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Abstract

:

Mediterranean temporary ponds are a priority habitat according to the Natura 2000 network of the European Union, and complete inventories of these ecosystems are therefore needed. Their small size, short hydroperiod, or severe disturbance make these ponds undetectable by most remote sensing systems. Here we show, for the first time, that the distributed hydrologic model IBER+ detects ephemeral and even extinct wetlands by fully exploiting the available digital elevation model and resolving many microtopographic features at drainage basin scales of about 1000 km2. This paper aims to implement a methodology for siting flood-prone areas that can potentially host a temporary wetland, validating the results with historical orthophotos and existing wetlands inventories. Our model succeeds in dryland endorheic catchments of the Upper Guadalquivir Basin: it has detected 89% of the previously catalogued wetlands and found four new unknown wetlands. In addition, we have found that 24% of the detected wetlands have disappeared because of global change. Subsequently, environmental managers could use the proposed methodology to locate wetlands quickly and cheaply. Finding wetlands would help monitor their conservation and restore them if needed.
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1. Introduction


Semi-arid and dry-subhumid areas are among the most biodiverse regions in the world, thanks to the species richness and the high rate of endemism [1], and are considered particularly vulnerable to climate change [2]. Despite the significant extension of dryland zones worldwide, more knowledge of their aquatic ecosystems must be gained.



Often these lands are imagined as poor in wetlands, but they are not or were not until recently. Wetlands are not always large flood-prone areas or well-defined lagoons with relatively long hydroperiods. Sometimes they are isolated small pools, which are flooded only occasionally, or cryptic wetlands where it is challenging to detect the presence of water. As González Bernáldez and Montes (1989) said, “Wetlands are any functional unit of the landscape that, not being a river or a lake, constitutes a positive hydric anomaly in relation to an adjacent drier territory; the excess humidity must be important enough to affect biological processes” [3]. And that is why it is also considered a wetland “a place where you get your feet wet but you can’t swim” [4]. Indeed, the wetlands in these regions are so shallow that the place name Laguna Honda (Deep Lagoon) is used to refer to small lakes that usually have a depth of just over one meter and do not exceed three meters in the rainiest years [5,6]. Most of the wetlands in this region are less than one meter deep, and the deepest is barely three meters deep [5,6]. Therefore, two meters are already considered deep in these places.



Their small size or depth gives these ecosystems an appearance of little value or grandeur and makes them mainly invisible and vulnerable to many anthropogenic impacts, especially agriculture [7,8]. Subsequently, these unique ecosystems are rapidly disappearing under ploughing and drainage, turning into farmland challenging to identify as wetlands via satellite imagery (Figure 1). The strong impact of changes in land use must be added to the effect of climate change and contamination; the result is that about 21% of global wetlands have been lost over the past three centuries [9]. For other authors, the loss is even more significant and amounts to 35% since the 1970s [10].



The Mediterranean region hoards many typologies of small lakes, ponds, and wetlands for their genesis, functioning, morphology, hydrochemistry, and the biota they host [11,12]. Even so, some ecological typologies are so unique and little known in Europe that they were not even included in the European Water Framework Directive [13,14]. The leading expert scientists in shallow Mediterranean wetlands stress the urgent need for data on the ecology of shallow wetlands in the Mediterranean region since most of the studies on the ecology of shallow aquatic ecosystems have mainly been performed in the north temperate area [14]. One of their most representative types corresponds to the Mediterranean temporary ponds (MTPs). Although it is a priority habitat according to the Natura 2000 network of the European Union [15], we lack complete inventories.



The forecasts reported by the Intergovernmental Panel on Climate Change (IPCC) show that the Mediterranean climate zone will be markedly affected by global warming, significantly affecting the wetlands’ water level and salinisation processes since their functioning depends strongly on the water balance. Additionally, the projected scenarios add further threats because of the potential increased demand for irrigation water [16].



Europe aims to develop new research lines that scaffold the design and monitoring for conservation and restoration actions, specifically in threatened ecosystems. In the recently published Europe Horizon programme [17], the European Commission asks for research projects that assess the status and dynamics of these ecosystems, estimate their vulnerability to multiple stressors, including anthropogenic and natural pressures like climate change, and evaluate the impact of these stressors on the integrity and resilience of ecosystems. The challenges of these projects will be more easily achievable thanks to the new European Directive 2019/1024 that obliges Member States to give open and free access to geospatial and Earth observation data, as well as other high-value data related to the environment and the Meteorology. In the case of Spain, this information is already freely accessible: the Spanish Meteorological Agency (AEMET) provides open rainfall data, and the National Plan for Aerial Orthophotography (PNOA) provides laser imaging detection (LiDAR), digital elevation model (DEM), orthophotographs and other spatial information, etc.



A spatially explicit inventory is essential to manage temporary wetlands on a landscape scale effectively [8,18]. Atmospheric conditions, the spatial resolution of the sensor being used [19], the cryptic nature of wetlands, and their short hydroperiods can limit the remote detection of small wetlands, as explained above. For example, the most accurate band of the Moderate-Resolution Imaging Spectroradiometer (MODIS) has a resolution of 250 m, although many wetlands are much smaller than that. In the case of LANDSAT, this resolution is higher, 30 m, but more is needed when studying ponds and pools barely 10 m in diameter and a few centimetres deep.



Although there are readily available methods for siting a wetland [20,21,22], most of them do not work when the wetlands are minimal—just a few meters wide—or very temporary, or when crops have replaced them (Figure 1); these characteristics become them undetectable by most of the remote sensing systems. Traditionally, these wetlands can be sited after numerous field visits or manually using geographical information systems and high-resolution aerial photographs, a highly time-consuming procedure.



Therefore, it is necessary to develop new tools and methodologies to detect areas susceptible to being considered wetlands, despite the absence of water during a particular period or the lack of those most representative wetlands features, such as riparian vegetation. These tools or methodologies could be particularly relevant when the wetlands have been suffering the direct effects (drainage channels, infrastructures building, land use change) or indirect effects (climate change) of anthropogenic impacts, becoming invisible, less apparent or definitively extinct.



For the first time, we show that distributed hydrological–hydraulic model driven by maximum precipitation is a novel tool to detect potential wetland locations based on the simulated water depth and flow velocity fields. Only presently can we exploit the advantages of the proposed approach because of: (i) the cheap cost of workstations with powerful graphics processing units (GPU), (ii) the release of free or open-source software for distributed hydrological modelling based on the two-dimensional Saint-Venant equations and GPU (e.g., IBER+ [23,24,25], TRITON [26], SERGHEI-SWE [27], LISFLOOD-FP [28]), (iii) the availability of open topographic [29], meteorological [30] and hydrological data in some countries as Spain (see references in [31] and [32]). After identifying a possible wetland, we can verify its existence by cross-referencing historical orthophotos, cartography, and maps with place names, conducting inventories, and making on-site visits. The eventual catalogue of the detected waterbodies as wetlands requires checking the presence of aquatic plants and peat, as explained in our previous works [5,6].



This paper aims to implement a methodology to locate flood-prone areas that can potentially host a temporary wetland. Our approach accounts for depressions on the landscape and the numerical simulation of the wetland infilling processes using a physically based distributed rainfall-runoff model. The free software [23,24,25] has specific features that could allow us to work at the basin scale and take full advantage of the available digital elevation model (DEM). We aimed to test whether this new tool could detect small isolated ephemeral wetlands in drylands. This tool could be handy for environmental managers who can easily, quickly, and cheaply locate wetlands needing restoration while allowing them to monitor their state of conservation.




2. Materials and Methods


2.1. Study Site


The study area locates at the upper Guadalquivir River basin in Andalusia (SW, Spain). There are two drainage sub-basins, Salado de Porcuna and Salado de Arjona streams, with areas of 809 km2 and 490 km2, respectively (Figure 2). The average slope of both basins is around 12%. The most prevalent soil horizons are Vertisols, Cambisols, and Regosols types, characterised by significant clay concentrations [33]. Traditional olive groves are the main crop in both basins (84.5% of the surface in Salado of Porcuna and 91.1% in Salado of Arjona) with 10 × 10 m plantation frames. Generally, the land is maintained with a low density of vegetation cover; this predominant management causes soil compaction, which prevents water infiltration. This results in an increase in surface runoff in the area, giving rise to the dragging of sediments.



Several reasons make this site an ideal natural laboratory to implement our simulation model. On the one hand, it is a homogeneous area regarding soil type and weather. Furthermore, both sub-basins are typically endorheic, included in the so-called Betic endorheism [34]. On the other hand, the ephemeral wetlands of this region have been extensively studied in the past [35,36], so we had ample information to validate our model.



For the sake of conciseness, we provide a summary of the main characteristics and refer the reader to [32] for extra details.




2.2. Description of Modelling Software


The software used to perform the simulation described in the following sections was IBER [23,24,25]. It is free software with a friendly interface, which makes it a relatively easy-to-use model, allowing rapid learning [37]. These characteristics make it an optimal tool to be used by managers and stakeholders in the field of environmental management.



IBER was developed by several Spanish universities and research centres, with funding from the General Water Directorate of the Spanish Ministry of the Environment. It is a two-dimensional open-channel flow modelling tool that combines a hydrodynamic module, a turbulence module and a sediment transport module. The theoretical foundation of the model is based on the resolution of the two-dimensional Saint-Venant equations, also known as shallow water equations [23]:


    ∂ h   ∂ t   + ∇ ·   h   u   = P − I ,  



(1)
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where t is time, h is the depth of the water (measured in its vertical coordinate), u is the depth-averaged velocity vector,     y   b     is the height (altitude) of the bed, and g is the acceleration due to gravity. The source terms in the continuity equation Equation (1) represent the precipitation intensity, P, and the infiltration rate, I. At the momentum balance Equation (2), the bed slope ∇    y   b     can be found, and the shear stress at the bottom can be evaluated with the Manning roughness coefficient, n.



We solved the hyperbolic system of Equations (1) and (2) in IBER with a Roe-type finite volume method [24]. In addition, we activated the hydrology module to include the rainfall source term P in the continuity Equation (1). This module makes it possible to calculate the rainfall-runoff transformation in an entire basin, which accumulates the surface waters in the depressions on the landscape. We neglected other physical processes, such as water infiltration into the soil, underground flow, evapotranspiration, and percolation [23], because of the short duration of the simulated storms and the hydrophobic soil conditions developing under the current soil uses and management [32]. Furthermore, we activated the IBER+ plugin to take advantage of the parallelisation functionalities in the GPU, ensuring a much higher calculation acceleration than the standard version.




2.3. The Use of IBER+ to Map Temporary and Ephemeral Isolated Wetlands


Figure 3 shows an overview of the methodology and the distributed hydrological–hydraulic modelling stages. Before running the simulation, the model parameters must be characterised; that is, the boundary of the drainage basin, the precipitation conditions, the terrain’s roughness coefficient, and the infiltration rate must be chosen (Table 1). A high-resolution DEM suitable for distributed hydrological simulations is also needed to set the elevations in the computational mesh. Hence, hydraulic infrastructures such as underpasses and artificial channels, among others, need to be modelled geometrically to avoid water accumulation in spurious areas. After setting the physical model parameters (see details in Section 2.3.1), the numerical simulation should be executed in the GPU to achieve reasonable computational times. We ran the computations using single precision in an Nvidia RTX 3090, which speeded up the simulation by a factor of 30 regarding a single core of Intel Ice-Lake Gold 6330 processor. The NVidia RTX 3090 yields 36 Tflops for single precision simulations for less than USD 3000, corroborating the cheap cost of high-performance computations in the present day. The combination of the three rasters resulting from the simulation (i.e., the flow depth raster, the shear stress raster, and the flow velocity raster) must be analysed to make a final decision (see details in Section 2.3.2). Finally, the results of the rasters are validated with historical orthography and previous inventories.



2.3.1. Configuration of the Physical Parameters in the Hydrological Model


As mentioned, we reproduced the hydrological behaviour of the two streams’ drainage basins by simulating extreme rainfall events with the IBER+ software [23]. To determine the precipitation conditions in the simulation, we used the existing rainfall series around the study area provided by the Spanish Meteorological Agency (AEMET) (https://sede.aemet.gob.es, accessed on 30 January 2022). We obtained the typical rainfall regime with these data, mainly oriented to the maximum daily values in stations near the study area. We obtained the maximum daily values for different return periods from the analysis of frequencies. The most relevant precipitation data in the simulation are:




	
The maximum rainfall intensity in the previous studied years;



	
The duration of a usual rain event in the study area.








The distributed hydrological module in the IBER+ program allows calculating the rain-runoff transformation in an entire basin since it is possible to use it in small and medium-sized watersheds. Then a precipitation scenario is simulated. In the present study, the primary input data correspond to an event of 5.4 mm·h−1 for 24 h, assigned as for the P-parameter in the IBER+ model to maximise the effects of the generated runoff. The infiltration (I in Equation (1)) can be incorporated into the hydrological model through the SCS method [38]. This method allows evaluation of the capacity and velocity of mean infiltration depending on the land use and the existing slope [39]. In the most unfavourable cases, infiltration is considered null, as in the current study.



The value of the roughness of the terrain depends on the land uses. We employed the SIOSE v2018 database of the National Geographic Institute of Spain to determine them. For the olive grove surface lacking vegetation around the crops (>80% of the drainage area), we set the value of Manning roughness to n = 0.025 s·m−1/3 since it adapts to soils with mostly silt and clay contents [32].



To simulate the dynamics of surface waters in the whole catchment, we specify as many boundary conditions (flow entry and exit) as required to imitate its fluvial dynamics. We chose the rectangular computational domain shown in Figure 2, which includes the two watersheds of Arjona and Porcuna, and set an open boundary there. For the computational calculation, a uniform structured mesh was constructed (square geometry) with a cell size of 10 m, which has generated more than 20 × 106 elements. We built the digital elevation model from the Light Detection and Ranging (LiDAR) dataset acquired on May 2021 by the National Geographic Institute (IGN) (https://www.ign.es, accessed on 30 January 2022), with a point density of 1.5 points per square meter and a mean square error of altimetric precision of 0.15 m. We kept only the ground points from the LiDAR, removing the other point categories (i.e., water, vegetation, and building, among others). Given the long-lasting drought period, which started in 2014, and the dry state of the basin’s drainage network (which is unregulated), most wetlands were nearly empty at the time of data collection. This prolonged dry situation allows for more accurate ground elevation data to be obtained because, since the laser is absorbed by water, data cannot be obtained in flooded areas during wet periods.




2.3.2. Creating a Raster for Wetland Mapping


We used the IBER+ program to carry out the distributed hydrological–hydraulic modelling of the catchments. The calculation of the model provides the water flow distribution as a function of space and time. In this model, two variables are of our interest:



	
The water depth   h  ;



	
The magnitude of the water velocity   v = | u |  .






The depth of the water in an ephemeral wetland is usually shallow and variable. Choosing an appropriate threshold value     z   that distinguishes the water stored in the wetland (  h ≥ z  ) from runoff (  h < z  ) is necessary. An iterative process is needed to determine it. The selected value must be decreased when the model does not detect previously catalogued wetlands. In this study, we used data from the competent administration in our area [35], and after the iteration process, we found the optimal value   z = 0.1   m. However, the flow depth in gullies, streams, and rivers is also deeper than 0.1 m, and one needs to remove them from the output map for wetlands. The water flow velocity in the wetland areas is usually low (  v ≤ x  ) since the high speeds correspond to the surrounding water flowing through the channels and rills (  v > x  ). We found that the velocity frequency histogram serves to identify the limiting value   x  . The histogram in Figure 3 clearly distinguishes two velocity ranges. Water flow velocities lower than 0.025 m·s−1 are too small for gullies and streams. Therefore, we constructed a raster file representing the areas that meet at the same time both criteria:   h ≥ z   and   v ≤ x   with   z = 0.1   m and   x = 0.025   m·s−1.



All the procedure described above was performed with Matlab software. We coded an in-house algorithm that imports the output data from Iber and creates the histograms to detect the threshold values   z   and   x  . Subsequently, constructing the raster that takes the unit value when the criterion   h ≥ z   and   v ≤ x   is satisfied, or zero otherwise, was straightforward. The new map locations with unit values fulfil both conditions and show us the situation of the wetlands. The generated map can then be exported and visualised through a GIS program. This methodology provides the precise location of ephemeral wetlands and other water accumulation systems such as artificial ponds, quarries, and the already catalogued wetlands.



We required two additional criteria to detect endorheic ephemeral wetlands: the possible candidate areas should be disconnected from outflow water and cannot be urban areas. Whilst the IBER software does not see permanent bodies of water by itself, the user can further use the model outputs to locate the ephemeral wetlands following the proposed methodology.





2.4. Model Verification


To verify the suitability of the proposed methodology, we used different sources of information. The first one was aerial photographs, both current and historical, to identify the potential wetlands detected by our model. In order to facilitate this search, orthophotos from rainy years were used. In this phase, signs of temporary water accumulation were verified, such as the presence of water; border-type vegetation; and absence, or less growth, of the olive grove, since this is not very resistant to flooding. Urban areas were excluded, even though some might have been wetlands in the past. The second source of information was previously published wetlands inventories, which allowed us to confirm that the generated map locates a known wetland. Namely, we used the wetland catalogue of the Junta de Andalucía, the Regional Public Administration, and the inventory of researchers from the University of Jaén [36]. Finally, we conducted an in situ verification after a recent rain event. After confirmation, we classified the detected wetlands according to four typologies. Type 1 wetlands correspond to those where surface water appears in some of the historical orthophotos. Type 2 wetlands are those where the historical orthophotos lack a water body, but the presence of marsh vegetation suggests the presence of water in other periods. Type 3 wetlands are disappeared wetlands without water or marsh vegetation since the 1950s. Finally, type 4 includes wetlands that arise due to the drainage deficiencies of anthropic civil infrastructures such as roads or lanes.





3. Results


Table 2 lists all the wetlands in the study area, both previously inventoried and detected by our methodology. As you can see, these are minimal wetlands. Most are smaller than 5 ha (mean ± SD = 3.8 ± 5.9 ha), and the smallest is just 0.5 ha. Only two wetlands (#22 and 23) are larger than the rest and are considered outliers, higher than 10.05 ha according to Tukey’s test. Remember that this area refers to its maximum capacity, only flooded in very humid periods. Its surface is usually much smaller, and the wetland may be completely dry.



The proposed simulation model detected thirty-one wetlands (Table 2; Figure 2). Only three of the wetlands previously inventoried in the study area by the Regional Public Administration [35] and Ortega et al. [36] have not been detected by the raster (i.e., #1, 25 and 29). Laguna de la Roa (#1) and Laguna de Hituelo 2 (#25) might be considered false negatives (FN). However, it must be pointed out that the raster did not detect them because they are systems connected to water flow, with high velocities that reach 0.2 m·s−1, when the limit we defined for detecting wetlands is only 0.025 m·s−1. Laguna de Torrealcazar (#29) is a true negative (TN) since its existence is not recorded on any historical map or orthophotography.



The raster has detected the rest of the inventoried wetlands; they are true positives (TP). Consequently, our model has successfully seen 89% of the catalogued wetlands. Figure 4 illustrates the raster locating some of these wetlands and the corresponding orthophotos in a rainy year (i.e., 2013).



Six unknown wetlands, which had yet to be inventoried in any previous study, have been located with our novel approach (i.e., #10 to #15); to name these new records, we have chosen names from current or historical toponymy. However, after visiting these places, we verified that two are unnatural and arise from anthropogenic activities or infrastructures, that is, by a quarry (#12) and by a road without adequate drainage (#15); consequently, they can be considered false positives (FP). The rest of these new wetlands (i.e., #10, 11, 13, and #14) are true positives (TP). Therefore, 13% of the detected wetlands are new records. As shown in Figure 5, only one of these unknown wetlands (i.e., #10) was recently flooded. The rest have disappeared (i.e., 14) or exhibit only marsh vegetation without water in the orthophotos (i.e., wetlands type 2: #11 and 13). Considering the total number of previously inventoried wetlands and new ones (#12 and 15 excluded), 24% have disappeared (type 3). These wetlands have been drained, ploughed, or converted into irrigation ponds, or they have been without water or marsh vegetation since 1956 (the oldest orthophotos).



In 67% of the wetlands, water (type 1) or marsh vegetation (type 2) has been observed intermittently in recent decades. The orthophotos suggest that in addition to #15, wetlands #24 and #32 arise due to poor road drainage (type 4); therefore, they can be considered false positives (FP).



In summary, 79% of the wetlands detected by our methodology are true positives, 3% are true negatives, 12% are false positives, and 6% are false negatives.




4. Discussion


There is a broad consensus that wetlands are among the most threatened ecosystems in the world [40], but they cannot be protected or recovered if they are invisible. The proposed methodology is very effective in making them visible since it is capable of locating small isolated ephemeral wetlands quickly and cheaply. At present, the availability of free software for distributed hydrological simulations based on the two-dimensional Saint-Venant equations, with specific plugins for speeding up the calculations in modern GPUs, allows the analysis of catchment areas of 1000 km2 with spatial resolutions of 10 m. In the present study, we detected thirty-one wetlands, where 13% of them were new records. Furthermore, the model found 89% of the wetlands previously catalogued by the Public Administration or research teams.



Three wetlands have yet to be found. The Hituelo 2 and La Roa wetlands have not been sited because they are not isolated wetlands; they are systems connected to water flow, as explained in the results section. In addition, both are silted-up ponds, which might explain why the raster does not map them. In the case of the Torrealcazar wetland, the lack of definition in the original georeferencing of Ortega et al. [36] has not allowed us to determine if the wetland has not been detected due to our threshold parameters or other reasons. Note that the UTM reference system used in their inventory has a cell size of 1 × 1 km, much larger than the characteristic wetland area.



For regions where permanent water wetlands are predominant, our method could also be applied using a digital terrain model that adequately captures the topographic depressions as input data for the elevations. Most remote sensing methodologies already developed in recent years are helpful in these territories. By contrast, very few tools allow rapid detection of ephemeral or extinct wetlands, which are common and widespread habitats occurring, often in abundance, in all biogeographical regions [41]. It may be significant for studies in arid and semi-arid areas since drylands may increase to 56% of the land surface by the end of the 21st century [42]. Consequently, the potential and usefulness of this methodology are very high.



In addition to all the benefits of the IBER+ tool already described by its creators [24], we must add the one shown in this work. Besides its potential to respond to current requirements of European legislation, in terms of numerical modelling of fluvial processes [24], this tool can be useful for environmental managers since it allows them to locate all kinds of wetlands quickly, both inventoried and unknown, as well as making a more accurate estimation of their disappearance rate. Once found, the later analysis of historical orthophotography and on-site visits will allow for detailing the actions that have led to their disappearance. That is especially relevant for arid and semi-arid endorheic regions, where wetlands are often minimal and indistinguishable from uplands in their dry phases, making them highly vulnerable to loss or degradation [43,44].



As mentioned above, this methodology can help detect how the changes in land use can affect wetlands and lead to their disappearance. In this sense, expert scientists in the matter at hand emphasise that in a restoration context, understanding land-use histories helps choose intervention sites [9]. Likewise, they insist on the urgency of expanding knowledge about the loss of these ecosystems through continuous monitoring of their coverage via remote sensing, national reporting, and networks of sites [9]. Along the same lines, Finlayson and colleagues [2] point out that where a wetland is both highly valued and highly vulnerable to climate change, such as the wetlands in our study, ‘avoid’ type targets may be appropriate, at least in the short term. This target type indicated key knowledge needs for monitoring and evaluation against a pre-determined baseline. Our methodology is very valuable in this context.



Furthermore, it also identifies wetlands that arise due to specific anthropic infrastructures. On this matter, it can help managers decide whether to avoid the formation of these wetlands or, on the contrary, favour them as artificial aquatic ecosystems, that is, as nature-based solutions (NbS) that can provide ecosystem services similar to those of natural ones [45]. In this context, we recently showed that highly resolved computational fluid dynamics simulations of hydrological and hydraulic processes, using the 2D Saint-Venant equations, yield the optimal location of NbS (e.g., natural and artificial wetlands, vegetal cover, riparian restoration, gravels seeding in streambeds, etc.) to provide the most benefits for minimising the water discharges and the erosion-prone area, maximising the soil infiltration capacity [46]. Consequently, the location and restoration of extinct wetlands, or even the artificial creation of new ones, are of great importance for adaptation to climate change since they reduce the risk of flooding and minimise the effects of drought. The economic benefits are evident since, at present, in the EU and the United Kingdom, river flooding causes annual damage of EUR 7.6 (5.6–11.2) billion per year and exposes around 166,000 (124,000–276,000) people per year to inundation [47].



Another advantage of this methodology is that it allows managers to act quickly. Note that wetlands are also threatened by the lag time between identifying an emergency and the time needed for the decision taken and the subsequent actions [48]. Considering the high risk of disappearance of these valuable ecosystems, the urgent need for updated data on wetlands’ inventory makes this methodology more than appropriate since we are saving time in favour of wetlands to recognise their status.



Hence, this tool reduces the cost of updating inventories. Searching for hidden aquatic ecosystems is a costly research activity. A research team must travel many kilometres looking for a specific area, using many working days to months to measure the ecosystem’s size (without considering the time of samplings). While using this methodology, one person can cover the initial assessment phase in several hours (days).



Apart from identifying tiny, short-lived wetlands, this tool might help locate missing or disappearing cultural heritage, such as inland salt flats (Figure 6).



These ancient salines were built from natural saline wetlands and fed with salt water from nearby springs or streams. Our model has detected two abandoned salt flats: the Salinas de la Orden (#27) and the Salinas de Valdeutiel (#28), next to the Las Salinas stream and the Torrito del Valle stream, respectively. They are very ancient salt pans that belonged to the military Order of Calatrava and were already mentioned in documents from the 15th century [49,50]. In the case of the Valdeutiel salt flats, the existence of al-Andalus deposits associated with the exact location of these salt flats suggests that they were exploited at least since the 10th–11th century [49,50]. But both salt pans may be even older, dating back to Roman times, since numerous deposits identified as uillae have been documented, of which only the Cortijo de Valdeutiel (Santiago de Calatrava) and the Cerro de la Orden (Porcuna) seem to be associated with salt pans [50]. Undoubtedly, the inland traditional salt flats are a cultural heritage that must be preserved. In fact, due to their rarity and vulnerability, half of the current salt pans in Spain are included in the Natura 2000 network [51]. The tool shown here might be helpful in this challenge.



In summary, our results show that technological advances can rescue temporary and ephemeral wetlands by reducing their vulnerability by making them visible. Wetlands’ value goes beyond just the specific diversity it treasures, the diversification of habitats and beauty they give to the landscape, and the singularity of their communities adapted to their high dynamism and spatial-temporal heterogeneity, enhancing their valuation. They are essential in the current context of adaptation to climate change since wetlands prevent the risk of flooding and runoff; they are aquifer recharge zones—thus mitigating the effects of drought—they are carbon sinks and green corridors that allow the dispersal and migration of many species [52,53,54,55,56]. Wetlands also improve water quality and are natural treatment plants. Consequently, directly or indirectly, wetlands are related to most of Horizon Europe’s global challenges: health (i.e., environmental health, water quality), civil security (i.e., disaster resilience), climate solutions, protection of biodiversity and ecosystems, etc. Last but not least, their preservation and restoration align with the Kunming-Montreal Global Biodiversity Framework (GBF) targets. Specifically, the second target ensures that by 2030 at least 30 per cent of degraded inland water areas are under effective restoration to enhance biodiversity and ecosystem functions and services, ecological integrity, and connectivity.



This study has presented a methodology that can help to find out temporary and ephemeral wetlands in areas classified as arid and semi-arid, such as the study area. The appropriateness of the information obtained was validated and verified using previous studies, inventories, and our sampling. In the current context of adaptation to climate change, this technique can be a handy, inexpensive, and agile resource for managers to conserve this type of ecosystem and their biodiversity. Furthermore, the recovery and restoration of wetlands could mitigate other types of threats related to extreme climate events by reducing the risk of flooding, especially in towns surrounded by agricultural areas with null soil protection, and favours the recharge of aquifers [46].



In conclusion, wetland inventories still need to be improved in many regions worldwide (e.g., China, South America, and Russia); additionally, small and ephemeral wetlands are often ignored or not identified in those areas where inventories have already been conducted [17,18]. Their small size, short hydroperiod, or severe disturbance—most of them has been transformed into farmland—make these ponds undetectable by most remote sensing systems. Therefore, the methodology presented in this study can fill this knowledge gap and help improve the existing inventories. It has successfully detected 89% of the previously catalogued wetlands and found four new unknown wetlands. In addition, it has helped determine that the 24% of the wetlands of this area have disappeared due to global change. It has also detected new flood zones due to human activities that could be considered when implementing Nature-Based Solutions that help adapt to climate change. The results support the suitability of this methodology as an assessment valuable tool for environmental management and decision-making. It is shown as an easy, fast and cheap way to locate wetlands that can be restored or preserved while allowing managers and stakeholders to monitor their state of conservation. In this sense, it can be beneficial to achieve some of the targets of the Kunming-Montreal Global Biodiversity Framework.
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Figure 1. Characteristics that make some wetlands undetectable through satellite imagery: (A,B) small size and/or very short hydroperiods; (C,D) anthropically drained; (D,F) transformed into farmland. Photos from A to F correspond to wetlands #26, 8, 16, 26, 7, 19, and 18 in Figure 2. 






Figure 1. Characteristics that make some wetlands undetectable through satellite imagery: (A,B) small size and/or very short hydroperiods; (C,D) anthropically drained; (D,F) transformed into farmland. Photos from A to F correspond to wetlands #26, 8, 16, 26, 7, 19, and 18 in Figure 2.



[image: Remotesensing 15 03553 g001]







[image: Remotesensing 15 03553 g002 550] 





Figure 2. General view of the study areas in the Guadalquivir Basin (Salado de Arjona and Salado de Porcuna). Essential gullies and streams are indicated in blue, and the transport network is coloured in red. The analysed wetlands (see Section 3) are marked with green circles. 
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Figure 3. Flowchart summarising the proposed methodology. 
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Figure 4. Example of the raster locating some wetlands (left) and the corresponding orthophotos in the rainy year of 2013 (right). See Figure 2 for the specific locations of the wetlands in the catchment. 
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Figure 5. New records: unknown wetlands detected by the proposed methodology. The left column shows the output raster that locates the wetlands, and the historical orthophotos in the middle and right columns corroborate the findings. 






Figure 5. New records: unknown wetlands detected by the proposed methodology. The left column shows the output raster that locates the wetlands, and the historical orthophotos in the middle and right columns corroborate the findings.



[image: Remotesensing 15 03553 g005]







[image: Remotesensing 15 03553 g006 550] 





Figure 6. Abandoned salt flats detected by the proposed methodology. 
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Table 1. Summary of simulation parameters.
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	Parameter
	





	Rainfall intensity (P)
	5.4 mm·h−1



	Rainfall duration
	24 h



	Manning roughness (n)
	0.025 s·m−1/3



	  Infiltration   rate   ( I  )
	0



	Computational mesh
	20 × 106 square cells with a uniform size of 10 m



	  Water   depth   threshold   ( z  )
	0.1 m



	  Velocity   magnitude   threshold   ( x  )
	0.025 m·s−1
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Table 2. Wetlands detected and undetected by our model simulation. New records are in italics. Type 1: with the intermittent presence of water since the 1960s; Type 2: occurrence of marsh vegetation without shallow water; Type 3: disappeared; Type 4: caused by anthropogenic infrastructure. Source for area estimation and inventory: [a] corresponds to [35]; [b] corresponds to [36]; [c] estimated by the authors. Raster detection: (FP) is a false positive; (FN) is a false negative; (TP) is a true positive; (TN) is a true negative (more details in the text).
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	Wetland
	Name
	Type
	Longitude
	Latitude
	Area (ha) [Source]
	Inventory
	Raster Detection





	1
	de La Roa
	2
	4°20′33.480″O
	37°44′19.039″N
	1.76 [a]
	[35]
	FN



	2
	La Quinta
	1
	4°17′13.287″O
	37°45′16.221″N
	7.70 [a]
	[35,36]
	TP



	3
	Rincón del Muerto
	1
	4°16′34.275″O
	37°45′29.243″N
	4.64 [a]
	[35,36]
	TP



	4
	Casasola
	1
	4°16′50.321″O
	37°45′43.475″N
	1.94 [a]
	[35,36]
	TP



	5
	Hituelo 1
	1
	4°3′46.699″O
	37°45′18.285″N
	5.43 [a]
	[35,36]
	TP



	6
	Naranjeros
	1
	4°01’44.814″O
	37°44′40.279″N
	5.04 [c]
	[35,36]
	TP



	7
	Rumpisaco
	1
	4°1′03.908″O
	37°44′24.342″N
	1.37 [c]
	[35,36]
	TP



	8
	Casillas I
	1
	4°1′13.290″O
	37°48′0.703″N
	2.55 [a]
	[35,36]
	TP



	9
	Las Navas 1
	1
	4°4′53.954″O
	37°49′5.583″N
	3.45 [a]
	[35,36]
	TP



	10
	Los Amores
	1
	4°08′11.773″O
	37°46′35.051″N
	4.72 [c]
	-
	TP



	11
	Mollica
	2
	3°58′58.570″O
	37°40′26.508″N
	0.33 [c]
	-
	TP



	12
	el Yeso
	4
	3°59′41.471″O
	37°49′33.769″N
	0.49 [c]
	-
	FP



	13
	de las Viñas
	2
	4°12′07.600″O
	37°58′30.750″N
	0.40 [c]
	-
	TP



	14
	de la Rata
	3
	3°59′52.477″O
	37°49′01.290″N
	0.77 [c]
	-
	TP



	15
	del Cordel de Jaén
	4
	4°13′14.124″O
	37°44′11.900″N
	2.61 [c]
	-
	FP



	16
	Colmenero
	1
	3°54′38.592″O
	37°53′20.267″N 1
	5.57 [c]
	[36]
	TP



	17
	Las Ceras
	1
	4°06′58.200″O
	37°43′30.778″N 1
	1.17 [c]
	[36]
	TP



	18
	Villardonpardo 2
	3
	3°59′00.900″O
	37°50′31.909″N 1
	1.63 [c]
	[36]
	TP



	19
	Villardonpardo 3
	2
	3°58′51.269″O
	37°50′29.274″N 1
	0.26 [c]
	[36]
	TP



	20
	El Ranal
	3
	4°12′05.479″O
	37°55′14.236″N 1
	9.80 [c]
	[36]
	TP



	21
	del Obispo
	3
	4°03′04.495″O
	37°51′56.758″N 1
	0.50 [b]
	[36]
	TP



	22
	Los Prados
	3
	4°02′29.216″O
	37°51′55.397″N 1
	33.60 [c]
	[36]
	TP



	23
	San José
	3
	3°57′27.705″O
	37°55′58.530″N 1
	11.90 [b]
	[36]
	TP



	24
	Corbún
	4
	3°57′45.166″O
	37°56′12.084″N 1
	2.75 [c]
	[36]
	FP



	25
	Hituelo 2
	3
	4°04′06.184″O
	37°45′06.527″N 1
	3.30 [b]
	[36]
	FN



	26
	Mojones
	1
	4°02′32.896″O
	37°44′13.265″N 1
	4.63 [c]
	[36]
	TP



	27
	Salinas de La Orden
	2
	4°12′05.479″O
	37°48′02.678″N 1
	0.59 [c]
	[36]
	TP



	28
	Salinas de Valdeutiel
	1
	4°13′59.453″O
	37°43′51.514″N 1
	1.30 [b]
	[36]
	TP



	29
	Torrealcazar
	3
	4°04′27.723″O
	37°51′57.856″N 2
	1.44 [c]
	[36]
	TN



	30
	Casillas 2
	1
	3°54′38.592″O
	37°53′20.267″N 1
	2.11 [c]
	[36]
	TP



	31
	Casillas 3
	2
	4°01′06.412″O
	37°47′35.290″N 1
	2.03 [c]
	[36]
	TP



	32
	Las Navas 2
	4
	4°04′43.270″O
	37°49′49.850″N 1
	0,50 [b]
	[36]
	FP



	33
	El Hornillo
	2
	3°58′38.114″O
	37°45′36.842″N 1
	1,20 [c]
	[36]
	TP



	34
	Villardonpardo 1
	1
	3°58′27.526″O
	37°50′35.203″N 1
	2,18 [c]
	[36]
	TP







1 The reference system (old UTM) is a mesh with a cell size of 1 × 1 km2. 2 The coordinates are referred to the centre of the old mesh.
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