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Abstract 16 

The aim of the present study  consists on the establishment of any relationship or interaction 17 

between geomorphological processes and vegetation/habitat distribution in an area with 18 

strong environmental gradients: an active saline lake in NE Spain. The resulting maps of the 19 

major geoforms and CORINE habitats within the lacustrine area were overlain to determine 20 

any significant relationships, taking into account the elevation derived from Lidar data. 21 

Whereas the geoforms resulted to have a roughly concentric distribution, the habitats 22 

appeared to be spread across different areas, and flooding frequency seemed not to be a 23 

determining factor in their altitudinal distribution. The correspondence matrix for geoforms 24 

and habitats underlined the coincidence between presently active morphodynamic units, 25 

flooding/salinity, and habitats typical of saline environments. Geomorphological units 26 

associated with the presently active shoreline dynamics host the habitats more typically 27 

related to frequent flooding and high salinity levels. The delay between geomorphological 28 

dynamics and vegetation changes, together with the opportunistic character of vegetation, 29 

promote the coexistence of different geomorphological processes and a great variety of plant 30 

communities and habitats. As a major conclusion, the present study provides a method 31 

through which a standard procedure may be set up to further determine the interaction 32 

between geomorphological processes and vegetation distribution, very useful for 33 

understanding vegetation patterns and conservation biodiversity, and the planning and 34 

managing of Natura 2000 sites. 35 

Keywords: Coastal dynamics; Halophytes; Lacustrine; Natura2000 network; Ramsar; Soil 36 

salinity;  37 

 38 
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1. Introduction 41 

The interest about the complex relationships existing between substrate and biota is notably 42 

increasing during the last decades. Geologic history, landforms and lithology influence 43 

ecological and evolutionary processes and contribute to the design of biogeographical 44 

patterns. The study of such relationships is included under the term “Geoecology”, an 45 

interdisciplinary and multidisciplinary science that integrates geosciences and life sciences 46 

under different scopes (Huggett, 1995). Most part of the research made on such topic focuses 47 

on microbe- and plant-substrate relations (Rajakaruna and Boyd, 2014), while the role of 48 

changing landscapes and geomorphodynamics on plant and habitat distribution has received 49 

limited attention (Barrett and Peles, 1999; Kruckeberg, 2002). 50 

Geomorphological processes control the structure of dynamic landforms in water-terrestrial 51 

environments. These processes are fundamental to the stability of habitats and prediction of 52 

their distribution, as well as providing insights into the design of ecosystem restoration and 53 

management plans. The relationship between landforms and vegetation (Howard and Mitchell, 54 

1985) and the coupling between geomorphological and biological processes have been 55 

recognised on a global scale (Corenblit and Steiger, 2009). Efforts have been made to recognise 56 

integrated biogeomorphological systems (Stallins, 2006; Reed et al., 2018), use protocols for 57 

geomorphological and habitat assessments (Sullivan et al., 2006), and consider 58 

geomorphological variability to enhance biodiversity in temporary waters (Stubbington et al, 59 

2018); however, the relationship between processes and landforms has not been considered in 60 

applied studies addressing the management of geodiverse protected sites (Ibáñez et al., 2019). 61 

Habitats are not usually defined based on the processes or landforms that host the vegetation, 62 

and vice versa, even though the vegetation present is frequently a valuable indicator. It is well 63 

known that species distribution patterns are strongly associated with environmental factors, 64 

including geomorphology (Korkalainen and Laurén, 2006; Sillero-Medina et al., 2020). There is 65 

a global interest in predicting plant distribution and habitat generation. Part of this process is 66 
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driven by the nature and dynamics of the substratum, topography, and elevation. The 67 

relationships between these elements can a priori be considered obvious and elementary, 68 

although the reality is not so simple. An effort is needed to correlate both types of 69 

information, an objective not completely reached in previous works due to the difficulty of 70 

combining ideas, concepts and methods characteristic of quite different, and often distant, 71 

disciplines like geomorphology and ecology : geomorphology involves mapping and measuring 72 

the magnitude and frequency of geomorphological processes; while habitats are defined 73 

through species identification and the definition of phytosociological associations (Commission 74 

of the European Community, 1991; EEA, 2015). 75 

Research into the relationship between habitats and geomorphology is scarce and frequently 76 

entails GIS-derived morphometrics (Carr et al., 2015). There is an urgent need to show how 77 

geomorphology underlies habitat distribution (Reyjo et al., 2014) and to understand the 78 

relationships between geomorphological processes and habitats beyond simple topographic 79 

descriptions.  80 

This is not the case for coastal lacustrine environments. A multidisciplinary approach is 81 

desirable for understanding the vegetation dynamics related to current coastal lacustrine 82 

processes. Spatial shoreline changes occur rapidly in shallow lakes, and habitats often extend 83 

over a limited surface area (Timms, 1992). For this reason, detailed mapping and analysis is 84 

required to enable adequate representativeness, in other words, large and small patches are 85 

considered with similar values (Wintle et al., 2019). The use of a detailed map complicates this 86 

kind of study, which is very scarce in the literature and, in general, limited to coastal marine 87 

environments. 88 

 89 

Geomorphology is the most important predictor of aquatic habitat quality, and linking 90 

geomorphology, habitats and biology is crucial within the context of the European Water 91 
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Framework Directive (Reyjo et al., 2014). The geomorphological component is frequently 92 

omitted in habitat-relevant legislation in Europe. The EU Habitats Directive requires member 93 

states to take measures to protect and maintain natural habitats, although geomorphological 94 

features are not addressed in the most widely adopted habitat classification. Indeed, 95 

geomorphology has been included in various habitat classification systems around the world 96 

(Greene et al., 1999; Last et al., 2010; Shumchenia and King, 2010; Aranda et al., 2017), and 97 

the EUNIS classification characterises habitats by using terrain features in an indirect manner 98 

(Glaves, 2012; Rodwell et al., 2018).  99 

 100 

Most current research into geomorphology focuses on identifying and classifying forms. 101 

Geomorphological maps are mainly made for specialists. However, there is a global demand 102 

for non-technical/applied thematic mapping at the international level (e.g., for EUNIS). 103 

Applying morphodynamic criteria could help our understanding of the great variety and 104 

complexity of vegetation distribution, in terms of textural characteristics or soil composition 105 

and salinity in Europe (Jones et al., 2005). Apart from scientific research and knowledge, the 106 

main purpose of habitat mapping is to provide a pragmatic basis for environmental 107 

conservation. 108 

The aim of this study is to cover the existing void between morphodynamics and habitat 109 

distribution in a lacustrine environment, a target virtually not reached by any previous work. 110 

This innovative approach is made by applying interactive network analysis to high-resolution 111 

geomorphological and habitat maps made in the dynamic saline lacustrine environments 112 

around Gallocanta Lake (NE Spain). We hypothesise that the geomorphological features 113 

generated by a variety of geological processes in the perilacustrine area of Gallocanta Lake are 114 

essential in the control of habitat distributions. The study will improve our understanding on 115 

how the perilacustrine landforms evolve and influence the distribution of vegetation. 116 

Understanding the land morphology and associated formation processes at adequate spatial 117 
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and time scales will provide insight into the origin and trends in habitats, and that will become 118 

a key input in environmental management strategies.  119 

The present work presents the results obtained from a high-resolution geomorphological map 120 

and those related to the detailed distribution of habitats, both made in the same zone. A 121 

multicriteria approach is then applied to the comparison between both groups of results, by 122 

taking into account their distribution with elevation, by relating specific forms with specific 123 

habitats, and by analysing the relationships between morphodynamics and vegetation at 124 

particular places characteristic of the lake shore.  125 

 126 

2. Study area 127 

Gallocanta Lake basin is located at 1000 m a.s.l. in the Iberian Range (NE Spain), on a high plain 128 

surrounded by low mountains (Fig. 1). The depression, NW-SE elongated and of karstic origin 129 

according to Gracia et al. (2002), overlying Triassic clays and evaporites that introduce various 130 

salts into the hydrogeological cycle and are responsible for the present salinity of the lake 131 

waters (Gracia, 2014). The lacustrine basin collects water from a surface watershed of 536 km2 132 

and from a much smaller groundwater basin (143 km2) delimited by impervious materials. The 133 

lake has two distinct margins associated with the different lithologies of the outcrops, their 134 

morphology and slopes (Castañeda et al., 2013; Gracia, 2014). As a result, the NE margin of the 135 

lake is mainly erosive, whereas sedimentary processes predominate along the SW margin.  136 

Previous geological and geomorphological maps of the area (Hernández et al., 1980; CHE, 137 

2003) depict only general Quaternary materials around Gallocanta Lake, extending several km 138 

from the lake border. More detailed geomorphological maps of the lacustrine area have been 139 

produced in recent years,  which differentiate geomorphological processes along the NE and 140 

SW margins of the lake (Castañeda et al., 2013) and discriminate lacustrine terraces and relict 141 
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barrier levels in the easternmost, less inundated area (Gracia, 2014; Luna et al., 2016; Gracia 142 

and Castañeda, 2018). 143 

The climate of the area is dry semiarid with a mean annual rainfall of 488 mm over the last 70 144 

years (from 761 mm in 1959 to 232 mm in 2001). The mean annual temperature is 11.2 ºC. The 145 

annual hydric deficit is 605 mm for the period 2005-2014, which is intensified by the frequent 146 

winds that reach speeds of up to >80 km h−1 in winter, blowing to the SE (Martínez-Cob et al., 147 

2010). In recent decades, a general trend towards decreased flooding has been observed in 148 

the lake following a cadence of dry and wet climate periods, with mean rainfalls ranging 149 

between 449 and 538 mm/year (Luna et al., 2014). As a consequence, from a maximum lake 150 

water level registered in 1974 (2.84 m, in Pérez-Bujarrabal, 2014) the lake may now desiccate 151 

completely in years that occur during periods of low rainfall. 152 

The general distribution of the vegetation around Gallocanta Lake is considered to respond to 153 

a broad gradient of soil moisture and salinity that, in turn, depends on the seasonal and 154 

interannual water level fluctuations in the lake (Fig 11 in Luna et al., 2016). The effect of low 155 

lake volumes impacts extensive perilacustrine areas where the most active littoral and 156 

perilacustrine landforms create subtle topographic differences that are crucial in the 157 

establishment and distribution of vegetation. Saline areas are colonised by annual and 158 

perennial halophytes, some of which include protected species such as Limonium sp., 159 

Microcnemum coralloides, Carex lainzii, and Puccinellia pungens.  160 
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 161 

Fig. 1. The main figure (a) is a digital elevation model showing the study area with the location 162 

of Gallocanta Lake (blue line) and the perilacustrine area (red line). On the right side, the three 163 

images show the lake under three different hydric conditions: (b) the maximum registered 164 

water surface in 1975 (aerial photograph); (c): high water level in 1992 (Landsat 5TM RGB 543 165 

image); and (d): total dryness of the lake in 2012 (ortophotograph). The 992 m and 995 m 166 

contour lines are drawn in red. 167 

 168 

3. Method 169 

An aerial photograph of Gallocanta Lake taken in 1975 (Fig. 2b) bears witness to the highest 170 

water level recorded in the lake in recent decades (Pérez-Bujarrabal, 2014). Succeeding 171 

satellite data and orthophotographs (Fig. 2c and d) were analysed to identify areas subjected 172 

to recurrent intermittent flooding. LIDAR derived contour lines with a 0.2 m interval (LiDAR 173 

data density of 0.5 p × m-2) were used to delimit the active perilacustrine area to be considered 174 

in this study,, at an altitude of up to 995 m a.s.l., and with a surface extent of 2000 ha 175 
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(between the red lines in Fig 1). The geomorphological map of the lacustrine area was drawn 176 

up using printed aerial photographs from PNOA2006 at 1:15 000 scale, selected as being the 177 

most informative of all those available, followed by subsequent field inspections.  178 

Habitats were mapped in the field (Pedrol and Conesa, 2014) using printed aerial photographs 179 

at 1:6 000 scale and later transferred to a digital base map. Habitat units were delineated 180 

according to the Biotopes CORINE Manual (Commission of the European Community, 1991) 181 

adapted to the region (Benito, 2011). It also corresponds with the habitats listed in Annex I of 182 

Directive 92/43/EEC. The habitats were identified in the field according to their diagnostic 183 

species (Conesa et al., 2011) and phytosociological inventories (Rodwell et al., 2018). .  184 

The maps were transferred to ArcGIS® for spatial analysis and later edited using Illustrator 185 

CS5®. Integrating the geomorphological and habitat maps required the cartographic units of 186 

the two maps to be aggregated. Individual habitat types were grouped, usually occupying at 187 

least 10 ha. The aggregated habitats were interpreted as inter-dependent and having similar 188 

geomorphological processes or salinity and flooding conditions. Their degree of salinity and 189 

flooding was established by applying the CORINE qualitative descriptors (classification) (CEC, 190 

1985). 191 

The patch numbers and morphometric characterisation of each unit of the geomorphological 192 

and habitat maps were extracted from the vector maps within ArcGIS® and included the 193 

surface area (A), perimeter (P), and irregularity index (Ir), which measures the sinuosity of their 194 

perimeter (Hutchinson, 1957) calculated as Ir= P/2√πA (with 1, the minimum value, 195 

representing a circle). The elevation values of the map units were extracted from maps 196 

previously rasterised to a square pixel of 10 m. The elevation data was analysed using SSPS® 197 

boxplots drawn following Chambers et al. (1983). The geomorphological (G) and habitat (H) 198 

units were combined to determine the spatial relationships existing between the two maps. 199 

The spatial coincidence of each (Gi-Hj) pair of units was expressed as a matrix (Ci,j):  200 
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𝐶𝑖𝑗 = 100 × |𝐺𝑖 ∩ 𝐻𝑗| √|𝐺𝑖| × | 𝐻𝑗|⁄  

Where Gi represents the set of pixels of the geomorphological unit i, Hj represents the set of 201 

pixels of the habitat unit j, |Gi| is the cardinality or the size of the unit, and Gi∩Hj represents 202 

the intersection of the two sets. Since the size of the units differs significantly, the ratio of 203 

intersection takes into account the geometric mean of the areas of the two sets. The matrix 204 

values greater than 5% were represented in a circular co-occurrence graph, using the network 205 

visualisation software Gephi® (Bastian et al., 2009) to provide an integrated illustration of the 206 

underlying spatial associations between habitats and geomorphological units, along with the 207 

relative strength of these. 208 

 209 

4 Results 210 

4.1. Geomorphological map 211 

A detailed geomorphological map was produced, involving 19 geomorphological components 212 

ranging in size from 5 to 970 ha (Fig. 2 and Table 1). These were synthesised into 12 213 

morphodynamic units (GeoUnits), most including a single component. The complex 214 

morphodynamic units 1 and 2 were located in the more dynamic sectors of the lake and were 215 

affected by the direct action of water. The resulting morphodynamic map highlighted the fact 216 

that the current, or most recent, geomorphological processes identified around Gallocanta 217 

Lake were mainly conditioned by coastal dynamics. These are described below as forming part 218 

of four overarching areas of lacustrine processes. 219 

4.1.1. Lakebed (GeoUnit 1) 220 

The lakebed represents 47% of the lacustrine area (Fig. 2a and b). It includes the present-day 221 

central lake bottom (Unit 1a) together with a few small, slightly perched, lake floors (GeoUnit 222 

1b), which correspond to terrace T0, previously identified by Luna et al. (2016). These may be 223 
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inundated during high lake water levels (Fig. 7 in Pérez-Bujarrabal, 2014). The lakebed has a 224 

median elevation of 991.7 m a.s.l. and is often exposed during periods of drought. 225 

Morphologically it constitutes a wide flat sedimentary surface comprising saline carbonate-rich 226 

muds and silts. The coastal edge of the lake transitions to the surrounding coastal forms and 227 

environments, mainly beaches and sand barriers, through an intermediate sublittoral fringe 228 

(GeoUnit 1c) of mixed sediments (clays, silts and fine sands) resulting from longshore currents 229 

and lake level fluctuations. Locally and connected to delta fronts, this transitional unit 230 

constitutes prodeltas (GeoUnit 1d), where the prevailing sediment transport is perpendicular 231 

to the shoreline. 232 

4.1.2. Sandy coast (GeoUnits 2, 3, 6 and 12) 233 

The beaches (Unit 2a) form a very frequent although rather discontinuous narrow fringe of 234 

sand deposits distributed around almost the entire lake bottom. A total of 25 individual beach 235 

patches with a mean size of 1.4 ha were computed; some of these are greater than 3 km long, 236 

and they may be as much as 100 m wide on the SW lake margin. The beaches are not linked to 237 

lagoons or peripheral wetlands but usually abut higher units, such as lacustrine terraces. Their 238 

texture and colour on the aerial photographs as well as field observations reveals deposits of 239 

very fine sands and silts, typically light grey in colour. The beaches appear an average of 0.6 m 240 

below the active barriers. 241 

Other morphologies in this group include more local forms, like sublittoral sandy hooks (Unit 242 

2b), which appear at the free limit of sandy spits. These are typically generated by wave 243 

refraction and diffraction around the spit border, and always reflect prevailing NW-SE wave 244 

propagation linked to the predominant winds in this area. This process dissipates part of the 245 

wave energy, leading to progressive sand deposition while waves surround the extreme of the 246 

spit. Other sandy accumulations appear in front of the delta plains, forming delta fronts 247 

(GeoUnit 2c) and submerged prodeltas, very similar to those seen in the marine realm. In such 248 

cases, sand deposits form fan-like surfaces that dip smoothly towards the lakebed. These 249 
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sandy deposits develop noticeably along the northern margin of the lake due to the 250 

permanent character of the streams associated with the deltas (Fig. 1). Closely connected to 251 

these, the delta plains (GeoUnit 3) are transitional flat zones developed between the main 252 

water streams and the submerged part of deltas. They are restricted to several small patches 253 

with a total surface area of less than 1 ha. 254 

The barriers (current and relict) form more or less isolated longitudinal sand accumulations 255 

following the main lake shoreline, similar to the marine barrier islands typical of sandy and 256 

mixed coasts. A total of 24 patches of this unit, accounting for 2% of the lacustrine area, were 257 

identified (Fig. 2b), some of these are anchored at one end, forming longitudinal sandy 258 

peninsulas (Fig. 3). The barriers can be more than 1 km long and, as in marine environments, 259 

they often isolate lagoons or peripheral wetlands. They are no higher than 1 m in relief, 260 

although this is enough to isolate the coastal lowlands from the main body of the lake, 261 

preventing the frequent flooding that would otherwise occur. Several stepped levels of sandy 262 

barriers have been identified (Gracia and Castañeda, 2018), reflecting different water levels 263 

reached by the lake in the past. The lowest barriers (GeoUnit 6), at a median elevation of 992.7 264 

m a.s.l., are currently active and usually hold vegetation or dispersed salt meadows. Higher 265 

barrier levels, at the uppermost elevation (median 994.6 m a.s.l.), have been identified along 266 

the NE and SW margins of the lake (GeoUnit 12). They are considered relict, are located to the 267 

landward side of the active barriers, and are commonly more densely vegetated.  268 

4.1.3. Muddy and mixed coasts (GeoUnits 4, 5, 8 and 9) 269 

Behind the sand barriers, the smooth longitudinal depressions, partly or completely isolated 270 

from the lakebed, develop lagoons (Unit 4) and sedimentary plains of mixed origin, where the 271 

sediments are generally finer than those of the enclosing barriers. Aggradation processes 272 

predominate in these depressions that are only flooded during high water periods. They occur 273 

typically along the SW and SE lake margins (Fig. 2b). Their sedimentary infill ends in a 274 

perilacustrine sedimentary plain (GeoUnit 5), which is more developed along the SW lake 275 
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margin, with a total of 17 patches with a mean surface area of 11 ha (Fig. 2b). On the NE 276 

margin, other peripheral wetlands (GeoUnit 8a) are associated with former, relict sand 277 

barriers. These have not yet reached the final sedimentary plain stage due to the higher 278 

topographic gradient of this margin and probably to a greater original water depth. At present, 279 

most are not flooded although their shallow groundwater favours the persistence of natural 280 

vegetation (GeoUnit 8b), and even crops, with occasional evidence of failure due to soil salinity 281 

and waterlogging. Finally, other mixed to fine-grained units surrounding the lake are related to 282 

local natural water springs, around which dense vegetation develops. These form freshwater 283 

marshes (GeoUnit 9) and are common along the NW lake margin. 284 

4.1.4. Terraces (GeoUnits 7, 10 and 11) 285 

Terraces constitute peripheral sedimentary plains distributed on several levels, stepped 286 

towards the lake bottom. These plains are fairly constant in relief and terminate in small net 287 

escarpments concentrically distributed around the lakebed (Fig. 2b). From a sedimentary 288 

perspective, they represent former perilacustrine plains in sedimentary environments 289 

(commonly beaches) active during past periods of the lake’s history. Associated deposits, 290 

accessible in quarries and pits dug into the different terrace levels, show typical coastal, mainly 291 

beach deposits (Gracia, 1995; Castañeda and Gracia, 2017). 292 

The terraces cover a surface area of approximately 718 ha, representing 35% of the area 293 

mapped (Table 1). In this work, the series of 5 terrace levels previously established by Luna et 294 

al. (2016) in the SE sector of the lake, from T0 to T4, has been simplified. Three general groups 295 

of terraces have been considered: low, intermediate, and high. Low terraces (GeoUnit 7) are 296 

distributed around the lake in 13 patches with a mean size of 14.1 ha. The intermediate 297 

terraces (GeoUnit 10) comprise T2 and T3 and are represented by large and continuous 298 

patches with a mean size of 20.6 ha, totalling twice the surface area of the low terraces. This 299 

unit is the largest and most continuous plain enclosing the lakebed (Fig. 2b). The high terrace 300 

levels (T4) are restricted to 11 smaller patches (mean size = 5.8 ha) circumscribed to the SE 301 
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sector of the lake (Figs. 2a, b). There is a difference of only 0.9 m between the median 302 

elevations of the low and high terraces, evidencing the subtle topographic differences 303 

exhibited by the landforms around the lake. The highest irregularity index of all the 304 

geomorphodynamic units is presented by the low terraces (3.6), probably due to the present-305 

day action of lake waves and currents. In contrast, the perilacustrine wetlands have the lowest 306 

irregularity index (1.5). The variation in elevation, measured as standard deviation, decreases 307 

with terrace height as a consequence of homogenisation caused by agricultural activities and 308 

erosion-sedimentation processes (mainly related to weathering and runoff), which tend to 309 

even out small irregularities. 310 
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 311 

Fig. 2. (a) Geomorphological map of Gallocanta Lake depicting the 19 morphodynamic 312 

elements. Frames locate the maps in Fig. 8. (b) Individual maps of the 12 synthetic 313 

morphodynamic units are sketched in red.  314 

 315 
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 316 

Fig. 3. Aerial oblique photograph of Gallocanta Lake (2005-07-16) displaying some of the 317 

different landforms identified and described in the text (Photo: P. Vicente). 318 
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Table 1. Morphodynamic units of Gallocanta Lake established from the total geomorphological elements, from the center of the lake to its periphery, 319 

surface extent and elevation. SD: standard deviation. Ir: Irregularity index. Colour of morphodynamic units corresponds to the map legend in Fig. 2. 320 

Geomorphological element 

Morphodynamic unit 
Morphological analysis of the 

patches 

Name 

Surface Elevation (m) 
No. of 

patches 
Mean 

size (ha) 
Mean Ir 

ha % Median Mean SD 

1a. Lakebed (main lacustrine body) 
1b. Perched lake floor (T0) 
1c. Sublittoral sedimentary fringe 
1d. Prodelta 

1. Lakebed 969.5 46.6 991.7 991.7 0.29 7 137.2 1.6 

2a. Beach 
2b. Sublittoral sandy hook 
2c. Delta front 

2. Beach 53.2 2.5 992.1 992.2 0.35 25 1.4 1.6 

3. Delta plain 3. Delta plain 12.4 0.6 992.2 992.3 0.58 8 1.6 1.7 

4. Lagoon 4. Lagoon 44.5 2.2 992.5 992.5 0.22 5 8.4 2.2 

5. Perilacustrine sedimentary plain 5. Perilacustrine sedimentary plain 190.6 9.2 992.6 992.7 0.43 17 11.0 2.7 

6. Sandy barrier 6. Sandy barrier 25.9 1.2 992.7 992.8 0.44 21 1.5 2.1 

7. Low terrace (T1) 7. Low terrace (T1) 209.8 10.1 993.4 993.5 0.55 13 16.1 3.6 

8a. Perilacustrine wetland 
8b. Marshes linked to perilacustrine 

wetlands 
8. Perilacustrine wetland 34.3 1.6 993.6 993.5 0.63 14 2.5 1.5 

9. Marshes linked to springs 9. Marshes linked to springs 25.9 1.2 993.8 993.8 0.65 5 5.2 2.1 

10a. Terrace T2 
10b. Terrace T3 

10. Intermediate terrace (T2-T3)  452.7 21.8 994.1 994.1 0.48 22 20.6 2.0 

11. High terrace T4 11. High terrace T4 55.4 2.7 994.2 994.6 0.39 11 5.8 2.0 

12. Relict sandy barrier 12. Relict sandy barrier 5.3 0.3 994.6 994.6 0.81 3 2.7 2.5 

 321 
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 322 

4.2. CORINE habitats map 323 

A total of 31 CORINE habitats have been identified in Gallocanta Lake and its surroundings up 324 

to 995 m a.s.l. (Table 2). Only six habitats occupy an area of less than one hectare, although 325 

some of these have a high biogeographic value, such as the Microcnemum coralloides 326 

formations of interior salt basins (CORINE code 15.1141), totalling 0.7 ha, and the 327 

microwoodlands of Tamarix on saline and hypersaline soils (code 44.81342), limited to 0.15 ha.  328 

The habitat map in Fig. 4 is made up of 370 polygons, each delimiting a surface area occupied 329 

by one or more (up to 6) CORINE habitats. A third of the polygons, representing 65% of the 330 

studied area, was identified in the field as a single habitat. A further 20% of the polygons (25% 331 

of the mapped area) was defined by the co-occurrence of two habitats, although, in general, 332 

one habitat covered more than 70% of the polygon. For this reason, only the first habitat of 333 

each polygon was considered representative for mapping.  334 

The habitat map in Fig. 4 consists of a total of 23 cartographic units, recognised as the main 335 

representative biotopes in the study area. Similarly to the geomorphological map, most of the 336 

units comprise single biotopes and compound units 12 and 13 comprise 4 CORINE habitats 337 

each. Based on the affinity of these 23 biotopes in terms of their adaptation or tolerance to 338 

soil salinity and flooding, they have been grouped into 13 principal synthetic habitat units, 339 

ordered from greater to lesser salinity/water flooding (Fig. 4 and Table 2). Of these, the 340 

mudflats (14.1) are rare in Western Europe and represent an enlargement of the European 341 

typological list for inland saline environments. The resulting synthetic habitat map is 342 

considered physiognomically significant in the saline lacustrine landscape around Gallocanta 343 

Lake. 344 

4.2.1. Mudflat / Standing salt water (Unit 1) 345 
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This habitat represents 47% of the study area and is recognisable as the main lake bottom 346 

together with several small, slightly perched flat-bottomed areas (T0) in the SE sector of the 347 

lake. The mudflats (Unit 1, 14.1) are an extensive surface of high salinity clays and carbonate-348 

rich materials that are almost permanently wet. Seasonally, the flat-bottomed areas are 349 

flooded by shallow brackish water and the mudflat soils are intermittently submerged and 350 

develop strong anaerobic conditions. These brackish or saline waters allow the diagnostic 351 

hydrogeophyte Ruppia drepanensis (Unit 1, 23.211) to become established, and in summer this 352 

species can be observed dried out between the salt crystals on the surface sediments of the 353 

lakebed. 354 

4.2.2. Salt marshes (Units 2 to 7) 355 

The Salicornia formations (Unit 2, 15.1152) are characterised by the development of a 356 

therophyte community dominated by Salicornia patula, although Suaeda spicata is also 357 

present. This habitat has low coverage (40-60%) and develops on organic-poor saline soils that 358 

are periodically flooded but dry during the summer. The plants are subjected to frequent 359 

fluctuations in the water sheet, as well as prolonged periods of saturated soil conditions. This 360 

habitat represents 4% of the area and is distributed across a moderate number of small 361 

patches that have a mean size of 1.6 ha (Fig. 4b), and which present the highest irregularity 362 

index of all the habitat units (2.9). They fringe the mudflats, mainly along the SW margin of the 363 

lake, with a tendency to expand towards the water. The extent of S. patula may fluctuate 364 

between different years, although it is always located near the shoreline as the littoral current 365 

parallel to the coast is responsible for transporting and dispersing its seeds, and water 366 

availability is a limiting factor for seed germination. Once above ground, Salicornia plants can 367 

resist high soil salinity conditions. 368 

Ephemeral meadows of annual small herbaceous non-fleshy plants develop in saline humid or 369 

waterlogged soils that are weakly nitrified, with scarce permanence of the water sheet (Unit 3, 370 

15.12). The patches of these pioneering halo-nitrophilous communities, with a mean size of 2.6 371 
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ha, locally fringe the mudflat areas, particularly around the small flat-bottomed areas that are 372 

isolated from the main lake dynamics along the SE margin of the lake (Fig. 4b). The diagnostic 373 

species are Sphenopus divaricatus, Frankenia pulverulenta, and Parapholis incurva, all of which 374 

have a strong pioneering character. These plants emerge when water-soaked soils desiccate. 375 

Prostrate halophilous scrubs (Unit 4, 15.6153) are dense suffrutescent grasslands, similar to a 376 

low-lying and not very dense halophilic meadow in appearance, with Frankenia laevis being 377 

the diagnostic pioneering plant. They are very restricted to the SE margin (Fig. 4b) and develop 378 

in silty-sandy saline soils poor in organic matter, with a short flooding period and always 379 

affected by summer drying. Communities with Limonium (Unit 5, 15.81) are characterised by 380 

the presence of chamaephytes such as L. costae, which develops, mainly in the summer, on 381 

temporarily humid salt-rich soils where the moisture is preserved until late spring. These small 382 

elongated patches, approximately 1 ha in mean size, extend along the beachfront on the 383 

northern lake margin (Fig. 4b) where shoreline erosion processes dominate. 384 

The salt meadows (Unit 6, 15.53 and 15.54) constitute perennial halophytic formations, similar 385 

to low-density meadows in appearance. This habitat accounts for 6% of the study area and is 386 

distributed across 17 patches, with a mean size of 7.4 ha, mainly located on the southern 387 

margin of the lake (Fig. 4b). In general, these habitats comprise tall dense pastures on sandy 388 

soils that are weakly saline when wet, but which are flooded for several months a year. The 389 

diagnostic species are Puccinellia fasciculata, P. pungens, Plantago maritima, and Schoenus 390 

nigricans. They are found in groundwater discharge areas, springs, or areas reached by surface 391 

runoff or irrigation surpluses. 392 

Brackish wetlands (Unit 7, 15.51, 15.52, 15.57, 15.58, 44.81342) are the second most extensive 393 

unit mapped (19%) and these are distributed all around the lake (Fig. 4b) in a high number of 394 

patches (34) with a mean size of 12 ha. This unit also includes microwoodlands of Tamarix. 395 

These are found on clayey soils that are weakly saline and have a low organic matter content. 396 

These areas are colonised by halophilic or subhalophilic rushes and sedges (Juncus maritimus, 397 
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J. subulatus, Carex divisa), and dense perennial grasses (Artemisia gallica, Elymus pungens, E. 398 

hispidus subsp. campestris, Puccinellia pungens) that develop on the low-humidity salty soils.  399 

4.2.3. Water-fringe vegetation (Units 8 and 9) 400 

These habitats are found on lake edges affected by freshwater streams, on compact clay-silty 401 

soils with a high organic matter content and permanent soil moisture (Unit 8, 53.111), even 402 

though in some areas, and for limited time periods, they may be dry in summer (Unit 9, 53.12). 403 

These habitats represent a small part (2.4%) of the study area, although they are distributed 404 

across a high number of very small patches (32). They include flooded reed beds (Phragmites 405 

australis) (53.111) that can be tall and high density, and which are usually found on flooded 406 

soils associated with very slightly saline waters and freshwater springs (Fig. 4b). Less 407 

frequently, they include graminiform herbaceous communities of Typha latifolia (Unit 8c, 408 

53.13), Scirpus lacustris (Unit 8b, 53.12), and large populations of Schoenoplectus maritimus. 409 

Unit 9 also houses reed bed habitats on soils that are rarely flooded, generally by freshwater 410 

(Unit 9, 53.112), and clubrush (Scirpus sp.), where there is sporadic brackish water flooding 411 

(Unit 9b, 53.17).  412 

4.2.4. Humid grasslands (Unit 10) 413 

The humid grasslands, covering a surface area of 4.5 ha, are restricted to the NW of the study 414 

area (Fig. 4b) and include the meadowsweets and Mediterranean tall humid grasses (37.4, 415 

37.242). This habitat comprises subnitrophilous grasses and meadows of temporarily wet, 416 

compact soils subjected to changes in soil moisture content in addition to cattle trampling. 417 

Schoenus nigricans and Cirsium monspessulanus are diagnostic species.  418 

4.2.5. Dry grasslands (Unit 11) 419 

This habitat of 6 ha only occurs along the northern margin of the lake and includes annual 420 

basophilous grasses located in small topographic irregularities with less frequent flooding, 421 
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together with xerophilous perennial grasses, dominated principally by Brachypodium 422 

phoenicoides and other grasses of deep and low humid soils (34.36, 34.5131). 423 

4.2.6. Crops (Units 12 and 13) 424 

Extensive and intensive mountain dryland-farmed herbaceous crops (82.11, 82.33), abandoned 425 

crops (87.1) and associated ruderal vegetation (87.22) are distributed all around the natural 426 

reserve of Gallocanta Lake, in the external sector of the study area, at elevations above a mean 427 

of 994 m a.s.l. Locally, some halophilous habitats of limited extent develop between 428 

abandoned crops, usually on soils where salinity is still preserved. Their development is 429 

conditioned to spring rains. 430 
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 431 

Fig. 4. (a) Distribution of CORINE habitats around Gallocanta Lake. (b) Individual maps of the 13 432 

synthetic habitats units are represented in red.  433 
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Table 2. Habitats identified around Gallocanta Lake, their salinity and flooding degree, extent and elevation. Salinity degree: 1, very high; 2 high, 3, 434 

moderate; 4, low; 5, non saline); Flooding degree: 1: high; 2, moderate; 3, low; 4, dry; p: permanent; s: seasonal. Colour of habitat synthetic units 435 

corresponds to the map legend in Fig. 4. 436 

Cartographic unit and CORINE Habitat (Palearctic code) 
Habitat synthetic 

unit 
Salinity 

class  
Flooding 

class 

Surface extent Elevation Morphological analysis 

ha % Mean Median SD 
No. 

patches 
mean 
size 

irregularity 
index 

(mean) 

1. Mud flats and sand flats in endorheic basin 
unvegetated (14.1) / Vegetated brackish and salt 
waters with Submerged vegetation (23.211) 

1. Mudflat / 
standing water 

1 1s 979.8 46.9 991.7 991.7 0.23 6 163.3 2.6 

2. Salicornia swards of temporarily inundated salt basins 
and MIcrocnemum formations (15.1142, 15.1141)) 

2. Salicornia 
formations 

2 2s 88.4 4.2 992.7 992.7 0.41 16 5.5 2.9 

3. Mediterranean halo-nitrophilous pioneer 
communities (15.12) 

3. Pioneer halo-
nitrophilous 

2 3s 26.3 1.3 993.2 993.1 0.42 10 2.6 2.0 

4. Interior woody seablite prostrate scrubs (15.6153) 4. Halophilous 2 3s 9.2 0.4 993.5 993.5 0.31 2 4.6 2.3 

5. Mediterranean sea-lavender salt steppes of Limonium 
sp. pl. (15.81) 

5. Communities 
with Limonium 

2 4 8.0 0.4 992.5 992.5 0.54 7 1.1 2.3 

6a. Mediterranean salt meadows dominated by fleshy 
or junciform-leaved plants (15.53) 6. Salt meadows 3 3s 125. 7 6.0 993.2 993.2 0.63 17 7.4 2.4 

6.b. Interior Iberian salt pan meadows (15.54) 

7a. Mediterranean salt meadows on wet saline soils, of 
long-inundated and brackish wetlands (15.51) 

7. Brackish 
wetlands 

3 (4) 2(3)s(4) 406.2 19.4 993.4 993.4 0.81 34 12.0 2.5 

7b. Mediterranean short Hordeum, Carex, Juncus salt 
meadows (15.52) 

7c. Artemisia gallica formations of brackish wetlands 
(15.57) 

7d. Juncus subulatus beds on wet saline soils (15.58) 

7e. Microwoodlands of Tamarix (44.81342) 

8a. Flooded places salty to fresh (reed beds) (53.111) 
8. Flooded reed 
beds 

5 (4) 1p 26.1 1.2 993.4 993.3 0.77 9 2.9 2.3 8b. Clubrush (Scirpus lacustris) beds (53.12) 

8c. Reedmace (Typha) beds (53.13) 
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9a. Places dry for a large part of the year (reed beds) 
(53.112) 9. Occasionally 

flooded reed beds 
5 (4) 3(s) 24.8 1.2 993.1 993.1 0.61 23 1.1 2.0 

9b. Clubrush (Scirpus spp.) beds of brackish  waters 
(53.17) 

10a. Meadowsweets and rushes (fresh water springs) 
(37.242) 10. Humid 

grasslands 
5 3(1s) 4.6 0.2 993.0 992.9 0.39 2 2.3 1.6 

10b. Mediterranean tall humid grassland (37.4) 

11a. Iberian System xerophile calcareous grassland 
(34.5131)  11. Dry grasslands 5 4 6.0 0.3 993.3 993.1 0.56 4 1.5 2.2 

11b. Brachypodium phoenicoides swards (34.36) 

12. Mountain dry extensive cultivation and herbaceous 
communities developed on salt (82.33, 87.22, 15.57, 
15.6153) 

12. Crops and 
halophytes 

5 4 27.2 1.3 994.2 994.1 0.42 6 4.6 1.8 

13. Mountain dry extensive cultivation and Mountain 
ruderal communities (82.33, 82.11, 87.1, 87.22) 

13. Crops and 
ruderal 

5 4 358.6 17.2 994.2 994.2 0.51 35 10.3 1.8 

 437 

 438 

 439 

 440 
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5. Discussion 441 

5.1. Distribution of landforms and habitats with elevation 442 

The boxplots in Fig. 5 summarise the distribution of landforms and habitats with their 443 

corresponding elevation. As expected, landform distribution around the lake shows a clear 444 

general response to elevation (Fig. 5a). The median values of the morphodynamic units 445 

configure a clear sequence of littoral lacustrine processes, from those related to present-day 446 

dynamics (GeoUnit 1) to relict forms (GeoUnits 11 and 12). On average, the uppermost (oldest) 447 

geomorphological units are roughly 3 metres above the lakebed, illustrating the overall 448 

flatness of the lake environs and the advantages of addressing the geomorphology based on a 449 

detailed digital elevation model (Castañeda and Gracia, 2017). The median values of most units 450 

overlap with the interquartile range of the succeeding unit indicating the difficulty of easily 451 

discriminating units based solely on topography over such a flat relief. Other criteria must be 452 

taken into account to distinctively and clearly differentiate these (image texture and colour, 453 

relative position to the concomitant units, minor distinctive forms and geometry, inner 454 

sedimentary characteristics, etc.).  455 

The subtle difference in elevation between the successive landforms is almost unappreciable 456 

in the field. However, two conspicuous steps can be identified (red dashed lines) along the 457 

sequence in Fig. 5a, at 992.0 and 993.0 m a.s.l., respectively. The difference in medians 458 

between the lakebed (GeoUnit 1) and the beach (GeoUnit 2) is significant with 95% 459 

confidence. The lower terrace (Unit 7) introduces a second step into the sequence, with more 460 

than 75% of the values above 993 m a.s.l., on top of the sandy barrier (GeoUnit 6). These two 461 

steps allow three main morphotopographic domains to be defined: the lakebed, lake shore-462 

barrier domain, and terrace domain. The first step separates the lakebed, intermittently 463 

flooded during drought periods, from the active coastal fringe where erosion-sedimentation 464 

processes have been acting during high water periods over recent decades (Fig. 1b). The 465 
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second step separates the presently active fringe from a higher set of relict forms and 466 

deposits, functional during the Late Quaternary (Luna et al., 2016). In more detail, the beach 467 

presents a slightly bimodal distribution that can be explained by the presence of small perched 468 

lakebeds and wetlands surrounded by beaches, occupying depressed areas between terrace 469 

levels in the SE sector of the lake.  470 

With regard to habitat distribution with elevation (Fig. 5b), if we discard the crops (GeoUnits 471 

12 and 13) and mudflats (GeoUnit 1), the habitats are concentrated within a restricted fringe 472 

of heights, just a 1.5 m interval between 992.3 and 993.8 m a.s.l., which in Fig. 5b has been 473 

denominated a perilacustrine habitat. The accentuated flatness of the coastal lacustrine fringe 474 

makes it extremely sensitive to subtle water level fluctuations. As a consequence, flooding 475 

frequency seems not to be a determining factor in the altitudinal distribution of the coastal 476 

habitats. In fact, while the morphodynamic units develop a roughly concentric distribution 477 

associated with altitude (Fig. 2), the habitat map shows that the habitats are distributed across 478 

different areas of the coastal fringe, clearly unrelated to elevation (Figs. 4 and 5b). This 479 

suggests that, very probably, other local factors control habitat setting in this domain, mainly 480 

related to soil salinity, exposure to freshwater springs, sedimentation rates, intensity of coastal 481 

currents, etc. The distribution of saline habitats across a particular elevation interval is likely to 482 

be related to the occurrence of relict saline soil conditions disconnected from the present 483 

shoreline environment.  484 

Short periods of partial flooding can be enough to prevent the substitution of a given habitat 485 

by a more xeric one, even though the diagnostic species does not depend on the maintenance 486 

of a permanent water layer. 487 

In summary, the results seem to signal that slight topographic differences can be determining 488 

factors in the patchwork pattern of small-scale habitats, and can favour the development of 489 

ecological niches that explain the abundance and spatial distribution of vegetation (Hoersch et 490 

al., 2002; Mucina, 2018). Although the lacustrine landforms mapped can be considered 491 
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relatively stable landscape features, even though the elevation differences are slight the 492 

habitat differentiation suggests a prominent difference in soil moisture and salinity that 493 

strongly conditions plant distribution. Knowledge of this relationship is vital to our 494 

understanding of complex lacustrine vegetation types and their environment. 495 

 496 

Fig. 5. Boxplots of elevation distribution in the main morphodynamic (a) and synthetic habitats 497 

(b) units around Gallocanta Lake. The medians, interquartile range, and extreme values 498 
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(asterisks) are represented. The X axes are the legend numbers of geomorphological (Fig. 2) 499 

and habitat (Fig. 4) maps.  500 

 501 

5.2. Coincidence between forms and vegetation  502 

As reviewed by Villers-Ruiz et al. (2003), the relationships between landforms (relief type) and 503 

diverse plant communities have been determined for a number of regions. However, 504 

morphogenetic processes are generally not taken into account, only landforms or geological 505 

materials (Higgins et al., 2011). Habitats with a geomorphological signature have been 506 

identified in coastal environments, and some habitats have even been associated with 507 

particular geomorphological features, for at least some stage in their life cycle (Dolan et al., 508 

2012). Moreover, small habitat patches should not undervalued because they are important 509 

for biodiversity conservation (Wintle et al., 2019).  510 

Geomorphology plays a critical role in the distribution of vegetation in lacustrine 511 

environments, as well as on wetlands in general (Tooth and Viles, 2014, Boon et al., 2014), 512 

especially in drylands (Tooth, 2018). However, this is generally unappreciated, and topography 513 

is even sometimes used to characterise landforms instead of geomorphology. Topography and 514 

geomorphology are often completely independent things which do not express the same 515 

process. Geomorphological insights are usually underrated for wetland management, 516 

classification, and ecosystem service delivery (Lisenby et al., 2019). 517 

In this work, the combination of pixel-based landform and habitat maps has resulted in a 518 

coincidence matrix (Fig. 6) whose values (Ci,j) represent the relative strength of this spatial 519 

coincidence but which are weighted by their relative extent. This coincidence ratio provides a 520 

rapid glance at the coincidence between presently active morphodynamic units, 521 

flooding/salinity, and habitats typical of saline environments. Even though some relationships 522 

may be predictable, others are unexpected. As an example, the lakebed geomorphological unit 523 
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unequivocally correlates to the mudflat habitat, as expected. However, there is a high degree 524 

of correlation between the low terraces and salt meadows (coincidence ratio = 42%), 525 

indicating a noticeable preservation of saline environments at a relatively high elevation. 526 

The co-occurrence graph in Fig. 7 also illustrates the pattern of spatial coincidence between 527 

the mapped units through the distribution and thickness of the lines connecting landform (left) 528 

and habitat (right) nodes. Node size is proportional to the extent of each unit. This graph 529 

confirms the coexistence of four main distinct domains in the study area. The two geoform 530 

domains, comprising barriers and terraces, represent a continuum around the lake, while the 531 

two habitat domains, halophytes and crops, constitute a similarly continuous sequence. The 532 

upper half of the graph includes the geoforms and habitats most likely to be related to the 533 

present lake water level, where salinity is expected to be at its maximum and flooding the 534 

most frequent. In contrast, the lower half of the circle represents the geoforms and habitats 535 

related to the highest areas of the perilacustrine fringe surrounding the lake. These areas are 536 

dominated by relict inactive landforms (terrace domain) and the soils are consequently less 537 

saline and flooded much less frequently, making them suitable for crops. These contrasted 538 

environmental situations obviously present one of the highest coincidence ratios, up to 68% 539 

(Fig. 6).  540 

Some interpretations of the specific relationships between habitats and geoforms can be 541 

inferred. Synthetic habitat 1, the mudflats/standing water, strongly corresponds (94.4%) to the 542 

lakebed (Fig. 6). Nevertheless, interannual fluctuations of the water level in the lake could 543 

promote the expansion of this habitat towards the shoreline, transgressing over part of the 544 

littoral sedimentary units (GeoUnits 2a and 5) during periods of high water level and persistent 545 

flooding. S. patula (included in Habitat Unit 2) usually colonises transitional areas between 546 

permanently flooded muds and perennial vegetation (Gasparri et al., 2016), a location that in 547 

Gallocanta Lake is typically represented by the perilacustrine fringe (GeoUnit 5). This habitat 548 
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also develops on other geomorphological units of relatively low elevation (GeoUnits 1, 2, 4, 7, 549 

8 and 10).  550 

The pioneering plants of marked halonitrophilous character (Habitat Unit 3), mainly become 551 

established on the perilacustrine fringe (GeoUnit 5), but also on sandy barriers (GeoUnit 6) 552 

where the soils are saline, weakly nitrified and subjected to a high degree of 553 

evapotranspiration in the summer. This habitat is highly dependent on the erosion-554 

sedimentation processes that occur in the lake shore-barrier domain. These processes can 555 

cause strong variations in soil salinity and flooding frequency, or even bury the seeds in the soil 556 

(Espinar, 2009). 557 

Halophilous prostrate scrub (Habitat Unit 4) occurs mainly at the perilacustrine fringe (GeoUnit 558 

5) where plants are exposed to a variable regime of soil moisture during inundation periods, 559 

and, locally, on the lowest areas of low terraces (GeoUnit 7). Habitat Unit 5 is restricted to 560 

sandy deposits like beaches and sandy barriers (GeoUnits 2 and 6) and, locally, to lagoon 561 

bottoms (GeoUnit 4) and the lowest areas of intermediate terraces (GeoUnit 10) where the 562 

soils are still saline. The soil salinity in these areas may be contributed by the aeolian deflation 563 

of mudflat salts during episodes of drought. 564 

Salt meadows (Habitat Unit 6) are associated with intermediate-low surfaces characterised by 565 

freshwater flooding alternating with summer dryness. They are typically represented on low 566 

and intermediate terraces (GeoUnits 7 and 10), perilacustrine and sublittoral sedimentary 567 

fringes (GeoUnits 3, 5), and perilacustrine wetlands and marshes linked to springs (GeoUnits 8 568 

and 9). 569 

The opportunistic character of the brackish wetlands (Habitat Unit 7) justifies their presence all 570 

around the lake, particularly in intermediate transitional environments (GeoUnits 5, 7, and 10). 571 

Similarly, reed beds (Habitat Units 8 and 9) are widespread across a large number of 572 

geomorphodynamic units, although they are more frequent at the sublittoral and 573 
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perilacustrine sedimentary fringes (GeoUnits 3 and 5), on low terraces (GeoUnit 7), and in 574 

perilacustrine wetlands (GeoUnit 8) in places where there are freshwater contributions to the 575 

lake. The occurrence of humid grassland (Habitat Unit 10) is very local and restricted to the low 576 

terraces, T1, in the NW of the study area (Fig. 4b), in areas that receive fresh water from 577 

streams and springs, which are found in the low shore-barrier domain. 578 

The occurrence of dry grasslands (Habitat Unit 11) indicates non-saline soils. Brachypodium 579 

phoenicoides grassland (Habitat 11b) is predominantly found on soils adjacent to freshwater 580 

streams near the lake, particularly in marshes linked to springs (GeoUnit 9), whereas the 581 

xerophilic calcareous plants of Habitat Unit 11a occur on soils with a very low organic matter 582 

content, behind sandy barriers, on low terraces, and in lagoons (GeoUnits 4, 6, and 7) (Fig. 4). 583 

Crops and ruderal communities principally occupy the highest geoforms in the study area. 584 

They account for almost 90% of the coincidence with lacustrine terraces T2 and T3 (GeoUnit 585 

10), and T4 (GeoUnit 11) (Fig. 6). Nevertheless, crops have spread down to lower areas, into 586 

the perilacustrine wetlands and marshes (GeoUnits 8 and 9) and even onto terrace T1 (Fig. 4b) 587 

where the soils are ploughed and cropped when a lack of soil salinity or the absence of shallow 588 

saline groundwater allows this. Very low salinity levels can also favour the occurrence of 589 

certain annual halophytes. 590 

The matrix in Fig. 6 shows that the geomorphological units that host the greatest variety of 591 

habitats (n=13) are the lower and intermediate terraces, followed by the perilacustrine 592 

sedimentary fringe (n=11), and sandy barriers (n=10). Crucial factors, including the stable 593 

substratum and the seasonality of water salinity, enable soils with higher and lower salinities 594 

to coexist. As a consequence, these transitional units share saline soils but are also conditioned 595 

by other factors, such as oscillations in the extent of interannual flooding, wind erosion, and 596 

perhaps higher soil stability, and the possibility of alternating fresh and saline water. As the 597 

elevation increases, it is expected that soil salinity should decrease (Luna et al., 2016). In this 598 



 

33 

 

sense, the terraces define an elevation gradient that effectively neutralises the effects of 599 

salinity associated with lake water flooding. 600 

Salt meadows and brackish wetlands (Habitat Units 6 and 7) constitute the most widespread 601 

habitats around Gallocanta Lake. Although the surface extent of Habitat Unit 7 is three times 602 

greater than that of Habitat Unit 6, both occur in all 12 of the geomorphological units and are 603 

spread across a high number of relatively large patches (4.4 and 12 ha mean sizes, 604 

respectively). Habitat Unit 6 clearly predominates on the low terrace, T1 (42.4% of the 605 

coincidence), whereas Habitat Unit 7 is more widely distributed, with a coincidence ratio >15% 606 

on geoforms spanning a wide range of elevations (Figs. 6 and 7). 607 

 608 

Fig. 6. Matrix of coincidence ratios between geomorphological and habitats units around 609 

Gallocanta Lake (NE Spain). The name legend of habitats number is shown in Fig. 4. The total 610 

amount of cases with any coincidence ratio (n) and only the cases with n >15% are summarized 611 

for rows and columns.  612 
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 613 

 614 

Fig. 7. Co-occurrence graph illustrating the relationships between morphodynamic and 615 

habitats units and the distribution of the four main lacustrine domains. The thickness of 616 

connection lines is proportional to the coincidence ratio. The inset represents the filtered 617 

graph for a coincidence ratio >15%.  618 

 619 

5.3. Examples of interaction between geomorphological processes and habitat distribution 620 

5.3.1. Morphodynamics and vegetation 621 

The geomorphological role played by fringing vegetation has been recognised in other 622 

environments by Bonn et al. (2014). Fringing habitats are very sensitive to changes in climate 623 

and lake-level, both in the short and long term. Despite the difficulty of relating habitats and 624 

geoforms with height as the main limiting variable, other conditions and situations help 625 

explain the relationships between the two elements at the local scale. For example, in some 626 

cases habitat substitution/succession is somewhat delayed with respect to changes in the 627 
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presently active geoforms, due to the maintenance of specific soil humidity and saline 628 

conditions. This allows diagnostic species to tolerate and resist the initial physical variations for 629 

some time, until they definitively succumb and disappear or there is substitution by a new 630 

habitat. On the other hand, soils constitute potential seed reservoirs for many species in the 631 

area; depending on the changing conditions of humidity and salinity, some species will thrive 632 

when the optimal conditions are achieved (Noe and Zedler, 2001). This kind of environmental 633 

change can even occur seasonally, producing variations in the population dynamics of habitats 634 

(Espinar, 2009). 635 

Fig. 8 shows three sites (see locations in Figs. 2 and 4) that have been selected as examples to 636 

illustrate this kind of relationship. Usually, landforms and features affect the composition of 637 

plant communities in relation to topography and certain pedological parameters (Meilleur et 638 

al., 1992). In other cases vegetation does not reflect geomorphological processes, but is 639 

indicator of soil type or topographic conditions.  640 

 641 

A) Example of a sandy barrier and lagoon (Fig. 8a) 642 

In this case, a series of barrier islands, formed during the Late Pleistocene (Gracia, 1995), 643 

shelter a complex lagoon comprising a set of small pans and wetlands. Processes active in this 644 

area are restricted to a degree of erosion on the exposed (western) side of the main sandy 645 

barrier, sedimentation of fine materials in the lagoon, and the intermittent arrival of 646 

freshwater from the east through streams excavated into intermediate terraces. The habitats 647 

associated with this site are adapted to these ongoing processes: Limonium communities 648 

(Habitat Unit 5) occur on the most exposed beach of the barrier; brackish wetland habitats 649 

(Habitat Unit 7) cover most of the geomorphological units (sandy barriers and terraces); 650 

mudflats (Habitat 1) occupy the bottom of the lagoon; halophilous scrubs (Habitat Unit 4) are 651 

restricted to a small local area that has a mixed saline/freshwater character; pioneer 652 
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halonitrophilous plants (Habitat Unit 3) and occasionally flooded reed beds (Habitat Unit 9) 653 

occupy the rims of the irregular lagoon pans that only flood during high lake water episodes 654 

(Fig. 1b).  655 

This kind of association is very similar to the sequence of sedimentary substratum colonisation 656 

by marshland plants in coastal saltmarshes (Pethick, 1992; D’Alpaos, 2011). Unlike lacustrine 657 

environments, coastal marine habitats have a periodic flooding frequency that is known and 658 

predictable (tides). This periodicity favours the continuous sedimentary aggradation that 659 

usually culminates, after a few years, in total colonisation by halophytes (Davidson-Arnott et 660 

al., 2002; Davis and Fitzgerald, 2004; Temmerman et al., 2005). In lacustrine environments 661 

such as Gallocanta Lake, the flooding frequency is not periodic, but is strongly dependent on 662 

climate, meaning the sedimentary aggradation is not a continuous process. The arrival of 663 

freshwater, humid periods, and aeolian deflation during dry periods (Gracia, 2014) can 664 

determine the survival of certain habitats or the coexistence of different plant associations. 665 

 666 

B) Example of freshwater springs (Fig. 8b).  667 

Springs do not always generate specific morphologies and therefore the original geoforms are 668 

usually obliterated by the plant cover. The lowest areas, such as the lagoon, are occupied by 669 

brackish wetlands (Habitat Unit 7), while the highest areas hold less flooded habitats (salt 670 

meadows). Crops are clearly associated with the higher land that may even be somewhat 671 

humid and present fresh water (Habitat Unit 9). 672 

For continental environments, the CORINE habitat list (Commission of the European 673 

Community, 1991) does not differentiate many habitats linked to freshwater springs, like tufa-674 

forming mound deposits (Tufa cones, 54.121).  675 

Plant communities associated with springs are scarce. In the study area, springs occur at a 676 

certain height above the presently active coastal fringe, very probably corresponding to the 677 
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lithological contact between the impervious Triassic clays and other more permeable overlying 678 

units (Jurassic and Cretaceous carbonates, Quaternary drift materials, etc.). These springs are 679 

often responsible for the development of a series of habitats linked to freshwater wetlands 680 

that are located along the northern coastal fringe of Gallocanta Lake. The deepest wetlands in 681 

this perilacustrine area (GeoUnit 8 of Fig. 2), clearly recognisable in aerial photographs, 682 

correspond to brackish wetlands (Habitat Unit 7). The other units present a poorer spatial 683 

correspondence (Fig. 8b) probably due to the irregular circulation of freshwater on the flat 684 

lacustrine terraces, before it reaches the lake shore, and also to the very fluctuating salinity in 685 

those soils. This leads to the development of plant communities that are well adapted to 686 

pronounced salinity oscillations, which can colonise and become established on wide spaces. 687 

 688 

Fig. 8. Three examples of relationships between geoforms and habitats. The first column 689 

includes oblique aerial images, the second one shows the same zones extracted from the 690 
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geomorphological map (Fig. 2a) and the third column presents the same zones extracted from 691 

the habitats map (Fig. 4a). Location of frames and legends, in Figs. 2a and 4a, respectively. 692 

 693 

C) Example of the coastal sedimentary fringe associated with deltas and local ephemeral 694 

stream mouths. 695 

Deltas are very active sedimentary systems where progradational trends impose a succession 696 

of environments characterised by significant geochemical and morphosedimentary gradients. 697 

As a consequence, deltas very often hold a complete series of plant communities from land to 698 

shoreline (Boggs, 2000; Olliver and Edmonds, 2017). As deltas evolve, so do the habitats linked 699 

to the different environmental units they include (Johnson et al., 1985). In Gallocanta Lake, the 700 

arrival of freshwater courses at given points along the northern coast generates local 701 

sedimentary environments represented by prograding sandy lobes. The habitats that colonise 702 

these dynamic environments are flooded reed beds (Habitats 8 and 9) and brackish wetlands 703 

(Habitat Unit 7). Dry grasslands (Habitat Unit 11) are associated with perilacustrine wetlands 704 

(Habitat Unit 8a, Fig. 3); this environment is highly active and important discharges of 705 

freshwater and sediments are frequent during storm events. These events are capable of 706 

eliminating the vegetation and hampering the substratum stability that is needed for the 707 

efficient colonisation and expansion of vegetation. In addition, there is a rapid substitution of 708 

soil conditions that leads to a greater, although less permanent habitat diversity, at least if 709 

compared to the previous examples.  710 

As in other lacustrine environments (Boon et al., 2014), present-day and future changes in the 711 

habitat distribution and geomorphology of the shorelines are closely related to the evolution 712 

and dynamics of the beach and associated sand barriers. 713 

 714 

5.3.2. Vegetation conditions the local genesis of landforms 715 
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It is widely recognised that the organisation of plants and their communities often affects the 716 

occurrence of geomorphological processes (García-Ruiz, 2015). How vegetation influences 717 

sediment dynamics, including sediment settlement, deposition, and accretion rates, was 718 

studied by Taylor et al. (2019) for restoration purposes. In Gallocanta Lake, the sandy barriers 719 

are considered to be one of the main geomorphodynamic units in spite of their limited surface 720 

area (less than 2% of the studied area). Barriers can be regarded as key landforms in the 721 

further development of littoral dynamics linked to coastal currents. 722 

Barriers can form due to the complex interaction between pioneering vegetation, sediment 723 

supply, prevailing winds, littoral current, and beach-environment geomorphological processes. 724 

The stabilising effect of vegetation (macrophytes) via their structural root network within the 725 

sediment is well known. The presence of vegetation significantly favours surface accretion by: 726 

(1) accumulating organic matter (Kelleway et al., 2017); and (2) facilitating sediment trapping 727 

(Morris et al., 2015; Mudd et al., 2010; Nyman et al., 2006). The action of vegetation on 728 

landform construction has been recognised in both riverine settings (Simon et al., 2006; Wynn 729 

and Mostaghimi, 2006) and coastal environments (Davis and Fitzgerald, 2004; Reed et al., 730 

2018). 731 

In our lacustrine model (Fig. 9), the first step comprises the deposition of plant litter and other 732 

biological remains. These accumulate in strips along the lake shore, where they are trapped 733 

due to the adherent properties of the clay components present on these lacustrine beaches. 734 

When the lake water level changes, vegetation and other organic remains can accumulate 735 

along the water’s edge during the change from high to low water level (step 1 in Fig. 9). These 736 

remains usually retain sediments transported by wind and water and act as a trap for 737 

sediments stirred up by the lacustrine waves and littoral currents (step 2). Pioneering 738 

vegetation is the first to colonise the barren shoreline, using the dead plant remains as an 739 

organic substratum in a typical process of ecological facilitation that is very common in coastal 740 

environments (Franks and Peterson, 2003; Zhang and Shao, 2013). This pioneering vegetation 741 



 

40 

 

plays a major role in impeding the transport of sediments by lake currents and wind erosion. 742 

Similarly to coastal marine environments (Reed et al., 2018), once emergent vegetation is 743 

established, further development of the sand barrier is controlled by the interaction between 744 

the plants and the physical processes. In this sense, Puccinellia fasciculata and, to a lesser 745 

extent, the grass endemic to Iberia P. pungens, has a high capacity to retain sediment due to 746 

the development of pluriannual bunches (step 3). These plants promote deposition by 747 

increasing the surface roughness and slowing water flow with their stems and leaves. As a 748 

consequence, erosion effects are minimized and sediment trapping increases, which favor 749 

sand barrier formation and accretion.  750 

The balance between land aggradation and the relative lake water level is key in the survival of 751 

the vegetation, although it may also be an important horizontal component in the long-term 752 

survival of the habitat (step 4). Overall, it is expected that climate trends towards less rainfall 753 

will drive the lake water level down and consequently the species will be found at lower 754 

elevations. Indeed, in similar wetlands reed areas are replacing former salt grass habitats due 755 

to water level changes (Carreño, 2015). 756 
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 757 

Fig. 9. Evolutionary steps (1 to 4) for sand barrier formation throughout the establishment and 758 

development of P. fasciculata grass in Gallocanta Lake. 759 

 760 

Finally, regarding findings made by other related previous works, the influence of 761 

geomorphological processes on aquatic ecosystems has been broadly studied in rivers where 762 

process domains have been identified based on distinct geomorphological factors (Tooth and 763 

Nanson, 2000; Larsen and Harvey, 2010; Horacio et al., 2018; Kellner and Hubbart, 2019). Such 764 

joint criteria have also been applied in coastal marine environments (Borja et al., 2008; 765 

D’Alpaos, 2011), as the high level of dynamism conditions the pioneer species and 766 

establishment of the different habitats (Ranwell, 1972; Semeniuk, 2007; Dolan et al., 2012; 767 

Morris et al., 2015; Hernández-Cordero et al., 2015; Tecchiato et al., 2015; Ruiz-Fernández et 768 
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al., 2017). In marine coastal areas active sedimentary forms are dependent on vegetation as an 769 

obstacle to wind and tidal fluxes (Bridge and Demicco, 2008), and for buffering erosion and 770 

flood risk (French et al., 2016). They have also been used to help design reserve networks 771 

(Heyman and Wright, 2011). However, no combined biogeographycal and geomorphological 772 

studies have been found applying thematic mapping, GIS and field work to shallow saline lakes, 773 

for which the present work can be considered as fully innovative. 774 

 775 

6. Conclusions 776 

The present work presents the first approach to the establishment of relationships between 777 

morphodynamics and habitat distribution on a saline lake subject to strong environmental 778 

gradients. Combining geomorphological and habitat maps, and analysing their coincidences 779 

and apparent contradictions provides very valuable insight into the real interaction between 780 

the biotic and abiotic components of natural environments. 781 

The relevance of geomorphology for habitats involves issues such as sediment stability, 782 

erosion by local currents, movement of sediments that may act as the vegetation substratum, 783 

and the role of plants in the creation of geoforms. To this end, only the precision and high 784 

resolution of a LiDAR-derived digital elevation model can help properly relate 785 

geomorphological processes and morphodynamic units with habitats and plant communities, 786 

since the size and rate of change of the latter require this kind of cutting-edge technology. 787 

There is an evident correspondence between geoforms and habitats under extreme 788 

environmental conditions such as very high salinity or frequent flooding. However, the most 789 

complex relationships were found in intermediate areas, where the coexistence of different 790 

geomorphological processes was related to a wide variety of plant communities and habitats. 791 

In these cases, a much more detailed analysis of the interaction between biotic and abiotic 792 

processes enabled us to understand this apparent lack of coincidence. Future application of 793 
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this type of analysis to other ecosystems and geomorphological environments would help 794 

improve the procedure proposed in this paper and possibly lead to the development of a 795 

normalised technique for interactions between abiotic and biotic interactions. Spatially 796 

integrating geomorphological and habitat maps is an innovative way of generating the 797 

knowledge necessary for preserving protected areas in the context of the Natura 2000 798 

network. 799 

In summary, the present work demonstrates the relevance of geomorphology for better 800 

understanding habitat variety and distribution in shallow lacustrine environments, by involving 801 

issues such as sediment stability, erosion by local currents, and movement of sediments that 802 

may act as vegetation trap and substratum, and also the role of plants in the creation of 803 

geoforms. 804 
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Tables 1085 

Table 1. Morphodynamic units of Gallocanta Lake established from the total geomorphological 1086 

elements, from the center of the lake to its periphery, surface extent and elevation. SD: 1087 

standard deviation. Ir: Irregularity index. Colour of morphodynamic units corresponds to the 1088 

map legend in Fig. 2. 1089 

 1090 

Table 2. Habitats identified around Gallocanta Lake, their salinity and flooding degree, extent 1091 

and elevation. Salinity degree: 1, very high; 2 high, 3, moderate; 4, low; 5, non saline); Flooding 1092 

degree: 1: high; 2, moderate; 3, low; 4, dry; p: permanent; s: seasonal. Colour of habitat 1093 

synthetic units corresponds to the map legend in Fig. 4. 1094 

 1095 

Figure captions 1096 

Fig. 1. The main figure (a) is a digital elevation model showing the study area with the location 1097 

of Gallocanta Lake (blue line) and the perilacustrine area (red line). On the right side, the three 1098 

images show the lake under three different hydric conditions: (b) the maximum registered 1099 

water surface in 1975 (aerial photograph); (c): high water level in 1992 (Landsat 5TM RGB 543 1100 

image); and (d): total dryness of the lake in 2012 (ortophotograph). The 992 m and 995 m 1101 

contour lines are drawn in red. 1102 

 1103 

Fig. 2. (a) Geomorphological map of Gallocanta Lake depicting the 19 morphodynamic 1104 

elements. Frames locate the maps in Fig. 9. (b) Individual maps of the 12 synthetic 1105 

morphodynamic units are sketched in red.  1106 

 1107 

Fig. 3. Aerial oblique photograph of Gallocanta Lake (2005-07-16) illustrating some of the 1108 

different landforms identified and described in the text (Photo: P. Vicente). 1109 
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 1110 

Fig. 4. (a) Distribution of CORINE habitats around Gallocanta Lake. (b) Individual maps of the 13 1111 

synthetic habitat units are represented in red.  1112 

 1113 

Fig. 5. Boxplots of elevation distribution in the main morphodynamic (a) and synthetic habitat 1114 

(b) units around Gallocanta Lake. The medians, interquartile range, and extreme values 1115 

(asterisks) are represented. The x-axes are the legend numbers on the geomorphological (Fig. 1116 

3) and habitat (Fig. 5) maps.  1117 

 1118 

Fig. 6. Matrix of coincidence ratios between geomorphological and habitat units around 1119 

Gallocanta Lake (NE Spain). The habitat numbers are the same as those in Fig. 5. The total 1120 

number of cases with a coincidence ratio (n) and only the cases with n>15% are summarised in 1121 

the rows and columns.  1122 

 1123 

Fig. 7. Co-occurrence graph illustrating the relationships between morphodynamic and habitat 1124 

units and the distribution of the four main lacustrine domains. The thickness of the connecting 1125 

lines is proportional to the coincidence ratio. The inset represents the filtered graph for a 1126 

coincidence ratio >15%.  1127 

 1128 

Fig. 8. Three examples of the relationships between geoforms and habitats. The first column 1129 

includes oblique aerial images, the second shows the same zones extracted from the 1130 

geomorphological map (Fig. 3a), and the third column presents the same zones extracted from 1131 

the habitat map (Fig. 5a). The location of the frames and legends can be found in Figs. 3a and 1132 

5a, respectively.  1133 

 1134 
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Fig. 9. Evolutionary steps (1 to 4) in sand barrier formation through the establishment and 1135 

development of P. fasciculata grass in Gallocanta Lake. 1136 

 1137 


