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Mixed-species assemblages are often unintentionally introduced into new
ecosystems. Analysing how assemblage structure varies during transport
may provide insights into how introduction risk changes before propagules
are released. Characterization of introduction risk is typically based on assess-
ments of colonization pressure (CP, the number of species transported) and
total propagule pressure (total PP, the total abundance of propagules released)
associated with an invasion vector. Generally, invasion potential following
introduction increases with greater CP or total PP. Here, we extend these
assessments using rank-abundance distributions to examine how CP: total
PP relationships change temporally in ballast water of ocean-going ships.
Rank-abundance distributions and CP:total PP patterns varied widely
between trans-Atlantic and trans-Pacific voyages, with the latter appearing to
pose a much lower risk than the former. Responses also differed by taxonomic
group, with invertebrates experiencing losses mainly in total PP, while diatoms
and dinoflagellates sustained losses mainly in CP. In certain cases, open-ocean
ballast water exchange appeared to increase introduction risk by uptake of new
species or supplementation of existing ones. Our study demonstrates that rank-
abundance distributions provide new insights into the utility of CP and PP in
characterizing introduction risk.

1. Introduction

Ecologists have long been interested in the structure of biological communities,
namely the species abundance distribution or relative abundance of all species
recorded in an area [1]. Species abundance distributions have been studied exten-
sively in natural systems to test models of community assembly including the
unified neutral theory of biodiversity and biogeography, to compare multiple
communities along environmental gradients, to monitor communities across
time and to identify rare species for conservation [1]. Species abundance distri-
butions are visualized by plotting log-abundance versus species rank [1], and
are widely used in various sub-disciplines of ecology but rarely in invasion
ecology [2,3].

Species assemblages are often unintentionally introduced into areas beyond
their natural range by invasion vectors such as ships’ ballast water or fouled
hulls, bait worm packaging, straw and hay and wood dunnage [4], resulting in
introduction of non-indigenous species. An introduction event begins with a
vector that entrains individuals, often randomly, from a source community. If a suf-
ficiently large number of individuals are entrained, many or all species in the source
community may be represented within the transport vector [5]. Generally, only a
fraction of entrained individuals and species survive transportation and are
released into a new environment [2,6]. Vector management efforts such as open-
ocean ballast water exchange (BWE) may further reduce the number of entrained
individuals and species [6]. Therefore, the structure of the entrained assemblage
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Table 1. Plankton datasets used in this study including data source, voyage route (Atlantic versus Pacific), origin of ballast water, destination port, duration, [JEJj
taxonomic group (invertebrates, diatoms and dinoflagellates), BWE status (Y, yes; N, no) and number of sampled tanks.

voyage origin of ballast destination duration
route water port (days)
Atlantic 1 Rotterdam, Sept-iles, 7
The Netherlands (anada
Atlantic 2 Rotterdam, Sept-iles, 9
The Netherlands (anada
Pacific 1 Hakata, Japan Vancouver, 24
(anada
Pacific 2 Osaka, Japan Vancouver, 23
(anada
Pacific 1 Hakata, Japan Vancouver, 24
(anada

may vary from that in the source community as it transitions
through the transportation phase prior to release. Analysing
how characteristics of an entrained assemblage vary over time
during transport may provide insights into how introduction
risk changes before propagules are released.

Invasion ecologists often focus on the number of transported
species (i.e. colonization pressure (CP)) and their respective
abundances (i.e. propagule pressure (PP) of individual species
or of the entire taxonomic group (total PP)) when characterizing
species assemblages transported by vectors [6,7]. Theoretical
and empirical studies have demonstrated a positive relationship
between PP of a species and its probability of establishment
[8,9]. For a single introduction event, large PP reduces the like-
lihood of demographic stochasticity and Allee effects [8].
Similarly, greater CP also increases invasion risk by increasing
the probability that at least one species will tolerate the new
environment and form a reproducing population, as matching
environmental conditions between source and recipient regions
enhances probability of establishment [5]. Recently, researchers
have begun to explore relationships between CP and PP for
species assemblages entrained by vectors [5,10,11]. If species
introduction is a random sampling process, CP should be posi-
tively related to PP because larger inocula will include more
species than smaller ones [5].

While CP and PP are important parameters for characteriz-
ing introduction risk, they provide no information regarding
the structure of the entrained assemblage. Given the stochastic
nature of the entrainment process, many assemblage structu-
res are plausible, ranging from uneven assemblages with
steep rank-abundance gradients to those with shallow rank-
abundance gradients [3]. The former case of uneven assemblage
structure is of special concern because both mean abundance per
species (mean PP) and total PP fail to describe the variation in

taxonomic no. sampled data

group tanks source

invertebrates Y 2 [12]
N 2

diatoms Y 2 [12]
N 2

dinoflagellates Y 2 [12]
N 2

invertebrates Y 2 [12]
N 2

diatoms Y 2 [12]
N 2

dinoflagellates Y 2 [12]
N 2

invertebrates Y 2 [13]
N 2

invertebrates Y 2 [13]
N 2

diatoms Y 2 [14]
N 2

abundances across species [3]. These measures may underesti-
mate population size of dominant species and overestimate
that of rare ones [3]. Given the strong ecological consequence
of biased estimates, Drake et al. [3] argued that the rank-
abundance distribution should be considered in addition to
CP and PP when characterizing risk associated with transported
species assemblages.

Briski et al.’s [2] conceptual model characterizing commu-
nity dynamics in ballast water has not been tested empirically
using repeated measurements during transportation, nor does
it consider the effect of biogeographic source region or BWE.
In this study, we examined changes in assemblage structure of
different taxa in control and exchanged ballast water during
trans-Atlantic and trans-Pacific voyages to Canada. We use
rank-abundance distributions in transported assemblages
to test three hypotheses: changes in assemblage structure and
CP: total PP during transportation are the same for (i) different
voyage routes or (ii) different taxonomic groups or (iii) in
response to BWE.

2. Material and methods
(a) Plankton datasets

To analyse temporal variation in CP and total PP, we examine
three datasets representing 16 invertebrate, 12 diatom and 8 dino-
flagellate assemblages collected from ballast water during two
trans-Atlantic and two trans-Pacific voyages, hereafter referred to
as ‘Atlantic’ and ‘Pacific’, respectively (table 1). Datasets were
selected on the basis of common methodologies and taxonomic
resolution to the species level. Methods for sample collection, enu-
meration and identification are detailed elsewhere [12-15]. For
Atlantic voyages, eight tanks were sampled for each taxonomic
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group at different time points (i.e. eight assemblages for each
group). Only invertebrate and diatom data were available for Paci-
fic voyages. For Pacific voyage 1, invertebrate and diatom samples
were collected by repeatedly sampling four tanks at different time
points. During Pacific voyage 2, four tanks were sampled for
invertebrates only. As a result, eight invertebrate and four
diatom assemblages were surveyed during Pacific voyages. For
both Atlantic and Pacific voyages, half of tanks underwent BWE,
hereafter referred to as ‘exchanged tanks’. Remaining tanks
served as controls, hereafter ‘control tanks’. We compiled a data-
base recording the number and identity of all species, total
abundance of each species, sampling time point and date of
BWE, if conducted, for each plankton assemblage. We excluded
individuals that were not identified to species level because they
could obscure the relationship between CP and total PP; approxi-
mately 70-95% of the data in each dataset was retained
for analyses.

(b) Rank-abundance distributions and colonization
pressure; total propagule pressure curves

For each plankton assemblage, we constructed a series of rank-
abundance distributions at different time points during the
transoceanic voyage. We then generated corresponding CP : total
PP curves for each rank-abundance distribution using Monte Carlo
simulations in R v. 3.0.2 [16]. Individuals were randomly selected
from the empirical distribution, without replacement, with a
sample size ranging from 1 to 2500 (total 1 ). One thousand iterations
were conducted at each sample size, with the resulting mean number
of species (i.e. mean CP) determined for each total PP. In addition,
we estimated asymptotic species richness for each assemblage at
different time points using the Chao-1 estimator in SPADE v. 23
October 2012 to account for under-sampling [17]. While rank-
abundance distributions and CP:total PP curves were estimated
for each sampling day, we present results for only 5 days, for brevity,
corresponding with the beginning, middle (particularly the last
and first available time point immediately before and after BWE,
respectively, in exchanged tanks) and end of voyages. We also com-
pared results obtained from our rank-abundance distributions with
those from more traditional analyses of total and mean PP, in order
to examine differences in the methodologies.

Using existing models [2,3,5] as foundations, we developed a
conceptual model describing four relative introduction risk scen-
arios: high risk: high CP and high total PP; moderate risk: high
CP and low total PP or low CP and high total PP; and low risk:
low CP and low total PP (figure 1a). We overlaid final CP and
total PP values for the last sampling point on our model to estimate
relative introduction risk among transported assemblages.
All plankton abundance data were standardized to individuals
m™%. Our comparisons assume uniform inherent invasibility,
establishment probabilities and environmental suitability among
transported species. We characterized total PP rather than mean
PP because partitioning of total abundance evenly across all
species makes it impossible to obtain high both CP and total PP.
Our analysis estimates introduction risk per ballast sample. To esti-
mate introduction risk for an individual vessel, one must multiply
total PP and CP by total ballast discharge volume.

(c) Statistical analyses

We applied three broad analytical approaches using linear
mixed-effects models to investigate patterns observed in rank-
abundance distributions and CP : total PP curves for each taxo-
nomic group. These models are appropriate because the datasets
have hierarchical structure, in which ballast tanks are nested
within ships and repeated measurements are collected from individ-
ual tanks [18]. We used the observed CP rather than estimated
species richness in these analyses because the number of singletons

(@)
high

low high

colonization pressure (no. species m—)

total propagule pressure
(no. individuals x 107 m3)

Figure 1. (a) Conceptual model of the relationship between (P and total PP
for species assemblages translocated by a transport vector under four different
scenarios: high (P and total PP for species-rich and high-abundance assem-
blages (solid line); high CP and low total PP for species-rich assemblages
with low abundance of most or all species (dashed line); low (P and high
total PP for species assemblages with at least one abundant species
(dotted line); and low (P and total PP for assemblages represented by a
few species in low numbers (dotted-dashed line). (b) Final CP and total
PP for invertebrate (circles), diatom (triangles) and dinoflagellate (squares)
assemblages at the end of two trans-Atlantic (red) and two trans-Pacific
(blue) voyages. Solid and open markers denote assemblages collected
from control and exchanged tanks, respectively. Background shading in
both panels indicates relative introduction risk with light and dark shadings
representing relatively low and high risk, respectively.

and doubletons increased with time as the abundance of most
species decreased, inflating the number of rare species and thus
overestimating complete species richness. First, we constructed sep-
arate models to test the effect of time on CP and total PP using data
collected from control tanks. We treated time (i.e. days since uptake
of ballast water) and quadratic variant of time (time?) as fixed expla-
natory variables. Twelve models (two response variables (CP and
total PP) x three taxonomic groups x two voyage routes) were con-
structed for this. Second, to test the effect of voyage route (Atlantic
versus Pacific) on CP and total PP, we treated time, time?, voyage
route and the interaction between time and voyage (time x
voyage) as fixed explanatory variables in four separate models
(two each for invertebrates and diatoms). To distinguish the effects
of biogeographic region and voyage length, we constructed four
follow-up models using the same fixed explanatory variables and
included only the first 9 days so that both routes encompassed the
same voyage length, allowing examination of the importance
of route.

Finally, we constructed models to test the effect of BWE on CP
and total PP for each taxonomic group using data from both con-
trol and exchanged tanks. As a first step, we built six separate
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models (two response variables x three taxonomic groups) to
determine if there were inherent differences in CP and total PP
between control and exchanged tanks prior to BWE. We included
time, timez, voyage route, BWE status, time X voyage route, as
well as the interactions between time and BWE status (time x
BWE status), and between BWE status and voyage route (BWE
status x voyage route), as fixed explanatory variables. Here, time
was defined as the number of days between ballast water uptake
and BWE. Measurements collected after BWE were excluded in
these analyses. Results of the models suggested that BWE status
was not related to CP and total PP in all models (results not pre-
sented). Therefore, we concluded there were no inherent
differences in CP and total PP between treatment tanks prior to
BWE. Next, we fitted six separate models (two response
variables x three taxonomic groups) to test the effect of BWE
on CP and total PP. We included time, time?, voyage route,
BWE status, time x voyage route, time x BWE status and
voyage route x BWE status as fixed explanatory variables. Time
was defined as the number of days after BWE. To investigate the
effects of time x voyage route and voyage route x BWE status
on CP and total PP, we constructed four follow-up models (two
each for invertebrates and diatoms) with time, time?, BWE status
and time x BWE status as fixed explanatory variables.

We included tank and ship as hierarchical grouping
variables in all models to accommodate the nested nature of the
datasets. In addition, we specified a simple autoregressive
covariance structure for the models to account for temporal auto-
correlation between repeated measurements [19]. We applied
the top-down strategy to identify optimal models having both
fixed and random effects beginning with three beyond-optimal
models containing all explanatory variables and their interactions
but different random components: (i) no random terms except
for ordinary residuals; (ii) a random intercept model; and (iii) a
random intercept and slope model [18]. We assessed random
components by comparing Akaike information criterion values
estimated using restricted maximum-likelihood estimation. Once
the optimal random structure was found, we identified the optimal
fixed structure by conducting sequential t-tests using restric-
ted maximum-likelihood estimation [18]. Non-significant fixed
effects were removed in a stepwise manner until minimum
adequate models containing only significant factors remained.
We used visual inspection of model residuals to check for a
normal distribution and homogeneity of variance. All analyses
were conducted using the Ime and gls functions in R. The latter
function was used on models lacking random effects [18].

We used multivariate analysis of variance (MANOVA) to test
the effects of voyage route, taxonomic group, BWE status and
their interactions on final CP and total PP. If significant, a follow-
up univariate analysis of variance and Bonferroni post hoc tests
were performed. CP and total PP were log(x + 1)-transformed to
meet the assumptions of parametric tests.

3. Results

Rank-abundance distributions and CP:total PP curves
varied temporally across voyage routes and taxonomic
groups (figure 2 and table 2; electronic supplementary
material, figures S1-54). For Atlantic voyages, no changes in
CP but attenuation of total PP was observed for invertebrates
(figure 2 and table 2; electronic supplementary material,
figure S2); the opposite pattern was noted for diatoms (figure
2 and table 2; electronic supplementary material, figure S3).
CP for dinoflagellates decreased at a greater than linear rate
over time, whereas total PP remained unchanged (figure 2
and table 2; electronic supplementary material figure S4).
Reductions in total PP for invertebrates and dinoflagellates

were attributed to decreases in abundance of mainly moder-
ately common species and a few rare species, whereas losses
in total PP for diatoms resulted from uniform decreases
across all species (figure 2; electronic supplementary material
figures S1, S3 and S4). As a result, rank-abundance gradients
were steeper over time for invertebrates and dinoflagellates
than for diatoms (figure 2; electronic supplementary material,
figures S1, S3 and S4).

For Pacific voyages, both CP and total PP decreased for
invertebrates as a quadratic function of time (table 2), the
latter due to decreases in abundance of moderately
common and rare species, though dominant species also suf-
fered high mortality (figure 2; electronic supplementary
material, figure S2). By contrast, diatoms exhibited greater
than linear reduction in CP but no changes in total PP
(figure 2 and table 2; electronic supplementary material,
figure S3). Rank-abundance distributions for both groups
had increasingly steep gradients over time (figure 2;
electronic supplementary material, figures S2 and S3).

Changes in rank-abundance distributions and CP: total
PP were generally less apparent for Atlantic than for Pacific
voyages (figure 2; electronic supplementary material, figures
S1-54). CP for invertebrates was affected by voyage route,
with lower CP observed for Atlantic than for Pacific routes
(table 2b). However, CP declined at a slower rate for the
Atlantic than the Pacific as indicated by the interaction
between time and voyage route (i.e. different regression
slopes; table 2b). There were no differences in total PP for
invertebrates between voyage routes, but it decreased at a
slower rate for Atlantic than Pacific voyages (time x voyage
route interaction; table 2b). CP for diatoms decreased over
time but it did not vary by voyage route, whereas total PP
did not vary over time but was higher for Atlantic than
Pacific voyages (table 2b). We could not compare the effect
of voyage route for dinoflagellates, as only Atlantic data
were available.

When analysis was limited to the first 9 days of voyages,
CP for invertebrates did not change over time, but was lower
for Atlantic than Pacific voyages (table 2c). Conversely, total
PP for invertebrates decreased over time but was not associ-
ated with voyage route (table 2c). Both CP and total PP of
diatoms were predicted by the same explanatory variables
as the full models, except that the former changed in a
linear rather than quadratic fashion (table 2c).

Visual comparisons of rank-abundance distributions and
CP:total PP at the last sampling point prior to BWE versus
those at the last sampling point near the end of the voyage in
exchanged tanks suggest that the effect of BWE varied across
voyage routes and taxonomic groups (figure 3; electronic sup-
plementary material, figures S5-S8). For Atlantic routes, there
were few changes in CP for invertebrates and moderate attenu-
ation of total PP after BWE owing to reductions in population
abundance of moderately common and rare species; rank-
abundance gradients were similar before and after BWE
(figure 3; electronic supplementary material, figure S5). Changes
in CP after BWE varied from relatively strong reductions to slight
increases in CP, accompanied by relatively moderate to strong
attenuation of total PP for diatoms; rank-abundance gradients
remained relatively shallow owing to uniform reductions in
population abundance of all species or additions of new species
at low abundance (figure 3; electronic supplementary material,
figure S7). Similarly, we noted strong increases in CP for dinofla-
gellates owing to addition of new species at low abundances and
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Figure 2. (a,ce,g,i) Rank-abundance distributions and (b,d,5,h,) corresponding CP : total PP curves (CP : total PP) illustrating changes in the structure of plankton
assemblages in unexchanged ballast water of ships during (a—f) trans-Atlantic and (g—j) trans-Pacific voyages, for (a,b,g,h) invertebrates, (c,d,i,) diatoms and (e,f)
dinoflagellates. Samples for different taxonomic groups were collected from the same tank and ship for each voyage. The five lines on each graph depict the rank-
abundance distributions or CP : total PP relationships on five different days. Colour scheme for different days of the voyages applies to the entire figure. Also shown
in each left panel are total PP (solid bar) and mean PP (+s.e.m.; hatched bar) recorded at the last time point. Numeric values and circles in each right panel
indicate observed total PP and estimated asymptotic species richness (Chao-1). Circles are offset when values overlap.

marked reductions in total PP due to decreases in abundance
of dominant species after BWE; rank-abundance gradients
were generally more even post-BWE (figure 3; electronic
supplementary material, figure S8).

For Pacific routes, responses in CP for invertebrates
ranged from relatively moderate reductions to mild increases

owing to either losses or gains of rare species, whereas
total PP consistently increased due to higher population
abundances of dominant species after BWE; rank-abundance
gradients were typically steeper after BWE (figure 3;
electronic supplementary material, figure S6). While we
observed relatively mild increases in CP due to addition of

LLSL¥L0T (28T § 208 Y 20id  biorbuiysiigndfranosiesorqdsi H



Table 2. Results of linear mixed-effects models testing the fixed effects of (a) time and quadratic term of time (time?) and (b) time, time?, voyage route and [ 6 |
the interaction term between time and voyage route (time x voyage route) for (P and total PP associated with invertebrate and diatom assemblages in control
tanks during trans-Atlantic and trans-Pacific voyages separately and pooled together, respectively. (c) Follow-up models were conducted to distinguish the effects
of biogeographic region and voyage length associated with voyage route. These additional models standardized voyage length for Pacific and Atlantic route to
the first 9 days only. Time and time’ were included as fixed effects in (a) models for dinoflagellates. Dashes indicate non-significant variables that were removed
from the final optimal models.

invertebrates diatoms dinoflagellates

(a) CP (Atlantic)

LLSLYLOT 78T § 20S Y 20id  baobuiysigndAraposielorqdsi

(P (Pacific)
me B o1 23 3 %01 37 <001 na na na ona
ol PP(Pa(Iﬁ() et ettt SO SR N
time? 23 1119.0 3.9 <0.01 — — — — n.a. n.a. na. n.a.
(b)CP(fuIIvoyages) ................
time 50 —3.1 —46 <0.01 4 —1.1 —48 <0.01 na. na. na. n.a.
mv‘oya‘ge e w lms lse el o e

time X voyage 50 19 49 <0.01 — — — na. n.a. na. na.
route
total PP (full voyages)
tme 50 1073 42 <00l —  —  —  —  na  na  na  na
voyavgvev T e s0 a0l ma e
e voyage S

(c) CP (first 9 days)
time — — — 31 —0.8 —45 <0.01 n.a. na. na. na.

time’ — — — — — — na.  na na. na.
Cepente 2 1 S o —
time x voyage — — — — — — na.  na na. na.
route
total PP (first 9 days)
time? 4 22955 28 <001 — — — na.  na na. na.
o — s wess a8 <o me me ma ne
e — T D e e

rare diatom species, changes in total PP varied from relatively Comparisons of CP and total PP between exchanged and
moderate reductions to strong increases in total PP owing to control tanks further indicate that the effect of BWE varied
increased abundance of dominant species; rank-abundance across voyage routes and taxonomic groups (table 3). CP for
gradients were steeper after BWE in some but not all cases invertebrates was associated with time, voyage route, their
(figure 3; electronic supplementary material, figure S7). interaction and BWE status (table 3; electronic supplementary



(@)
e day 1
P e day 2
= BWE on day 3
R === day 3
| ==sday 5
75 == day 8
2
kS
8 ;
20 ¢
2
T T T T 7F
(©) 6 - = day 1
= day 2
51 BWE on day ’g‘
L
@
o0
2 ‘ |
0 i

(e
= w— day 1
6 = day 2
51 BWE on day 3
~ ==e day 4
g L 41 e=e day 5
§ 2 3 ] day 8
73
2 o 2
s O N D S = =
N—' 1 ]
0 1 "
T T T T T 7/
(€9)
= day 2
o = day 5
g = day 7
z BWE on day 14
= day 15
s === day 18
3
g
0
2
@)
6 1 = day 1
5 4 e day 5
— = day 14
T4 BWE on day 14
@ day 15
T 37 === day 22
Q
&2
N~ 1 J
o oN—
T T T T T 7F
5 100 15 20 25

species rank

(b)
=53
. .ee34177
207 eee 26091
164 17126
124
81 Fﬁ &
4
0+ T T T T L —
(d)
28 .
24 .
CCI I T Y T ¥ rry o
16
127 — 87768
8 = 381016
e=e 26610
7 === 7860
01, 800
(@)
[}
§ 28- - --e 8
g’? 24 4 -.-_-::M-
= 20 1 0" o"' @
g g% S
g 161 l"o‘ o
212 t"
g } ."‘l'
ERR — 138856 ==e 38728
g 41} 212484 ===32786
g 0 - 9090
(h)
= -— 12617
i — 21383
2 =} ¥
] 6
161 . 16719
[ ]
[ ]
4] foamanenn=== = o
0- ' T T T T ——
0)]
21 —_ 107
24 — 1520
- 307]
=l 5123
164 wee 21482
124 .
8_
Nl L_‘E_—.-mmm“"_-_-w. S
. .

0 500 1000 1500 2000 2500
total propagule pressure

T7/

Figure 3. (a,ceg,i) Rank-abundance distributions and (b,d,f,h,j) corresponding CP : total PP curves highlighting changes in the structure of plankton assemblages in
ships” ballast water before and after BWE during (a—f) trans-Atlantic and (g—j) trans-Pacific voyages, for (a,b,g,h) invertebrates, (c,d,i}) diatoms and (e,f) dinoflagellates.
Samples for different taxonomic groups were collected from the same tank and ship (paired-tank of the same ship as figure 2) for each voyage. Solid and dotted lines
indicate results before and after BWE, respectively. Descriptions of symbols used are given in figure 2.

material, table S1). CP for invertebrates was higher in both
exchanged and control tanks for Atlantic than Pacific routes;
however, CP decreased over time for the Atlantic, whereas it
increased over time for the Pacific (table 3; electronic sup-
plementary material, table S1). When comparing between
exchanged and control tanks, CP for invertebrates was higher

in exchanged than in control tanks for both voyage routes
(table 3; electronic supplementary material, table S1). Total
PP for invertebrates was associated with voyage route as well
as the interactions between time and voyage route, and BWE
status and voyage route (table 3; electronic supplementary
material, table S1). Total PP for invertebrates was higher in
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Table 3. Results of linear mixed-effects models testing the fixed effects of time, time?, voyage route, BWE status, time x voyage route, the interaction terms
between time and BWE status (time x BWE status) and between BWE status and voyage route (BWE status x voyage route) for CP and total PP associated
with invertebrate and diatom assemblages in control and BWE tanks during trans-Atlantic and trans-Pacific voyages after BWE. Time, time” and BWE status were
inuded as fixed effects in models for dinoflagellates. Time was defined as the number of days since BWE. Time? and time x BWE status were not retained in

any model. Dashes indicate non-significant variables that were excluded in the final optimal models.

invertebrates

df. B
(0
time 57 13 6.1 <0.01 —
vdyégé P g o 1 oo B
BWE status 7 19 65 <001 —
time X voyage 57 =15 —6.5 <0.01 —
route
BWE status x — — — — —
voyage route
total PP
, time , — — — —
- voyage e s wes bs ool
BWE status — — — — —
time x voyage 56 2032 —32 <001 —
route
""" BWE status x 56 —25333  —87 <001 6

voyage route

all tanks for Atlantic than Pacific voyages (table 3). While total
PP for invertebrates decreased over time for Atlantic voyages, it
did not change for Pacific ones (table 3; electronic supplemen-
tary material, table S1). There was lower total PP for
invertebrates in exchanged than control tanks for Atlantic
voyages, whereas no differences were observed for Pacific
routes (table 3; electronic supplementary material, table S1).
For diatoms, there were no predictors of CP, probably due to
high variation observed across assemblages and small
sample size (table 3; see also figure 3; electronic supplemen-
tary material, figure S7). Total PP for diatoms was associated
with the interaction between BWE status and voyage route
(table 3). Total PP for diatoms was lower in exchanged than
control tanks for Atlantic voyages; however, there were no
differences in total PP between treatments for Pacific ones
(table 3; electronic supplementary material, table S1). Finally,
for dinoflagellates, BWE status was a predictor of CP, which
surprisingly was higher in exchanged than control tanks
(table 3). By contrast, there were no differences in total PP for
dinoflagellates between treatments (table 3).

Final CP and total PP varied across voyage routes, taxo-
nomic groups and BWE status (figure 1b and table 4). Both
variables were higher for Atlantic than for Pacific voyages
(figure 1b and table 4). Invertebrates exhibited the lowest
final CP, followed by diatoms and dinoflagellates (Bonferroni
post hoc tests, p < 0.01 in all pairwise comparisons). Total PP
of invertebrates was also lower than those of diatoms and
dinoflagellates (Bonferroni post hoc tests, p < 0.01 for both
pairwise comparisons), though the latter groups did not
differ (p = 1.00). Final CP was higher in exchanged than in
control tanks, particularly for dinoflagellates on Atlantic

dinoflagellates

—_— — ‘ — n.a. n.a. . n.‘a‘. - na o
— — 5 77 42 <001
—_— —_— —_— n.a n.a. n.a n.a

—_— —_— —_— n.a n.a. n.a n.a

— 3 —3ss7 =31 <001
— — — n.a. n.a. n.a. n.a.

— - — 5 77 42 <001
— — — n.a n.a. n.a n.a
i o

voyages (figure 1b and table 4). While final total PP was
lower in exchanged tanks when compared with control
ones for all taxonomic groups on Atlantic voyages, it was
higher in exchanged than in control tanks for invertebrates
and similar between treatments for diatoms (figure 1b and
table 4).

Our comparison of rank-abundance distributions with more
traditional summary methods indicated that total PP was
strongly influenced by the most dominant species, and did not
provide any information regarding abundances of moderately
common or rare species (figures 2 and 3; electronic supplemen-
tary material, figures S1-S8). Mean PP (+s.e.m.) summarized
variation in abundances among species, with greater variation
associated with more uneven assemblages, though it typically
underestimated abundance of dominant species while greatly
overestimating that of rare ones (figures 2 and 3; electronic
supplementary material, figures S1-S8).

4. Discussion

Understanding the dynamics of a species assemblage during
the transport stage prior to introduction can provide insights
into how invasion risk changes temporally [2,3]. Characteriz-
ation of assemblages in invasion vectors has typically relied
on CP and total PP [6,7]. Here, we extended this approach to
examine rank-abundance distributions and CP:total PP
relationships for a variety of common taxa found in ships’ bal-
last water and to explore the importance of voyage route and
BWE. Our results suggest that rank-abundance distributions
and CP:total PP in control tanks vary greatly by voyage
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Table 4. Results of MANOVA addressing the effects of voyage route,
taxonomic group, BWE status and their interactions on final (P and total PP.

variables df. F p
voyage route
Wilks's A 2 282 <0.01
univariate F-tests
® 1 575 <001
total PP 1 232 <0.01
taxonomic group
Wilks's A 4 343 <0.01
univariate F-tests
P 2 9.9 <0.01
total PP 2 130.9 <0.01
BWE status
Wilks's A 2 14.4 <0.01
univariate F-tests
P 1 29.9 <0.01
total PP 1 7.8 <0.01
taxonomic group X voyage route
Wilks's A 2 24.0 <0.01
univariate F-tests
P 1 5.0 0.03
total PP 1 20.9 <0.01
BWE status x voyage route
Wilks's A 2 13.1 <0.01
univariate F-tests
P 1 15.4 <0.01
total PP 1 24.7 <0.01
BWE status x taxonorﬁic group ‘
Wilks's A 4 2.7 0.04
univariate F-tests
P 2 33 0.05
total PP 2 3.9 0.03

route (Atlantic versus Pacific). Responses in rank-abundance
distributions and CP: total PP for control tanks also differed
by taxonomic group. Paradoxically, in certain cases, BWE actu-
ally increased CP and/or total PP by adding new species or
increasing the abundance of existing dominant species, thereby
increasing overall introduction risk. Our study thus provides
a useful application of rank-abundance distributions in inva-
sion ecology to characterize transported assemblages and to
examine efficacy of management strategies.

Differences in source inocula and voyage length can both
influence responses in assemblage structure during transport.
When voyage length was standardized for Atlantic and
Pacific trips, route predicted CP or total PP, depending on
the taxonomic group. It is apparent that initial rank-
abundance distributions differed between Atlantic and Pacific
routes within a particular taxonomic group, consistent with
resports on differences in richness and abundance of ballast

water organisms among source regions [6]. When full voyages
were considered, voyage route again was a significant predic-
tor of CP or total PP. Furthermore, CP and/or total PP
declined at faster rates during Pacific than Atlantic voyages,
suggesting that trip length was also important. Overall, we
observed stronger reductions in CP and/or total PP in control
tanks for Pacific than Atlantic routes. Long transit times pro-
long organisms’ exposure to biotic and abiotic stressors in
ballast water [6]. Therefore, longer trips are generally associ-
ated with lower species richness and abundance of ballast
water organisms [6,11].

Differences between the two voyage routes are also
reflected in final CP: total PP, in which CP and total PP were
higher for Atlantic voyages than for Pacific ones in both control
and exchanged tanks. All things being equal (e.g. shipping traf-
fic, environmental suitability and study effort), our results
suggest that vessels arriving with ballast to the Atlantic coast
of Canada present a higher risk of ballast-mediated introduc-
tions by transoceanic vessels. This finding is consistent with
the occurrence of more non-indigenous species on the Atlantic
than the Pacific coast of Canada (i.e. 112 versus 94) [20]. How-
ever, other factors such as introduction of new species by other
vectors (e.g. hull fouling and aquaculture), secondary spread
by natural and anthropogenic (e.g. domestic shipping) means
and other site- and species-specific attributes may obscure
the pattern between regions [15].

Relative dynamics for CP and total PP among taxonomic
groups may be attributed to taxon-specific tolerance to abiotic
and biotic stresses. We observed significant attenuation of
total PP, or both CP and total PP in some cases, for invertebrates.
Conversely, diatoms and dinoflagellates exhibited significant
reductions in CP but no changes in total PP. These findings
suggest that invertebrate species generally have broad tolerance,
though members of moderately common species exhibited the
highest mortality. By contrast, tolerance varies by species for
diatoms and dinoflagellates, in which mortality was selectively
high for rare species, while moderately common and dominant
species mostly survived or even reproduced during transpor-
tation [12,13]. Our results corroborate those described by
Briski et al’s [2] conceptual model, with a few exceptions.
Cases that deviated from the conceptual model were mostly lim-
ited to Pacific voyages, further supporting our previous findings
of the effect of voyage route on assemblage dynamics.

BWE appeared to increase introduction risk in certain cases
by augmenting existing populations and/or adding new
species. We observed elevated risk for both invertebrates and
diatoms after BWE on Pacific voyages, the former owing to
increased total PP and the latter to increased CP. Conversely,
only dinoflagellates demonstrated elevated risk as a result of
increased CP following BWE on Atlantic voyages. Increases
in total PP but not CP following BWE indicate increased popu-
lation abundance for species already present in ballast water
tanks, possibly as a result of hatching from diapausing eggs
promoted by loading of ‘fresh’ oceanic water [21] and/or
uptake of individuals of existing species during BWE [22].
We attribute increases in CP after BWE to uptake of new
species during BWE [12,13]. Our findings accord with previous
studies that reported increased species richness due to the
addition of new species and persistence of original ones follow-
ing BWE [22,23]. This finding is of particular concern for
marine and coastal systems because new open-ocean species,
in addition to original coastal ones, could potentially survive
if released into saline or strongly brackish waters. By contrast,
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these species are unlikely to survive in freshwater environ-
ments, thus posing a much lower invasion potential.
Rank-abundance distributions provide a more accurate
description of entrained assemblages than summary statistics
including total and mean PP. Our study demonstrated that
rank-abundance distributions effectively characterized variation
in abundance across species, making it possible to visualize and
examine assemblage dynamics over time, particularly before and
after vector management, thereby allowing refined estimation of
introduction risk. Conversely, total or mean PP consistently over-
or underestimated abundances of most species because entrained
assemblages were generally uneven, with extent of unevenness
depending on voyage route, taxonomic group and vector man-
agement strategy. Over- and underestimation of abundances
can have strong ecological consequences, respectively leading
to misidentification of high- or low-risk introduction events.
Characterizing assemblage dynamics during transport and
identifying factors that influence changes can improve our
ability to forecast invasions. We are not aware of studies on
temporal changes in assemblage structure during transport
in vectors other than ballast water. We propose that the use
of rank-abundance distributions—a tool commonly used to

characterize communities in natural habitats—and the analysis
of CP and total PP relationships be extended to assemblages
entrained by myriad invasion vectors. Rank-abundance distri-
butions, CP: total PP relationships and introduction risk may
vary among vectors. For example, biofouling communities on
a ship’s hull are exposed to very hostile transport conditions
due to shear stresses and changing environmental conditions,
thus introduction risk probably changes over time. By contrast,
species assemblages associated with live algae used as bait
worm packaging should be exposed to low selection pressures
during transport because environmental conditions are opti-
mized to prevent worm mortality, thus we expect little to no
change in introduction risk.
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