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Vessel biofouling vectors and management in Hawaii 
 

Executive Summary 
The State of Hawaii has a unique biological heritage that has inherent, cultural, ecological, 
and economic value.  The islands’ geological history and biogeographic isolation provide a 
rich and distinct biodiversity that is threatened by introduced and invasive species.  In 
marine habitats, ships and boats have been the dominant source of introductions of non-
native species, some of which threaten native species, ecological processes, and economic 
interests.  Biofouling – the animals and seaweeds that attach to the submerged portions of 
vessels – is a major source of marine invasion in Hawaii.  This report examined the current 
patterns of vessel arrivals to Hawaii, vessel husbandry practices, and management options 
that may contribute to the state’s evaluation of prudent policy steps to reduce biosecurity 
vulnerability to this transfer mechanism. 
 
We examined the marine invasion history of the state, which highlighted the pivotal role 
vessel biofouling has played in introducing many of the states 346 introduced and 
cryptogenic species.  We evaluated the shipping traffic to Hawaii, demonstrating some of the 
risk provided by arrivals from over 350 locations throughout the world.  We assessed the 
current hull husbandry practices adopted by vessels that call to Hawaii (commercial and 
recreational), which showed how some existing patterns are likely to reduce biosecurity risks 
to the state (e.g. short inter dry-docking periods and growing awareness of biofouling 
management guidelines) while others contribute to a higher risk, including long lay-ups in 
overseas locations and extended periods with no maintenance action.  
 
Finally, we examined some research and monitoring priorities for marine biofouling 
invasions in Hawaii and compared the range of management options that the state could 
consider to tackle the risk of biofouling-mediated introductions.  Research and monitoring 
are critical tools for managers tasked with invasion prevention, because the data generated 
promotes understanding of invasion patterns and decision support tools for allocating 
resources.  Some of the highest priorities are to conduct standardized and repeated baseline 
surveys for biofouling invasions in the Hawaii, and the collection of vector data (sampling 
vessels) to evaluate current species transfers (now) and measure policy efficacy (later). 
 
The biofouling management policy options for Hawaii range from ‘take-no-action’ to strict 
enforcement of protective biofouling standards.  The feasibility and cost of each option 
varies in a straightforward manner, as does the efficacy and risk-reduction potential of each 
approach.  Fortunately, there are existing guidelines and standards that could be adopted that 
may be feasible to implement, provide consistency with other countries’ and international 
approaches, and help to reduce the marine invasion rate in Hawaii from this enduring and 
potent invasion vector. 
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Hawaii’s Marine Invasion History 
 

Introduction 

Hawaii is one of the most isolated archipelagos in the world and its history of anthropogenic 
introduction of animals and plants has fundamentally changed the islands’ ecology.  In some 
cases, the transport of animals and plants was done intentionally, as a food source for 
example, and those are considered beneficial and culturally important introductions.  In 
other cases, the species that have arrived have had significant negative impacts on native 
species and ecological processes.  The magnitude of those effects, exacerbated by island 
biogeography, provides world-renowned examples of biotic turnover (invasion and 
extinction) and landscape alterations (Medeiros et al., 1997; Kaiser, 2006; Lockwood, 2006).   
 
Although terrestrial invasions and their effects often dominate the popular perception of 
bioinvasions on the islands, there is an important invasion history in marine systems as well.  
Over two waves of human colonization – Polynesian and European - unintentional and 
deliberate introductions of marine species have altered the islands’ biodiversity, contributing 
novel species to a native community with a variety of effects that are mostly understudied.  
The process of introduction continues to this day, with ships acting as the primary 
mechanism of marine species introduction (Eldredge & Carlton, 2002).  In their 
comprehensive evaluation of introduced and cryptogenic marine and estuarine species in 
Hawaii, James Carlton and Lu Eldredge described 417 species established in marine waters 
of the state (Carlton & Eldredge, 2009).  This is undoubtedly an underestimate because 
small, soft-bodied, and cryptic species will be added to the list over time, in addition to the 
new species that continue to arrive to Hawaii’s shores.  Nonetheless, the level of marine 
bioinvasion in Hawaii ranks as highly as anywhere of comparable size in the world (Cohen & 
Carlton, 1998; Ruiz et al., 2000; Hewitt et al., 2004). 
 
In response to the flow of marine introductions over time, attention has been focused on the 
vectors responsible for initial incursions of nonindigenous species (NIS).  At international, 
national, and state levels, ballast water management has been the major marine biosecurity 
policy initiative over the last two decades.  State and federal programs establish rules for the 
treatment and reporting of ballast water delivery to the state, with the intended (and likely) 
effect of curtailing the numbers of organisms being introduced to the state via this 
mechanism.  However, biofouling of vessels – including large commercial ships and smaller 
recreational craft - is as important as ballast water in its contribution to marine introductions 
globally (Hewitt & Campbell, 2010) and is the most important vector in Hawaii’s marine 
invasion history (Eldredge & Carlton, 2002).  Therefore, critical attention on the biofouling 
vector is warranted and must be addressed in any effective biosecurity system. 
 
In this section, we examined the taxonomic, temporal, biogeographic, and vector patterns of 
Hawaii’s marine introduced and cryptogenic species.  The goal was to describe the scale of 
the marine invasions in the state and, in particular, to evaluate the contribution of vessel 
biofouling to Hawaii’s invasion history. 
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Methods 

We used the monograph of ‘Marine Bioinvasions of Hawaii’, by Carlton and Eldredge 
(2009), as our data source to examine the taxonomic, temporal, and vector trends of 
Hawaii’s invasion history.  The monograph is a comprehensive and detailed account of the 
nonindigenous and cryptogenic species known to occur (or have occurred) in the state.  For 
each species, the authors provided an account of the year of first record, the history and 
distribution of recorded occurrences, taxonomic and biogeographic notes, the vectors likely 
to be responsible for their initial introduction, and other pertinent information on impacts 
and spread. 
 
We used this data source to evaluate (a) the taxonomic breakdown of Hawaii’s invasions, (b) 
the timing of initial introductions, (c) the native regions for Hawaii’s introduced marine 
biota, and (d) the vectors likely to be responsible for transferring the species to Hawaii.  
Among the 417 species described as established in Hawaii by Carlton and Eldredge (2009), 
17 were fish, 42 were insects (mainly supralittoral flies, beetles, and bugs), and 12 were 
plants.  The remaining 346 were marine invertebrates and algae and we focused our attention 
on these species.   
 
(a) Taxonomic pattern: we assessed the richness of species within each broader taxonomic 

group from protists to tunicates.  This provided a brief overview of the diversity of 
Hawaii’s introduced and cryptogenic biota and the evenness of species among taxa. 

(b) Temporal pattern: we examined the timeline of initial introductions in 30-year time 
intervals, with each species’ introduction date listed as the year of first record in Hawaii 
(Carlton & Eldredge, 2009).  Our goal was to examine how many new species were 
detected per time period. 

(c) Native regions for Hawaii bioinvasions: we assessed the known native ranges for 
Hawaii’s introductions to determine the probable source regions for Hawaiian 
introductions and the numbers of species from each of those source regions. 

(d) Vector patterns: Vector attributions for each species were taken directly from the 
accounts of each species in Carlton & Eldredge (2009).  Vectors are assigned to 
introduced species to determine the most likely transfer mechanism responsible for a 
species’ initial introduction to a new location.  These designations are based on timing, 
species ecology and life-history characteristics, and the nature of vector operations such 
as aquaculture shipments or vessel activity during a time period.  Because many species 
have characteristics that make a single vector designation difficult, some species are 
considered to have more than one vector association.  Thus, there are single-vector 
species and multi-vector species based on whether a sole vector is responsible for their 
initial introduction or whether two-or-more vectors could have been responsible.  Since 
our primary interest was in vessel biofouling, we assessed the vector pattern in a 
categorical way: (i) species introduced by vessel biofouling as a sole vector; (ii) species 
introduced by vessel biofouling or ballast water; (iii) species introduced by vessel 
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biofouling or other vectors (e.g. aquaculture or live trade); and (iv) species introduced by 
other vectors (not vessel biofouling).  We assessed the overall vector pattern (vector 
strength), vector breakdown across all taxonomic groups, and the temporal pattern of 
vectors. 

Results 

Taxonomic composition of Hawaii’s nonindigenous and cryptogenic species 

The introduced organisms of Hawaii are representatives of most of the major marine phyla, 
from protists to tunicates (and fish).  There were five phyla that had 30 or more introduced 
or cryptogenic species.  The crustaceans (arthropods) were the richest with 68 species (Fig. 
1), dominated by amphipods, isopods and decapods.  Annelids (49 species), molluscs (46), 
cnidarians (36) and tunicates (30) were ranked next highest, respectively.  Bryozoans, algae 
and sponges were also well-represented with more than 20 species each.  Among the species-
poor groups, there are just two echinoderms and both are brittle stars; the introduced 
Ophiactis savignyi and the cryptogenic Ophiactis modesta. 
 

 
Figure 1.  The taxonomic breakdown of Hawaii’s nonindigenous and cryptogenic 
marine algae and invertebrates (n = 346 species). 
 
Temporal trend of invasion 

There has been a remarkable increase in the numbers of introduced and cryptogenic species 
recorded in Hawaii over time (Fig. 2).  The current trajectory is one of exponential growth in 
new species detections (y = 0.4205e0.8881x; r2 = 0.9395).  The earliest recorded introduced and 
cryptogenic species are the green alga Ulva fasciata, the brittle star Ophiactis savignyi, and the 
molluscs Hipponix australis, Tarebia granifera, and Anomia nobilis, all recorded prior to 1860.  U. 
fasciata was recorded in 1819, but it is considered cryptogenic and has Hawaiian names - limu 
palahalaha and lipahapaha – and history as a food source for Hawaiians.  O. savignyi has a 
detection date of 1849 and persists in large numbers today in Kãne’ohe Bay and Pearl 
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Harbor, 165 years after its detection.  The three earliest molluscan invaders we recorded 
prior to 1859, one of which, Anomia nobilis, may have been first described from its 
introduced range in Hawaii.  In more recent history, 31 cryptogenic and 66 introduced 
invertebrates and algae have been newly reported in the state since 1990.  Crustaceans, 
cnidarians, tunicates, and sponges comprise two-thirds of these recent detections. 
 

 
Figure 2. The temporal pattern of introduced and cryptogenic species detection in 
Hawaii (n=331 species, 15 species have detection dates that require further analyses 
to resolve). 
 
Native Regions for Hawaii’s marine nonindigenous and cryptogenic species 

The species that have been invading Hawaii’s shallow marine waters since initial colonization 
by Polynesians and the age of (European) exploration hail from all over the world (Fig. 3).  
The biogeography of many of the 346 species is sufficiently opaque at present that 177 
species are considered of unknown or cryptogenic origin.  Unsurprisingly, a majority of 
species with known origins have arrived from (a) other Pacific islands and locations on the 
Pacific Rim and (b) from the Indo-Pacific region in particular.  Different regions of the 
Pacific are considered the native range for at least 102 Hawaiian introductions and the Indo-
Pacific region alone is native to 62 of these.  This is unsurprising because the prevailing 
vector traffic (ships and other vectors) is intra-Pacific and the environmental match to the 
globally-renowned biodiversity hotspot of the Indo-Pacific region is probably strong.  There 
have also been inter-oceanic marine invasions in Hawaii; up to 14% of the 346 species a 
native range outside of the Pacific Ocean, mainly comprised of Atlantic species (at least 45 
species). 
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Figure 3. Schematic diagram of source regions for Hawaii’s marine introduced 
species.  The names of source regions and categories of arrow thickness are shown 
in Appendix 1.  Species of unknown origin and from the Indo-Pacific region are the 
highest ranked categories of source location. 
 
Vectors of Hawaiian marine invasions 

The introduction of non-native species to Hawaii is largely occurring because of 
unintentional transfers of species in and on ships and boats.  Species have been transferred 
to the state in ballast tanks of ships, in water systems of boats (bilge tanks), in the dry ballast 
of historical vessels, and most prominently, attached to submerged surfaces of vessels as 
biofouling.  Up to 78% of the introduced and cryptogenic marine species in the state have 
been brought to the islands by vessel biofouling (Fig. 4).  While other vectors have 
contributed significantly to the islands’ invasion history – notably ballast water and the 
intentional importation of algae and other species for culture – no other vector ranks higher 
than vessel biofouling as a mechanism of marine introductions in Hawaii. 
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Figure 4. The contribution of vessel biofouling to Hawaii’s invasion history.  Vessel 
biofouling is ranked highest among all vectors of initial introduction to Hawaii.  It 
has contributed between 35% and 78% of Hawaii’s introduced and cryptogenic 
species (n=346). 
 
Vessel biofouling tends to transport a diverse range of taxa.  While it is difficult to 
distinguish between certain vectors for many species, vessel biofouling is considered the sole 
vector of initial introduction for more than 60% of the algae, bryozoan, sponge and tunicate 
species that have been introduced.  Vessel biofouling is a sole or possible vector for more 
than 60% of species across 10 of the 12 major taxonomic groups (Fig. 5).  Only the 
Platyhelminthes and minor taxa (‘other’ in Fig. 5) did not have vessel biofouling as a major 
vector. 
 

 
Figure 5. The contribution of vessel biofouling to initial introduction in Hawaii by 
taxonomic group. 
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The role of biofouling is not just a historical aspect of Hawaii’s ongoing invasion story.  
Vectors such as hull boring (in wooden hulls), solid ballast, and ballast water have each 
contributed important components of the introduced biota over time, but none of these has 
been operational throughout the islands’ history of human contact.  Vessel biofouling is the 
only vector that has delivered species in each 30-year time period (Fig. 6) since Hawaii’s 
known marine invasion history began in the early part of the 19th century.  Other 
mechanisms that have endured throughout the full timeline, such as the intentional release of 
organisms, do not approach vessel biofouling in terms of importance for initial 
introductions.  As the number of introductions per 30-year time period have increased 
remarkably, vessel biofouling has been a driver of that increase. 
 

 
Figure 6.  Timeline of vector contributions to invasion in Hawaii.  Vessel biofouling 
(VB) has been an enduring and growing contributor of introduced and cryptogenic 
species in Hawaii and the role of biofouling is not just historical. (n=346; BW = 
ballast water). 
 

Discussion 

Our analyses point to four major aspects of Hawaii’s invasion history lends support to an 
evaluation of vessel biofouling and its management.  These are: 

– Shipping has been the major driver of biological invasion in Hawaii and vessel biofouling 
is a particularly potent vector for the region.  Up to 78% of the NIS and cryptogenic 
species in Hawaii have been brought to the islands via vessel biofouling (Figure 5; 
Eldredge & Carlton, 2002).  It is clear that vessel biofouling underpins the temporal and 
taxonomic patterns observed.  As the top ranking vector of NIS to the state, vessel 
biofouling should receive management attention to reduce or prevent future invasions. 

– The number and diversity of NIS arriving to the state is quite high.  There are 346 
introduced and cryptogenic algae and invertebrates in Hawaii.  As a brief comparison, the 
continental US has 450 (Ruiz et al., 2014), Europe has 536 (Gollasch, 2006), New 
Zealand has 206 (Hayden et al., 2009); South Africa has 124 (Mead et al., 2011); Port 
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Phillip Bay (Australia) has 160 (Hewitt et al., 2004), and San Francisco Bay has 216 
(Fofonoff, 2003).  Curtailing the supply of NIS from ships would probably have a large 
impact on the future rate of NIS that become established in Hawaii.   

– Hawaii’s NIS have native ranges that are distributed all around the world.  While certain 
areas, like the Indo-Pacific region, are major sources for Hawaiian NIS, there are many 
‘donor’ regions that have contributed few species.  A large minority of species have 
unknown native regions, so black-listing species or source locations would probably not 
provide a useful mechanism to prevent future invasions.  A vector management 
approach would better serve Hawaii’s biosecurity than a species-by-species or voyage-
route approach to invasion prevention. 

– While Carlton and Eldredge’s monograph points to a long history of marine invasions in 
Hawaii, the temporal trend of NIS detections reveals a strong signal of increasing 
introductions over time.  This suggests that the invasion issue remains a potent one and 
is not simply an artefact of historical vector activity during early human colonization or 
of vessel arrivals from a bygone era of slower wooden vessels. 

 
In addition to these patterns, the establishment of introduced species in Hawaii 
compromises the integrity of the near-shore ecosystem.  At a minimum, introduced species 
compete for resources and alter the dynamics of marine species communities when they 
persist in a new range.  Some introduced species can cause more directly obvious impacts to 
a region’s ecology and economy.  There are some well recorded impacts of marine invaders 
in Hawaii and around the world that are often the drivers of management action to prevent 
future similar outcomes.  Although complete accounts of NIS impacts are often lacking in 
marine systems (Williams et al., 2013), there have been some in Hawaii that cause disruption, 
concern, and management responses. 
 
The introduced octocoral, Carijoa riisei, is a well-known example of a marine invader that was 
introduced in 1972 with ships.  It smothers native Hawaiian black coral and persists in the 
waters of Kaua‘i, O‘ahu, Moloka‘i, Maui, and Hawaii (Kahng & Grigg, 2005; Carlton & 
Eldredge, 2009).  Similarly, introduced seaweeds Kappaphycus spp. were intentionally brought 
to Kãne’ohe Bay in the 1970s for open-water culturing (Carlton & Eldredge, 2009).  Since 
their initial introduction, they have grown to dominate distinct areas of the Bay and the state 
is attempting to rear and release urchins in a control effort (Conklin & Smith, 2005; 
Gutierrez, 2013).  Another red seaweed, Gracilaria salicornia, grows to local dominance in 
Waikiki and removal efforts are conducted after large wave events when the seaweed washes 
up in large abundance on the beach (Carlton & Eldredge, 2009).  The resources needed for 
response to invasions can be substantial and require long term commitment to mitigate 
persistent impacts or cause a lasting reduction of species abundance.  While reactive 
measures are a necessary tool for incursion response, the unwanted outcomes of marine 
introductions are best tackled from a ‘prevention first’ perspective. 
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Hawaii’s shipping and global connectivity 
 

Introduction 

As a remote island state, the importance of maritime shipping to Hawaii’s economy cannot 
be overstated.  The state’s economy is heavily reliant on its connections to Pacific and global 
regions via air and maritime travel.  The Port of Hawaii consists of 10 commercial harbors 
distributed among the main islands and the largest in Honolulu ranks in the top 40 of North 
American ports by trade volume; the port handled nearly seven million metric tons of 
foreign trade in 2013 valued at over $5.3 billion (US Dept. of Commerce, 2013).  As a result, 
the port in Honolulu acts as a major entry point for NIS to the state, which can be spread 
throughout the islands via inter-island traffic. 
 
The aim of this section of the report was to provide a brief account of Hawaii’s commercial 
vessel traffic in terms of the numbers of vessel arrivals by location and vessel type.  This 
provides some understanding of the scale of commercial vessel activity in the state and the 
linkages to ports around the world, which are potential sources of new NIS in the future. 
 

Methods 

We used the US Coast Guard National Vessel Movement Center (NVMC) data to examine 
the pattern of arrivals to Hawaii and the connectivity of Hawaiian ports to the rest of the 
world.  The NVMC data provides ship arrivals data by vessel identity, ship type, date of 
arrival, and last port and is the data source against which national ballast reporting 
compliance is measured.  The other data source used in these analyses was the National 
Ballast Information Clearinghouse (NBIC).  NBIC collects data for all US ports and places 
in regards to ballast water delivery and management.  Although our main interest was to 
explore the vessel arrival patterns, because this is most relevant to the vessel biofouling 
vector, we included some comparisons with ballast water delivery to the state because this 
other shipping vector provides a useful template for vector management. 
 
To characterize shipping patterns in Hawaii: 

– We created a map of Hawaii’s commercial shipping linkages to global ports using point-
to-point locations across four years of shipping data (2010-2013, inclusive). 

– We plotted the mean number of arrivals per year over a four-year interval by source 
region.  Source regions were broadly grouped into areas of ocean basins (e.g. northeast 
Pacific, Northwest Atlantic etc.).   

– We evaluated the numbers of arrivals by ship type using several different categories of 
ship (bulker, combination carrier, containership, general cargo, other, passenger, roll-on 
roll-off and tanker ). 
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Results 

For the four years we evaluated, Hawaii received between 1302 and 1431 arrivals annually 
from 352 unique locations around the world.  Hawaii’s out-of-state shipping is dominated by 
arrivals from the Pacific Rim (Fig. 7), particularly the north Pacific basin.  While there are 
direct connections between Atlantic and Indian Ocean ports with Hawaii, the numbers pale 
in comparison with arrivals from Western North America and East Asia.  The comparison 
between last-ports-of-call and ballast water sources showed a high degree of overlap, which 
was expected given the often tight coupling between last ports and ballast uptake.  However, 
the maps (Fig. 7a & b) did show a strong degree of ballast inputs from the south Pacific 
which was not evident from the arrivals data; this was primarily a function of open-water 
sources of ballast water.  The arrivals plot (7a) also showed a higher degree of connectivity 
to SE Asia than the ballast sources plot (7b), suggesting that ballast delivery from this region 
is relatively low. 
 

 
Figure 7. Patterns of connectivity of vessel arrivals (a) and ballast water delivery (b) 
to Hawaii.  Data are based on last-port-of-call for (a) and source of ballast water for 
(b). 
 
Approximately 30% of Hawaii’s arrivals resulted from inter-island (intra-Hawaii) voyages, 
which points to a high degree of connectivity among the main islands via shipping.  For the 
out-of-state arrivals, over 85% arrive from the northeast and northwest Pacific (Fig. 8).  The 
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southwest Pacific, with major donor ports in Australia, New Zealand and Micronesia, 
accounted for 6.75% of overseas arrivals.  Vessels from all of the source ports outside of the 
Pacific accounted for a cumulative 6.4% of arrivals to Hawaii. 
 

 

 
Figure 8. Arrivals of commercial ships to Hawaii from different ocean regions. Top 
panel; map of global coastal regions, including the top three vessel ‘donor’ regions in 
red. Lower panel; average arrivals from each region per year (for four years, with 
standard deviation). 
 
Commercial vessel traffic within Hawaii (intra-state traffic) is dominated by passenger vessel 
and barge (“other”) arrivals (Fig. 9a).  These are often multiple arrivals per year by the same 
vessel, such as the ‘Pride of America’ cruise ship.  Tankers and roll on-roll off vessels 
(RoRos) are the only two other vessel types that play a major role in inter-island traffic.  For 
out-of-state arrivals, containerships dominate the flux of incoming traffic, followed by 
barges and tankers.  Bulkers and general cargo ships also contribute to incoming traffic.  The 
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role of containerships, passenger ships, and ‘other’ (mainly barges) accounts for 73% of 
Hawaii’s combined inter-island and out-of-state traffic. 
 

 
Figure 9.  Traffic patterns by ship type.  (a) Average number of arrivals from within 
Hawaii (inter-island traffic) and (b) average arrivals of different ship types from out-
of-state. 
 
The interaction between ship types and source regions also highlighted the importance of 
container shipping to Hawaii’s maritime traffic patterns.  Annual arrivals of containerships 
from the NE Pacific (US West Coast states) dwarfed all other types of vessel arrivals from 
other regions (Fig. 10).  Vessels arriving from the NW Pacific and the south Pacific were 
more evenly distributed among different ship types.  Arrivals from outside of the Pacific 
tended to be tankers and ‘other’ categories of vessel. 
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Figure 10.  Average arrivals of major ship types by source region. 
 

 

Discussion 

Our analyses of incoming traffic were restricted to last-port-of-call when evaluating a vessel’s 
voyage history prior to arrival in Hawaii.  While this provides important information on the 
direct connections between the world’s ports and Hawaii, it does not fully capture the range 
of potential sources of biofouling-mediated NIS to Hawaii.  Vessel biofouling acts as a 
‘concatenation’ vector, whereby biofouling accumulates across many ports on a vessel’s 
itinerary.  This is unlike ballast water, where information on the source of the water (not the 
last port) is sufficient to characterize the point-to-point nature of this vector.  Therefore, 
while it is useful to know the direct linkages to ports around the world, we have presented a 
minimum estimate of biofouling connectivity to Hawaii.  The global scale of the arriving 
species is likely to be larger than suggested by the linkages we reported (from more than 350 
locations over four years). 
 
Despite the wide range of source ports for vessel arrivals to Hawaii, the north Pacific region 
dominates the arrivals pattern.  The risk from these vessels may be reduced by 
environmental mismatch between Hawaii and the NE and NW Pacific, but this is not well 
understood at present.  There has been little biofouling sampling of ships in Hawaii in the 
past decade, so there is not a robust baseline of data to shed light on the types of species 
arriving, the condition they are in upon arrival, and the likelihood that they could become 
established in Hawaii.  
 
When considering biosecurity options for managing vessel biofouling, it is important to 
consider and understand the population of vessels that would be impacted by any rule 
changes.  Good policy making would require all vessels that visit Hawaii to be held to the 
same standard of biofouling management.  Hawaii receives a relatively high number of 
unique vessels, and a few vessels that dominate the arrivals data by repeated calls.  To the 
extent that Hawaii’s vessels already interact with New Zealand, Australia, and California, it is 
likely that these vessels are aware of biosecurity issues and possibly adopt those regions’ 
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policies on biofouling maintenance and record-keeping.  Maintaining some consistency with 
existing biofouling policies would benefit the shipping industry and create a broader 
mandate to encourage the adoption of policies that apply across jurisdictions. 
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Biofouling maintenance and hull husbandry by Hawaii’s commercial 
fleet 
 

Introduction 

Commercial shippers spend millions of dollars annually on hull maintenance and biofouling 
prevention.  The primary tool for biofouling prevention is the use of anti-fouling (A/F) or 
foul-release (F/R) paints that are applied to hull and niche surfaces of ships.  These paints 
either prevent biofouling via biocidal release from the paint (A/F paints) or provide very 
smooth surfaces that reduce the adhesive strength of biofouling organisms (F/R paints).  In 
addition to coatings, shippers also conduct in-water cleaning to maintain submerged surfaces 
and install equipment to prevent biofouling accumulation (e.g. in sea-chests).  Despite these 
efforts, biofouling remains a problem for shippers and for biosecurity.  The aim of this 
section of the report was to evaluate current husbandry practices adopted by shippers in 
Hawaii.  This type of information helps to define the best practices used by some ships that 
may provide useful guidelines for policy, as well as insights into the drivers and barriers to 
behavior change. 
 

Methods 

During a previous project between SERC (Smithsonian) and DLNR (Hawaii Dept. Land & 
Natural Resources) in 2013, we developed a questionnaire to determine the hull husbandry 
practices adopted by shippers to manage biofouling accumulation on their vessels (Appendix 
2).  The questionnaire consisted of 8 sections: 
vessel information, previous dry docking, anti-fouling (A/F) paint usage, sea-chest 
management, in-water cleaning, recent voyage history, periods of inactivity, and record 
keeping.  The details of timing, location, frequency, products, and methods were assessed to 
provide an overview of the status quo for biofouling management by Hawaii’s commercial 
fleet. 
 

Results 

We received 125 unique vessel responses to our questionnaire.  There were additional data 
submitted using the California hull husbandry reporting form, but this information was only 
used in some cases because the responses on timing and voyage history were related to 
California rather than Hawaii vessel schedules (and therefore not directly comparable to the 
Hawaii DLNR form responses).  Overall, the response rate was approximately one-third of 
the unique vessel arrivals to Hawaii annually.  Using the year of maximum overlap between 
NVMC arrivals data and questionnaire responses (Oct 2013 – Sept 2014), 33% of Hawaii’s 
377 visiting vessels provided questionnaire answers.  The percentage of respondents for 
passenger ships was 76% (25 of 33), but lower numbers reported for bulkers (15%), 
containers (39%), tankers (29%) and roros (12%).  The percentage of responses for all other 
vessels types (pooled) was 42%. 
 
The responding vessels included a cross section of the vessel types that call to Hawaii and a 
range of voyage histories (Fig. 11).  We had responses from all of the major vessel types, 
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with tankers, passenger vessels, tug & barges, and containerships ranking highest.  This 
largely reflected the pattern of arrivals to the islands, although containerships were probably 
under-represented.  Our sample of questionnaire respondents also represented the range of 
voyage histories that emerged from our analyses of Hawaii’s traffic network.  These included 
vessels that operated within Hawaii, within the Pacific (operating between Hawaii, The US 
and Asia, mainly), or had traveled extensively since their last dry-docking (Fig. 11b). 
 

 
Figure 11. Responses to a biofouling questionnaire by ship type and voyage pattern. 
 
We received 104 responses regarding the timing of a vessel’s most recent dry dock event; 
85% had been dry docked within the last three years and just 5% had been docked more 
than four years ago.  These correspond to the age of coatings on these vessels (Fig 12a).  
Most vessels reported a planned inter-dry-docking duration of less than three years, which is 
a useful practice for reducing biofouling accumulation on vessels.  Classification societies 
generally require ships to dry-dock on an approximate five year cycle, so a three-year interval 
may provide better biosecurity protection to Hawaii.  However, it may also be the case that 
vessels operating in Hawaii operate on a three-year cycle because the biofouling problem 
requires it. 
 

 
Figure 12.  Summary of questionnaire responses regarding the most recent dry 
docking and planned inter-docking duration. 
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Approximately 30% of the responding vessels had their last dry docking in Hawaii.  
Approximately 11% of vessels were based in Hawaii only, so there are vessels that travel 
outside of the state that use dry docking facilities on the islands.  A further 16 % of dry dock 
events were carried out in West Coast States and British Columbia; 28% occurred in East 
Asia; and 8.8% occurred in non-Pacific waters (Europe, middle East, Bahamas). 
 
A/F paints were used by 76% of the responding vessels and a majority of these ships used 
the same A/F paint on all submerged surfaces of their vessel (Table 1).  A further 15% of 
vessels used F/R paints while 5% used a combination of A/F and F/R paints on different 
hull locations.  A mixed-use strategy of paint application on vessels is sometimes employed 
to target different submerged areas; for our sample of vessels, 13 used a variety of A/F 
paints across the hull bottom, hull sides, and niches areas (Table 1).  Just one vessel used 
A/F paints on hull surfaces and F/R paints on niche areas and two used F/R paints on hulls 
but A/F paint on niches. 
 
 

Hull bottom Hull sides Niches Frequency

A/F A/F A/F 48

A/F A/F (2) A/F 6

A/F A/F A/F (2) 3

A/F A/F (2) A/F (2) 2

A/F A/F (2) A/F (3) 2

A/F unknown A/F 34

A/F unknown unknown 1

A/F A/F F/R 1

A/F F/R F/R 3

F/R F/R A/F 1

F/R A/F A/F 1

F/R F/R F/R 10

F/R unknown F/R 9

unknown unknown unknown 4  
 
Table 1.  Types of coatings used on the hulls and niches areas of ships.  The 
responses for 125 ships are shown regarding paint types used on hull bottoms, hull 
vertical sides, and niche areas.  A/F = antifouling paint with biocides; F/R = foul 
release coatings (non-toxic).  The variation in paint usage is reflected in the rows, 
with the frequency (number of ships) of each combination shown in the last column.  
For example, 48 vessels used the same brand of A/F across the three locations 
(bottom, sides, niches); six vessels used one type of A/F paint on the bottom and 
niches, and another type (A/F 2) on the sides; two vessels used three different brands 
of A/F paint for the three locations; and ten vessels used the same F/R coating on all 
three vessel locations. 
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Other notable responses from the questionnaires included: 

– Just 28% of vessels reported conducting in-water cleaning.  For the 23 vessels that 
provided the date of in-water cleaning, five had cleaned within a year of dry docking.  
The longest duration between dry docking and in-water cleaning among these vessels was 
almost four years.   

– The locations of in-water cleaning were provided by 35 vessels and 11 vessels reported it 
being carried out in Hawaii, a further 11 in other US locations, and 13 in international 
ports.  The furthest location from Hawaii for reported in-water cleaning was the UAE 
(Middle East).   

– Information on the areas of vessels cleaned and other details were not forthcoming, with 
the exception that diver-operated cleaning was carried out by all of the vessels that 
reported some in-water cleaning since dry-docking. 

– Three-quarters of responding vessels noted that their sea-chests were inspected and 
cleaned during dry docking.  Most vessels pay attention to sea-chest areas during dry 
docking because access to them is very limited between dockings.  Just over 55% of 
vessels reported a marine growth protection system (MGPS) was installed; of the 71 
vessels with MGPS, 42% were installed in sea chests, 3% in sea strainers, and 25% in 
both (the remainder did not specify). 

– 21% of vessels reported stationary periods (lay-up times) of longer than 10 days.  The 
details regarding lay-up periods and locations was patchily answered, but locations 
around the world (Pacific, Atlantic and Indian Oceans) were included for lay ups ranging 
from one day to 70 days.  The longest reported lay-up was 70 days in Puget Sound, WA. 

– 25% of vessels reported visiting a freshwater port since the vessels was last cleaned.  
These vessels reported visits to freshwater locations between one and 60 times. 

– 18% of vessels reported visiting the Panama Canal since their last cleaning event.  The 
majority of these vessels traversed the Canal once or twice, but one vessel report 15 
transits. 

– 42% of vessels reported calls to a tropical port outside of Hawaii since the vessel was last 
cleaned.  Most vessels had been to tropical ports more than once or twice, and 15 vessels 
had visited tropical ports more than 20 times. 

– 65% of respondents stated that they were familiar with the International Maritime 
Organization (IMO) biofouling guidelines and log book.  In particular, the two main 
vessel types, tankers and passenger vessels, reported high levels of IMO guideline 
awareness (88% of 58 vessels).  37% of respondents reported that the IMO guidelines 
and record book template were on board their vessel, and 29% reported that they use a 
biofouling plan and record book. 

 
 

Discussion 

There are encouraging aspects of the maintenance practices of Hawaii’s commercial vessel 
fleet from a biosecurity perspective.  A majority of vessels tend to dry-dock on a three-year 
rather than a five-year cycle, which was also recently reported in California (Scianni et al., 
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2013).  This is supported by data on the timing of the most recent docking, most of which 
were shorter than three-year duration.  This increases the likelihood that the coatings used to 
reduce biofouling accumulation on vessels are within their recommended time span for use.  
The efficacy of antifouling and foul-release paints tends to reduce over time, so frequent re-
painting maximizes their properties of biofouling prevention.  Since this is the primary 
means of reducing biofouling risk, it is encouraging that a large proportion of Hawaii’s 
visiting vessels adopt such a strategy. 
 
The use of paints (hull coatings) across different surfaces of the same vessel is also an 
interesting aspect of vessel behavior in Hawaii.  We are not aware of any studies that 
evaluated the efficacy of differential paint use across different surfaces of ships, but given 
the issue of niche area biofouling accumulation, it appears reasonable that paints designed 
for hull surfaces may not act as effectively on niche areas.  Thus, strategies that treat niche 
areas (or hull bottoms or sides) in a targeted manner (i.e. with different coatings) may 
emerge as best practice from an efficiency and biosecurity perspective.  In Hawaii, the vast 
majority of vessels responding to our questionnaire use the same coating across all 
underwater surfaces.  It is difficult to draw any conclusions on this matter until research is 
carried out on the differential use of paints across vessel surfaces. 
 
In addition, many vessel operators appear to be aware of international efforts to promote 
husbandry best-practice and biofouling prevention.  This awareness and adoption of IMO 
and other guidelines may lead to an overall improvement among the fleet and the adoption 
of more detailed record-keeping than has been carried out in the past.  Several jurisdictions, 
including the USA and New Zealand, are moving toward mandatory biofouling management 
planning and record-keeping.  This is already in place on a proportion of vessels that visit 
Hawaii and is likely to be a part of any recommendations for DLNR’s policy. 
 
There are also some risky behaviors being adopted by some of Hawaii’s fleet, including long 
durations between maintenance, long lay-up times in foreign ports, and generally poor 
responses regarding in-water cleaning (indicating little intervention between dry docks or 
poor record-keeping).  Ship biofouling sampling conducted in Hawaii to date (Godwin 2003; 
Godwin et al 2004) and the state’s marine invasion history suggest that biofouling remains a 
strong invasion risk for the state.  Providing a regulatory incentive for all ships to perform to 
a high level of biofouling management, as already adopted by some vessels, will likely 
provide strong risk-reduction for future biofouling-mediated species introductions. 
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Recreational boats and biofouling risks in Hawaii 
 

Introduction 

All types of maritime vessels play a role in biofouling transfers around the world.  While in-
service commercial ships are a dominant group in terms of vessel numbers, voyage range, 
and arrival frequency, obsolete vessels, drilling rigs, construction barges, fishing boats, and 
recreational craft can all contribute to biofouling-mediated invasion risk (Davidson et al., 
2008; Hopkins & Forrest, 2010; Piola & Conwell, 2010; Yeo et al, 2010).  Hawaii acts as an 
attractive destination for pleasure boats and this section of the report explored the traffic 
and maintenance patterns of boaters (recreational and fishing vessels that inhabit marinas).  
 
As part of a previous in-depth evaluation of biofouling risks in Hawaii, Godwin et al (2004) 
analyzed trends of fishing and recreational boat arrival to Hawaii from overseas.  They 
recorded 556 fishing vessel arrivals from overseas ports and 161 recreational boat arrivals 
over a two-year period.  Fishing vessels arrived primarily from ports in Japan and Korea, as 
well as fishing grounds off of Chile and Argentina.  Recreational boats arrived most 
commonly from French Polynesia, Mexico, Kiribati, and British Columbia.  Data on arrivals 
from the US mainland were not available to Godwin et al (2004).   
 
More recently, Leonard (2009) examined biofouling and boater patterns using surveys and 
questionnaires at marinas in Hawaii.  There were 64 respondents to the questionnaire, with 
approximately half resident (in-state) vessels and half out-of-state vessels.  Just over 20% of 
in-state vessels reported inter-island travel, while the out-of-state vessels included a mixture 
of longer term visitors (and possibly now resident boats ‘imported’ in recent years) and 
shorter-stay inter-island tourists. 
 
The aim of this section of the report was to provide a brief account of Hawaii’s marina 
vessel traffic in terms of the numbers of vessel arrivals by location and vessel type.  We were 
unable to obtain more recent data for overseas arrivals of recreational vessels from CBP.  
We did develop a questionnaire for recreational boats and received 60 responses.  The 
results are summarized below. 
 

Methods 

During the process of engaging with commercial shippers and marina operators in 2013, 
SERC and DLNR developed a questionnaire aimed at boaters in Hawaii (Appendix 3).  The 
questionnaire had four sections on vessel details, maintenance & coatings, storage and 
stationary periods, and voyage history.  Our particular interest was in boaters that arrived 
from overseas, but we reached only low numbers of such vessels during the study period.  
We also obtained data on temporary mooring permits from Ala Wai marina, Oahu. 
 

Results 

Out of sixty questionnaire respondents, eleven had arrived from out-of-state.  Those vessels 
came from Los Angeles, California (6); Seattle, Washington; Cook Islands, Alaska; Apra 
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Harbor, Guam; Panama, and the Maquesas Islands.  Four vessels reported month-long 
intended visits to Hawaii, while the remainder was visiting for fewer than eight days.  All but 
one of these eleven vessels had hull coatings that were fewer than 13 months old and each 
vessel reported in-water cleaning on a quarterly or more regular basis.   
 
For resident vessels, 15 out of 49 reported voyages to another Hawaiian marina outside of 
their home marina; a majority did not travel to other locations.  For a majority of these 
resident in-state vessels, in-water cleaning was performed more frequently than every six 
months (Fig 13). This is quite a frequent approach to vessel maintenance, especially monthly 
cleaning as the most common response, and suggests pro-active rather than re-active 
biofouling management.  Almost half of these same respondents (24 of 49) reported 
stationary periods of less than one month at a time. 
 

 
Figure 13.  Resident Hawaii vessels reported frequency of in-water cleaning (n=49). 
 
There were 618 records of temporary mooring permits for Ala Wai Harbor (Oahu) over 
three years (2011-2013).  The data available for temporary mooring permits include the 
locations of vessel registration, which may align with initial source region for most vessels 
(Fig. 14).  As expected after discussion with harbor masters (regarding local use of 
moorings), a large majority of the vessels were from Oahu.  An average of 20, 24 and 28 
vessels per year were registered (possibly from) other Hawaiian islands, foreign countries, 
and the US mainland, respectively. 
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Figure 14.  Registration locations for 618 vessels that received temporary mooring 
permits at Ala Wai Harbor, Oahu, over three years. 
 

Discussion 

Because our data collection on recreational boaters was fairly limited, it is not possible to 
generalize questionnaire responses.  This small subset of data did include positive 
management implications, especially regarding the frequency of in-water cleaning by 
residents and overseas arrivals, however.  Proactive hull cleaning occurring at regular 
intervals (e.g. quarterly) is preferable to reactive cleaning that intends to clean off biofouling 
that may have accumulated elsewhere, thus assisting the introduction process.  A majority of 
the respondents indicated a proactive approach to in-water cleaning. 
 
The earlier data from Godwin et al (2004) regarding the arrivals of overseas vessels indicated 
that approximately 80 overseas arrivals were registered with the border agency annually.  
There were peaks of 16 vessels per month in those two years, and troughs of zero or one 
vessel.  While the Godwin data set did not include arrivals from the US mainland, it did 
suggest that overseas arrivals amount to a manageable number of events to respond to.  At 
least in terms of a pilot scale examination, it would be useful to have a monitoring team (as 
small as two people) interact with each overseas arrival for 2-3 years, to assess their vessel’s 
hull and generate some data on source locations and maintenance patterns. 
 
It is likely that boaters arriving from out-of-state tend to manage their vessels carefully.  
Boaters that travel through the open ocean tend not to treat their vessel’s maintenance 
casually and our discussions with some of them suggest they pay keen attention to the 
performance of the hull coatings.  Nonetheless, the research (mainly from New Zealand) 
that has examined the extent and diversity of biofouling on overseas vessel arrivals to remote 
islands suggests that the risk of introduction is real and unevenly distributed among that 
vessel population (e.g. Floerl et al., 2005).  It would be a relatively low-cost effort to generate 
similar data for Hawaii. 
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Research & Monitoring Recommendations for Marine Invasions and 
Biofouling Vectors in Hawaii 
 

Introduction 

Hawaii’s geographic remoteness means that many organisms arriving on the hulls of vessels 
from elsewhere are likely to be non-native and pose an invasion risk.  However, as a remote 
island state, there is very little opportunity for natural spread of invaders from other 
countries or states, meaning vector management strategies could prove very effective at 
reducing the invasion rate.  There are several approaches to marine invasion research and 
monitoring that could be considered for future projects in the state to promote prevention 
of new invasions in its coastal waters. 
 

Research & Monitoring Priorities 

Understanding the shifting invasion baseline and monitoring change 

Monitoring for marine invasions at sentinel sites, using a standardized protocol and repeated 
measure over several years, is a priority for Hawaii and marine invasion management more 
generally.  While the knowledge base for Hawaii invasions is quite robust, much of the work 
is based on compiled literature information (as in Carlton & Eldredge, 2009).  As such, there 
is a lack of standardized measures through time that are needed to better understand the 
invasion rate and the vectors responsible for new invasions.  Fortunately, there are 
established protocols for port surveys or settlement plates that could be adopted in key 
gateways to the state (e.g. Honolulu port, Pearl Harbor, major marinas).  If such a detailed 
survey were carried out, it would greatly improve the baseline of knowledge of Hawaii 
marine invasions and would allow for the detection of changes in the invasion rate if 
repeated over time. 
 
Monitoring invasions in natural areas of high conservation value 

The NW Hawaiian islands are a world-recognized example of an area of high conservation 
value for which strict management policies are in place to prevent marine invasions.  While it 
is impractical to adopt such strategies across all of the islands, it would be beneficial to 
monitor for marine invasions in protected areas and high-value habitats in the main Hawaii 
Islands.  An approach to such monitoring could include the use of existing programs by state 
managers or researchers conducting work at these sites, or the use of citizen science (e.g. 
recreational divers) to monitor and document particular locations or habitats. 
 
Utilizing citizen scientists in bioinvasion monitoring 

Citizen science projects help to generate data when resources are challenged by the scale of a 
problem.  Citizen scientists provide a potential cost-effective method to increase the scale of 
monitoring for marine NIS and such projects have been adopted elsewhere and in Hawaii 
(for example, the Reef Resilience Network).  A citizen science strategy could be developed 
for Hawaii’s marine invasions that incorporates divers, boaters, and other interested 
stakeholders to report standardized information on the presence or absence of focal taxa 
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across sites.  Citizen science projects tend to increase awareness of invasion issues (in 
addition to generating data), which can help in the broader adoption of habits and practices 
to prevent species invasions.  A ‘bioblitz’ approach, whereby a coordinator organizes an 
‘expedition’ of citizen scientists to survey an area, is a relatively cost-effective method of 
generating data and awareness.  Coordination with existing programs is also recommended 
to maximize efforts and avoid duplication (e.g. the Reef Resilience Network cover invasions 
in coral reefs, but other habitat types could benefit from a related network). 
 
Vector sampling 

Data on biofouling and other vectors arriving to Hawaii are sparse.  With the exception of 
Godwin and colleagues efforts from over a decade ago, there has been little attempt to 
understand the vector biota arriving on the submerged surfaces of ships and boats.  During 
2013-2014 DLNR attempted to incorporate a thorough vessel sampling component to 
support this project. Due to a range of circumstances, available sampling events were sparse 
(n=6 vessels).  For this reason the data that was collected is included in Appendix 4 as a field 
note and it is not possible to draw meaningful conclusions.  It would be useful to conduct 
biofouling surveys of arriving vessels in Hawaii (commercial and recreational) as new policies 
are developed such that the efficacy of those policies could be evaluated over time. 
 
Recreational boat traffic 

Data on the arrivals of recreational boats to Hawaii should be more readily available for 
evaluation.  At present, Customs and Border Protection (CBP) and individual marinas gather 
data on the arrivals of vessels from outside of Hawaiian waters.  A better effort to 
standardize and centralize these data would greatly help in the effort to monitor for marine 
invasions and manage any risky vessels that may be arriving.  Establishing a reporting 
mechanism to alert marine invasive species staff at DLNR of risky vessels would also greatly 
increase DAR’s ability to adequately respond to marine invasion risks.  This is a major gap in 
determining risk of biofouling introductions to Hawaii and a pilot study focused on 
evaluations of every arriving overseas boat would be very beneficial. 

 
Monitoring inter-island spread of marine NIS and incursion response research 

While it is a priority to prevent new marine invasions in Hawaii, there is also some 
importance attached to monitoring species establishment and spread throughout the islands.  
In general, the impact of an invading species increases as it spreads from place to place and 
within a locality.  The nature of inter-island spread of marine invaders is not well-known in 
Hawaii and standardized monitoring of marine invasions (e.g. settlement plate surveys) 
across the main gateways of each island (main ports/marinas) would improve post-
establishment management decision-making. 
 
In addition, there is a general lack of understanding of control or eradication feasibility for 
marine invasions.  Some control efforts are underway in Hawaii to manage invasive algae 
and more desk-based and field research could be conducted to support decision-making and 
resource use for incursion response.
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Evaluation of Biofouling Management Strategies for Vessel Arrivals 
from Out-of-State 
 
Shipping and boating are crucially important economic, logistical, cultural, and recreational 
activities that connect Hawaii to the wider world.  Similarly, the naval base at Pearl Harbor is 
strategically important to the state and the nation.  The flux of many types of vessels to 
Hawaii has underpinned the state’s historical and economic development and will remain an 
integral part of the islands’ future.  However, prudent biosecurity measures could be 
employed to reduce the risk of further marine bioinvasions in Hawaii. 
 
It is very important to highlight the work of Scott Godwin and colleagues and refer to a 
2004 report that examined the Hawaiian perspective of the vessel biofouling issue in a 
comprehensive manner (Godwin et al., 2004). As an invasion prevention issue, vessel 
biofouling has been recognized by state agencies, researchers, and other stakeholders as an 
important gap in the biosecurity of the state. Godwin et al (2004) provided decision 
frameworks for management intervention and that report and its recommendations remain 
as options for consideration as Hawaii develops vessel biofouling policies. 
 
In a previous assessment of management options of California fishing vessels by our 
research group (Davidson et al., 2012), we outlined a range of options that are relevant to 
broader considerations of biofouling vector management.  Here, we use a similar template to 
assess the biofouling policy options for Hawaii in a general order from least challenging to 
most challenging (or least expensive to most expensive to implement). 
 
 
Retain the status quo 

In this scenario, Hawaii would take no action on biofouling management at the present time.  
This would ensure there would be no conflict with the shipping and boating industry, 
although there may be some conflict with those concerned about marine invasions from this 
vector.  There is a possibility that broader adoption of IMO guidelines or cross jurisdiction 
benefits (from New Zealand or California, for example) could reduce Hawaii’s biofouling 
biosecurity risk.  However, these policy developments elsewhere could also cause vessels to 
adopt riskier behavior in Hawaii (e.g. more in-water cleaning in the state) because of rules 
elsewhere.  The ‘take-no-action’ approach is likely to have no effect on reducing the invasion 
risk to Hawaii from overseas vessels and the impacts of marine invasions will increase over 
time. 
 
Conduct outreach to promote biofouling management 

The adoption of best-practice guidelines (such as the IMO template) could be promoted via 
outreach campaigns.  This may increase awareness and adoption of these practices, but 
further research would be required to determine the effect of the campaign on arriving 
vessels.  It was notable that only one-third of Hawaii’s vessels responded to the DLNR 
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questionnaire.  It’s possible that voluntary practices will not alter the behavior or awareness 
of “riskier”, more poorly managed ships (i.e. vessels that did not respond to the DLNR 
questionnaire).  The effect of such a campaign on biofouling transfers to the state would be 
largely unknowable. 
 
‘Wait-and-see’ & require biofouling management record-keeping 

While best-practices have been developed in other jurisdictions, they do vary from location 
to location and methods for determining efficacy have yet to be developed.  Hawaii could 
choose to adopt a ‘wait-and-see’ stance on biofouling policies to learn more about risk-
reduction from other jurisdictions.  While doing so, Hawaii could require vessels to submit 
annual reporting forms on their biofouling management and request that management plans 
and log books be made available for examination upon request in Hawaii.  The major 
drawback of such an approach is that invasion risk from biofouling will be unaffected in the 
interim. 
 
Propose voluntary biofouling standards 

Hawaii could develop its own biofouling policy that deals explicitly with biofouling standards 
(and/or ‘presumed compliance’ based on maintenance activities) but not make these 
mandatory.  New Zealand has recently become the first country to create a biofouling 
regulation and standard, but it has a four-year voluntary lead-in period.  Such an approach 
provides a specific set of practices and thresholds (e.g. clean hulls) that must be met, while 
providing the shipping industry with the time and flexibility to determine how best to meet 
the standards. 
 
Propose mandatory rules regarding biofouling (using IMO/New Zealand standards) 

Hawaii could create a biofouling standard or an explicit list of ‘presumed compliance’ 
standards and enforce the standards.  The benefits of such an approach include an 
immediate effect on the transfers of species into the state and a reduction in biosecurity risk.  
The drawbacks include the cost of implementing the policy, probable conflict with the 
shipping industry (though this is not insurmountable), and the development of methods to 
determine if a standard is being met. 
 
Expand the PMNM biofouling policy to the rest of Hawaii 

Hawaii is one of the few jurisdictions in the world with a biofouling policy in place within 
some of its territory.  The state’s pivotal role in managing the Papahãnaumokuãkea Marine 
National Monument (PMNM), including explicit provisions for preventing biofouling-
mediated invasion, is also a globally significant vector management program.  The existing 
policy could be adopted state-wide.  While this is highly unlikely because of feasibility and 
cost, it is worth reiterating that the most protective approach to biofouling management 
already exists within the state. 
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Appendix 1: Supporting information for Figure 3. 
 

 

source region number of NIS arrow font
Asia Africa 1 0.75

Atlantic / N Atl 14 4

Australia 2 1.5

Caribbean & Gulf 7 3

E Pacific 8 3

Indian ocean 1 0.75

Indo-Pacific 62 10

Japan 11 3

Micronesia 4 1.5

NE Atlantic 7 3

NE Pacific 7 3

North America 3 1.5

NW Atlantic 9 3

NW Pacific 3 1.5

Ponto-caspian 1 0.75

red sea 2 1.5

Samoa 1 0.75

southern hemisphere 15 4

Tahiti/fr poly 1 0.75

unknown/crypto 177 25

W Atlantic 7 3

W Pacific 3 1.5  
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Appendix 2: Commercial vessel Questionnaire 
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Appendix 3: Hawaii Boater Questionnaire 
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Appendix 4: Field note – commercial vessel biofouling sampling 
 
Table 4.1: Biofouling on two Hawaiian-based vessels [Key: A=alien; Co=cosmopolitan; Cr=cryptogenic; n=native] 
Taxon 

S
ta

tu
s
 

Hawaiian Vessel A 
n=10 samples 

Hawaiian Vessel B 
n=15 samples 

  

  
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 1 2 3 4 5 6 7 8 9 10 13 14 16 17 19 

ALGAE - unidentified 
                            

X X 
 

 
                               

PORIFERA - unidentified 
  

X 
     

X 
  

X X X X 
 

X X X 
   

X X 
  

X 
    

 
                               

PLATYHELMINTHES - unidentified 
    

X 
       

X 
  

X X X X 
            

 
                               

NEMATODA - unidentified 
                 

X 
             

 
                               

ANNELIDA 
                               

Branchiomma nigromaculatum(Baird, 1865) 
 

X X X X X X X 
 

X X X 
 

X X 
                

Leodice antennata (Savigny in Lamarck, 1818) 
  

X X X 
      

X X X X X 
 

X 
            

X 

Eunice filamentosa Grube & Örsted in Grube, 1856 
                

X 
              

Eunice vittata (Delle Chiaje, 1828) 
   

X 
        

X 
   

X 
 

X 
   

X 
       

X 

Glycera tesselata Grube, 1840 
  

X 
          

X 
                 

Hydroides diramphus Mörch, 1863 A X 
    

X 
  

X 
                

X 
    

Hydroides crucigera (Mörch, 1863) A 
                       

X X 
    

X 

Hydroides elegans (Haswell, 1883) A X X X 
 

X X X 
 

X 
      

X 
              

Lepidonotus havaicus Kinberg, 1856 
            

X 
   

X X X 
  

X 
         

Lysidice ninetta Audouin & Milne-Edwards, 1833 
           

X X 
          

X 
    

X 
  

Lysidice unicornis (Grube, 1840) 
                

X 
              

Neodexiospira foraminosa (Bush in Moore & Bush, 
1904) 

Cr X 
                             

Neodexiospira sp. 
      

X X 
                       

Paleanotus sp. 
                 

X 
             

Pileolaria militaris Claparède, 1870 A 
                     

X 
   

X 
    

Potamilla (?) sp. 
                  

X X 
   

X 
 

X 
     

Sabellidae sp. 1 
                   

X 
           

Serpula vermicularis Linnaeus, 1767 Cr X 
 

X 
     

X X 
   

X 
   

X 
       

X 
   

X 
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Spirobranchus giganteus (Pallas, 1766) 
              

X 
                

Spirorbis marioni Caullery & Mesnil, 1897 
  

X 
        

X 
                   

Syllidae - unidentified 
  

X X X X X X 
  

X X X X X X X X X X 
  

X 
  

X X X X X X 

Eunicidae - unidentified 
        

X 
           

X 
   

X 
  

X 
   

Polynoidae - unidentified 
                

X X X 
  

X 
         

Sabellidae - unidentified 
            

X 
   

X 
       

X 
 

X 
  

X X 

Serpulidae - unidentified 
    

X 
  

X 
  

X 
        

X 
           

Spirorbidae - unidentified 
 

X X X 
 

X X X 
 

X 
  

X 
            

X 
 

X 
  

X 

Phyllodocidae - unidentified 
 

X X 
        

X 
   

X 
               

Chaetopteridae - unidentified 
       

X X 
                   

X 
  

Spionidae - unidentified 
 

X 
   

X 
    

X 
                    

Terebellidae - unidentified 
             

X 
                 

Lumbrineridae - unidentified 
                

X 
         

X 
    

 
                               

SIPUNCULA - unidentified 
           

X X 
  

X 
               

 
                               

MOLLUSCA 
                               

Bivalvia - unidentified juveniles 
                            

X 
  

Brachidontes crebristriatus (Conrad, 1837) 
              

X 
                

Crassostrea (?) sp. 
                  

X 
            

Crepidula aculeata (Gmelin, 1791) A 
   

X X X 
  

X X 
 

X X 
  

X 
 

X 
       

X 
    

Dendostrea sandvichensis (Sowerby, 1871) 
  

X 
         

X X X 
 

X 
              

Diodora octagona (Reeve, 1850) 
            

X 
 

X 
                

Hyotissa numisma (Lamarck, 1819) 
 

X X X X X X X 
 

X X 
 

X X X X 
    

X X X X X X X X X X X 

Isognomon legumen (Gmelin, 1791) 
              

X 
                

Lithophagasp. 
            

X 
                  

Malleus regula (Forskål, 1775) 
            

X 
   

X X X 
    

X X 
   

X 
 

X 

Musculus aviarius Dall, Bartsch & Rehder, 1938 
                  

X 
            

Neopycnodonte cochlear (?) (Poli, 1795) 
          

X 
                

X 
  

X 

Ostreidae sp. 
                 

X 
             

Pinctada cf. margaritifera (Linnaeus, 1758) 
                  

X 
            

Saccostrea (?) sp. 
   

X 
                           

Septifer cumingii (Récluz, 1849) 
  

X 
         

X X 
  

X 
 

X 
        

X X 
 

X 

 
                               

ARTHROPODA 
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Pycnogonida 
                               

Anoplodactylys californicus Hall 1912 1 Co X 
  

X 
                          

Cirripedia - unidentified 
                               

Euraphia hembeli Pilsbry, 1928 N 
                

X 
 

X 
   

X 
       

Tesseropora pacifica (Pilsbry 1928) N 
  

X X 
  

X X 
   

X X 
 

X X X 
             

Balanus trigonus Darwin, 1854 A 
 

X X X X X X X X X X X X X 
  

X 
             

Amphibalanus reticulatus (Utinomi, 1967) A X X X 
 

X X X X 
  

X X X X 
 

X X 
      

X 
      

Amphibalanus amphitrite (Darwin, 1854) A X 
    

X X 
      

X 
  

X X 
     

X 
      

Amphibalanus eberneus A 
           

X X 
  

X X 
             

 
                               

Copepoda - unidentified 
                              

X 

Ostracoda - unidentified 
                         

X 
     

Stomatopoda 
                               

unidentified larva 
      

X 
       

X 
                

Amphipoda 
                               

Ampithoe ramondi Audouin, 1826 Co 
 

X 
                            

Colomastix lunalilo Barnard, 1970 N 
               

X 
              

Colomastix pusilla Grube, 1861 Co 
               

X 
 

X 
            

Laticorophium baconi (Shoemaker, 1934) 2 A X X X X X X X X X X 
  

X X X 
 

X 
      

X 
      

Elasmopus rapax Costa, 1853 A 
 

X 
 

X X x X X X X X X X X 
 

X X X 
        

X 
 

X X 

Erichthonias punctatus (Bate, 1857) 3 A X X X X X X X 
 

X X X 
      

X X 
           

Ledoyerella haleiwa (Barnard, 1970) N 
                              

Latigammaropsis kaumaka (Barnard, 1970) N 
    

X 
                  

X X 
   

X 
 

Jassa falcata (Montagu, 1808) A X 
              

X 
  

X 
 

X 
  

X X 
     

Leucothoe hyhelia Barnard, 1965 N 
 

X 
  

X 
  

X 
    

X 
    

X 
            

Arugella ewa (Barnard, 1970) N 
 

X 
        

X 
 

X 
 

X 
               

Dulichiella appendiculata (Say, 1818) 4 Co 
           

X 
                  

Paraleucothoe flindersi (Stebbing, 1888) A 
               

X 
              

Photis hawaiensis (Barnard, 1955) Cr X X X X X X X X X X X 
     

X 
 

X 
    

X X 
     

Stenothoe gallensis Walker, 1904 A 
 

X 
 

X 
 

X X X 
 

X 
                    

Caprella scaura Templeton, 1836 A 
     

X 
  

X 
                     

Isopoda 
                               

Anthuroidea - unidentified 5 
      

X 
  

X 
                     

Sphaeromatidae - unidentified 
 

X 
    

X X 
                       

Tanaidacea 
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Zeuxo seurati (Nobili, 1906) 6 
 

X 
   

X X X 
 

X 
 

X 
                 

X 
 

Decapoda 
                               

Synalpheus paraneomeris Coutière, 1905 N 
               

X 
 

X 
            

Dendrobrachiata - unidentified 
  

X 
          

X X 
                

Brachyura  
                               

Thalamita auauensis Rathbun, 1906 N 
       

X 
  

X 
                   

Pachygrapsus minutus A. Milne-Edwards, 1873 N 
            

X 
                 

Pilumnus oahuensis Edmondson, 1931 N 
  

X X 
 

X X 
  

X 
 

X X 
                 

unidentified  
     

X 
   

X 
             

X 
       

ECTOPROCTA - unidentified 
 

X X X X X X X X X X X X X X X X X X X X X 
 

X X X X X 
 

X X 

 
                               

ECHINODERMATA 
                               

Ophiactis savignyi (Müller & Troschel, 1842) Cr 
               

X X X 
            

 
                               

UROCHORDATA 
                               

Phallusia philippinensis Millar, 1975 A 
     

X 
        

X 
               

Ascidia "A" Abott et al., 1997 A 
 

X 
 

X 
 

X 
    

X 
                   

Ascidia archaia Sluiter, 1890 A 
 

X X 
   

X X X 
 

X X 
 

X 
                

Ascidia "B" Abott et al. 1997 A 
             

X 
                

Cnemidocarpa irene (Hartmeyer, 1906) A 
  

X 
                           

Herdmania pallida (Heller, 1878) A 
 

X X X 
  

X X 
 

X X 
  

X 
                

Microcosmus exasperatus Heller, 1878 A 
  

X X 
  

X 
   

X X 
 

X 
                

Polyandrocarpa sagamiensis Tokioka, 1953 A 
               

X X X 
            

Polycarpa aurita (Sluiter, 1890) A 
 

X X 
   

X X 
  

X 
  

X 
           

X 
   

X 

Polyclinum constellatum Savigny, 1816 A 
      

X X 
  

X 
  

X X 
               

Styela canopus (Savigny, 1816) A 
          

X 
  

X 
                

Symplegma sp. Cr 
 

X 
  

X 
 

X X 
 

X 
                    

unidentified  
   

X X 
               

X 
         

* World Register of Marine Species lists S. bryanae (Pilsbry, 1921) as a synonym whereas Integrated Taxonomic Information System accepts S. bryanae as valid. 

1 Anoplodactylus projectus of Hilton, 1942 

2 Corophium baconi in Barnard, 1970 

3 Erichthonius brasiliensis of Barnard, 1970 

4 Melita appendiculata of Barnard, 1970 

5 Does not match any species currently known from Hawaii 

6 Anatanais insularis of Miller, 1940 
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Explanatory notes and caveats for hull-fouling survey of Hawaiian-based vessels 
 

1) Polychaetes were identified by Holly Bolick; molluscs were identified by Regie Kawamoto; peracarid crustaceans, alpheid 
shrimp, and echinoderms were identified by Ken Longenecker, solitary tunicates were identified by Scott Godwin. 

2) Question marks indicate uncertainty about identifications. 
3) All names correspond to those used in World Register of Marine Species (WORMS).  Footnotes indicate discrepancies 

between WORMS and Integrated Taxonomic Information System (IT IS), or (particularly for peracarids) when names in 
WORMS differ from those used in existing literature on marine introductions in Hawaii. 

4) Scott Godwin assigned status to all solitary tunicates (e.g., alien, cryptogenic). 
5) All other status assignments were obtained from a review of existing literature (performed by Ken Longenecker).  Many 

species were not addressed in the literature (and their corresponding “status” column was left blank).  Of these: 
a. all polychaetes to which species names were assigned have distributions that may justify considering them to be 

cryptogenic/alien 
b. the bivalves Malleus regula, Neopycnodonte cochlear, Pinctada margaritifer, and Septifer cumingii have distributions that may 

justify considering them to be cryptogenic/alien 
c. the cosmopolitan (in warm seas) status of a pycnogonid and two peracarid crustaceans may warrant considering 

them to by cryptogenic. 
6) Sample 8 from Hawaiian Vessel A did not fix/preserve well.  Some taxa may be absent due to decomposition. 

 



47 
 

Table 4.2 - Biofouling on commercial vessels that transited Hawaii and were sampled in Guam 
 

Genus species Author Detection frequency 

  

 

Unknown 
 

1 

Barnacle' 
 

1 

Barnacle' + Pteriidae 
 

1 

Bivalvia 
 

1 

Brachidontes sp. 
 

13 

Brachidontes sp. + Modiolus sp. 
 

1 

Hiatella arctica (Linnaeus, 1767) 4 

Kellidae: Nesobornia sp. 
 

2 

Modiolus sp. 
 

4 

Musculus (Modiolarca) sp. 
 

1 

Mytilidae 
 

1 

Mytilidae: Modiolus sp. 
 

2 

Mytilidae: Mytilus sp. 
 

1 

Omobranchus obliquus (Garman, 1903) 1 

Ostreidae: Crassostrea ? 
 

1 

Ostreoidea: Ostreidae or Gryphaeidae 
 

4 

Pinna sp. 
 

1 

Pterioidea: Pteriidae 
 

1 

Pterioidea: Pteriidae? or Malleidae? 
 

2 

Septifer sp. 
 

1 
 
 


