8 3 106
ind. species21 m23 for invertebrates, dinoflagellates, and
diatoms, respectively, whereas that for Great Lakes ships
was 74, 4.7 3 103, and 1.4 3 105 ind. species21 m23.
Finally, mean abundance per species arriving to the
Atlantic coast was 1.8 3 103, 9.4 3 103, and 1.4 3 105
ind. species21 m23 for invertebrates, dinoflagellates, and
diatoms, respectively. Invertebrates and bacteria were
present in all ships; however, dinoflagellates were not
detected in 53%, 25%, and 23% of ships in the Pacific,
Great Lakes, and Atlantic regions, respectively, diatoms in
1% and 2% of ships in the Pacific and Atlantic regions,
respectively, and VLPs in 4% of ships arriving to the
Atlantic region. Assuming that higher abundance in ballast
tanks represents a higher probability of introduction, our
results revealed that introduction potential is highest for
invertebrates, dinoflagellates, and bacteria to the Atlantic
coast of Canada, for diatoms to the Pacific coast, and for
VLPs to the Great Lakes.
Changes in abundance among ship categories and effect
of BWE—Our results showed that there was significant
variation in total abundance of invertebrates, bacteria, and
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Fig. 1. Mean total and nonindigenous species (NIS) abundance by taxon and region in transoceanic exchanged (TOE), coastal
exchanged (CE), and coastal not-exchanged ships (CNE). Standard errors are included. An asterisk denotes a significant difference (p ,
0.05) from other ship categories. Note the difference in scale among plots and that the y-axis is log scaled.

VLPs among ship categories, but not for dinoflagellates
and diatoms (Table 2; Fig. 1). Mean total abundance
transported by transoceanic exchanged ships was 8.1 3
103, 8.7 3 104, 1.2 3 106, 7.0 3 1011, and 1.1 3 1012 ind.
m23 for invertebrates, dinoflagellates, diatoms, bacteria,
and VLPs, respectively, whereas that for coastal exchanged
ships was 1.4 3 104, 1.8 3 105, 2.3 3 106, 9.1 3 1011, and
8.8 3 1012 ind. m23. Finally, mean total abundance
transported by coastal not-exchanged ships was 8.7 3
104, 3.1 3 105, 1.3 3 108, 1.1 3 1012, and 9.6 3 1012 ind.
m23 for invertebrates, dinoflagellates, diatoms, bacteria,
and VLPs, respectively. Total abundance of taxa in

different ship categories ranged from , 1 to several orders
of magnitude per cubic meter (Table 3). Furthermore,
mean abundance per species transported by transoceanic
exchanged ships was 7.7 3 102, 8.3 3 103, and 3.1 3 105
ind. species21 m23 for invertebrates, dinoflagellates, and
diatoms, respectively, whereas that of coastal exchanged
ships was 1.1 3 103, 6.7 3 103, and 1.5 3 105 ind.
species21 m23. Finally, mean abundance per species
transported by coastal not-exchanged ships was 2.4 3
103, 4.0 3 103, and 1.3 3 107 ind. species21 m23 for
invertebrates, dinoflagellates, and diatoms, respectively.
Dinoflagellates were not detected in 35%, 37%, and 39% of
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Table 3. The ranges of total abundance of diversified taxa in mid-ocean, coastal areas, ports, and in ballast water of different ship
categories (transoceanic exchanged [TOE], coastal exchanged [CE], and coastal not-exchanged ships [CNE]). References for mid-ocean
and coastal areas are included. Port samples were collected in this study. na denotes not applicable.
Taxon

Mid-ocean (ind. m23) Coastal areas (ind. m23) Ports (ind. m23)

Invertebrates
Dinoflagellates
Diatoms
Bacteria
VLPs
a

101–103a

102–106b,c

101–103d
102–103d
1010–1012f
1010–1012f

105–106e
104–108e
1010–1012f
1011–1013f

TOE (ind. m23)

104–105

10–104

na
103–108
1011–1012
1012–1013

0–106
0–107
1010–1012
1011–1013

CE (ind. m23) CNE (ind. m23)
10–105
0–106
0–107
1011–1012
1011–1013

102–105
0–106
103–109
1011–1012
0–1013

Koppelmann and Wiekert 1992; b Fernández de Puelles et al. 2003; c Hwang et al. 2010; d Head and Pepin 2010; e Cloern 1979; f Culley and Welschmeyer
2002.

transoceanic exchanged, coastal exchanged, and coastal
not-exchanged ships, respectively, diatoms in 1% of
transoceanic exchanged and 2% of coastal exchanged
ships, and VLPs in 5% of coastal not-exchanged ships.
Although total abundance was not consistently highest for
all taxa and in all three regions in coastal not-exchanged
ships, our multivariate comparison revealed significantly
higher total abundance of invertebrates in both Pacific and
Atlantic regions, and of diatoms and bacteria in the Pacific
region in coastal not-exchanged ships (Fig. 1). These
findings suggest that BWE reduced total abundance of
the three taxa; however, this conclusion may be confounded by voyage length. Finally, to distinguish between effect
of BWE and that of other voyage characteristics on
bacteria and VLPs, comparison of our Atlantic transoceanic exchanged samples with similar samples collected 10 yr
ago revealed no significant difference, indicating that BWE
did not reduce total abundance of bacteria nor VLPs in
transoceanic exchanged ships (Table 4; Ruiz et al. 2000).
Our Atlantic transoceanic exchanged ships contained on
average 6.7 3 1011 and 3.1 3 1012 bacteria and VLPs m23,
respectively (Fig. 1), whereas transatlantic, unmanaged
ships sampled 10 yr ago contained 8.3 3 1011 and 7.4 3
1012, respectively (Ruiz et al. 2000). Taking into account
that there was no difference among ship categories for
dinoflagellates and diatoms, and our comparison revealed
no effect of BWE on bacteria and VLPs, our study shows
that BWE may only be effective in reducing total
abundance of invertebrates.
Changes in species richness among regions—Our samples
revealed significant regional variation in species richness of
dinoflagellates and diatoms, but not invertebrates (Table 2;
Fig. 2). Mean species richness transported by ships arriving
Table 4. Results of multivariate analysis of variance
addressing the effect of BWE on total abundance of bacteria
and virus-like particles (VLPs).
Total abundance
Variable

Value

Univariate F-tests
Bacteria
VLPs
Multivariate test
Wilks’ lambda

p
0.054
0.098

0.818

0.073

to the Pacific coast of Canada was 13.7, 8.6, and 17.4
species m23 of invertebrates, dinoflagellates, and diatoms,
respectively, whereas that of ships arriving to the Great
Lakes was 11.5, 6.7, and 4.3 species m23, respectively.
Mean species richness transported by ships arriving to the
Atlantic coast was 12.0, 17.4, and 14.5 species m23 of
invertebrates, dinoflagellates, and diatoms, respectively.
Assuming that higher species richness corresponds with
higher likelihood that some species will survive transport
and adapt to environmental and biological conditions of
the new area, our study indicates that the Pacific region of
Canada is under highest invasion risk by invertebrates and
diatoms, whereas the Atlantic region appears vulnerable to
dinoflagellate invasions.
Changes in species richness among ship categories and
effect of BWE—Mean species richness of all three taxa
examined was similar among the three ship categories
(Table 2; Fig. 2). Mean species richness transported by
transoceanic exchanged ships was 12.5, 11.1, and 12.3
species m23 of invertebrates, dinoflagellates, and diatoms,
respectively, whereas that of coastal exchanged ships was
13.1, 14.6, and 9.0 species m23, respectively. Mean species
richness transported by coastal not-exchanged ships was
11.8, 9.0, and 12.4 species m23, respectively. Even though
two-way MANOVA showed that there was no significant
difference in species richness between the three ship
categories for any of the taxa examined (Table 2; Fig. 2),
our multiple comparisons revealed significantly higher
species richness of both invertebrates and dinoflagellates
in Atlantic transoceanic exchanged and coastal exchanged
ships when compared to coastal not-exchanged ships
(Fig. 2), demonstrating that new species were likely added
to tanks during BWE.
Effect of voyage length on abundance and species
richness—Mean voyage length varied among regions and
ship categories (Table 1). Mean voyage length for transoceanic exchanged, coastal exchanged, and coastal notexchanged ships arriving to the Pacific coast of Canada was
21.7, 9.5, and 4.3 d, respectively, whereas that of ships
arriving to the Atlantic coast was 14.3, 4.6, and 2.3 d,
respectively. Mean voyage length for ships arriving to the
Great Lakes was 26.3 and 9.3 d for transoceanic exchanged
and coastal exchanged ships, respectively. Likewise, voyage
length after BWE also varied among regions and ship
categories (Table 1). Mean voyage length after BWE of
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ships arriving to the Pacific coast was 10.5 and 5.6 d for
transoceanic exchanged and coastal exchanged ships,
respectively, and of those arriving to the Atlantic coast
was 7.1 and 2.0 d, respectively. Mean voyage length after
BWE of ships arriving to the Great Lakes was 13.3 and
6.3 d for transoceanic exchanged and coastal exchanged
ships, respectively. Regression analyses revealed that length
of voyage influenced invertebrate, diatom, bacteria, and
VLP abundances, but not that of dinoflagellates (Fig. 3).
With an increase in voyage length, invertebrate total
abundance decreased the fastest, followed by that of
bacteria, diatoms, and VLPs (Fig. 3). Increased voyage
length decreased species richness of diatoms, but not of
invertebrates or dinoflagellates (Fig. 4).

Fig. 2. Mean total and nonindigenous species (NIS) richness
by taxon and region in transoceanic exchanged (TOE), coastal
exchanged (CE), and coastal not-exchanged ships (CNE).
Standard errors are included. An asterisk denotes a significant
difference (p , 0.05) from other ship categories. Note the
difference in scale among plots.

Abundance of taxa in nature and in ballast tanks—Our
comparison of abundance of plankton in mid-ocean,
coastal, and port areas revealed that mid-ocean areas
contain lower total abundance of invertebrates, dinoflagellates, diatoms, and VLPs (but not bacteria) when compared
to both coastal and port areas (Table 3). Even though total
abundance of all taxa in coastal and port areas was similar,
the range of total abundance of invertebrates in coastal
areas was greater than that in ports, and port samples never
contained very low total species’ abundances, as has been
reported in previous studies from coastal areas (Fernández
de Puelles et al. 2003; Hwang et al. 2010). The lowest total
abundance of invertebrates in coastal and port areas was
102 and 104 ind. m23, respectively (Table 3). Furthermore,
port samples contained slightly higher total abundances of
bacteria and VLPs than coastal areas (the lowest total
abundance of bacteria and VLPs in ports was 1011 and 1012
ind. m23, respectively; Table 3).
Our port samples contained, on average, similar total
species’ abundances as recorded from our ship samples,
though ranges were broader with the latter group and
occasionally ships contained no detectable dinoflagellates,
diatoms, or VLPs at all (Table 3). Furthermore, total
abundance of all taxa in coastal exchanged and coastal notexchanged ships was similar to that in coastal and port
areas; however, our transoceanic exchanged samples
occasionally carried three and four orders of magnitude
higher total abundances of dinoflagellates and diatoms,

Fig. 3. Scatterplots and fitted regression lines with total abundance as the dependent variable and voyage length as the independent
variable. Voyage length of transoceanic and coastal exchanged ships was calculated from ballast water exchange until discharge, whereas
that of coastal not-exchanged ships was calculated from loading of ballast until discharge. An asterisk denotes significant difference
(p , 0.05).
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Fig. 4. Scatterplots and fitted regression lines with species richness as the dependent variable
and voyage length as the independent variable. Voyage length of transoceanic and coastal
exchanged ships was calculated from ballast water exchange until discharge, whereas that of
coastal not-exchanged ships was calculated from loading of ballast until discharge. An asterisk
denotes significant difference (p , 0.05).

respectively, than was reported for mid-ocean areas
(Table 3). As BWE should replace coastal with open-ocean
taxa, our results indicate that dinoflagellates and diatoms
may accumulate in ballast tanks.

Discussion
The risk of introduction of new species by ships’ ballast
water was not uniform across regions or taxa despite
implementation of common, national management practices (USCG 1993; Government of Canada 2006) and may
require specific management strategies for biota of
particular risk in specific regions. Although abundances
were highest for most taxa in Atlantic ships, and species
richness was highest in Pacific ships, both regions were
exposed to propagules of all five taxonomic groups studied.
Regional differences in abundance may be partially
explained by mortality of species due to voyage length
(Klein et al. 2010; Seiden et al. 2011; Simard et al. 2011),
with voyages to the Pacific region being nearly twice as
long as those to the Atlantic region. In addition, Seiden
et al. (2011) reported regrowth of bacteria during the first
several days of voyages, and Klein et al. (2010) observed
some increases in diatom abundances, suggesting possible
reproduction in ballast tanks. However, both authors
reported a decline in abundance of taxa at the end of
voyages, possibly related to fluctuating and inhospitable
conditions in ballast tanks. Environmental conditions can
change dramatically in ballast tanks, including in temperature of up to 20uC, in dissolved oxygen of up to 6 mg L21,
and salinity of up to 15% (Klein et al. 2010; Seiden et al.
2011; Simard et al. 2011). These findings are in agreement
with our results. Regional differences in species richness
observed in ballast tanks may be influenced by differences
in biodiversity among source regions; however, owing to a
lack of historical work on biodiversity and biogeography
(Carlton 2009), it is difficult to examine this factor further.
Our study revealed that BWE does not effectively reduce
abundances of dinoflagellates, diatoms, bacteria, and VLPs
in either Pacific or Atlantic ships. As longer voyages also

increase exposure of transported individuals to ambient
environmental conditions of ballast tanks (Klein et al.
2010; Seiden et al. 2011), we could not distinguish the effect
of BWE from other factors on invertebrate abundance.
Simard et al. (2011) reported that environmental conditions
in ballast tanks explained , 40% of observed reduction in
zooplankton abundance, out of a total 72–90% reduction
in abundance during two ship voyages. Nonetheless, once
the international convention is ratified, regulation D-2 will
require ships to manage ballast water to meet specific
maximum permissible levels for viable organisms contained
in discharge (IMO 2004). Taking into account that most
invertebrates are greater than 50 mm minimum dimension,
and most diatoms and dinoflagellates smaller than 50 mm,
our study indicates that BWE will not meet the D-2
standards. Even though the total number of individuals
after BWE may exceed the D-2 standard, BWE appears to
provide robust protection for freshwater systems at least
for invertebrates, by eliminating 99% of freshwater
zooplankton through exposure to highly saline ocean water
(Gray et al. 2007; Bailey et al. 2011).
Many studies have reported lower abundances of
zooplankton (Koppelmann and Wiekert 1992; Fernández
de Puelles et al. 2003), phytoplankton (Cloern 1979; Head
and Pepin 2010), and microbes (Culley and Welschmeyer
2002) in mid-ocean than in coastal water; however,
abundances in both mid-ocean and coastal areas may vary
by several orders of magnitude depending on location,
season, and year of collection. Interestingly, while abundance of all taxonomic groups in both coastal exchanged
and coastal not-exchanged ships were in the same range as
in natural coastal areas, abundances of dinoflagellates and
diatoms in transoceanic exchanged ships were occasionally
three and four orders of magnitude higher than those
reported in mid-ocean, respectively. We confirmed that our
transoceanic exchanged ships did conduct BWE in midocean and our samples were collected across all seasons;
therefore, the high abundance of taxa in these vessels
cannot be explained by BWE conducted in coastal areas or
by sample collections only during peak abundance of
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dinoflagellates and diatoms in oceans. Rather, our results
appear to be related to incomplete BWE and accumulation
of these taxa in ships’ ballast tanks. Klein et al. (2010)
reported four times higher densities of diatoms in
exchanged than not-exchanged ballast tanks on a ship
conducting a trans-pacific voyage. Moreover, many dinoflagellate species are mixotrophic and may feed phagotrophically on ciliates and cryptophytes (Hansen 1991;
Carvalho et al. 2008), cyst-forming, or primarily photosynthetic species that supplement their nutrition by preying
on other cells (Stoecker 1999), which may explain the lack
of effect of voyage history on abundance or species richness
of dinoflagellates but not for diatoms. However, repeated
ballast uptake events coupled with incomplete BWE can
refresh water and entrain new species in tanks, which may
allow continual accretion of species in tanks. As transoceanic exchanged ships often load ballast in ports or coastal
areas, and then perform BWE in mid-ocean, accumulation
of taxa in tanks may keep species’ abundances in
transoceanic exchanged ships similar to that of coastal
environments.
Invertebrate and dinoflagellate species richness were
significantly higher in ships operating in the Atlantic region
and subjected to BWE than in coastal, not-exchanged
ships, indicating that new species were likely added to tanks
when BWE took place. Hence, BWE of vessels may
actually increase the risk of invasion by invertebrates and
dinoflagellates to coastal areas, although this may be
confounded by ship travel patterns and voyage duration
among other factors. Of primary concern is the spread of
species that cause ecological, economical, or health effects
(Ruiz et al. 2000; Olden et al. 2004; Colautti et al. 2006a), in
particular harmful and toxic dinoflagellate species that
affect human health, fisheries, and aquaculture (Hallegraeff
1998; McCollin et al. 2007; Anderson et al. 2012). Oceanic
taxa may not bloom in neritic waters, but as the number of
coastal dinoflagellate species transported in coastal ships
accumulates and increases, so too does the likelihood that
some of those species will be harmful or toxic. The global
frequency, intensity, and distribution of paralytic shellfish
poisoning has increased in recent years (Hallegraeff 1998;
Anderson et al. 2012). The biology of many dinoflagellates
includes asexual propagation and capacity to form
dormant resting stages highly resistant to harsh environments (Lee 2008), factors that when combined with high
abundance when transported in ships’ ballast may enhance
their invasion success relative to other taxonomic groups.
Such a flexible life-history attribute can amplify the
opportunity for successful establishment in new areas,
allowing founding populations to persist under suboptimal
conditions and flourish once environmental conditions
improve. These taxa are likely excellent candidates for
successful invasion.
Global shipping is a potent agent of species introduction
(NRC 2008; Hulme 2009). Our study indicates that
particular taxonomic groups with life-history traits such
as dormant resting stages and high physiological plasticity
may be favored during the transport stage. While we are
not aware of any study exploring changes of abundance or
species richness in vectors other than shipping, a previous

study did report a nonrandom distribution of introduced
species among insect families due to the type of transport
vector (Vázquez and Simberloff 2001). Nevertheless, we
expect that abundance and species richness in other
unintentional vectors, such as species contained in soil of
horticultural plants (Mack 2004) and on domestic animals
and livestock (Vázquez and Simberloff 2001), might also
change owing to length of transport, or with the
application of quarantine or interception measures.
In conclusion, our comprehensive study found that BWE
was ineffective for reducing abundance or species richness of
nearly all taxa surveyed. However, long voyages resulted in
lower abundance of all taxa except dinoflagellates, and lower
species richness of diatoms. Introduction risk varied by taxa
and across regions despite national ballast water management regulations. The abundance of discharged organisms is
an important element of invasion success (Simberloff 2009);
thus, substantial reductions in population abundance of taxa
should correspond with reduced invasion risk. However, the
elevated species richness of dinoflagellates in ships that
exchanged ballast water suggests an enhanced invasion
potential relative to coastal vessels that did not conduct
ballast exchange. Current ballast water regulations (i.e.,
BWE to the D-1 standard) appear ineffective for reducing
abundance of many taxa (dinoflagellates, diatoms, bacteria,
and VLPs), with no clear effect on invertebrates. Thus,
transition to the D-2 ballast water performance standards
may more uniformly reduce species abundances and
associated invasion risks. As species responses to ballast
tank environments are variable and affected by voyage
characteristics, it is important to consider multiple taxonomic groups when evaluating the efficacy of ballast water
exchange or treatment.
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