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Abstract: Extensive livestock farming plays a crucial role in the economy of agrosilvopastoral sys- 10 

tems of the southwestern Iberian Peninsula (known as dehesas and montados in Spanish and 11 

Portuguese, respectively) as well as providing essential ecosystem services. The existence of live- 12 

stock in these areas heavily relies on the effective management of natural resources (annual pas- 13 

tures and water stored in pond built ad hoc). The present work is aimed to assess water availability 14 

in these ponds by developing equations to estimate water volume based on surface area, which can 15 

be quantified by means of remote sensing techniques. For this purpose, field surveys were carried 16 

out in September 2021, 2022 and 2023 at ponds located in representative farms, using unmanned 17 

aerial vehicles (UAVs) equipped with RGB sensors and survey-grade global navigation satellite 18 

systems and inertial measurement units (GNSS-IMU). These datasets were used to produce 19 

high-resolution 3D models by means of Structure-from-Motion and Multi-View Stereo photo- 20 

grammetry, facilitating the estimation of stored water volume within a Geographic Information 21 

System (GIS). The Volume-Area-Height relationships were calibrated to allow conversions be- 22 

tween these parameters. Regression analyses were performed using maximum volume and area 23 

data to derive mathematical models (power and quadratic functions) that resulted in significant 24 

statistical relationships (r2 >0.90, p<0.0001). The root mean square errors (RMSE) varied from 1.59 to 25 

17.06 m3 and 0.16 to 3.93 m3 to estimate water storage in similar water bodies using available aerial 26 

or satellite imagery.  27 

Keywords: water resources, ponds, Unmanned Aerial Vehicles, aerial imagery, climate change. 28 

 29 

1. Introduction 30 

In the SW Iberian Peninsula, approximately 60% of its land surface is occupied by 31 

extensive grazing areas, either in the form of woody rangelands or treeless grasslands, 32 

which are in fact past cleared forests [1]. These systems alternate woodland and natural 33 

pastures at tree densities ranging from 15 to 80 trees ha-1, depending on the local context 34 

[2]. These pastures are usually grazed by sheep, cattle and Iberian pigs inside of large 35 

privately-owned farms that exceed 100 ha in size [3]. Since traditional practices such as 36 

transhumance and transterminance have begun to be uncommon most of farmers have 37 

chosen strategies to supply to livestock food and water for the whole year. The design of 38 

watering ponds has been crucial in this matter to overcome high summer temperatures 39 

and water scarcity [4]. 40 

This kind of ponds represents the majority of water bodies identified in regions such 41 

as Extremadura in which extensive livestock farming is a common activity. In fact,   42 

Abdennour et al. [5] identified 64,896 water bodies with an area <0.01 km2 that represent 43 

the 64.5% of the total. Water for livestock consumption in the SW of the Iberian Peninsula 44 
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comes from these small ponds, which are an important resource in Mediterranean cli- 45 

mate environments, where summers are always hot and dry and periods of drought are 46 

recurrent [6].  47 

The suitability of these ponds depends, to a large extent, on the adequacy of their 48 

size to soften climatic fluctuations. In recent decades, the Mediterranean region has ex- 49 

perienced significant modifications in climate patterns characterized by rising tempera- 50 

tures, variations in precipitations, and the increased frequency of extreme weather events 51 

[7,8]. This will presumably reduce the availability of surface water in ponds for livestock 52 

consumption, being necessary to improve the management and assessment of water re- 53 

sources [5]. At these areas, precipitation shows a great temporal variability and runoff is 54 

highly concentrated, with 10% of months accounting for 85% of total discharge [9]. 55 

Therefore, it is crucial to help farmers to assess the volume of water stored at a specific 56 

time (V), as well as the maximum volume (Vmax), to improve the management of this 57 

resource.  58 

Estimating V or Vmax requires a high-resolution topographic model of the pond in 59 

addition to water level. The elaboration of this topographic model is, commonly, 60 

time-consuming and requires the use of specific surveying techniques and instruments 61 

[10]. On the other hand, rather than Vmax, the farmer is interested in V, for which it is 62 

necessary not only to have the surface topography of the pond but also to measure the 63 

depth of the water table (h). Due to these difficulties, it is common to establish relation- 64 

ships between V, the area of the water table (A) and h [11-14] that allow one of these pa- 65 

rameters to be indirectly obtained from another. For example, in this way, it is possible to 66 

determine V from the measurement of the area occupied by the water (A) in an aerial 67 

image or the depth of the water table directly measured with the help of a plumb (h). 68 

These relationships can be an important tool for landowners who can estimate the 69 

maximum or real-time water stored in a farm and thus be aware of whether the supply 70 

capacity of his farm meets the real consumption needs of the livestock [15], in addition to 71 

the losses due to evaporation or overflow [6]. 72 

The development of V-A-h relationships also relies on the existence of a 73 

high-resolution spatial topographic model of the pond, with a wide variety of techniques 74 

available for its elaboration. In the presence of water in the pond, bathymetric sonar 75 

[16,17], green airborne Light Imaging And Ranging (green LIDAR) [18] or Terrestrial 76 

Laser Scanner (TLS) [19] through water are effective state-of-the-art techniques. Howev- 77 

er, they are unsuitable in water ponds of the SW of the Iberian Peninsula due to pond 78 

size, water depth and turbidity [10]. Marín-Comitre et al. [10] overcame these limitations 79 

by employing close-range Structure-from-Motion and Multi-View Stereo photogramme- 80 

try (ahead SfM) and aerial SfM with images acquired by Unmanned Aerial Vehicles 81 

(UAVs), both obtained at the end of the summer, when the water reaches the minimum 82 

level, and combined with Global Navigation Satellite Systems (GNSS) to survey points in 83 

the submerged area.  84 

In these previous experiences, the use of the GNSS was necessary to survey sub- 85 

merged points, but also to survey Ground Control Points (GCPs) that allow to scale and 86 

georeferenced the photogrammetric model. In the present work, we have used an UAV 87 

equipped with a RGB sensor and a direct-georeferencing system to acquire aerial images 88 

that are used later to produce a high-resolution 3D model of the pond by means of SfM. 89 

The development and use of UAVs with direct-georeferencing systems is relatively re- 90 

cent [20-22] and these systems suppress the need to survey GCPs and therefore the use of 91 

a rover GNSS. However, in this approach it is necessary that the ponds are completely 92 

free of water. 93 

Our work is based on Marín-Comitre et al. [10] who developed V-A-h relationships 94 

for 7 water ponds in farms of the SW Iberian Peninsula. On this basis, we have added 4 95 

new cases to the dataset, surveyed and elaborated using state-of-the-art remote sensing 96 

techniques: UAVs with direct-georeferencing capabilities and SfM. Hence, the main goal 97 

of this work is to refine existing V-A-h relationships for water ponds in the SW of the 98 
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Iberian Peninsula that may be useful for landowners, farmers, and managers to improve 99 

the management of water resources in the current context of water scarcity. Additionally, 100 

we conducted a thorough analysis of errors and uncertainties in the estimations of V us- 101 

ing V-A-h relationships. Finally, the V-A-h relationships were used to carry out a mul- 102 

ti-temporal analysis of water availability in 4 representative farms (27 ponds). 103 

2. Materials and Methods 104 

2.1. Study Area 105 

This work was carried out at four representative ponds in three farms of Extrema- 106 

dura (Spain): Parapuños de Doña María, La Brava and La Barrosa, located in the munic- 107 

ipalities of Monroy, Aliseda and Alburquerque, respectively (Figure 1). These farms 108 

represent conventionally managed woodlands and natural pastures, which include dif- 109 

ferent livestock species such as the Retinta cattle, Merino sheep, Iberian pigs and goats 110 

for meat production. The climate is Mediterranean, with an average annual rainfall var- 111 

ying from 500 to 600 mm y-1, distributed irregularly during the autumn, winter and 112 

spring months, and an average annual temperature of 16°C [23]. The topography in the 113 

farms is represented by an undulating landscape with altitudes slightly above 400 m. 114 

Lithology is dominated by siliceous rocks (Precambrian slates) and the remains of Ter- 115 

tiary deposits. Soils are, in general, shallow, classified as Leptosols and Cambisols types, 116 

slightly acidic, relatively poor in nutrients and easily erodible in overgrazed areas [24]. 117 

 118 

 119 

Figure 1. Geographical location of the pilot farms, and their watering ponds, in Extremadura (A). B: 120 
Parapuños de Doña María, C: La Brava, D: La Barrosa. 121 
 122 
2.2. Data collection and workflow 123 

 The four ponds analysed in this study: pond no. 4 and no. 6 of Parapuños de Doña 124 

María (Par4 and Par6), pond no. 6 of La Barrosa (Bar6) and pond no. 8 of La Brava (Bra8) 125 

were surveyed and cubed in September 2021 and 2022, when there was no water in them. 126 

The information obtained from these four ponds was integrated in the database from the 127 

previous work by Marín-Comitre et al. [10]. A Phantom 4 RTK UAV was used to acquire 128 

aerial photographs of the water ponds and the surrounding area to be postprocessed. The 129 
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flight plan was designed to cover every study area with perpendicular strips, a flying al- 130 

titude of 80 m above topography and a Ground Sampling Distance (GSD) of 2.54 cm. The 131 

dataset was pre-processed using a Post-Processing Kinematic Approach (PPK) with data 132 

recorded simultaneously by nearby permanent GNSS stations and the software 133 

RedToolbox [25]. The images with the corrected camera pose were used as input in the 134 

SfM photogrammetric workflow within the software Pix4Dmapper Pro [26] to produce 135 

point clouds, Digital Elevation Models (DEMs) and orthophotographs (Figure 2). 136 

 137 

 138 

Figure 2. Example of image data obtained of the workflow in pond no. 8 of La Brava. (A) Ortho- 139 
photography, (B) DEM and (C) Cloud point RGB image [27]. 140 

The resulting high-resolution DEMs were used to estimate the Vmax at each pond. 141 

First, different geoprocessing steps (calculation of hillshade, slope and terrain profile 142 

analysis) were used to identify the location of the spillway. Then, the volume of water 143 

stored at intervals of 10 cm or 20 cm (at smaller ponds such as Par6, 10 cm intervals were 144 

used while for larger ones, such as Bra8, 20 cm intervals were used) up to the spillway 145 

altitude were estimated for each pond. The geoprocessing procedure allows to have data 146 

of V, A and h (Table 1) for the different intervals and to estimate relationships between 147 

these parameters for every pond. 148 

Table 1. Data analysis of the ponds for estimating relationships between variables. Spillway level: 149 
maximum height of the pond, i.e. the point where water overflows. Minimum elevation: pond 150 
depth point. Height: pond depth. Interval (cm): analysis distance of the V-A-h ratio. Intervals (n): 151 
number of analysis repetitions. 152 

Pond 
Spillway level 

(m) 

Minimum elevation 

(m) 

Height 

(m) 

Interval 

(cm) 

Intervals 

(n) 

PAR 6 381.15 379.25 1.9 10 19 

PAR 4 401.56 398.46 3.1 10 31 

BAR 6 314.10 310.70 3.45 10 34 

BRA 8 316.65 312.35 4.35 20 23 

 153 
 154 
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The V, A and h data estimated from the previous step were studied using a regres- 155 

sion analysis to establish relationships and calculate the associated errors (by means of 156 

the Root Mean Square Error or RMSE). Marín-Comitre et al. [10] established 157 

pond-specific and generalized V-A-h relationships for seven ponds surveyed using dif- 158 

ferent geomatic techniques. Microsoft Excel and RStudio software packages were used 159 

for this purpose. Power (1) and quadratic (2) functions were fit for every water pond 160 

(pond-specific) and farm (farm-specific), but also a general equation produced with data 161 

from all the ponds was estimated. Errors (3) for every function and pond were estimated 162 

using the specific and general equations and the relationship between error and water 163 

table height was explored. 164 

                                   y = α 𝑥𝛽                                      (1) 165 

                                   y = a𝑥2+b𝑥+c                                (2) 166 

                          Error (%) = [
𝐴𝐵𝑆(𝑝𝑜𝑤,𝑞𝑢𝑎𝑑)

𝑀𝐷𝐸
] ∗ 100                        (3) 167 

The best-resulting equations produced for each pond were then used to estimate V 168 

in every free-available aerial image in the National Centre of Geographic Information 169 

database (CNIG) and in the Google Earth Pro catalogue (Table 2). The A of the ponds was 170 

mapped using ArcGIS software for the CNIG database and Google Earth Pro for its own 171 

catalogue of images. In addition, the best-resulting equations were used to compare the 172 

maximum capacity of the total ponds in the 3 pilot farms with the actual maximum ca- 173 

pacity of the 4 ponds analysed. 174 

Table 2. Aerial images used in this study (available in June 2022). CNIG: Spanish National Centre 175 
of Geographical Information. 176 
 177 
 178 
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3. Results 196 

3.1. Relationships between variables and mathematical models 197 

The maximum data of each variable, the graphs of the adjustments made in the new 198 

cases, as well as of the whole data, and the errors returned by the specific and general 199 

mathematical models to each pond are shown in this subsection. Table 3 shows the 200 

maximum value for V-A-h at every pond. The maximum storage volume varied from 201 

771.4 m3 to 6653.6 m3, with Bra8 being the pond with the highest storage capacity. The 202 

Acquisition date Spatial resolution (m) Source 

1984 0.5 CNIG 

2005 0.5 CNIG 

2007 0.5 CNIG 

2009 Unknown Google Earth 

2010 Unknown Google Earth 

2011 0.5 CNIG 

2013 0.5 CNIG 

2015 Unknown Google Earth 

2016 0.5 CNIG 

2017 Unknown Google Earth 

2018 Unknown Google Earth 

2019 0.5 CNIG 

2020 Unknown Google Earth 

2021 Unknown Google Earth 
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maximum area of the water sheet varied from 860.7 m2 to 5003.9 m2, with Par4 having the 203 

largest area. The maximum height of the ponds varies between 4.3 m and 1.9 m, with 204 

Bar6 being the deepest. 205 

Table 3. Maximum values of each parameter at every pond. *Source: Marín-Comitre et al. [10]. 206 
 207 

Pond V max (m3) A max (m2) h max (m) 

Par6 771.4 860.7 1.9 

Par4 5401.2 5033.9 3.1 

Bra8 6653.6 2511.7 3.4 

Bar6 2270.2 1745.5 4.3 

P4* 2157.6 1957.6 2.5 

B6* 3350.7 2005.5 3.4 

B8* 2282.0 1711.3 2.5 

P3* 3635.3 3392.7 2.8 

P1* 1680.1 1764.7 2.5 

P5* 4978.0 4916.4 3.1 

B3* 5439.9 2923.4 3.3 

Figure 3 shows illustrative scatterplots that show the relationships between V–A-h 208 

parameters for some ponds. Blue and red lines represent power and quadratic functions. 209 

Black dots represent observed vs. measured values of V–A–h. The R2 values, always 210 

above 0.9, demonstrate strong statistical relationships with quadratic functions showing 211 

the highest R2 values. The V-h relationship in Par6 for the quadratic function returned a 212 

R2 =1, being the most accurate. On the contrary, the A-h relationship for the power func- 213 

tion of the Bar6 pond showed a R2 =0.90, being the least accurate. It can be seen from the 214 

graphs that the quadratic functions are more accurate than the power functions since the 215 

latter do not fit at specific parts of the curve. For instance, the V-A relationship for Par4 216 

shows that the blue line does not fit well in the x-coordinate in 2,000 m3 and above. A 217 

similar behavior can be observed in Bar6, where the blue line does not fit in the 218 

x-coordinate at 1,000 m3 and above. The V-A relationship in Par6 showed a good fit for 219 

both functions. 220 

 221 

Figure 3. Illustrative scatterplots of the V-A-h parameters measured (represented by black dots) 222 
and obtained power (blue) and quadratic (red) regression lines. V-A: Par6, V-h: Par4, A-h: Bra8. 223 
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Specific power and quadratic functions estimated with the corresponding R2 and 224 

RMSE are shown in the Table 4. In general, the quadratic functions present lower RMSE 225 

(%) than the power functions, with the latter showing RMSE<4%. The V-A relationship in 226 

the Par6 pond had the lowest RMSE (1.71%), while the Bar6 showed the highest RMSE 227 

(10.26%). Regarding the V-h relationship, Par6 had the lowest RMSE with 0.16%. Bar6 228 

was the study case with the highest RMSE in the different relationships, presenting, for 229 

instance, a RMSE in the A-h relationship of 17.06%. 230 

Figure 4 shows the relationships for the whole dataset (n=11), i.e. including our 4 231 

cases besides Marín-Comitre et al. [10] dataset. These plots show the fit of the power 232 

(blue line) and quadratic (red line) functions as well as their corresponding R2. In general, 233 

quadratic functions showed the highest R2. In the case of the V-A relationship, the power 234 

function showed a R2 = 0.748 in comparison to the quadratic function with a R2 = 0.808. 235 

The A-h relationship showed the worst performance while the V-A and V-h, which are 236 

the most useful equations for farmers, showed R2 above 0.75. 237 

Table 4. Performance values of the pond-specific mathematical models. 238 

 239 

 240 

  Power Functions Quadratic Functions 

Pond Equation R2 RMSE (%) Equation R2 RMSE (%) 

V-A relationship 

Par6 y = 0.0011x1.9968 0.997 1.71 
y = 0.0009x2 + 0.1219x – 

13.186 
0.999 2.06 

Par4 y = 0.0036x1.7038 0.984 9.61 
y = 0.00009x2 + 0.7028x 

-165.44 
0.996 1.92 

Bra8 y = 0.0002x2.1894 0.967 5.99 
y = 8E-07x3 – 0.0016x2 + 

1.6942x – 209.25  
0.994 3.93 

Bar6 y = 0.0449x1.4057 0.972 10.26 
y = 0.0008x2 – 0.063x + 

20.355 
0.998 1.55 

V-h relationship 

Par6 y = 195.95x2.3368 0.997 4.98 
y = 223.93x2 – 21.151x + 

0.3621 
1.000 0.16 

Par4 y = 367.8x2.2055 0.994 5.12 
y = 756.09x2 – 741.96x + 

223.18 
0.998 1.57 

Bra8 y = 420.93x1.9136 0.999 1.59 
y = 296.9x2 + 291.73x – 

122.59 
0.999 0.76 

Bar6  y = 33.264x3.6366  0.987 8.96 
 y = 303.98x2 – 433.71x + 

130.63 
 0.999 1.12 

A-h relationship 

Par6 y = 421x1.1704 0.998 2.44 
y = 18.796x2 + 417.95x – 

13.286 
0.999 0.91 

Par4 y = 847.26x1.3545 0.979 6.12 
y = 457.7x2 + 98.615x + 

128.74 
0.997 1.53 

Bra8 y = 797.88x0.8695 0.981 4.91 
y = -88.807x2 + 983.1x – 

50.579 
0.998 1.35 

Bar6  y = 111.56x2.5498  0.905 17.06 
 y = -71.174x3 + 467.31x2 – 

295.75x + 47.039 
 0.996 1.94 
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 241 

Figure 4. Scatterplots of the V-A-h parameters measured (represented by dots) and obtained power 242 
(blue) and quadratic (red) relationships using the whole dataset (11 ponds). 243 

The generalized functions of the different relationships between the V-A-h param- 244 

eters and their associated R2 are shown in the table 5. Applying the general V-A power 245 

function to each pond resulted in a RMSE that varied from 1.65% (P1) to 24.24% (Bra8). 246 

The use of the general quadratic function resulted in a RMSE that varied from 8.30% 247 

(Par4) to 23.23% (Bra8). The analysis of the V-h and A-h relationships for Bar6 showed 248 

the highest RMSE (48.50%), being the worst pond for the application of the mathematical 249 

models. On the contrary, at the pond P4 these models fitted quite well, with RMSEs not 250 

exceeding 4% in the V-h relationship and 7% in the A-h relationship. 251 

Table 5. Performance values of the generalized mathematical models. 252 

  Power Functions Quadratic Functions 

Parameters Equation R2 Equation R2 

V-A  y = 0.0093x1.6112 0.75 
y = -0.00003x2 + 

1.3416x – 356.86 
0.81 

V-h  y = 210.87x2.5744 0.82 
y = 373.77x2 – 

11.259x – 60.104 
0.84 

A-h  y = 515.67x1.4813 0.66 
y = -47.233x2 

1035.6x – 275.29 
0.69 

3.2. Estimated errors 253 

Figure 5 shows the RMSE for the different models at each pond and using the gen- 254 

eralized equations. For the V-A, the RMSE was below 25%. The quadratic and power 255 

functions showed errors of the same magnitude for each pond. The figure highlighted the 256 

large RMSE observed at Bar6 (close to 50%) for the V-h and A-h relationship. On the 257 

contrary, P4 showed the lowest RMSE in the V-h and A-h relationships. 258 
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 259 

Figure 5. Comparison of the RMSE values from using the different general equations. 260 

Figure 6 shows the errors as function of the volume of water stored using power and 261 

quadratic specific models. Specifically, A, B and C columns in Figure 6 show the error in 262 

V-A, V-h and A-h relationships. The V-A relationships are of particular interest in terms 263 

of applicability of the equations and according to the Figure 6, errors are relevant when 264 

the volume of water stored is low. Conversely, errors tend to be close to the 10% when 265 

the volume of water stored is medium or high. Therefore, the models developed here are 266 

useful in times of hydrological bonanza, but they will not be practical for low water levels 267 

(something common after dry spells). 268 

 269 

Figure 6. Errors as function of the volume of water stored. 270 
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Similarly, Figure 7 presents the errors as function of the volume of water stored but 271 

using the general equations instead of the specific ones (showed in Figure 6). In this case, 272 

the errors were estimated for the 4 cases analysed in the present work but also for Ma- 273 

rín-Comitre et al. [10] dataset. Plots showed a similar behavior to that described above for 274 

specific functions. Quadratic functions (red line) showed lower errors than power func- 275 

tions (blue) when the volume of water stored is medium or high. Only P1using quadratic 276 

function showed high errors. 277 

 278 

Figure 7. Plots of the analysis of errors as function of the volume of water stored using general 279 
equations in V-A relationships of the whole data available. 280 

3.3. Applicability of models 281 

The temporal dynamics of the volume of water stored in the studied ponds for each 282 

farm is shown in the Figure 8. The volume of stored water showed a large variability that 283 

is given by the seasons but also by the inter-annual variability of the Mediterranean 284 

climate. The dynamics is similar for each pond and for each type of function used to 285 

estimated the volume of water. For the Parapuños farm, the quadratic function 286 

overestimates the values produced by the power function whereas in La Brava and La 287 

Barrosa farms occurs the opposite. 288 
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 289 

Figure 8. Temporal evolution of the average water storing capacity of each farm. 290 

By means of pond-specific high-resolution DEMs the Vmax of every pond was 291 

calculated and compared with the Vmax estimated using the power (blue) and quadratic 292 

(red) functions (Figure 9). According to this comparisom, at small ponds like Par6 or Bar6 293 

both functions estimated a volume of water stored close to the volume calculated using 294 

their high-resolution DEMs. For large ponds like Par4 and Bra8 the volume of water 295 

determined using their DEMs is close to that estimated by means of the quadratic 296 

function while the power function clearly overstimated the Vmax. 297 

 298 

Figure 9. Power (blue bar) and quadratic (red bar) functions applied to Vmax for all ponds in the 299 
pilot farms. The real maximum volume (green bar) is also shown for the four ponds where the real 300 
volume was available. 301 
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4. Discussion 302 

The availability of water in extensive livestock farming systems of Mediterranean 303 

countries is increasingly threatened by climate change, which could compromise eco- 304 

system maintenance and human development [28], and land management due to, on one 305 

hand, the increase in the average stocking rates [29] and, on the other hand, land aban- 306 

donment [30]. The survivorship of this kind of farms is crucial both for their provision of 307 

ecosystem services as well as for their role preventing fires, a serious threat in the Iberian 308 

Peninsula [31]. In addition, these ponds are also vital for many hunting animals as well as 309 

for birds and amphibians [32]. 310 

It is still uncommon, at least in the Extremadura region, that many farmers, advisors 311 

and/or stakeholders make a forecast on the amount of available water and if it is in ac- 312 

cordance to the needs of livestock in spite of existing accurate formulas that allow esti- 313 

mating the water consumption per individual [15] and losses by evaporation [33]. It is 314 

often due to the fact of many of them (especially farmers) can know or easily estimate the 315 

maximum depth and the current water surface but they are not mindful that parametric 316 

relationships with volume also exist. In other words, knowing one of these parameters 317 

the estimation of volume is an easy task. 318 

Marín-Comitre et al. [4,6,10] have already provided useful formulas in this matter 319 

but the V-A relationships here performed provided a substantial improvement in terms 320 

of accuracy (assessed by R2 and RMSE: 0.75 vs. 0.57 (power); 0.81 vs. 0.60 (quadratic); 25% 321 

vs. 39%) thanks to the addition of four new study cases (each case supposes several 322 

months of work since field survey in September until the final calculations). However, in 323 

order to simplify this process of estimation, we suggest the use of the following formula 324 

V = -0.00003 A2 + 1.3416 A – 356.86 that it is well-fitted both for large and small ponds and 325 

its accuracy is pretty high (see Table 5). 326 

Another interesting thing is the threshold of 2.000 m2 (pond size). This is the limit 327 

that Marín-Comitre et al. [4,6,10,23] mentioned that it is necessary to overcome if one 328 

farmer can guarantee water supply to livestock every summer and also after a dry spell 329 

of above 12 months of lasting. In addition, this is the limit at which water quality (as- 330 

sessed by fecal coliforms, presence of E. choli, turbidity, dissolved oxygen, etc.) is con- 331 

siderably reduced if it not reached. In fact, the farmers that admitted having problems 332 

related to water availability they recognized that their farms have a low number of ponds 333 

and most of them are smaller than 2.000 m2 in size [34]. 334 

From the point of view of the estimation of volume, small ponds are easily quanti- 335 

fiable by power and quadratic functions but for larger ponds only quadratic functions 336 

returned accurate estimations. We have been able to identify this fact thanks to the anal- 337 

ysis of the errors that we have conducted and that it had not been provided yet in any 338 

previous work (up to our knowledge). Nonetheless, when the water level is too low 339 

(almost empty ponds) none of our equations are useful to estimate the actual volume of 340 

water. Anyway, farmers refuse to put his/her livestock in fences in which ponds are al- 341 

most empty, particularly in summertime, because the presence of E. choli is too high and 342 

it provokes them diarrhea [23].  343 

From the methodological point of view, it is also fruitful discussing about the 344 

idoneity of the materials and tools that we have used in this study. The obtention of the 345 

actual volume (ground truth) of each pond has supposed (i) fieldwork with sophisticated 346 

tools such as laser scanner, UAVs, GNSS-IMU, bathymetry in the flooded area, etc. and 347 

(ii) data processing to generate high-resolution (1 cm) pond-specific DEMs and mathe- 348 

matical models by using specific software packages. In addition, these models must be 349 

worked with GIS softwares such as QGIS and ArcGIS Pro. Therefore, to know properly 350 

the volume of a pond is a laborious task that demands time consumption, expensive 351 

apparatus and skilled workers. 352 

So, the use of this quadratic equation above proposed means that every person can 353 

know the volume of water of this kind of ponds from a previous knowledge of the pond 354 

size and/or depth (maximum capacity) or knowing the surface occupied by water. This 355 
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latter can be estimated by using an aerial or satellite image. The use of aerial imagery 356 

requires a UAV or to download an image from an official data repository. The problem, 357 

at least in Spain, is these images were taken in a single moment of the year. The use of 358 

satellite images such as Sentinel provides more temporal resolution but their spatial res- 359 

olution (10 m) can provoke additional errors of estimation. 360 

We suggest using satellite imagery for those tasks that require a monitoring of the 361 

water volume during the whole year since the installation of water level sensors is not an 362 

easy process and it is almost mandatory to hire an external service to check and down- 363 

load their data. Other cheaper option would be the installation of a level type to assess 364 

depth but it requires being personally in the pond to write down the value of each single 365 

moment. The results obtained in previous works that estimated water volume from re- 366 

mote-sensing images were very consistent with the volume derived from the fitted 367 

equation of lake storage capacity curve based on observed data [35]. For a long-term 368 

monitoring in countries like Spain, the current frequency of aerial images (spatial reso- 369 

lution: 0.25 m, images each 2 years) will allow the comparison between dry, normal and 370 

wet periods and it can be particularly helpful for foreseeing water availability under 371 

certain circumstances. 372 

5. Conclusions 373 

The specific relationships between the different V-A-h variables were very precise. 374 

Their use can be extrapolated to other types of studies such as, for example, establishing 375 

the water balance of the farms under study, which will help the landowner to make the 376 

right management decisions. The analysis of the four new cases, added to what was 377 

studied, obtaining a total of 11 cases, has allowed to obtain a general relationship be- 378 

tween the variables Volume and Area, whose function can be used for the calculation of 379 

the storage capacity of the ponds in any extensive livestock farm of the SW of the Iberian 380 

Peninsula. Quadratic functions are considered suitable regardless of the level of water 381 

available in the ponds, while the potential functions overestimate the capacity of the 382 

ponds when water levels are high. Considering the easy visualization of the water sheet 383 

by means of GIS software, these models can be a simple tool to estimate the water volume 384 

of livestock farms. Regarding the analysis of the root mean square errors at different 385 

depths of the models developed here, very high error percentages can be observed at 386 

shallow depths, but quite accurate when the pond are full or half full. Nonetheless, a 387 

larger number of cases should be studied to obtain a larger sample size and a greater 388 

geographic and morphological variability of the ponds, thus obtaining more accurate 389 

models. 390 
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