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Summary

1. The most effective way to manage nonindigenous species and their impacts is to prevent their
introduction via vector regulation. While ships’ ballast water is very well studied and this vector is
actively managed, hull fouling has received far less attention and regulations are only now being
considered despite its importance for introductions to coastal, marine systems.

2. We conducted comprehensive in situ sampling and video recording of hulls of 40 transoceanic
vessels to assess propagule and colonization pressure in Vancouver and Halifax, dominant coastal
ports in Canada. Concomitant sampling was conducted of harbour fouling communities to com-
pare hull and port communities as part of a vector risk assessment.

3. Although this vector has been operational for a long time, hull and harbour communities were
highly divergent, with mean Serensen’s similarity values of 0-03 in Halifax and 0-01 in Vancouver,
suggesting invasion risk is high. Propagule pressure (up to 600 000 ind. ship™") and colonization
pressure (up to 156 species ship™~') were high and varied significantly between ports, with Vancouver
receiving much higher abundances and diversity of potential invaders. The higher risk of fouling
introductions in Vancouver is consistent with historical patterns of successful hull fouling inva-
sions.

4. The extent of hull fouling was modelled using ship history predictors. Propagule pressure
increased with time spent in previous ports-of-call and time since last application of antifouling
paint, whereas colonization pressure increased with time since last painting and with the number of
regions visited by the ship. Both propagule and colonization pressure were negatively related to the
time spent at sea and the latitude of ports visited.

5. Synthesis and applications. A major challenge for applied invasion ecology is the effective man-
agement of introduction vectors. We found that hull fouling has a strong potential for introduction
of many species to coastal marine habitats and that management should be considered. Simple
variables related to the vessels’ hull husbandry, voyage, and sailing patterns may be used to predict
and manage hull fouling intensity. The results presented here should interest policy makers and
environmental managers who seek to reduce invasion risk, and ship owners seeking to optimize fuel
efficiency.
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Introduction

The introduction and spread of nonindigenous species (NIS) is
a major threat to global biodiversity (Lawler ez al. 2006; Clave-
ro et al. 2009). Given the host of ecological, economic, and
health problems associated with NIS introductions, a growing
field of study focuses on management policies and procedures
(Leppédkoski, Gollasch & Olenin 2002; Ruiz & Carlton 2003).
Management efforts appear most successful when they target
introduction of new NIS, as successful eradication of estab-
lished populations is rare (Lodge et al. 2006, Bergstrom et al.
2009).

In an era of globalization and human population growth,
greater trade and associated NIS introductions — both inten-
tional and inadvertent — should be anticipated (Lawler ez al.
2006; Hulme 2009). International shipping transports ~90%
of globally traded goods, and represent perhaps the single larg-
est pathway for transport and introduction of NIS globally
(Hewitt, Gollasch & Minchin 2009). Ships provide two princi-
pal mechanisms for dispersal of aquatic NIS. Vessels carry bal-
last water to maintain stability and trim when they are not
carrying cargo. This water, usually loaded in the penultimate
port-of-call, can support varying abundances (i.e. propagule
pressure; see Methods) or diversities (i.e. colonization pressure;
see Methods) of species which are subsequently discharged
into the recipient port (Carlton 1985). Secondly, externally-
exposed vessel surfaces including the hull, tiller, rudder, sea-
chest and bulbous nose may become fouled by an assortment
of encrusting species or fouling species that may dislodge or
reproduce in situ in subsequent ports-of-call (e.g. Coutts &
Taylor 2004; Ruiz & Smith 2005; Sylvester & Maclsaac 2010).

Recognition of the key role played by ballast water in inter-
national dispersal of NIS has resulted in the creation of pro-
posed standards that would limit the permissible density of
viable organisms discharged in ships’ ballast (IMO (Interna-
tional Maritime Organization) 2004). All international vessels
must exchange filled ballast tanks or flush ‘empty’ ones while
crossing the Atlantic Ocean prior to discharging into the Great
Lakes, a procedure that appears to substantially reduce the risk
of introducing new NIS (Bailey ez a/. unpublished data). In
contrast, no international regulations or ‘best practices’ cur-
rently exist that specifically address NIS transported attached
to the hull of vessels, with the exception of Australia and New
Zealand (Hewitt, Everett & Parker 2009). Following these
examples, the IMO has initiated development of hull fouling
management guidelines for international merchant vessels
although adoption by its members is expected to progress
slowly. Currently, however, hull maintenance is a voluntary
practice implemented by ship owners with the aim to reduce
hydrodynamic drag and fuel consumption. Also, due both to
the vast surface area available for colonization under transoce-
anic vessels and to the existence of refugia niches where anti-
fouling paints are not applied or effective, hull husbandry
practices that effectively reduce fouling and improve fuel con-
sumption might still allow sufficient propagules to be trans-
ported such that invasion risk remains high (Gollasch 2002;
Coutts & Taylor 2004). Faster vessels and shortened transit

times, absence of hull maintenance for inactive vessels, devel-
opment of antifouling resistance by hull fouling species, and a
ban in 2008 on one of the most powerful antifouling agents
known, tributyltin (TBT), owing to marine toxicity issues may
further increase the introduction potential associated with hull
fouling (Minchin & Gollasch 2003; Davidson et al. 2008;
Piola, Dafforn & Johnston 2009).

Although managers and policy makers are slowly turning
their focus to hull fouling, logistical and economic challenges
associated with sampling have limited hull fouling research.
A number of studies have identified variables related to hull
fouling propagule pressure (Coutts 1999; Coutts & Taylor
2004; Ruiz & Smith 2005), but few have tried to construct
predictive models of risk (Davidson et al. 2009; Sylvester &
Maclsaac 2010). In this study, we use hull fouling as an exam-
ple of the potential of vector assessment to provide managers
with tools to address risks of biological invasions. We con-
ducted a comprehensive assessment of hull fouling communi-
ties associated with 40 international ships arriving to two
major ports on the east and west coasts of Canada. Specific
objectives of this study were to: (1) assess the potential of hull
fouling as an introduction vector; (2) compare propagule and
colonization pressure in the ports of Halifax and Vancouver;
and (3) develop a hull fouling model to identify factors that
may be managed to limit introduction risk.

Materials and methods

Between 2007 and 2009, we surveyed the hulls of 20 commercial trans-
oceanic vessels in the Port of Halifax and 20 in Vancouver on the east
and west coasts of Canada, respectively. Sample collection and pro-
cessing methods were similar to those described in a previous study
(Sylvester & Maclsaac 2010), and are described here only briefly. We
opportunistically sampled vessels representing the prevailing
inbound, international traffic to the ports studied. Vessels sampled
included bulk, container, general cargo carriers, oil and chemical
tankers, roll-on/roll-off cargo vessels, and one cable layer. Divers col-
lected 20 x 20 cm quadrat samples and recorded random video tran-
sects from underwater locations of the hull. The combination of
abundances in the samples and percentage cover information
obtained from video transects was used to estimate total abundance
of invertebrates per ship. Control water samples were collected from
the dock area and used to adjust species diversity assessments for con-
tamination that may have occurred while the vessel was in port. Basic
information including typical sailing speed, and antifouling and travel
history for the previous year was collected for all but one vessel. Sam-
ples scraped from hulls of 10 vessels (4 in Halifax, 6 in Vancouver)
were examined visually at the dock, prior to fixation, to determine if
organisms were dead or alive when collected.

To determine whether hull fouling communities differed from those
in recipient ports, we conducted extensive sampling of native and
non-native benthic fauna in the sampled ports. Harbour sampling
was carried out during 2007 through 2009 and comprised dive, settle-
ment plate (subtidal communities), and intertidal sampling. Dive sur-
veys were conducted in 6 locations in the Port of Vancouver and 12
sites in Halifax. At each site, four dock pilings or an equivalent num-
ber of transects on a dock wall were examined to a depth of up to
7-5 m for 10 min. When species identifications were not possible by
divers in-situ, they were obtained through high-resolution pictures or
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physical samples collected and examined in the laboratory. Settle-
ment plates were suspended from floating structures (1-5 m depth) in
each harbour to characterize recruitment. In Halifax, a base with
either three to four Petri dishes or three 10 x 10 cm PVC plates were
deployed in the harbour plus each of three marinas for 2-5 months.
Bases with four Petri dishes attached were deployed in Vancouver;
two plates at each of four harbour sites for 3-5 months. Standardized,
4-h long timed walks were used to characterize the species inhabiting
intertidal habitats in both Halifax (6 sites) and Vancouver (9 sites).
Representative habitats were surveyed in each of three intertidal
heights (high, mid, and low) with all macro-organisms encountered
recorded.

All samples were sorted and hull fouling invertebrates were
counted in the laboratory to estimate abundances. We did not
attempt to quantify harbour samples. Organisms were identified to
the lowest taxonomic level possible and classified as native, estab-
lished NIS, or cryptogenic through the use of taxonomic keys, exten-
sive bibliographic search, and through consultation with global
taxonomists (see acknowledgements). Hull fouling taxa that were not
found in harbour samples were considered non-established NIS for
that port. Identifications of ascidians in port waters were confirmed
by molecular techniques using the 18S rDNA marker. Algae and
nematodes were excluded from analyses. Hull video-transects were
used to calculate taxa abundances for the whole ship (see Sylvester &
Maclsaac 2010).

In this paper, we use the terms propagule pressure to describe the
total number of individuals of a species that is introduced at a given
location, propagule number as the number of introduction events,
and colonization pressure as the total number of species released
(sensu Lockwood, Cassey & Blackburn 2009), and introduce the term
combined propagule pressure to refer to the total number of individu-
als of all species transported by a vector.

DATA ANALYSIS

To assess colonization pressure associated with hull fouling in Halifax
and Vancouver, we estimated species richness by ship and for all ships
combined in each port. We used the Chao-2 species richness estimate,
calculated using SPADE software (Chao & Shen 2003); significant
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differences between ports were tested using confidence intervals.
Comparisons between vessel and harbour fouling communities were
made using Serensen’s Similarity Index (QS). This index was calcu-
lated as:

2J
H+ P

oS = eqn |
where H and P are the number of fouling species in hull and port
communities, respectively, and J is the number of species shared
between the two. Additionally, we compared several biotic (e.g.
propagule and colonization pressure, sampled number of species,
and Serensen’s similarity index between hull and port communi-
ties) and abiotic (e.g. number of international port arrivals,
average port latitude, total and average port time, number of
ports-of-call visited, vessel length, sailing speed, time since last
dry-docking, and time since last painting) variables related to the
harbour and vessels sampled in Vancouver and Halifax using
two-tailed t-tests for samples with unequal variance.

Previous ports-of-call were assigned to the following regions:
Atlantic North America; Pacific North America; Gulf of Mexico and
Caribbean Sea; Pacific Central America; Atlantic South America;
Pacific South America; Europe and North Africa; South Africa and
Indian Ocean; Asia; Oceania; Arctic Seas; and Panama (Sylvester &
Maclsaac 2010; Fig. 1). We used Pearson’s correlation to explore the
relationship between the time spent by vessels in ports in a given
region over the previous year prior to sampling and the number of
species from that region that were found on the hulls. We used the
global distribution of the species as a surrogate for the source region.

MODELLING HULL FOULING

We explored simple relationships between average and combined
propagule and colonization pressure using ANCOVA, with sampling
port as a categorical variable and time since last painting and port res-
idence time over the year prior to sampling as covariates. We fitted
simple least square linear regressions to these relations using
log(x + 1) transformation of variables to reduce variances and meet
statistical assumptions.
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Fig. 1. Ports-of-call visited during the year preceding sampling in Halifax (solid circles) and Vancouver (open circles). The size of the circles indi-
cates the total number of days in port (see scale on map). Dotted balloons group ports-of-call in the same region; regions are indicated.
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We modelled sampled species richness, number of individuals, and
the metric total estimated number of individuals ship™' using process
models of gains and losses. Number of individuals sampled repre-
sented the abundance of all invertebrates (i.e. combined propagule
pressure) in a quadrat sampled from a patch covered with biofouling,
whereas the number of individuals ship™' represented the abundance
in a quadrat sampled randomly across the entire hull multiplied by
the size of the hull. We generated our models assuming that propagule
pressure could be separated into gains and losses: species and individ-
uals accumulated during port stays, and were lost during ship travel.
We assumed that the ability of fouling organisms to attach depended
upon the antifouling painting, the effectiveness of which is expected
to decay over time in a simplified model. The two coasts studied could
have different rates of gain resulting from different species pools in
their respective source ports. We assumed, however, that loss rate
functions would be similar between coasts. Thus, the number of spe-
cies and individuals in a sample was modelled as:

eqn 2

where N is the number of organisms on a given ship, G, is the
gain of organisms from port p, and L, the proportion that is sub-
sequently lost. Gain is a function of the number of organisms
present (determined by K; and K5), the degree of accumulation
(4,), and the efficacy of antifouling paint (S,). We hypothesize
that accumulation depends on the duration of the stay at port p
(D,), and that S, depends on the time since the last application
of antifouling paint (Q,). Mathematically:

G, = (K| + K>x)A,S, eqn 3

where K; and K, are scalars, x is a dummy variable that allows
the sampling ports to differ (0 = Halifax, | = Vancouver), and

A, =1- e eqn 4

S,=1-—¢79" eqn 5
We hypothesize that loss occurs during travel and may be modified
by sailing speed. Loss is given by:

Lw:ze—mﬂf+mwmwxvnrﬂ eqn 6
where T, is travel time since departure from port p, V is typical
sailing speed, and V7, is distance travelled. There may be a lag
with respect to how soon organisms start to attach in the port —
possibly related to biofilm condition — as well as to when they
start to be lost following departure, and an asymptote for gain
and loss. These situations were modelled using shape parameters
(o, B, v) and coefficients (¢) in each of the eqns 4-6. We com-
pared predicted to observed values across all ships using a Pois-
son error model for counts of species richness and number of
individuals sampled, and a normally distributed error model for
number of individuals ship™'. We tested the importance of the
components of the model by removing one variable at a time; the
change in the model fit was examined using Akaike’s Information
Criterion (AIC) and bias adjusted AIC values when n/k < 40
(Turkheimer, Hinz, & Cunningham 2003; Johnson & Omland
2004).

We conducted a Principal Component Analysis (PCA) to detect
relationships that remained unrevealed by the previous models.
We used the correlation matrix of variables related to hull fouling
propagule pressure, operation patterns (i.e. sailing speed, number of

regions visited, number of visits to , latitude of, and time spent in
ports-of-call), maintenance (i.e. time since last dry-docking and paint-
ing of the hull), and travel history of all ships from this study pooled.
Variables that had little relevance or were linearly dependent with
other variables analysed were eliminated from the PCA. A signifi-
cance level of o = 0-05 was used for all statistical analyses.

Results

The vessels sampled in this study serviced globally distributed
ports-of-call, although those in the Gulf of Mexico, Caribbean
Sea, Atlantic coast of North America, and Europe constituted
the main source of vessels arriving to Halifax, while Asia was
by far the most visited source of vessels sampled in Vancouver
(Fig. 1). We collected 58 and 109 hull fouling samples, respec-
tively, from vessels in Halifax and Vancouver. Total abun-
dance of organisms sampled was 7262 and 15 787 individuals,
and 71 and 141 taxa, respectively (see Appendices S1, S2 in
Supporting Information). Barnacles, copepods, bivalves, and
amphipods accounted for a large proportion of the individuals
and taxa found.

Considerably fewer fouling species, both native and non-
native, were found in harbour samples collected in Halifax
than Vancouver (Table 1). Similarity between hull and har-
bour fouling communities was very low overall; Serensen’s
similarity values were significantly lower in Vancouver than
Halifax (Table 1).

The number of fouling species attributed to a global region
was positively correlated with the time vessels spent in ports in
that region over the year preceding sampling; this relationship
held for vessels sampled in both Halifax (* = 0-50,
P = 0-015) and Vancouver (¥ = 079, P < 0-001). Nine out
of 20 variables examined suggested that hull fouling posed a
greater introduction risk in Vancouver than Halifax (Table 1).
For example, we observed that for all variables related to hull
fouling propagule and colonization pressure, Vancouver had
similar or higher values than Halifax. Similarly, voyage vari-
ables potentially associated with higher hull fouling intensity
such as total and average duration of stay in, and the inverse of
the latitude of ports visited were significantly greater for vessels
visiting Vancouver than Halifax (Table 1, Appendix S3 in
Supporting Information).

MODELS

Time in port and time since last application of antifouling paint
were significant covariates for propagule and colonization
pressure (P < 0-005; Fig. 2). There were no significant differ-
ences between combined and average propagule pressure per
ship in the two ports, but colonization pressure was signifi-
cantly higher in Vancouver than Halifax (ANCOVA,
r = 070, P = 0-001; Fig. 2; Table 1).

Our process models found that the only significant predic-
tors for sampled species richness were mean duration of travel
(AAIC = 17) and its shape parameter (AAIC = 19), time
since last painting (AAIC = 76), and sampling port
(AAIC = 83). Thus, the reduced model was:
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Table 1. Comparison between vessel and harbour, biotic and abiotic variables characterizing the strength of hull fouling as a vector in the ports

of Halifax and Vancouver

Port where
vector is
Variable Halifax Vancouver strongest
Vessels
Combined propagule pressure (ind. ship™') 27 713 (49 663) 95 604 (158 832) n.s.
Average propagule pressure (ind. ship™') 3618 (10 397) 2101 (3285) n.s.
Colonization pressure (species ship™") 15 (17) 50 (46) Vancouver
Mean observed species (species ship™")
Native 0-7 (0-6) 03 (0-4) Halifax
Established NIS 0-2 (0-4) 0-7 (0-7) Vancouver
Non-established NIS 32 (33) 6 (39) Vancouver
Total (all ships combined) 34 54
Time since last painting (d) 729 (364) 607 (305) n.s.
Time since last dry-docking (d) 667 (269) 605 (305) n.s.
Sailing speed (knots) 165 (3-4) 157 (3-4) n.s.
Vessel length (m) 220 (67) 174 (44) Halifax
Total port time by region (days y™")
Most visited Atlantic North Asia: 48 (26) Vancouver
America: 26 (25)
2nd most visited Europe: 23 (20) Europe: 9 (17) Halifax
3rd most visited Gulf: 17 (30) Pacific North n.s.
America: 7 (8)
Sampling port Halifax: 5 (6) Vancouver: 12 (7) Vancouver
All regions 84 (40) 96 (30) n.s.
Total number of ports visited (ports y™') 73 (34) 56 (24) n.s.
Average port stay (d) 1 (0:7) 1-7 (1-0) Vancouver
Average port latitude 377 (9-3) 32 (4:6) Vancouver
Harbour
International arrivals (ships y~')* 1187 (73) 2987 (188) Vancouver
Reported fouling species 48 153
Reported fouling NIS 7 18
Serensen’s similarity index between hull 0-03 (0-025) 0-01 (0-01) Vancouver

and port communities

Vessel and Serensen Similarity Index values are means (SD) from 20 vessels unless indicated. Harbour values are total species found.
*Mean (SD) for the years 2007, 2008 and 2009. NIS, nonindigenous species. Significant differences between ports (z-test, oo = 0-05) are

indicated. n.s., non-significant (see Methods).

P
vpecm? Z K] =+ sz 1 —e YQ) —B7, eqn 7
p=1

with parameter values: K; = 1438, K, = 3386, y=
0000 176, f= 5209 x 107%, and ¢ = 58. A plot of
expected to observed number of species across ships
explained 43% of the total variation, or 57% after
removal of one outlying data point (Appendix S4 in Sup-
porting Information). The best predictors for sampled
abundance were mean duration of travel (AAIC = 9348)
and its shape coefficient (AAIC = 7054), time since last
painting (AAIC = 7417) and its shape coefficient
(AAIC = 3802), and sampling port (AAIC = 12 662).
The reduced model to predict sampled abundance was:

P o
Nidviduats = 3 (K1 + Kox)(1 — 719" ) PT7 eqn 8
p=1
with parameter values: K; = 7991, K, = 29533, y=
147x107%, ¢, =1633, B= 684x10777, and
¢, = 63-55. The model explained 26% of total variation

or 38% after removal of one outlier (Appendix S4 in Sup-
porting Information).

For number of individuals ship™', the significant predictors
were duration of stay at port (AAIC = 52) and its shape coef-
ficient (AAIC = 36), distance travelled (AAIC = 36) and its
shape coefficient (AAIC = 19), time since last painting
(AAIC = 23) and its shape coefficient (AAIC = 24), and
sampling port (AAIC = 38). The reduced model was:

P

Ninaiiduats = Y (K1 + Kox) (1= 27" ) (1 = 710 ) PUT"
p=1

eqn 9

with parameter values: K; = 92 708, K, = 121 x 10°,
o= 585x107%, ¢, = 209, v = 103 x 1077, ¢, = 363,
B =315x10"", and c3 = 239. This model explained
86% of variation in combined propagule pressure across
ships, or 64:9% following removal of an outlier (Appen-
dix S4 in Supporting Information).

Variables with the highest factor coordinates in the PCA
were vessel combined propagule pressure, port-of-call latitude,
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Fig. 2. Combined (a), average propagule pressure (b), and coloniza-
tion pressure (c) of vessels sampled in Halifax and Vancouver as a
function of time in port during the previous year and time since last
application of antifouling paint. All relationships are positive and sig-
nificant for both ports separately and combined, except for average
propagule pressure and colonization pressure in Vancouver (b, c).
Regression lines for both ports are shown on the graphs. ANCOVA
indicated that time in port (a, b) and time since last painting (c) were
significant covariates (P < 0-01); colonization pressure was signifi-
cantly higher in Vancouver than Halifax (P = 0-001; c); interactions
were non-significant for propagule pressure (a, b) but close to signifi-
cant for colonization pressure (P = 0-051; c). Note the logarithmic
scale of the y-axis.

and duration of stay along PC1, and sailing speed, number of
regions visited, and duration of port stays along PC2. The
PCA confirmed a strong relationship between total time in
port during the previous year, time since last application of
antifouling paint, and combined propagule and colonization
pressure (Fig. 3). Colonization pressure also was positively
related to the number of regions visited over the previous year.
Sailing speed had a negative effect on combined propagule
pressure along PC2, while a positive effect on colonization
pressure is suggested along the same axis; latitude of ports vis-
ited had a clear negative effect on both propagule and coloniza-
tion pressure (Fig. 3). Over 50% of total variability was
explained by the first two principal components.

Discussion

Shipping is a major vector for global introductions of marine
NIS, with hull fouling typically exceeding ballast water in
importance in coastal, marine ecosystems (Hewitt, Gollasch &

Time in port

Propagule
pressure

Colonization
pressure
Last painted

Regions
visited

Latitude

PC2:21-7%

Speed
-0-5 0 0-5
PC1:32:1%

Fig. 3. Principal component analysis of invertebrate communities
attached to the hulls of 40 vessels sampled in the ports of Halifax and
Vancouver. Response variables included are combined propagule
and colonization pressure (solid circles), while independent variables
are time since last painted with antifouling agent, typical sailing
speed, residence time in port, average latitude of ports, and number
of regions visited over the year prior to sampling (open circles). Per-
centage of total variance explained by the first and second principal
components is indicated.

Minchin 2009). Despite this, there have not been any compara-
tive assessments of hull fouling for different regions, with the
exception of a single hull fouling study that compared its data
to previous studies (Davidson et al. 2009). Here, we conducted
the first simultaneous, comprehensive assessment of hull foul-
ing for two major ports. We found a total of 170 fouling taxa,
of which 78 were identified to species level, on the hulls of 40
merchant vessels. About 90% of these species have not been
recorded in the sampling ports, and are considered non-estab-
lished NIS. The mismatch between port and hull fouling com-
munities can be partially explained by the different time frames
of the hull sampling — typically sampled over a few years — and
the assemblage of the harbour communities sampled, which
often have been exposed to centuries of hull fouling introduc-
tions (Fofonoff ez al. 2003). It is nonetheless clear that novel
NIS are still being carried and that introduction risk is not
insubstantial. Unlike in freshwater environments, we cannot
assume that salinity mismatch will prevent these species from
successfully colonizing or establishing in destination ports (Syl-
vester & Maclsaac 2010). An alternative view posits that NIS
that have not colonized global ports despite centuries of car-
riage might be considered poor colonizers incapable of success-
fully establishing populations in new regions.

We not only found that Vancouver receives more vessels
than Halifax (i.e. propagule number), but also that those ves-
sels transport more hull fouling species (i.e. colonization pres-
sure) at higher abundances (i.e. propagule pressure) than the
ones arriving in Halifax. Such marked spatial variation in vec-
tor strength is attributable to a number of factors. Propagule
source region, for instance, can determine the composition and
number of species transported (i.e. colonization pressure). Our
results confirm that vessels gather the most hull fouling species
from ports that they visit most often. Even if the presence of
many cosmopolitan species might have weakened the correla-
tion, the actual relationship remains unchanged. Furthermore,
vessels visiting more regions probably gather more species
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because they are exposed to a greater variety of biological
communities.

Propagule pressure was inversely related to the latitude
of ports visited. Vessels servicing Vancouver operate at
significantly lower latitudes and potentially entrain more taxa
and propagules due to longer reproductive seasons, higher
temperatures, and increased marine diversity at the ports vis-
ited (Hillebrand 2004; Locarnini et /. 2010). Hull fouling and
harbour communities were very different in both sampling
ports, but significantly more so in Vancouver. With a consider-
ably longer history than Vancouver as a major international
hub, the Port of Halifax has possibly received many of the spe-
cies available from its source pool in Europe over the preceding
centuries; in contrast, the Port of Vancouver likely remains
more dissimilar to its donor sources. Overall these results sug-
gest that Vancouver is more exposed to novel NIS via hull foul-
ing than is Halifax, and that this port would be a good
candidate to evaluate potential mitigation or control measures
to reduce fouling risk.

Among the species found in this study were several NIS of
global concern for protection of native diversity. For example,
we found one specimen of Rapana venosa on a sea-chest cover
on a vessel inspected in Vancouver. R. venosa is a whelk pest to
both natural and cultivated populations of oysters, mussels
and other molluscs (ISSG (Invasive Species Specialist Group)
2010). In 1926, it was introduced by oyster stock contamina-
tion in Puget Sound, near Vancouver, but failed to invade
(U.S. Geological Survey, http://usgs.gov). Although ballast
water and hull fouling also have been proposed as introduction
vectors for R. venosa (Mann, Occhipinti & Harding 2004;
Chandler, McDowell & Graves 2008), this study includes the
first direct observation of the species as part of hull fouling
fauna. Although the risk posed by a single specimen on a sea-
chest grating might seem low, other individuals may have been
located in the uninspected interior section of the sea-chest
(Coutts & Dodgshun 2007).

Other nonindigenous bivalves that we recorded on vessels
inspected in Vancouver and Halifax included Geukensia demis-
sa, a native of eastern North America, Mytilus galloprovincialis
from Europe, and Musculista senhousia from Asia (Creese
et al. 1997; Sousa, Gutiérrez & Aldridge 2009; ISSG (Invasive
Species Specialist Group) 2010). All three species are non-
native to the west coast, while M. senhousia and probably
M. galloprovincialis also are non-native to Halifax. The Asian
bivalve Crassostrea gigas is an introduced NIS on both coasts
of North America that was found on vessels visiting Vancou-
ver (ISSG (Invasive Species Specialist Group) 2010). In fouling
communities sampled in Vancouver, we also found Gammarus
tigrinus, a euryhaline amphipod introduced to both coastal
and freshwater habitats across Europe and recently to the
North American Great Lakes. These species possess broad
environmental tolerances, extensive invasion histories, and
records of strong ecological impacts; their global transport is
cause for concern considering that neither Canada nor most
other countries have policies regarding hull husbandry for
vessels approaching their shores, with the exception of bans on
use of the potent antifouling agent TBT.
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Fig. 4. Estimated propagule pressure (a) and observed colonization
pressure (b) transported via ballast water (open bars), sediment (grey
bars), and hull fouling (solid bars) to ports on the east and west coasts
of Canada. Bars in the upper panel are average values across ships,
while those in the lower panel are total values for all ships combined.
Note the logarithmic scale in the upper panel. Ballast water values are
based on 21 (east coast) and 26 ships (west coast), ballast sediment on
60, and hull fouling on 20 ships on each coast. Ballast water and sedi-
ment sampling was conducted in several ports on the east and west
coast of Canada including Halifax and Vancouver during 2006-2008
(ballast water) and 2007-2009 (ballast sediment). Hull fouling data
are from this study, whereas other data is courtesy of C. DiBacco,
L. Nasmith (ballast water) and E. Briski (ballast sediment).

Hull fouling transports only a moderate number of propa-
gules to Halifax and Vancouver relative to those transported
in ballast sediment and, especially, ballast water (Fig. 4).
Nevertheless, hull fouling appears to be a stronger subvector in
terms of the number of species transported (Fig. 4). As well,
there are broad spatial differences between these three subvec-
tors in terms of both propagule and colonization pressure. For
example, the total number of individuals and species trans-
ported via hull fouling is higher in Vancouver than Halifax,
while ballast water (for number of individuals) and sediment
(for both variables) exhibit the opposite pattern (Fig. 4). This
suggests that the strength and potential for successful introduc-
tion differs for the three subvectors in different ports. Previous
studies in Australia, New Zealand, the North Sea, and San
Francisco Bay have revealed that hull fouling is as, or more
important than, ballast water to the introduction of NIS to
novel habitats (see Hewitt, Gollasch & Minchin 2009). While
the IMO has proposed standards for ballast water effluent, at
present no standards exist for hull fouling. This discrepancy
should be addressed in future national or international man-
agement strategies.

MANAGING RISK

We have identified several variables potentially important for
the management of the hull fouling vector. The effectiveness of
antifouling paints decreases with age, allowing the gradual
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establishment of an increasingly rich fouling assemblage
(Coutts 1999). We found that vessels with paint up to 375 and
427 days old in Halifax and Vancouver, respectively, were rela-
tively clean, but that heavy fouling occurs thereafter. Since
many merchant vessels go for periods up to 3 years between
paint reapplication, shortening this time has management
potential although it would increase maintenance and oppor-
tunity costs for the vessel. Noticeably, the relation between spe-
cies gain and age of antifouling paint is significant in Halifax
but not so in Vancouver (Fig. 2c), suggesting that the rate of
species colonization of painted surfaces varies spatially (and
likely temporally). If we assume that the performance of anti-
fouling paint is maintained across ports, the different fouling
patterns we observed between Halifax and Vancouver could
be attributable to a varying ability of different taxa to foul
painted surfaces across source regions (Floerl, Pool & Inglis
2004; Piola, Dafforn & Johnston 2009). Alternatively, these
divergent patterns might originate from variable performance
over time of the different antifouling paints, which cannot be
accounted for in our simplified models.

Long stays at port increase opportunities for organisms to
attach to hull surfaces (Davidson et al. 2009; Sylvester & Mac-
Isaac 2010). Typically, ships would endeavour to keep port
time to a minimum to maximize operational efficiency, which
should have the added benefit of reducing fouling accumula-
tion. While management of port residence time is unlikely, it is
possible for managers to assess risk of vessels introducing NIS
based upon their recent history of prolonged stays in port or at
anchor. Given the downturn in the global economy over the
past three years, there are presently thousands of vessels at
anchor in tropical (e.g. Singapore) and other ports that could
be accumulating massive fouling communities. These vessels
will pose an enormous invasion risk when economic conditions
improve and they recommence typical commercial activities,
even though much of the built-up community is expected to be
sloughed off when the vessel achieves cruising speed (Davidson
et al. 2008; Floerl & Coutts 2009).

Extended periods at sea may lower biofouling by creating
low food and high flow conditions that are stressful for fouling
organisms (Ruiz & Smith 2005). Consistent with previous stud-
ies, sailing speed has a negative effect on propagule pressure
(Davidson et al. 2009; Coutts et al. 2010) but there was no
observed effect, or perhaps even a positive effect, on coloniza-
tion pressure (Fig. 3). By washing away organisms, moderate
speeds may impede monopolization of suitable niches on the
hull by single species, creating opportunities for other species
to colonize (Davidson et al. 2008). Additional research is
required to determine the trade-off between these factors in
order to provide the best management advice.

Conclusions

Hull fouling on commercial vessels has a strong potential for
marine introductions. The time interval between applications
of antifouling paint, duration of stays at port versus time at
sea, sailing speed, and ports visited may be used to predict
the extent and intensity of biofouling on these vessels. Our

study illustrates how research that assesses spatial variation
in propagule pressure and in vector traits can be used to
inform management. Although drawn from a study on hull
fouling, this conclusion is applicable to a wide range of inva-
sion vectors. Future research should model specific vector
management strategies to assess their effectiveness (Hulme
2009).

Acknowledgements

We thank the shipping companies, dive companies, crews, and the
Shipping Federation of Canada that provided access to vessels.
M. Whitehead, B. Piercey, C. Levings, A. Weise, C. McKindsey,
O. D’amours, A. Yeomans Routledge, F. Roy, C. Nozeéres, K.
Kenny-Foeldessy, M. Plante-Couture, R. Estrada Anaya, S.
Comtois, J. C. Fleurent, C. van Overdijk, Mallet Research Services,
M. Ouellet, L. Roy-Grégoire, T. Okuda, P. Janukavicius, and
K. Joyce-Ann Sanford helped with sample collection and processing.
We are grateful for assistance with taxonomic identifications by Drs.
D. Calder, J. Carlton, J. Cordell, D. Deibel, S. Dodson, R. Fisher,
H. Lee, L. Lovell, F. B. Pitombo, C. Rogers, J. Thomas, P. Valentich-
Scott, and Biological Environmental Services. J. Bradie, M. Deneau,
and M. Schulze provided comments on the manuscript. Funding was
provided by NSERC’s Canadian Aquatic Invasive Species Network,
NSERC Discovery Grants to HIM and BL, Accelerator Supplement
to HJM, and by a DFO Invasive Species Research Chair to HIM. We
are grateful to the editor, T. Vance, and an anonymous referee for
helpful comments on the manuscript.

References

Bergstrom, D.M., Lucieer, A., Kiefer, K., Wasley, J., Belbin, L., Pedersen,
T.K. & Chown, S.L. (2009) Indirect effects of invasive species removal devas-
tate World Heritage Island. Journal of Applied Ecology, 46, 73-81.

Carlton, J.T. (1985) Trans-oceanic and interoceanic dispersal of coastal marine
organisms — the biology of ballast water. Oceanography and Marine Biology,
23,313-371.

Chandler, E.A., McDowell, J.R. & Graves, J.E. (2008) Genetically monomor-
phic invasive populations of the rapa whelk, Rapana venosa. Molecular Ecol-
ogy, 17,4079-4091.

Chao, A. & Shen, T.J. (2003) User’s Guide for Program SPADE ( Species Pre-
diction and Diversity Estimation). Available at: http://chao.stat.nthu.edu.tw
(accessed 20 January 2010).

Clavero, M., Brotons, L., Pons, P. & Sol, D. (2009) Prominent role of invasive
species in avian biodiversity loss. Biological Conservation, 142, 2043-2049.
Coutts, A.D.M. (1999) Hull fouling as a modern vector for marine biological
invasions: investigation of merchant vessels visiting northern Tasmania. MSc

thesis, Australian Maritime College, Launceston.

Coutts, A.D.M. & Dodgshun, T.J. (2007) The nature and extent of organisms
in vessel sea-chests: a protected mechanism for marine bioinvasions. Marine
Pollution Bulletin, 54, 875-886.

Coutts, A.D.M. & Taylor, M.D. (2004) A preliminary investigation of biosecu-
rity risks associated with biofouling on merchant vessels in New Zealand.
New Zealand Journal of Marine and Freshwater Research, 38,215-229.

Coutts, A.D.M., Piola, R.F., Taylor, M.D., Hewitt, C.L. & Gardner, J.P.A.
(2010) The effect of vessel speed on the survivorship of biofouling organisms
at different hull locations. Biofouling, 26, 539-553.

Creese, R., Hooker, S., De Luca, S. & Wharton, Y. (1997) Ecology and envi-
ronmental impact of Musculista senhousia (Mollusca: Bivalvia: Mytilidae) in
Tamaki Estuary, Auckland, New Zealand. New Zealand Journal of Marine
and Freshwater Research, 31,225-236.

Davidson, I.C., McCann, L.D., Fofonoff, P.W., Sytsma, M.D. & Ruiz, G.M.
(2008) The potential for hull-mediated species transfers by obsolete ships on
their final voyages. Diversity and Distributions, 14, 518-529.

Davidson, I.C., Brown, C.W., Sytsma, M.D. & Ruiz, G.M. (2009) The role
of containerships as transfer mechanisms of marine biofouling species.
Biofouling, 25, 645-655.

© 2011 The Authors. Journal of Applied Ecology © 2011 British Ecological Society, Journal of Applied Ecology, 48, 415-423



Floerl, O. & Coutts, A. (2009) Potential ramifications of the global economic
crisis on human-mediated dispersal of marine non-indigenous species.
Marine Pollution Bulletin, 58, 1595-1598.

Floerl, O., Pool, T.K. & Inglis, G.J. (2004) Positive interactions between nonin-
digenous species facilitate transport by human vectors. Ecological Applica-
tions, 14, 1724-1736.

Fofonoff, P.W., Ruiz, G.M., Steves, B. & Carlton, J.T. (2003) In ships or on
ships? Mechanisms of transfer and invasion for non-native species to the
coasts of North America. Invasive Species: Vectors and Management Strate-
gies (eds G.M. Ruiz & J.T. Carlton), pp. 152-182. Island Press, Washington,
DC.

Gollasch, S. (2002) The importance of ship hull fouling as a vector of species
introductions into the North Sea. Biofouling, 18, 105-121.

Hewitt, C.L., Everett, R.A. & Parker, N. (2009a) Examples of current interna-
tional, regional and national regulatory frameworks for preventing and
managing marine. Biological Invasions in Marine Ecosystems Ecological,
Management, and Geographic Perspectives (eds G. Rilov & J.A. Crooks), pp.
335-352. Springer-Verlag, Berlin, Germany.

Hewitt, C.L., Gollasch, S. & Minchin, D. (2009b) The vessel as a vector — bio-
fouling, ballast water and sediments. Biological Invasions in Marine Ecosys-
tems Ecological, Management, and Geographic Perspectives (eds G. Rilov &
J.A. Crooks Editors), pp. 117-131. Springer-Verlag Berlin, Germany.

Hillebrand, H. (2004) On the generality of the latitudinal diversity gradient.
The American Naturalist, 163, 192-211.

Hulme, PE. (2009) Trade, transport and trouble: managing invasive species
pathways in an era of globalization. Journal of Applied Ecology, 46, 10-18.
IMO (International Maritime Organization) (2004) International Convention
for the Control and Management of Ships’ Ballast Water and Sediments.

Adopted 13 February 2004, 141 pp.

ISSG (Invasive Species Specialist Group) (2010) Global Invasive Species Data-
base. IUCN Species Survival Commission. Available at: http://issg.org/data
base accessed 20 January 2010.

Johnson, J.B. & Omland, K.S. (2004) Model selection in ecology and evolution.
Trends in Ecology & Evolution, 19, 101-108.

Lawler, J.J., Aukema, J.E., Grant, J., Halpern, B., Kareiva, P., Nelson, C.R.,
Ohleth, K., Olden, J.D., Schlaepfer, M.A., Silliman, B. & Zaradic, P. (2006)
Conservation science: a 20-year report card. Frontiers in Ecology and the
Environment, 4, 473-480.

Leppikoski, E., Gollasch, S. & Olenin, S. (2002). Invasive Aquatic Species of
Europe. Distribution, Impacts and Management, p. 583. Kluwer Academic
Publishers, London, UK.

Locarnini, R.A., Mishonov, A.V., Antonov, J.I., Boyer, T.P. & Garcia, H.E.
(2010) World Ocean Atlas 2009, Volume 1: Temperature (ed. S. Levitus), p.
184. NOAA Atlas NESDIS 68, U.S. Government Printing Office, Washing-
ton, D.C.

Lockwood, J.L., Cassey, P. & Blackburn, T.M. (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.

Lodge, D.M., Williams, S., Maclsaac, H.J., Hayes, K.R., Leung, B., Reichard,
S., Mack, R.N., Moyle, P.B., Smith, M., Andow, D.A., Carlton, J.T. &
McMichael, A. (2006) Biological invasions: recommendations for US policy
and management. Ecological Applications, 16, 2035-2054.

Mann, R., Occhipinti, A. & Harding, J.M. (2004) Alien Species Alert: Rapana
venosa (veined whelk). ICES Cooperative Research Report No. 264, 14.

Minchin, D. & Gollasch, E. (2003) Fouling and ships’ hulls: how changing cir-
cumstances and spawning events may result in the spread of exotic species.
Biofouling, 19(Supplement), 111-122.

Piola, R.F., Dafforn, K.A. & Johnston, E.L. (2009) The influence of antifouling
practices on marine invasions. Biofouling, 25, 633—-644.

Hull fouling invasion vector 423

Ruiz, G.M. & Carlton, J.T. (2003) Invasion vectors: a conceptual framework
for management. Invasive Species: Vectors and Management Strategies (eds
G.M. Ruiz & J.T. Carlton), pp. 152-182. Island Press, Washington, DC.

Ruiz, G.M. & Smith, G. (2005) Biological study of container vessels at the Port
of Oakland. Final report. Submitted to the Port of Oakland.

Sousa, R., Gutiérrez, J.L. & Aldridge, D.C. (2009) Non-indigenous invasive
bivalves as ecosystem engineers. Biological Invasions, 11,2367-2385.

Sylvester, F. & Maclsaac, H. (2010) Is vessel hull fouling an invasion threat to
the Great Lakes? Diversity and Distributions, 16, 132-143.

Turkheimer, F.E., Hinz, R. & Cunningham, V.J. (2003) On the undecidability
among kinetic models: from model selection to model averaging. Journal of
Cerebral Blood Flow & Metabolism, 23, 490-498.

Received 9 August 2010, accepted 30 January 2011
Handling Editor: Melanie Austen

Supporting Information
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Appendix S1. Hull-fouling invertebrate specimens identified to
species. Sampling port: H = Halifax, V = Vancouver, HV = both.
Habitat: M = marine, E = estuarine, F = freshwater, B = brack-
ish water. Invasive status: E-NIS = established NIS; NE-NIS =
non-established NIS; NIS = nonindigenous species. Invasive status
is indicated only for taxa found in each port. Where necessary, the
port where live specimens were found is indicated in parentheses.

Appendix S2. Hull-fouling specimens not identified to species.
NIS = taxon has NIS, NE-taxa = non-established taxa; rest of the
codes as per Appendix 1.

Appendix S3. Supplementary information on hull fouling communi-
ties and vessels sampled in the ports of Halifax and Vancouver. Coast
codes for vessels: EC = east coast, WC = west coast.

Appendix S4. Plot of observed values vs. values predicted by process
models of gains and losses for sampled species richness (a), number of
individuals (b), and number of individuals ship™' (c). Species
#* = 043, individuals r* = 026, and individuals ship’] = 086;
the last model was not predictive for 31 of 39 points which did not fol-
low the overall pattern.

Asa service to our authors and readers, this journal provides support-
ing information supplied by the authors. Such materials may be
re-organized for online delivery, but are not copy-edited or typeset.
Technical support issues arising from supporting information (other
than missing files) should be addressed to the authors.

© 2011 The Authors. Journal of Applied Ecology © 2011 British Ecological Society, Journal of Applied Ecology, 48, 415-423



