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Abstract

Most harmful diatoms belong to the marine, planktonic genus Pseudo-nitzschia and are responsible for amnesic shellfish poisoning through
the production of domoic acid. Fifteen Pseudo-nitzschia species, nine of them toxigenic (approximately 60% of the species found in our
samples) were recovered from 185 ship ballast tanks (water and sediment) destined for Canadian ports. Our results demonstrate that the three
Canadian coastal regions receive considerable total propagule pressure (1.2 x 103, 2.6 x 10", 1.5 x 10" cells from water ballast; 4.5 x 10°,
3.7 x 10", 5.3 x 10° cells from sediments), and colonization pressure (15, 11 and 3 species) from these diatoms for Atlantic, Pacific and
Great Lakes ports, respectively. Neither ballast water exchange method (intercoastal unexchanged, intercoastal exchanged, transoceanic
exchanged), or ship port-of-destination seemed to affect sample groupings recovered by hierarchical clustering and multidimensional scaling.
Only weak separations of samples by coastal region, propagule pressure/colonization pressure, and the number of days in the ballast since
mid ocean water exchange were recovered. The Canadian Atlantic coast is under particularly high individual propagule pressure from P.
turgidula, and the Canadian Pacific from P. seriata. Both species are toxigenic and not yet reported from either region. Alien to the Atlantic
Ocean, highly toxigenic P. australis and P. turgidula have been recently found in Scottish waters, but not yet in Atlantic Canada, with the
former relatively common in our ballast water samples. A greater number of species may be dispersed by ballast waters than by sediments
because lightly silicified and narrow-valve species were absent in our sediment samples. However, these hardy survivors in the ballast
sediments may be better adapted to tolerate suboptimal growth conditions when introduced to non-native regions and/or environments.
Pseudo-nitzschia delicatissima, found in Great Lakes ship ballast waters, is known for its tolerance of brackish waters and may be one of the
potentially toxigenic coastal species well suited for establishment in the Great Lakes, as has been the case for some other coastal marine
organisms.
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modification of the coastal environment; e.g., the
greater influx of terrestrial crop-plant mineral
nutrients (Anderson et al. 2008; Anderson et al.

Introduction

The list of organisms recognised as non-native in
the coastal waters throughout the world is
growing, as is the number of harmful algal
blooms. Many of the factors contributing to these
two phenomena are relatively well recognised.
The first is attributed to the increase in volume
and number of introductions of exotic organisms
carried to distant, non-native geographies as a
result of the growing volume of global commerce
(Gollasch et al. 2007; Lockwood et al. 2009).
The second is related to human-mediated

2012), among other recent changes to the global
environment (Hallegraeff 2010; Bothwell et al.
2014). Both phenomena are most notable in the
regions of main ports and large cities and co-
occur in some regions, but considered together
have received relatively little scientific attention.
Here we evaluate the potential of ship ballast
(water and sediment) to contribute to the dispersal
of members of the genus Pseudo-nitzschia. Some
members of this genus are known to be associated
with amnesic shellfish poisoning caused by the
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production of the heterocyclic amino acid,
domoic acid. Recently, six coastal marine diatom
species from several other genera have been
found to be a source of another neurotoxic amino
acid, beta-Methylamino-L-alanine = (BMAA),
previously known only to be produced by
cyanobacteria (Jiang et al. 2014).

New policies and procedures aiming to reduce
the human footprint on the environment (IMO
2004), e.g., more prudent agricultural practices,
management of ship ballast or monitoring
occurrence of harmful algae, are measures to
slow down the rate of introduction of non-
indigenous organisms and to protect the health of
both the ecosystems and humans. Indeed, since
the first toxigenic outbreak of Pseudo-nitzschia
in Eastern Canada in 1987, no more humans have
been reported seriously harmed by domoic acid
(Todd 1993), despite repeated occurrences of
harmful algal blooms (HABs) worldwide. However,
humans are not the sole, high level consumers of
coastal primary production and consequently, the
only harmed target of associated toxins.

Domoic acid (DA) is a neurotoxin that bio-
accumulates in animal tissues and with each
consumer level, often passed on all the way up to
vertebrate consumers (Montie et al. 2012) for
whom it may be harmful or even lethal. Bio-
accumulated DA doses and/or chronic exposure
may result in impairments to vertebrate consumer
fitness (Montie et al. 2012) and thus potentially
cascade these effects (Powell et al. 2013; Saterberg
et al. 2013; Yelenik and D’Antonio 2013) onto
their population size and possibly genetics
(Fitzpatrick et al. 2010) with subsequent effects
on primary producers regulated by these specific
top consumers.

Diatoms are one of the most species rich and
abundant microeukaryotes in ship ballast (Carlton
and Geller 1993; McCarthy and Crowder 2000;
Klein et al. 2010; Briski et al. 2012). Even so,
the species richness, abundance and survival of
Pseudo-nitzschia in ship ballast waters and
sediments have not been examined systematically
in commercial vessel ballast. Although this readily
recognisable genus is noted when present, only a
few published reports have informed on the
identity of species found or analyse their relation-
ships to ballast tank history or environment
(Zhang and Dickman 1999; Burkholder et al.
2007; Lang and Kaczmarska 2012). More
frequently, these diatoms are only reported in the
regional literature (Subba Rao et al. 1994;
Macdonald and Davidson 1997; Wetsteyn and Vink
2001; Carver and Mallet 2002).
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Therefore, the aim of this study was to
estimate colonization pressure (CP, number of
species transported) and their respective abundance,
or propagule pressure (PP) of individual species
and the total for the genus Pseudo-nitzschia
exerted on Canadian ports. We related species
richness and their respective abundances to the
ship ballast water management (BWM) strategies
executed prior to their arrival at the three
destined Canadian coastal regions: Vancouver
(WC), selected ports in Atlantic Canada (EC)
and Great Lakes (GL). Particular attention was
given to toxigenic and non-indigenous species.

Methods

Field protocols

All samples were collected by the same Canadian
Aquatic Invasive Species Network (CAISN)
sampling team. Ballast water samples were taken
at arrival, from vessels at Atlantic (EC), Pacific
(WC) and Great lakes (GL) ports in Canada in
2007 (as listed in Briski et al. 2012) for ballast
waters and in 2007 and 2008 for ship ballast-tank
sediments (listed in Villac and Kaczmarska 2011);
the majority were collected during spring and
summer. Ballast water and sediment samples did
not originate from the same voyages or ballast
tanks. All vessels examined observed IMO (2004)
convention for the control and management of
ships’ ballast water and sediments. Therefore,
once in Canadian ports, all were in the position to
de-ballast if needed.

Ballast water samples were categorised
according to the BWM strategies applied to the
sampled tanks during the voyage immediately
prior to the vessel’s arrival to Canadian ports.
The categories were as follows: ICU (intercoastal
unexchanged), ICE (intercoastal exchanged) and
TOE (transoceanic exchanged). Each ballast tank
water sample was integrated from casts of a 5 L
Niskin bottle collected from three depths (0, 2
and 4 m), pooled in a 20 L carboy container and
thoroughly mixed. From this, 3 L of water was
sub-sampled for diatom examination and enume-
ration, preserved with acidified Lugol’s solution
and shipped to our laboratory. The majority of
ships sampled were bulk carriers. The age of
ballast water in the tanks was calculated in days
following exchange for the tank (if performed)
and ranged between 7 and 33 days. Ship ballast
sediments were processed as described in Villac
and Kaczmarska (2011), optimised specifically
for recovery of diatoms from such sediments.
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Table 1. 2007 ballast water and 2007-08 ballast sediment
samples. First value indicates number of samples where at least
one Pseudo-nitzschia species was encountered; second value
indicates total number of samples examined; percent of samples
with Pseudo-nitzschia in parentheses. EC = East Coast; GL =
Great Lakes; WC = West Coast; ICE = intercoastal exchanged;
ICU = intercoastal unexchanged; TOE = transoceanic exchanged.

2007 ballast water 2007-08 sediments
All samples 42/ 67 (63) 9/57(16)
By region:
EC 21/24(88) 2/24(8)
GL 2/13 (15) 1/8(13)
wC 19 /30 (63) 6/25(24)
By exchange
method:
ICE 9/12(75) 1/17(6)
ICU 4/9 (44) 2/14(14)
TOE 29 /46 (63) 6/26(23)

Sample processing

A total of 185 ship ballast tanks were examined
(Table 1): 67 ballast water and 118 ballast
sediments samples were taken during 2007 and
2008 from ships that came to Canadian ports on
the West (WC), East coast (EC) and Great Lakes
(GL); possibly the largest such sample set thus
far examined. Of these, all 67 ballast water
samples contained live diatoms (24 EC, 13 GL,
30 WC), but only 57 of sediments samples
contained live cells (24 EC, 8 GL, 25 WC; Villac
and Kaczmarska 2011), making a total of 124
samples with live diatoms examined for the
presence of Pseudo-nitzschia species.

Water samples were carefully decanted and
contents concentrated to a final volume of 20 mL
and stored at 4 °C until processed following
Klein et al. (2010). Identification and enumeration
were performed on a 10 mL sub-sample of the
concentrate in a settling chamber (Hydrobios,
Kiel, Germany) and expressed as cells L' or
cells per ballast volume discharged as required.
Autofluorescence of the chloroplast was taken as
a proxy of cell viability at the time of fixation,
and only fluorescing cells were counted. To reverse
the quenching of chloroplast autofluorescence by
Lugol’s fixation (Klein et al. 2010), 4 drops of a
saturated sodium thiosulfate solution in distilled
water were added to the sub-sample prior to
settling in the chamber.

Ballast sediment samples were processed as
described in Villac and Kaczmarska (2011). For
all samples, cell counts were carried out using a
Zeiss Axiovert 200 inverted microscope with
epifluorescence illumination (HBO 50/AC,
Mercury Shortarc) using 20x or 40x objectives as

required. Using light microscopy (LM), fluorescing
Pseudo-nitzschia cells in stepped chain colonies
were identified to the lowest practical taxonomic
level. These counts are conservative because only
cells in stepped colonies were counted; taking the
colony formation mode as a diagnostic character
for this genus; although see Kaczmarska et al.
(2008) to note the propensity for a single cell
life-style among some P. delicatissima clones
and other single-cell species with Pseudo-nitzschia
valve morphology (Kaczmarska and Fryxell 1994).

Cell morphometrics and scanning electron
microscopy (SEM) were used to refine species
identification of LM counts. After LM counts
were completed for water samples, the contents
of the settling chambers were prepared for SEM
examination by acid cleaning using a protocol by
Drebes (1974). SEM preparation protocol for
diatoms from sediments is described in Villac
and Kaczmarska (2011). Cleaned diatoms were
dispersed onto 3 pm pore-size polycarbonate
filters, dried, affixed to 10 mm diameter aluminum
stubs and sputter coated with ca. 15 nm gold.
SEM was performed using a JEOL JSM-5600
SEM operating at 10 kV and 8 mm working
distance at the Digital Microscopy Facility,
Mount Allison University. SEM results were
used to refine species identification and proportion
of the species making up lower taxonomic
resolution LM counts as described in Kaczmarska
et al. (2005). Members of the genus Pseudo-
nitzschia were identified to species level in all
but two cases: P. delicatissima- and P. pseudo-
delicatissima-species complexes, with the exception
of P. cuspidata in the P. pseudodelicatissima-
complex, which we were able to distinguish from
other members of the complex in our SEM
images by poroid morphology (Figure 1).
Nonetheless, in the text all will be referred to as
“species” for simplicity.

Species identities were based on characters of
valve morphology as defined in Tomas (1997),
Skov et al. (1999), Lundholm et al. (2003),
Kaczmarska et al. (2005), Almandoz et al. (2008)
and Kaczmarska et al. (2008). Propagule pressures
for all Pseudo-nitzschia species were calculated
based on the tonnage estimates given in Lo et al.
(2012) for ballast waters and total ship numbers
arriving to Canada, while the sediment volume
of the tanks examined is given in Villac and
Kaczmarska (2011). Similar calculations using
tonnage estimates detailed in Casas-Monroy et
al. (2014) produced somewhat higher propagule
pressures, but both produced the same order-of-
magnitude propagule pressure estimates.
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Figure 1. SEM images of selected members of the genus Pseudo-nitzschia. (A,I) A member of the Pseudo-nitzschia pseudodelicatissima-
complex, the whole valve illustrating needle-shaped valve outline (A), and its mid-section detailing central interspace, striae and
microarchitecture of poroids (I). (B,J) Pseudo-nitzschia cuspidata, complete valve outline (B), and its mid-section detailing central
interspace, striae and microarchitecture of poroids (J). Compare several small sectors in each poroid in (I) with larger, usually two, elongated
sectors in the poroids in (J). (C,K) Pseudo-nitzschia delicatissima, valve outline showing consistently tapering valve margins (C), and its
mid-section detailing central interspace and two rows of poroids per striae (K). (D,L) Pseudo-nitzschia turgidula, with valve outline showing
three areas of swelling (central, and near each valve end, D) and valve mid-section detailing central interspace and the structure of striae (L).
(E,M) Pseudo-nitzschia australis, lanceolate valve (E), and its mid-section detailing striae consisting of large poroids, note the absence of
central interspace (M). (F,N) Pseudo-nitzschia heimii, lanceolate valve outline (F), and valve mid-section showing central interspace and the
structure of striae (N). (G,0) Pseudo-nitzschia obtusa, valve with bluntly obtuse ends (G), and its mid-section showing absence of central
interspace and the structure of striae (O). (H,P) Pseudo-nitzschia seriata, an almost fusiform valve (H), and valve mid-section showing the
absence of central interspace and the structure of striae (P). The third and at times fourth row of poroids in the center of the striae are only
barely visible due to incomplete cleaning of the valve.
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Statistical treatment

Both ballast water and sediment data for Pseudo-
nitzschia species was sparse and highly non-
normal even after log and other normalizing
transformations. In addition, the mixed-species
and composite nature of diatom assemblages in
both types of samples (representing a number of
voyages and  exchanges) questions the
applicability of statistical methods developed for
natural biological community ecology such as
principal components or canonical correspondence
analysis. Nonetheless we used these methods in
reconnaissance analyses, and found that they did
not contribute any significant new or
contradictory insights compared to the methods
that produced the results presented below.
Following reconnaissance analyses, we chose
hierarchical clustering, analysis of similarity
(ANOSIM) and multidimensional scaling (MDS)
following the logic of Clarke and Warwick
(2001). ANOSIM and MDS are non-metric
techniques that make few, if any, model
assumptions about the form of the data or
interrelationships between samples (as is likely
to happen in ship ballast tanks). ANOSIM is a
non-metric analog to ANOVA and provides
statistical tests to determine if there are
differences between various factors within a data
set. MDS provides an n-dimensional ordination
of samples (similar to PCA or CCA) but without
concerns over the suitability of the data for
analysis as would be the case for ballast samples
that are more chance-driven, mixed origin
species assemblages of surviving biota. The
purpose of MDS is to construct a “map” or
configuration of the samples, which attempts to
satisfy all of the conditions imposed by the rank
(dis)similarity matrix; e.g., if sample 1 has a
higher similarity to sample 2 than to sample 3,
then sample 1 will be placed closer on the map to
sample 2 than to sample 3. All analyses were
performed on a Bray-Curtis similarity matrix.
Results presented here originated from log(x+1)
transformed data, but results obtained from
untransformed abundance data produced similar
results with no new insights into relationships
between samples. The small and sparse data set
for sediments harbouring Pseudo-nitzschia species
produced insignificant results in clustering,
ANOSIM and MDS analyses and so we relate
sediment data only qualitatively to the water
ballast results. Similarly, comparisons with GL
samples in ballast water are presented here for
the sake of completeness of analyses, even

though there were only two GL samples with
Pseudo-nitzschia cells in the data set.

Results
Colonization and propagule pressures

Among 67 ballast waters samples examined, 42
(21 EC, 2 GL, 19 WC; 9 ICE, 4 ICU, 29 TOE;
Table 1) collectively harboured fifteen different
species of Pseudo-nitzschia (Supplementary material
Table S1). Non-indigenous and/or taxonomically
challenging species are illustrated in Figure 1.
The fifteen Pseudo-nitzschia species found
constitute approximately 35 % of the species
known in the genus, some with high cell
quantities. Cumulatively, up to 1.2 x 10", 2.6 x
10", 1.5 x 10" live Pseudo-nitzschia cells, or
total PP, were calculated to be potentially
delivered annually via the waters in ballast tanks
for Atlantic, Pacific and Great Lakes ports,
respectively. The most species rich (highest CP)
were the tanks of WC wvessels (15 species),
closely followed by EC (11 species). Two tanks
arriving at the Great Lakes ports harboured one
species each. BWM methods had little effect on
the number of species surviving in the tanks of
intercoastal vessels; in fact more species were
found in exchanged coastal tanks (11 species in
ICE vs. 8 in ICU) while still more in TOE vessels
(14 species). These results demonstrate that the
three Canadian coastal regions may be receiving
considerable total propagule and colonization
pressure from Pseudo-nitzschia diatoms.

Fewer sediment samples contained live
Pseudo-nitzschia; of 57 samples containing live
diatom cells only 9 carried live Pseudo-nitzschia
detectable using our methods (2 EC, 1 GL, 6
WC; 1 ICE, 2 ICU, 6 TOE; Table 1). In these 9
samples, 5 species were found (Table S1). Most
species rich were again WC samples (4 species),
followed by EC (2 species) and 1 species was
found in sediment from a vessel destined for a
GL port. If discharged untreated, 3.7 x 10", 4.5
x 10°, 5.3 x 10° cells annually as total PP for
Pseudo-nitzschia would have entered Pacific,
Atlantic and Great Lakes ports through sediment
ballast. All the taxa present in the ship ballast
sediments were those with large and relatively
heavily silicified frustules. Species with delicate
and lightly silicified frustules were never found
in sediment samples, even as dead (empty) valves.
Individual species PP (cell densities in arriving
ship tanks) was generally low, with approximately
half of the species present at average densities
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Age
Sample BWM Cells -1 Species (days)
WM EC046 TOE 15 q 7 =
W WC010 TOE 128 1 18 ®
EC038 TOE 9 1 5
WC007 TOE 16 1 3
WC020 TOE 44 1 7
ECO011 ICE 48 2 3
WC003 TOE 1188 2 11 la
EC030 ICE 23006 2 2
EC005 TOE 707 2 7
............... EC027 TOE 523 2 5
,,,,,,,,,,,,,,, EC041 TOE 1466 4 5
WC016 _ICE 10 3 5
WC017 ICU 300 5 3
WC026 ICU 1895 4 4
WC001 ICU 11547 5 1 Ib
WC019 ICU 850 7 15
WC004 TOE 784 11 10
EC025 TOE 85 4 7
EC026 TOE 120 5 7
EC024 TOE 1093 6 5
EC034 TOE 153 7 6 Ic
EC039 TOE 161 6 4
EC009 TOE 178 8 9
WC028 ICE 886 8 6
EC002 TOE 5 1 13 I I
EC044 TOE 37 1 13
GL012 TOE 29 1 16
EC013 TOE 92 1 10
EC050 TOE 4 1 10 1|
WC034 ICE 6 1 2
EC036 TOE 11 2 13
EC020 TOE 9 1 10
EC008 TOE 16 1 10
WCo021 TOE 39 1 20 \V;
WC018 ICE 6 2 11
WC006 TOE 92 4 18
WC013 _ICE 21 7 5
WC014 TOE 21 1 11 I Y,
EC032 ICE 53 2 2
GL007 ICE 6 1 7
Iwcozz TOE 83 1 2 I Vi
WwCc008 TOE 137 3 10

Similarity

Figure 2. Hierarchical clustering of log(x+1) transformed Pseudo-nitzschia ballast water abundance data. Solid black lines in cluster
indicate statistically significant branchings, red dotted lines indicate arbitrary clustering. Significant branches divided into 6 major clusters,
with cluster I containing subgroups a-c. Each sample identified by sample name (indicating sampling coast: EC = East Coast, WC = West
Coast, GL = Great Lakes), ballast water management strategy (BWM) for the sample (TOE = transoceanic exchanged, ICE = intercoastal
exchanged, ICU = intercoastal unexchanged), total Pseudo-nitzschia cell concentration (cells L"), number of Pseudo-nitzschia species
found in sample and age of the water in the ballast tank at time of sampling.

less than 100 cells L' of ballast water or per
gram (wet weight or w/w) of sediments (Table
S2). A few more common species exerted higher
individual PP (present in quantities of ~100-300
cells L' ballast water or cells g of sediments);
with the notable exception of two diatoms, both
well known for their toxicity, namely P.
multiseries and P. turgidula. P. multiseries was
encountered at an average of ~2500 cells g in
WC ballast sediments while P. turgidula occurred
in EC ballast sediments with a average of almost
10,000 cells g' (Table S2).
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Statistical analyses

Hierarchical clustering of the ballast water
samples containing live Pseudo-nitzschia cells
produced 10 statistically significant groups of
samples ranging in size from 1 to 10 samples
(Figure 2) and including six main clusters and 2
singletons. The largest of the clusters (Cluster I)
contained nearly half of the samples and was
further subdivided into three subclusters (Ia, Ib
and Ic). In most part, the clustering partially
separated samples with multiple species and/or
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higher cell densities (medium to high, or 11-100
and 101-1000+ cells L™, respectively) from others
containing 1-2 species and low to medium cell
densities (1-10 or 11-100 cells L™, respectively).
Exceptions include EC038-TOE with a few cells
of P. turgidula clustered with other samples
containing this species in the largest cluster,
subcluster Ia. Two other samples (WC006-TOE
and WCO13-ICE, cluster IV) clustered with several
other samples, all containing P. pungens. Ballast
water samples with 1-2 species and low to
medium cells densities (1-10 or 11-100 cells L™,
respectively, Table S2) tended to be older in
terms of number of days following mid-ocean
ballast water exchange (mostly 10-20 days,
Clusters II-VI, Figure 2) than those with greater
number of species and cells.

There was no obvious separation of samples
subjected to different BWM strategies or for
different coastal regions (Figure 2); but robust
interpretation is difficult owing to the greater
number of TOE samples. The strongest clustering
was shown by all four ICU samples clustering
with a single TOE sample arriving at WC. All
ICU samples originated in Seattle (WA, USA)
between April and July, while the TOE sample
originated in May in Inchon (S. Korea); this
clustering thus likely reflects the seasonal status
of the ballast source waters. The clustering also
illustrates the absence of groupings reflecting the
geographic ballast water source. For example,
Sub-cluster Ia grouped ship tanks with water
exchanges between the port of Vancouver and
the last ports of call in Japan, China, Seattle, and
British Columbia all together with those exchanged
between Atlantic Canada and ports in the UK,
Eastern Seaboard of the USA and New Orleans
in the Gulf of Mexico. Whether there is a tendency
for WC and EC samples to cluster together at all
will be further explored through the MDS plot
below.

ANOSIM for ballast water addressed whether
the coast (EC, GL, WC; operating in either
Atlantic or Pacific Ocean) or the type of BWM
strategy (TOE, ICE, ICU) were factors affecting
the Pseudo-nitzschia species in the ballast tanks
examined. The ANOSIM test statistic (R =
0.112) for coasts was significantly larger (p <
0.01; only 10 permutations > R) compared to 999
R values calculated with random permutation of
sample labels, so the first null hypothesis of no
differences between the coast of voyages destination
was rejected. Pairwise tests indicated that only
EC and WC samples containing Pseudo-nitzschia
were statistically different (p < 0.03). However

the low value of R (0.088) for this pair indicated
that the two were strongly overlapping. The
second null hypothesis that BWM does not affect
the Pseudo-nitzschia species richness and
abundance in ship tanks could not be rejected (R
=-0.023; p = 0.63; 629 permutations > R). Thus,
whether ballast water was exchanged and if so,
the exchange location (mid-ocean or the coastal
region), was irrelevant in determining the similarity
(or dissimilarity) in ballast water samples in
terms of Pseudo-nitzschia abundance and species
composition. This conclusion must be somewhat
qualified owing to the larger number of TOE
samples relative to other tank types, but at a
minimum it can be said that the TOE group (46
of 67 samples) was statistically indistinguishable
from the 21 intercoastal samples, regardless of
their exchange type.

MDS analysis for ballast water

The two-dimensional ordination map produced by
multidimensional scaling provided a complement-
tary and somewhat more easily interpreted graphical
display of similarities between samples. Three-
dimensional plots were also examined but did
not provide any further useful information. Two-
dimensional “stress” for the presented ordination
was 0.13, a level indicating that overall,
interpretation of the distribution provides a
potentially useful picture, although too much
reliance should not be placed on details of the
plot (Clarke and Warwick 2001). Plotting MDS
scores keyed to factors for each sample (coast,
BWM strategy, cell count, number of species and
number of days in the tank) again revealed
partial and overlapping relationships. Only scores
keyed to exchange type and number of species
are presented here.

MDS scores plotted by BWM strategy (Figure
3), show that ICE and ICU samples were broadly
distributed within the main distribution of TOE
samples, with the only notable specific cluster of
all four WC ICU samples together with WC004-
TOE also recovered in hierarchical clustering
(Figure 2). Overall this encoding of the MDS
data indicates that the three exchange types are
fairly indistinguishable in terms of presence and
abundance of Pseudo-nitzschia species - i.e. in
most cases a particular ICE or ICU sample is as
close (similar) to a TOE sample as it is to
another sample of its own exchange type.

A “bubble” plot with symbol size reflecting
total number of Pseudo-nitzschia species (Figure
4) reveal that samples with more species tend to
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@ ICE
A ICU
@ TOE

Axis 2

Axis 1

Figure 3. Multidimensional scaling (MDS) biplot of log(x+1)
transformed Pseudo-nitzschia ballast water abundance data, by
ballast water management (BWM) strategy. ICE = intercoastal
exchanged, ICU = intercoastal unexchanged, TOE = transoceanic
exchanged. Black ovals (I through VI) surround statistically
significant groupings produced by hierarchical clustering (Figure 2).

Axis 2

Axis 1

Figure 4. Multidimensional scaling (MDS) biplot of log(x+1)
transformed Pseudo-nitzschia ballast water abundance data.
Symbol size (open red circles) relative to total number of Pseudo-
nitzschia species in sample. Black ovals (I through VI) surround
statistically significant groupings produced by hierarchical
clustering (Figure 2).
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cluster in the center of the plot (or Cluster I),
while samples with few species are scattered
around the periphery (or Clusters 1I-VI, Figure
2). This pattern was similar in plots where
symbol size was determined by Pseudo-nitzschia
abundance in each sample, and the number of
days between last exchange and sampling (not
shown). Such a distribution further emphasizes
the patterns revealed in hierarchical clustering
(Figure 2) and suggests that statistical analyses
tend to group the samples that are more similar
based on their inherent Pseudo-nitzschia abundance,
diversity and the age of ballast water rather than
geography of the voyages (port of origin and
ballast water exchange location) or BWM strategy
employed. Thus, the groupings illustrate limited
potential of ballast water exchange-based
management strategies for mitigation of CP and
the total as well as individual PP pressure of
Pseudo-nitzschia species on Canadian coasts.

Discussion

Colonization pressure, emphasis on non-
indigenous taxa

The genus Pseudo-nitzschia arriving via ballast
waters and sediments exerted an unanticipated
high colonization pressure on Canadian ports of
destination. Fifteen species detected (~35% of
currently known members of the genus) is more
than in any previously reported ship ballast
examined to species level (Subba Rao et al.
1994; Macdonald and Davidson 1997; Zhang and
Dickman 1999; Wetsteyn and Vink 2001; Carver
and Mallet 2002; Burkholder et al. 2007;
Zvyagintsev et al. 2009) who found 3, 2, 4, 5, 8,
5 and 2 species from this genus in their samples,
respectively. Nine of fifteen species found in our
tanks are known as toxigenic (Villac et al. 2010,
Table S1). The majority of the species arriving at
two of the regions (WC, EC) have been reported
by earlier plankton studies from Canada (Mather
et al. 2010) or neighbouring USA (Horner and
Postel 1993; Buck et al. 1992; Trainer et al.
2009) and may be considered native to these
regions. This however, does not preclude genetic
differences between our native populations and
the arriving conspecifics; some cases may be
similar to that found in specimens encountered in
ballast ship destined for the port of Vancouver
who carried natural intervarietal hybrids that
were morphologically cryptic with typical P.
pungens (Casteleyn et al. 2008; Lang and
Kaczmarska 2012). Five of the marine species
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found in our study are most likely non-native
and, based on estimated individual PP in our
study, are candidates for establishment in Canadian
coastal waters.

Three species, P. obtusa, P. seriata, P. turgidula
have not been reported from the WC (the former
two) or Canada (the latter). The highly toxigenic
potential newcomers deserve more attention.
Among these, P. turgidula was found in our ship
ballast waters (EC and WC) and in the ballast
sediments (EC) in relatively high abundance (up
to ~15,000 cells L! in some samples, Tables S1,
S2). In general, this species is thought to have
been absent in boreal waters (Hasle 2002,
normally occurs between 20—60°S mostly in New
Zealand and Australian waters; Hallegraeff 1994;
Almandoz et al. 2008), except for a relatively
recent appearance in Irish waters (Gallacher et
al. 2001). The presence of live P. turgidula cells
in 9 out of 24 ballast water tanks and 1 of 24
sediment samples from the EC demonstrates a
considerable annual individual propagule pressure
(7.1 x 10" cells) this species exerts on Canadian
ports, particularly in Atlantic Canada. Another,
also toxigenic species, P. seriata thus far known
only from the Arctic and Atlantic (50-80°N) and
not yet reported from the Pacific (Hasle 2002;
Lundholm and Moestrup 2006; despite a few
claims to the contrary), was found in 6 out of 19
ballast tanks containing Pseudo-nitzschia from
ships destined for the port of Vancouver (with low
or moderate cell densities, up to 160 cells L™").
Its individual propagule pressure may reach at
least 4.8 x 10'" cells annually.

Two alien marine species (P. heimi and
toxigenic P. delicatissima) were found in tanks
heading for Thunder Bay on Lake Superior
(estimated propagule pressure 7.9 x 10* and 3.8
x 10° cells annually, respectively). Among these,
toxigenic P. delicatissima ought to be of particular
concern because it is known for its tolerance of
brackish water environments (Parsons et al. 1999).
As such it is well positioned to follow some
other coastal marine species that have invaded
the Great Lakes.

On the Canadian Pacific coast, two other
species, P. obtusa and toxigenic P. australis not
yet seen in Canada, showed limited occurrence
in our data set, being present only in WC tanks.
However, these diatoms are known from the
neighbouring coasts, the Northern North Pacific
(as P. seriata f. obtusa, in Kamchatka and Kuril
Island) and the American Northwest (Hasle 2002),
each found with individual PP estimated at 1.0 x
10" and 1.7 x 10° cells annually, respectively.

Both diatoms may not yet be reported from
Pacific Canada simply due to limited floristic
data from this region. In contrast, the Atlantic
coast of Canada has been monitored for harmful
algae for the past three decades or so, and P.
australis has yet to be reported from this region
(or from the Atlantic ballast data set), but has
already been found in Scottish waters (Fehling et
al. 2006) where its toxicity caused closures of
shellfish harvesting. If our results are any
indication of what can happen with any Pseudo-
nitzschia species, it is likely to reach the East
Coast of Canada in the near future.

All these species join two other Pseudo-nitzschia
species that are very likely recent additions to
Canadian  diatom communities, namely P.
subpacifica and P. fraudulenta. All these species
have large frustules and/or distinct shape and it
is unlikely that they were overlooked in the Bay
of Fundy (Martin et al. 2001 and references
therein) or other studies from the region. Unlike
the P. delicatissima and P. pseudodelicatissima
complexes, P. turgidula, P. seriata, P. obtusa
and P. australis, like P. subpacifica and P.
fraudulenta are distinct and seem to be well defined
morphologically and phylogenetically and thus
allow a degree of confidence in our current
understanding of their biogeography, particularly
when electron microscopy aided species
identification.

Propagule pressure

It is more difficult to place the total Pseudo-
nitzschia propagule pressure found here in a
broader context because few similar studies are
available; although the estimated number of live
cells arriving seems astronomical, had they been
released to the port waters. A few published
studies including cell densities (cells L' of the
sampled ballast waters or gram of sediments)
allow for some broad comparisons. Cell densities
in our tanks were comparable in magnitude to
the individual species maximal cell density range
of 2 — 42,259 cells L™ reported by others (Zhang
and Dickman 1999; Macdonald and Davidson
1997; Carver and Mallet 2002; Subba Rao et al.
1994; Wetsteyn and Vink 2001; David et al.
2007), although the total propagule pressure
would depend on the volume of water and or
sediments de-ballasted, which is unknown for the
studies cited above. The least that can be said is
that cells of Pseudo-nitzschia species have been
found in many ship ballast tanks and a few ship
sediments (although these are examined much
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less frequently; Villac and Kaczmarska 2011), at
times as frequently as in our report (38% of
water tanks examined; Macdonald and Davidson
1997) and in cell densities comparable to those
found here; thus total PP of the genus is high at
times. Because the taxonomic resolution varied
in these studies (LM, TEM, SEM) and was
sometimes tentative, individual species PP
(including those that are toxigenic) remains
poorly known. Species enumeration with the aid
of SEM is unparalleled for the size of our data
set. Thus, although the natural geographic ranges
of the species may be known relatively well, the
specific identity of Pseudo-nitzschia spp. ballast
tank stowaways in many other studies is not.

Although our data represents one of the largest
investigations of the transport of potentially
toxic and non-indigenous Pseudo-nitzschia
through ballast water and sediments, it still only
represents a part of the year (although at a time
when plankton are most actively growing) and
involves shipping destinations in only one country.
Nonetheless our results indicate that a large degree
of chance is involved in assembling Pseudo-
nitzschia species composition for any particular
voyage, and depends on plankton community
conditions at the ballast water source and at any
subsequent ballast exchange location. Counter-
intuitive and rather unanticipated results suggesting
that mid-ocean ballast exchange may increase CP
of the ballast tank (similar to postulated by Lang
and Kaczmarska 2012) may be especially true for
those species of Pseudo-nitzschia who are also
known from offshore sites (Kaczmarska et al.
1986; Kaczmarska and Fryxell 1994; Iriarte and
Fryxell 1995). Depending on where mid-ocean
water exchange takes place, new Pseudo-nitzschia
species and/or individuals may be taken up with
the re-ballasting waters and delivered to the
distant port of call.

While ballast water assemblages carry more
significant potentials for non-indigenous Pseudo-
nitzschia species establishment (higher CP and
PP), the sediment samples favoured larger, more
thickly silicified species that may be hardier and
more tolerant of the ballast tank environment
than are thinly silicified diatoms. Of the five
species recovered from sediments, four (80%)
have been shown to include toxic strains,
compared to nine of sixteen species in ballast
waters (60%). Although our ballast water and
sediment samples did not originate from the
same ballast tanks (or even the same voyage in
most cases), the absence of thinner, more lightly
silicified species (even in the post-mortem form,
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as empty valves) in ballast sediment samples is
an intriguing observation. The implication is that
thin-valve species either did not settle into ship
tank sediments, did not survive in sediments and
their frustules were dissolved, or the much less
likely scenario that ballast water from tanks from
which sediments were sampled did not contain
these thinner-valve species. The latter possibility
involves chance alone to cleanly separate our
ballast water and sediment data, which is unlikely
given the number of samples of both types
examined.

Most Pseudo-nitzschia species and other diatoms
die out in ballast tanks very quickly. Others,
however, persist for long periods of time. Forbes
and Hallegraeff (2002) successfully cultured
other diatom species after transport in ballast
water tanks for up to 37 weeks in darkness, while
Villac and Kaczmarska (2011) cultured diatoms
from ballast sediments, including species not
detectable by the LM enumeration method. An
unspecified member of the Pseudo-nitzschia genus
survived ballast water UV-treatment (Liebich et
al. 2012) rendering that species (and possibly
others) well suited for the means of dispersal
despite the varied stresses ship ballast environments
impose. This may be particularly pertinent to
Pseudo-nitzschia species with large and/or heavily
silicified frustules that persisted in ship ballast
sediments. Thus, the possibility of survival of
these potentially “tougher” candidate colonisers
should not be overlooked.

CP, PP and ballast management strategies

Our statistical analyses returned only weak
relationships between the Pseudo-nitzschia CP
and PP (individual and total) and the coastal
region and to the age of tank waters (lengths of
time between exchange and the sampling),
reported also for some other biota (Briski et al.
2012). “Coastal region” defined broadly here, in
reality represents the oceanic basin because the
port ballast water source and the source of the
water taken up during exchange occur in the
same ocean, at least in our sample set.

Ballast water management strategy (ICE, ICU
or TOE) did not affect sample clustering in terms
of Pseudo-nitzschia colonization or propagule
pressures, found also for other organisms (e.g.
Burkholder et al. 2007; Briski et al. 2012). Some
TOE and ICE treated samples tended to carry
higher CP, suggesting that either ballast was
taken in a port in which waters contained a
blooming population of Pseudo-nitzschia, or the
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mid-ocean ballast water exchange may have
contributed to an increase in CP, perhaps by
adding new species and by rejuvenating species
accumulating at the tank sediment surface by the
influx of new, oxygenated waters and stirring up
presumably nutrient rich sediments containing
mineralised remains of decomposing organisms
from earlier port waters or exchanges. The
stochastic nature of Pseudo-nitzschia species
composition and abundances in the tank waters
and sediments is consistent with the mixed-
species origin of these diatoms and suggest that
predictive insights into the nature of incoming
CP and PP for these diatoms and effective
strategies to mitigate their influx will be very
difficult (if possible) to develop.

Biogeographical considerations

Traditionally, most Pseudo-nitzschia species have
been regarded as cosmopolitan in their current
distribution (Hasle 2002; Smayda 2007). However,
the more recent discovery of morphologically
cryptic and semi-cryptic Pseudo-nitzschia species
complexes among the thinly-silicified taxa (P.
delicatissima and P. pseudo-delicatissima species
complexes, Amato et al. 2007) combined with
toxigeneity varying between strains of the same
species underscores the necessity for use of
molecular tools (e.g., next generation sequencing)
in biogeographical studies of these species
complexes in particular. This would allow
recognition of influx and monitoring of harmful
effects of non-indigenous populations with different
physiologies, tolerances and associations with
other flora and fauna present in the environment
to which they are displaced. If indeed ship
ballast dispersed alien species interact differently
with local environments, such as that suggested
by Kaczmarska et al. (2005) where exotic bacteria
might have “stimulated” P. multiseries to produce
more toxin, consideration should be given to
both organisms (bacteria and Pseudo-nitzschia)
as potentially harmful invaders in the local
environment.

Theoretically, just one individual diatom cell
arriving to a foreign location is capable of
multiplying vegetatively to establish an alien
species population. Empirical data however,
suggests that the larger the CP and/or PP, the
greater the likelihood of successful introduction
of a species outside of it natural distribution
range (Simberloff 2009; Briski et al. 2012). Our
data demonstrate that many cells of exotic species
and strains of Pseudo-nitzschia, some of which

are toxigenic, arrive with great regularity (albeit
with a high degree of unpredictability) to Canadian
ports. The fact that we discovered more Pseudo-
nitzschia species in our samples than any other
previous study may be a further indication of this
inherent unpredictability. Taken collectively, we
observe that our study supports the assertion of
Burkholder et al. (2007 p. 513): “...the dogma of
plankton cosmopolitanism leads to complacency
about potential for continued risk from ballast
waters...”. It would seem that indeed anything
can happen (and probably will) in the case of
ballast tanks and Pseudo-nitzschia species.

Acknowledgements

This work was supported by CAISN (Canadian Aquatic Invasive
Species Network) and associated sponsors, and by a NSERC
(Natural Sciences and Engineering Research Council of Canada)
Discovery Grant to IK. Celia Villac provided Pseudo-nitzschia
ballast sediment data, Georgia Klein performed initial light
microscope counts and Clay Steell helped with formatting the
manuscript. We thank all individuals that were part of CAISN
sampling teams. Participation of the shipping companies is greatly
appreciated. We also appreciate formative comments provided by
two anonymous reviewers.

References

Almandoz GO, Ferreyra GA, Schloss IR, Dogliotti Al, Rupolo B,
Paparazzo FE, Esteves JL, Ferrario ML (2008) Distribution
and ecology of Pseudo-nitzschia species (Bacillariophyceae)
in surface waters of the Weddell Sea (Antarctica). Polar
Biology 31:429-442, http://dx.doi.org/10.1007/s00300-007-0369-9

Amato A, Kooistra WHCF, Ghiron JHL, Mann DG, Proschold T,
Montresor M (2007) Reproductive isolation among sympatric
cryptic species in marine diatoms. Protist 158: 193-207,
http://dx.doi.org/10.1016/j.protis.2006.10.001

Anderson DM, Burkholder JM, Cochlan WP, Gilbert PM, Gobler
CJ, Heil CA, Kudela RM, Parsons ML, Rensei JEJ,
Townsend DW, Trainer VL, Vargo GA (2008) Harmful algal
blooms and eutrophication: examining linkages from selected
coastal regions of the United States. Harmful Algae 8: 39-53,
http://dx.doi.org/10.1016/j.hal.2008.08.017

Anderson DM, Cembella AD, Hallegraeff GM (2012) Progress in
understanding harmful algal blooms: paradigm shifts and new
technologies for research, monitoring, and management.
Annual Review of Marine Science 4: 143—176, http:/dx.doi.org/
10.1146/annurev-marine-120308-081121

Bothwell ML, Taylor BW, Kilroy C (2014) The Didymo story:
the role of low dissolved phosphorus in the formation of
Didymosphenia geminata blooms. Diatom Research 29: 229—
236, http://dx.doi.org/10.1080/0269249X.2014.889041

Briski E, Bailey SA, Casas-Monroy O, DiBacco C, Kaczmarska I,
Levings C, MacGillivary ML, McKindsey CW, Nasmith LE,
Parenteau M, Piercey GE, Rochon A, Roy S, Simard N,
Villac MC, Weise AM, Maclsaac HJ (2012) Relationship
between propagule pressure and colonization pressure in
invasion ecology: a test with ships’ ballast. Proceedings of
the Royal Society B 279: 2990-2997, http://dx.doi.org/10.10
98/rspb.2011.2671

Buck KR, Uttal-Cooke L, Pilskaln CH, Roelke DL, Villac MC,
Fryxell GA, Cifuentes L, Chavez FP (1992) Autoecology of
the diatom Pseudo-nitzschia australis, a domoic acid

41



producer, from Monterey Bay, California. Marine Ecology
Progress Series 84: 293-302, http://dx.doi.org/10.3354/meps
084293

Burkholder JM, Hallegraeff GM, Melia G, Cohen A, Bowers HA,
Oldach DW, Parrow MW, Sullivan MJ, Zimba PV, Allen
EH, Kinder CA, Mallin MA (2007) Phytoplankton and
bacterial assemblages in ballast water of U.S. Military ships
as a function of port of origin, voyage time, and ocean
exchange practices. Harmful Algae 6: 486—518, http:/dx.doi.
org/10.1016/j.hal.2006.11.006

Carlton JT, Geller JB (1993) Ecological roulette: the global
transport of nonindigenous marine organisms. Science 261:
78-82, http://dx.doi.org/10.1126/science.261.5117.78

Carver CE, Mallet AL (2002) An assessment of the risk of ballast
water-mediated introduction of non-indigenous phyto-
plankton and zooplankton into Atlantic Canadian waters.
Transport Canada, Marine Safety. Ballast Water Sub-
Committee, 84 pp

Casas-Monroy O, Linley RD, Adams JK, Chan FT, Drake DAR,
Bailey SA (2014) National risk assessment for introduction
of aquatic nonindigenous species to Canada by ballast water.
Canadian Science Advisory Secretariat Research Document
2013/128.vi+ 73 p

Clarke KR, Warwick RM (2001) Change in Marine Communities:
An Approach to Statistical Analysis and Interpretation, 2nd
edn. PRIMER-E, Plymouth, UK, 176 pp

Casteleyn G, Chepurnov V, Leliaert F, Mann DG, Bates SS,
Lundholm N, Rhodes L, Saabe K, Vyverman W (2008):
Pseudo-nitzschia pungens (Bacillariophyceae): a cosmo-
politan species? Harmful Algae 7: 241-257, http://dx.doi.org/
10.1016/j.hal.2007.08.004

David M, Gollasch S, Cabrini M, Perkovi¢ M, Bosnjak D,
Virgilio D (2007) Results from the first ballast water
sampling study in the Mediterranean Sea - the Port of Koper
study. Marine Pollution Bulletin 54: 53—65, http://dx.doi.org/
10.1016/j.marpolbul.2006.08.041

Drebes G (1974) Marines Phytoplankton: eine Auswahl der
Helgoldnder Planktonalgen (Diatomeen, Peridineen). Thieme
Verlag, Stuttgart, Germany, 186 pp

Fitzpatrick BM, Johnson JR, Kump DK, Smith JJ, Voss SR,
Shaffer HB (2010) Rapid spread of invasive genes into a
threatened native species. Proceedings of the National
Academy of Sciences 107: 3606-3610, http:/dx.doi.org/10.1073/
pnas.0911802107

Fehling J, Davidson K, Bolch C, Tett P (2006) Seasonality of
Pseudo-nitzschia spp. (Bacillariophyceae) in western Scottish
waters. Marine Ecology Progress Series 323: 91-105,
http://dx.doi.org/10.3354/meps323091

Forbes E, Hallegraeff GM (2002) Transport of potentially toxic
Pseudo-nitzschia diatom species via ballast water. In: John
J (ed) (2002) Proceedings of the 15th International Diatom
Symposium. Perth, Australia, September 28 - October 2,
1998. Gantner, Liechtenstein, pp 509-520

Gallacher S, Gillibrand PA, Heath MR, Hess P, Howard FG,
Kelly MC, Macdonald EM, Turrell WR (2001) The
occurrence of amnesic shellfish poisons in shellfish from
Scottish waters. In: Hallegraeff GM, Blackburn SI, Bolch CJ,
Lewis RJ (eds), 9th International Conference on Harmful
Algal Blooms. Hobart, Tasmania, Australia, February 7-11,
2000. Intergovernmental Oceanographic Commission of
UNESCO, Paris, France, pp 30-33

Gollasch S, David M, Voigt M, Dragsund E, Hewitt C, Fukuyo Y
(2007) Critical review of the IMO international convention
on the management of ships’ ballast water and sediments.
Harmful Algae 6: 585-600, http://dx.doi.org/10.1016/j.hal.2006.
12.009

Hallegraeftf GM (1994) Species of the diatom genus Pseudo-
nitzschia in Australian waters. Botanica Marina 37: 397—
411, http:/dx.doi.org/10.1515/botm.1994.37.5.397

42

I. Kaczmarska and J.M. Ehrman

Hallegraeff GM (2010) Ocean climate change, phytoplankton
community responses, and harmful algal blooms: a
formidable predictive challenge. Journal of Phycology 46:
220-235, http://dx.doi.org/10.1111/j.1529-8817.2010.00815.x

Hasle GR (2002) Are most of the domoic acid-producing species
of the diatom genus Pseudo-nitzschia cosmopolites? Harmful
Algae 1: 137146, http://dx.doi.org/10.1016/S1568-9883(02)00014-8

Horner RA, Postel JR (1993) Toxic diatoms in western
Washington waters (US West-Coast). Hydrobiologia 269:
197-205

International Maritime Organization (2004) International
convention for the control and management of ships’ ballast
water and sediments. http:/www.cfr.org/publication/20775/
international _convention_for the control_and management of ships
_ballast_water_and_sediments.html (Accessed 15 May 2013)

Iriarte JL, Fryxell GA (1995) Micro-phytoplankton at the
equatorial Pacific (140°W) during the JGOFS EqPac Time
Series studies: March to April and October 1992. In:
Milliman JD, Murray JW (eds), Deep Sea Research Part II:
Topical Studies in Oceanography. A U.S. JGOFS Process
Study in the Equatorial Pacific. Elsevier Science Ltd, Oxford,
UK, pp 559-583

Jiang L, Eriksson J, Lagel S, Jonasson S, Shams S, Mehine M,
Tlag LL, Rasmussen U (2014) Diatoms: a novel source for the
neurotoxin BMAA in aquatic environments PLoS ONE 9:
e84578, http://dx.doi.org/10.1371/journal.pone.0084578

Kaczmarska I, Fryxell GA, Watkins TP (1986) Effect of two Gulf
Stream warm-core rings on distributional patterns of the
diatom genus Nitzschia. Deep-Sea Research 33: 1843-1867,
http://dx.doi.org/10.1016/0198-0149(86)90082-8

Kaczmarska I, Fryxell GA (1994) The genus Nitzschia: three new
species from the equatorial Pacific Ocean. Diatom Research
9: 87-98, http://dx.doi.org/10.1080/0269249X.1994.9705289

Kaczmarska I, Martin JL, LeGresley MM, Ehrman JM (2005)
Diversity of the diatom genus Pseudo-nitzschia Peragallo in
the Quoddy Region of the Bay of Fundy, Canada. Harmful
Algae 4: 1-19, http://dx.doi.org/10.1016/j.hal.2003.07.001

Kaczmarska I, Reid C, Martin JL, Moniz MBJ (2008)
Morphological, biological and molecular characteristics of
Pseudo-nitzschia delicatissima from the Canadian Maritimes.
Plant Systematic Research in Canada, Special Volume of
Canadian Journal of Botany 86: 763—772, http://dx.doi.org/
10.1139/B08-046

Klein G, MacIntosh K, Kaczmarska I, Ehrman JM (2010) Diatom
survivorship in ballast water during trans-Pacific crossings.
Biological Invasions 12: 1031-1044, http://dx.doi.org/10.1007/
$10530-009-9520-6

Lang I, Kaczmarska I (2012) Morphological and molecular
identity of diatom cells retrieved from ship ballast tanks
destined for Vancouver, Canada. Nova Hedwigia 141: 515—
534

Liebich V, Stehouwer PP, Veldhuis M (2012) Re-growth of
potential invasive phytoplankton following UV-based ballast
water treatment. Aquatic Invasions 7: 29-36, http://dx.doi.org/
10.3391/2i.2012.7.1.004

Lo VB, Levings CD, Chan KMA (2012) Quantifying potential
propagule pressure of aquatic invasive species from the
commercial shipping industry in Canada. Marine Pollution
Bulletin 64: 295-302, http://dx.doi.org/10.1016/j.marpolbul.2011.
11.016

Lockwood JL, Cassey P, Blackburn TM (2009) The more you
introduce the more you get: the role of colonization pressure
and propagule pressure in invasion ecology. Diversity and
Distributions 15: 904-910, http://dx.doi.org/10.1111/§.1472-4642.
2009.00594.x

Lundholm N, Moestrup @ (2006) The biogeography of harmful
algae. Ecological Studies 189: 23-35, http:/dx.doi.org/10.
1007/978-3-540-32210-8_3



Ship ballast dispersal of Pseudo-nitzschia

Lundholm N, Moestrup @, Hasle GR, Hoef-Emden K (2003) A
study of the Pseudo-nitzschia pseudodelicatissima/cuspidata
complex (Bacillariophyceae): What is P. pseudodelica-
tissima? Journal of Phycology 39: 797-813, http://dx.doi.org/
10.1046/1.1529-8817.2003.02031.x

Macdonald E, Davidson R (1997) Ballast water project. Final
Report. Fisheries Research Services Report Number 3/97, 83

pp

Martin JL, LeGresley MM, Strain, PM (2001) Phytoplankton
monitoring in the Western Isles region of the Bay of Fundy
during 1997-98. Canadian Technical Reports of Fisheries and
Aquatic Sciences 2349, 85 pp

Mather L, Maclntosh K, Kaczmarska I, Klein G, Martin JL
(2010) A checklist of diatom species reported (and presumed
native) from Canadian coastal waters. Canadian Technical
Report of Fisheries and Aquatic Sciences 2881, 78 pp

McCarthy HP, Crowder LB (2000) An overlooked scale of global
transport: phytoplankton species richness in ships’ ballast
water. Biological Invasions 2: 321-322, http://dx.doi.org/10.
1023/A:1011418432256

Montie EW, Wheeler E, Pussini N, Battey TWK, Bonn WV,
Gulland F (2012) Magnetic resonance imaging reveals that
brain atrophy is more severe in older California sea lions with
domoic acid toxicosis. Harmful Algae 20: 19-29,
http://dx.doi.org/10.1016/j.hal.2012.07.004

Parsons ML, Scholin CA, Miller PE, Doucette GJ, Powell CL,
Fryxell GA, Dortch Q, Soniat TM (1999) Pseudo-nitzschia
species (Bacillariophyceae) in Louisiana coastal waters:
molecular probe field trials, genetic variability, and domoic
acid analyses. Journal of Phycology 35: 1368-1378,
http://dx.doi.org/10.1046/j.1529-8817.1999.3561368.x

Powell KI, Chase MJ, Knight TM (2013) Invasive plants have
scale-dependant effects on diversity by altering species-area
relationships. Science 339: 316-318, http://dx.doi.org/10.1126/
science.1226817

Saterberg T, Sellman S, Ebenman B (2013) High frequency of
functional extinctions in ecological networks. Nature 499:
468-470, http://dx.doi.org/10.1038/nature12277

Simberloff D (2009) The role of propagule pressure in biological
invasions. Annual Review of Ecology, Evolution, and
Systematics 40: 81-102, http://dx.doi.org/10.1146/annurev.ecol
sys.110308.120304

Skov J, Lundholm N, Moestrup @, Larsen J (1999) Potentially
toxic phytoplankton. 4. The diatom genus Pseudo-nitzschia
(Diatomophyceae/Bacillariophyceae). In: Lindley JA (ed),
ICES Identification Leaflets for Phytoplankton. ICES,
Copenhagen, Denmark, pp 1-23

Supplementary material

The following supplementary material is available for this article:

Smayda TJ (2007) Reflections on the ballast water dispersal—
harmful algal bloom paradigm. Harmful Algae 6: 601-622,
http://dx.doi.org/10.1016/j.hal.2007.02.003

Subba Rao DV, Sprules WG, Locke A, Carlton JT (1994) Exotic
phytoplankton from ships’ ballast waters: risk of potential
spread to mariculture sites on Canada’s East Coast. Canadian
Data Report of Fisheries and Aquatic Sciences 937, 51 pp

Todd ECD (1993) Domoic acid and amnesic shellfish poisoning:
areview. Journal of Food Protection 56: 69-83

Tomas RT (ed) (1997) Identifying Marine Phytoplankton.
Academic Press, San Diego, USA, 858 pp

Trainer VL, Wells ML, Cochlan WP, Trick CG, Bill BD, Baugh
KA, Beall BF, Herndon J, Lundholm N (2009) An ecological
study of a massive bloom of toxigenic Pseudo-nitzschia
cuspidata off the Washington State coast. Limnology and
Oceanography 54: 1461-1474, http://dx.doi.org/10.4319/10.2009.
54.5.1461

Villac MC, Doucette GJ, Kaczmarska I (2010) Toxic marine
diatoms. In: Smol JP, Stoermer EF (eds), The Diatoms,
Applications for the Environmental and Earth Sciences, 2nd
revised edn. Cambridge University Press, Cambridge, UK, pp
540-551, http://dx.doi.org/10.1017/CBO9780511763175.031

Villac MC, Kaczmarska I (2011) Estimating propagule pressure
and viability of diatoms detected in ballast tank sediments of
ships arriving at Canadian ports. Marine Ecology Progress
Series 425: 47-61, http://dx.doi.org/10.3354/meps08999

Wetsteyn LPMJ, Vink M (2001) An investigation into the
presence of plankton organisms in the ballast water of ships
arriving in Dutch ports, and the survival of these organisms in
Dutch surface and port waters. Ministerie van Verkeer en
Waterstaat. Report RIKZ/2001.026, 71 pp

Yelenik SG, D’Antonio CM (2013) Self-reinforcing impacts of
plant invasions change over time. Nature 503: 517-520,
http://dx.doi.org/10.1038/nature12798

Zhang F, Dickman M (1999) Mid-ocean exchange of container
vessel ballast water. 1: Seasonal factors affecting the
transport of harmful diatoms and dinoflagellates. Marine
Ecology Progress Series 176: 243-251, http://dx.doi.org/10.
3354/meps176243

Zvyagintsev AY, Ivin VV, Kashin IA, Orlova TY, Selina MS,
Kasyan VV, Korn OM, Kornienko ES, Kulikova VA,
Bezverbnaya IP, Zvereva LV, Radashevsky VI, Belogurova
LS, Begun AA, Gorodkov AN (2009) Acclimation and
introduction of hydrobionts ships’ ballast water organisms in
the Port of Vladivostok. Russian Journal of Marine Biology
35: 41-52, http://dx.doi.org/10.1134/S1063074009010076

Table S1. Pseudo-nitzschia species/complexes found in 2007 ballast water and 2007-08 ballast sediment samples by region and

ballast water management (BWM) type.

Table S2. Average cell densities per liter for Pseudo-nitzschia species found in 2007 ballast water and per gram (w/w) of 2007-
08 ballast sediment samples by region and ballast water management (BWM) type.

This material is available as part of online article from:

http://www.reabic.net/journals/mbi/2015/Supplements/MBI 2015 Kaczmarska Ehrman etal Supplement.xls

43



