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Globally, movements of commercial vessels can facilitate the spread of marine non-
indigenous species (NIS) beyond their current biogeographic ranges. Authorities
at potential destination locations employ a number of biosecurity risk assessment
strategies to estimate threat levels from potential origin locations, vulnerability levels
of specific destination regions, or the consequences of successful establishment of
particular NIS species. Among the many factors and processes that have an influence on
the probability that NIS will survive transport and establish successfully at new locations,
vessel type has been identified as an important risk factor. Different vessel types have
different structural and operational characteristics that affect their overall level of marine
biosecurity risk. Several recent studies have examined subsets of vessel types or vessel
characteristics for their ability to spread NIS. While high-quality information is available
via these endeavors, it is fragmented and not readily available as an integrated resource
to support biosecurity regulators or other end-users. In this study, we synthesize
available empirical data on a wide range of vessel types and characteristics to develop
a framework that allows systematic quantification of the relative risk of NIS transfer
by common commercial vessel types. We explain our approach for constructing the
framework, from selection of key risk factors for inclusion, to selection of which datasets
to use for those risk factors. The framework output is a set of risk scores which denote
the relative biosecurity risk of common commercial vessel types. To demonstrate a
potential application of our framework, we applied the risk scores to vessel visit data
for commercial ports around New Zealand and assigned a relative risk level per port
based on the arrival frequencies of different vessel types. The resulting per-port risk
levels matched closely with the results of a prior benchmark study that employed state-
of-the-art risk modeling approaches. Our framework is based on globally relevant data,
is simple to implement, and is adaptable as new empirical information arises. It can
serve as a simple tool to determine the relative levels of vessel-related biosecurity risk
associated with geographic shipping hubs, or it can be used as a vessel-specific “risk
mask” for maritime transport models. It can be applied to any scientific or policy question
that requires information on vessel type differences in relation to marine biosecurity risk.

Keywords: marine invasive species, non-indigenous species, commercial shipping, biofouling, ballast water,
marine biosecurity risk
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INTRODUCTION

Over 90% of global trade is carried out by maritime shipping.
As of 2019, the global merchant fleet included 95,402 vessels
(mostly tankers, bulk carriers, container and general cargo
vessels) with a cargo carrying capacity of 1.97 billion deadweight
tons (UNCTAD, 2019).

Along with intended cargo, maritime vessels also provide
a means for coastal marine organisms to move to locations
beyond their natural ranges (Ruiz et al, 1997), mainly
in either the internal ballast water tanks or as biofouling
on the submerged external surfaces of the hull (Molnar
et al, 2008; Hewitt et al, 2009). Once established at new
locations, these non-indigenous species (NIS) can have harmful
ecological, economic and cultural impacts (Molnar et al., 2008;
Katsanevakis et al., 2014; Ojaveer et al., 2018). To prevent
or manage the harmful impacts associated with NIS, national
and regional authorities at potential destination locations
employ a number of biosecurity risk assessment strategies to
identify the level of biosecurity threat associated with various
global origin locations, identify “hotspot” areas with higher
incursion probabilities nationally or regionally, or estimate
the likelihood and potential consequences of introduction and
establishment of particular NIS (Hewitt and Campbell, 2007;
Bradie and Leung, 2015).

Many factors and processes have an influence on the
probability that NIS will survive transport and establish
successfully at new locations, including vessel-related factors such
as the structural configurations and operational characteristics
of the maritime vessels providing transport, voyage-related
factors that affect mortality rate during transport from origin to
destination due to voyage duration and path (Verling et al., 2005;
Zaiko et al., 2020), and environmental similarity between origin
and destination (Keller et al., 2011). For the first step of NIS
transfer, a number of previous studies, including surveys of expert
opinion (Cheng et al., 2019) and analyses of empirical datasets
(Kaluza et al., 2010; Clarke et al., 2017), have identified a suite
of important vessel-related risk factors, which can be grouped
collectively by vessel type.

Dozens of different vessel types are used to transport cargo,
as well as for other maritime purposes including research,
recreation, fishing, and military (Stopford, 2009). Their technical,
structural, operational, and maintenance-related characteristics
vary widely and include differences in size and shape, average
speed, movement and maintenance patterns, the proportion
and configurations of ballast tanks and hull niche areas,
ballast discharge behavior, and other relevant factors (Davidson
et al., 2018). Individually and combined, these differences affect

Abbreviations: NIS, non-indigenous species; GT, gross tonnage, a measure of
vessel size; DWT, deadweight tonnage, a measure of a vessel’s cargo hauling
capacity; WSA, wetted surface area of a vessel hull; BCPT, ballast water capacity as
a proportion of gross tonnage; NBIC, National Ballast Information Clearinghouse;
LMIU, Lloyd’s Maritime Intelligence Unit; MPI, New Zealand Ministry for Primary
Industries; CEBRA, University of Melbourne Centre of Excellence for Biosecurity
Risk Analysis; BLK, bulk carrier; TNK, tanker; GEN, general cargo; CON,
container vessel; FSN, fishing vessel; RRO, roll on roll off; RFR, refrigerated cargo
carrier (reefer); HVY, heavy lift vessel; PSS, passenger vessel; LSC, livestock carrier;
LQG, liquified gas carrier.

the rate of entrainment of organisms via ballast water or
biofouling, their mortality rates in transit, their release at voyage
destinations and, ultimately, the marine biosecurity risk posed by
individual vessels.

Efforts have been made to determine and describe key
differences among particular vessel types and the implications
for their capacity to transport marine organisms. For species
transport via biofouling, hull wetted surface area (Davidson et al.,
2006; Moser et al., 2016) and hull niche area configuration and
extent (Moser et al., 2017) have been quantified for eight common
vessel types of the global merchant fleet, as a way to estimate
the maximum potential surface area available to biofouling
organisms globally. For vessel type biofouling differences in NIS
density, diversity, and abundance, an analysis of survey data
from ten vessel types was conducted in New Zealand (Inglis
et al,, 2010), and data are available for sea chests (a particularly
high-risk niche area) from seven vessel types that were sampled
in Canada (Frey et al, 2014). No significant differentiation
of biofouling assemblages were found among vessel types, but
the studies provide valuable information on biofouling patterns
which can be used in further meta-analyses.

Similar efforts have been made to characterize risks related
to species transport via ballast water in different vessel types.
Bulkers and tankers have been found to have the highest
ballast water discharge frequency and volume, based on data
from vessels visiting the United States (Davidson et al., 2018)
and New Zealand (Hatami et al, 2021). A compilation of
previous literature mentions of ballast capacity by vessel type,
dating back to 1985, indicates a long-standing interest in
data toward this relationship (David et al, 2012). Qualitative
ratings of the relative importance of various risk factors have
also been proposed for both biofouling and ballast water, and
for both vessel type independent and dependent risk factors
(Davidson et al., 2018).

Given the increasing importance of marine biosecurity in
coastal policy and conservation, there is need for a synthesis
of all known, reliable information about vessel-based marine
biosecurity risk into a universal quantification system. The
development and application of such a tool would allow
expedience to regulatory and policy decisions that require risk
information based on vessel type. Here we propose a framework,
which integrates the best available empirical knowledge of
biosecurity risk factors associated with different vessel types
across the two main transport mechanisms of marine NIS by
ocean-going vessels, i.e., ballast water and hull biofouling, using
data from the above-mentioned studies. The framework could be
used in conjunction with other risk assessment tools or strategies
that account for non-vessel-based marine biosecurity risk factors,
such as those related to specific origins, destinations, voyage
paths, or NIS species, to estimate total marine biosecurity risk in
any given scenario.

To assess the robustness of the framework and demonstrate a
potential application, we used it to examine relative biosecurity
risk associated with commercial ports around New Zealand,
and compared our results to “benchmark” data from a
preceding state-of-the-art risk assessment based on complex
statistical models.
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METHODS

The framework for quantifying vessel type dependent marine
biosecurity risks was developed considering three main
constituents: vessel types, marine biosecurity risk factors, and
data sources that include data on one or more risk factors by
vessel type. To construct the framework, we: (a) selected vessel
types, (b) selected risk factors, (c) selected data values for each
combination of vessel type and risk factor, (d) rescaled data
values for each risk factor from 0 to 1 by standardizing to the
maximum value, (e) multiplied the rescaled data values by an
importance rating, and (f) added together the weighted rescaled
data values for all risk factors to derive an overall vessel type
risk score (Figure 1). In the following subsections, we explain in
detail how each of these steps were handled.

Selection of Vessel Types

We selected vessel types to include in the framework with an
aim to be comprehensive of the global merchant fleet. Our
selections were based partly on the merchant vessel classification
of Stopford (2009, Figure 14.1) and partly on which vessel
types were included in our data sources. The finalized selection
includes 11 vessel types for which we could find data: general
cargo (GEN), bulk carriers (BLK), general tankers (TNK),
container vessels (CON), roll-on roll-oft (RRO), refrigerated bulk
carriers or reefers (RFR), liquified gas tankers (LQG), heavy lift
vessels (HVY), passenger vessels (PSS), livestock carriers (LSC),
and fishing vessels (FSN).

Selection of Marine Biosecurity Risk

Factors

To select risk factors (Figure 1A), we modified the list of vessel
type dependent factors from those proposed in Davidson et al.
(2018). In the following subsections on Biofouling Risk Factors
and Ballast Water Risk Factors, we describe each risk factor we
selected in more detail.

Biofouling Risk Factors

Hull wetted surface area (WSA) is a measure of the total
underwater surfaces of a vessel’s hull. For biofouling organisms,
it directly represents the amount of substrate available for
colonization. Mathematical equations incorporating a range of
vessel dimensions (e.g., total length, beam, draft) have been
established in previous studies for calculating WSA for all
major vessel types (Davidson et al., 2006; Inglis et al., 2010;
Moser et al., 2016).

Complexity of hull WSA is the proportion of hull niche areas
relative to overall WSA. Hull niche areas tend to have higher
rates of biofouling than the main parts of the hull due to reduced
exposure to the hydrodynamic effects of a moving vessel or the
inability to apply antifouling coatings to some types of niche
areas, such as drydock support areas (Coutts and Taylor, 2004;
Davidson et al., 2009; Inglis et al., 2010). The most comprehensive
assessment of hull WSA complexity in the global merchant fleet
to date (Moser et al., 2017) was used as our primary data source.

Port duration is the amount of time between arrival and
departure of a vessel from the vicinity of a port, much of it

spent docked while loading or unloading cargo. Port duration
is partly based on the type of cargo carried by the vessel,
and is therefore vessel type dependent (Davidson et al., 2018).
Longer port durations allow organisms more opportunity both
to colonize the hull and to recruit from the hull to surrounding
waters and port structures. Data for port duration by vessel
type are available from Inglis et al. (2010); Frey et al. (2014),
and Davidson et al. (2018).

Typical speed is the average speed of the vessel at sea. Different
vessel types are optimized for different speeds based on cargo
type (Stopford, 2009). Higher speed increases the magnitude of
hydrodynamic forces, which reduces retention and survival rates
of attached organisms during the voyage (e.g., Coutts et al., 2009,
2010). Our main data sources for typical speed by vessel type were
Inglis et al. (2010) and Davidson et al. (2018).

Amount of biofouling can be considered a direct measurement
of the associated biosecurity risk, as it is presumed proportional
to the amount of potential NIS accumulated on a vessel hull
(Inglis et al., 2010), although this will also depend on the vessel’s
voyage history. It is often related to other factors, such as type
and age of antifouling coatings, hull maintenance practices,
length of lay-up periods, and other structural and operational
vessel characteristics. Direct sampling of biofouling extent and
distribution has been undertaken by various studies using scuba
divers, underwater drones, or drydock surveys (e.g., Coutts and
Taylor, 2004; Davidson et al., 2009). Comprehensive biofouling
data by vessel type are available from Inglis et al. (2010)
and Frey et al. (2014).

Ballast Water Risk Factors

Ballast water capacity is the maximum volume of ballast water
that a vessel can carry. For organisms transported in ballast tanks,
ballast water capacity is more relevant than overall vessel size
because larger volumes of ballast water can carry more organisms.
Although general vessel size parameters are easy to obtain and
therefore often used in risk assessments, ballast capacity data
are also available from large databases, such as the National
Ballast Information Clearinghouse (National Ballast Information
Clearinghouse, 2021).

For ballast water capacity by vessel type, we collected vessel
data from NBIC for the first 100 visits to each port of the
United States in 2014, resulting in data for 4,802 unique vessels
(based on IMO number). The year 2014 was chosen because some
of the ballast discharge frequency and volume data used in this
study (see below) were also from NBIC for 2014. Data include
vessel type, ballast capacity in metric tons (mt), and gross tonnage
(GT) for each vessel, from which we calculated average ballast
capacity per vessel type (see Supplementary Material).

It has not previously been established with systematic evidence
whether ballast water capacity is proportional to vessel size,
or whether and how the proportion varies by vessel type. To
ascertain whether proportion variations are consistent by vessel
type, we calculated ballast capacity as a proportion of tonnage
(BCPT) for each vessel. We then grouped the vessels by vessel
type and calculated an average BCPT for each vessel type.

Ballast discharge frequency is the percentage of vessel visits
where the vessel discharged any amount of ballast water. Ballast
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Step A Step B
Select risk factors to For each risk factor, find data sources with data
include in framework. by vessel type. Assign confidence ranking of
Assign importance ratings. data source based on sample number and
geographic scope.
Risk Importance Factor Vessel Types
Factors Rating
#1 1 data A | B | C | D | E | numberof | confidence
3 sources vessels ranking
#3 P i 10 | 10 1,000+ high
#4 2 ii 20 | 20 100-1000 medium
#5 3 iii 30 30 30 <100 low
Step D Factor Vessel Types Step C Factor Vessel Types
#2 — #2
For each vessel type, A B Cc |((D) For vessel types A B C |(( p E
select data from source with no data, use
with highest number of selected [ 10 | 10 | 20 30 data from next most selected | 10 | 10 | 20 | 20 | 30
vessels data similar vessel type data
data i i ii iii {> data i i ii i | i
source source
Step G Step E Factor Vessel Types
#2
Sum quantified risks For each risk factor, scale A B Cc D E
across risk factors to derive data from 0 to 1 by dividing —
risk scores each value by the divide by
maximum value maximum | 10/30 | 10/30 | 20/30 | 20/30 | 30/30
(=30)
Vessel Types
Risk Factors scaled 0.33 | 0.33 | 0.67 | 0.67 1
A ‘ B ’ c ’ D ‘ E values
#1 1 /05 05 03|07
Step F Factor Vessel Types
#2 1 1 2 2 3 #2
For each risk factor, A B c D E
#3 05 2 1 05 1 multiply scaled values by -
importance rating multiply by \ 4
#4 0.7 1 0.3 2 05 importance | 0.33 | 0.33 0.67 0.67 1
< rating *3 *3 *3 *3 *3
#5 1 2 3 2 1 (F3))
Summed 42 6.5 6.8 6.8 6.2 quantified 1 1 2 2 3
Risk risk
FIGURE 1 | An overview of the seven-step methodology that we used to populate the vessel biosecurity risk framework with data from empirical sources. Numbers
in this overview are examples only, to demonstrate the data selection process and calculations. Colored circles are provided to help with tracking links
between the steps. Individual steps (A-F) are described in detail in the main text.

discharge volume is the total amount discharged. Both are directly
related to propagule pressure, which is a function of the frequency
and volume of NIS arrival to destination locations, although the
amount of potential NIS discharged at any particular port-of-call
will also depend on the vessel’s voyage history. Ballast discharge
frequency and volume data are available from Davidson et al.
(2018), who compiled and analyzed data from NBIC for the year
2014. Additional data were approximated from Hatami et al.

(2021), who combined data from Lloyd’s Maritime Intelligence
Unit (LMIU) with data collected by the New Zealand government
(Ministry for Primary Industries, MPI). Data from Hatami et al.
(2021) include annual number of vessel visits and annual average
deadweight tonnage (DWT) to visit by vessel type in 2000-2005
and 2016 (LMIU), and separately, data for annual number of
vessels that discharged ballast and annual discharge volume from
1999 to 2007 (MPI), which did not also include vessel visit data.
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For an approximation of ballast discharge frequency, we divided
(by vessel type) vessels that discharged ballast from the latter
dataset by visits from the former dataset, for the overlapping data
years of 2000-2005. For ballast discharge volume by vessel type,
we averaged data from the latter dataset for 2000-2005.

Assignment of Importance Ratings
Importance ratings give more weight to risk factors that have
a greater impact on the probability of successful marine NIS
transfer, and range from 1 (lowest importance) to 3 (highest
importance). Our importance rating assignments were based on
those proposed in Davidson et al. (2018). Importance ratings are
further used in the risk quantification process at Step 2.5.

The final list of selected risk factors and their importance
ratings are in Table 1.

Selection of Data Values for Each
Combination of Vessel Type and Risk

Factor

Data sources with quantitative information for each combination
of vessel type and risk factor were compiled, and a confidence
rank was assigned (Figure 1B, Table 2). Quantitative data from
all available sources were then assembled (Figure 1B, Table 3).
If there were no risk factor data for a vessel type, data from
the most likely similar vessel type were used based on presumed
similar physical configuration and behavior due to cargo type
(Figure 1C). If there were multiple data sources for the same
risk factor, data were selected from the data source with the
highest number of vessels for each vessel type (Figure 1D). If
multiple data sources for the same risk factor were not in the
same units, data from each data source were first standardized
before data selection. Confidence ranks were also assigned to each
combination of vessel type and risk factor (see Supplementary
Table 2). In the following subsections, we describe how we
applied these methods to specific situations that arose while
constructing the framework.

Data Sources and Confidence Ranks

Although many studies have been conducted over the past
few decades on marine biosecurity risk due to transport by
maritime vessels, relatively few provide data by vessel type. To

TABLE 1 | Vessel type dependent risk factors selected in Step One of populating
the vessel biosecurity risk framework (Figure 1), along with their assigned
importance ratings.

Risk Factors Importance rating

Biofouling Risk Factors

Hull wetted surface area (WSA)
Complexity of hull WSA

Port duration

Typical speed

W NN W =

Amount of biofouling

Ballast Water Risk Factors
Ballast water capacity

Ballast discharge volume
Ballast discharge frequency 3

construct the framework, we aimed to include datasets that were
global in scope, both as individual datasets (Moser et al., 2016,
2017; Davidson et al., 2018) and as multiple sources that were
regional in scope but from different regions (Davidson et al.,
2006, 2018; Inglis et al., 2010; Frey et al.,, 2014; Hatami et al,,
2021; National Ballast Information Clearinghouse, 2021). Hull
WSA and complexity of hull WSA were calculated rather than
measured in each data source with hull WSA data, while data for
all other selected risk factors were empirical.

Several risk factors had data available from multiple sources
for the same vessel types. For each such factor, we calculated
Kendall rank correlation of vessel types to assess concordance of
data between the sources. Seven comparisons were made for five
factors (see Supplementary Table 1). High concordance would
have justified averaging together data from multiple sources to
maximize the amount of data upon which risk quantifications
could be based, and meant that datasets based on particular
regions or nations could be extrapolated to apply globally.
However, in all cases, concordance was low, indicating that data
for the same risk factor from multiple sources should not be
pooled, that each dataset should be considered separately, and a
confidence ranking of each data source was warranted.

Confidence ranks were assigned to each data source as a
number from 1 to 4 (Table 2). High confidence (1) was assigned if
the data source included 1,000 + vessels, medium confidence (2)
between 100-1,000 vessels, and low confidence (3) for fewer than
100 vessels. Confidence was then reduced by a step (increased
by 1) if the study was of regional rather than global scope, and
if the data were calculated or derived from models rather than
obtained empirically.

Missing Data

Five of our chosen vessel types did not have data for at least
one risk factor, and data from another vessel type were used
as a proxy based on similarity of cargo type. For RRO, RFR,
LQG, HVY, and LSC, the assumed closest proxies were CON,
GEN, TNK, BLK, and PSS, respectively. RRO are most similar
to CON for the weight and volume of cargo types. RFR, which
carry perishable items similar to the non-perishable items carried
in general cargo and container cargo, tend to be closer in size to
GEN than CON. LQG is a type of TNK. HVY carry very heavy
cargos and move relatively slowly, like BLK. LSC and PSS are
generally large vessels that carry living beings and must provide
them with food, cleanliness, and other similar requirements.

Multiple Data Sources

For risk factors that had data available from multiple sources, we
selected data from the data source with the highest number of
vessels of the vessel type.

Data Standardization Across Multiple Data Sources
for the Same Risk Factor With Different Units

For two risk factors, ballast discharge volume and ballast water
capacity, data from different sources were not in the same units
and could not be easily converted. For ballast discharge volume,
data from Davidson et al. (2018) were in cubic meters per vessel
while data from Hatami et al. (2021) were in tons per vessel type
per year. For ballast water capacity, the comparison was between
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TABLE 2 | Overview of data sources included in the vessel biosecurity risk framework.

Vessel Type

Source data GEN BLK TNK CON RRO RFR LQG HVY PSS LSC FSN Overall Confidence
Ranking

Risks from biofouling Total vessels in source study
Moser et al., 2016, 20,792 10,550 14,194 5,109 1,652 6,922 23,358 120,252 2
2017
Davidson et al., 2006 1,091 5,220 4,670 12,093 2,788 1,618 29,282 3
Inglis et al., 2010 159 31 12 159 37 19 2 50 3 508 3
Frey et al., 2014 9 2 3 39 4
Risks from ballast water Total vessel visits in source study
Davidson et al. X X X X X X 91,163 2
(2018)—NBIC data for
2014
NBIC data for 2014 381 1,308 1,421 580 344 92 134 18,819 2
(acquired 2020)
Hatami et al. 10,070 7,210 3,596 15,540 3,828 1,031 3,828 3,828 46 52,648 2

(2021)—for percent
ballast discharge

For each data source, number of vessels per vessel type and total number of vessels underpinning the original study are indicated when available. Confidence rankings were assigned based on number of vessels (or
visits) in the source study, whether the source study was regional or global in scope, and whether data were obtained empirically. 1, highest confidence; 4, lowest confidence. Detailed confidence rankings for each
combination of vessel type and risk factor are also available in Supplementary Table 2. GEN, general cargo; BLK, bulk carriers; TNK, general tankers; CON, container vessels; RRO, roll-on roll-off; RFR, refrigerated
bulk carriers; LQG, liquified gas tankers; HVY, heavy lift vessels; PSS, passenger vessels; LSC, livestock carriers; FSN, fishing vessels.
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TABLE 3 | Data from each data source for each combination of risk factor and vessel type.

Vessel type Source data
GEN BLK TNK CON RRO RFR LQG HVY PSS LSC FSN

Biofouling risk factor

Vessel size

Average WSA per vessel (m?) 1,770 9,406 5,514 8,284 5,709 1,147 381 Moser et al., 2016

Average WSA per vessel (m?) 4,775.01 8,623.72  12,246.6 10,460.13 6,238.74 4,813.21 Davidson et al., 2006

Average WSA per vessel (m?) 6,125.53* 5,889.23  3,898.64 6,125.53° 6,404.24 3,661.01 6,814.06 5,194.91 786.71  Inglis et al., 2010;
Tables 3-3

Vessel size (GT) 16,776.27 97,850 3,613.6 Freyetal, 2014

Complexity of hull WSA

Niche areas of the hull WSA (%) 9 7 8 9 10 27 22 Moser et al., 2017

Port duration

Typical port duration (h) 70.2 127.7 80.2 28.7 28.8 21.2 Davidson et al., 2018

“In port” days (d) 1.86* 519 2.21 1.86* 1.13 1.89 3.92 0.91 10.78 Inglis et al., 2010;
Tables 3-14

Port duration (d) 2.76 1 9.4 Frey et al., 2014

Typical speed

Typical speed (knots) 18.77 13.09 13.42 18.96 16.7 16.91 Davidson et al., 2018

Average speed (knots) 18.29* 13.82 13.15 18.29* 17.59 18.22 1.5 17.58 10.83 Inglis et al., 2010;
Tables 3-3

Amount of biofouling

Density of biofouling (g m~2 WSA) 76.49* 60.56 92.44 76.49* 71.96 97.87 57.27 18.38 14712 Inglis et al., 2010;
Tables 4-6

Biofouling cover in sea chest (%) 11.38 50 10.4 Frey et al., 2014

Ballast water risk factor

Vessel size

Average DWT 11,671.87 26,379.38 32,974.69 21,663.37 9,857.6* 2,953.24 9,857.6* 9,857.6* 1,119.07 Hatamietal,, 2021;
Figure 4

Ballast water capacity (mt) 7,694.07 23,093.32 29,227.15 16,661.01 7,651.94 1,219.63 3,673.9 National Ballast Information
Clearinghouse, 2021; data
(acquired 2020)

Ballast discharge volume

Average discharge (m3) 2,682 17,077 11,185 2,472 813 895 Davidson et al., 2018

Discharge volume (tons year~1) 116,637.3 2,140,446 732,855.9 174,573.7 8,820.04* 7,867.222 8,820.04* 8,820.04* 300 Hatami et al., 2021;
Figure 7

Ballast discharge frequency

% United States arrivals discharging BW 28 56 42 7 9 30 Davidson et al., 2018

% New Zealand ship visits that discharged BW 6.69 20.27 16.37 9.06 4.56* 10.49 4.56* 4.56* 217 Hatami et al., 2021;

Figures 3, 6

Asterisked values indicate that data for the vessel type were in combination with another vessel type.

Inglis et al. (2010) combined GEN and CON, and Hatami et al. (2021) combined RRO, PSS, and LSC.
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ballast water capacity in metric tons (mt) from NBIC data, and
overall vessel size in DWT from Hatami et al. (2021).

To allow comparison between datasets for the same risk factor
in order to select values to use in the framework, we first rescaled
each dataset from 0 to 1 by standardizing each dataset to their
maximum values, i.e., by dividing the data value for each vessel
type by the maximum data value for all vessel types. An example
of the arithmetic to do this is shown in Figure 1E.

For ballast discharge volume, rescaled values were then
selected for each vessel type based on highest number of vessels
of the vessel type. For ballast water capacity, the data for ballast
water capacity was prioritized over DWT as the more accurate
measure when selecting rescaled values for each vessel type
despite lower vessel numbers in the dataset.

Confidence Ranks for Each Combination of Vessel
Type and Risk Factor

To allow assessment of the overall robustness of the data in the
framework, confidence ranks were assigned to each combination
of vessel type and risk factor as a number from 1 to 4 (see
Supplementary Table 2). As with confidence ranks for the overall
study, high confidence (1) was assigned to risk factors with
data from 1,000 + vessels of a given vessel type, then medium
confidence (2) for 100-1,000 vessels, and low confidence (3) for
fewer than 100 vessels. In addition, confidence was reduced by
a step (increased by 1) if data for the vessel type were part of
a combination with another vessel type, e.g.,, GEN and CON
from Inglis et al. (2010) were combined, as were RRO, PSS, and
LSC from Hatami et al. (2021). Confidence was also reduced
by a step if data were missing for a particular combination of
risk factor and vessel type, and data from a proxy vessel type
were used instead.

Data Standardization Across All Risk

Factors

Each risk factor has different units from the other risk factors. To
allow comparison among risk factors, after selecting values to use
from the data sources, we standardized them by their maximum
values (Figure 1E). Higher numbers indicate higher risk relative
to other vessel types for a given risk factor.

For the vessel speed risk factor, higher average speed is
associated with lower risk, so an inverted scale was applied. We
first rounded up the maximum value to the next highest integer
so that the highest vessel speed (lowest risk) would still have
a risk of more than 0. Then we standardized all speed values
to the rounded up maximum value and subtracted the result
from 1. The rescaled values were 1 for lowest speed and > 0
for highest speed.

Importance Ratings and Summed Total

Risk Values

The importance ratings assigned in 2.2.3 were multiplied to the
rescaled values from 2.4 (Figure 1F). This produced a final risk
value for each combination of risk factor and vessel type. All
risk values related to biofouling were then summed for a total
risk from biofouling for each vessel type. The same was done

for ballast water related risks. Finally, biofouling risk and ballast
water risk were summed to derive the overall vessel type risk
score (Figure 1G).

Risk scores have no intrinsic value in and of themselves. They
are mainly used as a comparative measure among vessel types. If
another vessel type were added to the framework, its associated
data for the various risk factors would alter the absolute risk
scores but not change the order of existing vessel types (other
than slotting into its own appropriate place in the ordering).

Framework Application Case Study:

New Zealand

To demonstrate a potential use for the vessel biosecurity risk
framework, we applied the vessel type risk scores to vessel visit
data for New Zealand ports in 2015 and 2016. For each of seven
vessel types in the visit data (BLK, CON, FSN, GEN, PSS, RRO,
and TNK), we multiplied the risk score for that vessel type by
the number of visits per year to each of 13 ports (Auckland,
Bluff, Gisborne, Lyttelton (Christchurch), Napier, Nelson, New
Plymouth, Picton, Port Chalmers (Dunedin), Tauranga, Timaru,
Wellington, Whangarei). We derived a total risk score for each
port per year by adding together the risk scores for all vessel
types, followed by averaging across both years. We also derived
proportional risk scores per vector for each port by adding
together the biofouling risk scores and ballast water risk scores
for all vessel types separately.

To assess the performance of our framework, we compared
our port risk scores to the results from a recently published, state
of the art statistical risk model developed for the New Zealand
government by Hatami et al. (2021). Their study quantified the
relative levels of marine biosecurity risk associated with domestic
shipping ports based on total ballast water discharge and total
biofouling exposure per port, using K Nearest Neighbors (KNN)
and random forests algorithms. This represents a very different
and more complex methodological approach than ours. Hatami
et al’s (2021) final risk metric is the “allocation weight”—the
proportion of total available biosecurity management effort that
should be allocated to each port given its relative risk level. These
weights are calculated by dividing the risk exposure for each
port by the sum of risk exposure for all ports, and sum to 1
across all ports.

Hatami et al. (2021) calculated allocation weights based
on vessel visits to 14 New Zealand ports in 2015-2017. We
calculated allocation weights based on the port risk scores from
our vessel biosecurity risk framework. To make the results of
both studies directly comparable, we recalculated Hatami et al.’s
(2021) allocation weights to include only 2015-2016 and the 13
ports for which we had data, before comparing our allocation
weights to theirs.

Data Visualization and Statistical
Analyses

For the ballast capacity analysis, data were extracted from the
NBIC with a python script, followed by data processing and
visualization using the programming software R (R-project,
2014). A Kruskal-Wallis test (Kruskal and Wallis, 1952) test with
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FIGURE 2 | Boxplots showing ballast water capacity (A) and proportion of
ballast water capacity to overall vessel size (B) for seven common vessel
types. Numbers across the bottom of panel (A) represents the numbers of
vessels for each vessel type. Different letters across the bottom of panel (B)
indicates which vessel types were significantly different from one another:
PSS, RFR, and RRO were not significantly different from each other (Dunn
pairwise tests, adjusted p > 0.05), while all other pairs were (Dunn pairwise
tests, adjusted p < 0.001).

Bonferroni adjustment and pairwise tests (Dunn, 1961, 1964)
was implemented using the dunn test package (Dinno, 2017) to
determine whether BCPT for any vessel types were significantly
different from each other.

For the New Zealand case study, we calculated a distribution
free Kendall’s rank correlation to assess strength of association
between risk scores assigned for 13 New Zealand ports based on
the current framework and those from Hatami et al. (2021).

RESULTS

Analysis of Ballast Water Capacity by

Vessel Type
Out of 4,802 vessels recorded by the NBIC database to have visited
the United States in 2014, 4,294 were one of the seven vessel types
included in both the NBIC database and this study. Average ballast
water capacity for each vessel type ranged from 1,219.63 4= 908.48
(mean =+ SD) mt for RFR to 29,227.15 & 22,930.52 mt for TNK
(Figure 2A and Supplementary Table 3).

Most vessels (4,260 of the 4,294) had a calculated BCPT of
less than 2 mt GT~!. We assumed that the remaining 34 vessels

(0.8% of the dataset) with BCPT greater than 2 mt GT~! were
either highly specialized vessels or outliers most likely due to data
entry errors. Average BCPT values ranged from 0.05 & 0.03 mt
GT~! for PSS to 0.76 £ 0.22 mt GT~! for BLK (Figure 2B
and Supplementary Table 3). BCPT varied significantly between
all combinations of vessel types (p < 0.001, Kruskal-Wallis
test followed by Dunn pairwise tests) with the exception of
comparisons among PSS, RFR, and RRO (adjusted p > 0.05, see
Supplementary Table 4).

Overview of the Input Data

Six of our 11 vessel types (GEN, CON, TNK, BLK, PSS, and
FSN) had data for every risk factor from at least one source.
Three vessel types (RFR, RRO, and LQG) had data missing
for at least one risk factor but did have data for at least one
risk factor in both the biofouling and ballast water categories.
HVY only had biofouling data, which was based on two vessels.
Therefore, ballast water risk for HVY was approximated from
BLK and resulted in identical values for these two vessel types.
LSC only had ballast water data, which was from a data source
that combined LSC with PSS and RRO. Therefore, biofouling risk
for LSC was approximated from and identical to PSS.

The final data selected for the framework from referenced
sources is in Table 4. To summarize, average hull WSA per vessel
ranged from 381 to 10,460 m> (FSN and CON, respectively).
Complexity of hull WSA ranged from 7% for BLK to 27% for
PSS. PSS spent the least amount of time in port at an average of
0.88 days per call, while FSN were docked longest at an average
of 10.78 days. Typical vessel speeds ranged from 10.83 knots for
FSN to 18.96 knots for CON. Amount of biofouling ranged from
18.38 g m~2 for PSS to 147.12 g m~2 for FSN. Ballast discharge
frequency ranged from 2.17% for FSN to 56% for BLK. Ballast
discharge volume in the United States ranged from 813 m> per
discharge for RRO to 17,077 m?> for BLK (and therefore also
HVY), while in New Zealand it ranged per vessel type from 300
tons year ! for FSN to 2,140,446 tons year~ ! for BLK (and HVY).

Vessel size as a ballast water risk factor was measured as either
ballast water capacity or DWT, depending on which type of data
were available for each vessel type. ballast water capacity data
were available for BLK, CON, GEN, PSS, RFR, RRO, TNK, and
ranged from 1,219.63 to 29,227 mt (RFR and TNK). Vessel size
in DWT were available for LQG, LSC, and FSN: 2,953.24, 9,857.6,
and 1,119.07 DWT, respectively.

Biosecurity Risk Profiles by Vessel Type

The final cumulative risk scores per vessel type ranged from
4.42 for LSC and RRO to 11.31 for BLK (Table 4). The relative
importance of biofouling versus ballast water related risk factors
varied between vessel types. For biofouling risk factors, FSN had
by far the highest risk at 8.34, including the maximum risk values
for both port duration and density of biofouling (Figure 3A). For
all other vessel types, although the proportions of each risk factor
varied, their overall totals were similar, ranging from 3.53 to 4.75.
For ballast water risk factors, the vessel types with highest risk
were BLK, and therefore also HVY, at 6.79, followed by TNK as
the third highest at 5.21 (Figure 3B). Risk from ballast discharge
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TABLE 4 | Vessel type risk scores.

Risk value per factor Importance GEN BLK TNK CON RRO RFR LQG HVY PSS LsC FSN
rating
Grouped with when no data CON GEN TNK BLK PSS
Biofouling Risk Factor
Vessel size (WSA in m3) 1,770 9,406 5,514 10,460.13 6,238.74  3,661.01 5,709 6,814.06 1,147 1,147 381
Calculated risk value 1 0.17 0.90 0.53 1.00 0.60 0.35 0.55 0.65 0.11 0.11 0.04
Complexity of hull WSA (%) 9 7 8 9 9 9 10 7 27 27 22
Calculated risk value 3 1.00 0.78 0.89 1.00 1.00 1.00 1.11 0.78 3.00 3.00 2.44
Port duration (days) 2.93 5.32 3.34 1.20 1.20 1.89 3.34 3.92 0.88 0.88 10.78
Calculated risk value 2 0.54 0.99 0.62 0.22 0.22 0.35 0.62 0.73 0.16 0.16 2.00
Typical speed (knots) 13.77 13.09 13.42 18.96 16.7 18.22 13.42 1.5 16.91 16.91 10.83
Calculated risk value 2 0.551 0.622 0.587 0.004 0.242 0.082 0.587 0.789 0.220 0.220 0.860
Density of biofouling (g m—2) 76.49 60.56 92.44 76.49 71.96 97.87 92.44 57.27 18.38 18.38 147.12
Calculated risk value 3 1.56 1.23 1.88 1.56 1.47 2.00 1.88 117 0.37 0.37 3.00
Total biofouling risk score 3.82 4.52 4.51 3.79 3.53 3.78 4.75 4.11 3.87 3.87 8.34
Ballast water risk factor
Vessel size (average ballast water capacity in mt) 7,694.07  23,093.32 29,227.15 16,661.01 7,651.94 1,219.63  29,227.15 23,093.32 3,673.9 3,673.9
Standardized to maximum 0.26 0.79 1.00 0.57 0.26 0.04 1.00 0.79 0.13 0.13
Vessel size (DWT) 11,671.87 26,379.38 32,974.69 21,663.37 9,857.6 11,671.87 2,953.24  26,379.38 9,857.6 9,857.6 1,119.07
Standardized to maximum 0.35 0.80 1.00 0.66 0.30 0.35 0.09 0.80 0.30 0.30 0.03
Vessel size (combined) 0.26 0.79 1.00 0.57 0.26 0.04 0.09 0.79 0.13 0.30 0.03
Calculated risk value 1 0.26 0.79 1.00 0.57 0.26 0.04 0.09 0.79 0.13 0.30 0.038
Ballast discharge volume in m® (US) 2,682 17,077 11,185 2,472 813 2,682 11,185 17,077 895 895
Standardized to maximum 0.151 1.000 0.655 0.145 0.048 0.151 0.655 1.000 0.052 0.052
Ballast discharge volume in tons year—! (N2) 116,637 2,140,446 732,856 174,574 8,820 116,637 7,867 2,140,446 8,820 8,820 300
Standardized to maximum 0.054 1.000 0.342 0.082 0.004 0.054 0.004 1.000 0.004 0.004 0.0001
Ballast discharge volume (combined) 0.151 1.000 0.655 0.145 0.048 0.151 0.004 1.000 0.004 0.004 0.0001
Calculated risk value 3 0.45 3.00 1.96 0.43 0.14 0.45 0.01 3.00 0.01 0.01 0.0004
Ballast discharge frequency (%) 28 56 42 7 9 28 10.49 56 30 4.56 2.17
Calculated risk value 3 1.50 3.00 2.25 0.38 0.48 1.50 0.56 3.00 1.61 0.24 0.12
Total ballast water risk score 2.22 6.79 5.21 1.38 0.89 2.00 0.66 6.79 1.75 0.56 0.15
Total risk score 6.04 11.31 9.72 517 4.42 5.77 5.41 10.90 5.61 4.42 8.49

Blue numbers indicate that no data were available; data were copied from a vessel type inferred to be similar in physical configuration and/or behavior. US, United States; NZ, New Zealand.
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FIGURE 3 | Comparative marine biosecurity risk scores by vessel type. (A) Five biofouling risk factors (blue shaded stacks). (B) Three ballast water risk factors
(orange to yellow stacks). (C) Total risk scores across both vectors.

frequency and volume for these types were generally individually
higher than the total ballast water risk for other vessel types. At
the low end, risk from FSN was only 0.15. Overall, BLK were the
highest risk vessel type across both vectors at 11.31 (Figure 3C),
followed by HVY (10.90) and TNK (9.72), while LSC, RRO, and
CON were at the low end (4.42, 4.42, and 5.17).

New Zealand Case Study—Biosecurity
Risk Allocation by Port

There was considerable variation in the number of vessel visits
to ports located around New Zealand. The ports of Tauranga
and Auckland received the highest number of arrivals (average
of 1,277.5 and 1,233 per year in 2015-2016, respectively) while
smaller, regional ports like Picton and Gisborne had the lowest
arrival numbers (Figure 4A). The overall broad pattern of risk

associated with the various ports appears to correspond to the
total number of vessel visits (Figure 4 and Supplementary
Table 5). However, the proportion of vessel visits per type also
had a strong influence on the total risk score for a port. For
example, although Tauranga and Auckland had similar numbers
of total vessel visits (mean difference per year of 44 vessels),
Tauranga had proportionally more visits by BLK vessels, resulting
in a greater port risk score than Auckland (Figure 4B). Similarly,
New Plymouth had fewer vessel visits than Nelson or Timaru, but
a much larger proportion of the vessels were TNK, resulting in
overall elevated port risk scores. Whangarei had fewer visits than
Port Chalmers (mean difference per year of 78 vessels), but more
of them were BLK and TNK, resulting in a higher port risk score
for Whangarei. The relative contributions of the two transport
vectors (biofouling and ballast water) were rather consistent
across ports, ranging from approximately 40 to 60% (Figure 4C).
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FIGURE 4 | (A) Number of vessel visits per vessel type to each port of New Zealand in 2015 and 2016. (B) Relative biosecurity risk of each port, showing proportion
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However, in some cases, the relative importance of either ballast
water or biofouling risk factors have had a strong influence on
the port rankings. For example, Tauranga’s greater port risk score
over Auckland was largely due to risks associated with ballast
water, while Dunedin’s higher ranking over New Plymouth, Bluft,
and Timaru was determined by biofouling risk factors.

The allocation weights we calculated based on the port
risk scores derived from our vessel biosecurity risk framework
matched closely with the revised allocation weights from Hatami
et al. (2021) (Kendall rank correlation tau of 0.72, p < 0.001;
Figure 5). The four ports with the greatest allocation weights
(Tauranga, Auckland, Lyttelton, and Napier) were in the same
rank order in both studies, as were three of the four ports with
the lowest allocation weights (see Supplementary Table 6). On

average, there was a 0.013 + 0.008 (mean & SD) difference
between allocation weights derived in each study.

DISCUSSION

Framework Overview and Potential Uses

The primary purpose of this study was to integrate the
considerable volume of existing knowledge on various risk
factors related to NIS transfer by ocean-going vessels into a
single, evidence-based vessel type biosecurity risk framework.
The framework presented here provides a means for organizing
available empirical data on marine biosecurity risk by vessel type
based on global data on biofouling and ballast water risk factors.
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This results in a unified and adaptable quantification system
that can be used to understand the relative risk associated with
common vessel types, along with the components of that risk. The
framework can then support scientists and decision makers in
their development of marine biosecurity risk mitigation measures
for their study systems or jurisdictions. It can be used in
combination with other risk assessment tools that account for
voyage-related factors, environmental similarity between origin
and destination, or other factors affecting post-introduction
probability of NIS survival and establishment.

A virtue of our framework is that it requires very little
computational effort compared to more sophisticated modeling
approaches (e.g., Saebi et al., 2020; Hatami et al., 2021), and is
easy to implement by simple arithmetic application of the final
vessel type risk scores. The risk factors we included are broad,
with readily available data that do not require extensive effort to
collect, as would be the case for risk assessments that investigate
and summarize patterns of individual ship transits (David
and Gollasch, 2019). Although the risk scores derived in our
framework may not apply perfectly to every situation globally,
the method we outlined can be customized to fit specific local or
regional scenarios by adding or removing individual risk factors
or vessel types as appropriate, depending on their relevance.

Our framework can be applied to several important aspects of
marine biosecurity management. It can be used to help identify
higher-risk vessels, which enables authorities to better focus
their efforts and resources regarding interventions. For example,
Clarke et al. (2017) noted that ballast water management was
one of the most common reasons to not pass vessel inspections
in Australia, while inspection failure due to biofouling was
uncommon. However, in-water hull inspections were also
rarely conducted due to logistic difficulties. By integrating the
risk scores from our framework into their existing profiling

tools, authorities could more accurately choose the high-risk
vessels where direct hull inspections would be most needed,
i.e, FSN, or they could target BLK or TNK that intend to
discharge ballast water.

The framework can be used to determine the relative
biosecurity risk associated with shipping ports or other defined
areas of shipping activity. As demonstrated in our case study,
biosecurity risk scores for ports, when calculated from the
numbers of different types of vessels visiting a port, are likely to be
more accurate than looking at vessel visit numbers alone. While
port risk scores do not represent absolute measures of risk, they
can be used to rank ports or geographic areas according to relative
risk. This in turn can inform prioritization for vector-based
management and the allocation of usually limited biosecurity or
enforcement resources.

The framework can be used to determine the relative
biosecurity risk associated with different types of internationally
traded commodities based on the vessel types that transport
them (Verna et al., 2021). Commodity risk scores could be used
to analyze the global movement patterns of NIS based on the
movement patterns of the commodities as they are transported
on the various vessel types. With sufficient maritime economics
data, this could potentially eliminate the need to track individual
vessel movements while tracking the movement of NIS.

Risk factors could also be added to the framework for
particular research questions. For questions that are not directly
about port-based marine biosecurity risk, vessel traffic (Davidson
et al., 2018), or frequency of calling port (Cheng et al., 2019),
or voyage history i.e., the number and locations of ports a
vessel may have visited before arriving at the current port
(Clarke et al., 2017), might be appropriate risk factors to include.
Time since ballast water uptake might be another important risk
factor, since organism viability within a ballast tank generally
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decreases over time regardless of treatments (Verling et al., 2005;
Zaiko et al., 2020).

The framework has the flexibility to add additional shipping
vectors as well as risk factors if they are deemed in the
future to be important, and as data become available. Relative
weighting of the various risk factors can also be changed by
manipulating the importance ratings. Vessel types could be
added or removed depending on whether they are relevant
to particular research questions or regions, and whether data
are available. While our study focused on cargo vessels, the
framework could also be adapted to apply to other types of
maritime vessels. For example, recreational vessels such as yachts
and launches are another category of concern (Inglis et al., 2010;
Clarke et al., 2017).

Consistency of the Case Study Results
With a Benchmark Port Risk Profiling
Approach

In 2002, New Zealand began a long-term monitoring program
to detect arrivals of marine NIS in its coastal waters called the
Marine High Risk Site Surveillance programme (MHRSS). The
program’s sampling locations were chosen based on number of
international vessel visits or tonnage of imports from potential
source locations of target NIS, volume of discharged ballast water
from potential source locations, availability of habitat suitable
for target NIS, and local hydrodynamics affecting retention
in or dispersal from the local area. The purpose tasked to
Hatami et al. (2021) by the New Zealand government was to
reassess the sampling locations established at the beginning of
the program, based on changes in risk levels at the sampling
locations since 2002 due to changes in traffic patterns of
international shipping.

Some of the input data we used to develop our framework were
the same as those used by Hatami et al. (2021) to develop their
comprehensive risk models. Both studies used biofouling data
from Inglis et al. (2010), and data collated by the New Zealand
government on ballast water discharge patterns from vessel
visits to New Zealand in 2000-2005. We acquired the latter
via several figures from Hatami et al. (2021) after they had
done some initial data processing (Table 2). However, after data
acquisition and initial processing, the methodological approaches
of the two studies were very different. Their approach was to
develop a systematic statistical likelihood-based methodology
based on KNN and random forests algorithms, which is more
labor intensive and requires a higher level of technical expertise
than our framework approach.

When we applied our framework to the same 2015-2016 vessel
visit data to which Hatami et al. (2021) applied their models,
there was a close match of results from the two studies. Given
the benchmark status of Hatami et al. (2021)’s quantitative risk
modeling exercise, this confirms our framework’s utility as a
robust method for assessing port-based marine biosecurity risk.
Our results also support Hatami et al. (2021)’s conclusions on
how to re-allocate sampling effort among New Zealand’s ports for
MHRSS based on changes in international shipping arrivals over
the past two decades.

Ballast Capacity as a Proxy of Vessel
Size for Risks From the Ballast Water

Vector

Vessel size is commonly measured in GT or DWT within the
shipping industry for the purposes of determining port charges
and cargo carrying capacity, respectively (Stopford, 2009). For
determining marine biosecurity risk associated with biofouling
transport, hull WSA is well established as a more appropriate
measure of vessel size than GT or DWT (Moser et al., 2016,
2017; Miller et al., 2018). For determining marine biosecurity
risk associated with ballast water transport, ballast water capacity
has likewise been noted as more appropriate than GT or DWT.
For example, Seebens et al. (2013) considered volume of origin
ballast water as an important factor in their model, and derived an
equation for approximating ballast water capacity based on DWT
by vessel type, which they partially based on general information
from the American Bureau of Shipping (ABS, 2014). Cheng et al.
(2019) did not consider overall vessel size as a potential risk factor
while developing their model from expert opinion, but ballast
water capacity became one of their ten finalized risk factors.

To date there have not been globally comprehensive studies
on the influence of differences among vessel types in ballast water
capacity on marine biosecurity risk. David et al. (2012) compiled
a list of studies that mentioned ballast water capacity by vessel
type, which seem to arrive at a consensus of 30-60% of a vessel’s
DWT. However, of the five studies, four are gray literature (AQIS,
1993; Walters, 1996; Hay and Tanis, 1998; Suban, 2006) and the
fifth would be over 35 years out of date on the characteristics
of the modern global merchant fleet if that had been the study’s
focus (Carlton, 1985). Carlton (1985) and Hay and Tanis (1998)
only mention ballast water capacity as a speculative comment
in their introductions. Our analysis of ballast water capacity
by vessel type was based on a quick survey for the purposes
of acquiring evidence-based data for the development of the
framework. Our calculations demonstrate significant differences
in BCPT among vessel types, which should be accounted for in
risk quantifications. A comprehensive review of data from all
known vessels in active service globally was beyond the scope of
this study, however, but might be warranted to fine tune the exact
proportions by vessel type, should higher precision of ballast
water-related risk scores be required.

Selection of Risk Factors

One could argue that it is unnecessary to include both amount
of biofouling as a risk factor, and all of the other biofouling
risk factors, because the latter risk factors aim to predict the
former. This would be true if globally relevant datasets of high
confidence were available for amount of biofouling by vessel type.
However, although our primary data source (Inglis et al., 2010)
is adequately comprehensive for data by vessel type, it is low in
confidence due to both number of vessels in the overall study
(Table 2) and number of vessels per vessel type (Supplementary
Table 2). We speculate that as more datasets become available in
the future that include data on amount of biofouling by vessel
type, a time will come when amount of biofouling could be used
in our framework as the only biofouling risk factor.
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Similarly, one could argue that ballast discharge volume
supersedes ballast water capacity as a ballast water risk factor. If
the level of risk associated with ballast discharge volume were
based on empirical discharge data rather than an average per
vessel type, it would be the more accurate approach (although less
accurate than directly measuring the number of viable organisms
per discharged volume). The same would be true for ballast
discharge frequency. However, specific discharge statistics vary
by region and ports within a region. Because our framework is
intended to be a template that can be applied globally, we use
an average per vessel type rather than statistics from any specific
port. Since this reduces the overall accuracy of risk assessment,
we compensate by including ballast water capacity to provide
additional information.

Hull WSA and ballast water capacity both represent the
maximum space that NIS could potentially occupy, while
amount of biofouling and ballast discharge volume are a smaller
proportion of the maximum space (usually). Our importance
ratings of 1 (hull WSA, ballast water capacity) and 3 (amount
of biofouling, ballast discharge volume) reflect their relative
importance as risk factors.

Considerations of Treatment Measures

The risk scores calculated with our framework assume no
particular treatment measures were applied to mitigate ballast
water or biofouling risks of individual vessels. In practice, the
International Maritime Organization [IMO], 2004 Ballast Water
Management Convention, which went into force globally in
2017, requires that internationally sourced ballast water can
only be discharged following approved treatment procedures
or mid-ocean exchange. Also, The International Maritime
Organization [IMO], 2011 Guidelines for the Control and
Management of Ships’ Biofouling to Minimize the Transfer of
Invasive Aquatic Species provides guidance on hull cleaning,
anti-fouling systems, and in-water inspections, and a number of
individual nations, regions, and states of the United States have
implemented biofouling management standards and guidelines
for international vessels, e.g., New Zealand (New Zealand
Government, 2014), California (California State Lands
Commission, 2015), Hawaii for the Papahanaumokuakea
Marine National Monument (PMNM, 2009), and Ecuador
for the Galapagos Marine Reserve (Ministerio del Ambiente,
2014), while Australia has standards in development (Australian
Government, 2013).

At present, enforcement of IMO ballast water guidelines is not
yet consistent throughout the world, the optimal use of various
ballast water management strategies is still being established
(Bradie et al., 2021), and standards for biofouling guidelines that
apply globally are still in development. As a result, it is not
possible to account for the mitigation of risks due to ballast water
and biofouling in a global-scale framework. We therefore apply a
conservative approach of assuming the worst-case scenario where
no ballast water exchange has occurred and no treatments were
applied. Individual authorities could customize the framework by
adding their own local and regional factors if sufficient data by
vessel type are available for their particular situations. Risk factors
related to treatment measures might be worth considering in

future iterations of the framework when assumptions regarding
their use can reliably be made on a global scale. This would
further improve the accuracy of vessel-related risk assessment
when using the framework.

The ability to consider ballast water treatment measures
within the framework would also refine the development of
port-level risk scores such as those calculated in our case study
(Figure 4). For example, within a nation with multiple ports
where some ports primarily import while others primarily export,
ballast-related risk would be lower for the former and higher for
the latter. Port risk scores could be adjusted with a correction
factor accordingly. For another example, domestic ballast water
transfer is not currently considered a biosecurity risk in most
nations. When using our framework to calculate the relative
biosecurity risk scores of ports (or geographic areas) receiving
both international and domestic vessels, the arrival frequencies
of each group could be treated separately and adjustments
to ballast water related risk factors made to either group
as necessary.

Limitations of Data Sources

In developing our framework, we had a number of challenges
to overcome regarding combinations of vessel types in two of
our data sources. Inglis et al. (2010) combined GEN with CON.
Hatami et al. (2021) had various combinations of RRO, PSS, and
LSC that did not match perfectly between their source datasets.
These combinations were reasonable within the context of their
studies; however, it became more difficult to relate their data
to that of other studies we included in our framework. Partly
because of these combinations, Kendall rank correlations (see
Supplementary Table 1) resulted in low concordance for three
biofouling risk factors (hull WSA, port duration, vessel speed)
between data from Inglis et al. (2010) with data from Davidson
et al. (2006); Moser et al. (2016), and Davidson et al. (2018), and
two ballast water risk factors (ballast discharge frequency and
volume) between data from Hatami et al. (2021) and Davidson
et al. (2018). This restricted our ability to effectively pool data
from these sources.

We had also hoped to assess whether NBIC data, which is
specific to vessel arrivals in the United States, can be extrapolated
to apply globally. A number of studies that have created global
models use ballast data from NBIC and extrapolate it to apply
to the rest of the globe (e.g., Xu et al., 2014; Wang et al,
2018; Sardain et al., 2019; Saebi et al., 2020) because NBIC
data are readily available, reliable, and plentiful. However, ballast
discharge frequency and volume would depend on the type and
quantity of cargo being imported and exported, which differs by
nation and often also ports within a nation. Data for ballast water
operations of vessels arriving in New Zealand were available via
Hatami et al. (2021), but because of the vessel type grouping,
which confounded the Kendall rank correlations, we were unable
to determine whether United States data and NZ data are
comparable. It may be worthwhile to conduct a larger, more
comprehensive study with ballast data from a variety of other
nations to determine the accuracy of using NBIC data for studies
with global purposes.
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Likewise, although we aimed to construct a framework that
can be applied globally, the total volume of available data by vessel
type is presently limited. In particular, the regional data sources,
even in combination with data sources from other regions, are
not necessarily representative of the global merchant fleet and
might not be extrapolatable to apply globally. Therefore, for
the purpose of assembling a universal quantification system that
synthesizes all known empirical data, the currently derived vessel
type risk scores (Table 4) should be considered preliminary.
Additional data as they become available will increase the overall
accuracy of relative risk by vessel type that can be derived
with the framework.

Conclusion

The vessel type biosecurity risk framework developed in this
study can be applied to many scientific or policy questions that
resource management agencies and other end-users might need
to address for managing marine biosecurity risk. The framework
is based on globally relevant data, simple to implement, and
easily adaptable as new empirical information arises. Over the
coming decades, shipping traffic related to trade and tourism
is expected to vastly increase in most coastal regions of the
world—but with important changes in dynamics related to
vessel types and distribution of trading partners (Sardain et al.,
2019). The development of effective biosecurity risk mitigation
and intervention measures will be important. Two particularly
important dimensions to support the efficacy and uptake of such
tools are wide geographic relevance and user-friendliness. Our
vessel type biosecurity risk framework meets both objectives.
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