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ABSTRACT 

 

Ballast water is the primary vector of human-mediated transportation, discharge and introduction 
of non-indigenous and cryptogenic species since the construction of the first iron vessels. At 
least 154 aquatic organisms have established themselves in Portuguese coasts from all over the 
world and the same trend has been observed in almost every coastal state. In 2004, the 
International Maritime Organization adopted the Convention for management and control of 
ballast water and sediments, which entered into force in September 2017, requiring vessels to 
fulfill defined standards and to do so vessels must install high-priced Ballast Water Treatment 
Systems. However, according to the legislated Convention vessels may apply to an exemption 
provided that an adequate Risk Assessment is conducted according the legal Guidelines. 
A Risk Assessment was developed as a decision support mechanism in the form of a selective 
environmental matching approach based the premise that species thrive in new locations with 
environmental conditions similar to their native region. Aiming to explain environmental similarity, 
a theoretical model was developed using Correspondence Analysis of the scatterplot of 
quantitative and qualitative variables. 

 

 
 

1 INTRODUCTION 

The need for faster and more efficient means of 

imports and exports, in a more competitive and 

modern world has triggered, during the last 

century, a significant increase in commercial 

maritime trade, and with it, strong technological 

improvements in the naval industry, specifically 

in cargo and passenger’s vessel capacity (IMO, 

2012; Rastegary, 2017). 

 

Ballast water and sediments have been 

considered the main vectors for the transfer and 

spread of non-indigenous species (NIS) 

(Minchin et al., 2005; Minchin & Gollasch, 2002), 

contributing to the idea that human activities 

have been increasingly altering and bridging 

natural barriers of marine taxa distribution 

(Carlton & Geller, 1993; Falk-Petersen, Bøhn, & 

Sandlund, 2006; Olden et al., 2004).  

 

The impacts of introduced species vary greatly 

with considerable long-term impacts. Between 

impacts on biodiversity (Lee, 2002; Olden et al., 

2004; Olenin et al., 2007) and human health 

concerns (McCarthy & Khambaty, 1994), 

economic losses may amount to 12 billion Euros 

annually (Shine et al., 2010). 

 

To reduce and/or eliminate the risk of non-

indigenous and harmful species and pathogens, 
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the International Maritime Organization (IMO) 

adopted the International Convention for the 

Control and Management of Ships’ Ballast 

Water and Sediments (BWM) in 2004 which, 

once ratified, will require vessels to conduct 

ballast water management activities based on 

the allowable discharge of viable organisms  

within specified size categories (IMO, 2004). 

The BWM Convention entered into force in 

September 8th, 2017 (ICS, 2016). 

 

The available method currently capable to meet 

the IMO ballast water performance standards is 

the onboard installation of ballast water 

treatment systems (BWTS) (David et al., 2013). 

Until August 2017, 74 IMO type-approved 

BWTS are available for installation and a 

Lloyd’s (2010) report estimates the costs of 

such an installation to amount from 240’000€ to 

652’000€. However, the BWM Convention also 

allows scenarios where vessels may be 

exempted of ballast water management 

options, including the installation of BWTS, 

under the Regulation A-4, which requires the 

preparation of a Risk Assessment (RA) 

resulting in an acceptable low risk for a ship 

sailing only between specified ports or 

locations. This Dissertation presents a RA 

model for BWM exemptions under the 

Regulation A-4 provisions, applied to ships 

travelling between Lisbon harbor and other 

ports.  

 

2 METHODS 
 

2.1 STUDY AREA 

The study area for which the present RA 

proposal is applied is the Lisbon harbor area 

corresponding to the Tagus Estuary, in Portugal. 

Data was obtained concerning the next and 

previous ports of call from the Lisbon harbor 

administration, as well as the docking registry for 

the 12-month period between January 1st and 

December 31st, 2016. This data consists on the 

entirety of the Lisbon shipping network for the 

year of 2016 which provided the locations for 

209 ports globally and records for 895 

commercial ship voyages (arrival and departure 

port) during that year. 

 

2.2 ENVIRONMENTAL DISTANCE 

The ability for a NIS to thrive in an ecosystem 

out of its natural range does not imply, 

necessarily, that that species will cause harm in 

the receiving port. However, since the negative 

consequences of introduction are very different 

to predict (Hayes & Barry, 2008), the probability 

of introduction is here the action subject to RA. 

Further, introduced and cryptogenic species 

(i.e., species with unknown native distribution) 

are largely unsurveyed within most European 

countries (Chainho et al., 2015; David et al., 

2013), with only a few regular monitoring 

programs in Europe targeting aquatic NIS.  

 

Considering the importance of the precautionary 

principle of a RA development, the ability for a 

species to thrive in a receiving environment is 

here estimated through a comparison of 

environmental conditions in the port of arrival to 

conditions in recently visited ports, based on 

salinity and temperature variables, for being 

suggested as the strongest determinants of 

aquatic species range (Barry et al., 2008; 

Berezina, 2003; Van Den Hoek, 1982). Annual 

mean salinity was chosen for two reasons: in 

freshwater and oceanic environments the 

salinity is considerably stable; and in estuarine 

environments, with high salinity fluctuations, a 

single salinity value was very difficult to estimate. 

Three variables of temperature were used in this 

RA model: annual mean temperature, mean 

temperature during the warmest month and 

mean temperature during the coldest month. 

These variables were chosen because, besides 

being good determinants of species survival, 

they consider the climate region of each port. To 

further strengthen the theoretic value of the 

approximation, the “ecosystem type” of each 

port was added to the environmental similarity 

model as a qualitative variable.  

 

The model’s physical parameters of salinity and 

temperature for each of the 209 ports connecting 

to Lisbon were obtained from Keller et al., 

(2011). The “ecosystem type”, for each location, 

was obtained through visual observation from 

Google Maps. As a measure of “environmental 

distance”, equivalent to the environmental 

dissimilarity between two ports, the Euclidean 

distance in a p-dimensional space was 

calculated using the statistical method of 

Correspondence Analysis (CA) (Pereira et al., 
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2016). CA is a data analysis method that avoids 

redundancies and discrepancies between the 

quantitative and qualitative studied variables, 

which assesses the scatterplot and re-

constructs it with different axis explaining as 

much relevant information as possible. In this 

case, the CA was computed with seven axes (or 

columns) for all the 209 ports of interest, plus 

Lisbon, and an Euclidean distance in a seven-

dimensional space was calculated from all 209 

ports connecting Lisbon, through its 2016 

shipping network. 

 

To compare this theoretical environmental 

similarity construct with distance parameters 

formulated before (Keller et al., 2011), a second 

Euclidean average standardized distance was 

estimated (Legendre & Legendre, 1988), using 

the physical parameters of salinity and 

temperature as the only relevant and necessary 

variables of an environmental matching model. 

It is important to understand that the proposed 

RA is theoretical and could possibly be subject 

to future iterations for better efficiency. Variables 

such as time of voyage and quantity/frequency 

of ballast water discharges, as well as more 

reliable data, could be accepted as 

improvements to this exemption granting 

mechanism. 

 

2.3 RISK MAPPING 

The RA proposed here is conceptualized 

through an environmental matching approach, 

i.e., similarity of key environmental conditions 

between the two ports to be assessed is a strong 

indication that species of the donor port will 

survive when released in the recipient port water 

(Hayes & Barry, 2008). The two Euclidean 

distances proposed serve as an approximation 

of environmental conditions between ports and 

so, the risk will be assessed based on those 

computational models. Thus, the matrix data of 

both distances will result in a binary system of 

high-low risk, i.e., from the minimum value of 

each matrix to x, the risk of the voyage between 

those two ports, and therefore ships that conduct 

it, represents a high risk of introduction and 

establishment of NIS in the receiving 

environment. On the other hand, from x to the 

maximum of the matrix, the distance between 

ports is sufficiently high so that a commercial 

route between them does not represent high risk 

of introduction of NIS in neither port. 

 

The adequate value of x, however, is unknown. 

The division between high and low risk 

represents the tolerance to environmental 

similarity between ports and as much as that 

concept is of critical importance, coastal States’ 

administrations and stakeholders have not 

discussed a suitable acceptability level of 

environmental distance. And so, the division 

between high and low risk for the present 

conditions should be subject to experimentation, 

placing that boundary in different positions in the 

data matrix, representing several (in this case, 

four) arbitrary tolerance regimes. For the 

purpose of experimentation, the arbitrary 

boundary was placed in the average, in the 

upper third, in the upper quartile and in the ninth 

quantile of each data matrix, providing means of 

practical comparison between both 

environmental distance models. Further the 

resulting risk scores for each port, concerning to 

their environmental distance from Lisbon, for 

each model, was mapped in ArcGIS 10.3.1 for 

visual representation.  

 

Further, to analyze the correlation between the 

environmental dissimilarity and the geographic 

region of each port, Spalding's et al., (2007) 

Marine Ecoregions of the World were added as 

data and as an ArcGIS layer overlapping the risk 

mapping. 

 

Finally, a very elementary financial analysis will 

be conducted. With the possibility a RA 

mechanism to exempt ships from the installation 

of BWTS, an analysis to the dock registry of the 

Lisbon harbor in the year of 2016 is required to 

understand the economic impact of such a 

system. This analysis will consist in counting the 

number ships travelling between low risk ports, 

i.e., ships that do not represent a high risk of NIS 

introduction and so, according to this model 

could be exempted from the installation of 

BWTS, and translating that amount to saved 

installation costs, provided by Lloyd’s Register, 

(2010). 
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3 RESULTS AND DISCUSSION 

 

3.1 LISBON HARBOR 

This first chapter of results concerns the data 

obtained by Lisbon Harbor administration 

regarding the 2016 docking registry in the Tagus 

estuary area. In the 12-month period between 

January 1st and December 31st, 2016, 895 

docking instances in Lisbon were registered 

concerning cargo loading and/or unloading 

activities, or commercial activities, carried out by 

383 vessels of different categories and sizes.  

 

The type of vessel most capable of transporting 

NIS in and out of the Tagus estuary was bulk 

carriers with an averaged ballast water tanks 

capacity of 18’259,4 tons, almost 10’000 more 

than the second most “dangerous” vessel. Also, 

the figure 1 indicates that in the year of 2016 

there was a temporal correlation with the ballast 

water tanks capacity. The polynomial function 

(sixth degree) suggests that vessels with larger 

ballast tanks volumes arrived in Lisbon harbor 

preferably in the spring and autumn. 

 

3.2 COMMERCIAL SHIPPING NETWORK 

In 2016, the Lisbon harbor conducted operations 

of cargo transportation to or from 209 ports of 59 

countries across the globe, including the 

Portuguese mainland and the islands of Azores 

and Madeira. Some records, however (roughly 

12,1%), indicate “Unknown Port” or “Open Sea” 

as the next port of call, suggesting some 

uncertainties in the final RA development. 

 

The 209 ports are also distributed in 41 

Spalding’s ecoregions with 43 ports only in 

ecoregion 25, the North Sea, being the 

ecoregion best represented with number of 

ports. However, it is the ecoregion 27, the South 

European Atlantic Shelf, the one that registered 

more commercial trips between Lisbon and the 

ports in its area. It is, therefore, between Lisbon 

and ports in the ecoregion 27 where potentially 

more non-indigenous species were transported 

and discharged. Vessels navigating between 

Lisbon and those ports possess a higher risk of 

NIS discharge, but not necessarily a higher risk 

of NIS introduction. 

 

Concerning the distribution of all 209 ports 

concerning the fifth variable of interest, the 

“ecosystem type”, it is to note that although most 

ports are located in rivers (57), the majority of 

voyages were conducted between Lisbon and 

ports located in an oceanic environment. 
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Figure 1 – Annual distribution of vessel’s cargo capacity, or Deadweight Tonnage, DWT, in tons (orange columns) and 
vessel’s ballast water tanks capacity, in tons (blue columns), in the Lisbon harbor in 2016. The dotted blue line is a 
polynomial function of the sixth order that approximates the behavior of the annual distribution of ballast water tanks 
capacity throughout that year. 
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Figure 2 – Boxplots for the theoretical models of 
Environmental Distance D1 (blue), calculated as the 
average Euclidean distance between two ports with 
four standardized physical variables of salinity and 
temperature; and Environmental Distance D2 
(orange), calculated as the Euclidean distance 
between two ports with the same physical variables, 
plus the qualitative variable of “ecosystem type”, after 

Correspondence Analysis. 

3.3 ENVIRONMENTAL DISTANCE 

The figure 2 shows the visual representation of 

the data matrix for both Environmental 

distances. However, the practical distances 

between the two can only be observed placing 

the ports in order according to each distance 

parameter. For instance, according to D1, 

Huelva port is the most environmentally similar 

to Lisbon, due to the proximity of temperature 

values between which differ approximately only 

5,6% in average. Note that both ports are 

located in the temperate North Atlantic region. 

However, Huelva port is located in the Odiel 

river, whereas Lisbon is located in an estuarine 

environment. Besides the difference in salinity 

values is considerably high (roughly 30,5%), 

suggesting that Huelva is hardly the most 

environmental similar port to Lisbon. 

 

On the other hand, according to the 

environmental distance D2, the French ports of 

Blaye and Bec d’Ambès are the ports most 

environmentally alike to Lisbon harbor. The 

values of salinity and temperature for both of 

these ports are not, necessarily, more similar 

than the values for Huelva but since they are 

both located in the Gironde estuary, the resulted 

environmental distance is smaller in this model. 

 

3.4 RISK LEVELS 

After the calculation of each Environmental 

distance, each matrix was divided, as already 

discussed in Chapter 2.3, in the four tolerance 

regimes described to obtain a binary system of 

high/low risk as a decision support system 

model. 

 

Whereas the environmental salinity model 

based only in quantitative physical parameters 

such as salinity and temperature, for high 

tolerances to environmental similarity, results in 

a clear geographic correlation with the distance, 

for the Environmental Distance D2 (figure 3), the 

geographic distribution of risk seems the 

possess a more erratic behavior, i.e., the 

inclusion of the “ecosystem type” as a variable 

of interest results in a more heterogeneous 

distribution of risks even among the same 

ecoregion. With this level of tolerance (the 

division between high and low risk is located in 

the average of the data matrix), the 

Mediterranean Sea, with some exceptions, 

appears to generally be considered of low risk. 

However, we know that this region is a hotspot 

of non-indigenous species. In Portugal, for 

instance, although the great majority of NIS 

sampled is native in the Indo-pacific region, only 

one voyage to this region was registered in the 

year of 2016, which suggests that most NIS are 

transported to European countries from 

secondary routes, with ships travelling first from 

the Indo-pacific to the Mediterranean, through 

the Suez Canal (Chainho et al., 2015). It can be 

concluded that this tolerance regime is not 

acceptable with the existing conditions.  

 

Decreasing the tolerance to the environmental 

similarity will result in a predictable decrease in 

the number of ports of low risk, and of note are 

some Mediterranean ports, which leads to the 

conclusion that a lower tolerance to 

environmental similarity increases the practical 

viability of the D2 environmental matching model. 

Unlike the results obtained by the model D1, 

even for low tolerance regimes, the 

environmental distance D2 finds some ports in 

the most visited ecoregion, 27, to represent low 

risk of NIS introduction. This suggest that the 

latter model may result in far more exemptions 

possibly being granted with this system. 
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Figure 4 – Geographic map of Lisbon harbor’s last and next ports of call, In the year of 2016, categorized in ports of 
low risk (green dots) and ports of high risk (red dots) of non-indigenous species introduction via ballast water, 
calculated as the Environmental Distance D2 and divided by the average of its matrix. Pink areas represent 
Spalding’s ecoregions. 

Figure 3 - Geographic map of Lisbon harbor’s last and next ports of call, In the year of 2016, categorized in ports of 
low risk (green dots) and ports of high risk (red dots) of non-indigenous species introduction via ballast water, 
calculated as the Environmental Distance D2 and divided by the upper third of its matrix. Pink areas represent 
Spalding’s ecoregions. 
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Figure 6 - Geographic map of Lisbon harbor’s last and next ports of call, In the year of 2016, categorized in ports 
of low risk (green dots) and ports of high risk (red dots) of non-indigenous species introduction via ballast water, 
calculated as the Environmental Distance D2 and divided by the upper quartile of its matrix. Pink areas represent 
Spalding’s ecoregions. 

Figure 5 - Geographic map of Lisbon harbor’s last and next ports of call, In the year of 2016, categorized in ports of 
low risk (green dots) and ports of high risk (red dots) of non-indigenous species introduction via ballast water, 
calculated as the Environmental Distance D2 and divided by the ninth quantile of its matrix. Pink areas represent 
Spalding’s ecoregions. 
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Figure 7 - Geographic map of Lisbon harbor’s last and next ports of call, In the year of 2016, categorized in ports 
of low risk (green dots) and ports of high risk (red dots) of non-indigenous species introduction via ballast water, 
calculated as the Environmental Distance D1 and divided by the average value of its matrix. Pink areas represent 
Spalding’s ecoregions. 

Figure 8 - Geographic map of Lisbon harbor’s last and next ports of call, In the year of 2016, categorized in ports 
of low risk (green dots) and ports of high risk (red dots) of non-indigenous species introduction via ballast water, 
calculated as the Environmental Distance D1 and divided by upper third of its matrix. Pink areas represent 
Spalding’s ecoregions. 
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  Figure 10 - Geographic map of Lisbon harbor’s last and next ports of call, In the year of 2016, categorized in ports 
of low risk (green dots) and ports of high risk (red dots) of non-indigenous species introduction via ballast water, 
calculated as the Environmental Distance D1 and divided by ninth quantile of its matrix. Pink areas represent 
Spalding’s ecoregions. 

Figure 9 - Geographic map of Lisbon harbor’s last and next ports of call, In the year of 2016, categorized in ports 
of low risk (green dots) and ports of high risk (red dots) of non-indigenous species introduction via ballast water, 
calculated as the Environmental Distance D1 and divided by upper quartile of its matrix. Pink areas represent 
Spalding’s ecoregions. 
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In fact, for the Environmental Distance model D2, 

the economic analysis shows that for a relatively 

high tolerance regime, i.e., for the division 

between the high and low risk located in the 

upper quartile (figure 6) of the data matrix, 12 

vessels could be subject to an exemption, 

resulting in saved costs amounting from 2,88 

million euros to 7,824 million euros from the non-

required installation of BWTS. In the same 

tolerance regime, the environmental matching 

model D1 results in 5 vessels in total subject to 

the same exemption amounting from 1,2 million 

euros to 3,26 million euros. 

 

Applying an even stricter tolerance regime, 

placing the boundary between risks in the ninth 

quantile of the data matrix, results in only one 

vessel to be subject to an exemption for the 

Environmental Distance D1, and no ships at all 

for the Environmental Distance D2. Such results 

raise the question of how stricter should a 

regime be, so that costs may be decreased and 

yet safeguarding the environment and human 

health. It is however of note the number of 

vessels for which no conclusion could be 

reached concerning the possibility for 

exemption, due to the, sometimes, unreliable 

data that resulted in some vessels’ next port of 

call to be “Unknown”. This suggests that a 

stronger model could be constructed, provided 

that reliable and sufficient data is available. 

 
4 CONCLUSIONS 

The analysis conducted in this Dissertation 

concluded that using the proposed 

environmental matching parameter based on 

physical and qualitative variables spatially 

transformed through the statistical method of 

Correspondence Analysis, even for a 

considerably low-levelled tolerance, in the year 

of 2016, 12 vessels transiting through Lisbon, 

could theoretically be granted an exemption 

from the mandatory installation of a Ballast 

Water Treatment System proposed by the BWM 

Convention, which amounts the total saved 

costs from 2,88 million euros to 7,824 million 

euros. 

 

That parameter also serves has an adequate 

substitute to the compared environmental 

distance, especially for stricter tolerance 

regimes, for the latter possesses some 

theoretical inconsistencies. The environmental 

distance D1 intends to explain the complex 

network of ecological, environmental, industrial, 

maritime and economic systems with four 

physical properties of water surface which leads 

to redundancies and insufficiencies regarding 

the information explained and, consequently, to 

a miscalculation of levels of risk.  

 

Nevertheless, the estimation of efficiency to 

explain environmental similarities for any of the 

studied parameters can only be conducted 

through sampling and ecosystems monitoring 

programs that record the abundance, taxonomy 

and diversity of non-indigenous species 

between ports classified by this analysis as “low 

risk”. 
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