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Abstract
Successful biological invasion requires introduction of a viable population of a
nonindigenous species (NIS). Rarely have ecologists assessed changes in populations while entrained in invasion pathways. Here, we investigate how zooplankton communities resident in ballast water change during transoceanic voyages.
We used next-generation sequencing technology to sequence a nuclear small
subunit ribosomal DNA fragment of zooplankton from ballast water during initial, middle, and final segments as a vessel transited between Canada and Brazil.
Operational taxonomic unit (OTU) diversity decreased as voyage duration
increased, indicating loss of community-based genetic diversity and development of bottlenecks for zooplankton taxa prior to discharge of ballast water.
On average, we observed 47, 26, and 24 OTUs in initial, middle, and final samples, respectively. Moreover, a comparison of genetic diversity within taxa indicated likely attenuation of OTUs in final relative to initial samples. Abundance
of the most common taxa (copepods) declined in all final relative to initial
samples. Some taxa (e.g., Copepoda) were represented by a high number of
OTUs throughout the voyage, and thus had a high level of intraspecific genetic
variation. It is not clear whether genotypes that were most successful in surviving transit in ballast water will be the most successful upon introduction to
novel environments. This study highlights that population bottlenecks may be
common prior to introduction of NIS to new ecosystems.

Ecology and Evolution 2016; 6(17): 6170–
6177
doi: 10.1002/ece3.2349

Introduction
Biological invasions are commonplace in many habitats
colonized by humans. Successful invasions are contingent
upon introduction of sufficient individuals to constitute a
viable population, tolerance of ambient conditions, and
successful integration into the existing community
(Colautti et al. 2006; Blackburn et al. 2011). These
requirements must be met across an ordered series of
stages from transport, introduction, establishment, and
spread (Blackburn et al. 2015). Small population inocula
6170

and differences between native and introduced habitats
may cause invasions to fail or trigger evolutionary
changes in colonizing species (e.g., Phillips et al. 2006;
Moran and Alexander 2014; Blackburn et al. 2015). Biological invasions may be viewed as examples of in situ
evolution in consequence (Lee 2002; Facon et al. 2006;
Barrett 2015; Colautti and Lau 2015).
A number of studies have documented successfully
introduced populations with the same or higher levels of
genetic diversity than putative source populations (e.g.,
Roman 2006; Taylor and Keller 2007; Gillis et al. 2009).

ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Enhanced genetic diversity may result from high propagule pressure (i.e., number of introduced individuals), particularly if it involves admixis from more than one source
population (Roman and Darling 2007; Muirhead et al.
2008). In seemingly rare instances, small population size
may be beneficial if some of the introduced individuals
carry genotypes preadapted to the novel environment
(e.g., Lavergne and Molofsky 2007). More typically, however, attenuation of propagules during transportation may
result in small population inocula, with population
genetic bottlenecks resulting from either losses during
transportation or immediately upon introduction (see
Roman and Darling 2007). Loss of genetic diversity can
be fatal for introduced populations if they are unable to
respond to selective pressures in the new region (e.g.,
Dlugosch and Parker 2008; Dlugosch et al. 2015). Impoverished genetic diversity also may result from postestablishment processes, notably genetic drift and selection in
the new environment (e.g., Koskinen et al. 2002; Lee
et al. 2007).
Few studies have focused on dynamics that occur while
nonindigenous species (NIS) are carried by the invasion
pathway (Olenin et al. 2000; Ruiz et al. 2000; Wonham
et al. 2001; Briski et al. 2014). This dearth of research is
surprising given that principal aquatic invasion pathways
such as ships’ ballast water and hull fouling each may
carry dozens or more species at once (Sylvester et al.
2011; Briski et al. 2013). Wonham et al. (2001) found
more than 50% loss of plankton taxa in ballast water of
an ocean-going vessel that travelled from Hadera, Israel
to Baltimore, USA, during a 16-day voyage, while Briski’s
et al. (2014) conceptual model of community dynamics
during transportation indicates loss of 80–99% of individuals per species depending of taxonomic group during
25 days of transport in ships’ ballast tanks. The endpoint
for ballast populations that have suffered severe demographic decline could be local extirpation. Examination of
community dynamics during transport may help
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determine whether bottlenecks in NIS populations
develop before and/or after introduction.
Detecting species present at very low population density can be highly problematical, although advances in
genetic technologies may assist researchers in this endeavor (Jerde et al. 2011; Zhan and MacIsaac 2015). The
growing use of next-generation sequencing (NGS) is one
such technology that may be employed in biodiversity
studies (Hajibabaei et al. 2011; Zhan et al. 2013). For
example, Zhan et al. (2013) determined that NGS could
detect individual larvae or fragments down to 105% biomass contribution in plankton samples, far below traditional microscopical analysis. Here, we use NGS to assess
community changes in zooplankton entrained in ballast
water of vessels moving from Canada to Brazil. We assess
temporal changes in zooplankton community and determine the severity of population attenuation and whether
genetic bottlenecks may have resulted in consequence
prior to ballast water discharge.

Materials and Methods
We assessed zooplankton community dynamics in a vessel moving from Canada to Brazil during voyages in
July, September, and October 2012 (Fig. 1). Two ballast
tanks (three tanks for the second voyage) were sampled
at the beginning, middle, and prior to the end of the
voyage when mandatory ballast water exchange (BWE)
occurred. Middle samples were not taken in voyage
three due to inclement weather. In total, 19 ballast
water samples were collected during the three voyages.
Equal volumes of water were pumped from three different depths in each ballast tank and combined to achieve
a total sample volume of 1000 L, following which it was
processed through a 35-lm plankton net. Filtered samples were transferred to 95% ethanol and stored at cool
temperature on the vessel, and later processed in the
lab.

Figure 1. Voyage routes and the sampling locations at the initial (int), middle (mid), and final (fin) point of the experiment.

ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Zooplankton community genetic
composition
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Zooplankton community abundance
Numerical abundance of zooplankton present in ballast
samples was enumerated after taking subsamples for DNA
extraction. This was carried out to evaluate the results
from genetic analysis. As not all taxa were present in all
samples, we focused on the most abundant taxon (i.e.,
Copepoda). All copepods including nauplii were counted.
To estimate OTUs of the larger sampling size (i.e., more
tanks) based on findings from our sampled tanks, we calculated Chao-1, an estimator of species richness based on
the number of rare species in a sample (Chao 1984; Chao
and Shen 2003). Sample-based OTUs rarefaction curves
were generated to determine whether a significant difference existed given our small sample size. Chao-1 estimates were calculated using SPADE software (Chao and
Shen 2006), while rarefaction curves were generated with
5000 random iterations using ECOSIM (Gotelli and
Entsminger 2006).

Ethanol-preserved samples (~60 mL) were shaken to randomize the distribution of plankton. Two replicates of
1.5 mL were taken from each preserved sample using
eppendorf tubes. Tubes were centrifuged at 9279.4 g to
remove ethanol. Total genomic DNA was extracted from
each sample using DNeasy Blood and Tissue Kit (Qiagen
Toronto, ON, Canada). Extracted DNA was PCR-amplified using the primer pair Uni18S (50 -AGGGCAAKYCTGGTGCCAGC-30 )—Uni18SR (50 -GRCGGTATCTR
ATCGYCTT-30 ) spanning the hypervariable V4 region of
nuclear small subunit ribosomal DNA (nSSU rDNA)
(Zhan et al. 2014). A 25 lL PCR cocktail contained
100 ng of genomic DNA, 1 9 PCR buffer, 2 mmol/L of
Mg2+, 0.2 mmol/L of dNTPs, 0.4 lmol/L of each primer,
and 2U of Taq DNA polymerase (Genscript). PCR
cycling parameters consisted of an initial denaturation
step at 95°C for 5 min, followed by 25 cycles of 95°C
for 30 s, 50°C for 30 s, 72°C for 90 s, and a final elongation step at 72°C for 10 min. Two PCR replicates were
prepared for each sample. Samples were prepared for
amplicon sequencing on an Ion Torrent Personal Genome Machine (PGM) according to the manufacturer’s
protocols.
Raw sequences obtained from Ion Torrent PGM were
trimmed (e.g., homopolymer ≤8, maximum number of
ambiguous nucleotides = 0) using the software Mothur v.
1.31.2 (Schloss et al. 2009). The UPARSE v7.0.1001 pipeline was used to remove chimeric sequences and errors/
artifacts with the default settings (Edgar 2013). The
resulting sequences were clustered into similarity-based
operational taxonomic units (OTUs) at a cutoff value of
3% divergence (Kunin et al. 2010; Edgar 2013). Taxonomic status of OTUs was defined by BLASTn queries
against the GenBank database implemented in the pipeline Seed v.1.1.35 (Vetrovsky and Baldrian 2013). OTUs
with minimum query coverage of 70% and E-value
<1070 were used for downstream analyses. High levels of
intraspecific genetic divergence and polymorphism
increase the chance of error when comparing genetic
diversity of different samples (Lee 2000; Brown et al.
2015). Hence, we defined taxa at the family level to avoid
uncertainty in defining intraspecific genetic diversity
(Fig. S1). Analysis of variance (one-way ANOVA) implemented in SPSS v.20 (SPSS Inc, Chicago, IL) was performed to investigate differences among average number
of OTUs/sequences obtained from initial, middle, and
final samples using a block design ANOVA and tanks as
the blocking factor. Phylogenetic relationships of OTUs
were reconstructed using neighbor-joining (NJ) analysis
in MEGA v.4 (Tamura et al. 2007).

A total of 3,576,841 sequences were obtained from 19 samples taken from ballast tanks during the three voyages. After
filtering and removing low-quality sequences, as well as
removing sequences from other groups such as bacteria and
algae, 3.10% of sequences were used for downstream analyses of zooplankton community. The number of obtained
OTUs varied between 12 and 64 among samples (Table 1).
The number of OTUs decreased from the start to the end
of each voyage, suggesting zooplankton die-off in ballast
tanks (Fig. 2). The mean number of OTUs recovered from
initial samples of all three voyages differed significantly
from that found in the middle and final samples (ANOVA,
F = 15.17, P = 0.001) (Fig. 3A), while trip differences (i.e.,
block effect) were not significant (F = 0.83, P = 0.574)
(Table S2). Conversely, the mean number of sequences
obtained from initial, middle, and final samples did not differ significantly (ANOVA, F = 1.19, P = 0.345), although a
significant block effect was observed (F = 4.80, P = 0.015)
(Table S2). These results indicate that differences in OTU
depletion rate over time were not due to the number of
recovered sequences (Fig. 3B).
Voyage one exhibited the highest loss of OTUs from
initial to final samples, declining by 61.4% and 76.0% in
tanks 1A and 1B, respectively (Table 1). In voyage two,
attenuation was less severe, with losses of 14.2%, 33.3%,
and 8.6% for tanks 2A, 2B, and 2C, respectively
(Table 1). A small rebound in the number of OTUs was
experienced at the end of the trip in tank 2A. There were
slightly more OTUs in final samples than those collected
at the midpoint of the trip (Table 1). In voyage three,
68.7% and 51.2% of OTUs were lost between initial and
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Table 1. Operational taxonomic units (OTUs) and number of copepods recovered from three ballast tanks (A, B, and C) during three
Atlantic voyages of a vessel. Each tank was sampled at the beginning,
middle, and near the end of the voyage. Days refer to the time since
start of the voyage when sampling was conducted.

Tank
1A

1B

2A

2B

2C

3A
3B

Sampling
period
Initial
Middle
Final
Initial
Middle
Final
Initial
Middle
Final
Initial
Middle
Final
Initial
Middle
Final
Initial
Final
Initial
Final

Days

No. of
OTUs

No. of
taxa
(Families)

No. of
copepods

No. of
OTUs
(copepods)

0
4
8
0
3
7
0
3
7
0
3
7
0
3
7
0
12
0
14

57
30
22
50
28
12
35
18
30
39
26
26
46
30
42
64
20
41
20

23
10
10
17
12
7
18
10
17
18
14
12
16
15
23
34
12
25
15

5340
4179
1050
1,1804
1,1231
2140
4058
3005
1431
2500
2221
896
3421
2483
1762
1503
25
1048
17

20
13
10
17
11
9
15
10
12
18
17
16
24
16
27
28
5
15
8

final samples in tanks 3A and 3B, respectively (Table 1).
The initial sample collected from tank 3A contained the
highest number of OTUs (64) and recovered taxa (34
taxa) (Fig. 2, Table 1), while the final sample of tank 1B
exhibited the lowest number of OTUs (12) and recovered
only seven taxa (Fig. 2, Table 1). Some major groups
such as copepods, molluscs, and protozoans appeared in
all samples (Table 2). However, bryozoans, cnidarians,
gastrotriches, nematodes, platyhelminthes, poriferans, and
rotifers were present in only some samples (Table 2).
In voyage one, only 12 of the initial 27 taxa were present in final samples (Fig. S2). Copepods had the highest
number of OTUs recovered in final samples of this voyage, representing six taxa (Fig. S2). Another six taxa were
recovered (one bryozoa, two mollusca, and three protozoa) in final samples. Tetrahymenidae (Phylum: Ciliophora) was the only taxon represented by two OTUs and
a single sequence in final samples of tank 1A and was not
detected in previous samples of the voyage. We recovered
36 taxa from samples of voyage two, only four of which
were not recovered from final samples, while 12 taxa (five
copepoda, one mollusca, one cnidaria, and five protozoa)
had a higher number of OTUs relative to initial samples
(Fig. S3). The overall number of OTUs declined or
remained the same in all major groups in this voyage,
except for cnidarians which contained more OTUs in

ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Figure 2. Number of OTUs (total counts) recovered from initial,
middle, and final samples. Three different ballast tanks were sampled:
A (black line), B (gray line), and C (dashed line). Voyage 3 was
sampled only at beginning and end.

final (4) than initial samples (3) (Fig. S3). In total, 38
taxa were obtained from initial samples of voyage three,
18 of which were not present in final samples. The number of OTUs declined over time in all groups, with protozoa and copepods containing the highest number of
OTUs in final samples relative to other groups (Fig. S4).
Similar to the number of OTUs, the abundance of
copepods declined from the start to the end of each voyage (Fig. 4). The initial sample collected from tank 1B
contained the highest number of copepods (n = 11804),
while final sample of tank 3B had the lowest (n = 17)
(Table 1). The highest and lowest number of copepod
OTUs (n = 28, n = 5) was recovered from initial and
final sample of tank 3A, respectively (Table 1). The mean
number of copepods and their OTUs recovered from initial samples of all three voyages differed significantly from
that found in the final samples (ANOVA, F = 5.02,
P = 0.020; F = 4.09, P = 0.036, respectively) (Fig. 4).

Discussion
In current study, we assessed changes in zooplankton
communities in ballast water during the course of three
Atlantic voyages. Our findings indicate attenuation of
broad zooplankton groups during each of the voyages
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(Figs S2–S4, Table 1). We also demonstrate that genetic
diversity is lost prior to an introduction event, although
results were taxon-specific as some species were detected
for the first time toward the end of the voyage. Consistent
with Wonham et al. (2001), we found that zooplankton
species represented by OTUs and copepod abundance
were reduced preintroduction and that not all taxa survive to the end of the voyage (Figs S2–S4, Table 1).
Copepods, mollusks (veliger larvae), and protozoans were

Figure 3. Average (SD) number of OTUs (A) and average (SD)
number of sequences (B) obtained from all initial (black bar), middle
(gray bar), and final (white bar) samples. Groups that are significantly
different are not joined by the same line above the bars.

dominant among groups whose genetic diversity did not
decline during voyages.
The total number of OTUs decreased along each voyage, and initial samples contained taxa that were not
recovered at the end of voyage (Table 2, Figs S2–S4).
Thus, our findings suggest the development of a genetic
bottleneck and loss of potential genetic diversity prior to
introduction. The loss of diversity is generally perceived
as a significant barrier to successful establishment that
must be overcome at the initial stage of an invasion
(Blackburn et al. 2011). However, our results suggest that
the same barrier may also occur within species.
Voyage one samples exhibited the highest loss of OTUs
(76% for tank 1B) from initial to final samples (Table 1).
This high loss of OTUs relative to other voyages may be
due to enhanced fluctuations in temperature and salinity
during the sampling period (Table S1). Temperature
decreased by 5.3°C from initial samples to middle samples and then increased by 7.2°C between middle and
final samples. During the same voyage, mean salinity
increased in middle samples (3.1 ppt) relative to initial
ones (0.1 ppt) but then decreased to final samples
(0.3 ppt) (Table S1). Such fluctuations in environmental
characteristics could trigger physiological shock in some
taxa with adverse effects on genetic diversity in zooplankton (e.g., Cervetto et al. 1999; Zajaczkowski and Legezynska 2001).
In contrast, voyage two exhibited the lowest loss in
OTU number, ranging from 8.6% to 33.3% relative to
initial samples. Environmental temperature increased by
15.9°C from initial to final sample periods, while salinity
decreased after initial sampling and remained relatively
constant thereafter (Table S1). We observed a high loss of
OTUs (>50%) for both tanks during voyage three
(Table 1). This voyage was the longest trip (12 and
14 days before taking final sample for tanks 3A and 3B,
respectively), which lasted for 7 days before final sampling was conducted (Table 1). Temperature of ballast

Table 2. Number of OTUs recovered from ballast tanks (A, B, and C) for three Atlantic voyages after BLASTn query against GenBank nucleotide
database. Numbers indicate results for 18S marker obtained from Ion Torrent Personal Genomic Machine at the initial (int), middle (mid), and final
(fin) day of the voyage. Refer Table 1 for number of days between initial, middle, and final samples.
Tank

Bryozoa

Cnidaria

Copepoda

No. of OTUs per group (int/mid/fin)
1A
1/1/1
20/13/10
1B
1/1/0
1/1/0
18/11/9
2A
2/0/1
0/1/1
15/10/12
2B
1/0/0
1/1/1
18/17/16
2C
1/1/0
0/0/2
24/16/27
No. of OTUs per group (int/fin)
3A
1/0
1/0
28/5
3B
1/1
15/8
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Gastrotricha

Mollusca

Nematoda

2/0/0
1/0/0
1/0/0
2/0/0

18/11/8
21/8/2
3/3/3
4/3/3
5/3/3

1/0/0
1/0/1
1/0/0
1/0/1

2/1
2/1

4/1
3/2

2/0
2/1

Platyhelminthes

Porifera

Protozoa

Rotifera

1/0/0
1/0/0
1/0/0
1/1/0

1/0/0

14/5/3
6/7/1
10/4/11
12/3/6
12/8/8

2/0/1
1/1/0
1/1/1

20/13
11/5

4/0
5/2

2/0
2/0

ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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Figure 4. Average (SD) number of OTUs (A) and average (SD)
number of individuals (B) for copepods obtained from all initial (black
bar), middle (gray bar), and final (white bar) samples. Groups that are
significantly different are not joined by the same line above the bars.

water decreased by 5.1°C and salinity increased during
voyage three (Table S1). Based on the above, environmental factors in ballast tanks during each voyage appear
to influence the rate at which OTUs were lost or, more
rarely, gained. The appearance of some taxa or an
increase in their OTU number in final samples could be
the result of random sampling errors (Olenin et al. 2000)
or population growth (Gray and MacIsaac 2010) during
the voyage, perhaps from hatching of dormant stages
(Briski et al. 2010, 2011).
The total number of copepods decreased along all voyages. Voyage three—the longest trip—exhibited the highest
loss of individuals at about 98%. In voyage one, more than
80% of copepods were lost in final samples. However, voyage two exhibited the lowest loss in number of copepods. A
conceptual model developed by Briski et al. (2014) suggests
that factors such as the length of transport and taxon-specific survival could affect the magnitude of change in zooplankton community of ballast tanks.
A number of studies have investigated common errors
associated with Ion Torrent PGM data, including erroneous insertions/deletions (i.e., indels) (Loman et al. 2012;
Quail et al. 2012). Indels introduced by inaccurate flow
calls appear at a rate of 1.38% in PGM data (e.g., Bragg
et al. 2013). There exist a growing number of algorithms
to minimize these errors for downstream analyses (Yeo
et al. 2012; Flynn et al. 2015). However, much improvement is required to increase the efficiency of these methods. Effects of such errors are more pronounced when

ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.
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NGS data are used for polymorphism studies (Bragg et al.
2013). We used the UPARSE pipeline (Edgar 2013), which
promises to produce the most accurate number of OTUs.
In this method, OTUs are produced with ≤1% incorrect
bases versus >3% generated by other methods (e.g.,
Mothur, QIIME) which tend to overestimate OTU number (Edgar 2013). Even though the UPARSE method
might not represent the exact number of OTUs present in
each sample, it appears to be among the most reliable
methods currently available for such analyses (Edgar 2013;
Flynn et al. 2015).
Results from BLAST may not be fully accurate in part
due to a lack of online sequence references for particular
taxonomic groups (Briski et al. 2016). Moreover, studies
have shown that some groups of zooplankton—such as
copepods and rotifers—form species complexes that are
poorly defined taxonomically (e.g., Lee 2000; Gomez et al.
2002). We acknowledge that the number of sequences
might not directly correspond to the number of propagules
in ballast water (Weber and Pawlowski 2013; Flynn et al.
2015), as multiple divergent amplicons can be produced
from a single individual or closely related taxa might be
joined into one OTU. Therefore, our results are based upon
genetic composition of the zooplankton community in the
ballast water and do not fully correspond to the actual
abundance of species. However, results from the abundance
of copepods were in agreement with the genetic composition of zooplankton found in our ballast tanks.
In conclusion, this study highlights the possible creation of population bottlenecks prior to introduction of
NIS to a novel environment, with about 50% of copepods
lost prior to discharge of ballast water. It appears that
population loss caused the attenuation of OTUs in final
samples. Therefore, our findings highlight that events that
occur prior to introduction may influence genetic diversity of newly introduced populations, which, in turn,
could affect subsequent establishment success.
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R. P. Duncan, et al. 2011. A proposed unified framework
for biological invasions. Trends Ecol. Evol. 26:333–339.
Blackburn, T. M., J. L. Lockwood, and P. Cassey. 2015. The
influence of numbers on invasion success. Mol. Ecol.
24:1942–1953.
Bragg, L. M., G. Stone, M. K. Butler, P. Hugenholtz, and
G. W. Tyson. 2013. Shining a light on dark sequencing:
characterising errors in Ion Torrent PGM data. PLoS
Comput. Biol. 9:e1003031.
Briski, E., S. A. Bailey, M. E. Cristescu, and H. J. MacIsaac.
2010. Efficacy of ‘saltwater flushing’ in protecting the Great
Lakes from biological invasions by invertebrate eggs in
ships’ ballast sediment. Freshw. Biol. 55:2414–2424.
Briski, E., S. Ghabooli, S. A. Bailey, and H. J. MacIsaac. 2011.
Assessing invasion risk across taxa and habitats: life stage as a
determinant of invasion success. Divers. Distrib. 17:593–602.
Briski, E., S. A. Bailey, O. Casas-Monroy, et al. 2013. Taxonand vector-specific variation in species richness and
abundance during the transport stage of biological
invasions. Limnol. Oceanogr. 58:1361–1372.
Briski, E., F. T. Chan, H. J. MacIsaac, and S. A. Bailey. 2014.
A conceptual model of community dynamics during the
transport stage of the invasion process: a case study of
ships’ ballast. Divers. Distrib. 20:236–244.
Briski, E., S. Ghabooli, S. A. Bailey, and H. J. MacIsaac. 2016. Are
genetic databases populated enough to detect non-indigenous
species? Biol. Invasions 18:1911–1922 (submitted).
Brown, E. A., F. J. J. Chain, T. J. Crease, H. J. MacIsaac, and
M. E. Cristescu. 2015. Divergence thresholds and divergent
biodiversity estimates: can metabarcoding reliably describe
zooplankton communities? Ecol. Evol. 5:2234–2251.
Cervetto, G., R. Gaudy, and M. Pagano. 1999. Influence of
salinity on the distribution of Acartia tonsa (Copepoda,
Calanoida). J. Exp. Mar. Biol. Ecol. 239:33–45.
Chao, A. 1984. Non-parametric estimation of the number of
classes in a population. Scand. J. Stat. 11:265–270.
Chao, A., and T. J. Shen (2003) User’s Guide for Program
SPADE (Species Prediction And Diversity Estimation).
Updated August 2008. http://chao.stat.nthu.edu.tw/.
Chao, A., and T. J. Shen. 2006. SPADE version 3.1. http://
chao.stat.nthu.edu.tw/.
Colautti, R. I., and J. A. Lau. 2015. Contemporary evolution
during invasion: evidence for differentiation, natural
selection, and local adaptation. Mol. Ecol. 24:1999–2007.

Colautti, R. I., I. A. Grigorovich, and H. J. MacIsaac. 2006.
Propagule pressure: a null model for biological invasions.
Biol. Invasions 8:1023–1037.
Dlugosch, K. M., and I. M. Parker. 2008. Founding events in
species invasions: genetic variation, adaptive evolution, and
the role of multiple introductions. Mol. Ecol. 17:431–449.
Dlugosch, K. M., S. R. Anderson, J. Braasch, F. A. Cang, and
H. D. Gillette. 2015. The devil is in the details: genetic
variation in introduced populations and its contributions to
invasion. Mol. Ecol. 24:2095–2111.
Edgar, R. C. 2013. UPARSE: highly accurate OTU sequences
from microbial amplicon reads. Nat. Methods 10:996–998.
Facon, B., B. J. Genton, J. Shykoff, P. Jarne, A. Estoup, et al.
2006. A general eco-evolutionary framework for
understanding bioinvasions. Trends Ecol. Evol. 21:130–135.
Flynn, J. M., E. A. Brown, F. J. J. Chain, H. J. MacIsaac, and
M. E. Cristescu. 2015. Towards accurate molecular
identification of species in complex environmental samples:
testing the performance of sequence filtering and clustering
methods. Ecol. Evol. 5:2252–2266.
Gillis, N. K., L. J. Walters, F. C. Fernandes, and E. A.
Hoffman. 2009. Higher genetic diversity in introduced than
in native populations of the mussel Mytella charruana:
evidence of population admixture at introduction sites.
Divers. Distrib. 15:784–795.
Gomez, A., M. Serra, G. R. Carvalho, and D. H. Lunt. 2002.
Speciation in ancient cryptic species complexes: evidence
from the molecular phylogeny of Brachionus plicatilis
(Rotifera). Evolution 56:1431–1444.
Gotelli, N. J., and G. L. Entsminger. 2006. EcoSim: null
models software for ecology. Version 7. Acquired
Intelligence Inc., and Kesey-Bear, Jericho, VT05465.
http://garyents-minger.com/ecosim.ht.
Gray, D. K., and H. J. MacIsaac. 2010. Diapausing
zooplankton eggs remain viable despite exposure to openocean ballast water exchange: evidence from in situ exposure
experiments. Can. J. Fish. Aquat. Sci. 67:417–426.
Hajibabaei, M., S. Shokralla, X. Zhou, G. A. C. Singer, and D.
J. Baird. 2011. Environmental barcoding: a next-generation
sequencing approach for biomonitoring applications using
river benthos. PLoS One 6:e17497.
Jerde, C. L., A. R. Mahon, W. L. Chadderton, and D. M.
Lodge. 2011. “Sight-unseen” detection of rare aquatic
species using environmental DNA. Conserv. Lett. 4:150–157.
Koskinen, M. T., T. O. Haugen, and C. R. Primmer. 2002.
Contemporary fisherian life-history evolution in small
salmonid populations. Nature 419:826–830.
Kunin, V., A. Engelbrektson, H. Ochman, and P. Hugenholtz.
2010. Wrinkles in the rare biosphere: pyrosequencing errors
can lead to artificial inflation of diversity estimates. Environ.
Microbiol. 12:118–123.
Lavergne, S., and J. Molofsky. 2007. Increased genetic variation
and evolutionary potential drive the success of an invasive
grass. Proc. Natl. Acad. Sci. USA 104:3883–3888.

6176

ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

Data Accessibility
OTUs and their matching accession numbers for each
sample: Dryad doi: 10.5061/dryad.77sr0.
References

S. Ghabooli et al.

Genetic Bottleneck Prior to Introduction

Lee, C. E. 2000. Global phylogeography of a cryptic copepod
species complex and reproductive isolation between
genetically proximate “populations”. Evolution 54:2014–2027.
Lee, C. E. 2002. Evolutionary genetics of invasive species.
Trends Ecol. Evol. 17:386–391.
Lee, C. E., J. L. Remfert, and Y. M. Chang. 2007. Response to
selection and evolvability of invasive populations. Genetica
129:179–192.
Loman, N. J., R. V. Misra, T. J. Dallman, C. Constantinidou,
S. E. Gharbia, J. Wain, M. J. Pallen, et al. 2012.
Performance comparison of benchtop high-throughput
sequencing platforms. Nat. Biotechnol. 30:434–439.
Moran, E. V., and M. Alexander. 2014. Evolutionary responses
to global change: lessons from invasive species. Ecol. Lett.
17:637–649.
Muirhead, J. R., D. K. Gray, D. W. Kelly, S. M. Ellis, D. D.
Heath, H. J. MacIsaac, et al. 2008. Identifying the source of
species invasions: sampling intensity versus genetic diversity.
Mol. Ecol. 17:431–449.
Olenin, S., S. Gollasch, S. Jonusas, and I. Rimkute. 2000. Enroute investigations of plankton in ballast water on a ship’s
voyage from the Baltic Sea to the open Atlantic coast of
Europe. Int. Rev. Hydrobiol. 85:577–596.
Phillips, B. L., G. P. Brown, J. K. Webb, and R. Shine. 2006.
Invasion and the evolution of speed in toads. Nature 439:803.
Quail, M. A., M. Smith, P. Coupland, T. D. Otto, S. R. Harris,
and T. R. Connor, et al. 2012. A tale of three next
generation sequencing platforms: comparison of Ion
Torrent, Pacific Biosciences and Illumina MiSeq sequencers.
BMC Genom. 13:341.
Roman, J. 2006. Diluting the founder effect: cryptic invasions
expand a marine invader’s range. Proc. R. Soc. Lond. B
Biol. Sci. 273:2453–2459.
Roman, J., and J. A. Darling. 2007. Paradox lost: genetic
diversity and the success of aquatic invasions. Trends Ecol.
Evol. 22:454–464.
Ruiz, G. M., P. W. Fofonoff, J. T. Carlton, M. J. Wonham,
and A. H. Hines. 2000. Invasion of coastal marine
communities in North America: apparent patterns, processes
and biases. Annu. Rev. Ecol. Evol. Syst. 31:481–531.
Schloss, P. D., S. L. Westcott, T. Ryabin, J. R. Hall, M.
Hartmann, and E. B. Hollister, et al. 2009. Introducing
mothur: open-source, platform-independent, communitysupported software for describing and comparing microbial
communities. Appl. Environ. Microbiol. 75:7537–7541.
Sylvester, F., O. Kalaci, B. Leung, A. Lacoursière-Roussel, C.
Clarke Murray, F. M. Choi, et al. 2011. Hull fouling as an
invasion vector: can simple models explain a complex
problem? J. Appl. Ecol. 48:415–423.
Tamura, K., J. Dudley, M. Nei, and S. Kumar. 2007. MEGA4:
molecular evolutionary genetics analysis (MEGA) software
version 4.0. Mol. Biol. Evol. 24:1596–1599.
Taylor, D. R., and S. R. Keller. 2007. Historical range
expansion determines the phylogenetic diversity introduced

during contemporary species invasion. Evolution 61:334–
345.
Vetrovsky, T., and P. Baldrian. 2013. Analysis of soil fungal
communities by amplicon pyrosequencing: current
approaches to data analysis and the introduction of the
pipeline SEED. Biol. Fertil. Soils 49:1027–1037.
Weber, A. T., and J. Pawlowski. 2013. Can abundance of
Protists be inferred from sequence data: a case study of
Foraminifera. PLoS One, 8:e56739.
Wonham, M., W. Walton, G. Ruiz, A. Frese, and B. Galil. 2001.
Going to the source: role of the invasion pathway in
determining potential invaders. Mar. Ecol. Prog. Ser. 215:1–12.
Yeo, Z. X., M. Chan, Y. S. Yap, P. Ang, S. Rozen, A. S. G. Lee,
et al. 2012. Improving indel detection specificity of the Ion
Torrent PGM benchtop sequencer. PLoS ONE 7:e45798.
Zajaczkowski, M. J., and J. Legezynska. 2001. Estimation of
zooplankton mortality caused by an Arctic glacier outflow.
Oceanologia 43:341–351.
Zhan, A., and H. J. MacIsaac. 2015. Rare biosphere
exploration using high-throughput sequencing: research
progress and perspectives. Conserv. Genet. 16:513–522.
Zhan, A., M. Hulak, F. Sylvester, X. Huang, A. Adebayo, and
C. L. Abbott, et al. 2013. High sensitivity of 454
pyrosequencing for detection of rare species in aquatic
communities. Methods Ecol. Evol. 4:558–565.
Zhan, A., S. A. Bailey, D. D. Heath, and H. J. MacIsaac. 2014.
Performance comparison of genetic markers for highthroughput sequencing-based biodiversity assessment in
complex communities. Mol. Ecol. Resour. 14:1049–1059.

ª 2016 The Authors. Ecology and Evolution published by John Wiley & Sons Ltd.

6177

Supporting Information
Additional Supporting Information may be found online
in the supporting information tab for this article:
Figure S1. Protocol for analysis of 19 ballast water samples collected during three Atlantic voyages.
Figure S2. Neighbor-joining tree for all OTUs recovered
from voyage one.
Figure S3. Neighbor-joining tree for all OTUs recovered
from voyage two.
Figure S4. Neighbor-joining tree for all OTUs recovered
from voyage three.
Figure S5. Sample-based rarefaction curves from the initial (red lines), middle (green), and final (blue) sampling
and 95% confidence intervals (dashed lines).
Table S1. Environmental characteristics (temperature,
pH, dissolved oxygen (D.O.), and salinity) of three ballast
water (A, B, and C) samples obtained at the initial (int),
middle (mid), and final (fin) day during three voyages of
a vessel transiting between Canada and Brazil.
Table S2. Standard ANOVA table for randomized block
design based on the number of OTUs/sequences recovered from all voyages.

