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1 | INTRODUCTION

Abstract

The identification and location of groundwater-dependent ecosystems are the first steps in
protecting and managing them. Such identifications are challenging where the surface expres-
sions of groundwater are not obvious. This work presents a remote-sensing-based approach to
infer the groundwater dependence of semiarid shrubs from their association with fractures that
facilitate root access to groundwater. As a case study, we used the Ziziphus lotus matorral in
south-east Spain, a priority conservation habitat in the European Union (Habitat 5220*, Directive
92/43/EEC) that is highly threatened by agricultural and urban sprawl. The approach combines
object-based image analysis of high-resolution orthoimages to map Ziziphus individuals,
geomorphometric analysis of a lidar-derived terrain model to map bedrock fractures, and spatial
statistics to assess the association between Ziziphus and fractures. Electrical resistivity tomogra-
phy was used to validate the identified fractures, and the seasonal dynamics of the normalized
difference vegetation index was used to prove that Z. lotus maintained higher greenness during
the summer drought and was less coupled with precipitation than the nearby nonphreatophytic
vegetation. A majority (61%) of the Ziziphus patches, particularly the smallest ones, occurred
within 50 m of faults. This spatial association between phreatophyte shrubs and fractures con-
tributes to the identification of groundwater-dependent ecosystems. This approach offers several
advantages because it is simple, low cost, and non-destructive. In addition, the differentiation of
shrubs into size classes provided insights into the long-term environmental controls underlying
the establishment of Ziziphus individuals. The evidence of groundwater dependence by Z. lotus
in Habitat 5220* indicates the need for its urgent protection under the Water Framework

Directive.
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Groundwater-dependent ecosystems (GDEs; Eamus, Froend, Loomes,
Hose, & Murray, 2006) provide multiple ecosystem services for
humankind (Klgve et al., 2011); GDEs are globally at risk due to unsus-
tainable groundwater extraction and climate change (e.g., Barron et al.,
2012; Eamus, Zolfaghar, Villalobos-Vega, Cleverly, & Huete, 2015;

Klgve, Balderachi, et al., 2014, Klgve et al., 2011; Klgve, Ala-Aho,
et al., 2014; Naumburg, Mata-Gonzalez, Hunter, Mclendon, & Martin,
2005). A critical step towards the conservation of GDEs is to improve
our ability to detect them (Eamus et al., 2006; Howard & Merrifield,
2010), which is a requirement that has been already considered even
at major regulatory levels. For instance, that is the case for the
European Water Framework Directive (WFD, 2000/60/EC), which
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obliges member states to first identify and inventory surface ecosystems
associated with groundwater bodies and, second, to designate influence
areas for their subsequent protection (Boulton, 2005; Klgve, Balderachi,
et al., 2014). Thus, the development of cost-effective methods to iden-
tify and locate GDEs and to systematically characterize their depen-
dence on groundwater emerges as an important step for their
conservation and management (Barron et al., 2012; Brown, Bach,
Aldous, Wyers, & DeGagné, 2010; Minch & Conrad, 2007).

The identification and monitoring of GDEs are often time-consum-
ing and costly exercises that require a high level of technical expertise
(Eamus et al., 2015). Although several methods have been implemented
in this direction (Eamus et al., 2015; Pérez-Hoyos, Krakauer,
Khanbilvardi, & Armstrong, 2016), the development of new ones is still
challenging, particularly when there is no surface evidence of groundwa-
ter presence (U.K. Technical Advisory Group, 2012), or there are not
enough data and tools to recognize hypothetical GDEs. Pérez-Hoyos
et al. (2016) and Eamus et al. (2015) offer a profound review of field,
remote sensing, and geographic information system methods to identify
and characterize GDEs. Some of these methods reveal the dependence

on groundwater from the spatial relationship between phreatophytic

vegetation and landforms (Pérez-Hoyos et al., 2016). For instance, geo-
logical lineaments, fractures, and faults can often be associated with
GDEs (Miinch & Conrad, 2007) because they may facilitate root access
to groundwater (Colvin, Le Maitre, & Hughes, 2003).

This may be the case of the arborescent semiarid shrubland of
Ziziphus lotus (L) Lam. This ecosystem is protected under the
European Habitats Directive (priority Habitat 5220* 92/43/EEC),
and it is one of the few terrestrial GDEs in European drylands. Changes
in the quantity, quality, and distribution of groundwater affect GDEs
especially in drylands (Murray, Zeppel, Hose, & Eamus, 2003). In Spain,
Ziziphus shrublands can be affected by the decline in water table levels
due to the overexploitation of groundwater (Garcia et al., 2003), as
well as by its direct fragmentation and destruction due to greenhouse
agriculture and urban sprawl (Tirado, 2009). Several traits indicate a
strong dependence of Z. lotus on groundwater: (a) it has deep roots
that can extend up to 15 m horizontally (Walter & Breckle, 1986)
and 60 m vertically (Le Houérou, 2006), enabling the roots to reach
groundwater; (b) it accumulates a relatively large biomass for dryland
conditions, reaching heights up to 5.5 m, areas of 500 m2, and

biovolumes of 900 m® (Rodriguez, 2016); (c) it extensively propagates
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Distribution of Ziziphus lotus in the study area. The upper panels show the official distribution of “Priority Habitat 5220*—Arborescent

Shrub with Ziziphus” in Europe (black squares; European Union Directive 92/43/EEC; EEA, 2015) and the records of Z. lotus contained in the Global
Biodiversity Information Facility (December 2016) in North Africa and the Middle East (grey triangles). The lower panel shows the study area (black-
dash polygon) in the semiarid coastal plain of Cabo de Gata-Nijar Natural Park (white-points polygon), south-east Spain, which was surrounded by
greenhouses and urban sprawl in 2016. The zoomed image shows Ziziphus patches surrounded by sparse vegetation and bare soil in 2016
(orthoimage from Google Earth). The coordinate system is ETRS89 UTM 30N
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vegetatively (Walter & Breckle, 1986); (d) it is a typical winter decidu-
ous phreatophyte that maintains its vegetative growth throughout the
Mediterranean summer drought (Gorai, Maraghni, & Neffati, 2010);
and (e) it is a drought-tolerant phreatophyte that reaches low water
potentials during the driest months of the summer (Gorai et al., 2010).

This work proposes the use of remote sensing methods to map the
spatial distributions of shrubs and fractures as a means to identify GDEs
in drylands. Our guiding hypothesis was that groundwater dependence
could be revealed through the spatial relationship between the distribu-
tions of shrubs and bedrock fractures that would facilitate their access
to groundwater. As a proof of concept, we used the spatial distributions
of Z. lotus and fractures in a semiarid plain where there is no surface evi-
dence of groundwater presence. For this, we first mapped the shrubs
using object-based image analysis (OBIA) of very high-resolution
orthoimages and the fracture zones using digital elevation models
derived from light detection and ranging (lidar), and then we assessed
the overlap of the two maps. In addition, we used electrical resistivity
tomography to validate the detection of fractures and the satellite-
derived seasonal dynamics of vegetation greenness to show the Z. lotus

growth during the dry season as a proof of groundwater dependence.

2 | MATERIALS AND METHODS

2.1 | Study area and hydrogeological framework

The study site is a semiarid coastal plain (4.7 km?), located in the Natural
Park of Cabo de Gata-Nijar, Spain (36°49'43"N, 2°17'30"W; Figure 1).
The average annual temperature is 19 °C, annual rainfall is 200 mm, and
annual potential evapotranspiration is 1,390 mm (Oyonarte, Rey,
Raimundo, Miralles, & Escribano, 2012). The maximum altitude is
33 mabove sea level and the slope is 2-3%. Geologically, it is composed
of Quaternary deposits fractured by two major tectonic events that
produced sinistral fractures oriented =N43°E (sometimes with a vertical
component) and normal faults oriented =N150°E (Goy & Zazo, 1983,
1986; Sola et al., 2007). The lithology and stratigraphy are characterized
by an upper Miocene-Pliocene basal substrate on which 80 m of Plio-
cene-Quaternary conglomerates and sandstones settle. Frequently,
there are also silts and clays interbedded with fractured calcareous
crusts on the surface. The soil water retention capacity is extremely
low because of its sandy-loam texture and very thin soil layer (Chamizo,
Rodriguez-Caballero, Cantén, Asensio, & Domingo, 2015).

The local aquifer is coastal, shallow, free, and composed of gravel
and sand deposits located in the discharge zone at the end of two wadis
basins. Although it could be considered as the south-west extension of
the main regional aquifer (Hornillo-Cabo de Gata), it is hydraulically sep-
arated by a major fault (Daniele, Sola, Izquierdo, & Bosch, 2010). Conse-
quently, recharge mainly comes from the limited local rainfall and
negligibly comes from irrigation returns and nearby aquifers. Ground-
water withdrawals for greenhouse irrigation have increased over the
last few decades, causing a 30-m decline of the water table in the main
aquifer. As a result of such high withdrawals and low recharge, there is
regional evidence of seawater intrusion (Garcia et al., 2003).

The vegetation shows a typical structure of semiarid formations

with a matrix of annual grasses and small shrubs interrupted by small

bare ground extensions and patches of arborescent shrubs (Rivas Goday
& Bellot, 1944; Tirado & Pugnaire, 2003). These patches are dominated
by Z. lotus, a large hemispherical thorny shrub that reaches up to 3-5m
in height and forms patches (Ziziphus patches hereafter) with average
areas greater than 100 m. Its thorny structure and deep roots mark it
as an ecosystem engineer that produces green biomass during the sum-
mer drought and uplifts water from the deep layers to the upper sail,
thus acting as a fertile island refuge for many plant and animal species
(Lagarde et al., 2012; Tirado, 2009; Tirado & Pugnaire, 2003, 2005).

2.2 | Workflow, datasets, and ground truth

To derive the dependence of the vegetation on groundwater from the
spatial patterns of phreatophytic shrubs (Figure 2), we first mapped the
spatial patterns of Ziziphus patches and fracture zones that could facil-
itate access to groundwater, and we then analysed their spatial

relationship.

2.2.1 | Mapping Ziziphus lotus patches

The mapping of Ziziphus patches was based on the OBIA of an aerial
orthoimage and a normalized digital surface model. Both products were
simultaneously obtained in August 2011 from a helicopter at an altitude
of 550 m. The orthoimage was captured with an airborne RGB H4D
Hasselblad camera with 50 megapixels and a 50-mm lens. Both images
were orthorectified with a final spatial resolution of 10 cm. The surface
model was derived from a high-density point cloud recorded with an
airborne Riegl Q240i LMS lidar scanner system. The average point den-
sity was four points per square metre (sufficient for the detection of
both Ziziphus patches and fracture zones). The point cloud was classi-

fied into vegetation and ground classes. The vegetation elevation

Aerial orthoimage LiDAR data Geological data

o Geomorphometry
analysis

_ Lineaments
/ Shrubs mapping / / (fracture zones) map /

Ground electrical
resistivity tomography
validation

0 Object-based
image analysis

Shrubs - Fractures
association analysis

Identification of shrubs'
dependence on groundwater

FIGURE 2 Proposed workflow to determine the dependence of
phreatophytic arborescent shrubs on groundwater in semiarid
regions. The data sources are in rectangles, the processes and tools are
in ovals, and the results are in trapezoids
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model was calculated as the difference between the digital surface
model (ground and vegetation canopy elevations) and the digital terrain
model (only ground elevations) at a spatial resolution of 1 m?.

First, we partitioned the orthoimage and surface model into signifi-
cant objects (segments or polygons) with similar characteristics in space,
colour, and height (Hay & Castilla, 2006). For this, we optimized the
effectiveness of the multiresolution algorithm in eCognition (v.8.9, Trim-
ble) with 3,240 combinations of three dimensionless parameters: shape,
compactness, and scale (Esch, Thiel, Bock, Roth, & Dech, 2008). Scale
ranged from 100 to 200 in steps of five, shape and compactness ranged
from 0.1 to 0.9 in steps of 0.1, with and without hierarchy options (Bur-
nett & Blaschke, 2003; Lang & Langanke, 2006; Syed, Dare, & Jones,
2005). To identify the combination with segments that better
corresponded to Ziziphus patches in the field, 200 ground-truth observa-
tions of Ziziphus patches (approximately 10% of the population) were
digitized with a submetric Global Positioning System Leica GS20 in 12
systematic transects (2 km long each) parallel to the coastline (125-m
gap between transects; e.g., Liu et al., 2012; Witharana & Civco, 2014).
The best segmentation had to meet two criteria: (a) segments overlapped
or were contained within the field-digitized polygons and (b) the Euclid-
ean distance v.2 (ED2) and the subsequent potential segmentation error
(PSE) and number-of-segments ratio (NSR; Table 1) were optimal (the
closer to zero, the better) following Clinton, Holt, Scarborough, Yan,
and Gong (2010) and Liu et al. (2012). According to Liu et al., ED2 values
closer to zero indicate better geometric (contour) and arithmetic (surface)
coincidence between the OBIA-obtained segments and the field-digi-
tized polygons, whereas high ED2 values indicate a mismatch. The geo-
metric accuracy is estimated by PSE (Equation 1), where values closer to
zero indicate a better fit between the OBIA segments and the field-dig-
itized polygons and greater PSE values indicate worse fits. The arithmetic
accuracy is estimated by the NSR (Equation 2), where values closer to
zero indicate better coincidence between the OBIA segments and the
field-digitized polygons and greater NSR values indicate discrepancy.

Second, the best segmentation was classified into two classes:
Ziziphus patches (Z class) and bare soil and sparse vegetation (S class) using
the nearest neighbour classifier in the Definiens software (Definiens A.G.,
2009). The segment features that were used for the classification were
average brightness (red, green, and blue bands as the true colour image),
area, roundness, and grey-level co-occurrence matrix, which is one of
the earliest techniques used for image texture analysis. The classification
training and validation were based on 200 samples of Ziziphus patches
and 200 samples of bare soil with sparse vegetation, which were selected
randomly following longitudinal transects to the coast with a separation of

150 m between samples. We used 70% of the samples for training and

30% for validation. Validation was assessed by Hellden's mean accuracy

and the kappa index on the error and confusion matrix (Cohen, 1968).

2.2.2 | Detecting lineaments by geomorphometric analysis

Because the geological maps were too coarse to locate fractures in
the area, an ad hoc fracture map was developed from the interpreta-
tion of ground surface lineaments (Evans, 1972). To do so, we per-
formed a geomorphometric analysis of the same lidar-derived
elevation model described above following Jordan (2003) based on
the detection of ground curvatures. First, to enhance the visual detec-
tion of lineaments, four shaded reliefs were created with the insola-
tion set to low inclinations (10°, 20°, 30°, and 45° solar elevation
angle, with three times vertical exaggeration) and the sunshine
azimuths perpendicular to the two known main tectonic fractures in
the region: directions N40°E to N45°E and N140°E to N160°E (Ramli,
Yusof, Yusoff, Juahir, & Shafri, 2010). Second, to identify the valleys
and ridges, the drainage network was calculated using the D8 algo-
rithm (Jenson & Domingue, 1988). Third, the degrees of the slope,
aspect, and curvature were calculated at eight spatial scales (from
3mx3mto 101 m x 101 m at intervals of 14 m) using the multiscale
toolbox in the geomorphometric analysis in ArcGIS (Rigol-Sanchez,
Stuart, & Pulido-Bosch, 2015). Finally, the fractures were located
and digitized in a final lineament-like fracture map with the aid of
field visits to validate the slope changes, an aerial orthoimage to val-
idate the linear spatial patterns, and geophysical methods under sands

to validate the bedrock fracture zones (see section below).

2.2.3 | Validating fractures with geophysical methods

Because underground electrical resistivity methods are costly and time-
consuming, only two orthogonal profiles were performed on two linea-
ments to validate the fracture detection in the study area (Zhu & Zhou,
2014; Schitze et al., 2012). The two chosen lineaments were not pres-
ent in the geological map but were newly identified in this study and
presented a linear distribution of Ziziphus patches. Each profile was ran-
domly set perpendicular to its lineament. The results for only one of the
profiles are shown, but both profiles provided enough evidence for
fracture detection. SAS 4000 Terrameter equipment (ABEM, Inc.) was
used to measure the underground resistivity, with an approximate res-
olution of +1 pV. Data were acquired through four multiple channels
with a set of electrodes and GRAD4S8/GRAD4 LX8 gradient protocols
(ABEM, 2006). The gradient protocol uses a Wenner-Schlumberger
device with multiple channels (Dahlin & Zhou, 2006). The profiles were

80 m long, were south-east (SE)/north-east oriented, and had a 1-m

TABLE 1 Accuracy metrics used to assess the overlap between the field-digitized reference polygons and the OBIA-obtained segments

Equation Description
Equation 1: PSE — lsi=r| PSE assesses the geometric or contour coincidence. ry is the area of the field-digitized polygons in
quation L T3 the reference dataset, s; is the overestimated area of the OBIA-obtained segments, and i and k

vary from 1 to the number of polygons and segments, respectively.

Equation 2: NSR = 225(1™Y)

segments (v).

Equation 3: ED2 = \/(PSE)? + (NSR)?

NSR assesses the arithmetic or surface coincidence. abs is the absolute value of the difference
between the number of field-digitized polygons (m) and the number of OBIA-obtained

ED2 comprises both PSE and NSR accuracies.

ED2 = Euclidean distance v.2; NSR = number-of-segments ratio; OBIA = object-based image analysis; PSE = potential segmentation error.
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TABLE 2 Size classes of Ziziphus patches

Ziziphus patch GRS

area (m?) z1 z2 z3 z4 All
Minimum 11 64 101 159 11
Maximum 63 100 158 511 511
Average 44 81 126 228 119
SD 12 11 17 66 26

The classes were created using quartiles (area increases from Z1 to Z4). The
mapping of 1,982 patches was based on object-based image analysis of a
10 cm x 10 cm RGB orthoimage and a 1 m x 1 m lidar-derived digital sur-
face model that were simultaneously acquired in August 2011 in the semi-
arid coastal plain of Cabo de Gata-Nijar Natural Park, south-east Spain.

electrode spacing. Their position and elevation were measured with a
Leica 1200+ differential Global Positioning System. The calculation of
the inversion profiles was carried out with the RES2DINV software
(v. 3.59, GeoTomo Inc.) with the parameters set to the limitations of
refinement model, standard minimum squares inversion, four nodes
per unit electrode spacing, and the initial damping factor of 0.3. In addi-
tion, to determine the real depth of the resistivity of the materials, the
gentle topography of the study area was calculated from a straight line
of minimum squares and a distorted uniform grid for modelling the
topography. The depth of the investigation index was calculated to test
the consistency of the electrical resistivity tomography profiles
(Marescot et al., 2003; Oldenburg & Li, 1999). The most restrictive

cut-off value of 0.1 was used to consider the data as highly reliable.

2.2.4 | Analysis of association of Ziziphus patches with
fractures

To assess the spatial relationship between the Ziziphus patches and
detected fractures, the average minimum distance was calculated
between all centroids of the Ziziphus patches and fractures in the PAS-
SaGE 2 software (Rosenberg & Anderson, 2011). The analysis compares
the minimum distances to fractures from the OBIA-mapped Ziziphus
patches against the minimum distances to fractures from randomly dis-
tributed Ziziphus patches. To assess the significance of the difference in
the average minimum distance, 999 maps of randomly distributed
Ziziphus patches (with the same number of patches and areas as in the
OBIA-map) were created, and the minimum distances of each iteration

were recorded. To assess whether bedrock fractures would particularly

FIGURE 3 Map of the Ziziphus patches
differentiated in four size classes. The
mapping was based on object-based image
analysis of a 10 cm x 10 cm RGB orthoimage 3
and a 1 m x 1 m lidar-derived digital surface g—
model that were simultaneously acquired in =
August 2011. The inset histogram shows the

frequency distribution of the patch sizes and §_
the quartiles used to separate them into four g
size classes. The lineaments of the Ziziphus
patches can be visually discerned mainly along

Frequency
010 30 50 70

facilitate the access to groundwater by smaller Ziziphus shrubs, Ziziphus
patches (in the OBIA map and in the random maps) were grouped into
four size categories using the quartiles of the area, and significant differ-
ences of the average minimum distances among sizes were assessed

using a Kruskal-Wallis test with multiple comparisons.

2.2.5 | Proving groundwater dependence from normalized
difference vegetation index dynamics

To prove the dependence of Z. lotus on groundwater in the study area,
we compared the seasonal dynamics of the normalized difference veg-
etation index (NDVI) between pure 10 m x 10 m pixels of Ziziphus
patches (42 pixels) and nearby vegetation (42 pixels) in relation to pre-
cipitation, following Eamus et al. (2015). For this, we computed the
monthly NDVI maximum value composite from cloud-free pixels in
the Sentinel-2A archive (Google Earth Engine, June 2015-June
2017). The capacity of maintaining green islands within a sea of brow-
ning senescent vegetation during the dry season was used to prove
that Z. lotus was not subjected to the same degree of soil water deficit
as the surrounding vegetation that does not have access to
groundwater (Contreras, Alcaraz-Segura, Scanlon, & Jobbagy, 2013).

3 | RESULTS

3.1 | Map of Ziziphus patches

The polygonal map of 1,832 Ziziphus patches created from OBIA
showed very high accuracy (Hellden's mean accuracy index = 0.90;
kappa index = 0.89; omission error = 0.08; and commission error = 0.02).
The parameters for the best segmentation were scale = 160, shape = 0.6,
and compactness = 0.9, with a very high accuracy (ED2 index = 0.11;
PSE = 0.10; NSR = 0.05) under nonhierarchical segmentation. From a
total of 79,779 segments, 1,853 were classified as Ziziphus. Once the
contiguous segments were merged, we identified 1,832 Ziziphus
patches, covering a total of 221,195 m? in the study area. The average
density within the extent of occurrence of Ziziphus in the study area
was six patches per hectare. The smallest Ziziphus patch had an area
of 11 m?, and the largest patch reached 511 m?. The mean size was
119 m?, whereas the median size was 100 m? (Table 2). The population

histogram (Figure 3) shows that the size of the Ziziphus patches is

Size classes of
Ziziphus patches

+Z1(11 - 63 m?)
©Z2(63- 100 m?)

and perpendicular to the coast and to the east
and west wadis (in grey) that limit the study
area (dashed black polygon). The coordinate
system is ETRS89 UTM 30N

200 300 400 500 0 500m Z4(158 - 511 m?)

|
562000

0Z3(100- 158 m2)

Area (m?)

| | I I |
562500 563000 563500 564000 564500 565000
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FIGURE 4 Map of the lineaments, such as fractures (black lines),
detected from the geomorphometric analysis of the lidar-derived
digital elevation model. The white line shows the south-west/north-
east 80 m electrical resistivity tomography (ERT) profile (Figure 5). The
thick black line in the south-west shows the major regional fault that
separates the Torre Garcia local aquifer from the Hornillo-Cabo de
Gata regional aquifer. The coordinate system is ETRS89 UTM 30N

slightly skewed towards smaller individuals, with the Z2 size group (63
and 100 m?) reaching the highest frequency (1.39 skewness index and
5.51 kurtosis index). Large individuals (e.g., larger than 300 m?) were

relatively scarce.

3.2 | Fracture zone map

More than 20 km of lineaments was identified (Figure 4). The map

showed relief structures in the area with high detail. The lineaments

Profile distance (m)

were drawn in the direction of N140°E to N160°E, that is, parallel to
the main known tectonic fractures (Goy & Zazo, 1986), although some
structural features that were oriented N40O°E to N45°E were also
observed. The most appropriate geomorphometric maps were calcu-
lated using core size variables from 31 m x 31 m to 59 m x 59 m.
The slope map calculated with a kernel of 31 m x 31 m indicated the
position of four main structural features, and the map with a maximum
curvature profile had a core of 59 m x 59 m, which further improved
the detection of structural features in the direction of N140°E to
N160°E and allowed for the extraction of some new structural fea-
tures in the direction of N40O°E to N45°E.

3.3 | Validation of fracture zones by means of
geophysical methods

Because the resistivity profiles showed similar results, we included
only one profile here to save space (Figure 5). The profile showed
intermediate resistive values (~1,000 Q-m), which were interrupted
at 43 m by low resistivity values (~100 Q-m) to the end of the NE side.
Below this shallow layer, high resistivity values (~5,000 Q-m, from 3-
to 8-m depths) were detected, which were modified between 23 and
39 min length by the presence of fractures. The induced polarization
profile showed high chargeability values linked with these fractures.
The root mean square obtained from the inversion profile was less
than 10%, and the depth of the investigation index of 0.1 was located
below the position of the fractures at approximately at 15 m above
sea level.

3.4 | Association of Ziziphus patches with fractures

Ziziphus patches showed linear spatial patterns associated with

fracture zones and tended to be more frequent near the fractures
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FIGURE 5 Profile 80 m in length orthogonal to a fracture (see location in Figure 4). The abrupt changes in the inversion model of electrical
resistivity tomography (top) and in the induced polarization or chargeability (bottom) led us to locate the fracture zone marked by the vertical
lines. The fracture was detected using geomorphometric analysis of the lidar-derived digital elevation model and resistivity tomography. The results
are confident from the surface down to the white dashed line that indicates the 0.1 depth of investigation value

85US01 T SUOWIWOD 9A1E81D 8 deot dde au Ag peusenob a1e seole YO ‘9sn JO S9Nl 1oy Afeiq8UIIUO /8|1 O (SUONPUOD-PUR-SLLIBY/WOD A8 | 1M Afe.d 1 jBulUO//SdNL) SUONIPUOD pue SWB | 81 88S " [7202/20/20] Uo Ariqiauljuo AS|IM ‘elew |y 8 PepseAIuN Aq EE6T '009/Z00T OT/I0P/W0D" A3 1M ATeIq Ul juD//:Scny Wol) pepeojumod ‘9 ‘8TOZ ‘Z6G09E6T



GUIRADO ET AL.

WILEY—LZ

Size classes of
Ziziphus patches

3 wxe Z1 (11 - 63m2)

N -o-72 (63 - 100m?)
-6-273 (100 - 158m?2)

—a74 (158 - 511m?2)

50
1
+

10

Frequency of Ziziphus patches (%)
30
1

0 50 100 150 200 250
Minimum distance of Ziziphus patches to faults (m)

FIGURE 6 Decrease in the abundance (frequency) of Ziziphus patches
(per size class) as the minimum distance to fracture zones increases.
The 1,832 mapped Ziziphus patches were separated using quartiles
into four size classes of 458 polygons each (size increases from Z1 to
Z4, Table 2) to illustrate how smaller patches were more abundant near
fractures than larger patches. A total of 61% of the Ziziphus patches
occurred within 50 m from faults. The Ziziphus cover was 11%, and
Ziziphus density was nine individuals per hectare in the first 50 m from
fractures, whereas these values were 5% and four individuals per
hectare in the rest of the extent of occurrence in the study area

(61% of the population lived within 50 m from fractures; Figures 6
and A1). The Ziziphus cover was 11%, and the Ziziphus density was
nine individuals per hectare within the first 50 m from fractures,
whereas these values were 5% and four individuals per hectare
in the rest of the extent of occurrence in the study area. The aver-
age minimum distance between Ziziphus patches and fractures was
lower in the analysis of the OBIA-derived Ziziphus locations
(52.16 m) than in the analysis of the random locations
(163.78 m) in 99% of the 999 simulations (Table 3). In addition,
smaller patches tended to be relatively more frequent near frac-
tures than larger patches (Figure 6). Indeed, the average minimum
distance of Ziziphus patches to fracture zones tended to increase
with patch size (Table 3), and the smallest shrubs (Z1 group) were
closest to the fracture zones, with an average of 43 m and a
median of 33 m. The distances to fractures of the smallest groups
(21, Z2, and Z3 groups) were significantly smaller than the dis-
tances of the largest patches (Z4 group; p = .05, n = 1,832,
Kruskal-Wallis test; Table 4).

TABLE 3 Observed versus random distances of Ziziphus patches to
fractures.

Distance of Ziziphus patches

to fracture zones (m) Z1 Z2 Z3 Z4 All

Observed median AMD 330 39.0 425 50.0 411
Observed average AMD 43.1 50.8 52.9 61.7 52.1
Observed SD of AMD 1.8 21 1.9 22 2.0
Random average AMD 116.7 130.6 1570 1364 1352
Random SD of AMD 6.4 7.5 8.6 7.3 7.5

Ziziphus patches were closer than random points to fractures, and the dis-
tance to fractures decreased from the largest (Z4) to smallest (Z1) size class
(see sizes in Table 2). The distances were calculated using AMD analysis
from each Ziziphus patch centroid to the closest fracture in the semiarid
coastal plain of Cabo de Gata-Nijar Natural Park, south-east Spain.
AMD = average minimum distance.

TABLE 4 Differences between size classes in the AMD from Ziziphus
patches to fractures in the semiarid coastal plain of Cabo de Gata-Nijar
Natural Park, south-east Spain.

Observed Critical Significant
AMD to faults difference difference difference
comparisons in AMD (m) in AMD (m) of AMD
71-72 58.2 92.9 False
71-73 711 91.1 False
71-74 183.7 92.2 True
Z2-73 12.9 922 False
72-74 1254 93.3 True
73-74 112.5 91.5 True

The size increases from Z1 to Z4 (see Table 2). The distance from the larg-
est patches (Z4) to fractures was significantly longer than that for the rest
of the classes (Z1, Z2, and Z3). The significance of the AMD difference
was evaluated using a Kruskal-Wallis multicomparison test (p = .05;
n = 916). AMD = average minimum distance.

3.5 | Proving groundwater dependence from NDVI
dynamics

The seasonal dynamics of the NDVI of the Ziziphus patches differed
from that of the nearby vegetation (Figure 7). The NDVI dynamics of
the surrounding vegetation were coupled with precipitation and
decoupled from temperature. Its growing season started in October
after the first autumn rainfall, peaked in the middle of the winter when
the temperatures were lowest and the rainfall was highest, started
senescence with the start of the dry season in May, and was the min-
imum during the summer drought. In contrast, the NDVI dynamics of
the Ziziphus patches were typical of a winter-deciduous shrub, being
more coupled to temperature than to precipitation. The Ziziphus grow-
ing season started in March when the temperatures increased after
the winter, peaked in May (at the start of the dry season), and main-
tained higher NDVI values than the surrounding vegetation through-
out the summer drought, reaching minimum values during the

autumn-winter.

4 | DISCUSSION

The remotely sensed spatial distribution of shrubs and fractures
helped us identify GDEs in drylands based on the spatial relationship
between shrubs and fractures. First, by applying OBIA on a very-
high-resolution orthoimage and a lidar-derived digital surface model,
we produced a map of Ziziphus patches (1,832 patches, 0.90 total
accuracy). These Ziziphus patches were proven to maintain relatively
high vegetation greenness during the summer drought while the sur-
rounding vegetation was senescent, as revealed by the Sentinel-2A
NDVI dynamics. Second, 20 km of ground surface lineaments was
also mapped based on the geomorphometric analysis of the lidar-
derived elevation model. These surface lineaments were proven to
represent subsurface fractures, as validated by geophysical electrical
resistivity tomography. Altogether, our approach confirmed that the
tendency of this phreatophyte to concentrate along fractures that
facilitate its access to groundwater could help identify GDEs in semi-

arid environments.
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4.1 | Z lotus arborescent matorral habitat as a GDE in
SE Spain

Vegetation greenness is known to be driven in this region by climate
(mainly precipitation) but is modulated by lithology and vegetation
(Cabello, Alcaraz-Segura, Ferrero, Castro, & Liras, 2012). The different
dynamics and higher NDVI values maintained by Z. lotus during the
summer drought confirmed that it behaves as a phreatophyte
(Contreras et al., 2013) in SE Spain as it does in other regions (Gorai
et al., 2010; Maraghni, Gorai, Neffati, & Van Labeke, 2014). This
behaviour was also revealed by the tendency that all Ziziphus patches
were concentrated along fractures. This can be explained as a facilita-
tion to plant establishment because fractures form clay deposits with
greater water holding capacities (Dekker & Hughson, 2014) and act
as corridors to access groundwater (Colvin et al., 2003).

Our results also offered insight into the long-term environmental
controls underlying the establishment of Z. lotus individuals in this
semiarid region. Smaller shrubs were closer together and more abun-
dant along fractures than larger ones. This difference suggests that
the establishment of larger and older individuals could have occurred
in historical windows under wetter climatic conditions when fracture
facilitation may not have been so critical. In this area, the largest shrubs
could have established far from fractures during the Little Ice Age
(200 years ago), when the temperature was lower, and the local rainfall
was double the current amount (400 vs. 200 mm) over the course of
several decades (Martin-Rosales et al., 2007). This hypothesis, which
should be tested in future research, agrees with the observed patterns
of the patch sizes and the absolute lack of recruitment observed by the
authors during the field preparation for an ongoing restoration project
(ADAPTAMED LIFE14 CCA/ES/000612).

The confirmation that Z. lotus forms a GDE in the study area
should lead to the creation of conservation and management plans
under the WFD (see next section). Because the conservation of this
priority habitat depends on the groundwater integrity, the local
declines in the water table due to the increasing agriculture intensity
and the subsequent seawater intrusion (Daniele et al., 2010; Garcia
et al., 2003), an irreversible short-term process (Chang, Clement,
Simpson, & Lee, 2011) could be pushing this ecosystem to a local col-

lapse (International Union for Conservation of Nature). These plans

was coupled with precipitation, whereas the
Ziziphus patches maintained higher NDVI
during the summer drought

should extend beyond the park boundaries to ensure groundwater
integrity within the park where the primary Z. lotus populations occur.

4.2 | Implications under the habitats and WFDs in
Europe

Z. lotus arborescent matorral is a protected priority habitat (5220* of
Habitats Directive) that is in serious decline in Europe (European Envi-
ronment Agency, 2015). Unfortunately, the poor situation in SE Spain
could become the common situation in Europe and North Africa,
where many Z. lotus populations occur in coastal areas (Figure 1;
Mucher, Hennekens, Bunce, Schaminée, & Schaepman, 2009) and are
threatened by urban and agricultural sprawl, climate warming,
aridification, and seawater intrusion (Ibafiez, Pérez-Gémez, Oyonarte,
& Brevik, 2015). The compulsory registration and protection (Articles
1 and 6 and Annex 4.5 of the WFD) of GDEs and the sexennial report
on the conservation status of habitats (Article 17 of Habitats Directive)
should urgently include an assessment of the dependence of Habitat
5220* on groundwater.

Indeed, identifying GDEs is an increasingly demanded step in
Europe (Boulton, 2005; Klgve et al., 2011) for the protection and man-
agement of GDEs under the WFD (Articles 1 and 6) and a first step for
the assessment of the hydrological ecosystem services (Carvalho-San-
tos et al., 2013) provided by GDEs. This identification becomes a chal-
lenge when groundwater is not observed on the surface at any time of
the year (U.K. Technical Advisory Group, 2012), and our approach can

assist with this purpose.

4.3 | Potentials and limitations of this approach to
identify GDEs

The approach developed in this study that is based on the spatial rela-
tionship between the remotely sensed spatial distributions of phreato-
phytes and fractures offers several advantages for identifying potential
GDEs. The method is simple, relatively low cost, and non-destructive
(neither to soil nor plants; Eamus et al., 2006). Our method proved to
be particularly successful in semiarid regions, where the spatial distri-
bution of phreatophytic vegetation is conditioned by root lengths
(Canadell et al., 1996), aquifer depths (Hinsby, de Melo, & Dahl,
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2008), and the presence of bedrock fractures that facilitate the access
to groundwater (Aich & Gross, 2008). In addition, the inertia in the spa-
tial distribution of long-lived shrubs (see Garcia & Zamora, 2003) such
as Z. lotus minimizes the noise that external factors such as human dis-
turbances of groundwater may have on the determination of the
groundwater dependence of an ecosystem (Lautz, 2008). One of the
limitations is that the collection of very-high-resolution imagery and
digital elevation models can be difficult for some areas. However, as
Guirado et al., (2017) proved, the use of OBIA and convolutional neural
networks on freely available Google Earth high-resolution images
offers very high accuracies to detect phreatophytic shrubs such as
Z. lotus. Even if a fine-resolution fracture map was not available, the
mere detection of spatial lineaments in phreatophytic plants could be
used as an indirect indicator of potential groundwater resources (even
more if the plant lineaments agree with the direction of the main
regional faults) to support further evaluations.

5 | CONCLUSION

This work provides a remote-sensing-based approach for the increas-
ingly demanded identification of GDEs as a means for their protection
and management (Boulton, 2005, Klgve et al., 2011). The spatial asso-
ciation between the remotely sensed spatial distribution of Z. lotus
shrubs and bedrock fractures helped identify a GDE in a dryland where
the surface expressions of groundwater are not obvious. The majority
(61%) of the Z. lotus patches, particularly the smallest ones, were con-
centrated within 50 m from fractures, which facilitate their access to
groundwater. Electrical resistivity tomography was used to validate
the identified fractures and the seasonal dynamics of the NDVI to
prove that Z. lotus maintained higher greenness during the summer
drought and was less coupled with precipitation than the nearby
nonphreatophytic vegetation. The proposed approach used to identify
GDEs requires only very-high-spatial-resolution RGB orthoimagery for
shrub mapping (e.g., from Google Earth; see Guirado, Tabik, Alcaraz-
Segura, Cabello, & Herrera, 2017), an accurate fracture map (e.g.,
derived from a digital elevation model), and spatial statistics to assess
the association between shrubs and fractures. The already reported
decline of Habitat 5220* in Europe (European Environment Agency,
2015), which is an “Arborescent matorral with Ziziphus,” and our
proven dependence of the main European Z. lotus population on
groundwater indicate the need for its urgent assessment under the
WED to comply with the compulsory registration and protection of
GDEs (Articles 1 and 6 and Annex 4.5 of WFD). Such assessment must
eventually lead to the designation of influence areas for their subse-
quent protection (Boulton, 2005; Klgve, Balderachi, et al., 2014).
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