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ARTICLE INFO ABSTRACT:
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Estimating the potential environmental risks of worldwide coastal recreational navigation on water quality is an
important step towards designing a sustainable global market. This study proposes the creation of a global atlas
of the environmental risk of marinas on water quality by applying the Marina Environmental Risk Assessment
(MERA) procedure. Calculations integrate three main risk factors: Pressure, State and Response. Applying the
MERA approach to 105 globally distributed marinas has confirmed the utility, versatility and adaptability of this

procedure as a novel tool to compare the environmental risks within and among regions (i.e. for area-based
management), to identify the world's best practices (i.e. to optimize existing management) and to understand
and adjust global risks in future development (i.e. improved planning).

1. Introduction

The world and its coastlines are becoming increasingly urbanised.
Today, nearly 40% of the global population lives within 100 km of the
coast (Firth et al., 2016), but by 2035 this is estimated to increase to
between 50 and 75% (Haslett, 2009; United Nations, 2015a, 2018). In
fact, 13 of the 20 most populous cities in the world are coastal with
large commercial and recreational ports (United Nations, 2015a). In-
deed, of the 71 cities with over 5 million inhabitants, 62% (44) are

* Corresponding author.

located on the coast (McGranahan et al., 2007; Seto et al., 2011). There
is no sign of slow-down in urbanisation of coastal areas (Haslett, 2009;
Seto et al., 2011; Widmer and Underwood, 2004). One consequence of
increased urbanization of the world's coastlines is greater anthro-
pogenic pressure and risks to the environment (Pearson et al., 2016),
from expanding commercial and recreational use of coastal waterways.
This includes tourism, which is one of the fastest growing economic
sectors in the world (ECORYS, 2015; UNWTO, 2017).

Expansion of the maritime tourism industry contributes with cruise
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ships and ecotourism operating side-by-side in many of our coastal ci-
ties (Brida and Zapata, 2009; Kovaci¢, 2016). The populations of coastal
cities are also becoming more affluent, leading to increases in recrea-
tional boating and boat-ownership (Davenport and Davenport, 2006;
Gomez et al., 2017). Globally, marinas are the main infrastructure that
support these boating activities and are important local, regional and
national drivers of socio-economic progress. While marinas provide
substantial economic competitiveness and financial success (Kovacic,
2016), boating activities (and associated infrastructure) can have the
potential to impact and possibly degrade the environment (Moreau,
2009) and its associated ecosystem services (Cari¢ et al., 2016) as:
seabed alterations (PIANC, 2006); invasive species introduction
(Dafforn et al., 2009; Knights et al., 2016; Rivero et al., 2013); changes
on water and sediment quality (EPA, 1985; Mali et al., 2017; Neira
et al., 2017, 2018; Turner, 2010; Warnken et al., 2004); or habitat loss
(Lenders et al., 2001; Ryu et al., 2011; Smith and Shackley, 2006;
Whitfield and Becker, 2014). The increasing numbers of marinas is
recognised as a significant environmental stressor in many regions (e.g.,
EPA, 2003; Di Franco et al., 2011; Yilmaz et al., 2014; Gémez et al.,
2017).

Given the predicted increase in recreational and touristic boating in
coastal ecosystems and potential for environmental damage (Bishop
et al.,, 2015), discussion on the long-term sustainability of this im-
portant sector should be included in any policy debate related to glo-
balization and environmental sustainability (United Nations, 2015b).
Sustainable Development Goal (SDG) 14 in the UN 2030 Sustainable
Development Agenda requires us to “conserve and sustainably use the
oceans, seas and marine resources for sustainable development”
(United Nations, 2015b), by means of continuous progress on concepts,
establishment of goals, creation of indicators, and definition of values
on which common strategies can be based (Kates et al., 2005; Knights
et al., 2016; Mihalic, 2016). Environmental management should be
based on the continuous improvement framework by introducing
adaptive, flexible, and dynamic methods (ISO, 2015). International
networks can facilitate the development of adaptive methods through
information exchange and generating common effective solution to
collective problems (as the Port International Navigation Association,
PIANC, www.pianc.org, or the World Harbour Project, WHP, www.
worldharbourproject.org, Steinberg et al., 2016).

Larger ports routinely have access to, and can employ, a range of
environmental management tools. However, these management stra-
tegies are rare in smaller ports or marinas (Knights et al., 2016; Pearson
et al., 2016; Parra et al., 2018), and as such management practices can
be sub-optimal (Kuznetsov et al., 2015). There is a need for an ele-
mentary approach to collecting information about the nature and extent
of impacts from the boating sector and to estimate both the in-
dependent and cumulative risk to coastal waters of these operations
(Goodsir et al., 2015). Collation of this information would provide
managers with the necessary data to make informed decisions re-
garding sustainable development in their systems at a range of scales.
Recently, Gémez et al. (2019) outlined an approach, which mapped the
environmental risks of marinas on water quality. Their Marina En-
vironmental Risk Assessment (hereafter MERA) reviewed the general
characteristics of marinas (including hydromorphological character-
istics, human pressures, environmental conditions, and environmental
management), and combined these data with readily accessible in-
formation on specific marina locations to generate an environmental
risk ranking. The procedure, based on the Pressure-State-Response
model (OECD, 2003), was used to assess 320 marinas along the Spanish
coast and provide a map of the environmental risks of marinas on water
quality at the Iberian Peninsula scale. The atlas allowed data to be
viewed spatially; regional impacts and multiple marinas can therefore
be visualised, providing a better understanding of potential cumulative
environmental impacts following human activities in marinas. Indeed,
the authors argue that this knowledge is a pre-requisite for a more
targeted area-based management of aquatic systems quality across a
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range of scales. Implementing the MERA approach at a global level
provides a means to characterise and compare marinas, allowing (i) the
scale of risks (local vs. global) from marinas to be assessed, and (ii)
providing opportunities to develop scale-appropriate management
strategies and to identify commonalities, which can increase manage-
ment measure success (Knights et al., 2013).

This work takes advantage of the WHP network to undertake a
global MERA review. WHP partners contributed data on 105 marinas
located on five continents worldwide to: 1) confirm the adequacy of the
conceptual model, indicators and assessment system identified by
Gomez et al. (2019); 2) provide a global assessment of marina condi-
tions; and 3) assure an optimal management strategy at either local,
national or global scales.

2. Materials and methods
2.1. Marina environmental risk assessment (MERA)

The MERA calculations integrates three main factors: Pressure, State
and Response (Gomez et al., 2019) (Equation (1)):

R; = PrixSt; + Rs; (€]

Where R; is a term that describes the environmental risk of marinas
on water quality, Pr; captures the combined environmental Pressures,
St; provides a measure of the current environmental State (environ-
mental conditions) and Rs; is the Response to mitigate, adapt to or
prevent human-induced negative impacts on the water quality of a (i)
marina.

Pressure (“Pr” in Equation (1) above) is estimated by considering
four parameters as the main driving forces: intensity of navigation
(NV;), marina operation activities (MA;), probability of requirement of
dredging interventions (DG;) and external activities (EX;) (Equation

).
Pr; = NV, + MA; + DG; + EX; 2

Intensity of navigation (NV;) is estimated as the density of boats
housed by a marina (boats/m?). This is calculated by dividing the
number of berths by the water surface where marina activity takes
place. Marina operation activities (MA;) are assessed by considering
presence (1) or absence (0) of main fuel stations and dry docks within
the marina boundaries. The structural type of marinas (1: interior; 0.5:
dock; 0: anchorage) and the type of substrate when the marina is a
harbour (1: mud; 0.7: sand; 0.3: gravel; 0: rocky) are used as surrogates
to assess the need for dredging (DG;). Finally, activities at the periphery
of the marinas (EX;) are valued by identifying primary land uses within
a 1km buffer distance around the marina (1.0: industrial, mining,
urban; 0.5: agricultural; 0: natural or semi-natural). The highest cate-
gory value will be adopted (worst case scenario) when assessing the
external activity at a marina level.

State (“St” in Equation (1) above) is estimated by considering three
parameters which directly related to the environmental conditions:
susceptibility (SU;), ecological value (EV;) and naturalness (NA;)
(Equation (3)).

St; = SU; + EV, + NA; 3)

Susceptibility (SU;) is estimated by calculating the flushing capacity
using the Complexity Tidal Range Index (CTRI) method (Gémez et al.,
2017). Ecological value (EV;) is assessed by computing the number of
protected areas within a 1 km buffer distance around the area where the
marina activity takes place. Finally, naturalness (NA;) is valued by
considering the potential alteration by hydromorphological pressures
using the marina's structural type (dock: O; interior or harbour: 0.5;
anchorage: 1).

Response (“Rs” in Equation (1) above) is estimated considering two
parameters linked to the likely response: adopted environmental mea-
sures (AM;) and adopted environmental instruments (Al;) (Equation
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).
Rs; = AM; + AJ; ()]

Adopted measures (AM;) are estimated by considering the number
of adopted environmental measures undertaken by the marina, such as
garbage disposal, waste management, bilge management, and oil
management. Adopted instruments parameter (Al;) is assessed by
computing the number of adopted environmental management proce-
dures relevant to the marina, including Blue Flag (FEE, 2007),
1SO14001:2015 (International Organization for Standardization; SO,
2015), EMAS (Eco-Management and Audit Scheme; European
Commission, 2009), Blue Star Marina (International Marine Certifica-
tion Institute; Manigel, 2011), among others.

Once all parameters are calculated, results are normalized by re-
ference to the maximum values across all marinas and discarding out-
liers for each parameter with values greater than % + 3:SD (Gémez
et al., 2019).

Finally, risk factors are categorised into four categories with values
between 1 and 4 (for Pressure and State factors) or into two categories
with values of either 0 or 4 (for Response factor). The percentile system
(P25, P50, P75) of the observed values is used to define the criteria
among the different categories to favour a dynamic management and
continuous improvement (Gomez et al., 2019) (Table 1). Marinas are
classified at: very high-risk (R; = 15), high-risk (10 < R; < 15), mod-
erate-risk (5 < R; < 10), low-risk (1 < R; < 5), and very low-risk
®R;=1).

2.2. Data collection

Marinas under study are classified into four structural types: i)
harbour, an artificial shelter constructed for ships normally protected
by two breakwaters; ii) dock, an area artificially enclosed by docks; iii)
anchorage, a natural shelter for ships by anchoring, mooring to buoys,
or exceptionally, by berthing; and, iv) interior, a natural or artificial
shelter invading land areas with sea water, normally with a breakwater
(Goémez et al., 2017). Marinas are also classified using one of the three
water categories based on predominant salinity regime, namely:
coastal, freshwater and estuarine waters. A general tree of relative
percentages of occurrence of structural types and water categories is
then developed understanding how the marinas are distributed across
the area under study (see Fig. 2).

A standardised questionnaire is used to gather information from
marina managers and to estimate MERA (Fig. 1).

In addition to consulting with marina managers a range of other
resources such as local public databases (e.g. governance websites, and
websites associated with regional tourism and environmental groups) is
also consulted. Where possible, data collected is cross-checked using
global (e.g. skipper.adac.de) and local resources or is specifically
sourced from each marina (e.g. the official web page of each marina).

Table 1
Thresholds levels used to identify Pressure, State and Response categories used
for MERA.

Factor Category Criteria* Global thresholds
Pressure VL (1) Pr; < P25 Pr;<1.5
L(2) P25 < Pr; = P50 1.5 < Pr; = 2.2
M (3) P50 < Pr; < P75 2.2 < Pry< 2.7
H @) Pr; > P75 Pr; > 2.7
State VL (1) St; < P25 St; < 0.5
L(2) P25 < St; = P50 0.5 < St; 0.8
M(3) P50 < St; < P75 0.8 < St;=1.2
H (4 St; > P75 St; > 1.2
Response Optimal (0) Rs; = P50 Rs; = 0.75
Insufficient (4) Rs; < P50 Rs; < 0.75

VL: Very low; L: low; M: moderate; H: high; P25: 25th Percentile; P50: 50th
Percentile; P75: 75th Percentile. *from Gémez et al. (2019).
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The metadata of each variable used to estimate Pressure, State and
Response factors for each marina is collated and processed by gen-
erating a database from the information gathered from the ques-
tionnaires and using Google Earth and ArcGIS (ESRI) (Table 2).

3. Results
3.1. Classification of marinas

Data were compiled by WHP partners for 105 marinas located in the
United States, Dutch and French Caribbean, Portugal, Spain, Ireland,
United Kingdom, France, Germany, Greece, South Africa, Israel, United
Arab Emirates, China, Singapore, Italy, Australia, and New Zealand. Of
the marinas included in this study, most were in Europe (41.9%), fol-
lowed by Australasia (27.6%), North America and the Caribbean
(21.9%), Asia (7.6%), with only 1% in Africa (Fig. 2). Marinas were
reported in all water categories in Europe and America and all four
structural types of marinas were found in estuarine waters in America,
Europe and Australasia, and in the coastal waters of America and Asia
(Fig. 2).

Related the typologies of the 105 marinas assessed (Fig. 3a), an-
chorage was the most common type of marina (32%), followed by a
relatively similar representation of harbour (26%), dock (21%) and
interior marinas (21%). From these 105 marinas, there were three
geographic zones in which information was collected in a greater
number of them: Cantabrian Sea (8 marinas), Chesapeake Bay (12
marinas) and Sydney Harbour (19 marinas); allowing a more specific
study on these zones. As an example, the harbour type, the interior type
and the anchorage type were majority at Cantabrian Sea (Fig. 3b),
Chesapeake Bay (Fig. 3c), and Sydney Harbour (Fig. 3d), respectively.

In the majority of locations marinas were located in estuarine wa-
ters (69%), followed by 29% situated in coastal waters and only 2% of
marinas located in freshwater. However, in Chesapeake Bay (Fig. 3c)
and Sydney Harbour (Fig. 3d), marinas were all located in estuaries,
while in the Cantabrian Sea (Fig. 3b) marinas were in coastal and es-
tuarine waters.

3.2. Global-scale marina enviromental risk assessment

In general, 41% (43) of the marinas were considered as low risk,
whereas 32% (34) showed moderate risk for water quality, respectively
(Fig. 4a). There were negligible marinas with very low-risk (2%). The
percentage of high-risk and very-high-risk marinas was 15% and 10%,
respectively. There were regions where four-of-five risk categories were
represented (e.g. the Cantabrian Sea, Fig. 4b), and areas where low and
moderate-risk marinas made up the majority, as in Chesapeake Bay
(92%) (Fig. 4c) and Sydney Harbour (95%) (Fig. 4d). A graphical re-
presentation of the Global Atlas of the environmental risk of marinas on
water quality, considering water quality as a global concept of quality
of aquatic systems, developed here is appended as an interactive sup-
plementary data file for use on the Google Earth platform.

3.2.1. Pressure

90% of marinas were reported as having low boat densities (< 0.5
normalized intensity of navigation). Marinas with the highest densities
(=0.7 normalized intensity of navigation) were anchorage types lo-
cated in Australasia. Globally, 59% of marinas had fuel stations, while
38% had dry docks and 30% had both services (fuel stations and dry
docks). Most marinas in Australasia had a very low need of dredging
interventions, as they were mainly anchorage types (i.e. deep natural
basins). On other continents, except Europe, roughly 50% of marinas
had a very high need for dredging activities. In European marinas, the
need for dredging was highly variable, depending on marina structural
types and substrate. The studied marinas were mainly located in arti-
ficial areas as industrial, mining and urban (73%), some in natural areas
as forests (20%), and a few were close to agricultural areas (7%).
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General data

Environmental vulnerability

Marina’s name:
Postal address:
Code:

City:

Country:

web:

phone:

e-mail address:

Number of protected areas (ecological singular elements) in 1km around the marina:

Please, specify what kind of protected areas are identified in 1km around the marina:

Envii 7

Please, specify what kind of environmental standards (international certifications) are
implemented in the marina.
Environmental standards:

Marina’s typology (please, select one option):

0 150 14001

breakwaters
[J Dock, an area artificially enclosed by docks

exceptionally

with a breakwater

[ Harbour, an artificial shelter constructed for ships normally protected by two

[ Anchorage, a natural shelter for ships by anchoring, mooring to buoys, or

[ Interior, a natural or artificial shelter invading land areas with sea water, normally

O EMAS
[J Blue Flag
Oicem
Please, select which environmental measures are implemented in the marina.
Measures:
J Garbage disposal
[0 waste management

Surface water category (please, select one option):

O Bilge management, Sewer Pump-Out.

[ Coastal waters
[ Estuarine or transitional waters
O Freshwaters

O Oil management
Specify any other environmental measure or instrument implemented in the marina:

Hydromorphological characteristics:

Application scope

Entrance length (in meters):

Average depth (in meters):

Closure depth (in metres):

Depth at marina entrance (in meters):
Average tidal range (in meters):

1. Access to GoogleEarth: https://www.google.es/intl/es/earth/

2. Introduce the name of the marina in the seeker.

3. Using Add -> Add a polygon: draw the water surface where port activity takes
place.

4. Save the polygon as a .kmz and send it with this questionnaire filled out to:

Human pressures

comunicacionih@unican.es

Number of berths:

Number of gas stations:

Number of dry docks:

Type of activities developed in 1km around the marina:
[ Industrial, mining
[ Urban, agricultural
0 Other uses

Fig. 1. Example of questionnaire to characterise each marina.

Table 2
Factors, variables, data sources, methods and tools to collect all the needed information.
Factor Variable Data source Method/Tool
Pressure Water polygon where the marina activity takes place Own Draw polygons
Water surface area (m?) Own Calculate geometry
Number of berths Managers and marina's official web site -
Number of fuel stations Managers and marina's official web site -
Number of dry docks Managers and marina's official web site -
Marina's structural type Own -
Type of substrate dbSEabed (Reid et al., 2006), EMODnet (Populus et al., 2017) Select by location
Land uses Globe Land 30 (Hen et al., 2015) Select by location
State Water surface area (m?) Own Calculate geometry
Diameter of the smallest circle enclosing the water polygon (m) Own Minimum bounding geometry
Minimum length of the entrance (m) Own Ruler
Medium tidal range (m) GOS dataset (Cid et al., 2014) Select by location
Number of protected areas World Database on Protected Areas (UNEP-WCMC & IUCN, Select by location
2017)
Marina's structural type Own -
Response  Adopted environmental measures Managers and marina's official web site -
Adopted international environmental instruments Managers and marina's official web site -
3.2.2. State 3.2.3. Response

Complexity Tidal Range Index (CTRI, Gémez et al., 2017) values
ranged from 2928.8 (a marina in Germany, interior type with a very
low tidal range) to 0.8 (a marina in Australia, interior type with a high
tidal range). In terms of adjacent protected areas, the analysed marinas
had none (41%), 1 or 2 (35%) or from 3 to 6 (24%) protected areas in
their surroundings; a single anchorage in Spain had seven protected
areas in its surroundings. Most marinas were considered moderately
natural, except for the marinas located in Australasia, which were
considered highly natural.

General response management measures, including garbage collec-
tion (82%), waste management (72%), bilge management (65%) and oil
management (59%) were relatively widely adopted across the study
marinas. Only 9% of marinas applied no measures, while 44% of the
marinas applied all four measures. In total, 76% of marinas confirmed
that no environmental instruments were applied to improve their en-
vironmental profile. Just 19% of marinas applied an international
standard instrument, and only 5% implemented more than one inter-
national standard instrument.

Classifying results by marina structural type (anchorage, dock,
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Marinas __ Africa __Estuarine
105 100% 1 1.0% 1 100.0%
| America _ Coastal
23 21.9% 5 21.7%
| Freshwater
1 43%
| Estuarine
17 73.9%
| _Asia __Coastal
8 7.6% 7 87.5%
| Estuarine
1 12.5%
| _Australasia _ Coastal
29 27.6% 2 6.9%
| Estuarine
27 93.1%
| Europe Coastal
44 41.9% 16 36.4%
Freshwater
1 2.3%
N__n(n/N)%__pl(pl/n)% (p1/Zpi) % Estuarine
‘l:ql (a1/n)% (q1/zqi) % )
r.. 27 61.4%

m (m/N) %__ p2 (p2/m)% (p2/2pi) %
T a2 (a2/m)% (a2/zai) %
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Interior 1 100.0% 4.5%
1.4%
Anchorage 2 40.0% 5.9%
16.7% Dock 1 20.0% 4.5%
Harbour 1 20.0% 3.8%
Interior 1 20.0% 4.5%
Interior 1 100.0% 4.5%
50.0%
___Anchorage 4 23.5% 11.8%
23.3% | Dock 3 17.6% 13.6%
| Harbour 1 59% 3.7%
| Interior 9 52.9%  40.9%
__Anchorage 2 28.6%  5.9%
23.3% | Dock 1 143% 4.5%
| Harbour 2 28.6% 7.4%
|__Interior 2 286% 9.1%
___Harbour 1 100.0% 3.7%
1.4%
Harbour 1 50.0% 3.7%
6.7% Interior 1 50.0% 4.5%
___Anchorage 20 74.1%  58.8%
37.0% | Dock 2 7.4% 9.1%
| Harbour 2 7.4% 7.1%
|__Interior 3 11.1% 13.6%
__Anchorage 2 12.5% 5.9%
53.3% | Dock 6 37.5% 27.3%
| Harbour 8 50.0% 29.6%
Interior 1 100.0% 4.5%
50.0%
Anchorage 4 14.8% 11.8%
37.0% Dock 9 333% 40.9%
Harbour 11 40.7%  40.7%
Interior 3 11.1% 13.6%

Fig. 2. The general tree of the study areas and their relative percentages of occurrence in each continent, grouped by water category and marina type classification.

harbour and interior), the proportion of assessment categories of
Pressure (Fig. 5a), State (Fig. 5b), Response (Fig. 5¢) and Risk (Fig. 5d)
are represented. Anchorage marinas were typically of very low or low
Pressure, were of a moderate to high State and, generally, displayed an
optimal Response, largely resulting in low or moderate risk to water
quality. Dock type marinas were more variable with respect to the in-
herent pressures they faced regarding water quality; a greater number
of these marinas were identified as being in the low (6 marinas) and
moderate (10 marinas) categories, with some dock marinas being ca-
tegorised as having very low (2 marinas) and high (4 marinas) Pressure.
Dock type marinas were typically of very low State, despite optimal
Response mechanisms being in place. The integration of risk factors
suggests that dock type marinas exhibit very low (2 marinas), to high (2
marinas) environmental risk, tending toward low (13 marinas) to
moderate risk (5 marinas). Harbour marinas were typically char-
acterised by high Pressure on water quality and were of highly variable
State (categories ranging from very low to high). However, almost 50%
of these marinas had optimal management strategies in place. The
combination of risk factors led to a similar distribution of harbour types
among the different categories of risk. Finally, interior marinas were
very mixed in terms of the level of Pressure and environmental condi-
tions (State), many of which (30%) implemented sub-optimal

management Responses. Consequently, environmental risk in these in-
terior marinas was very mixed.

4. Discussion
4.1. Challenges of applying MERA at a global scale

Our findings indicate that the MERA methodological procedure is
adequate to be applied at both national (Gémez et al., 2019) and global
scales, and the conceptual model was confirmed as being suitable for a
range of different countries worldwide. The driving forces defined, the
human activities selected, the environmental conditions considered,
and the evaluation of environmental management were all found to be
applicable at a global scale. The factors (Pressures, State and Response)
and parameters selected to estimate Pressures (Navigation Activity,
Port Activity, Dredging Activity, External Activity), State (Suscept-
ibility, Ecological Value, Naturalness) and Response (Measures and
Instruments Adopted) at a national scale (Gémez et al., 2019) did not
need to be modified or adapted to be implemented at the global scale.

The main challenge in applying this method to other countries was
the availability of suitable data. The questionnaire used here was de-
signed to enable information to be gathered from different stakeholders
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and institutions in a homogenous and standardized way. Global data
sources identified (dbSEabed, Reid et al., 2006; EMODnet, Populus
et al., 2017; Globe Land 30, Hen et al., 2015, GOS dataset, Cid et al.,
2014; World Database on Protected Areas, UNEP-WCMC & IUCN, 2017)
that were used could be appropriate in the future to increase the
number of case studies, since these resources are widely accessible and
easy to use.

The integration of parameters, as well as the use of percentiles for
the assessment criteria, seems to be convenient to assess the environ-
mental risk to water quality at marinas worldwide. However, new
thresholds can be recalculated for a new context following the adaptive
management process. The consideration of equidistant percentiles al-
lows obtaining specific thresholds for a specific region/country/bay or
a specific marina typology (i.e., harbours) (Gémez et al., 2017). For
example, the environmental risk assessment associated with the eight

marinas located in the Cantabrian region (Spain) differed depending on
the scale considered (Fig. 6). This is because thresholds are relative to
the areas under study. But, whatever the study area, this MERA ap-
proach will allow a prioritization of management measures to be ap-
plied in those marinas obtaining higher risk values. At global scale
(Fig. 6a), Cantabrian marinas show a higher priority than at the na-
tional scale (Fig. 6b). Using percentiles as thresholds allows the en-
vironmental management to be based on the continuous improvement
approach, since thresholds would change under a new situation (Gémez
et al.,, 2019). The method is therefore flexible, dynamic and can be
adapted to a specific area of interest through an objective and cost-
effective classification (Knights et al., 2014).

Notwithstanding the above, some improvements could be under-
taken to estimate the navigation and dredging activities. The intensity
of navigation is a difficult parameter to accurately quantify with a
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Fig. 4. Marina Environmental Risk Assessment results at: a) global scale; b) Cantabrian Sea; c) Chesapeake Bay; d) Sydney Harbour.
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Fig. 5. Percentage of each assessment categories of (a) Pressure; (b) State; (c) Response; and (d) Risk considering marina structural type. Risk classifications: VL: Very

low; L: low; M: moderate; H: high; VH: very high.

metric because of the lack of clear and accessible records on boat
movement. The simplest approach is to use a ratio of the number of
berths per unit area, but it is relatively insensitive to the size of the
marina water domain. On the other hand, dredging frequency could not
be estimated by the closure depth (Hallermeier, 1981) like in the
Spanish national-level study (Gémez et al., 2019) due to the lack of
data. Thus, the estimation of dredging activity through the type of
substrate was an oversimplification. Dredging activity estimation could
be based on the real dredged volumes, considering, for example the
annual dredged volume.

Besides, further research should be conducted to develop indicators
to account for impacts specifically related to the recreational navigation
sector, such as the abundance of invasive species (Airoldi et al., 2015;
Ferrario et al., 2017; Lenders et al., 2001). Finally, it is important to
note that the MERA process provides an estimation of the potential
impact of boating activities on water systems. However, the real en-
vironmental conditions should be quantified through a regular mon-
itoring of the environmental quality. Traditionally, the evaluation of
the quality of water systems has been conducted by sampling and la-
boratory analysis and abiotic and biotic indices (Ponti et al., 2009;
Ondiviela et al., 2013). Nowadays, data of environmental quality from
monitoring programs, satellite images or forecast models could be used
to calibrate the MERA process.

4.2. Potential applications of a MERA global observatory

Spatial data infrastructures (SDI) emerged in the last few decades as
an approach to improve decision-making and resource management in
terms of sustainable development (Strain et al., 2006). Spatial data are
essential for this purpose since many of the critical problems that arise
in dealing with pollution of aquatic systems are inherently spatial issues

(Valdor et al., 2016). For that reason, intergovernmental institutions
coordinate cooperation programs to exchange marine data and in-
formation through these data infrastructures (e.g., The Intergovern-
mental Oceanographic Commission of UNESCO (IOC-UNESCO) that
supports the programme “International Oceanographic Data and In-
formation Exchange” (IODE)). Global implementation of MERA will
provide relevant information to define global approaches to sustain-
ability, through an observatory of marinas on water quality. MERA, as a
valuable management tool to support decision-making processes, could
be embedded in marine SDIs, marine Spatial data infrastructures, such
as in the UN Atlas of the Oceans, developed under the authority of UN-
Oceans, or in the IH-MSP, a platform which supports the Marine Spatial
Planning (msp.ihcantabria.com).

5. Conclusions

The study generates an atlas of environmental risk of marinas on
water quality worldwide. Applying this MERA approach to 105 marinas
spread across the globe has confirmed the usefulness, versatility and
adaptability of this procedure as both a first tool to compare the en-
vironmental risks within and among regions (i.e. for area based man-
agement), to identify world's best practice (i.e. to optimize existing
management) and as a tool to understand and adjust for risks in future
development (i.e. improved planning). This study has confirmed the
adequacy of the conceptual model, the indicators and the assessment
system to reliably estimate the environmental risk of marinas at a
global scale. The developed MERA approach provides an assessment of
marina water quality conditions and can facilitate development of op-
timal management strategies for individual marinas or marinas grouped
at regional, national or international scale. Further research should aim
to implement the presented methodology in a larger number of marinas
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Fig. 6. Marina Environmental Risk Assessment method applied to different scales in the Cantabrian Sea (Spain): a) results from the global scale (worldwide, 105
marinas); b) results at national level (Spain, 320 marinas, Gomez et al., 2019); c) results at local level (Cantabrian region, 8 marinas).
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all over the world, allowing for an optimized environmental risk ob-
servatory of water quality for the recreational harbour sector.
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