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Abstract

Spatial modelling is an emerging approach to the management of coastal marine habitats, as it helps understanding and pre-
dicting the results of global change. This paper reviews critically two recent examples developed in Liguria, an administrative
region of NW Italy. The first example, aiming at predicting habitat status depending on human pressures (i.e. anthropogenic activi-
ties capable of producing impact), provides managers with the opportunity of envisaging different scenarios for the consequences
of coastal development choices. The second example defines the status of an important Mediterranean coastal marine habitat
(Posidonia oceanica meadows) under natural conditions, allowing quantification of human impact on regressed meadows. Both
modelling approaches are useful to define the targets of coastal management and, combined with information on cost of conserva-
tion (or management), actions can provide guidance to decision-making. Well-planned and sustained monitoring is essential for
model validation and improvement.

Keywords: marine ecosystem, environmental modelling, coastal management, Posidonia oceanica, Liguria, Mediterranean Sea.

Introduction

Human use of nature resources and services is in-
creasing worldwide, leading to alterations in ecosystem
structure and functioning (Kubiszewski & Costanza,
2012). Unexpected ecosystem changes are becoming
frequent, and the complex ways through which multiple
human pressures (i.e. anthropogenic activities capable
of producing impact) may interact, meaning that con-
servation practitioners and natural resource managers
are faced with high uncertainty (Regan et al., 2005). As
the management of ecosystems needs to account for the
natural functional principles of ecosystems (Jorgensen
& Nielsen, 2012), ecologists are facing the challenge
of proposing methods to understand and predict these
changes (Elith & Leathwick, 2009). Models are major
examples of such methods. While models of population
dynamics or food-web interactions are today well estab-
lished practices in ecology (Thomas et al., 2005; Allesina
et al., 2008), models at ecosystem or landscape level are
recent achievements with promising prospects (Briske et
al., 2005). Spatial distribution modelling, in particular,
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is a growing industry (Franklin, 2010); mapping habi-
tat suitability and predicting species distribution are re-
quired for many aspects of environmental research, re-
source management and conservation planning (Witzold
et al., 2006). The need for similar approaches to coastal
marine environments is evident (Issaris et al., 2012), but
applications to the sea are still scarce (Galparsoro et al.,
2012; Lyons et al., 2013).

Marine coastal ecosystems are particularly sensitive
to global change. Climate warming combined with land-
based sources of pollution, sedimentation, habitat destruc-
tion and overfishing (all of which are expected to increase
in severity in the next decades) modify the status of coastal
marine ecosystems. While climate change requires global
actions to be tackled, good management practices may
help reducing local human impacts (Cash & Moser, 2000).

This paper reviews two recent spatially explicit ap-
proaches applied in Liguria (an administrative region of
NW Italy) for the management of marine coastal eco-
systems under global change. The first is aimed at un-
derstanding the complex relationships between multiple
human pressures and the status of coastal marine ecosys-
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tems, in order to predict future change. The second uses
physical parameters to predict the reference conditions
of one of the most important marine coastal ecosystems,
namely seagrass meadows.

Coastal ecosystem management: a worldwide problem

Recent global assessments of marine ecosystem status
revealed the diffuse impact of human activities (Halpern et
al., 2008). Environmental protection is necessary especially
along coastal zones, for both ecological and socio-economic
reasons (Borja et al., 2008; Knowlton & Jackson, 2008).

Marine Protected Areas (MPAs) have often been
considered a key tool for the conservation of coastal eco-
systems but, at the same time, have been shown to be
insufficient as a single measure to protect costal marine
ecosystems (Allison et al., 1998). Thus, several comple-
mentary measures have been developed worldwide to
implement management schemes at the scale at which
ecosystem processes occur (Bianchi et al., 2012), lead-
ing to approaches that have been called Ecosystem Based
Management (EBM) (Katsanevakis et al., 2011) and In-
tegrated Coastal Zone Management (ICZM). Major ex-
amples of such management approaches include the net-
works of areas of special protection in Europe (Fenberg
et al., 2012), the marine sanctuaries in the USA (Lester et
al., 2010) and the marine parks established on the Great
Barrier Reef in Australia (Brodie & Waterhouse, 2012).

In the same direction, initiatives have recently been
undertaken worldwide from a legislative point of view
(Ricketts & Harrison, 2007; Barnes & McFadden, 2008).
In Europe, the Marine Strategy Framework Directive
(MSFD, 2008/56/EEC) imposes on all Member States
the maintenance of seafloor integrity, which has to be as-
sessed by comparison to reference conditions (Duarte et
al., 2008). Reference conditions can be retrieved using
information from three sources: 1) pristine situations or,
alternatively, MPAs; ii) historical information; iii) pre-
dictive modelling. Pristine situations are hardly found
(Jackson & Sala, 2001; Stachowitsch, 2003). Even if
they are exponentially increasing in number, MPAs only
protect a limited portion of the worldwide marine realm
and are often insufficiently enforced (Edgar et al., 2007;
Montefalcone et al., 2009). When available (which is
not always the case), historical data are seldom reliable,
because of insufficient standardisation, changes in tech-
nology and observer effects (Leriche et al., 2004; Mon-
tefalcone et al., 2013). Thus, despite their current limita-
tions, such as the high uncertainty, models remain a little
explored approach with interesting potential.

Due to binding European Union Directives, efforts
have recently been made in most European countries to
manage coastal marine ecosystems on the basis of a solid
ecological background and recent scientific modelling. In
Liguria, intense urban and industrial coastal development
has led to massive decline of coastal and marine habitats
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and, in particular, of the meadows of the endemic seagrass
Posidonia oceanica (Peirano & Bianchi, 1997). This de-
cline has been particularly dramatic close to major coastal
cities, such as the chief town of Genoa (Montefalcone et
al., 2007). Since the beginning of the 1960s, the prolif-
eration of urban and industrial structures, coupled with
intense use of the coastal area by the tourism industry,
resulted in a dramatic loss of biodiversity (Peirano et al.,
2005; Montefalcone et al., 2010a); since the mid 1980s,
climate warming has increased the stress exerted on coast-
al marine ecosystems (Morri & Bianchi, 2001; Cattaneo
Vietti et al., 2010). At present, all P oceanica meadows
have been included within the so called Sites of Commu-
nity Importance (SCIs), which require special conserva-
tion plans. In addition, four MPAs have been established
recently: Portovenere Archipelago, Cinque Terre, Portofi-
no, and Bergeggi Island; two others, Mortola and Galli-
nara Island, are planned (Guidetti & Sala, 2007; Monte-
falcone et al., 2009; Rovere et al., 2010; Fig. 1). In 2005,
the Beigua Natural Park joined the Global and European
Geoparks Network supported by Unesco. Since then, im-
portant measures have been adopted in order to preserve
the coastal and marine portion of the park (extending for
about 30 km westwards to Genoa, Fig. 1) with particular
focus on the protection and valorisation of its underwater
geological heritage (Burlando ef al., 2011).

Spatial methodologies for ecosystem management

Tricart & Kilian (1979) were among the first to rec-
ognize cartography as a key tool for the spatial inves-
tigation of natural environments. Human pressures and
coastal ecosystems have, by definition, a spatial compo-
nent and cartography is thus the natural approach to con-
servation and management (Bock et al., 2005; Bianchi
et al., 2012). This conviction is even stronger nowadays
and its application made easier by the availability of Ge-
ographical Information Systems (GISs). The predictive
methodologies we are critically reviewing in this paper
were both developed on cartographic data in a GIS envi-
ronment, and represent proper tools to be adopted in the
framework of an effective EBM.

Modelling the relationship between human pressure
and coastal ecosystem status in a Ligurian MPA

The management of natural resources largely relies
on the possibility to plan the spatial distribution of human
pressure and modify the intensity. Management choices
require an understanding of the relationship between the
spatial distribution of human pressures, their intensity,
and ecosystem status. This is crucial for developing spa-
tial tools allowing the evaluation of the efficiency of al-
ternative management strategies (Douvere, 2008).

In the marine realm, the dominant approaches are
based on expert-judgment surveys or literature review,
which are used to estimate the vulnerability of ecosystem
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Fig. 1: Geographical setting of Liguria, together with location of Marine Protected Areas along the coastline. Solid circles: estab-
lished; open circles: planned. The dashed line indicates the extent of the coastal and marine part of the Beigua Geopark.

or habitat types according to pressure identity and inten-
sity (Muxika et al., 2007). On this basis, if the spatial dis-
tribution of habitats and pressures is known, the potential
risk of impact can be computed and represented on maps,
thereby helping to identify an efficient management solu-
tion, i.e. the one capable of minimizing the risk of impact
(Halpern et al., 2009; Stelzenmuller et al., 2010). When
possible, such management solutions should be priori-
tized according to the coupled opinion of both experts in
the field and local stakeholders (Giakoumi et al., 2012).
In addition, the risk of arbitrariness in the selection of the
variables can significantly affect the assessment of habi-
tat condition; in order to minimize this problem, Game et
al. (2013) underlined the importance, wherever possible,
of estimating variables of interest on natural scales.

This kind of coupled GIS and modelling approach
has the invaluable advantage of making possible to sup-
port the creation of management plans at large spatial
scales, which can then be implemented taking into ac-
count costs (Wilson et al., 2007) or when data on ecosys-
tem status are missing or scarce. However, they generally
arbitrarily assume that multiple pressures interact addi-
tively (Halpern et al., 2009). This is a limitation, espe-
cially when considering that most studies on the effects
of multiple pressures unveiled significant non-additive
interactions (Crain et al., 2008; Darling & Co6té, 2008).
Without using data on ecosystem status, literature-based
approaches can hardly detect the complex interactions
that may exist among pressures (e.g. synergisms or an-
tagonisms). In addition, such interactions are spatially
variable and extremely site-specific, making it difficult,
if not impossible, to extrapolate general rules to be used
a priori over vast spatial scales (Crain et al., 2008).
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In many cases, regional monitoring programs are es-
tablished for the assessment of ecosystem status. In Eu-
rope, for instance, ad hoc monitoring plans are applied
for computing indices of ecosystem status according to
the WFD. If the spatial distribution of pressures is avail-
able and the status of the ecosystems is known, spatial
explicit modelling represents a good alternative to liter-
ature-based approaches. If modelling is employed, the
effect of individual pressures and the type of interaction
among multiple pressures (e.g. synergism or antagonism)
can be predicted by the model under different manage-
ment scenarios. An example of such an approach is given
below.

In order to identify the best management strategy for
the Bergeggi Island MPA, located downstream of the ex-
panding commercial harbour of Vado Ligure (Gatti et al.,
2012), a spatial explicit tool was developed to allow for:
1) modelling of the relationship between human pressures
and ecosystem status; ii) prediction of the expected ef-
fect of alternative management scenarios on the status of
ecosystems; iii) cartographic visualization of the effect
of each management scenario (Parravicini et al., 2012).

The conceptual framework behind this approach is
comprised of four distinct steps (Fig. 2): 1) building a GIS
database of human pressures and their intensities; 2) GIS
mapping of the marine ecosystem status; 3) modelling
the relationships between the distribution of human pres-
sures and marine ecosystem status; 4) use of the model
calibrated in step 3 to build maps of expected ecosystem
status according to different management alternatives —
i.e. expected or planned variations in human pressures
distribution and intensities. Within the framework of this
geospatial approach, once an efficient solution is found,
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Fig. 2: Conceptual diagram of the steps used to develop the geospatial modelling approach of Parravicini ef al. (2012). The ap-
proach includes four main steps: 1) mapping human pressures and their intensities; 2) mapping marine territory status; 3) model-
ling the relationships between human pressure distribution and marine territory status; 4) use of the model calibrated in step 3
to build maps of expected territory status according to different management alternatives — i.e. expected or planned variations in

human pressure distribution and/or intensities.

appropriate monitoring plans must be implemented to al-
low for future more accurate calibration of the model.

In order to use such an approach it is mandatory to
have quantitative information on both pressure intensi-
ties and the status of coastal ecosystems. Parravicini et al.
(2012) adopted a Multi-Criteria Decision Aid (MCDA)
procedure (Behzadian et al., 2012, and references there-
in) and, in particular, the fuzzy extension of TOPSIS, the
Technique for Order Preference by Similarity to Ideal
Solution (Chen, 2000). The following activities produce
the different pressures selected for the model: anchoring
(i.e. seafloor abrasion), beach nourishment, commercial
harbour influence (i.e. pollutants and traffic related pres-
sures), influence of coastal outfalls (i.e. organic enrich-
ment), angling, gillnet, fishing, trawling, influence of pipe

192

outlets (i.e. organic enrichment and pollutants), intensity
of SCUBA diving visitation, and urbanization (i.e. arti-
ficial coast). The intensity of each pressure at the source
was estimated using expert elicitation; the uncertainty
linked to the potential disagreement among experts was
incorporated solving the MCDA problem under a fuzzy
environment. The distance from the source was taken as
a proxy of pressure intensity abatement. However, any
metric (e.g. presence/absence of pressures or weighted
distance from pressure sources) has to be employed ac-
cording to the user needs.

The status of ecosystems may be quantified accord-
ing to any index devised for such purpose (e.g. the in-
dices developed within the Water Framework Directive,
WED). Parravicini et al. (2012) calculated the ecological
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Fig. 3: Spatial extent of Posidonia oceanica meadows between two hydrodynamic boundaries (the wave break limit and the an-
nual storm wave base), as expected to occur under natural conditions according to the models of Vacchi ez al. (2012).

distance of benthic habitats from reference conditions
historically described for Mediterranean marine coastal
benthic habitats.

Once pressure intensities are assessed and the status
of coastal ecosystem is defined, modelling their relation-
ships is required for predictive purposes and the evalua-
tion of alternative management scenarios. Parravicini et
al. (2012) used a spatial explicit extension of Random
Forests, which is a machine learning technique handling
non-linearity and collinearity among predictor variables
(see Dormann et al., 2013).

Considering that the goal of spatial plans is the ac-
curate prediction of the expected status of ecosystems,
modelling techniques based on boosting or bagging al-
gorithms may be seen as preferred. Among them, those
based on classification and regression trees have the ad-
vantage of handling categorical variables, which is of-
ten the case when working on ecosystem status indices.
Other techniques such as multivariate regression splines
may be used when several response variables need to be
modelled, while Geographically Weighted Regression
may be employed in the case of spatial non-stationarity.

Whatever the type of index employed and the pre-
ferred modelling technique, any application of the ap-
proach shown in figure 2 represents a good solution for
developing spatial management tools when field infor-
mation is available. The calibrated model may be used
to predict the environmental consequence of variation in
the spatial distribution of human pressures and/or varia-
tion in their intensities, thereby allowing for the evalua-
tion of several management scenarios. Importantly, when
the tool is employed to evaluate alternative scenarios,
estimates of uncertainty around model prediction may
be crucial. These can be obtained easily by simple boot-
strapping of the original dataset.

Application of this spatial modelling approach pre-
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dicted that if the Vado Ligure Port Authority supports the
Bergeggi Island MPA in reducing fishery, beach nourish-
ment and anchoring within the MPA boundaries, it is not
expected that the marine ecosystems of the MPA will fur-
ther deteriorate as a consequence of harbour expansion.
The visual representation of the expected effect of dif-
ferent management alternatives will facilitate the consul-
tation process between the MPA and the Port Authority,
which is needed to achieve the goal of a win-win strat-
egy. This aspect is important for policy aimed at solving
the dilemma of finding the appropriate balance between
conservation and use of natural resources (Parravicini
et al., 2012). Further information regarding the cost of
alternative management options should be incorporated
in this approach. This will significantly improve its ef-
fectiveness.

Modelling the natural spatial boundaries of seagrass
meadows along the Ligurian coastline

Seagrass meadows are among the most important
and productive ecosystems on earth (McRoy & McMil-
lan, 1977) and one of the most valuable habitats in coastal
areas, shaping coastal seascapes and providing essential
ecological and economic services (Green & Short, 2003).
A global decline of seagrass meadows has been largely
documented over several decades, with rates estimated at
2-5% per year (Waycott et al., 2009; Short et al., 2011).

Seagrasses are biological quality elements used
to define the ecological status of transitional or coastal
waters, because they are sensitive to human disturbance
(Marba et al., 2013). Posidonia oceanica, the most im-
portant seagrass in the Mediterranean Sea, is regularly
used as a bioindicator because of its sensitivity to pres-
sures (Pergent-Martini et al., 2005; Montefalcone, 2009).
Its selection as biological quality element (BQE) in mon-
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itoring programs led to develop a number of indices that
combine different parameters of both the plant and the
meadow (Romero et al., 2007; Fernandez Torquemada et
al., 2008; Gobert et al., 2009). Shoot density and mead-
ow cover are generally considered as the most important
descriptors of meadow health (Montefalcone, 2009), al-
though the epiphyte community has been shown to pro-
vide early warning to environmental alterations before
the whole meadow regresses (Giovannetti et al., 2010).
Depth and the position of the meadow limits have also
been recognized as proper indicators of the state of health
of P. oceanica meadows (Pergent-Martini et al., 2005)
and are the easiest to model spatially in order to predict
the modifications of meadow distribution in response to
global change. Modelling suitable habitats for seagrass-
es, using explicit spatial criteria and ecological niche fac-
tor analysis, is an emerging approach (Valle et al., 2011;
Downie et al., 2013). In Liguria, the physical parameters
affecting the bathymetrical distribution of P. oceanica
were investigated following recent studies that unveiled
the role of nearshore hydrodynamics on both position and
structure of seagrass meadows (Folkard, 2005; Infantes
et al., 2009). The main goal was to understand whether,
in pristine conditions, the seaward and landward bounda-
ries of a meadow can be predicted on the basis of physi-
cal parameters alone, namely wave, climate and seafloor
morphology (Montefalcone et al., 2010b; Vacchi et al.,
2010, 2012). The challenging perspective was to create
innovative and reliable models for identifying the extent
of P. oceanica under natural conditions, thereby allowing
estimation, by retrodiction, of the amount of habitat loss
due to anthropogenic effects.

Vacchi et al. (2010, 2012) demonstrated that the hy-
drodynamic regime controls the bathymetrical distribu-
tion of P. oceanica meadows on the seafloor (Fig. 3). The
landward or upper limit of the meadow is significantly
controlled by the breaking depth, i.e. the depth where the
wave breaks (Smith, 2002). The breaking depth (d,) may
be computed according to the formula:

d,=HJ/y,,
where H, =H, - K, - \/q)o/q)b (H, = offshore wave height,
with return time 1 year; K, = shoaling coefficient; ¢ _and
¢, = offshore and nearshore waves approach angle) and
y, = b-a - (H/gT,’) (a and b being empirical coefficients
depending on the slope of the beach).

Using the breaking depth, Vacchi et al. (2013) de-
fined a model able to locate the region of the seafloor
where the meadow upper limit should lie in natural con-
ditions (i.e. those governed only by hydrodynamics, in
the absence of significant anthropogenic impact). This
model was validated at regional spatial scale and current
investigations are evaluating its suitability at the Medi-
terranean scale.

The seaward or lower limit of a P. oceanica meadow
is traditionally considered to be under the sole influence
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of light penetration (Duarte, 1991). According to Vacchi
et al. (2012), however, an important role is also played by
the storm wave base, i.e. the limit of interaction between
waves and seafloor, corresponding to L /2, where L is
the offshore wavelength (Svendsen, 2006).

The following equation may be applied to estimate
the natural position of the P. oceanica meadow lower
limit, as determined by wave regime:

Z,=032 L, +5.62,

where Z_is the depth of meadow lower limit (in meters)
and L is the annual offshore wave length (in meters),
computed as a climatological mean.

This equation has to be flanked to the one proposed
by Duarte (1991), based on water transparency:

InZ,=0.26 - 1.07 - Ink,

where Z _is the depth of meadow lower limit (in meters)
and KX is the coefficient of light attenuation underwater.

Knowing the depth where the lower limit of a mead-
ow should occur under natural conditions, it is important
to quantify any regression potentially caused by human
impact; thus, the shallower of the two values resulting
from the equations described above may be taken as the
baseline depth of the meadow lower limit before regres-
sion occurred.

The hydrodynamic influence on the meadow lower
limit is important in sheltered bays or in coastal areas
not exposed to intense storm waves (Vacchi ef al., 2012).
In exposed areas, hydrodynamics probably play a minor
role when compared to light penetration, and the posi-
tion of the meadow lower limit is mainly related to water
transparency (Montefalcone et al., 2009).

Final remarks

The Ligurian experiences reviewed in this paper
represent two examples of spatial modelling for coastal
management. The first example, predicting habitat sta-
tus depending on pressures, provides managers with the
opportunity of envisaging different scenarios for the
consequences of coastal development choices. It is the
first tangible application of the DPSIR (Driving forces,
Pressures, States, Impacts, Responses) framework to an
Italian sea (Bianchi & Morri, 2003). Parravicini et al.
(2012) applied it at local scale in an MPA. Ongoing stud-
ies carried out on further Mediterranean MPAs suggest
that extensions to larger spatial scales might be feasible,
provided that pressures and habitat status are known with
sufficient detail. The second example predicts (or, better,
retrodicts) the status of a crucial coastal marine habitat,
1.e. Posidonia oceanica meadows, under natural condi-
tions; this information is basic for quantifying any sus-
pected or observed meadow regression, and represents
the first step needed to infer the effect of an already oc-
curred impact. Both models are useful to define the tar-
gets of coastal management (Borja et al., 2012). With the
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model of Parravicini et al. (2012), accepting a specific
scenario against other possible scenarios will depend on
the degree of habitat alteration deriving from each po-
tential solution; the choice should be made taking into
account the value of the natural capital with respect to
the economic capital (Wilson et al., 2007; van Teeffelen
& Moilanen, 2008). The models of Vacchi et al. (2012,
2013) may guide the best management option for degrad-
ed Posidonia oceanica meadows. Due to the low resil-
ience of this seagrass, highly regressed meadows have
no real recovery potential (Marba ef al., 1996; Montefal-
cone, 2009); attempts to re-establish P. oceanica in such
areas might be a waste of time and money. On the con-
trary, meadows showing a limited to moderate regression
could still fully recover thanks to removal of the major
causes of regression and to specific restoration programs
(Montefalcone et al., 2007).

No matter how efficient they are, spatial models
alone are not sufficient for coastal management. Firstly,
they should include information about cost within the
framework of systematic conservation planning (Giak-
oumi ef al., 2012). Secondly, well-planned and sustained
monitoring of the marine ecosystems to be managed play
a key role in the validation of model outputs, allowing
fitting of unmatched residuals with the field-constrained
benchmarks of benthic habitats, reducing uncertainty
around prediction or potentially providing basic infor-
mation for the development of more complex dynamic
models.
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