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The research hypothesis considered in this study is that decisions adopted on beach use and management in arid
environments can result in significant changes in the biogeomorphological processes of the beach-dune system of
which it forms part. Different information sources and geographical information systems were used to make a
spatiotemporal analysis of possible correlations between the presence of beach equipment, services and uses in
the backshore area of an arid beach-dune system, such as the beach named Playa del Inglés (Gran Canaria island,
Spain) and environmental changes detected in the same area. The period considered in the study covers from
1961 (before the development of the mass tourism on the island) to 2018. Significant variations in vegetation
cover over the course of the study period were detected, as well as an overall increase in erosion (topographic
and erosive aeolian landforms) and foredune fragmentation and a decrease in geomorphological resilience. The
study found not only relationships between management decisions and environmental impacts, but also that
environmental impacts of management decisions on beach use made in the 1970s and 1980s continue to be felt
today. Moreover, the results also reinforce the idea that management decisions made based on the results of
scientific research studies (management-research binomial) can lead to more environmentally sustainable

actions.

1. Introduction

Coastal dunes are extremely important in socio-ecological terms
given the wide range of ecosystem services that they provide (Barbier
et al., 2011; Everard et al., 2010; Miththapala, 2008). There has been
growing interest in recent decades in the aesthetic and recreational
value of these spaces, particularly in view of their frequent use as areas
of leisure and relaxation (Ministerio de Medio Ambiente y Medio Rural y
Marino, 2008).

The conversion of dune systems into priority spaces for tourism has
intensified urbanization processes in the surrounding areas. In turn, this
has resulted in environmental alterations that have contributed to the
degradation of these dune systems and, in some cases, have brought
about the destruction of the ecosystems that they are part of, something
that it has been possible to identify in numerous European dune fields
(European Environment Agency, 2006; Paskoff, 1993). Functional im-
balances have arisen in many dune systems, offering a clear example of
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the conflict between development and conservation (Nordstrom et al.,
2000). The manifestations of these processes may have their origin in
the anthropic occupation of water basins or littoral zones that feed the
dune systems with sand (Del Rio and Malvarez, 2017), in their direct
occupation, in dumping, or in the extraction of aggregates, among many
others (De Andrés Diaz and Gracia Prieto, 2002). Commonly, one of the
key components to the proper functioning of the systems as a whole, the
foredune, shows a high degree of sensitivity to anthropic-sourced
alteration processes (Bauer and Sherman, 1999). In order to under-
stand the processes in these systems as a whole, spatiotemporal infor-
mation that reveals behavioural patterns of foredunes and dunefields is
required (Livingstone et al., 2007). For this, the use of historical infor-
mation sources is necessary, especially aerial photography and satellite
imagery (Livingstone et al., 2007; Hugenholtz et al., 2012; Cham et al.,
2020).

The so-called climatic comfort concept (Gomez Martin, 2005) has
been a fundamental aspect in the development of tourism, to the extent
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that it has conditioned the demarcation of spaces for tourist activities at
regional and global scales. Warm and temperate areas (as is the case of
the coastal areas of the Canary Islands) are considered optimal for the
development of what is known as sun and beach tourism (Burton, 1991;
Lozato-Giotart and Insa, 1990; Soneiro-Callizo, 1991; Vera Rebollo,
1997). Unlike other European tourist destinations, the climate of the
Canary coasts is stable almost all year round, with mild temperatures,
little rainfall, and many hours of sunshine. Mass tourism, a year-round
occurrence in the islands with two visitor peaks unlike most other Eu-
ropean tourist destinations (Cabrera-Vega et al., 2013a), has in many
areas of the islands resulted in a drastic urban over-occupation of littoral
areas and, as in other territories, coastal degradation (European Envi-
ronment Agency, 2006).

Several studies have analysed the impact of human activities,
including traditional ones such as grazing, firewood collection and
agriculture, on the dune systems of the Canary Islands (Marrero-Ro-
driguez et al., 2020; Santana-Cordero et al., 2016). Some studies have
also considered the impact of more recent land use changes, often car-
ried out with non-existent or inadequately developed environmental
planning and management, that have allowed aggregate extraction or
given rise to the development of recreational and tourism infrastructures
and urbanizations in the immediate surroundings of these systems and
occasionally even occupying them (Ferrer-Valero et al., 2017; Hernan-
dez-Calvento, 2006; Santana-Cordero et al., 2014). Mass tourism has
played a major role in the development of impacts that directly or
indirectly affect geomorphological and ecological elements of
beach-dune systems of the islands (Pena-Alonso et al., 2018). These
impacts include changes to foredune morphology (including their
disappearance in some sectors) as a result of alterations to the vegetation
(Hernandez-Cordero et al., 2012, 2017; Viera-Pérez et al., 2019),
occupation by buildings and equipment (Garcia-Romero et al., 2016),
and alterations to aeolian sedimentary dynamics due to changes in wind
intensity and directions caused by buildings and beach equipment
(Garcia-Romero et al., 2019a; Hernandez-Calvento et al., 2014; Smith
et al., 2017). The foredune and its associated vegetation play an
extremely important functional role in dune systems as they regulate
sediment transport to the interior of the system and supply the beach
with sediments when it is eroded by the actions of the sea (Bauer and
Sherman, 1999; Hesp, 2002). Deterioration of the foredune has two
main consequences. The first involves a decrease in the geo-ecological
effects of the coastal dune in the context of the dune systems in which
they are integrated. The second is a socioeconomic impact related to the
degradation of the characteristic landscape of these areas and, in
consequence, their decreased attraction for tourism and recreation.

The decisions that are taken in terms of their use and management
can be determining factors in preserving aeolian sedimentary dynamics
and the morphological and functional structure of any dune system, and
in particular the foredune area (Jackson and Nordstrom, 2011). For
example, the presence of beach equipment can alter the
erosion-sedimentation pattern towards the interior of the system, as the
flow around barriers is speeded up and zones are generated where
sediment transport is increased and local erosion phenomena are
created (Jackson and Nordstrom, 2011; Nordstrom, 2000; Poppema
et al., 2019). In this respect, on Playa del Inglés beach (Maspalomas,
Gran Canaria), the interference of permanent beach equipment (kiosks
and sunbeds) and certain beach user activities led to the formation of
wind shade corridors and deflation surfaces that extended from the back
beach to the foredune area (Hernandez-Calvento, 2002; Instituto Tec-
nologico Geominero de Espana, 1990; Martinez, 1990). These erosive
landforms developed despite some of the barriers being removed years
earlier (Diaz Guelmes and Hernandez-Calvento, 2004). Subsequent
studies also revealed the loss of vegetation to be a factor in foredune
alteration (Hernandez-Cordero et al., 2012, 2018; Pérez-Chacon et al.,
2007).

Along this line, the aim of the present study is to consider in greater
depth the relationship between beach management/use and the
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alterations to the biogeomorphological elements of the beach-dune
system of this particular beach, Playa del Inglés, that have taken place
in parallel with the tourism development process from the 1960s to the
present day. Although there are related studies conducted in temperate
environments (Nordstrom et al., 2007; Martinez et al., 2013; Corbau
et al., 2015) as well as in arid environments with low human pressure
(Amini et al., 2011), the innovation of this research is especially sig-
nificant due to the specific characteristics of the study area: a fragile arid
coastal environment with low plant cover, with a naturally fragmented
foredune and subjected to an intensive tourist pressure along the whole
year (Garcia-Romero et al., 2021), where the biogeomorphological
processes are rapidly changing. The hypothesis considered in this study
is that the decisions that have been adopted on the use and management
of Playa del Inglés have induced changes in the aeolian sedimentary
dynamics of the beach-dune system that have had significant re-
percussions on the dimensions, structure and functionality of the fore-
dune. For this purpose, an analysis is undertaken of the correlations
between, on the one hand, the presence of beach equipment, services
offered and activities undertaken on the backshore of the beach and, on
the other, the biogeomorphological transformations that took place in
the period between 1961 and 2018. Based on this analysis, an evaluation
is then made of how the land use and management measures adopted by
administrations can affect and compromise the conservation of coastal
dune systems. In the next section, a description of the study area is
introduced. In the third section, the information sources and the meth-
odology are described in detail. In the fourth section, the main results
about the evolution of biogeomorphological elements and their re-
lationships with beach equipment are presented and widely discussed.
Finally, the conclusions are gathered in the fifth section.

2. Study area

The Maspalomas dunefield (27°44'24.73"N; 15°34'26.19"W) is a
360.9 ha transgressive arid dune system situated on the south coast of
the island of Gran Canaria (Fig. 1). It was declared a Special Nature
Reserve by the Canary Regional Government and a Special Area of
Conservation (SAC) by the EU. Beaches are not included in these pro-
tected areas.

Mean annual rainfall in the dunefield is less than 100 mm and mean
annual temperature is 21 °C, with only slight variation throughout the
year (Hernandez-Cordero et al., 2019). The effective prevailing winds
are NE, ENE and E, favouring sedimentary transport (FMayer Sudrez
et al., 2012). In consequence, the dunes move from NE to SW, from their
access to the system through Playa del Inglés. The foredune is situated
on the backshore, comprised of nebkhas, shadow-dunes and tongue
dunes (parabolic-shaped, unvegetated, arcuate ridges) (Viera-Pérez,
2015) which are formed by colonization of the plant species Traganum
moquinii (Hernandez-Cordero et al., 2012). This shrub species contrib-
utes to the accumulation of sand, favouring the formation of nebkhas
which regulate the transport of sediment to the interior of the dunefield.
In between these nebkhas, tongue dunes are formed which evolve into
barchan dunes as they advance towards the interior of the system
(Cabrera-Vega et al., 2013b; Dominguez-Brito et al., 2020; Hernan-
dez-Cordero et al., 2012).

Playa del Inglés is a space with year-round intensive tourism use. In
the northern half of the beach the density of equipment such as kiosks,
parasols and sunbeds is high, while other equipment for the rental of
small recreational watercrafts can be found in the most elevated section
of the profile protected from tidal effects. In the southern half, from the
backshore to the interior of the system, an abundant number of wind-
break structures, locally known as goros, can be found. These circular
structures, constructed by beach users with large pebbles for protection
against wind and sand, can generate impacts at local scale by modifying
aeolian transport and damaging T. moquinii specimens, behind which
the goros tend to be constructed.

The 71.6 ha study area extends, from east to west, from Playa del
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Fig. 1. A) Study area, profiles used to analyse the
variables studied in this work and plots established

15°200'W 15°100°W
1

.4 Canary Islands
= o ﬂﬁ‘
- o v .

28°0°0"N =

27°00"N=

Gran Canaria

for the geomorphological resilience study. Source of
orthophoto: IDECanarias, GRAFCAN, S.A.-Canary
Islands Government (2018). Coordinates UTM. Zone
28 N. Ellipsoid WGS 84. Datum REGCAN95. B) Kiosk
type until 2019 (white on the right) and new kiosk
from 2019 (orange on the left) (source: Canarias7
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1970s. D) Goro (artificial windbreak structure) and
examples of T. moquinii (Source: Masdunas project).
(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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Inglés towards the interior of the system and, from north to south, from
the Anexo II shopping centre towards the tip of La Bajeta. The northern
area of the beach, where some human impacts have previously been
studied in detail (Hernandez-Cordero et al., 2017; Pena-Alonso et al.,
2018; Viera-Pérez et al., 2019) has been excluded from the study, as
much of its surface was built on towards the end of the 1980s and so it is
not possible to analyse the biogeomorphological evolution of the fore-
dune. For the purposes of this study, four 100 x 100 m plots, separated
from each other by an approximate distance of 400 m along the N-S
profile of the beach (see Fig. 1) were established and used for an analysis
of geomorphological resistance.

3. Methodology

A decade-based analysis was carried out of the spatiotemporal cor-
relations between the geomorphological transformations of the fore-
dune and its immediate surroundings and the presence and distribution
of beach equipment (mainly kiosks and groups of sunbeds) and goros
(Fig. 1D). The years of the study period selected for this analysis were
1961 (before the development of tourism in the area), 1977, 1987, 1998,
2006 and 2018. The information used (Table 1) was collected mainly
from historical aerial photographs, digital orthophotos and digital
elevation models derived from LiDAR flights, using the maximum res-
olution of each information source and geographic information systems
(GIS). Fieldwork was also undertaken for the more recent dates. The
WGS84-UTM 28-N reference system was used. The delineation error was
calculated according to Robinson et al. (1987).

—— Foredune profile
—— Beach equipment profile —— Back foredune/deflaction profile

Table 1
Characteristics of the information sources used.
Type (source) Year Spatial Use  Delineation
resolution (m) error (m)
Historical aerial 1961 (RMS: ) 0.12 * 0.12
photographs (1, web map
2) service
1977 (1:6500) 0.9 1.3
(RMS: 1.54 m)
Orthophotos (1, 2, 1987, 1998, 0.15, 0.25 * 0.15,-, 1

3) 2006, 2018 and 1
DEMs (1, 2, 4) 10/2006, 03/ 1 “ “
2011, 11/2018

(1) IDECanarias, GRAFCAN, S.A.-Canary Islands Government (web map service
or LiDAR flights); (2) Grupo de Geografia Fisica y Medio Ambiente (IOCAG,
ULPGCQ); (3) Instituto Geografico Nacional (IGN); (4) LiDAR flights (file.las)
(2006, 2011, 2018). *eco-anthropogenic variables;

2 elevation profile; - missing data.

From these information sources, eco-anthropic variables related to
beach equipment, vegetation and geomorphological elements were
identified and digitalised to analyse spatiotemporal relationships,
topographical changes and geomorphological resilience in the study
area (Fig. 2).
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Fig. 2. Flowchart of the methodology carried out in this research.

3.1. Identification of eco-anthropic variables

3.1.1. Beach equipment and goros

The kiosks and groups of sunbeds were digitalised in polygon-type
vectors to obtain the number, surface area and distance between them
for each studied year. The goros were also digitalised in point-type
vectors to count their number and determine the distance between them.

3.1.2. Vegetation

The only plant species that grows in the study area is the nano-
phanerophyte Traganum moquinii (Hernandez-Cordero et al., 2012,
2015). The presence of individual T. moquinii specimens was digitalised
creating a point-type vector shapefile in the centroid of the each spec-
imen. The following procedure was undertaken to know the

A 1961 1977 1987

1 M 282 (2021) 111953
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spatiotemporal evolution of the T. moquinii specimens: i) detection of the
disappearance of individual specimens between 1961 and 2018, and ii)
calculation of the Euclidean distance using specific GIS tools. The dis-
tance to the coastline and to the equipment situated on the beach was
determined from the eastern boundary of the study area (Fig. 1) towards
the interior of the system. Similarly, the northern boundary was used to
determine the existence or otherwise of a relationship with the main
entrance to the beach-dune system, situated in the Anexo II commercial
centre of Playa del Inglés (Fig. 1).

3.1.3. Geomorphological elements

3.1.3.1. Foredune. The foredune extends from the first T. moquinii
specimens and their sedimentary accumulations (nebkhas, shadow
dunes and tongue dunes; Hernandez-Cordero et al., 2012; Viera-Pérez,
2015) in the first line of the backshore to the last examples of this species
which are situated towards the interior of the system, following the
prevailing direction of the aeolian sedimentary dynamics (NE-SW). The
foredune was digitalised through a polygon-type GIS vector layer.

3.1.3.2. Substrate outcrop surfaces. These erosive depressions of aeolian
origin are identified as outcrops of the underlying substrate (wet sand,
alluvial deposit and palaeo-reefs, among others) wetted by capillary
action. Depending on their origin, they can be interdunal depressions or
deflation surfaces.

Interdunal depressions are outcrops of the underlying substrate sit-
uated between free dunes (barchan dunes or barchanoid ridges) and
associated to displacement of the dunes themselves (natural origin).
They are located in mobile dunes found behind the foredune, more than
300 m inland and at some distance from the structures that alter the

s |:] Study area - Substrate outcrops ®

Foredune

®  T. moquinii shrubs

15°3420W  153410W  15°340°W

150

1961 1977 1987 1998 2006 2018

——T. moquinii shrubs ———Goros ===Kiosks ===Sunbeds

1961 1977 1987 1998 2006 2018
Foredune (ha) ——Substrate outcrops (ha)
=== Kiosks (ha) === Sunbeds (ha)

Fig. 3. A. Cartography of the variables. B. Evolution (no.) of variables. C. Evolution (ha) of the variables. Dotted lines are read along the secondary y-axis.
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aeolian sedimentary dynamics (>100 m). They are oriented parallel to
the coast (130°-180°). They were digitalised using a polygon-type GIS
vector layer. The information about these landforms was unified and is
shown together with the deflation surfaces as a single category (sub-
strate outcrops) in Fig. 3. This information was not used for the spatial
analyses.

The deflation surfaces are substrate outcrops situated on the back-
shore and associated to interferences in the aeolian sedimentary dy-
namics (anthropic origin). They appear near to the foredune (<300 m)
and the artificial structures of kiosks, sunbeds and goros (<100 m). They
are oriented perpendicular to the coast (100°-130°) and have a larger
surface area than the interdunal spaces. They were mapped using a
polygon-type GIS vector layer. Due to their anthropic origin, the infor-
mation about these erosive landforms (Figs. 5 and 6) was used for the
analysis of spatiotemporal relationships with the rest of the variables.

3.2. Analysis of spatiotemporal relationships

3.2.1. Relationships between foredune, beach equipment and deflation
surfaces

A bivariate correlation analysis (Pearson correlation coefficient of
0.95) was undertaken of the spatiotemporal evolution between beach
equipment and biogeomorphological elements of the dune system. For
this purpose, three N-S profiles were drawn, coinciding with the beach,
foredune and back foredune/deflation, separated by a distance of 85 m
(Fig. 1, orange, green and black lines). The following were registered
each 2 m in the direction of the sedimentary dynamics (NE-SW): i) the
presence or absence of kiosks or groups of sunbeds in the first profile
(beach equipment profile); ii) the presence or absence of foredune in the
second profile (foredune profile); and iii) the presence or absence of
deflation surfaces in the third profile (back foredune/deflation profile).

3.2.2. Topographic changes and their correlation with beach equipment

The topographic profiles were obtained using digital elevation
models (DEMs) for 2006 and 2018. The 2011 profile was added to allow
better observation of the trends and to reduce the temporal scale. The
profiles are located between the back beach and the foredune front
(Fig. 1, blue line, elevation profile). The mean density of the original
LiDAR data was 1.20 points/m?, with mean planimetric and altimetric
precision ranging around 0.60 and 0.2 m, respectively. The profiles were
taken with an elevation datum each 2 m. On this basis, the topographic
variations (accumulation and erosion) were detected for this 12-year
period.

3.3. Analysis of geomorphological resilience

To facilitate the analysis of the capacity of the dune system to pre-
serve its functionality and to support the external agents to which it was
exposed over the course of the study period (geomorphological resil-
ience), four plots were established along Playa del Inglés. The plots were
situated in areas that were representative of the different spatial com-
binations of parameters of height, vegetation cover, coastal dune surface
area, exposure to wave action, aeolian incidence and anthropic pressure
(area occupied by kiosks, sunbeds and parasols). A bivariate analysis
was undertaken of pairs of variables between the six selected dates using
GIS-based spatial measures on the orthophotos. The calculation of
resilience was performed using a set of indicators and following the
concepts and metrics set out in Pena-Alonso et al. (2018), which are
based on the evaluation of the geomorphological vulnerability of coastal
dunes of arid regions. The variables considered and the measurement
criteria are represented in Table 2.

After the results of the variables for each year and plot had been
obtained, the Geomorphological Resilience (GR; Eq. (1)) value was
calculated as the ratio between the sum of the values assigned to each
variable (Vi) and the sum of the maximum possible values of geomor-
phological resilience (Vp max.), following Pena-Alonso et al. (2018):
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Table 2
Variables used to calculate geomorphological resilience.
GEOMORPHOLOGICAL
RESILIENCE - -
S CE (GR) 0 1 2 3 4 Reference
1. Foredune zone surface <-30 -11/ - 0/- >0  Pena-Alonso
variation (%) -30 10 (2015)
2. Dry beach surface <-100 -16/ - 0/- >0  Abuodha &
variation (%) —100 15 Woodroffe
(2010)
3. Shoreline variation (m)  <-100  —26/ - 0/- >0  Gornitz et al.
—100 25 (1994)
4. Variation in the <-30 -11/ - 0/- >0  Bodere
continuity of the first -30 10 (1991)

line of nebkhas (%)

5. Variation of maximum >30
distance between
individual plant
specimens in the first
line of nebkhas (%)

6. Vegetation cover <-50 —26/- - <0/- >0
variation in the 50 25
foredune zone (%)

21-30 - 0-20 <0 Pena-Alonso

(2015)

Bodere
(1991)

GR=V,/Vy max (Eq- 1)

4. Results and discussion

4.1. Spatiotemporal evolution of the geomorphological and anthropic
elements

Between 1961 and 2018 several variations were detected in the
different eco-anthropic variables studied in the dunefield. These varia-
tions are principally related to the role played by beach equipment and
user activities, as well as measures taken by the competent authorities.
These management actions have, in turn, been based on advances in
scientific knowledge acquired in recent decade, especially in reference
to how the aeolian sedimentary systems of the Canary Islands function
and the impacts generated by human activities. Knowing the evolution
over time of the management of this protected nature area is key to
understanding the environmental changes that have been detected.

Initiatives began in the 1970s to protect the dunefield, but it was not
until the 1980s that measures were enacted in law to protect and pre-
serve the system. Such measures included municipal subsidiary regula-
tions (1986) on land use, the first law that established Nature Areas in
the Canary Islands (1987), which included Maspalomas as a protected
area, and the Coastal Act of 1988 which placed restrictions on the use of
beaches and sandy areas. The 12/1987 law on Nature Areas was
replaced by a law (12/1994) which declared the dune system and its
immediate surroundings to be a Special Nature Reserve and an Area of
Ecological Sensitivity. As a result of this law, a Nature Reserve Master
Plan was drawn up in 1999, which oblige to the declaration of ecological
impact of any management activity on its beaches, as well as the taking
of measures that affect the back beach and the foredune, such as the
goros removal. In the early 2000s, the approval of new land-use planning
laws leaves beach management out of the ecological impact statement.
In 2004, a new Master Plan was approved promoting the planting of
specimens of T. moquinii where they had disappeared, and management
of the beach became the responsibility of the Coastal Authority and the
Local Council of San Bartolomé de Tirajana who intensified manage-
ment actions concentrating on using heavy machinery to correct the
alterations that had been detected as the result of the impact of beach
equipment. A new project, established by the Ministerio de Medio
Ambiente (2007) integrated all the knowledge that had been acquired
on the Maspalomas dune system, establishing a new scenario based on
the need for a more environment-centred focus and management strat-
egy. Some of the proposed management measures are presently being
put into action through the Masdunas + programme (2018) established
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by the Cabildo Insular de Gran Canaria.

4.1.1. Beach equipment

As tourism began to develop in Playa del Inglés in the 1960s, so too
did the installation of beach equipment on the backshore. The number of
groups of sunbeds and, consequently, the surface area occupied by them
grew constantly up to 1987, initially in the northern and central area of
the beach and then extending southwards during the 1980s (Fig. 3). A
redistribution of the groups of sunbeds took place between 1987 and
1988, with a subsequent reduction in the area occupied by them through
the disappearance one of the groups of sunbeds. A further reduction in
these groups of sunbeds took place in the following years, with the most
important of the measures that were taken in this respect being the
obligation that was established in 2007 to stack the sunbeds when not in
use. As a result, in 2018 a total of 9 groups of sunbeds occupied a surface
area of 0.75 ha.

Analogously, the presence of kiosks increased in the 1970s, reaching
their maximum number and maximum occupied surface area in 1977
(Fig. 3). These values remained virtually constant up to 1987. The kiosks
in this first period ranged in size between 105 m? and 120 m?2. Between
1987 and 1998 the number of and surface area occupied by the kiosks
fell. The designation of Playa del Inglés as an Area of Ecological Sensi-
tivity (1994) resulted in new measures being taken with respect to the
kiosks in the first decade of this century. The position of a total of 6
modular and detachable kiosks (smaller than 20 m?) had to be changed
on a regular basis. A study conducted by the Ministerio de Medio
Ambiente (2007) recommended a redesign of the kiosks, using a more
aerodynamic form. Despite this, in 2018, 5 rectangular-shaped kiosks
occupying a surface area of 0.02 ha were detected in the present study.

4.1.2. Goros

Between 1961 and 1977 there began to appear in the central and
southern areas of the beach windbreak structures known locally as goros.
The highest number of these structures (over 200) was detected for
1987, after which they gradually decreased in number until 1999 when
the Nature Reserve Master Plan expressly prohibited their construction
and existing structures began to be removed. The 2004 Nature Reserve
Master Plan focussed again on the need to eliminate these structures,
although only those which were not associated to specimens of
T. moquinii were removed.

4.1.3. Traganum moquinii

As reported in previous studies, an overall reduction in the number of
specimens of T. moquinii in the Maspalomas dunefield has taken place
since 1961 (\Hernandez-Cordero et al., 2012, 2017). This evolutionary
dynamic is observed even if only the area included in the present study is
considered (Fig. 3A). The highest decrease of 40.8% took place between
1961 (before the development of tourism) and 1977. Since then, there
has been a series of rises and dips in the numbers of specimens: an in-
crease between 1987 and 1998 of 25.7%, a decrease of 9.1% between
1998 and 2006, and an increase of 14.8% between 2006 and 2018.

Two spatial patterns can be observed in the evolution of the pop-
ulations of T. moquinii (Fig. 4). Firstly, most of the losses take place in the
first 200 m from the coast. Most beach users are concentrated in this
strip, either on or close to the beach, sunbeds and kiosks. In this respect,
the grouping together of beach equipment in certain areas of the beach
(generally the kiosks are situated between groups of sunbeds) generates
user focal points of concentration. Beach user access to areas where
beach equipment is concentrated is liable to generate other impacts on
biogeomorphological elements of the systems, caused by stepping or
trampling on the vegetation making the growth of new specimens and
the formation of embryonic dunes more difficult (Hernandez-Cordero
et al., 2017). Secondly, the reduction is greater in the northern and
southern sections of the study area compared to the central section.
Previous studies have reported that these higher reductions in the
northern and southern sections may be related to the degree of tourist
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Fig. 4. Spatial analysis of T. moquinii individuals lost between 1961 and 2018.
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Fig. 5. Spatiotemporal analysis of the presence of beach equipment (red, in the
beach equipment profile), foredune (green, in the foredune profile) and defla-
tion surfaces (black, in the back foredune/deflation profile). (For interpretation
of the references to colour in this figure legend, the reader is referred to the
Web version of this article.)

activity (Hernandez-Cordero et al., 2017). That is, the reduction in the
northern area may be associated to its closeness to the urbanised area of
the resort and therefore to a greater number of beach users affecting
individual specimens of T. moquinii. The reduction in the southern sec-
tion may be related to the alteration of aeolian dynamics as a conse-
quence of the development of the touristic resort on the Playa del Inglés
terrace. It is also possible that the plants were directly destroyed at some
point to expand the beach area available for tourists.

4.1.4. Substrate outcrops

Outcrop areas of the underlying substrate in 1961 were detected
principally in the southern section of Playa del Inglés. These areas were
small and produced no fragmentation of the foredune. Between 1977
and 1987 an increase was observed in the number of deflation surfaces,
although the area they occupied decreased. In this period, however,
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Fig. 6. Location and displacement of deflation surfaces and occupied area.

these deflation surfaces began to fragment the foredune in the northern
and central sections. A decrease in the surface area occupied by these
outcrops was detected for 1987. Between 1987 and 2006 the number of
deflation surfaces decreased but increased in size. Their displacement
towards the interior of the system was also observed, with large
deflection surfaces detected behind the foredune. The area occupied by
substrate outcrops recovered slightly between 2006 and 2018,
amounting to almost 8 ha in the latter of the two years (Fig. 3).

The formation of these substrate outcrops, perpendicular to the coast
and located on the beach, on the foredune and in the back foredune
(Fig. 3) indicates an erosional process (Diaz Guelmes and Hernandez--
Calvento, 2004; Hernandez-Calvento et al., 2014). This occurrence is
comparable to the formation of blowouts that occurs commonly in
temperate regions (Leatherman, 1976; Saunders and Davidson-Arnott,
1990; Mir-Gual et al., 2013). The fact that blowouts have not been
observed around, or on the foredune of this environment is related to the
differences between arid and temperate foredunes, as the vegetation
cover is lowest in the arid systems and bushes predominate (Garcia-R-
omero et al., 2021).

4.1.5. Foredune

In 1961, the foredune of Playa del Inglés situated in the study area
occupied a continuous extension of 10 ha. A continuous north-to-south
foredune was observed with no fragmentations, although some 14 small-
sized deflation surfaces appeared in the south. Progressive fragmenta-
tion of the foredune took place in the following years at the same time as
the number of individual T. moquinii specimens decreased, as deter-
mined in previous studies (Hernandez-Cordero et al., 2012). The man-
agement measures that were taken during the study period were at least
partly responsible for the changes detected (Fig. 3). The reduction in the
area occupied by the foredune that took place between 1977 and 1987
was greater than between 1961 and 1977. This higher foredune loss
coincides with the period of the highest loss of T. moquinii specimens in
the study area. In 1977 the first discontinuities appear in the foredune,
concentrated in the northern and central section of the beach. In 1987,
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the area occupied by the foredune is the lowest in the whole study
period. There are clear discontinuities along the beach which resulted in
a foredune surface area of less than 6 ha. The management measures
adopted in the 1990s appear to have favoured a gradual recovery of the
area occupied by the foredune up to 2006. Between 2006 and 2018 this
trend is reversed, and once again there is a loss of surface area occupied
by the foredune (Fig. 3).

Unlike the foredune of temperate regions, where the main indicator
of degradation is the presence of blowouts (Hesp, 2002), these results
show that the effect of degradation of an arid foredune is the reduction
of T. moquinii specimens and nebkhas, as well as the formation of
deflation surfaces and free mobile landforms (small barchan dunes with
less than 1 m high and sand sheets) (Hernandez-Cordero et al., 2012,
2018; Hernandez-Calvento et al., 2014).

4.2. Spatiotemporal relationships between biogeomorphological and
anthropic elements

Analysing the joint spatiotemporal distribution of beach equipment
and biogeomorphological variables of the dunefield between 1961 and
2018 enables determination of cause-effect relationships in the histori-
cal transformations observed in Playa del Inglés (Figs. 5 and 7).

As this is a transgressive dune system, where sedimentary transport
is initiated on the beach, the characteristic natural processes that take
place in beach-dune, foredune and interior area subsystems are con-
nected, with any interference that is produced in the beach having
possible repercussions throughout the system.

The maximum joint presence of T. moquinii and foredune over the
course of the study period was in 1961 (Fig. 3), and the minimum 16
years later in 1977, with this period coinciding with the expansion of
tourism and the maximum number of kiosks (1977) and goros
(1977-1987) on the beach (Figs. 3 and 5). The pattern described by this
joint presence coincides with the appearance and increase between the
1960s and 1987 of the number of goros, kiosks and sunbeds and in the
amount of surface area occupied by kiosk and sunbeds (Fig. 3B and C).
From 1987 to 2018, the T. moquinii shrubs and the foredune tended to
progressively recover at the same time as the presence of beach equip-
ment (sunbeds and kiosks) and goros tended to decrease (Fig. 3B and C),
which coincides with the declaration in 1987 of the Maspalomas
dunefield as a protected natural area. These beach structures decreased
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Kiosks (no.)- @ @ @ .;:
Goros- @ @ N
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Fig. 7. Pearson correlations between the studied variables (p-value < 0.05).
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from 1987 onwards, which is when an incremental trend in the number
of T. moquinii specimens is also detected. The inverted correlation be-
tween vegetation cover/foredune size and the presence of goros is
especially notable in the southern section of the beach (Figs. 3 and 5),
where it is also possible that the decrease in T. moquinii is related to
alteration of the aeolian sedimentary dynamics of the urbanisation of
the Playa del Inglés terrace, and/or their direct removal to expand the
beach area available for tourists (Hernandez-Cordero et al., 2017).

The deflation surfaces followed a trend of progressive expansion
from 1961 to at least 2006, despite the progressive decrease from 1987
onwards of beach equipment (kiosks and sunbeds) and goros and the
progressive recovery of the foredune and T. moquinii specimens (Fig. 3B
and C). The coastal sections most affected by the deflation processes
over time strongly coincide with the location of the main beach struc-
tures (kiosks, groups of sunbeds and goros) and with the sections where
there was a greater decrease in surface area occupied by the foredune
and in the number of individual T. moquinii specimens (Fig. 4). In the
case of Playa del Inglés, plastic netting was on occasions positioned
around the sunbed sectors to protect users from the wind. This netting
would have constituted an added obstacle to aeolian sedimentary
transport and contributed to the development and permanence of
deflation surfaces. Their persistence may be due to the strong inertia of
this type of erosive landform, which once the process for their devel-
opment has been triggered tends to be difficult to invert. These deflation
surfaces may well be inherited effects from the 1970s and 1980s of the
first kiosks and groups of sunbeds (Suarez Rodriguez and Hernandez--
Calvento, 1998).

The origin of the deflation surfaces is nevertheless difficult to pre-
cisely determine given that, as previously indicated, they are erosive
aeolian landforms which are not easily reversible. Henandez-Calvento
(2006) suggests that beach equipment, comprised mainly of kiosks,
sunbeds and parasols, and windbreaks constructed by beach users,
would have altered over the years the aeolian sedimentary dynamics,
impeding sedimentary transport, causing deterioration to the foredune,
and generating deflation surfaces. Although the deflation surfaces may
decrease in number, generally they tend to increase in size over time
(Fig. 3C). It can be seen in Fig. 6 that in 1961 (yellow), these deflation
surfaces (frequency and area percentages) were principally situated 200
m or more from the coastline. However, between 1977 and 1998 (pink,
blue and orange), the areas occupied are displaced towards the first
100-150 m from the coastline, and in 1987 and 1998 deflation surfaces
are even found in the first 50 m. These years coincide with an important
increase in the services offered to beach users in Playa del Inglés. With
respect to this coastal strip, there is also a correlation with the areas
where the main beach equipment (kiosks, groups of sunbeds) and goros
are situated and where the highest loss of T. moquinii specimens was
detected, as explained previously (Fig. 4). In this respect, in combination
with the results shown in Fig. 5, there are clear signs that these envi-
ronmental changes are related to beach equipment and man-made
windbreaks, with a cause-effect process altering biogeomorphological
processes in the Maspalomas beach-dune system. The impact of beach
equipment is similar to that of rigid structures like buildings (the effect
of which has been studied in greater detail), altering the incidence of the
wind and thereby affecting aeolian sedimentary dynamics and transport
in the areas that surround them (Smith et al., 2017). At the same time,
complex airflow patterns are generated, causing sediment to diverge
around and above the structure and creating turbulence, particularly
behind it (Fackrell, 1984; Hunt, 1971; Peterka et al., 1985). These latter
processes can also alter biogeomorphological elements, generating
deflation surfaces downwind of the structure (Garcia-Romero et al.,
2019b). In 2006 (light red) and 2018 (dark red), a slight inland
displacement is again seen of the deflation surfaces (200 m + from the
coast). This displacement, especially in terms of area percentage, co-
incides with the foredune recovery that can observed in Fig. 5. However,
the recovery process tends to be slow and at the present time this coastal
strip (200 m + from the coast) is more affected than in 1961 with a
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higher number of eroded surfaces. This deterioration could be the result
of effects inherited from the installation of kiosks and sunbeds in the
1970s and 1980s, with the impact of these structures continuing over
time despite the reduction in the surface area they occupy and their
relocation on the beach (Suarez Rodriguez and Hernandez-Calvento,
1998).

All the above reinforces the idea of the relationship between these
artificial beach structures and their impact not only in the distribution
and presence of T. moquinii specimens, but also in the size and
morphology of the foredune. This relationship was hypothesised in
previous studies (Hernandez-Calvento, 2006; Hernandez-Cordero et al.,
2012; Garcia-Romero et al., 2021), but not directly analysed. In general,
it can be seen that the fragmentation of the foredune and the reduction
in the number of T. moquinii specimens is related to the greater presence
and abundance of beach equipment. The same behaviour is observed
with the growth in the number and size of deflation surfaces. In addition,
in the case of the southern section of the beach the correlation is
increased due to the presence of goros.

The Pearson coefficients (Fig. 7) provide further evidence of the re-
lationships observed between biogeomorphological transformations of
the dune systems and the variables associated to human activity on the
beach. The backshore presence of structures, in the form of kiosks,
groups of sunbeds and goros, is inversely correlated to the number of
T. moquinii specimens and the surface area occupied by the foredune.
Particularly notable are the correlations between the numbers of kiosks
(R2 = —0.99) and goros (R2 = —0.94) and the abundance of T. moquinii
specimens.

4.3. Recent topographical evolution of beach and foredune

Fig. 8 shows the topographic variations (Fig. 1, elevation profile)
(accretion and erosion) and their correlation with the presence or
absence of beach equipment along the beach (Fig. 1, beach services
profile) between 2006 and 2018. In this period, 27.75% of the profile
shows accretion and 72.25% erosion, and it was also observed that the
losses mainly coincide with areas permanently occupied by beach
equipment. However, where no such equipment was detected the
topographic profile remains stable or even shows accumulation (espe-
cially in the central sector). In the southern tip, an irregular profile is
observed with zones of accretion and accumulation. Like buildings,
beach equipment are obstacles that can spatially divide beach and dune
and, consequently, reduce the area where aeolian sedimentary transport
takes place (Garcia-Romero et al., 2016; Morton et al., 1994). That is, a
barrier is formed that separates the dunes and foredune from its sedi-
ment sources (Jackson and Nordstrom, 2011).

4.4. Geomorphological resilience

The results of the analysis by plots show a very low degree of beach-
dune resilience according to the variations in foredune surface area,
continuity in the first line of nebkhas and foredune vegetation cover
(Table 3). These three variables are related to the functional structure of
the coastal dune, indicating that its capacity to support the natural and
anthropic impacts that might affect it is being weakened. This loss of
capacity is particularly notable in the southernmost plot of the study
area (Plot 4), where there was a 43.34% loss in surface area, a 25.38%
loss in the continuity of the foredune front, and a 27.66% loss in

North-South profile 2006-2018 (elevation vs beach equipment)

2006
2011
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Fig. 8. Elevation profiles (m) (N-S) from 2006 to 2018 and the presence of
beach equipment in the study area. Key: be-beach equipment.
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Table 3
Main results in geomorphological resilience variables (degrees of freedom = 4).
Geomorphological resilience variables Mean  Standard
deviation
1. Foredune zone surface variation (%) 2.56 1.46
2. Dry beach surface variation (%) 3.00 0.89
3. Shoreline variation (m) 3.25 0.77

4. Variation in the continuity of the first line of nebkhas  2.63 1.50
(%)

5. Variation of maximum distance between plant 3.00 1.41
specimens in the first line of nebkhas (%)
6. Vegetation cover variation in the foredune zone (%) 2.75 1.44

foredune vegetation cover in the final period analysed (2006-2018).

These negative results obtained in the last of the periods analysed are
related to the trend observed in all the plots (Fig. 9). While geomor-
phological resilience may have experienced other dips (as in the period
between 1977 and 1987), the last decade analysed shows the worst
result. In general, an enduring geomorphological deterioration is
observed of beach and backshore at functional level, with detection of
foredune fragmentation and the ongoing development of deflation
surfaces.

This is additionally verified in the study of topographic profile var-
iations (Fig. 8), foredune fragmentation (Figs. 3 and 5), and the evolu-
tion and displacement of deflation surfaces, with the latter analysis also
reflecting the difficulty that these landforms have to recover or disap-
pear (Fig. 6). In this respect, future studies should be considered for the
construction of indices that integrate both environmental and anthropic
variables, as they may provide more critical results closer to the actual
reality. Additionally, if the intention is to provide integrated manage-
ment and at the same time undertake the restoration and/or preserva-
tion of a system (in this case the beach-dune system of Maspalomas and
particularly the foredune), special attention should be paid to processes
that integrate all of its natural and socio-economic elements (Gracia
Prieto et al., 2009; Lithgow et al., 2015; Pena-Alonso et al., 2018), as
well as consider strategies to the respond to different environmental
scenarios, such as sea level rise (Nazarnia et al., 2020).

5. Conclusions

This research presents innovative results about the impacts of beach
equipment on an arid beach-dune system subjected to an intensive and
continuous human pressure. Significant transformations have been
found in the morphology and physical structure of the foredune of an
arid dunefield, as well as statistically significant spatiotemporal corre-
lations between these biogeomorphological transformations and beach
equipment installed in the area. This supports the initial hypothesis of
the potential influence of beach management on the transformation of
the beach-dune system. Moreover, the biogeomorphological processes
have responded to different management measures over the years, and it
was found that some of the effect on these processes that had their origin
in the 1970s and 1980s (development and increase in tourist activities in
Gran Canaria without environmental protection) are not only detectable
but have been inherited in the present day. Although that some of the
considered variables seem to demonstrate a degree of recovery in the
study area when analysed individually, coinciding with some of the
improvements that have been made in terms of environmental protec-
tion (declaration as protected natural area since 1987) and management
measures (since the 1990s), it should be noted that when integrated in
an index designed to evaluate geomorphological resilience it was found
that the system has been deteriorated and not recovered.

The results obtained in this study are conducive to a reflection on
how environmental management measures can have a determining in-
fluence on the conservation or degradation of environments and eco-
systems and, in particular, of arid beach-dune systems. It is important to
underline the close collaboration that must exist between management
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Fig. 9. Geomorphological resilience variation of representative plots along
Playa del Inglés.

and research organisations to ensure the effective management of these
spaces (management-research binomial). This ensures the application of
management strategies based on scientific knowledge and know-how, as
well as the undertaking of further research studies aimed at continu-
ously and efficiently improving the management of such areas.
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