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Abstract

:

Water availability in semiarid regions is endangered, which is not only due to changing climate conditions, but also to anthropogenic land use changes. The present study analyzed the annual and monthly water balance (WBc) and the soil moisture deficit (Ds) for different vegetation units under semiarid conditions in the Andes of southern Ecuador, based on limited meteorological station data and field measurements (soil samples). To calculate crop evapotranspiration (ETc) the Blaney–Criddle method was applied, and the specific crop factor (Kc) included, because only temperature (T) and precipitation (P) data were available. By means of the soil samples the water retention capacity (RC) of the different soil types present in the study area were estimated, which, in combination with WBc, provided reliable results respective to water surpluses or deficits for the different vegetation units. The results indicated highest Ds for cultivated areas, particularly for corn and sugarcane plantations, where annual deficits up to −1377.5 mm ha−1 and monthly deficits up to −181.1 mm ha−1 were calculated. Natural vegetation cover (scrubland, forest and paramo), especially at higher elevations, did not show any deficit throughout the year (annual surpluses up to 1279.6 mm ha−1; monthly surpluses up to 280.1 mm ha−1). Hence, it could be concluded that the prevailing climate conditions in semiarid regions cannot provide the necessary water for agricultural practices, for which reason irrigation is required. The necessary water can be supplied by areas coved by natural vegetation, but these areas are endangered due to population growth and the associated land use changes.
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1. Introduction


Water and fertile soils are fundamental for agricultural development [1]. However, these resources suffer natural degradation due to erosion processes, floods and droughts as well as from anthropogenic impacts such as deforestation and other land use changes [2,3]. Additionally, population growth and observed climate changes affect water availability in a significant and serious way [4], because higher global mean temperatures result in higher evaporation rates, increased water retention capacity throughout the atmosphere, and changes in atmospheric circulations, which alter the hydrological cycle [5,6]. As the Fifth Assessment Report of the Intergovernmental Panel on Climate Change indicates [7,8], quantity and quality of water will change in many parts of the world, especially in semiarid regions where the water supply is particularly sensitive to precipitation amounts and evaporation rates, which restrict local water availability. Furthermore, soils in these regions generally have low natural productivity and low fertility due to the pronounced precipitation cycle [9], which, in combination with the frequent occurrence of droughts, complicates agricultural development [10,11].



Nonetheless, in semiarid regions, the economic development of the local population depends principally on agriculture, and therefore, on local water availability [12,13], for which reason the observed altered climate conditions and population growth, as well as unsustainable water management practices endanger the availability of this hydrological resource [14]. The agriculture in these regions is generally executed by means of irrigation systems to guarantee food production [15,16], in which water is transported and applied mainly by means of irrigation canals [17], which is why a large amount of water is lost through evaporation, drainage, deep percolation and subsurface runoff, leading to higher production costs and lower plant productivity [2]. In summary, the limited water availability in semiarid regions, together with the predicted changes in climate conditions, combined with unsustainable water management and land use changes (population growth), complicates agricultural development, which is confirmed by the observed decrease in food production (e.g., [18,19]).



For sustainable water management in semiarid regions, the quantities of water for optimal crop productivity must be known, which can be derived from the annual and monthly water balance in combination with the soil moisture content (e.g., [20,21]). These parameters do not only provide information about water availability, but also about the watershed dynamics, including environmental changes (e.g., [4,10]). This information allows for the adoption of strategies for ecosystem protection, as well as for a sustainable use of hydrological resources for agricultural proposes and a continual drinking water supply for the local and regional population (e.g., [16,22]). Nonetheless, the determination of water balance and soil moisture content is still challenging because the stored water quantities and their variation during the year needs adequate climate and specific soil data, which is often unavailable in developing countries (e.g., [23,24]). Furthermore, the variations in soil moisture content, especially in agricultural zones, are difficult to quantify due to uncontrolled water use (irrigation), which also alters land–atmosphere interactions and local hydrological processes (e.g., [25,26,27]).



In Ecuador, semiarid regions are mainly located in the south and along the coast, where concurrently agriculture is the principal economic activity for the population [13,28]. These regions are mostly situated near the transition zone of the northern Peruvian desert, which makes these regions vulnerable to desertification and soil erosion processes, caused by changing climate conditions and anthropogenic activities (land use change) [16,29]. Unfortunately, information about climate and soil characteristics are limited (e.g., [30,31]), which complicates water balance analysis and soil moisture content determination. Nonetheless, these data are necessary to create sustainable water management plans, but to date information about water balance and soil moisture deficits is mostly unavailable.



This also applies to the southernmost province of Ecuador, namely the province of Loja, where the agricultural sector depends on variable climate conditions and local water availability. Therefore, irrigation systems are widely implemented to guarantee crop productivity (e.g., [32,33]). As the National Water Ministry of Ecuador (Secretaría Nacional del Agua, SENAGUA) [33] confirms, existent irrigation systems in this region are mostly irrigation canals, which are poorly managed, for which reason enhanced water consumption, and consequently, a reduction in water availability is observed [34,35]. The inadequate use of irrigation water produces not only a limitation of this resource, but also an alteration in the water–air ratio within the soils, generating low yields and higher production costs, besides the acceleration of salinization processes [36,37].



To offer a solution, the present study calculates water balance and soil moisture deficits during the year for the communities of Malacatos and Vilcabamba, located in the Andes of southern Ecuador, using limited long-term meteorological station data (10 years) in combination with field measurements (soil samples). From these data the retention capacity (RC) of the different soil types is estimated, the mean annual and monthly water balance of the different vegetation units (WBc) calculated, as well as the monthly soil moisture deficit (Ds) determined. The findings should support governmental decision makers and promote the implementation of sustainable water management projects to guarantee water availability and food production for local and regional populations.




2. Study Area and Data


2.1. Study Area


The communities of Malacatos and Vilcabamba are located in the southern Ecuadorian Andes (Province of Loja) between the coordinates UTM 17S 685000–710000 and 9518000–9545500. The communities form part of the headwaters of the Catamayo–Chira catchment, which drains into the Pacific Ocean in northern Peru. This region is characterized by a complex topography, due to ongoing orogenic processes, which created abrupt changes between valleys and ridges [38,39]. The geology in the study area is characterized by sedimentary deposits in the valleys, and metamorphic rocks (Chiguinda Unit) and conglomerates (Cerro Mandango) at the ridges [40]. The elevation ranges between 1100 m asl at the valley bottom and 3800 m asl at the highest mountain tops (Figure 1).



The climate in the study area is semiarid (Figure 2), with a mean annual precipitation of 808.3 mm [31]. The precipitation shows a clear annual cycle with one main rainy season from October to April (austral summer), when over 88% of the total annual rainfall amounts are recorded, and a dry season from May to September (austral winter; [30,39]). The mean annual temperature at lower elevations is 20.1 °C, decreasing with height [16,41].



The economy of the local population is principally based on agriculture, in which low-yield products for subsistence dominate [24]. However, in some parts, irrigation systems and intensive agricultural production techniques are implemented to produce principally corn and sugarcane, but also coffee and fruits for the local and regional market [42].




2.2. Data and Materials


Daily precipitation (P) and temperature (T) data for the period 2006–2015 were obtained from the Ecuadorian weather service (Instituto Nacional de Meteorología e Hidrología, INAMHI), which operates four meteorological stations in or next to the study area (see Figure 1; M0033: 4°2′11″ S, 79°12′4″ W; M0143: 4°12′58″ S, 79°16′24″ W; M0241: 4°17′40.6″ S,79°24′6.1″ W; M0147: 4°22′4.5″ S, 79°10′30.2″ W). The digital elevation model (DEM, Figure 1) with a spatial resolution of 30 m was obtained from ASTER (Advanced Spaceborne Thermal Emission and Reflection Radiometer) satellite images from 2011, which can be downloaded from the USGS’s Earth Explorer platform (https://earthexplorer.usgs.gov/). The DEM was re-sampled to a resolution of 100 m [30], due to limited meteorological information and to provide water balance and soil moisture deficit values per hectare (ha). The upscaling was done by means of the software ArcGIS 10.4, which was also used to interpolate the meteorological station data.



The vegetation cover map of the study area in a 1:25000 scale was obtained from the Ecuadorian Ministry of the Environment (Ministerio del Ambiente, MAE), which was generated by means of a supervised classification from orthophotos [43]. The original vector map was converted into a raster format with a resolution of 100 m, which afterwards was reclassified into 11 main categories (Figure 3), particularly corn, sugarcane, coffee, fruits, pastures, scrubland, forest, paramo, eroded areas, urban areas and water surface using the software ArcGIS 10.4.



The remaining natural vegetation in the study area is scrubland at mid and lower elevations, tropical mountain forest at higher elevations and paramo at the upper eastern ridge. The mountain forest ecosystem is characterized by extraordinarily high biodiversity, and, together with the paramo area, provides important services for the local population (e.g., water supply; [44,45,46]. However, the natural ecosystems are endangered, due to population growth and the associated land use changes [47,48]. The anthropogenic impact upon the study area is clearly visible, particularly near the valley bottom and inside the side valleys where agriculture dominates, due to the lower slope gradients. Also, pasture is widely spread, especially at the western ridge, but also at mid and lower elevations at the eastern and northern ridges. Furthermore, eroded areas exist, because former farmland produced enhanced erosion processes at steeper slopes, which degraded the soils [16]. Urban areas are present, too, which comprise of small villages, isolated houses and other human structures, besides water surfaces, particularly rivers and creeks, as well as small lagoons in the paramo area at the upper eastern ridge (Figure 3).



The soil map in the study area was provided by SENAGUA [33] and includes seven specific soil types, namely Fluvent, Hemist (Aquept), Orthent, Torrent, Tropept, Tropept + Orthent and Udalf (Figure 4). A detailed taxonomy of these soil types can be found in the world reference base for soil resources [49]. The necessary soil characteristics to determine the water retention capacity (RC), specifically bulk density (BD) and soil texture parameters, were obtained by means of soil samples (Figure 4). Therefore, Kopecky steel rings with a volume of 113.10 cm³ were used (BD), and additionally at each sampling point 2 kg of soil extracted for further granulometric analysis (soil texture). The samples were analyzed in the soil laboratory of the Technical University of Loja (Universidad Técnica Particular de Loja, UTPL).





3. Methods


3.1. Soil Sampling and Granulometric Analysis


By means of the provided soil map (Figure 4; [33]), two sample points were established for each soil type. At each sample point, a bulk density test was executed to determine the physical properties of the soils [50]. This analysis is especially important for areas of agricultural use and livestock breeding (pasture), because compact soils can reduce productivity and encourage soil erosion processes [47,51,52]. Before executing the test, topsoil was removed and then two Kopecky rings inserted in the subsoil at a depth of 30 cm [28,53]. After sample extraction, the steel rings were immediately covered to avoid moisture loss [54]. Additionally, 2 kg of soil were extracted at each sampling point for further granulometric analysis [55]. All samples were transported in separated closed plastic bags to the soil laboratory of the UTPL, where the soil characteristics were determined.



In the laboratory, first, the weight of the wet soil samples taken by the Kopecky steel rings were determined, which afterwards were oven-dried at a temperature of 110 °C for a period of 24 h. Removed from the oven, the samples were weighed again to obtain their dry weight (Wd). By means of the sample volume (Vs) and its Wd, the bulk density (BD) of the soils was calculated, applying the following equation [56]:


  B D =   W d   V s    



(1)




where BD is the bulk density [g/cm³], Wd is the dry weight of the sample [g] and Vs is the volume of the sample [cm³].



To determine the soil texture, the additionally taken 2 kg soil samples were mixed, considering the specific soil type (2 sampling points for each soil type = 4 kg), and afterwards a granulometry analysis executed, applying the hydrometer method [57], which is also established in the Ecuadorian Norm INV E-124. For the hydrometer method, only 50 g of soil is needed, but the mixture of two bigger samples guarantees a representative particle size distribution for each specific soil type [55]. The mixed samples were oven-dried, weighed, and afterwards individually placed in flasks filled with distilled water. Then, a dispersing agent was added, specifically 125 mL of sodium hexametaphosphate, and the samples left to soak overnight to disintegrate the clods. The next day, the samples were transferred to another flask (dispersion glass), distilled water added, and then the assays centrifuged for one minute. After centrifugation, a hydrometer was slowly introduced to avoid disturbing the suspension, as well as a thermometer with a precision of 0.1 °C. Hydrometer and temperature readings were taken after one minute and again after two minutes. Then, both measurement devices were removed and cleaned with distilled water to repeat the procedure an additional two times. All readings were made on the upper part of the meniscus formed around the hydrometer stem. Finally, all readings of a specific soil type were averaged to obtain the percentage of each texture class (sand, loam and clay), which are the necessary input parameters to determine field capacity (FC) and permanent wilting point (PWP) of the different soil types.




3.2. Soil Water Retention Capacity (RC)


The soil water retention capacity (RC) of the soils was determined by means of the texture parameters, particularly the percentage of each particle size fraction, and the calculated BD of each specific soil type. By means of the texture parameters, field capacity (FC) and permanent wilting point (PWP) was calculated, applying the equations proposed by [58] (Equations (2) and (3)). FC is defined as the optimum water level for plants within the soil when all pores are filled with water, whereas PWP is reached when almost all soil moisture is lost due to percolation and evapotranspiration processes, and the remaining water fixed by soil particles unavailable for plants [58]. With this information RC could be calculated for each specific soil type, applying the equation proposed by [59,60] (Equation (4)). Finally, the specific RC values were assigned to each soil type based on the provided soil map (Figure 4), which was also converted into a raster format with a 100 m spatial resolution to obtain values per hectare (ha), using the software ArcGIS 10.4.


  F C = 0.48 × % C l a y + 0.162 × % L o a m + 0.023 × % S a n d + 2.62  



(2)






  P W P = 0.302 × % C l a y + 0.102 × % L o a m + 0.0147 × % S a n d  



(3)






  R C =    (  F C − P W P  )    100   ×   B D    D  H 2 O     × S o i l d e p t h  



(4)




where: RC is the soil water retention capacity [mm]; FC is the field capacity [%], PWP is the permanent wilting point [%], BD is the bulk density [g/cm³], DH2O is the water density at 20 °C [0.9982 g/cm³], and Soildepth is depth of the evaluated soil horizon [mm] (here: 300 mm).




3.3. Water Balance (WB)


Mean monthly and annual water balance (WB) for the study area was calculated using the 10-year data set (2006–2015) from the four meteorological stations located in and next to the study area (M0033, M0143, M0241 and M0147, Figure 1). Due to limited station information, only temperature (T) and precipitation (P) data could be included. The WB was calculated for each grid cell (x,y), applying the following equation [61] (Equation (5)):


  W  B   (  x , y  )    =  P   (  x . y  )    −   ET   0  (  x , y  )     



(5)




where: WB(x,y) is the water balance [mm] (positive or negative) at grid cell (x,y), P(x,y) the precipitation [mm] at grid cell (x,y) and ET0(x,y) the reference evapotranspiration [mm] at grid cell (x,y)



In general, if reference evapotranspiration (ET0) is higher than precipitation (P) in a specific month, the month is classified as arid or dry (deficit or negative WB), whereas if precipitation (P) is greater than reference evapotranspiration (ET0) the month is humid or wet (surplus or positive WB) [62]. To calculate WB, first, the monthly and annual P and ET0 maps had to be generated, whose creation is described in the following sections.



3.3.1. Precipitation (P) Maps


To generate the monthly and annual precipitation maps, first, the daily P data of each station was quality checked, controlling for the reliable range of the provided information, which was established by INAMHI Loja (personal comment Ing. Augusto Araque, Regional Coordinator of INMAHI Loja). Negative values and values out of range were eliminated without refill [63], and afterwards, the remaining daily data summed for each individual month, if at least 90% of the daily information was existent (minimum 27 days). Then, the monthly 10-year data set was averaged for each specific month to obtain mean monthly values, which subsequently were used to calculate mean annual values for each station. Finally, the mean monthly and annual P data of all stations were interpolated, applying Ordinary Kriging to generate raster maps in a 100 m resolution for the whole study area [30,39]. This interpolation method was selected because P is highly variable in space and time, and therefore generally no correlations between P and geographic (e.g., latitude) or topographic (e.g., altitude) parameters can be determined [38,64].




3.3.2. Reference Evapotranspiration (ET0) Maps


To calculate reference evapotranspiration (ET0), the SCS modified Blaney–Criddle equation was applied [65,66], because it only needs mean monthly T data as input to predict evapotranspiration reasonably for larger time periods [67]. The ET0 equations can be written as follows [68]:


  E  T  0  (  x , y  )    =  f   (  x , y  )    × K  t   (  x , y  )     



(6)






   f   (  x , y  )    =  [    T  (  x , y  )  + 17.8   21.8    ]  ×  L p   



(7)






  K  t   (  x , y  )    = 0.03114 ×  T   (  x , y  )    + 0.2396  



(8)




where: ET0(x,y) is the reference evapotranspiration [mm] at grid cell (x,y), f(x,y) is the percent of total monthly daylight hours at grid cell (x,y), Kt(x,y) is monthly consumptive use coefficient at grid cell (x,y), T(x,y) is the average monthly mean temperature [°C] at grid cell (x,y), and Lp are the hours of daylight during a specific month in relation to the annual hours of daylight [%].



To generate the mean monthly and annual ET0 maps, first, the respective T maps had to be produced. Therefore, the daily T data from each station was quality checked and reliable ranges established [63]. All values out of range were eliminated without refill, and afterwards averaged for each month, if at least 80% of the daily information existed (minimum 24 days). Then, the 10-year data set was averaged for each specific month to obtain mean monthly T values, which subsequently were used to calculate mean annual values.



The lower threshold for T (80%) compared to P (90%) was set, because T does not show high spatiotemporal variability and can be correlated with geographic (e.g., latitude) or topographic (e.g., altitude) parameters [69,70]. Therefore, to interpolate the T data, Kriging with detrended raw data was applied [41], for which, first, specific mean monthly and annual altitudinal gradients for the study area were deviated. The obtained monthly and annual altitudinal gradients were used to “detrend” the station data to a uniform altitude (here: 1000 m asl). Then, the detrended station data were interpolated by Ordinary Kriging to generate an areawide T map at the detrending altitude. Finally, the real vertical distribution of T was re-established for every grid cell (x,y) by means of the calculated mean monthly and annual altitudinal gradients and the DEM (Figure 1). For more information about the detrending technique, please refer to [71].





3.4. Specific Crop Evapotranspiration (ETc) and Water Balance (WBc)


To estimate the evapotranspiration for the different vegetation units (ETc), the specific crop coefficients (Kc) were included in the ET0 calculation (e.g., [72,73]). The specific mean Kc values were taken from [74] for cultivated areas or estimated for natural vegetation units by means of air humidity and evapotranspiration studies realized in tropical forests and at paramo areas in South America [71,75,76,77] (Table 1). The respective Kc values were assigned to every grid cell (x,y) based on the reclassified vegetation map (Figure 2). Finally, the generated monthly ET0 maps were multiplied by the Kc map to obtain the ETc at every grid cell (x,y; Equation (9)).


  E  T  c  (  x , y  )    = E  T  0  (  x , y  )    × K  c   (  x , y  )     



(9)




where: ETc(x,y) is the specific crop evapotranspiration [mm] at grid cell (x,y), ET0(x,y) is the reference evapotranspiration [mm] at grid cell (x,y), and Kc(x,y) is the cultivation coefficient at grid cell (x,y).



By means of the generated monthly Pi and ETci maps the monthly water balance (WBci), specific for each vegetation unit or category, could be calculated, applying the following equation (Equation (10)):


  W B  c  i  (  x , y  )    =  P  i  (  x , y  )    − E T  c  i  (  x , y  )     



(10)




where: WBci(x,y) is the monthly water balance for each vegetation unit [mm] (positive or negative) at grid cell (x,y), Pi(x,y) the monthly precipitation [mm] at grid cell (x,y) and ETci(x,y) the specific monthly crop evapotranspiration [mm] at grid cell (x,y).




3.5. Soil Water Reserve (R) and Soil Moisture Deficit (Ds)


By means of the specific RC for each soil type and monthly WBci maps, the soil water reserve (R) could be estimated. In general, R is the total soil water content available for plants [78], which is refilled during wet months until the RC of a specific soil type is reached. If more water is received, the additional supply is drained superficially or infiltrates to deeper horizons. During dry months, R is reduced by evapotranspiration processes until the wilting point (PWP) is reached, which means that no more water is accessible for plants [79,80].



For this study, monthly R were calculated up to a subsoil depth of 30 cm, because crop roots generally do not reach deeper horizons and evapotranspiration processes are linked to the root system and the upper soil horizons [53,81]. To calculate R for a specific month (i) at grid cell (x,y), R from the previous month (Ri-1) must be considered and added to the actual monthly WBci (Equation (11)). As mentioned before, the limits for R range between RC and PWP (or zero), which leads to two additional conditions (Equations (12) and (13); [82]).


   R  i  (  x , y  )    =  R  i − 1  (  x , y  )    +  (   P  i  (  x , y  )    − E  T  c i  (  x , y  )     )   



(11)






  I F            R  i  (  x , y  )    > R  C   (  x , y  )                               R  i  (  x , y  )    = R  C   (  x , y  )     



(12)






  I F                  R  i  (  x , y  )    < 0                    R  i  (  x , y  )    = 0  



(13)




where: Ri(x,y) is the soil water reserve for a specific month [mm] at grid cell (x,y), Ri-1(x,y) is the soil reserve or storage of the previous month [mm] at grid cell (x,y), Pi(x,y) is the monthly precipitation [mm] at grid cell (x,y), ETci(x,y) the monthly specific crop evapotranspiration [mm] at grid cell (x,y), and RC(x,y) is the retention capacity [mm] at the grid cell (x,y).



As [83] indicated, R generally varies between 0 mm and 100 mm, for which reason the monthly R calculations were initiated with the wettest month, assuming a previous monthly reserve (Ri-1) of zero. If water remained in the soil at the end of the year (R > 0), a new monthly R calculation was executed to adjust the initial R value, in which the remaining Ri from the previous calculation was included to close the annual cycle.



To determine the monthly soil water deficit or surplus (Ds) for each grid cell (x,y), first, the monthly reserve variation (VRi; Equation (14)) must be calculated, taking into consideration the actual reserve (Ri) and the reserve of the previous month (Ri-1). By means of the WBci and VRi maps for a specific month (i), the monthly Ds could be calculated for each grid cell (x,y; Equation (15)), which indicates the surplus or deficit of water (mm) for plants to conduct their natural processes. If Ds are negative irrigation is necessary; whereas no additional water is required if Ds are positive [83].


  V  R  i  (  x , y  )    =  R  i  (  x , y  )    −  R  i − 1  (  x , y  )     



(14)




where: VRi(x,y) is the reserve variation for a specific month [mm] at grid cell (x,y), Ri(x,y) is the soil water reserve for a specific month [mm] at grid cell (x,y), and Ri-1(x,y) is the soil reserve or storage of the previous month [mm] at grid cell (x,y).


  D  s  i  (  x , y  )    = W  B  C i  (  x , y  )    + V  R  i  (  x , y  )     



(15)




where: Dsi(x,y) is the monthly soil water deficit or excess [mm] at grid cell (x,y), WBci(x,y) is the monthly water balance [mm] at grid cell (x,y), and VRi(x,y) is the monthly reserve variation [mm] at grid cell (x,y).





4. Results


The hydrometer method determined the percentages of sand, loam and clay of the seven soil types present in the communities of Malacatos and Vilcabamba. Fluvent, Orthent and Hemist soils had a sandy loam texture, Udalf and Tropept a loamy clay texture, Tropept and Orthent a clay texture, and Torret a loamy sandy clay texture. By utilizing this information BD, CC, PWP and RC could be calculated for each specific soil type (Table 2). As mentioned before, RC was calculated for the first 30 cm of subsoil, which is the available soil water for crops (corn and sugarcane), because their roots generally do not reach deeper soil horizons [53].



In general, soil texture determines the RC of a specific soil type, in which sandy soils store less water than clay soils, because the pores between the soil particles are larger, which increase infiltration capacities but reduces RC [84]. Therefore, the highest RC was calculated for clay soils, particularly for Tropept + Orthents (55.09 mm) and Tropept (47.94 mm), which are located at mid and higher elevations in the study area (Figure 4), whereas the lowest RC was obtained for sandy soils, namely Orthents (26.87 mm) and Fluvents (32.65 mm), which are located near the river courses or at flooded land (sedimentation). The clay content of all soil types in the study area was moderate to high (16–77%; Table 2), which makes the soils partially expansive, plastic and impermeable [24]. Nonetheless, the soils are mostly appropriate for agricultural practices, because this requires a clay content between 10% and 30% [85]. A higher clay content leads to reduced infiltration and increased surface runoff during a precipitation event [47,51], which is why less water is available for plants.



Annual and monthly water balance for the specific land covers (WBc and WBci) were calculated by means of the available meteorological station data (P and T). The generated T maps were the basis for the determination of ET0, applying the modified SCS equation [65,72]. Then, the specific crop coefficient (Kc) was integrated to obtain ETc, established by [86]. The mean annual distribution and amounts of P, ETc and WBc for the study area are shown in Figure 5.



Figure 5a illustrates that highest P amounts are observed at the ridges to the east and the west of the communities of Malacatos and Vilcabamba, reaching annual values up to 1312.2 mm at the western ridge. The lowest values were calculated for the valley bottom (809.9 mm), because the mountain chains impede the humidity transport from the east and west, forming climatic barriers, which leads to a reduction of P inside the valleys [30,39]. ETc (Figure 5b) is related to T and the specific Kc for each land cover unit (Table 1), which is why the generated annual ETc map displays the highest evapotranspiration amounts near the valley bottom (highest T) and over-cultivated areas (Kc, up to 2268.1 mm) as well as over-eroded areas (up to 1917.6 mm; see Figure 3 and Table 1). Also, over pastures sites and scrubland ETc is increased compared to the forest stands at the same altitude, because dense canopy layers shield the air inside the forest from the free atmosphere (canopy shelter effect), keeping air and soils inside the forest close to saturation [71,75], and consequently ETc is low (up to 471.7 mm). The same is valid for the paramo area at the eastern ridge, where lowest annual ETc was calculated (up to 174.3 mm), which is due to the frequent cloud cover, leading to saturated air conditions [48,87], besides the lower temperatures at a higher elevation [41].



Annual WBc (Figure 5c) is linked to P and ETc, which is why the highest annual deficits were obtained for lower elevations (DsMin, Table 3), especially for anthropogenic intervened areas (cultivated areas, pastures and eroded areas; annual WBc deficit up to −1377.6 mm ha−1), whereas highest annual surpluses were determined for the ridges and higher elevations (DsMax, Table 3), where tropical mountain forest and paramo dominate (see Figure 3; annual WBc surplus up to 1279.6 mm ha−1). The cooler and humid climate conditions at higher elevations provoke annual water surpluses, even for scrubland, pasture and eroded areas (DsMax: up to 677.0 mm ha−1), which showed notable annual WBc deficits at lower elevations, due to the warmer and drier climate conditions (DsMin: up to −998.1 mm ha−1). For cultivated areas (corn, sugarcane, coffee and fruits), which are mainly located near the valley bottom and within the side valleys, an overall negative annual WBc was obtained, even for more elevated sections (DsMax), in which highest deficits were calculated for sugarcane and lowest deficits for fruits (Figure 5c and Table 3).



The generated maps of WBci and VRi determined the monthly water surplus or deficit (Ds) for each vegetation unit (Table 3; Figure 6 and Supplementary Materials). As expected, due to the pronounced annual precipitation cycle in the study area (see Figure 2), in which up to 88% of the rainfall amounts are received during austral summer (October to April), highest monthly deficits were estimated for the dry season in austral winter (May to September; Figure 6). Nonetheless, the natural vegetation at higher elevation (forest and paramo) preserve water throughout the year, due to their storage capacity [88], the canopy shelter effect, the frequent cloud cover and the clammy climate conditions [71]. Only during the extreme months in austral winter (June to September) a slight deficit was calculated for the lower parts of the forest stands (up to −29.0 mm/ha/month; Table 3: DsMin; Figure 6a). The same is valid for natural scrubland at higher elevations, which preserve water throughout the year (Table 3: DsMax, Figure 6b), only with slight deficits in August and September (up to −15.1 mm/ha/month). Also pasture sites at higher elevations count on water during most of the year, but between July and September water deficits of up to −26.5 mm/ha/month were calculated. This might be due to the small or patchy vegetation cover of these vegetation units, which protects the soils from extensive water loss by means of evaporation. Eroded areas lost all of this natural protection, and therefore notable deficits were obtained at higher elevations during austral winter (Table 3: DsMax up to −45.2 mm/ha/month).



At lower elevations (DsMin, Table 3) eroded areas showed a notable deficit (up to −150.1 mm/ha/month); only during the wettest months in austral summer water surpluses were calculated (February and March; up to 179.6 mm/ha/month). However, this reserve is rapidly depleted though infiltration and evaporation processes. The same is valid for pasture and scrubland at lower elevations, where pronounced monthly water deficits were determined during most of the year (up to −108.6 mm/ha/month); only during the wettest months (February and March) small surpluses were calculated (up to 48.0 mm/ha/month). For cultivated areas (corn, sugarcane, coffee and fruits), the estimated deficit was even higher (up to −181.1 mm/ha/month), due to the higher ETc and lower P near the valley bottom [89]. Only at higher elevations (DsMax, Table 3), i.e., inside the side valleys, small surpluses were determined during the rainy season, in which highest surpluses were calculated for fruits, because the canopies of the trees reduce the evaporation loss of soils. However, the trees are generally scattered, for which reason the canopy shelter effect is reduced.



The highest monthly deficits WBci are mainly caused by the pronounced precipitation cycle (see Figure 2), but also by the anthropogenic land use changes in the study area. Near the valley bottom and inside the side valleys agriculture predominates, where additionally, soils such as Fluvents, Orthents and Torrents prevail (see Figure 4 and Table 2). These soil types have lower RC, due to their higher sand content [84,90]. However, close to the river course ground water constitution is higher, which reduces the soil water deficit. Nevertheless, the low RC of these soils, together with the high ETc of cultivated land, cause a fast depletion of the soil moisture content. Therefore, the situation deteriorates until August/ September, when lowest precipitation amounts are registered (INMAHI, 2006–2015) and water deficiency peaks (up to −181.1 mm/ha/month). In October water deficiency starts to decrease, due to the increasing P; however, cultivated areas need until February/March at least, to adjust their monthly WBci (Table 3). In contrast, areas covered by forest and paramo did not show any water deficit throughout the year, because of the higher P, lower ETc and the prevailing soil types (Hemist, Tropept and Udalf), which have higher RC. Furthermore, the frequent cloud cover at higher elevations and the canopy shelter effect, reduce the ETc for these vegetation units [48,71,87].



In summary, for cultivated areas in the communities of Malacatos and Vilcabamba irrigation is required during the whole year, due to high ETc and low P, especially for crop production (corn and sugarcane). The necessary water for these agricultural practices, besides the drinking water supply for the local and regional population, must be provided by areas covered with natural vegetation (forest and paramo), where water surpluses were calculated throughout the year. Pasture and scrubland can only contribute water during the rainy season, because notably, water deficits were calculated during the extreme months in austral winter (Figure 6).




5. Discussion


The ET0 calculation was based on the modified Blaney–Criddle equation [72], which only needs T data as input. However, to date, the Penman–Monteith method [86] is generally applied, due to its precise estimation of ET0 amounts because additional meteorological information, such as wind speed, relative humidity and solar radiation, is considered. These additional parameters were not available for the study area, as in many semiarid regions in the world, particularly in developing countries, where historical data is also scarce (e.g., [31,38,51]). Nevertheless, the applied method provides reliable results for decision makers respective to water management, because the specific crop factor Kc was included to calculate ETc (e.g., [89]), even though over- and underestimation between 10% and 25% must be considered [73]. Furthermore, the WBc and WBci calculations were based on a 10-year data set (2006–2015), which depict the actual climatic conditions in the communities of Malacatos and Vilcabamba. Additionally, actual soil data from 2019 were included to determine RC for each specific soil type present in the study area, which improved the results [64].



The findings of this study are comparable to values published by [91], who estimated the changes in water resources at the Ecuadorian coast until the end of the century, applying two different General Circulation Models (GCMs) and two representative concentration pathways scenarios (RCP 4.5 and 8.5; [8]). They determined an actual mean monthly ET0 between 130.0 mm and 141.8 mm by means of the Penman–Monteith method [86], and the Modified Thornthwaite method [92] respectively, which might increase up to 210.7 mm by the end of the century (RCP 8.5). Their actual mean monthly gross water demand for crops was 109.8 mm, which lies in the same range as calculated in this study (mean monthly Ds: corn = −106.4 mm, sugarcane = −114.8 mm).



However, the relationships between P, ET, soil water storage and surface-runoff are not simple, because several processes such as infiltration rates, ground water contribution, vegetation cover and its changes over time, as well as other human impacts, such as water extraction (irrigation), are often not considered because these data are unavailable [93,94,95]. Specifically, the latter applies for the study area, because no information respective to water extraction for agricultural proposes is registered [96]. Although irrigated agriculture is the sector that consumes the highest amounts of the local hydrological resources in semiarid regions [97,98], a quantification is complex, due to the poorly managed irrigation canals and the uncontrolled irrigation practices in the study area.



Another challenge, not only in the communities of Malacatos and Vilcabamba, but also in other semiarid regions, is population growth, which is associated with pronounced land use changes and, consequently, to high deforestation rates [48,99,100]. As shown in this study, soil water storage and water availability depend on vegetation cover and the specific soil type, besides local climate conditions. The necessary water for agriculture in the study area might be provided by areas covered by natural vegetation, which showed notable surpluses, especially during the wet season and at higher elevations (Figure 6 and Table 3). These generated water surpluses must be saved for later use [50], for which reservoirs might be constructed or traditionally used storage basins, called “albarradas” in Ecuador [101], rehabilitated. Nonetheless, the agricultural frontier still invades the remaining areas of natural vegetation, because agriculture is the principal economic activity for the local population [13,28,42], which, together with uncontrolled water extractions and high deforestation rates, endanger the availability of hydrological resources, as it is observed in many semiarid regions of the world [8,102].



Therefore, conservation and afforestation programs are required, especially at abandoned sites, to safeguard the water supply for the local and regional population in the future [16,61,100]. Afforestation programs do not only benefit the local population, providing vital ecosystem services, conserving biodiversity, and preventing soil erosion and desertification processes, but also act as a carbon sequestration strategy, considering ongoing climate change [11,103]. In the semiarid regions of Ecuador, particularly, a reduction in biodiversity [10,100], but also enhanced desertification and soil erosion processes are observed, due to the high deforestation rates and other land use changes [29,47]. Land use changes, in combination with predicted climate change [8,104], must be studied in future investigations, when enough historical data is available, to help illustrate the actual state of water availability and its possible reduction into the future, while also considering local and regional requirements. Therefore, continuous monitoring and sustainable water management are necessary to guarantee water supply and food production.




6. Conclusions


The study showed that water availability in semiarid regions is linked to the prevailing climate conditions, the vegetation cover and the specific soil types, where the highest water retention capacity (RC) was calculated for soils with a high clay content. Sandy soils, which are mostly located near river courses showed notably lower RC. Nonetheless, water deficiency (Ds) could not be reduced to the different soil types, due to the ground water constitution, which could not be determined for the present study; more important are the local climate conditions and the existing vegetation cover. Natural vegetation, especially forest and paramo areas, did not show water deficiency throughout the year, especially at higher elevations, due to the canopy shelter effect, which generates moist climate conditions inside the forest stands, along with frequent cloud cover at the ridges. Pasture and eroded areas at the same altitude lost much/all of their natural water retention capacity, which is why water deficits were calculated, particularly during the dry season. The calculated water deficits at cultivated areas were even higher, where deficits nearly throughout the year were determined. This is not only due to the applied Kc for crops, but also to their location near the valley bottom and inside the side valley (flat zones), where T, and therefore ET0 is higher, but P lower. These climate conditions cannot provide the necessary water for agricultural practices, which is why irrigation is required. The necessary water can be supplied by areas coved by natural vegetation at higher elevation; however, these areas are endangered due to population growth, which leads to pronounced land use changes and high deforestation rates.



To assure water availability, as well as a secure water supply for the local and regional population in the future, sustainable water management must be implemented, which also includes the rehabilitation of existing reservoirs (historically built “albarradas”). The governmental decision-makers should focus on landscape planning to implement adequate land use practices, considering not only the actual climate conditions and the predicted changes in the future, but also soil characteristics and benefits of natural vegetation units.
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Figure 1. Digital elevation model (DEM) and limits of the communities Malacatos and Vilcabamba, including the meteorological station locations. 
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Figure 2. Climograph of the station Malacatos (M0143), province Loja - Ecuador (period: 2006–2015). 
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Figure 3. Vegetation map of the communities Malacatos and Vilcabamba (reclassified; based on [43]). 
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Figure 4. Soil map of the communities Malacatos and Vilcabamba (adopted from [33]), including sampling points. 
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Figure 5. (a) Annual precipitation (P) of the communities Malacatos and Vilcabamba. (b) Annual crop evapotranspiration (ETc) of the communities Malacatos and Vilcabamba. (c) Annual specific crop water balance (WBc) of the communities Malacatos and Vilcabamba. 
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Figure 6. Monthly Ds [mm] for the different vegetation units present in the communities of Malacatos and Vilcabamba; (a) for lower elevation (DsMin) and (b) for higher elevation (DsMax). 
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Table 1. Specific crop coefficient (Kc) used for the present study.
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	Category
	Kc





	Corn
	1.15



	Fruits
	0.80



	Water Surface
	1.05



	Sugar cane
	1.20



	Coffee
	1.05



	Pasture
	0.75



	Eroded Areas
	1.00



	Shrubland
	0.75



	Forest
	0.25



	Urban areas
	1.00



	Paramo
	0.15
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Table 2. Soil sample analysis, including mean values for soil texture, bulk density (BD), field capacity (CC), permanent wilting point (PWP) and water recitation capacity (RC).
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	SOIL TYPE
	SAND (%)
	LOAM (%)
	CLAY (%)
	Da (g/cm3)
	CC

(%)
	PWP

(%)
	RC (mm)





	Fluvent
	66.87
	14.67
	18.46
	1.48
	15.40
	8.05
	32.65



	Udalf
	46.65
	22.35
	31.01
	1.48
	22.20
	12.33
	43.62



	Orthent
	71.03
	12.80
	16.18
	1.29
	14.09
	7.24
	26.87



	Hemist
	52.92
	22.42
	24.67
	1.44
	19.31
	10.51
	37.98



	Tropept + Orthent
	38.19
	22.94
	77.74
	1.42
	25.87
	14.64
	47.94



	Tropept
	28.69
	31.79
	39.53
	1.57
	27.40
	15.60
	55.09



	Torret
	49.80
	19.33
	30.88
	1.30
	21.72
	12.03
	37.56
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Table 3. Monthly and annual Ds [mm] for the different vegetation unit in the communities Malacatos and Vilcabamba.
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Landcover

	
CORN

	
SUGARCANE

	
COFFEE

	
FRUITS

	
PASTURE

	
ERODED AREAS

	
SCRUBLAND

	
FOREST

	
PARAMO




	
Ds [mm]

	
Min

	
Max

	
Min

	
Max

	
Min

	
Max

	
Min

	
Max

	
Min

	
Max

	
Min

	
Max

	
Min

	
Max

	
Min

	
Max

	
Min

	
Max






	
Jan

	
--90.6

	
--18.6

	
--98.7

	
--41.1

	
--69.4

	
--18.8

	
--35.9

	
12.4

	
--29.0

	
87.4

	
--66.7

	
34.8

	
--28.3

	
65.8

	
55.4

	
127.2

	
95.9

	
135.8




	
Feb

	
--22.4

	
39.3

	
--29.4

	
24.9

	
--4.0

	
37.9

	
26.2

	
75.5

	
32.1

	
142.7

	
0.8

	
94.8

	
32.8

	
123.7

	
104.9

	
179.0

	
139.0

	
187.0




	
Mar

	
--9.8

	
53.0

	
--16.9

	
40.8

	
4.8

	
61.4

	
40.7

	
108.5

	
47.8

	
227.0

	
15.3

	
179.6

	
48.0

	
219.6

	
118.6

	
272.2

	
133.5

	
280.1




	
Apr

	
--86.6

	
--23.7

	
--94.0

	
--55.9

	
--69.2

	
--31.3

	
--33.9

	
0.2

	
--28.1

	
77.9

	
--58.7

	
31.0

	
--27.3

	
62.4

	
47.0

	
118.2

	
75.2

	
126.7




	
May

	
--90.2

	
--12.7

	
--96.6

	
--32.7

	
--72.0

	
--15.1

	
--45.6

	
--0.1

	
--40.5

	
35.2

	
--67.1

	
9.9

	
--39.5

	
31.9

	
24.9

	
59.2

	
54.0

	
64.5




	
Jun

	
--145.5

	
--54.6

	
--155.5

	
--75.9

	
--125.9

	
--51.2

	
--94.8

	
--30.2

	
--88.6

	
4.3

	
--125.6

	
--13.3

	
--87.9

	
16.0

	
--13.6

	
58.0

	
36.1

	
63.3




	
Jul

	
--169.2

	
--72.4

	
--179.4

	
--98.6

	
--145.9

	
--72.7

	
--112.8

	
--47.3

	
--108.6

	
--16.6

	
--149.1

	
--28.9

	
--108.4

	
0.5

	
--29.0

	
41.4

	
11.6

	
46.5




	
Aug

	
--171.4

	
--77.0

	
--180.4

	
--104.8

	
--150.3

	
--79.6

	
--114.4

	
--55.8

	
--107.1

	
--20.4

	
--148.1

	
--42.6

	
--107.5

	
--12.5

	
--26.5

	
24.0

	
9.0

	
28.4




	
Sep

	
--172.1

	
--80.8

	
--181.1

	
--112.1

	
-150.5

	
-86.1

	
-113.8

	
-58.0

	
-108.6

	
-26.5

	
-150.1

	
-45.2

	
-108.4

	
-15.1

	
-26.2

	
18.5

	
0.0

	
25.0




	
Oct

	
-117.1

	
-28.5

	
-126.6

	
-64.4

	
-91.4

	
-32.8

	
-54.0

	
-1.8

	
-53.0

	
26.4

	
-96.7

	
13.9

	
-52.8

	
45.5

	
35.3

	
86.6

	
67.9

	
92.2




	
Nov

	
-105.5

	
-30.9

	
-113.6

	
-70.8

	
-86.3

	
-41.1

	
-49.0

	
-10.4

	
-42.0

	
65.0

	
-77.7

	
15.5

	
-41.0

	
45.5

	
38.5

	
102.3

	
67.7

	
110.5




	
Dec

	
-96.3

	
-17.8

	
-105.4

	
-56.0

	
-75.3

	
-24.3

	
-38.5

	
6.7

	
-31.2

	
74.9

	
-74.4

	
25.8

	
-31.0

	
56.7

	
54.0

	
111.4

	
89.4

	
119.5




	
Year

	
-1276.8

	
-324.7

	
-1377.6

	
-646.5

	
-1035.4

	
-353.6

	
-625.7

	
-0.3

	
-556.8

	
677.0

	
-998.1

	
275.3

	
-551.3

	
640.1

	
383.4

	
1198.0

	
779.3

	
1279.6
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