
lable at ScienceDirect

Journal of Cleaner Production xxx (2018) 1e14
Contents lists avai
Journal of Cleaner Production

journal homepage: www.elsevier .com/locate/ jc lepro
Retro-diagnosis methodology for land consumption analysis towards
sustainable future scenarios: Application to a mediterranean coastal
area

Salvador García-Ayll�on
Technical University of Cartagena, UPCT. Department of Civil Engineering, Paseo Alfonso XIII, 50, 30203, Cartagena, Spain
a r t i c l e i n f o

Article history:
Received 12 July 2016
Received in revised form
14 February 2018
Accepted 15 February 2018
Available online xxx

Keywords:
Regional sustainability
Smart coastal territory
GIS-LiDAR retrospective analysis
Land consumption
Campo de cartagena-Mar Menor area
E-mail address: salvador.ayllon@upct.es.

https://doi.org/10.1016/j.jclepro.2018.02.160
0959-6526/© 2018 Elsevier Ltd. All rights reserved.

Please cite this article in press as: García-A
scenarios: Application to a mediterranean c
a b s t r a c t

Land consumption is a good indicator to directly diagnose present and future imbalances in territories,
and indirectly, possible issues associated to the management of other resources. Therefore, after reaching
the target of standardizing urban research that makes it possible to build healthier and greener cities, the
real challenge for the future is to make the leap from urban scale to regional scale and deploy these
policies in an integrated manner, in so-called "smart territories".

In that context, this paper presents a model of multidisciplinary analysis through indicators based in
land consumption and transformation rates. The model, called GIS-LiDAR retrospective analysis, is
implemented through territorial information tools in order to simulate and diagnose possible future
imbalances based on past and current trends. This innovative methodology will be applied in a Spanish
Mediterranean coastal area called the Campo de Cartagena, a territory with issues related to low-density
urban sprawl, intensive agriculture and mass tourism coastal urbanization. This territory of high eco-
nomic activity and with important environmental protected areas like the Mar Menor lagoon as well as
complex interrelated phenomena will be "retrohistorically" diagnosed from the perspective of land
transformation over 60 years. The method, designed to advance future scenarios and help planners in
decision-making, will show dangerous current trends leading to imbalances in this area so that future
planning can be implemented with smart (sustainable) criteria.

© 2018 Elsevier Ltd. All rights reserved.
1. Introduction

A frequent controversial issue in developed countries refers to
the influence of human activities on territory and its consumption
of resources (Allais et al., 2015). Maintaining a careful balance be-
tween actions required for economic development, such as con-
struction, agriculture or tourism, and the adequate conservation of
the natural assets of territory is at times a complex equation diffi-
cult to solve (McCormick et al., 2013). The governance of the ter-
ritory and the correct management of economic activities in
relation to land consumption and its impact is one of the challenges
of the future in modern societies, where economic activity must
coexist inexorably with the environment (Zhang et al., 2015). In this
context, one important field in the study of the impact of human
activities is the determination of the behaviour pattern and the
areas of influence of such activities to implement sustainable
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management of existing resources (Ben Letaifa, 2016).
The many variables that shape the development of territory

require analysis in very different fields (economic, political, social,
etc.). Decisions such as the pattern of urban growth, building
infrastructure or landscape transformation for boosting economic
activities are all issues to be addressed by assessing resource con-
sumption with sustainability criteria (Callaway, 2016). Therefore, a
large number of interrelated parameters that influence an iterative
process which usually feeds on itself must be taken into account
(Hashem et al., 2016).

In the last two decades, numerous initiatives encompassed
under the concept of “smart city” have been developed aimed at
providing a more sustainable framework for the improvement of
metropolitan areas. However, this concept, implemented through
innovation, the use of information technologies or optimization in
themanagement of resources for example has widely diversified its
meaning and scope in recent years (De Jong et al., 2015). During this
time, the rather “classic” concept of smart city (Hollands, 2008;
Nam and Pardo, 2011) has been evolving, being the subject of
hodology for land consumption analysis towards sustainable future
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reflection and analysis by various authors (Deakin and Al Wear,
2011; Lee et al., 2013 or Zygiaris, 2013). The smart city was
focused initially toward an integrated vision of multiple solutions
to manage a city's assets (Mahizhnan, 1999; Odendaal, 2003),
although the breadth of technologies that have been implemented
under the smart city label have made it currently more difficult to
pin down a concrete definition of the actual concept. Nowadays,
usual approaches to a smart city concept address various topics
such as energy efficiency, information technology, transport infra-
structure, resource consumption, environmental impacts or even
hazards, among others (Neirotti, 2014; Fraker, 2013). However, as
many authors have recently postulated, the smart city concept (of
strong and innovative theoretical charge) has been materialized in
practice very often over the last years through isolated ideas or
disjointed projects (Anthopoulos, 2017). On occasions it has even
become simple political slogans or commercial marketing products
with no chance of implementation, or without constituting a
response to an actual need for real improvement in the city (Grossi
and Pianezzi, 2017).

An aspect which policy-makers should pay attention to is the
implementation of integrated territorial actions in these processes
of transforming urban areas into real smart cities (Thite, 2011).
Cases that are limited in range are readily available in the literature
(Carter, 2013; Wey and Hsu, 2014). In this context, it is essential to
perform a realistic proposal to introduce constraints and boundary
conditions imposed by the territorial or sectoral regulations
(O'Connell, 2009). In the field of enabling proposals to promote
sustainable development, a common problem is very often the
need to establish a spatial framework to address a coherent scope
for action (a building, a neighbourhood, a specific parameter for the
whole city, etc.). It is not difficult to find different successful ex-
amples in the specific literature, both pilot projects as well as
material achievements (Walravens, 2015; De Jong et al., 2016).
However, as some recent authors suggest, the current concept of
smart city needs to evolve in a context where sustainability is an
increasingly complex and evolving concept (Kummitha and
Crutzen, 2017), if we seek to avoid many interesting proposals
becoming isolated actions that cannot be incardinated in a suitable
spatial framework to reach the target pursued. Current issues
related to the sustainable management of resource consumption,
transport or urban governance for example are not truly helpful if
they approach only the geographical scope of a building or a
neighbourhood (La Greca et al., 2011). The results obtained by this
approachmay lead tomerely isolated actions with no connection to
the rest of the city or the territory really affected by the issue
analysed.

In this line, an aim to achieve in the transformation of these
isolated actions into a true comprehensive performance (that
would enable more sustainable and healthier areas) involves
extending the classical concept of “smart cities” towards a wider
idea of “smart territories”. In developing this idea, the need to
implement multidisciplinary assessment must be taken into ac-
count to provide government expertise in global planning (urban
sprawl, industry development, infrastructure investments, etc.)
with sustainable criteria (Amato et al., 2015). This work should be
carried out through instruments that could diagnose and monitor
management issues to facilitate decision-making for territorial
governance beyond the simple geographical context of a classical
administrative urban delimitation (Hader and Rodzi, 2009). This is
a qualitative target that would allow societies to enhance the
concept of Smart City, improving it into a more comprehensive
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framework such as Smart Territory. The framework of Smart Ter-
ritory could actually be in some cases more consistent with the
original purpose of sustainability and efficiency from the concept of
smart city.

In this context, the use of GIS (Geographic Information Systems
designed to capture, store, manipulate, analyse, manage, and
represent spatial data) and LiDAR (surveying methods based on 3D
technology to represent high precision cartography by laser) tools
can be very helpful. These instruments are able to simulate future
scenarios, thus allowing decision makers to restrain trends ori-
ented towards unsustainability in the context of territory and re-
sources management (Pozoukidou and Ntriankos, 2017). With that
intention, this article presents an innovative method of multidis-
ciplinary analysis based on indicators obtained through territorial
information systems. The method, called GIS-LiDAR retrospective
analysis, is designed to help decision-makers and authorities in
territorial management. This way it will allow cities’ land use pol-
icies to be optimized, generating synergies in planning and devel-
opment with sustainable criteria for land consumption and other
resources use. The methodology presents multiple applications
since it allows to study how phenomena belonging to different
disciplines (tourism, urban planning, environmental impacts or
hazard risks, for example) can feed each other, giving rise to more
complex problems. A situation of these characteristics (which re-
quires methodologies such as these to be properly analysed), is
presented for a Mediterranean coastal area, whose case will be
diagnosed and evaluated through the simulation of future
scenarios.
2. GIS-LiDAR analysis methodology

Land consumption is a very interesting indicator for the pur-
poses of establishing growth and evolution patterns of a territory.
Furthermore, it allows to homogenously evaluate growth forecasts
of factors such as population, resource consumption, the need for
infrastructure development or landscape transformation (Steinitz,
2000). Through inertial interpolation matrices of process behav-
iour, forward-looking statements of these factors can be set based
on the trends observed in the different land types and the existing
urban planning in a territory. To achieve this goal, a methodology
based on four stages that will use various GIS and LiDAR tools
(SDIMED, CartoMur, SitMurcia and IDERM) is proposed. However,
the methodology is not restricted to these specific instruments,
therefore researchers need not use these particular tools but can
choose their own tools based on the best adaptation to the analysed
territory.

To start with, the diagnosis towards the future must be made
taking into account the various interconnected issues that make
up the current scenario (driving forces, pressures of activities,
impact on human well-being, impact on ecosystemic services and
state-changes of the social ecosystem). Therefore, this work re-
quires a prior analysis adapted to the specific case of study in
order to select the appropriate variables (see Fig. 1 as a standard
example).

This process is the first step of an integrated analysis set out in
four phases. After selecting all analysis factors, they must be
implemented in a GIS tool to permit their numerical evaluation.
The tool should enable them to be studied in the context of a
“retrohistorical” analysis. This analysis introduces the trends of
land transformation in a limited time frame from a starting date
until today. The analysis must meet certain minimum
hodology for land consumption analysis towards sustainable future
r Production (2018), https://doi.org/10.1016/j.jclepro.2018.02.160
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requirements to be valid. First, it must address a homogeneous
and statistically significant timeframe of the overall process under
study. This period must cover a minimum of 40 years in any case
to allow a reasonable future scenario to be hypothesized, as it is
not able to represent future scenarios beyond 25% of the time
trend used. This is in order to maintain the robustness of the data
and to avoid raising overly theoretical hypotheses in the final
trend analysis. Likewise, the trend period posed should be eval-
uated in at least three verification points (dates) to ensure that
there are no distortions and that the analysed scenarios are suf-
ficiently significant. These checkpoints must generate stages of a
similar value to ensure the trend criteria (differences no greater
than 15e20% depending on available historical mapping are un-
derstood to be reasonable). Intermediate points can also be
selected to verify the absence of abnormal behaviour or distor-
tions in the data obtained.

Considering the numerical formulation of trend analysis data,
criteria can be established based on the implementation of the GIS
tools index. In this regard, various formulations are correct for the
implementation of these measurements. The current study has
used the formulations of Ji et al. (2006) for land consumption
metrics. Land consumption indices (LCI, Eqs. (1) and (2)) for
example relate built-up area change in housing and commercial
construction (in this case it will be tourism construction; industry
has a secondary role in the case study presented) as the major
driving factors in urban land conversion. On the other hand, land-
scape transformation by agriculture and the construction of
transport infrastructures are major driving forces in non-urban
land conversion (LCI, Eqs. (3) and (4)). These construction-based
metrics can be used to effectively compare land consumption
across jurisdictions and to analyse the relative contribution of
different activities in land use. To calculate these metrics, data must
first be obtained on city housing units, tourism establishments,
agricultural development and road construction for the studied
territory in the time periods corresponding to or close to the sat-
ellite imagery dates. We then defined four indices: the ratios of the
percentage change of built-up land coverage to the percentage
change of the housing units (HU); tourism units (TU); agricultural
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Fig. 1. Standard example of a flowchart for the development-impact process per-
formed to select variables belonging to driving forces, pressures of activities, state
changes of the socio-ecosystem and impacts on the natural environment.
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crops (AC); and road infrastructures (RI) in specific jurisdictions in a
particular time period:

LCI ðHUÞ ¼ %DDBðt1�t0Þ
%D½HU�ðt1�t0Þ

(1)

LCI ðTUÞ ¼ %DDBðt1�t0Þ
%D½TU�ðt1�t0Þ

(2)

LCI ðACÞ ¼ %DDBðt1�t0Þ
%D½AC�ðt1�t0Þ

(3)

LCI ðRIÞ ¼ %DDBðt1�t0Þ
%D½RI�ðt1�t0Þ

(4)
LCI land consumption index
HU housing unit (main housing) TU tourism unit (hotel beds,
2nd homes, resorts units)
AC agricultural crops RI road infrastructures
DDB percentage change in built-up land
D[HU] percentage change in housing units D[TU] percentage
change in tourism units
D[AC] percentage change in natural lands to agricultural crops D
[RI] percentage change in road infrastructures
t0; t1 starting time; ending time

The third section of the method determines the current
boundary conditions which the process performed is subject to. In
this regard, it is important to incorporate constraints in the trend
analysis from urban planning, infrastructure development, cultural
heritage, landscape protection, agricultural characteristics, envi-
ronmental planning, natural hazards, development of industrial
activities, etc. in order to adapt future scenarios to current forecasts.
This phase should be implemented using GIS-LiDAR tools to reach
an accurate analysis and maintain numerical format homogeneity
for comparison indices by transforming parameters (regardless of
whether each subject maintains its own idiosyncrasy and specific
procedure of analysis). The imposition of these boundary condi-
tions can be made according to different criteria. In this case, values
have been proposed based on those developed by different authors
(Yue et al., 2013; Ren et al., 2012). In this context, the formulations
employed to assess population density, urban sprawl or parcels are
presented below (equations (5)e(7)):

PDi ¼
Popi
Areai

; Pop ¼
Xn
i¼1

Popi (5)

where i (i¼ 1, 2, …, n) is the number of street-towns; Popi is the
population for street-town i; and Areai is the area of street-town i.

SIi ¼
�ðS%i � D%iÞ

100
þ 1

�
� n (6)

where SIi is the sprawl index for area i; S%i is the percentage of the
total population in low-density edge growth or leapfrog growth
parcels to the total population of an area and D%i is the percentage
of the total population in high-density edge growth or leapfrog
growth parcels to the total population of street-town i.
hodology for land consumption analysis towards sustainable future
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ParcelPopij ¼
Popi � k � SPAreaijPm

j¼1k � SPAreaij
; Pop ¼

Xm
j¼1

ParcelPopij (7)

where i refers to the number of areas; j (j¼ 1, 2, …, m) refers to the
jth residential or tourism land parcel of a territory; ParcelPopij is the
estimated population of parcel ij; Popi is the population of area i; k
is the modified coefficients, 1 for a low-rise habitation parcel and 14
for a multi-storey one (to simplify the analysis, residential land has
been divided into two types: residential land Type I with multi-
storey buildings in the urban centres and some coastal areas, and
residential Type II with low-rise buildings in tourist resorts and
other coastal houses); SPAreaij is the area of residential or agricul-
tural parcel ij. In the case of non-urban land, the criteria for iden-
tification and classification of agricultural land to determine the
processes of transformation of natural soil to irrigated crops of
intensive farming areas will be those of Corine Land Cover (Corine
Land Cover, 2006).

The last phase of the process is really the future predictive
diagnosis. This step should include at least land transformation
forecasting, the determination of the most important resources
needed in the scenario analysed (energy, water, etc.), the evaluation
of the environmental risks and an urban development foresight in
the context of sustainability. This latest analysis must take into
account the possible behaviours of stakeholders. The results ob-
tained may prove very interesting for policy makers who can
implement (based on this new information) strategic actions. Such
actions can later become operational programs to correct wrong
trends raised by the retrospective GIS-LiDAR analysis performed.
Fig. 2. Schematization of the GIS-LiD
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The set of actions described for the whole process can be observed
in Fig. 2.
3. Application to a case study

3.1. Boundary conditions of the environment analysed

Coastal regions are usually territories of high economic activ-
ity. In the case of Spain, 50% of the GDP and of the population is
located along the Mediterranean coastline (Marti et al., 2017).
Apart from the needs of growing cities, tourism is the main factor
of demand in this area. This market, strongly associated with
second homes or resort developments for foreign tourists,
generated a major housing bubble between 1995 and 2007, which,
when it burst, led to a major economic crisis in the area
(Nicodemo and Raya, 2012).

One of the most recognizable variables of urban development
on the Mediterranean territories of Southeastern Spain in recent
decades has been its high consumption of resources. Models of
urban development based on low-density urban sprawl have
proliferated in this area. The so-called tourist resorts are espe-
cially interesting in this field: important areas that urbanized
coastal territories, but not too close to the coastline to avoid
higher land prices.

In contrast to the high-density urban frontline beach models
developed in Spain during the decades of the 1960s, 1970s and
1980s (Garcia-Ayllon, 2016), these new small low-density cities
have generally been located near large communication in-
frastructures and are often accompanied by facilities such as a golf
AR retrospective analysis model.

hodology for land consumption analysis towards sustainable future
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course. Interesting analyses about their development patterns can
be found in the specific literature (see for example the polyp model
of Mena, 2010). In this sense, some of the main parameters high-
lighted by these types of urban growth are their low population
density but also a controversial consumption of resources per
capita (Palmer and Mathel, 2010); especially those related to the
consumption of water, energy and transportation needs (Cole,
2009).

On the other hand, agriculture is another interesting economic
activity linked to territorial development in these coastal regions. In
this field, we can find the so-called “orchard of Europe”, located in
the south-east of Spain. This environment of high capacity gener-
ation of agrifood products for consumption in many countries of
Europe requires various boundary conditions to become a
competitive industry. Thus, one of the most essential aspects for
that industry is the need for water, which has been enhanced in
recent decades with the transfers between hydrographic river ba-
sins allowing new areas of intensive agriculture to proliferate
(Martinez-Alvarez et al., 2017). This intensive agriculture some-
times involves a difficult cohabitation with protected natural areas.
For example, contributions of nitrates carried by thewadis cross the
crop fields where fertilizers are used tomake it competitive (see the
interesting case study of the Mar Menor protected area in Perez-
Ruzafa et al., 2005 or Velasco et al., 2006).

Another aspect required for the commercialization of all this
industry has been the development of infrastructures (highways,
treatment plants, etc.), often financed in the context of European
cohesion policies. This situation has also led to a significant land-
scape transformation, which in some regions such as Almeria
Fig. 3. a) Benidorm coastline in Southeastern (SE) Spain. b) Example of low-density urban s
development model of resorts in the Mediterranean territory (black: urban settlements, r
territories) due to intensive agriculture: greenhouses in El Ejido (Almeria, SE Spain). (For inte
Web version of this article.)
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(Spain) has generated the so-called “plastic seas” territories. All
these phenomena can be seen summarized in Fig. 3.

Apart from the issues identified, several others can commonly
be found as a result of anthropic pressures from a variety of eco-
nomic activities such as mining, industry, fishing, risks from floods
erosion or construction work in rivers. These problems are often
especially pronounced in the Mediterranean weather which cor-
responds to a semi-arid climate (less than 300mm/year) where the
rains are developed in a timely but torrential manner during the
autumn months. For a comprehensive diagnosis of these complex
phenomena in which the different variables are usually interre-
lated, the methodology presented is proposed.

3.2. Analysis: application to the Mediterranean coastal area Mar
Menor-Campo de Cartagena

The Mar Menor-Campo de Cartagena area, located on the south-
eastern Spanish Mediterranean coast, will be evaluated as an
example to illustrate the methodology. This environment is quite
enlightening as it presents many of the problems that can develop
in the Mediterranean area (mass tourism, intensive agriculture,
urban sprawl, water needs, infrastructures, etc.). The four phases of
the process described will be carried out, and the results of this
analysis process will enable proposals for implementing actions
towards the development of a sustainable and healthier territory to
be raised.

The first step in the analysis process has been done through the
SDIMED GIS tool identifying the main variables, issues, driving
forces, pressures, stakeholders, etc. of land transformation at
prawl in agricultural land: La Torre Golf resort in Region of Murcia (SE Spain) c) Polyp
ed: highways, green: resorts) d) Example of landscape transformation ("plastic seas"
rpretation of the references to colour in this figure legend, the reader is referred to the

hodology for land consumption analysis towards sustainable future
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macro-structural level in a defined geographical area (see Fig. 4 and
supplementary GIS data). This area is a coastal territory of high
environmental value located in the Region of Murcia, with a stable
population of 300,000 inhabitants that doubles in the summer
months. The territory, with half a dozen well-defined medium-
sized urban settlements, hosts a large and varied economic activity
acting as driving forces: intensive agriculture, golf resorts, tourism
of sun and beach, extinct mining, urban sprawl, etc. Many such
activities are developed around the Mar Menor, a coastal lagoon of
high ecological value separated from the Mediterranean Sea by an
ancient sandy bar called La Manga, which is now highly urbanized.
In this first stage, the first data of land transformation processes
(accumulated land consumption (16%), growth rates (2.6%) or
annual urban intensities (3.8%)) can be observed as normal in
comparison to other nearby territories. Other interesting figures
can also be found on the consumption of resources (for example,
current global water needs are 267 Hm3 of which 75% is for crops,
with urban use being 172 l/person/day), the high rates of in-
frastructures (almost 400 km of highway and two airports in
600 km2 of territory) or the weights of the various economic ac-
tivities in the area (agriculture 5.5% of GDP vs. tourism 11%).
Therefore, initially the signs of an unbalanced development or
distortion factors in contrast to its territorial environment would
not be readily visible.

The real behaviour of these results must be implemented
through the “retrohistorical” trend analysis to be developed in the
second phase. This section must be performed as per the
Fig. 4. Area selected for study and catalogue of e
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recommendations of the previous section so that the incorporated
data are statistically significant in modelling robust trends (the
following study has been done taking 60 years in three periods,
from 1956whenmass tourism began, until now). In this case it has
been implemented using historical georeferenced cartography, as
can be observed in Fig. 5. Significant growth can be appreciated in
this phase both for buildable land declared in the last 25 years
(141%, for an increased population estimated at 61%) as well as the
exponential growth rate of land transformation for intensive
agriculture (446%) since the Tagus-Segura river transfer began in
1981.

The next phase is to address the incorporation of the limitations
that current regulations/planning impose and the boundary con-
ditions generated by the existing physical reality at an orographic
and social level. These limitations allow us to channel the trend
hypothesis in a realistic framework which is adjusted to the pos-
sibilities of planned development. In this sense, in the analysis it is
particularly interesting to observe the current urban planning
framework for the area. It is especially relevant its evolution over
the last 15 years for buildable land for resorts and the agricultural
uses vs. natural areas (see Appendix A). Furthermore, a more
detailed analysis is required in order to incorporate environmental
issues affecting the Mar Menor lagoon caused by the arrival of ni-
trates through contributions from wadis as a result of the signifi-
cant increase in intensive farming land in the area. In this context,
apart from the above GIS scenario needed to implement the urban
or environmental constraints, it is necessary to incorporate LiDAR
xisting anthropic activities. Source: SDIMED.

hodology for land consumption analysis towards sustainable future
r Production (2018), https://doi.org/10.1016/j.jclepro.2018.02.160



Fig. 5. GIS “Retrohistorical” trend analysis of the Campo de Cartagena-Mar Menor territory (evolution 1956-1981-2016 from top to bottom) and three examples of land trans-
formation: low-density urban sprawl inside tourist resorts (yellow), dry land converted into irrigated crop land intended for intensive agriculture (green) and natural or coastal
areas densely urbanized for mass sun and beach tourism (red). Source: CartoMur. (For interpretation of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)
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information to correctly model all the boundary conditions that
simulate the physical reality of the territory. In this case study, the
environmental constraints are particularly conditioning, with spe-
cific attention focused on the impacts of landscape transformations
due to the orographic complexity of the area. For example, the
transformation of traditional terraced crops or natural soil with
dense shrub vegetation into greenhouse surfaces plowed in the
direction of the terrain slope raise several controversies.

On the one hand, important issues are observed between the
existing wadi connections to the lagoon and intensive agriculture.
Moreover, land transformation of natural terrain linked to new
typologies of crops must also be carefully studied for hazard risk
analysis (Fig. 6, for example the usual torrential rains of autumn in
the Mediterranean climate generated unusual historical cata-
strophic damage in the coastal town of Los Alcazares in December
2016). On the other hand, imbalances regarding the proliferation of
small urban cores as tourist resorts around the A-30 and RM-19
highways (Appendix A) must also be evaluated carefully in the
following stage as they may highlight a future source of problems
related to resource consumption due to urban sprawl.

Finally, the fourth stage is configured by correcting the inertial
approaches (2nd phase) of the variables of the first section, taking
into account the boundary conditions of the third stage. The
implementation of this forecasting stage helps us to establish
which issues may arise in the future and introduce which decisions
are needed to modify the current inertia in order to prevent such
issues. Therefore, it should be noted that this operation will de-
mand implementing heterogeneous numerical data from the pre-
vious three phases and translate it in a homogenous process into
aggregated simple and understandable variables (the criteria
Fig. 6. Implementation of LiDAR territorial boundary conditions (yellow areas at risk of flo
Sitmurcia (input data from LiDAR Murcia). (For interpretation of the references to colour in
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applied for this case study can be found in Appendix B).

4. Results

For the area studied, after implementing the results of the four
stages described, future scenarios for 2025 can be simulated (see
Fig. 7 as an illustrative graphical sample of part of them and Table 1
as an aggregate summary of all the resulting measurements). In
that context, we can appreciate for example how land urban con-
sumption and global land transformation rates of 45% and 68% may
be achieved for that date.

These results from the simulation reveal that current trends will
generate a considerable boost in resource demand for urban sprawl
resorts and environmental impacts linked to agricultural activity
near the protected area of the Mar Menor lagoon. This scenario
shows important imbalances from the point of view of water sup-
ply infrastructures, both because of the significant increase in their
need to attend services derived from low density urban sprawl
(94%) and for the growth in global water needs due to the new
surface area of intensive agriculture (future water deficit of
397 hm3 representing an increase of 48.8%). In this sense, an
important oversizing in the transport infrastructure capacity rate is
also appreciated (MDI of 86,000 supported for average values of
6000 to 33,000) which is conditioned by the important forecast
linked to land consumption growth. Paradoxically, it will not be
able to “digest” the usual traffic jams in summer caused by tourism
seasonality (see Appendix B).

Another particularly interesting fact to observe is how urban
sprawl in certain risk environments such as wadis (or areas affected
by localized flash floods) may generate increasing hazard issues
oding for return period T¼ 100 years, Los Alcazares urban core circled in red). Source:
this figure legend, the reader is referred to the Web version of this article.)
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(risk area multiplied by four in 2025). It can also be clearly seen
how urbanization resorts developed in a scattered way in the past
create problems in their management today due to their low so-
cioeconomic profitability. In that context, some basic services such
as public transport are not available in these areas where it is un-
sustainable in its current configuration. Finally, the global land-
scape transformation is a particularly relevant aspect (32,445 Ha
transformed in 25 years), providing a good summary of an unbal-
anced development model.
5. Discussion

The methodology presented represents, to a certain extent, an
evolution on the classic methods of geodesign (Steinitz, 2000) and
the current application of Big Data to the concept of smart city
(Hashem et al., 2016). The extension of the framework to a broader
territorial scope that includes several different urban settlements
and the implementation of future scenarios based in retrohistoric
analysis of land consumption raise as a new approach to the case
study analysed. This can provide, for example, a more compre-
hensive assessment of issues and phenomena in the area, different
from that of existing studies (Perez-Ruzafa et al., 2005; Velasco
et al., 2006; Garcia-Ayllon, 2015; etc.) which have often been
more oriented to a unidisciplinary analysis. In this sense, the results
obtained in relation to the trend scenarios present an interesting
and new debate specially regarding the correlation between the
Fig. 7. Detail of an example of the forecasting approach for simulating future scenarios in 20
the Mar Menor lagoon and red areas for new urban development with unbalanced growth m
to colour in this figure legend, the reader is referred to the Web version of this article.)
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three different elements whose evolution has been highlighted
through land consumption analysis. These three elements are: the
urban sprawl development model within the Campo de Cartagena
area, the process of agricultural transformation in that territory
derived from the Tagus-Segura river transfer, and high-density
urbanization linked to seasonal mass tourism on the Mar Menor
coast. Through the analysis carried out, these three elements have
been observed to be responsible for most of the present and future
issues diagnosed.

Chronologically we have observed that the first phenomenon
to appear was that of high-density urbanization, linked to mass
tourism looking for the sun and the beach. This process has
saturated the coastal perimeter of the Mar Menor and its sur-
roundings since the 1960s, causing important natural assets of the
area such as the old dune strip called La Manga to disappear. This
phenomenon could have occurred due to the lack of environ-
mental legislation until the 1980s (Garcia-Ayllon, 2015), and is
currently stabilized due to the tightening of environmental stan-
dards and the significant saturation of the area which tends to
guide the real estate market to other places. The process has
generated a compact urban area with a moderate consumption of
resources (water, energy, transport infrastructure, etc.) per per-
son, but has consolidated a model of second homes based on
extreme seasonality. This phenomenon has proved to be
extremely inefficient from the point of view of city design for
urban management since it requires a significant investment in
25 (green areas for new intensive agricultural crops causing environmental impact on
odels). Source: simulation performed with IDERM. (For interpretation of the references
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infrastructure (roads, electricity distribution, water treatment,
services, etc.) to meet the needs of a population during only one or
two months per year. This causes inefficiency for oversizing and
additional problems (regular traffic jams, power outages in sum-
mer, etc.) that prevent the development of high quality tourism,
quite the opposite to a smart territory design.

On the other hand, from the early 1980s the water transfer be-
tween the Tagus and Segura rivers started, which transformed the
agriculture of the territory, converting it into one of the most
productive agricultural territories of Europe. This new area,
currently called “the orchard of Europe”, has brought considerable
wealth to the surrounding populations. This has however come at
the cost of generating important disadvantages such as the
Table 1
Summary of 1956, 1981 and 2016 parameters analysed and forecast of future scenario fo

1956

Land consumption
(Ha)

Low-density (L-D) tourism resorts (number/Ha) 0/0
Intensive agriculture (Ha) 4478
Coastal urbanization (Ha) 728

Total land
transformed rate
(%)

Whole Campo de Cartagena area Urban sprawl 3.1
Irrigated crops 3.6

1st-km coastal edge 9.3

Road Infrastructure (km, normal road �1; highway �2) 115
Average/Peak

Traffic (Medium
Diary Intensity of
vehicles, MDI)

RM-19 highway No data
A-30 highway (La Manga part) No data
Secondary roads No data

Global agricultural water deficit for the Campo de Cartagena area (Hm3) 25

Waste of energy
andwater supply
(Kwh$106/year)

Main housing 114.3
Coastal 2nd homes 0.3
Hotels 1.1
L-D Tourism resorts 0

Urban cores subject to flooding risk (Ha, T¼ 100 years) None foun
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environmental impact by the contribution of nitrates to protected
natural areas like the Mar Menor (García-S�anchez et al., 2012) or
the excessive dependence in the economy on the transfer of water
from other territories, which is creating currently political contro-
versies between regions (P�erez-Blanco and Guti�errez-Martín, 2017;
Gorostiza et al., 2017).

Finally, we have the case of the resort phenomenon, which is
more recent and acts as a link between the two previous ones. This
phenomenon began in the mid-1990s encouraged by the au-
thorities as a tourist alternative to the former coastal urbanization
(Martí et al., 2017), whose growth was in the process of exhaus-
tion in real estate due to the reasons stated above. The resorts took
advantage of the important existing transport infrastructures
r 2025.

1981 2016 Trend Scenario 2025 Observations

1/202 16/5714 27 (10,816; planned) - Progressive increase
of land consumption
for low-density
tourism resorts and
intensive agriculture
(94% and 45%)

- Progressive
stabilization of land
consumed in the
coast

14,762 42,664 56,776
3362 4206 4487

10.7 18.1 24.4 - Urban sprawl
reduced between
2008 and 2013 due to
economic crisis
(�33.6%)

- Clogging symptoms
by 2025 of artificially
transformed land
(68%): landscape
alteration and
affection to natural
areas

22.4 25.6 43.6
56.6 69.2 71.1

277 880 895 (planned) - Global over-
dimensioning of road
infrastructures
(average MDI sup-
ported of 86,000)

- Nonetheless
significant regular
traffic jams in specific
areas of A-30 and
RM-19 highways
during the summer
months due to
seasonality.

8742/25,617 19,099/66,707 33,537/88,922
4544/31,768 5646/77,682 6104/81,330
897/1103 1287/1761 2108/2875

122.6 267.3 397.8 - Progressive growth in
the structural water
deficit of the area
(48.8%) in line with
the progressive land
transformation.

135.1 166.8 169.2 - Energy and water
supply cost per
person much higher
(�2.7) in low-density
urban sprawl resorts
vs. current main
housing

18.7 44.6 45.8
11.7 14.4 14.5
0.3 27.5 35.7

d 5.2 88.7 356.5 - Landscape
transformation by
intensive agriculture
increases risk of
flooding in some
resorts and coastal
areas of Mar Menor

hodology for land consumption analysis towards sustainable future
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(highways) and consumed agricultural or natural land far from the
coast (therefore much cheaper) to develop a model based on low-
density urban sprawl. This type of urban development theoreti-
cally proposes a more sustainable urban sprawl model since it
does not require new infrastructures and reduces seasonality from
the coastal model (a more residential tourism geared towards golf
and good weather with a population that remains all year, Ahn
and Back, 2018). Nevertheless, as has been verified in the re-
sults, this excessively low-density development leads in that
context to a very inefficient dispersed model of high consumption
of soil and resources. The results show an extremely high impact
cost per person, in which many basic services (public transport,
social facilities, etc.) are not even guaranteed for their inhabitants,
as can been observed in other Mediterranean areas (Morote and
Hern�andez, 2016).

This last phenomenon has cohabited in its growth physically
during the last two decades with the phenomenon of agricultural
transformation. Several parcels that were initially transformed for
irrigated crops were later transformed into plots for resorts, many
of which were stopped from 2008 due to the real estate crisis and
have now been resumed as a result of the economic recovery and
investments by foreign funds. In this sense, several questions are
raised: Is this resort model a solution to reduce seasonality prob-
lems of coastal urbanization? Can the current agricultural growth
cohabit adequately with urban resort growth and the Mar Menor
environmental issues? Are these land transformation rates sus-
tainable for the future?

In the light of the results obtained, the answer must be no.
Both urban sprawl models, without being intrinsically bad, were
developed in an incorrect way since, as shown, they lead to un-
balanced results. In this sense, taking into account that most of the
urban planning processes currently planned or authorized cannot
be legally reversed, then a rebalancing program should be
implemented first. This program must be able to unseasonabilize
the tourism supply and to enhance different urban growth models.
The new models must not encourage cost reduction alternatives to
private developers (for example land costs) that generate urban
configurations causing future unbalanced consumption of public
resources per person (water or energy infrastructure) or unaf-
fordable provision of services (public transport). Moreover, land
transformation growth associated to agriculture must be better
controlled in order not to continue to deepen the imbalances of
water requirements.

On the other hand, the cohabitation is complicated but neces-
sary since all the three phenomena are interrelated, as has been
shown. In the case of agriculture and coastal tourismwemight even
be facing a problem of cost transfer between different sectors. The
current profitability of the agriculture sector of the area is linked to
the “industrialization” of traditional crops. Nevertheless, its use of
fertilizers and phytosanitary products damages the coastal lagoon
and consequently the tourism sector (in 2015 the Mar Menor wa-
ters turned green because of turbidity caused by nitrates from
agriculture, generating social alarm and important losses to
tourism, Garcia-Ayllon, 2017). In this sense, some solutions related
to the Mar Menor environmental issues should be financed by
private stakeholders from agriculture in the future rather than by
public administrations, as is usually the case.

Lastly, it is important to correctly channel the current inertia
trends of land transformation associated to resort tourism and
agriculture. Land is a scarce resource in territories of high economic
activity and an indirect indicator of further issues in other
Please cite this article in press as: García-Ayll�on, S., Retro-diagnosis met
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resources, as has been observed. In this sense, it would be inter-
esting to reach a consensus with public and private stakeholders for
implementing planning programs introducing the term “global
capacity limit” of the territory beyond the usual administrative
divisions. This concept applied through the proposed methodology
could help authorities and decision makers in development and
territorial management (in the case of Spain, primarily local and
regional administrations) to diagnose, stop and even reverse situ-
ations that lead to unsustainable scenarios. This could prove to be
an adequate solution in contexts such as the one analysed where
the diverse interests of the different cities from the Campo de
Cartagena area are not able to assess the complexity of the pro-
gressive imbalance of the global territory.
6. Conclusions

The path from the concept of smart city to that of smart ter-
ritory is revealed in some cases as a necessary leap ahead to
address the management of our environment in a comprehensive
manner. This paper has presented a four-step methodology called
retrospective GIS-LiDAR analysis in order to diagnose scenarios
that in the future may pose various problems or potential risks
based on the inertia detected in the present. This process based in
retrohistorical analysis of land consumption allows policy makers
to anticipate future problems and correct them through proper
territorial planning in the present. The methodology has been
applied in the Mar Menor-Campo de Cartagena Mediterranean
area through spatial tools that shown an unsustainable future
scenario in 2025. Nevertheless, it can be used on any other area of
the world to reconduct territorial models that generate unaf-
fordable development trends.

The results obtained, and the methodology in itself, can be
very useful to understand, at a territorial scale, complex inter-
related issues that occur in areas of high economic activity of
developed countries (water or energy consumption on gated
communities, infrastructure oversizing, etc.) or to correct un-
balanced growth models in developing countries (diffuse envi-
ronmental impacts, indirect generation of hazard risks associated
to uncontrolled urban growth, etc.). The approach performed
obviously has certain limitations since, as has been presented, it
requires sufficient georeferenced historical information. In
addition, it is necessary to make a preliminary analysis in the first
phase able to translate existing multivariable problems into ho-
mogeneous data based on land consumption indices (which can
make the analysis more complex in other territorial contexts).
Even so, the approach is clearly innovative because it
represents an evolution of the classic geodesign methodologies
and is proposed as an open-phased methodology capable of
adapting to different contexts simply by modifying spatial anal-
ysis tools.
Appendix C. Supplementary data

Supplementary data related to this article can be found at
https://doi.org/10.1016/j.jclepro.2018.02.160.
Appendix A. Urban planning boundary conditions
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Fig. A.1. Summary of urban planning boundary conditions of the Campo de Cartagena area: comparative context between 2001 and 2016 and resorts planned and executed in 2016.
Source: SDIMED.
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Appendix B. forecasting criteria applied.
Table.B.1
Criteria of land analysis and parameters used.

1956 1981 2016 2025
Analysed Area

P
SPArea¼ 649.2 km2 (see GIS supplementary digital material provided)

Street-towns model 49 374 817 1004 (linear
estimation trend)

Parcels analysed Urban 1264 3785 5560 6169 (fig. A1 trend)
Agricultural 894 1670 1232 1334 (linear

estimation trend)
Pop¼P

parcelpop 81,700 372,200 562,800 721,500
(estimation trend)

LCI (HU), LCI (TU), LCI (AC) Results homogenously parameterized in Table 1 of manuscript
in Ha and %.

LCI(RI) GIS road infrastructure measured lineally in km (correction coefficient �1 for normal and secondary roads and �2 for highways, data analysed
and average intensity levels in Fig. B1)

Traffic levels Data from appraisals conducted on motorways. Future estimations based on projections of population and growth of tourist settlements.
Secondary roads expressed as average of them.

Global Water needs Water deficit data obtained on the basis of hydrological basin plans of the Ministry of Agriculture of Spain for each historical milestone taking
into account the area cultivated in each case. Forecasting to 2025 obtained on the basis of crop growth according to irrigation typologies
following Corine Land Cover criteria (Corine Land Cover, 2006).

Average cost of
energy and
water supply
consumption

Main housing 1 Waste energy based on population and cost per person
analysed for different urban models evaluating the summation
of resource supplied cost including energy transport plus the
impact of supply infrastructure cost

Coastal 2nd homes 1.05
Hotels 0.9
Low-Density Tourism resorts 2.7
Fig. B.1. Road infrastructure model and traffic intensit
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y analysis in the area (average annual intensity).
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