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ABSTRACT

Vegetation on coastal dunes is a key element, as it promotes the growth and stabilization of these landforms
while contributing significantly to biodiversity. Physical (e.g. impact of storms), ecological (e.g. animal grazing)
and human-related (e.g. farming and recreation) factors may disturb coastal dune vegetation, changing dune
dynamics and eventually inducing ecogeomorphic state shifts. Therefore, understanding vegetation dynamics
and state turns crucial to predict dune evolution paths. The latter must be supported by observations combined
with the development of tools (e.g. indexes) able to detect eventual changes and to automatically categorize the
state of the vegetation. Here, a multi-step index to characterise the dune vegetation state (DUVES) was developed
and tested in Barreta Island (South Portugal), where grey dune vegetation has declined in recent years. The index
was computed using classified true colour orthophotos and orthomosaics derived from UAS (Unmanned Aerial
Systems) surveys. Google Earth images were used as complementary data to analyse the evolution trends. The
possible sources of disturbance (i.e. human-related activities and gull occupation) were also investigated by
comparing their distribution with the vegetation changes. DUVES successfully identified different states of
vegetation cover that expressed its stability, perturbation or growth based on temporal changes and allowed the
analysis of their evolutionary trends. The distribution of perturbation was mostly associated with gull nesting
areas, increasing over time, and to a less extent to human-related activities. The observed grey dune habitat loss
was due to replacement of plants typical from this habitat by ruderal species promoted by the positive feedback
established between gulls and vegetation. The developed index proved to be of great utility to define dune
habitat evolution and understand the associated drivers, being a tool with a wide range of applications, namely
for improving future coastal management actions aimed at conserving dune habitats. Moreover, DUVES is
potentially transferable due to its easy adaptability depending on the particularities of each study site or goal.

1. Introduction

growing, ultimately leading to the formation and vertical growth of
incipient foredunes. In prograding sandy coasts, the formation of new

Coastal dunes are sedimentary landforms present in nearly any coast
of the world (Hesp, 2011), including temperate and humid tropical
areas, arid climates, and even regions covered by snow during the winter
(Moreno-Casasola, 2008). Where present, dunes may occupy small ex-
tents or expand along several kilometres inland and/or alongshore, and
display elevations that range from less than one meter to hundreds of
meters (Martinez et al., 2013). The formation and evolution of dunes are
mainly conditioned by the availability of sediment, the adequate wind
conditions to promote its aeolian transport and by the plant community,
its density, distribution and height (Hesp, 2008). Pioneer plants adapted
to colonise the unstable beach-dune transition interact with the aeolian
sediment flux causing sediment retention and accumulation while
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incipient foredunes will evolve into established foredunes, transforming
the former into relict features and leading to the formation of foredune
plains over time (Hesp, 2011). The increasing distance to the sea and the
varying topography across these foredune plains result in distinct cross-
shore environmental gradients (e.g. salinity, sedimentation, nutrients,
flooding, organic matter, soil acidity, and shelter, among others) that
define considerably the spatiotemporal cross-shore zonation and di-
versity of plants (Hesp, 2011; McLachlan and Defeo, 2018). This zona-
tion also influences the diversity of fauna (e.g. insects, mammals,
seabirds) and ultimately leads to the establishment of a variety of hab-
itats from sea to land. These include foredune habitats dominated by
sand movement and high salinity (beach, embryo or incipient dunes,
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foredunes, blowouts, and active dunes), interdune habitats prone to
inundation (wet slacks or depressions) and back-dune habitats stabilized
by a continued vegetation cover (also known as secondary or grey
dunes) (Hesp, 2011; Hesp and da Silva, 2016; Miller et al., 2010). The
definition of the habitat specificity is linked to the dune morphology
(Bazzichetto et al., 2016; Miller et al., 2010) and the cross-shore vari-
ability of the plant functional traits (e.g. height, diameter, leaf size, root
depth) (Garcia-Novo et al., 2004; Hesp, 1991).

Physical (e.g. climate variations, impact of storms, sea-level rise,
overwash, flooding events), ecological (e.g. animal grazing) and espe-
cially human-related (e.g. grazing, farming, construction, and recrea-
tion) agents are known to disturb vegetation in coastal dunes (Delgado-
Fernandez et al., 2019; Martinez et al., 2013; Provoost et al., 2011). Such
disturbances can cause perturbations, inducing significant shifts in the
state, evolution and dynamics of the dune system (Robin et al., 2021).
This may, in turn, induce habitat fragmentation and the existence of
patchy dune fields (even within the same habitat type) due to disruption
pulses (Laporte-Fauret et al., 2020; Martinez et al., 2001). Dune vege-
tation mapping and monitoring are then fundamental to identify and
understand the causes of vegetation change (Laporte-Fauret et al., 2020)
in order to apply informed dune conservation and management strate-
gies and ensure the perpetuation of dune ecosystem services provision to
society.

The mapping and monitoring of dune vegetation have been
increasingly relying on airborne remotely-sensed data obtained from
different platforms and sensors offering various spatial, temporal,
spectral, and radiometric resolutions, which are often complemented
with ground-based measurements and in situ observations. This tech-
nological evolution allowed the study of dune vegetation using images
with different spectral bands, such as RGB (e.g. Delgado-Fernandez
et al., 2019; Garcia-Romero et al., 2019; Hilgendorf et al., 2021), mul-
tispectral (e.g. Hague, 2016; Marzialetti et al., 2019; Ozdemir et al.,
2005) and hyperspectral imagery (e.g. Shanmugam et al., 2003; Val-
entini et al., 2020; Zhang and Baas, 2012), or their combination. The
different spectral bands allow the computation of a variety of vegetation
indices, including the widely used Normalized Difference Vegetation
Index (NDVI) (e.g. De Giglio et al., 2019; Hague, 2016; Jackson et al.,
2019; Marzialetti et al., 2019), which offers valuable quantitative in-
formation of dune vegetation characteristics (e.g. state, cover, density)
and their changes over time and space.

The extraction and analysis of vegetation characteristics from
airborne data depend on image pre-processing procedures and require
the application of image classification techniques such as the supervised
and the unsupervised classification methods (Xie et al., 2008). The
election of the previous may vary depending on the goal of the study, the
image resolution and the complexity and knowledge of the area of in-
terest (Jensen, 1986). The identification and analysis of vegetation
changes in coastal dunes require the availability of multi-temporal
datasets and the application of qualitative and quantitative change-
detection techniques, such as image differencing, vegetation index dif-
ferencing, and/or post-classification comparisons (Vinet and Zhedanov,
2011). Indices that have been developed to investigate coastal dune
vegetation changes are mainly focused on exploring natural or artificial
coastal dune disturbance sources (e.g. Delgado-Fernandez et al., 2019)
or identifying dune stability patterns (e.g. Laporte-Fauret et al., 2020),
while overlooking vegetation growth and the colonization of dune sys-
tems. In addition, some were computed using data of very high spatial,
temporal, spectral and/or radiometric resolutions acquired with remote-
sensing techniques of high cost, whose extraction, processing and
analysis is time-consuming and involves complex approaches, thus
making their use unaffordable for many potential end-users. More
importantly, the mentioned indices explore dune vegetation perturba-
tion or stability without quantifying the expected (or typical) spatio-
temporal variability of the vegetation cover, which is paramount to
understand and evaluate ecosystem change. For instance, Delgado-Fer-
nandez et al. (2019) estimated qualitatively the vegetation cover that
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would be expected due to regional climate conditions using dune
mobility functions, which in turn can be influenced by complex land-
scape dynamics (e.g. lag response times, morphological resistance,
different stabilization rates). In the work of Laporte-Fauret et al. (2020),
dune stability patterns were characterized spatially across different
dune habitats offering a temporally static view of the system stability. In
this work, a new, adaptable and relatively simple dune vegetation state
index (DUVES) is proposed to identify, assess, and quantitatively
monitor spatiotemporal trends of dune vegetation perturbation at the
landscape scale, and stability and growth, using cost-effective and easily
accessible true-colour images. The different dune states were defined
using a baseline period assumed to be representative of the expected
variability of the system. The index was tested in Barreta Island (Ria
Formosa, South Portugal) and computed using classified true colour
(RGB) orthophotos and orthomosaics derived from UAS surveys
covering four 6-years periods, from 2002 to 2020. To understand the
observed evolution in the island, the possible sources of dune vegetation
disturbance were also investigated by looking at the human in-
frastructures and activities developed in the island, as well as to the
spatiotemporal distribution and demography of two gull breeding
colonies.

2. Study area

Ria Formosa is a multi-inlet barrier system, located in South Portugal
(Fig. 1). This system, declared Natural Park in 1987, is a wetland area
comprised of dunes, marshes, and tidal flats of high ecological and socio-
economic value. These environments are protected under the Ramsar
convention and included in the list of protected areas within the EU
Natura 2000 network. Ria Formosa is a cuspate-shaped system consist-
ing of five barrier islands and two sandy spits separated by six tidal inlets
that connect the lagoon with the Atlantic Ocean. The barrier system is
located at a maximum distance of 6 km from the mainland and extends
along 55 km (Fig. 1), having Santa Maria Cape (located in Barreta Is-
land) as the outer-most point (Fig. 1).

The average annual significant wave height is 0.92 m while the mean
annual peak period is 8.2 s (Costa et al., 2001). Waves reach the area
from west-southwest (W-SW) and east-southeast (E-SE) directions, with
71% and 23% occurrence, respectively (Costa et al., 2001). This duality
in the wave direction is also reflected in the wind regime, which is
dominant from the west (W), northwest (NW) and southwest (SW) di-
rections. Eastern winds are less frequent, although they can be intense
and may affect this region, mostly during spring and autumn (Andrade,
1990). The most frequent storms impacting the area come from the W-
SW and are associated with low-pressure Atlantic systems typical of the
winter, with wave heights up to 7 m (Almeida et al., 2011). The less
frequent E-SE storms are linked to Levante (easterly) winds originated in
the Strait of Gibraltar, between October and May, which generate
smaller waves due to the limited fetch (Almeida et al., 2011). According
to the previous, the western flank of the barrier system concentrates
higher wave power than its eastern counterpart (Vila-Concejo et al.,
2002). The tides in this region are semidiurnal, with neap and spring
tides presenting average ranges of 1.3 and 2.8 m, respectively. The
maximum spring tidal range can reach up to 3.5 m (Pacheco et al.,
2008). The main source of sediment in the system comes from the cliffs
located up-drift, whose material is eroded and then transported east-
wards by the longshore currents (Dias and Neal, 1992). The regional
climate falls within the Mediterranean hot summer Koppen type (Csa)
according to the Portuguese Institute for Sea and Atmosphere (IPMA,
2019), which is characterised by a humid (October to April) and a dry
(May to September) season. During the former, the lowest average
temperature is 10 °C and the average precipitation values are 50
mm/month. During the latter, the average temperature is 20 °C, and the
precipitation is often close to zero (IPMA, 2019).

Barreta Island is the southernmost island of the system and its
western updrift limit consists of a relatively small migrating inlet (Ancao
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Fig. 1. Location and distribution of ecosystems within the Ria Formosa Natural park (South Portugal) and a high-resolution Digital Elevation Model of Barreta Island,

with the surveyed areas highlighted in red.

Inlet) while the eastern downdrift one is the artificially fixed Faro-Olhao
Inlet (Fig. 1). Management actions affecting both inlets have influenced
significantly the morphology of this island. After its first relocation
(1997), the Ancao Inlet rapidly migrated eastwards, eroding the western
part of Barreta Island, which was low and prone to overwash (Matias
et al., 2008). The new relocation (2015) of the inlet allowed Barreta
Island to regain an extension of about 3 km, mostly composed of an
unvegetated washover platform (Kombiadou et al., 2019).

The jetties built between 1929 and 1955 to stabilize the Faro-Olhao
Inlet functioned as sediment traps, inducing significant accretion and
subsequent barrier progradation along the eastern part of Barreta. A set
of 17 dune ridges have been identified in Barreta Island due to differ-
ences in the alongshore response and progradation of the island (Herrero
et al., 2020). Single-ridge dunes with heights lower than 7 m above
mean sea-level characterise the western part of the island, whereas in
the central-eastern part the dune ridges are high and continuous
(Kombiadou et al., 2019). Three dune habitats, as defined by the Eu-
ropean Habitats Directive, can be identified within Barreta Island,
including the 2110 Embryonic shifting dunes, 2120 Shifting dunes along
the shoreline with Ammophila arenaria (also known as ’white dunes’)
and the 2130 fixed coastal dunes with herbaceous vegetation (also
known as ‘grey dunes’). According to in situ observations, the present
grey dunes are threatened by tourism, invasive alien species (e.g. Car-
pobrotus) and pressure from Yellow-legged (L. michahellis) and

Audouin’s (L. audouinii) gull colonies (hereafter referred as YLG and AG,
respectively). Human occupation has been traditionally low on this is-
land, and it is currently limited to a restaurant and a few fishermen huts
and warehouses located close to the eastern end of the island. Addi-
tionally, a wooden path was built running mostly along the backbarrier,
which connects the visitors’ access point to the beach nearby Santa
Maria Cape (Fig. 1).

3. Materials and methods
3.1. Image collection and processing

The dune vegetation state and its evolution in Barreta Island were
investigated using different remote-sensed RGB datasets from 2002 to
2020: three orthophotos and two high-resolution orthomosaics, all of
them georeferenced to the PT-TMO6/ETRS89 coordinate system
(Table 1). The orthophotos (2002, 2008, and 2014), covering the entire
Barreta Island, were provided by the Portuguese Direcao-Geral do Ter-
ritério (DGT) while the high-resolution orthomosaics (2020) were ob-
tained from UAS flights that covered the two areas in which habitat
perturbation was visually identified during field visits (see red polygons
in the lower panel of Fig. 1). The air vehicle used was a DJI Mavic 2 Pro
quadcopter equipped with a 20 Mpx RGB camera and the surveys were
performed at an elevation of 90 m and with a front and side image
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Table 1
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Datasets used for the dune vegetation analyses and their characteristics (O = Orthophoto, GE = Google Earth).

Year Month Method Resolution Island Cover Dune vegetation analyses
(m x m) . o
Quantitative Qualitative

2002 Jul (0] 0.5 x 0.5 Full o

2008 Oct (0] 0.1 x 0.1 Full o

2011 Jun GE 0.25 x 0.25 Full o
2013 Apr GE 0.25 x 0.25 Full o
2014 Ago (0] 0.1 x 0.1 Full o

2017 Nov GE 0.25 x 0.25 Full o
2020 May Mavic 2 Pro 0.02 x 0.02 Partial o

overlap of 75 and 70%, respectively. The acquired images were pro-
cessed using Agisoft Metashape software and georeferenced with the
coordinates of 64 ground control points that were evenly deployed on
the field and measured using a RTK-DGPS. The re-projection errors
associated to the east (0.081 m) and west (0.088 m) high-resolution
mosaics were estimated using 17 and 25 individual check points,
respectively.

In addition, several Google Earth images (2011, 2013, and 2017)
were used as mid-points to support qualitatively the dune vegetation
analysis performed by DUVES due to the low temporal resolution that
the orthophotos and orthomosaics provided. These were downloaded
from Google Earth Pro with the highest available resolution (4800 x
2869) ensuring equal eye’s altitude as well as no tilting during the
download process. Afterwards, they were georeferenced using invari-
able features (e.g. fishermen warehouses, wooden paths and/or easily
identifiable shrubs) and the temporally closest orthophoto as a basemap.
The associated RMSE after the georeferencing procedure was below 0.5
m for all the images.

GENERAL WORKFLOW & STEPS

. Unsupervised classification method*:

Image - SHRUBS
classification - HERBACEOUS VEGETATION
- SAND

Reference Point Cloud
Point extraction

Classification

Accuracy ° ! g
assessment *  Point comparison
*  Error matrix
*  Classified Rasters Resampling (1 x 1 m)
*  Conversion to Points (1 x 1 m)
. Point Counting for SHRUBS and SAND (10 x 10 m)*
Analyses of

cover change

*  Raster Calculator: SHPC, - SHPC;
*  Raster Calculator: SPC, - SPC;

DUVES
computation «  Computation of SHPCC and SPCC cumulative
Definition of density functions of the baseline period (2002-
dune 2008)*
vegetation ¢ Estimation of SHPCC and SPCC Py, Ps, Pgs and
states Pgg 5 (Figure 3)*
*  Definition of dune vegetation states
*  Reclassification of SHPCC and SPCC according to
the dune state thresholds (S=0, MP =1, HP = 2,
MG = -1, and HP=-2) (Figure 4)
Application
of DUVES

*  Merge SHRUBS and SAND perturbation maps
*  Merge SHRUBS and SAND growth maps

*  Merge dune perturbation and growth maps

Moderately Perturbed (MP):

3.2. Dune vegetation state index

The different steps involved in the workflow followed to compute
DUVES (Fig. 2) are explained in the next sections and were performed
using different tools of ArcMap (®ESRI) GIS software. The proposed
workflow is versatile and allows each user to adapt the parameters
within the different steps according to the purpose of each particular
study, site characteristics, available imagery, and the user’s technical
capabilities.

3.2.1. Image classification

DUVES defines the dune vegetation state by considering the
magnitude of the observed cover changes (or stability) in consecutive
images and relative to the typical or expected variability of the vege-
tation changes within the system, thus informing about the occurrence
and significance of possible changes in the vegetation cover during a
given period. To compute the index, the orthophotos and UAS-derived
orthomosaics (Table 1) were classified using the Iso Cluster

OUTPUTS

Classified Rasters

Kappa

Overall accuracy
Ommission error
Commission error

Shrubs percent cover map (SHPC)
Sand percent cover map (SPC)

Shrubs percent cover change map (SHPCC)
Sand percent cover change map (SPCC)

SHRUB/SAND Perturbation SHRUB/SAND Growth

SHPCC > P5 / SPCC < Pgs SHPCC < Pg5 / SPCC > Ps
Pos > SHPCC < Py / Pgs > SPCC < Pogs -
SHPCC < Py 5/ SPCC > Pog s -
. Pgs > SHPCC < Pygs/ Pys > SPCC < Ps
SHPCC > Pgg s / SPCC < Py 5

Stable (S):

Highly Perturbed (HP):
Moderately Grown (MG):
Highly Grown (HG):

SHRUBS perturbation map
SAND perturbation map
SHRUB growth map

SAND growth map

Dune vegetation perturbation map
Dune vegetation growth map

DUVES index

Fig. 2. DUVES, with the example application for Barreta Island (the asterisks represent the customisable steps).
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Unsupervised Classification tool that grouped shrubs, herbaceous
vegetation and bare sand into three different classes (classes 1, 2, and 3,
respectively; Test 1) (Fig. 2). These classes represent the main land cover
types present in Barreta Island. The unsupervised classification method
was selected for its simplicity and automation and, more importantly,
because it is recommended in cases lacking spatiotemporal ground truth
information over large areas (Xie et al., 2008). Thus, it was assumed that
some incorrectly classified pixels may appear linked to the varying
environmental conditions (e.g. sun angle) and quality within each image
(e.g. image over-exposure), which are known disadvantages of this
classification method that have been previously highlighted, for
instance by Delgado-Fernandez et al., (2019). Nevertheless, this
approach has been applied with success in several vegetation mapping
studies as stated in Hague (2016). The dominant plant species belonging
to classes 1 and 2 were identified during an in situ field survey and
summarised in the supplementary material (Table S1). Due to the
varying image resolutions available (Table 1), a second classification
test (Test 2) was performed using five classes instead, which were then
grouped into three. The results of both tests were compared in order to
select the best classification approach for each dataset. This step is
customizable, and choosing the number of classes should depend on the
characteristics of each site and/or the purpose of the study.

3.2.2. Classification accuracy assessment

The assessment of the accuracy of the obtained classification, for
both tests, and each image, was performed using a set of 80 points
randomly placed along the island. The sample size was estimated based
on the binomial probability theory for an expected accuracy of 95% and
an allowable error of 5%. The points were used to extract the informa-
tion from the classified images and an error matrix was built comparing
the classified values in each point of every image to the classification
criteria of an observer in the same points, thus determining the degree of
discrepancy among classes (Fig. 2). This error matrix approach allowed
the calculation of several statistics to assess the classification accuracy of
each image: the agreement accuracy, omission and commission errors,
overall accuracy, and Kappa coefficient (Cohen, 1960; Sen, 1968)
(Fig. 2). The herbaceous vegetation (class 2) was, after this analysis,
excluded from the index as it exhibited lower classification accuracies
than the other classes, as will be shown in the Results section.

3.2.3. Analyses of cover change

The estimate of the cover change of shrubs and sand in consecutive
images (or periods) involved several steps. First, given that the classified
images had different spatial resolutions (Table 1), they were resampled
into rasters of 1 x 1 m cell size to facilitate the comparison between the
different datasets, using the Nearest Resampling algorithm. Secondly,
due to the extensive area being considered and to avoid slow processing
times and high computer memory demands, the per cent cover of shrubs
(class 1) and sand (class 3) were estimated in areas of 10 x 10 mz,
allowing to compute raster maps displaying the per cent cover of each
class separately for every available image (Fig. 2). Two per cent maps
(shrubs and sand cover) were obtained from each image. Lastly, the per
cent cover maps of both classes were compared between different time
intervals to obtain the change of coverage for each type over time
(SHPCC = Shrub per cent Cover Change; SPCC = Sand per cent cover
change) (Fig. 2). The selection of the spatial resolution of the analysis
can be adapted according to the purpose of the users.

3.2.4. Definition of dune vegetation states

Natural systems present an inherent spatial and temporal variability
due to changes in the environmental conditions, including seasonal or
inter-annual changes, which may not induce permanent shifts but
regulate the intrinsic natural system variability. In addition, natural
systems may be affected by additional external agents, which may
provoke a shift of state or regime (Fraterrigo and Rusak, 2008). Ac-
cording to Landres et al. (1999), a crucial part of describing natural
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variability in a particular system is selecting the time period and spatial
extent used to characterize the system dynamics, which should be al-
ways based on specific goals and explicitly stated values. To distinguish
the system expected variability from external agents inducing distur-
bances of high magnitude and/or persistence, the magnitude of the
changes between 2002 and 2008 were analysed and assumed to be
representative of the expected intrinsic system variability. This period
was used as the baseline for the natural variability because the major
perturbations in Barreta Island occurred between 2008 and 2014. To
define thresholds of vegetation stability, perturbation and growth for
both cover types during this baseline period, the cumulative distribution
functions (CDFs) from the SHPCC and SPCC maps 2002-2008 were
computed. First, the cover changes between the percentiles P5 and Pgs
were considered as the most common and frequent, and thus assumed to
represent the typical variability (or dune vegetation stability). Second,
the cover changes between P 5 and Ps were assumed to represent dune
vegetation under moderate perturbation (in the case of shrubs) or
moderate growth (in the case of sand) while those between Pgs and Pyg 5
were assumed to represent the opposite (vegetation under moderate
growth in the case of shrubs or under moderate perturbation in the case
of sand). Lastly, cover changes below P 5 and above Pyg 5 (less frequent)
were assumed to represent high perturbation in the case of shrubs (or
high growth for sand) and high growth in the case of shrubs (or high
perturbation in the case of sand), respectively (Fig. 3). The estimate of
these percentiles helped to identify thresholds of normal or unusual
cover change variability of both shrubs and sand, and to define five dune
vegetation states in Barreta Island (Figs. 2 and 3). These are the
following:

e Stable state (S): defined as the normal loss/gain of both shrubs sand
cover resulting from seasonality and inter-annual fluctuations in the
precipitation regime or other agents.

Moderately Perturbed (MP) and Highly Perturbed (HP) states:
defined as moderate and high loss (gain) of shrubs (sand) cover
induced by any type of natural (e.g. overwash) or anthropogenic (e.g.
trampling) disturbance.

Moderately Grown (MG) and Highly Grown (HG) states: defined as
moderate and high gain (loss) of shrubs (sand) cover induced by
natural processes (e.g. ongoing vegetation growth, post-disturbance
vegetation recovery) or anthropogenic interventions (e.g. vegetation
re-planting).

3.2.5. Application of DUVES and analyses of spatiotemporal changes in
dune vegetation state

The changes in cover of shrubs (or sand) could individually be used
as indicators of dune vegetation stability, perturbation and/or growth.
However, DUVES, by combining the information given by both cover
types, allows understanding if the increase in sand is directly related to a
decrease of shrubs and vice-versa. For DUVES computation an initial set
of four maps is produced (shrubs perturbation, shrubs growth, sand
perturbation and sand growth maps) for a given period (Figs. 2 and 4).
The shrubs and sand perturbation maps are obtained from the per cent
cover change maps of shrubs and sand (SHPCC and SPCC, respectively)
reclassified according to the thresholds estimated in the previous step
(Fig. 3) into 0, 1, and 2 to represent stability, moderate perturbation and
high perturbation, respectively (Fig. 4). Similarly, the shrubs and sand
growth maps are obtained from the SHPCC and SPCC maps reclassified
into 0, —1, and —2, representing stability, moderate growth and high
growth, respectively (Fig. 4). Once the individual shrub and sand
perturbation maps were computed, these were merged and the value of
the output raster cell was assigned selecting the maximum value of the
overlapping cells (0, 1 or 2), obtaining the overall perturbation map
(Figs. 2 and 4). This way ensures the representation of the higher degree
of perturbation recorded in each cell (either attributed to a decrease in
shrub cover and/or an increase in sand cover). The overall growth map
is obtained following the same procedure. Lastly, both overall
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Fig. 3. Cumulative Distribution Functions (CDFs)
obtained from the Shrubs Per cent Cover Change map
(SHPCC) and the Sand Per cent Cover Change map
(SPCC) from 2002 to 2008. The vertical lines show the
Po.s, Ps, Pgs and Pgg 5 percentiles estimated from each
SHPCC (left) and SPCC (right) CDFs, and the thresh-
olds within them define the different dune vegetation
states for each cover type (Note: The percentile posi-
tions included in the vertical lines were added to
illustrate better the different thresholds, but are not
related to the percentile positions in the CDFs).
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perturbation and growth maps are joined to get the final dune vegetation
state index map (Figs. 2 and 4). The previous procedure was applied to
the four periods of analysis and the resulting dune vegetation state index
maps were used to estimate and analyse the spatiotemporal changes of
the dune vegetation state.

3.3. Human and gull occupation

To understand the contribution of possible direct human interference
(activities and/or trampling) in the perturbation of the dune, in-
frastructures and human-related elements present across Barreta Island
(2002-2020) were digitised as polylines and polygons in ArcMap using
the available images (Table 1). These included hard structures such as
the jetties in the Faro-Olhao Inlet, buildings such as fishermen houses,
warehouses and a restaurant, wooden paths and trampling paths. The
results of seven annual gull censuses performed during every breeding
season (from mid-April to mid-July; Matos et al., 2018), facilitated by
the University of Coimbra (2014-2019) and SPEA (2020), were
compiled to understand if the demography and spatial distribution of the
gull colonies breeding in the island had a role in the changes observed in
the vegetation. The gull counting method was performed by a group of
ten to fifteen people aligned and equally separated (2 m), covering the
entire gull colony extension. Each person counted the encountered
clutches and marked them with a tooth stick to avoid repetition.

4. Results
4.1. Classification accuracy

Test 1 (unsupervised classification using three classes) led to a better
classification of the UAS-derived mosaics than Test 2 (unsupervised
classification using five classes and grouped into three). For instance,
Kappa values in Test 1 were 0.61 and 0.82 for the east and west mosaics,
respectively, while in Test 2 the west area showed a Kappa value of 0.65.
Likewise, the overall accuracy values for the 2020 east and west mosaics
were 80.00% and 93.33% in Test 1 and 60.00% and 80.00% in Test 2,
respectively. (Table 2). In contrast, Test 2 was more suitable for classi-
fying the orthophotos. These showed Kappa values below 0.78 in Test 1
and above 0.85 in Test 2, and overall accuracy values increasing from
values below 88% in Test 1 to values above 91% in Test 2 (Table 2).
Based on these results, the classified images exhibiting the best classi-
fication accuracies for the computation of the dune vegetation state
index were used, regardless of the classification approach (highlighted
in grey, Table 2).

The accuracy of the classifications obtained was excellent as almost
all the datasets used to compute DUVES showed Kappa values above
0.85, and Kappa values above 0.75 indicate excellent agreement (Fleiss
et al., 2013). The only exception was the 2020 east orthomosaic, which
showed a Kappa value of 0.61. Nevertheless, Kappa values between 0.4

Table 2
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and 0.75 indicate an intermediate to a good agreement (Fleiss et al.,
2013). Classes 1 and 3 (shrubs and sand, respectively) showed the
highest agreement accuracies (values above 90% and equal to 100%,
Table 2) while the agreement accuracy of class 2 (herbaceous vegeta-
tion) was below 90%. The highest omission errors obtained corre-
sponded to class 2 and to a minor extent to class 1, meaning that pixels
belonging to class 2 have failed to a major extent to be classified as such,
and they have been likely classified as class 3, as suggested by the higher
commission errors of this class (sand) compared to classes 1 and 2. The
commission error represents pixels that belong to a given class (class 2 in
this case) but are labelled as belonging to another one, in this case, class
3 (Table 2). The agreement accuracy, omission and commission errors of
class 1 in the eastern area in 2020 could not be estimated, as this class
was not represented in any of the random points used for the accuracy
assessment due to the smaller extension of this particular area (Fig. 1).
Based on the lower agreement accuracy and higher omission errors of
class 2, this class was discarded from being used as an indicator of
vegetation change in DUVES and solely classes 1 and 3 were used for
that purpose. The low classification accuracy obtained for class 2 was
probably due to the fact that the areas with herbaceous vegetation in
Barreta Island could be more sensitive to the quality of the different
images used (e.g. colour, illumination) and to changes in vegetation
seasonality. The classified maps obtained are included as Supplementary
Material (Fig. S1).

4.2. Evolution of the dune vegetation cover

Results from the analysis of the vegetation cover in Barreta Island
point towards a general increase (decrease) in shrubs (sand) cover
during the period of analysis but with a high spatial and temporal
variability. From 2002 to 2008 (baseline situation), shrubs grew
significantly in the central grey dunes and along the white dunes (see the
colour transitions from grey or light green to dark green, Fig. 5a),
exhibiting shrubs cover increases that reached 75-100% in some areas
(see blue patches in Fig. 5b). The shrubs also increased in the grey and
white dunes at the eastern flank, whose vegetation cover incremented
up to 50-75% from 2002 to 2008 (Fig. 5b, left panel). In parallel to the
previous, the sand cover declined, especially from the central to the
eastern regions of the island (see the colour transition from dark to light
brown or grey, Fig. 5a), which showed areas in which sand cover
decreased by 50-75 and even 75-100% (Fig. 5b, right panel).

During the second period of analysis (2008-2014), the cover of
shrubs (sand) continued increasing (decreasing) in the island, although
two areas in the central grey dunes (located between the southern face of
the highest dune ridge and the foredune in the central part of the island)
exhibited the opposite trend (see the colour shifts from dark green to
grey for shrubs, and from grey and light brown to dark brown for sand,
Fig. 5a). In these areas, the shrubs cover diminished by 25-50%, with
maximum reductions of 75-100% (Fig. 5b, left panel). The sand cover

Results from the classification accuracy assessment for each dataset (O = Orthophoto) and area analysed (WB = Whole Barreta Island, E = East Area, and W = West
Area) using Test 1 and 2 (AA = Agreement accuracy, OE = Omission Error, CE = Commission Error, K = Kappa, OA = Overall Accuracy).

Test Year Data Area AA (%) OE (%) CE (%) K OA (%)
Classes Classes Classes
1 2 3 1 2 3 1 2 3
1 2002 o WB 69.23 88.46 90.24 30.76 11.53 90.24 0.00 25.80 7.50 0.77 86.25
2008 o WB 68.42 93.02 94.44 31.57 6.97 5.55 7.14 14.89 10.52 0.78 87.50
2014 o WB 77.77 70.96 100.00 22.22 29.03 0.00 0.00 21.42 29.03 0.72 81.25
2020 Mavic2 E - 66.66 100.00 - 33.33 0.00 - 0.00 66.66 0.61 80.00
Pro w 100.00 88.88 100.00 0.00 11.11 0.00 0.00 0.00 83.33 0.87 93.33
2 2002 o WB 100.00 73.07 100.00 0.00 26.92 0.00 0.00 0.00 14.58 0.85 91.25
2008 o WB 94.11 89.65 100.00 5.88 6.89 0.00 5.88 3.70 5.55 0.92 95.00
2014 o WB 96.29 82.35 100.00 3.70 17.64 0.00 0.00 6.66 7.69 0.92 95.00
2020 Mavic2 E - 0.00 100.00 - 100.00 0.00 - - 60.00 - 60.00
Pro W 100.00 0.00 100.00 0.00 100.00 0.00 0.00 - 70.00 0.65 80.00
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Fig. 5. (a) Per cent cover maps of shrubs (left panel) and sand (right panel), and (b) Per cent over change maps of shrubs (left panel, SHPCC) and sand (right

panel, SPCC).

expanded from the central region eastwards, showing cover increases
that ranged from 1-25 to up to 75-100%. These results suggest the
disruption of the trend that the system appeared to display during the
period 2002-2008 and could be indicative of a disturbance causing
vegetation perturbation in the island. This perturbation expanded to the
north and south directions from 2014 to 2020 (see the grey and dark
brown colours in Fig. 5a), as indicated by the ongoing reduction in
shrubs cover (up to 75-100%, left panel in Fig. 5b) and the increase in
sand (around 50-75% and up to 75-100%, right panel in Fig. 5b).

4.3. Evolution of the dune vegetation state

During the first period of analysis (2002-2008) nearly 80% of Bar-
reta Island was characterised by vegetation stability (see upper panels in
Fig. 6aand b). Some areas in the island also exhibited moderate and high
vegetation growth in the central area as well as along an alongshore
narrow stretch of dunes (upper panel in Fig. 6a), which affected 6.5%
and 2.5% of the total extension, respectively (upper panel in Fig. 6b).
The previous is related to the vegetation growth and natural transition of
incipient foredunes towards established and more densely vegetated
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Fig. 6. (a) Dune vegetation state index maps showing the spatiotemporal evolution of the different dune vegetation states (S = Stable, MP = Moderately Perturbed;
HP = Highly Perturbed; MG = Moderately Grown, HG = Highly Grown), (b) Areal occupation (%) of each dune vegetation state quantified for the whole island
(upper panel) from 2002 to 2014, as well as for the western and eastern surveyed areas (mid and lower panel, respectively) from 2002 to 2020. Note that the index
maps and areal occupation values show the dune vegetation states accumulated progressively over the different periods analysed.

foredunes (Fig. 5a and b). There were also relatively small and isolated
areas under moderate and high vegetation perturbation, occupying 4%
and 0.4% of the total island extension, respectively (see yellow and red
in Fig. 6a and b).

In the next period (2008-2014), dune vegetation stability continued
dominating across the island, although its extent decreased by around
15% compared to the previous period (Fig. 6a and b). This was due to
the appearance of areas under moderate and high dune vegetation
perturbation. The MP areas occupied 17% of the area and were mostly
located in the central area of the island and along its eastern flank (see
the yellow patches in the middle panels in Fig. 6a and b). The HP areas
showed a moderate increase (from 0.4% in 2002-2008 to 3% in
2008-2014) and were localised in two specific regions nearby the
highest dune ridge in the central grey dunes (see red patches in the
middle panel of Fig. 6a and b). This revealed a significant expansion of
dune perturbation, as the total extent of this dune vegetation state in
Barreta Island increased to nearly 16%.

In the last analysed period (2014-2020), the perturbation experi-
enced an expansion in both western and eastern areas. Note that the
changes mentioned in the previous paragraphs referred to the entire
island extent while the following ones refer solely to the western and
eastern surveyed areas, and thus the values are not directly comparable.
In the western area, the relative extent of the areas under moderate
perturbation increased by 20% approximately (from 28% in the period
2008-2014 to 49% in 2014-2020) while the areas under high pertur-
bation increased by 10% (from 10% in 2008-2014 to 21% in
2014-2020) (bottom panel in Fig. 6a and middle panel in Fig. 6b). Both
perturbation states expanded towards the north and southeast di-
rections, affecting an area 32% larger than in the previous period
(relative extent increased from 38% to 70%) (bottom panel in Fig. 6a
and middle panel in Fig. 6b). In the eastern area, both dune perturbation
categories also expanded to the north and south directions, with areas
under moderate and high perturbation increasing their relative extent

by 37% and 14%, respectively (bottom panels in Fig. 6a and b). These
values denote an important expansion of dune perturbation in both the
western and eastern areas, affecting relative extents of 70% and 51%,
respectively.

Despite the low quality of the Google Earth images (2011, 2013, and
2017), they showed clear signs of perturbation (documented by the lack
of vegetation or the occurrence of different plants) that coincided in
location with the western and eastern perturbed areas identified by
DUVES (Fig. 7a and b), confirming the dune vegetation perturbation
identified by DUVES. For instance, the 2011 and 2013 Google Earth
images showed areas under a light purple colour (associated with
ruderal vegetation) and less vegetation cover in the western and eastern
degraded areas, respectively, coinciding in location with the perturbed
areas identified by DUVES from 2008 to 2014 (Fig. 7a). Likewise, the
larger grey dune areas under perturbation identified in 2020 were also
observable in the Google Earth image of 2017 (Fig. 7b).

4.4. Human occupation

The distribution of buildings and wooden paths did not change
significantly during the period of analysis, except the fishermen ware-
houses located in the north-west of the island (Fig. 8), which were
removed in the late 2014 or early 2015, and the relocation of the
restaurant a hundred of meters to the south (2007). Most of the tram-
pling paths appeared in the surroundings of the fishermen warehouses
and near the restaurant (see the 2014 and 2017 maps in Fig. 8a). They
were probably formed by frequent and routine activities. Similarly,
there were also signs of trampling from the main wooden path of the
island to the lagoon beaches (see small black lines in Fig. 8), as this
specific area experiences high human pressure during the summer sea-
son due to the significant affluence of tourists and locals. No trampling
signs were found connecting the main wooden path that crosses the is-
land with the eastern and western perturbed areas identified by DUVES
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Fig. 7. (a) Location map showing the western and eastern areas in which the dune vegetation index maps have been compared to the Google Earth images (b) Dune
vegetation state index maps (S = Stable, MP = Moderately Perturbed; HP = Highly Perturbed; MG = Moderately Grown, HG = Highly Grown) showing dune
perturbation in the western and eastern area (2008-2014) coinciding with evidences of perturbation observable in the 2011 (western area) and 2013 (eastern area)
Google Earth images, and (c) Dune vegetation state index maps showing large areas under dune perturbation in the western and eastern area (2014-2020) coinciding
with evidence of perturbation observable in the 2017 Google Earth image. Note that the extent of the perturbed areas shown in the Google Earth imagery could differ

from the ones shown in the index maps due to the time lag between images.

(Fig. 8). Areas under different degrees of vegetation perturbation
appeared close to the human-derived activities and occupation in Bar-
reta Island, especially close to the buildings and trampling paths, but
they were small and localised areas.

4.5. Gull occupation

The main distribution areas of YLG and AG along Barreta Island
changed over time but were mostly located at the central part of the
island (see the black and blue circles, respectively; Fig. 9a). YLG mostly
occupied two regions on the dune crests and surrounding areas (between
2014 and 2019) and an additional low elevation area on the western
part of the island from 2015, approximately. AG was found mostly close
to the YLG population located in the central west part of Barreta Island,
but occupying the lower areas to the north and south of the highest dune
ridge crest (2014-2020) or lateral areas (2020; Fig. 9a). From the
2014-2019 surveys, it was observable that apart from some displace-
ments of the populations of gulls, the most relevant trend was the in-
crease in the occupied area by both species. Regarding the population
size of both colonies, AG was clearly superior to YLG during the whole
period of analysis and the difference increased with time. Moreover, its
population density was higher than YLG since they occupy areas of a
smaller extent within the island. Both populations have gradually
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increased from 2014 to 2020, reaching their peaks and apparent sta-
bility after 2018 (Fig. 9b).

5. Discussion
5.1. DUVES performance and methodological considerations

DUVES proved to be an effective tool to identify, assess and monitor
the state of the vegetation cover of relatively large dune areas, providing
a categorisation that depends on the trend of the observed changes:
vegetation stability, perturbation and growth, at medium time scales
(years). Moreover, it is relatively simple to apply, requiring the use of a
GIS platform and RGB imagery as inputs, which are often easily acces-
sible and of free availability. This makes DUVES a reliable tool that is
potentially applicable to a wide range of temporal and spatial scales as
well as transferable to other worldwide areas, especially in the light of
the intensification of disturbances linked to agriculture, urbanisation or
tourism, among others, which have already threatened 85% of the Eu-
ropean coastal dunes (Heslenfeld et al., 2008).

DUVES is an index devoted to characterise the state (or health) of
dune vegetation using as an indicator the magnitude of the cover
changes obtained from a coarse classification of shrubs and sand. The
focus of the classification can be easily adapted depending on the type of
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Fig. 8. Dune vegetation state index map from 2002 to 2008 and human occupation in 2008 (upper panel), and dune vegetation state index map from 2008 to 2014
and human occupation in 2014 (middle panel). The lower panel shows insight on the areas nearby human occupation (see location and timeframe at the upper and

middle panels).

plant community in the explored habitats. Other indexes, such as those
developed by Delgado-Fernandez et al. (2019) and Laporte-Fauret et al.
(2020), also required classification methods able to differentiate vege-
tation from sand cover for their computation. Delgado-Fernandez et al.
(2019) used an approach similar to DUVES to identify dune vegetation
disturbance, relying on the manual classification of both vegetation and
sand cover using different RGB orthophotos, a technique that leads to
accurate results, being however more tedious and time-consuming. Be-
sides, it also differs from DUVES by the fact that uses theoretical dune
mobility functions to estimate the relative amount of vegetation cover
that could be expected due to climatic controls on coastal dune field
dynamics (wind, temperature, precipitation and evapotranspiration),
and dune disturbance was understood as changes to vegetation cover not
explained by these climatic controls. DUVES assesses the overall vari-
ability (natural or anthropic) of the system under analysis based on
quantitative changes in vegetation cover occurring during a baseline
period representative of the intrinsic natural variability of the system
when absent of high magnitude and/or persistent perturbations. The
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index developed by Laporte-Fauret et al. (2020) to identify coastal sta-
bility patterns, is somehow similar to DUVES as it relays on vegetation
types too. However, the index used a robust two-step classification
approach based on the NDVI and Random Forest classifier to identify a
total of 11 vegetation and sand cover types. It uses UAS and both
airborne and ground hyperspectral vegetation data, which for this
particular study would not be necessary, since it would increase the
complexity of the approach, making it time-consuming, data
demanding, and costly. In addition, this work provided a spatially var-
iable stability gradient, without considering temporal changes. Alter-
natively, a faster way to differentiate vegetation from sand and avoid the
disadvantages inherent to the different image classification methods
mentioned above, would be to apply remote sensing indexes (e.g. NDVI;
Difference Vegetation Index; Grey Index; among others), as done by
Chen et al. (2021). These authors used the previous indexes derived
from Landsat images to indicate the abundance of vegetation or sand
and estimated the vegetation cover applying a dimidiate pixel model.
The approach used by the authors could be fast. However, the obtained
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(b) gull breeding pairs as obtained from censuses performed by the University of Coimbra (2014-2019) and SPEA (2020), and (c) photograph showing some AG

flying over their southeast distribution area in 2020.

vegetation cover would need to be verified using visually classified
drone imagery and field observations.

Despite being cost-effective, quick, relatively user-friendly and
potentially transferable, DUVES also has limitations. Disadvantages
inherent to the adopted approach could be related to the quality and
seasonality of the available RGB imagery, which may influence the
unsupervised image classification accuracy as previously pointed out
(Delgado-Fernandez et al., 2019), interfering in the estimate of vegeta-
tion cover changes and ultimately altering the definition of the dune
vegetation states over the years. A way to minimise this limitation would
be to use RGB imagery captured during the same season. In addition, the
resolution used to estimate the shrubs and sand cover changes and to
compute the dune index maps (100 m? in this case) can affect the dis-
tribution configurations by masking unexpected patterns or distortions
in their shape, and this would influence the definition of the dune state
thresholds too. However, using smaller areas would hamper the iden-
tification of trends on the dune vegetation state at the landscape level,
which was the goal of this study. Nevertheless, the selection of the
spatial resolution of analysis can be adapted, and it is recommended to
qualitatively compare the DUVES outputs with other images or in situ

observations, as done in this work. Another possible source of uncer-
tainty is the selection of the baseline period to define the expected
vegetation cover variability of the system, which affects the values of the
percentiles used to define the dune vegetation states for the upcoming
periods. For instance, in the study case of this work, the baseline period
chosen was characterised by significant growth of shrubs (class 1)
(Fig. 6). Therefore, each user should analyse carefully the observed
trends identified by DUVES, without forgetting the existing cover
change distributions in the chosen baseline period. Thus, defining the
expected variability of vegetation cover on such dynamic dune systems
is challenging. According to Landres et al. (1999), no a priori time period
or spatial extent can be used in defining natural variability. Instead, the
selection of the relevant period and spatial extent must rely on specific
goals and explicitly stated values. In the study case, the selection of the
baseline period (2002-2008) was determined by the image availability,
and also represents reasonably well the expected natural variability of
the dune vegetation cover before any significant and persistent pertur-
bation. Extending further backwards the temporal scale would not solve
this issue (threshold improvement) as the progradation of dune ridges
and the subsequent vegetation zonation in the island would still be

12
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ongoing. This would hamper again an accurate definition of the ex-
pected natural vegetation cover variability and bias the definition of the
dune vegetation states. It is, therefore, important to emphasize that this
work provides a general workflow to compute a dune state index in
which the different steps shown (e.g. selection of a number of classes
used in the classification, the spatiotemporal resolution used to estimate
cover changes, selection of the baseline period) are customisable and
adaptable from user to user (Fig. 2). That adaptation depends on the
characteristics of each particular study site, the purpose of each work,
and the availability and quality of images. Even with the mentioned
inconveniences, DUVES can quickly and easily inform decision-makers
about the state (or health) of the vegetation on coastal dunes, allow-
ing also to communicate information about habitat changes and trends,
and helping to identify possible sources of disturbance.

5.2. Causes and consequences of dune vegetation perturbation in Barreta
Island

The application of DUVES in Barreta Island allowed to understand
the evolution of the dune vegetation perturbation at the area but also the
associated causes when compared to possible disturbance sources
(human interferences and gull pressure). Dune vegetation under
perturbation associated with human occupation and activities seemed to
be localised and with a relatively small expression when compared to
the overall island dimension. Human occupied areas do not correspond
to the main perturbed areas identified by DUVES (western and eastern
areas represented in Fig. 7). The gull colonies seemed to contribute to
most of the dune vegetation perturbation in Barreta Island. The per-
turbed western and eastern areas identified from applying DUVES
largely coincided with the distribution areas of YLG and AG (see the blue
and black polygons representing gull occupation areas over the red
patches representing vegetation perturbation in Fig. 9a). In Barreta Is-
land, both gull colonies are known to breed in sympatry from mid-April
to mid-July (Matos et al., 2018) and seem to exist on the island at least
since 2008, based on the testimony of the only inhabitant of the island.
In addition, the first censuses performed in 2010 (AG) and 2011 (YLG)
showed that there were already 399 and 250 breeding pairs, respectively
(Instituto da Conservacao da Natureza e das Florestas, ICNF; personal
communication).

Gulls are often beneficial to flora, small fauna (Olafson, 1981) and
other organisms such as bacteria and the invertebrate community that
feeds on these (Petersen, 2009) due to different behavioural reasons:
transport of nutrients and salt from the ocean onto land in the form of
food remains that they accumulate during nesting, regurgitation and
defecation. Gull faecal material, known as ‘guano’, contains a high
proportion of micro and macronutrients, although it can become highly
concentrated and unfavourable or even toxic to plants at high deposition
rates (Sanchez-Pinero and Polis, 2000). Studies specifically focused on
the impacts of the AG on vegetation were not found, as this gull species
has a limited spatial distribution. However, several studies have been
specifically devoted to investigate the YLG impacts on vegetation in
different habitats (De La Pena-Lastra et al., 2021; Ghermaoui et al.,
2016; Otero et al., 2015; Serra et al., 2016; Vidal et al., 1998). This is
probably attributed to the greater abundances of YLG, which has un-
dergone a widespread demographic increase in the Mediterranean basin
in the last decades (Vidal et al., 1998), and had often been considered as
a pest. Serra et al (2016) warned that the settlement of dense colonies of
YLG on vegetated grounds for several years could affect significantly the
habitat. Minor impacts on vegetation caused by gulls (or other seabirds)
in general and the YLG, in particular, include plant physical disturbance
as well as activities that directly damage plant tissues (e.g. uprooting,
burrowing, leaf pulling) (Ellis, 2005; Kolb et al., 2011; Otero et al.,
2018), seed dispersal of non-indigenous plants, and even erosion due to
plant disappearance following chemical soil alteration (Serra et al.,
2016). Major impacts include plant desiccation nearby nests, changes in
the physiognomy and composition of plant communities due to
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stamping, and an increase in nutrients (N and P) that may alter the
chemical composition of soils (Otero et al., 2015; Serra et al., 2016;
Vidal et al., 2000). Moreover, chemical soil alterations can be especially
aggravated in dense colonies settled in arid areas with low precipitation
and high-temperature conditions where the dilution of nutrients is low
and there are high rates of soil evaporation (Ellis, 2005; Sanchez-Pinero
and Polis, 2000). Nevertheless, the same areas in wet years could benefit
from the presence of gulls and other seabirds and experience a signifi-
cant increase in biomass and annual cover of plants (Anderson and Polis,
1999; Polis et al., 1997).

Soil excessive nutrient accumulation and physical disturbance in
dense gull colonies may change the performance of plants and the
competitive interactions between them, favouring short-lived (annual
and/or biennial) nutrient-demanding species and the ruderalisation of
vegetation and habitats (Garcia et al., 2002; Kolb et al., 2011; Otero
et al., 2018; Serra et al., 2016; Vidal et al., 2000). This may lead to the
loss of biodiversity (Bou et al., 2021) and even the irreversible soil and
vegetation transformation towards a new environmental system (De La
Pena-Lastra et al., 2021). Signs of habitat ruderalisation have been
observed in Barreta Island, associated with the areas that DUVES char-
acterised as exhibiting moderately or highly perturbed dune vegetation.
The growth of Malcolmia Littorea, grasses and other graminoid plant
species such as Vulpia alopecuros (Table S1) seemed to be solely
restricted to the perturbed areas occupied by gulls and identified by
DUVES (Fig. 10). The previous plant association, in these particular
areas, is probably related to their adaptation to elevated nutrient inputs
and gull physical disturbance and had likely replaced previous plant
species intolerant to those conditions (Kolb et al., 2011). This, caused a
bifurcation event towards a change of the plant community and thus of
the habitat (or state) and the fragmentation of the grey dune habitat in
Barreta Island.

Even though the major dune vegetation perturbation identified in
Barreta Island was caused directly by gull pressure and into much minor
extent human interference, it must be highlighted that anthropogenic
activities are the main cause of demographic increase and geographic
expansion of gulls (Mendes et al., 2018). Activities such as intense
fishing, fishery discards, and also the presence of terrestrial landfills in
the surroundings of the gull breeding sites can influence the foraging
behaviour of gulls, as they provide food resources (Calado et al., 2018).
This is especially relevant for the YLG breeding in Barreta Island, which
has been found to use landfills and fishing harbours in the surrounding
area as forage destinations while the AG has a high use of the marine
habitat, showing almost no venture to terrestrial habitats (Calado et al.,
2018). Besides, both species were found to be synchronized with fishing
activities in the area and their population dynamics will likely be
influenced by the European fishery discard ban policy, which is expected
to cause a decline in their populations and an increase in the use of land
resources, especially for the YLG (Calado et al., 2018; Matos et al.,
2018).

5.3. Management implications for dune conservation

As management tools, environmental indicators may provide
awareness over conservation problems that may arise and the eventual
need for actions (Espejel et al., 2008). DUVES can serve as a manage-
ment tool to implement funded and informed coastal management de-
cisions on the preservation of grey dune areas. For instance, at the study
site, the results obtained from testing DUVES will serve as the starting
point to the implementation of several conservation measures for dune
habitat protection, namely the main walkway restoration and its relo-
cation at some points along the island and signposting, which are aimed
at minimizing dune human trampling and alterations in the dune
vegetation habitat. Gull control measures (namely trough feeding) are
also being analysed as a possibility to minimise the impact of gulls at the
area (see LIFE Ilhas Barreira, www.lifeilhasbarreira.pt). Likewise,
DUVES can also be used to monitor dune vegetation recovery after the
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Fig. 10. Drone photo showing the spread of Malcolmia Littorea in the western and eastern perturbed dune areas occupied by gulls (upper panel) (Note that the purple
colour displayed is similar to the one observed in the 2011 Google Earth image of Fig. 7a), and some ground photos showing Malcolmia Littorea, graminoid plants, and

grasses solely found in the perturbed areas (from left to right).

implementation of conservation measures, which is also of interest
worldwide as it is a way of testing the effectiveness of such measures at
places where interventions have been or will be implemented.

6. Conclusions

In this work, an effective index to identify, assess, and monitor dune
vegetation stability, perturbation and growth was developed using as
indicators the per cent cover changes of shrubs and sand estimated from
classifying easily accessible true colour imagery. DUVES has allowed the
characterisation of the conservation status of the dune vegetation in
Barreta Island from 2002 to 2020, and the identification of hotspots of
dune vegetation perturbation that were linked, to a small extent, to
human-related activities and more importantly to the demographic in-
crease and expansion of two gull breeding colonies. Habitat perturbation
derived from gull disturbance had led to a ruderalisation process in the
areas occupied by the gulls in the island, which favoured annual and/or
biennial plant species that substituted the original plant communities.
There was a gull-driven bifurcation event or ecological shift towards a
new plant composition in the grey dune habitat present in Barreta Island
induced by the positive feedback established between gulls and
vegetation.

When applying DUVES, it is recommended to carefully consider the
quality and seasonality of the RGB imagery, to properly select of the
baseline period determining the expected variability of the vegetation
cover changes within the evaluated system, and to define the resolution
used to estimate those cover changes. The previous aspects affect the
selection of cover change thresholds that ultimately define the different
dune vegetation states. The latter can be improved, although not solved
completely, by using RGB imagery captured at the same seasons.

DUVES can quickly and easily inform decision-makers worldwide
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about the state (or health) of dune vegetation. When used for monitoring
purposes, it can inform about dune habitat changes and trends, as well as
help to identify natural or anthropogenic sources of dune vegetation
disturbance. As a management tool, DUVES may provide awareness over
conservation problems that may arise in dune habitats and actions
needed, as well as help to prove their effectiveness once interventions
are carried out.
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